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ABSTRACT: We investigated the effects of chemical variation in thyme
(Thymus vulgaris L.) on its interactions with competitors, herbivores,
and herbivore predators. Four different thyme monoterpene phe-
notypes (chemotypes) were grownina4 x 2 x 2 factorial of chemo-
type, caging (sham half-cages vs. full cages), and competition (control
vs. the grass Bromus madritensis L.). Cages reduced numbers of ar-
thropod predators. Thyme-feeding aphids Aphis serpylli Koch passed
through full cage walls to increase more than fourfold. As a result,
freed from their predators, aphids had a large negative effect on
thyme size and flowering. Similarly, competition from Bromus had
a negative effect on thyme size and flowering. Individual effects of
aphids and competition were nonadditive, however, and their com-
bined effect was significantly less than that predicted by a multipli-
cative null model. Differential thyme sizes among chemotypes were
not mediated by herbivores or competitors, but differential flowering
was due to the effects of chemotype on aphids. We thus document
differential selection by aphids among thyme chemotypes and the
influence of Bromus on the strength of these negative effects of aphids.
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The evolutionary dynamics of a species are determined by
the interplay between its genetics and its ecological roles in
a community. In both genetic and ecological studies, there
has been an increasing focus on the complexities of mul-
tispecies interactions. For example, the term “community
genetics” has been coined to describe the simultaneous in-
fluences of multiple ecological variables on the genetics of
species interactions (Antonovics 1992; Agrawal 2003). Com-
munity ecology has convincingly shown that a network of
direct and indirect interactions affects the population dy-
namics of a species. More recently, it has been recognized
that the forms of the direct and indirect interactions between
a species and other community members may themselves
be contingent on the ecological setting in which they occur.
From the study of these complex interactions—so-called
higher-order effects (Abrams 1983), emergent properties
(Sih et al. 1998), or trait-mediated interactions (Abrams
1995)—it is increasingly appreciated that such complexity
plays an important role in community organization and
dynamics (Wootton 2002; Hamback and Beckerman 2003;
Rand 2003).

Most investigations into higher-order effects can be clas-
sified as belonging to one of two types of studies. The first
type focuses on ecological effects and tests either whether
the interactions between a focal species and two or more
community members (e.g., predators, herbivores, mu-
tualists) occur in an additive fashion or whether the pair-
wise interaction between the focal species and one com-
munity member depends on, or is modified by, its
interactions with another. Such studies include the inves-
tigation of emergent multiple-predator effects (Sih et al.
1998), nonadditivity in the combined influences of her-
bivory and competition (Hamback and Beckerman 2003),
contingency in mutualistic interactions (Bronstein 1994),
and the trait-mediated indirect effects of predators on
plants (Preisser et al. 2005). When such studies document
a context-specific nature for an ecological interaction,
there is the implication that natural selection imposed by
that interaction on the focal species will likewise be context
specific (Thompson 1994), but this assumption is not for-
mally tested.
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The second type of study formally tests whether the
effect of some biotic factor on a focal species varies as a
function of genotype. Such higher-order effects document
the presence of selection. With respect to plant evolution,
for example, individual herbivores (Denno and McClure
1983; Antonovics 1992) and competitors (Linhart 1988;
Kittelson and Maron 2000; Weinig 2000) are known to
have differential effects on specific genotypes. While the
effects of multiple herbivores and competitors on a focal
species may be so documented, such studies measure se-
lection one pairwise interaction at a time. This approach
is uninformative about whether multiple selective events
are additive.

To explicitly test for additive selection from multiple
ecological interactions requires combining the two ap-
proaches outlined above. In such studies, the differential
performance of multiple genotypes is measured as a func-
tion of multiple simultaneous ecological interactions.
Here, we add to a small but growing number of studies
that do so by asking how the nonadditive nature of mul-
tiple community-level effects on a focal species may itself
be modified by heritable traits of that species (Agrawal
2004). In this approach, the individual and combined ef-
fects of two or more community members on a focal spe-
cies are measured on individuals of varying genotypes.
Such experimental designs, employing three or more fac-
tors, are generally difficult to conduct but can provide an
important bridge between our understanding of nonad-
ditivity in community ecology and the contextual nature
of differential fitness and resulting selection.

In this study, we compare the performance of genetically
controlled chemical phenotypes (“chemotypes”) in com-
mon thyme Thymus vulgaris L. (Lamiaceae) exposed to
the individual and combined influences of herbivores, her-
bivore predators, and competition. Before this study,
chemical variation in thyme was already known to influ-
ence interactions between individual thyme plants and
their associated species, which included microorganisms
(de Buochberg 1976; Vokou et al. 1984), herbivores (Gou-
yon et al. 1983; Linhart and Thompson 1995, 1999), and
other competing plants (Tarayre et al. 1995; Y. B. Linhart,
P. Gauthier, and J. D. Thompson, unpublished data). The
results of these pairwise interactions provided convincing
evidence that thyme chemistry can indeed play a crucial
role in these contexts.

Our goal was to expand on these findings and determine
the extent to which variability in performance among
thyme chemotypes may be influenced by higher-order ef-
fects. We exposed thyme plants of varying chemotypes to
variation in herbivory—achieved via predator exclusion
and control treatments—crossed with the presence and
absence of competition, under experimentally manipu-
lated field conditions, and asked two questions: How does

thyme chemotype affect its direct interactions with her-
bivores and competitors and its indirect interactions with
predators? Is the differential fitness of thyme chemotypes
with respect to these ecological factors additive? That is
to say, does selection on thyme chemotype from one factor
vary as the function of the presence or absence of thyme
interactions with other factors?

Methods
The Species and Its Defenses

Thyme is a short-lived (3—10 years) aromatic perennial of
the western Mediterranean. Its aroma is produced by
monoterpenes whose synthesis is controlled by a well-
defined, genetically controlled polymorphism and that are
sequestered in trichomes on leaf and stem surfaces. An
individual plant produces predominantly a single mono-
terpene that gives the plant its characteristic taste and
smell. The biosynthetic pathway and the genetic control
of this synthesis are well understood (Passet 1971; Gouyon
et al. 1986; Vernet et al. 1986). In the south of France,
individual thyme plants produce as their dominant mono-
terpene one of six molecules: geraniol (G), a-terpineol
(A), thuyanol (U), linalol (L), carvacrol (C), or thymol
(T). Each plant thus has a specific chemical phenotype, or
chemotype. The genetic control of this pathway involves
an epistatic series of at least five loci. At each locus, there
are two alleles, one dominant to the other. The epistatic
effects are such that G>A >U>L > C>T (Vernet et al.
1986). The four chemotypes used in this study include the
nonphenolic, acyclic alcohols (G and L) and the phenolics
(C and T). The two phenolic terpenes (C and T) are most
toxic (Budavari et al. 2000) and most deterrent to multiple
herbivores (Linhart and Thompson 1999), and they have
more negative effects on germination and growth of po-
tential competitors than do nonphenolic terpenes (Tarayre
et al. 1995; Stahl-Biskup and Saez 2002). Three of the
chemotypes we tested (G, C, and T) produce the same
terpene from germination onward, so they are constitutive,
and they remain stable despite herbivory, cloning, or
growth in diverse habitats (Lamy 1985; Vernet et al. 1986;
Thompson 2002). Plants of the L chemotype apparently
assume this chemotype at about 2—4 months of age; before
that age, they exhibit either a C or a T chemotype (Passet
1971; Vernet et al. 1986). This delay may be relevant to
protection of young seedlings against certain herbivores
(Linhart and Thompson 1995). Natural populations are
highly polymorphic (about 90% of more than 400 pop-
ulations analyzed to date contain two or more chemo-
types), and the frequencies of the six chemotypes vary
markedly over these complex landscapes (Mazzoni and
Gouyon 1984; Gouyon et al. 1986; Thompson 2002, 2005).



Thyme occurs from northern Italy to southeastern Spain
in open garrigues and similar shrub-dominated habitats.
The climate is Mediterranean, with a summer drought and
irregular but often intense precipitation the rest of the
year. It often grows on highly weathered soils that are
deficient in many nutrients (Foth and Schafer 1980; Specht
and Moll 1983). Under these conditions, competition can
have important influences on population dynamics and
community structure (Fowler 1986), and its role as a se-
lective agent in plant populations has been documented
in multiple settings (Linhart 1988; Goldringer et al. 2001;
Kittelson and Maron 2001). Thyme seldom grows taller
than 40 cm, so that competitors, including grasses such
as Bromus spp. that reach such heights, quickly overtop
thyme and shade it. Competition in these habitats can be
influenced by the production of secondary compounds by
certain species (Weidenhamer et al. 1989; Ross and Som-
brero 1991; Vila and Sardans 1999), including Thymus spp.
(Vokou and Margaris 1982; Katz et al. 1987; Fisher 1991;
Tarayre et al. 1995).

Experimental Design

The experiment was carried out on the grounds of the
Centre d’Ecologie Fonctionnelle et Evolutive (CEFE)—Cen-
tre National de la Recherche Scientifique (CNRS) in Mont-
pellier, France. Before being an experimental field (about
40 years ago), the site was a vineyard and before that,
garrigue. The overall environment of this field is typical
of thyme habitats in terms of precipitation, temperatures,
soils, and presence of some of the common plants and
animals associated with thyme. In the surrounding gar-
rigue, the most frequent chemotype is C. The experimental
plot had been plowed immediately before our planting of
thyme; this reduced small-scale heterogeneity, but in the
process, all vegetation and associated fauna were disturbed,
so that the plot represents an example of an early-succes-
sional setting. However, it is near populations of mature
Thymus vulgaris from which thyme competitors and her-
bivores recolonized the plot (Harant and Jarry 1987;
Prieur-Richard et al. 2002).

We used a fully crossed three-factor design. The factors
were four thyme chemotypes, the presence or absence of
competition by the grass Bromus madritensis L., and
whether thyme plants were within open half-cages and
accessible to all arthropods and mollusks or protected
within closed cages against all large mollusks and arthro-
pods, including herbivores and predators, but accessible
to microorganisms and very small arthropods, such as
aphids. The only herbivore of any significance during the
course of this experiment was the aphid Aphis serpylli
Koch, and it passed freely through the cage mesh, while
predators, principally coccinellid beetles and spiders, were
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significantly reduced in cages (see “Results” for details).
The caging of thyme plants functioned as a predator ex-
clusion treatment and is referred to as such below. Indi-
vidual plants of each of the four chemotypes were thus
exposed to one of four conditions: thyme in cages with
no competition; thyme in cages with competition; thyme
in half-cages with no competition; and thyme in half cages
with competition. The layout was a single randomized
block with a grid of 20 x 24 locations (480 plants), with
plants set 1 m apart. Thyme seedlings were 8—10 cm tall
and 4 months old in November 2001 at the time of plant-
ing. We replaced dead individuals (<1%) with plants of
comparable size in February 2002. The design was bal-
anced with respect to cage and competition treatments but
unbalanced with respect to available chemotypes: there
were 226 T, 83 C, 57 L, and 114 G.

Cages were 60 cm in diameter by 70 cm tall, constructed
of wire frame cylinders around which plastic screen mesh
(0.9-mm opening) was wrapped and then gathered and
tied at the top with wire. To control for the physical effects
of cages (e.g., partial shade) but allow all access to all
arthropods and mollusks, open half-cages of the same di-
mensions and construction were used. We refer to plants
within full cages as “caged” plants and those in half-cages
as “control” or “uncaged” plants.

Competition was provided by the annual grass B. ma-
dritensis. Seeds were sown adjacent to thyme plants at the
same time as thyme were planted in November 2001. Seed-
lings were thinned to four Bromus in February 2002. Some
additional B. madritensis subsequently germinated after
thinning, so that some thyme were exposed to five or six
Bromus between March and the conclusion of the exper-
iment (November 2002). Such densities of Bromus and
other competitors are commonly encountered by thyme
in garrigue.

Invertebrates

In mid-May 2002, we recorded aphid abundance in all
480 cages. We did not count aphid individuals but instead
recorded the total length of thyme stem on which they
were feeding. In a different system, we found aphid num-
ber to be highly correlated with the length of plant stem
occupied (r = 0.89, P <.0001; K. A. Mooney, unpublished
data). We also recorded other arthropods and mollusks on
a representative subset of the thyme plants, including 49
caged plants and 125 plants in half-cages. The weather was
warm and relatively humid at this time, which was there-
fore a time of peak activity for mollusks and arthropods.
Before this period, the weather in this area is typically
cooler, and frosts are common into March, so invertebrate
activity is lower. In June, faced with the increasing heat
and dry conditions typical of the Mediterranean, many
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annual plants begin to senesce, and once again invertebrate
abundance declines.

Measurements of Performance

We first measured thyme plants in mid-May 2002. We
calculated plant volume as the volume described from
plant height and two orthogonal measures of crown width.
The correlation between volume and biomass as estimated
from 140 plants at the conclusion of the experiment was
high (r = 0.89; P<.001). Although final biomass was ob-
tained in November, it is a reasonable predictor of the
volume-to-biomass relationship in May, which is near the
end of thyme’s growing season. We quantified thyme flow-
ering by counting all branches that had at least one cluster
of flowers. Most branches had several such clusters. In
November 2002, thyme were mature, and we collected the
aboveground biomass from all thyme and Bromus and
oven-dried and weighed it.

Statistical Analyses

This experiment was a three-factor design of chemotype
(G, L, G, T), predator exclusion (exclusion, control), and
competition (presence, absence). Flower production and
arthropod abundance (May only) and Bromus biomass
(November only) were measured at only one time. Thyme
plant size was measured as plant volume in May 2002 and
plant biomass in November 2002, and we treated these
two estimates of plant size as separate variables. In all
instances we tested for two- and three-way interactions.
With tests showing significant effects of chemistry, we con-
ducted Duncan’s a posteriori tests to determine the pat-
terns of differences among the four chemotypes (Zar
1999). After these factorial analyses, we performed further
analyses to provide specific details of the possible mech-
anisms behind some of the treatment effects we observed.
Because our design was unbalanced with respect to plant
chemotypes, we used Type III sums of squares in all cases
(Zar 1999). A multiplicative null model provided the ap-
propriate tests for interaction in this experiment (Sih et
al. 1998; Hamback and Beckerman 2003), and testing
against this null model with ANOVA required the use of
log-transformed (In [variable + 1]) data (Zar 1999). All
analyses were performed using PROC GLM of SAS, version
8.02 (SAS Institute 2001).

Results
Invertebrate Surveys

Cages reduced predator abundance by three-fourths. Seven
of 49 thyme plants (14%) surveyed within cages were oc-

cupied by one or more predators (coccinellids or spiders),
while 75 of 125 (60%) surveyed control plants had one
of those predators (x(;, = 67.9; P<.0001). Predators (i.e.,
half-cage vs. cage) reduced overall aphid abundance by
77% (fig. 1; table 1), as determined by aphid accumulation,
that is, the length of stem occupied by aphids. Plants in
cages had a mean (%1 SE) 295 * 27 mm of stem occupied
by aphids, while aphids occupied only 72 = 11 mm of
stem in plants in half-cages. Aphid abundance also differed
among thyme chemotypes, with ~70% fewer aphids on
fully caged L plants (the chemotype with the lowest abun-
dance) than on fully caged T plants (the chemotype with
the highest abundance; fig. 1; table 1). There was a sig-
nificant cage x chemotype interaction on aphids (fig. 1;
table 1). A posteriori tests showed that aphids increased
with caging on G, C, and T plants but not on L plants.
Competition from Bromus reduced aphid abundance by
40% (fig. 1; table 1), but results of a test for the effects
of competition on aphid density (aphids per unit thyme
volume [mm/cm’]) were not significant (F = 1.55,
df = 1,467, P = .21), indicating that the negative effect
of competition on aphid abundance was due to Bromus
reducing host plant size.

Except for aphids, herbivores (snails, other larger ar-
thropods) were relatively rare. Only 19 of 125 thyme plants
in half-cages (15%) were occupied by nonaphid herbi-
vores, while 77 of 125 (62%) plants in half-cages hosted
aphids. We found very minor evidence of leaf chewing,
stem clipping, or other damage typical of mollusks and
larger insects (Linhart and Thompson 1999; Y. B. Linhart,
K. Keefover-Ring, B. Breland, and K. A. Mooney, unpub-
lished data).

Thyme Reproduction

Predators increased thyme flower production by 32% (fig.
2A; table 1). Competition from Bromus reduced flower
production by 66% (fig. 2A; table 1). Chemotype also
affected reproduction, with C (the most fecund chemo-
type) producing 89% more flowers than G (the least fe-
cund chemotype; fig. 2A; table 1). There were no inter-
actions between caging, competition, and chemotype on
thyme flower production (table 1).

Thyme Size

Thyme volume in May 2002 (fig. 2B; table 1) and biomass
in November 2002 (fig. 2G; table 1) differed significantly
as a function of predator exclusion, competition, and plant
chemotype in very similar patterns of treatment effects.
Predators increased thyme plant size by 15% and 10% in
May and November, respectively (fig. 2B, 2C; table 1).
Competition reduced thyme size by 45% and 43% in May
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Figure 1: Aphid (Aphis serpylli) abundance on thyme in chemotype, predator exclusion (cage), and competition treatments. Aphid abundances
within cage and chemotype treatments are shown together because these two factors interacted significantly. Competition did not interact with other

treatments.

and November, respectively (fig. 2B, 2C; table 1). Chemo-
type was significant, with C (the largest chemotype) being
75% and 45% larger than G (the smallest chemotype) in
May and November, respectively (fig. 2; table 1). There
were no significant interactions between chemotype, cage,
and competition for thyme size in either May or November
(table 1).

Bromus Biomass

Total Bromus biomass was not significantly influenced by
the chemotype of its neighbor (table 1), but grasses were
38% larger in full cages than in half-cages.

Detailed Analyses of Interactions

We performed several analyses to elucidate the mecha-
nisms by which our manipulations influenced thyme plant
size and flower number and grass biomass. Because aphid
abundance was markedly higher within cages, we hypoth-
esized that increased aphid herbivory in cages was directly
responsible for the cage effects on thyme size and repro-
duction. To test this hypothesis, we repeated our original
factorial analysis but with the addition of aphid abundance
as a covariate (table 2). Aphid abundance was significant
for all three thyme response variables, but what was sig-
nificant was not the number of aphids alone but rather the
aphid x competition interaction (table 2). This result in-

Table 1: Statistical results of three-factor ANOVA of chemotype, competition, and predator effects on thyme, aphids, and Bromus

May

November

Flowering branches

Thyme volume (cm’)

Length of stem

with aphids (mm) Thyme mass (g) Bromus mass (g)

Sources F (df) P F (df) F (df) P F (df) P F (df) P
Chemotype 2.7 (3,451) .04 5.6 (3,451)  .0009 52 (3,449)  .002 7.8 (3,452) .0001 .8 (1,224) .5

Cage 10.6 (1,451)  .001 13.7 (1,451)  .0002 31.6 (1,449) <.0001 10.5 (1,452) .001 7.2 (1,224) .008
Competition 51.6 (1,451) <.0001 33.6 (1,451) <.0001 19.7 (1,449) <.0001 66.7 (1,452) <.0001 NA NA
Chemo x cage 08 (3,451) 1.0 1.6 (3,451) 2 3.5 (3,449) .01 1.1(3,452) .3 2(3,224) 9

Chemo x comp 2(3,451) 9 2(,451) 9 5(3,449) 7 1(3,452) 1.0 NA NA
Cage x comp 1.3(1,451) .3 1.1(1,451) 3 01(1,449) 9 1.8 (1,452) .2 NA NA
Chemo x comp x cage .4 (3,451) .8 07 (3,451) 1.0 2.4 (3,449) .06 2(3,452) 9 NA NA

Note: Significant results in boldface. Chemo = chemotype; Comp = competition. NA = not applicable. Degrees of freedom are in parentheses.
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Figure 2: Mean (+1 SE) thyme performance under chemotype, com-
petition, and predator exclusion (cage) treatments. Thyme performance
measured as (A) branches with flowers in May, (B) volume in May, and
(C) dry aboveground biomass in November. Competition was either
absent (minus sign) or provided by Bromus madritensis (plus sign). Cages
either were open and allowed all herbivores and predators access to thyme
(minus sign) or prevented predator entry and concomitantly allowed
buildup of aphids and associated heavy herbivory (plus sign). Significant
differences (P < .05) are indicated by differing letters (for chemotype: A
and B; for competition: a and b; for cage: o and (8). Detailed statistics
are provided in table 1.

dicates that aphids affect thyme but that the effect depends

on or is altered by the presence of competing Bromus.
For all three thyme response variables, the effect of cag-

ing was no longer significant with this aphid x com-

petition interaction in the model. We thus conclude that
the effect of caging on thyme was due largely to aphid
buildup within predator-excluding cages but that the neg-
ative effects of these aphids differed between thyme plants
growing with and without competing Bromus. To illustrate
the magnitude of this interaction between the effects of
herbivory and competition, we wished to compare the ef-
fects of herbivory and competition acting alone, the effects
we observed of the two acting together, and the expected
effects of the two acting together with additivity under a
multiplicative null model (Sih et al. 1998; Hamback and
Beckerman 2003). While effects of competition can be quan-
tified as the percentage change in thyme response variables
between presence and absence of Bromus, the comparable
descriptor for the aphid effect is more complicated because
aphid abundance is a continuous variable. To resolve this,
we chose zero and the experiment-wide mean as the two
levels of aphid abundance from which we calculated the
effect of aphids on thyme, and we estimated the effects of
aphids at these two abundance levels from regression equa-
tions. We regressed log-transformed aphid abundance on
each of the three log-transformed thyme response variables
separately for thyme plants with and without competition
(fig. 3; table 3). For all thyme variables, aphid abundance
had significant negative effects on thyme in the absence of
competition, but in the presence of competition, aphid ef-
fects on thyme were either not detectable (May flower num-
ber, November size) or very weak (May thyme size). (These
equations, in themselves, show how competition reduces
the effects of aphids on thyme by reducing the per capita
effects of aphids, i.e., by reducing the regression slopes.) We
then back-transformed these equations to calculate the pre-
dicted values for each thyme response variable at both levels
of aphid abundance and both with and without competi-
tion. This generated variable means for each cell of a
2 x 2 factorial, and from these means we calculated the
above-mentioned effect sizes (fig. 4). This descriptive ex-
ercise showed that the effects of Bromus alone are generally
stronger than the effects of aphids alone and that the com-
bined effects of Bromus and aphids on thyme are approx-
imately 10% less than would be predicted with additivity
under a multiplicative null model. This interaction was
especially strong for flower number (figs. 3, 4); in this
instance, we see that while aphids alone caused a 68%
reduction in flowering, the combined effects of aphids and
Bromus competition was scarcely larger than the effect of
competition acting alone.

The regressions of aphid number on thyme response
variables suggest that aphids did not affect thyme plants
grown with competition, yet the effect of caging on thyme
was equally strong on thyme grown both with and without
Bromus (i.e., no cage x competition interaction for any
response variable; table 2). As a result, the negative effect



Table 2: Statistical analysis of the mechanism by which caging
reduced thyme size and flower production: ANCOVA of treat-
ment effects on thyme variables with aphid number as a covariate

May November

Flowering Thyme vol-  Thyme mass

branches ume (cm?) (g)
Effect F p F p F p
Chemo 9 4 3.1 .03 3.7 .01
Cage .05 .8 9 3 34 .06
Competition 65.2 <.0001 39.7 <.0001 57.1 <.0001
Aphid 3.6 .06 8.4 .004 1.0 .3

Aphid x comp 8.6 .003 3.6 .06 42 .04

Note: Analysis performed on cage, competition (comp), chemotype (chemo;
all three are discrete factors), and aphid number (continuous factor). Results
for all main effects and significant interactions are shown; significant results
in boldface. Results for nonsignificant interactions (P> .10) are not shown.

s df = 1,433.

of caging on thyme plants grown with competition was
transmitted via some mechanism other than aphids. We
hypothsized that the negative effect of caging on thyme
grown with Bromus was due to an increase in Bromus
biomass within cages. To test this hypothesis, we repeated
our test for cage effects just on those thyme plants with
competing Bromus but with the addition of Bromus bio-
mass as a covariate (table 4). For all three thyme response
variables, the effect of Bromus biomass was significant.
With the addition of this covariate, the effects of caging
were no longer significant, indicating that increased Bro-
mus biomass within cages was likely responsible for most
of the negative cage effect on the thyme plants grown with
competition.

With the aphid x competition interaction in the model,
the effect of chemotype on flower number was no longer
significant. Consequently, the effect of chemotype on flow-
ering was likely due in large part to the differential effects
of thyme chemistry on aphids (fig. 4). The fact that the
aphid x competition interaction was also significant sug-
gests that the effect of chemotype on flowering was due
not only to the effect of aphids but also to the variation
in the effect of aphids associated with the presence or
absence of competition. We thus conclude that aphids are
a source of selection on thyme chemistry because of their
differential effects among chemotypes, but the strength of
this selection varies as a function of thyme competition
with Bromus.

While it is clear from our analyses that the effects of
aphids and competing Bromus on thyme performance
(both size and flowering) interact, we note that our results
are somewhat conflicting as to whether they interact spe-
cifically on selection for thyme chemotypes (i.e., whether
the differential effects of aphids among chemotypes vary
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with competition); we show that aphids are the mechanism
by which chemotype affects flowering, and we show that
competition from Bromus reduces (or eliminates) the effect
of aphids on flowering (fig. 3). Consequently, we should
expect to see a chemotype X competition interaction in
our original statistical analyses (table 1), but we do not.
One explanation for these conflicting results is as follows:
were chemotype to affect thyme flowering not only via
aphids but also via some other unidentified mechanisms
that are not contingent on competition, this second mech-
anism would reduce the strength of the chemotype x com-
petition interaction, possibly below the level of statistical
detection.

Discussion

A significant finding of our study is the detection of direct
and indirect connections between thyme, its Bromus com-
petitors, aphid herbivores, and aphid predators (fig. 4).
We first comment on the complexities of the structure of
the food web centered on thyme. We then analyze the
differences in performance among chemotypes. Finally, we
discuss how food web structure differs among thyme
plants of varying chemotypes and the implications of these
different food web structures with respect to natural se-
lection on, and the evolution of, thyme secondary
chemistry.

Thyme Food Web Structure

There are significant direct and indirect effects of herbi-
vores and predators on thyme performance. Predators,
such as spiders and coccinellids, had strong direct negative
effects on aphids, as shown by the four- to sixfold increase
of aphids on C, G, and T plants in cages. Interestingly,
aphids on L plants were not affected by predator exclusion,
perhaps because predators showed chemotype-specific be-
havior and avoided L plants. Aphids, in turn, had direct
negative effects on thyme, as shown by the lower repro-
duction and size of thyme within closed cages, where
aphids were abundant. As a result, predators had a positive
indirect effect on both thyme size and flowering via a
trophic cascade. It is surprising that this cascade occurred
for all chemotypes, despite the fact that we did not detect
a predator effect on aphids on L plants. Given that our
sample size was particularly low for L plants, it may be
that we failed to detect a true cage effect on L plants (i.e.,
a case of Type I error).

Competition from Bromus reduced thyme size. As a
result, aphid abundance on thyme plants was reduced by
40% when thyme was adjacent to Bromus. This reduction
simply reflects the relationship between thyme size and
aphid numbers, because competition did not change aphid
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Figure 3: Regressions of thyme response variables on aphid abundance (mm of stem with aphids) separately for plants with and without competition.
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Table 3: Statistical analysis of the mechanism by which caging reduced thyme size and flower
production: regression of aphid number on thyme variables separately for each competition level

May November
Flowering branches Thyme volume (cm?) Thyme mass (g)
Competition level F P R F P R F P R
Without competition 48.9 <.0001 .17 52.6 <.0001 .18 17.0 <.0001 .07
With competition 1.2 3 .005 8.4 .004 .03 4 5 .002

Note: Analysis performed on cage, competition, chemotype (discrete factors), and aphid number (continuous factor).

Results for all main effects and significant interactions are shown; significant results in boldface. Results for nonsignificant

interactions (P> .10) are not shown.
*df = 1,232.

density. As a result, Bromus can be seen to have an indirect
negative effect on aphids via thyme, mediated by changes
in resource abundance and not a modification of inter-
action between aphids and their host plants.

The relationship between predators, aphids, and thyme
depends on whether Bromus competitors are present or
absent. In the absence of Bromus, there is a significant
effect of aphid numbers on thyme performance, but this
effect disappears in the presence of Bromus (figs. 3, 4).
This interaction between the effects of aphid herbivores
and competing Bromus can also be viewed from the per-
spective of competitor effects: the negative effect of Bromus
on thyme was lower in the presence of high numbers of
aphid herbivores. As a result of this aphid-Bromus inter-
action, predators provided only an indirect benefit to
thyme plants growing without competition.

Despite the fact that aphids only affected thyme perfor-
mance in the absence of competition, we found a significant
negative effect of caging on thyme grown both with and
without Bromus. While the cage effect on thyme grown in
the absence of competition reflects the exclusion of aphid
predators, the cage effect on thyme growing with Bromus
was attributable to increased Bromus biomass in cages. We
did not record Bromus herbivores, but it is possible that
their exclusion by cages was responsible for this effect.

In their review of 10 studies factorially manipulating
herbivory and competition, Hamback and Beckerman
(2003) found two studies showing significant nonadditiv-
ity in their effects on plant performance, with one inter-
action being antagonistic and the other being synergistic.
Our results thus bolster the notion that herbivory and
competition can act nonadditively, but a predictive un-
derstanding of where and when such higher-order effects
are likely to occur or whether such an interaction is likely
to be additive or nonadditive is still to be achieved.

Performance of Individual Chemotypes

The thyme chemotypes studied showed evidence of dif-
ferential performance, as measured by both size and re-

production (fig. 2; table 1). The most clear-cut pattern was
that plants of the phenolic C showed significantly higher
fitness (i.e., reproduction and biomass) than those of the
nonphenolic G, with the other chemotypes (phenolic T
and nonphenolic L) having intermediate values. This pat-
tern of a phenolic outperforming a nonphenolic is con-
sistent with the results of an earlier, common-garden ex-
periment performed within 50 m of this study (Thompson
et al. 2004). A smaller size and reduced flowering of G
chemotypes also matches earlier results obtained in lab-
oratory conditions, which included a general lack of re-
pellency of G plants to herbivores (Linhart and Thompson
1995, 1999) and the relative lack of G allelopathic effects
on several plant competitors (Tarayre et al. 1995; Y. B.
Linhart, P. Gauthier, and J. D. Thompson, unpublished
data). The effects of chemistry are more complicated than
a simple phenolic versus nonphenolic comparison. For
example, G and L differed in their repellency to aphids,
perhaps because the changing chemistry of L, which begins
life as a phenolic C or T (see “Methods”), made it essen-
tially a “moving target” (sensu Adler and Karban 1994).
Differences in performance between C and T are not read-
ily explainable in this fashion but underscore the individ-
uality of the compounds in different chemotypes, even in
comparisons of similar isomers (Bais et al. 2002).

Implications of Food Web Structure for Selection on
Thyme Chemotypes

The four thyme chemotypes do not show differential
growth or flowering with respect to the effects of com-
petition from Bromus (i.e., no chemotype x competition
interaction). Although we do not detect differential resis-
tance among chemotypes to the effects of competition,
this does not imply that monoterpenes as a group have
no influence on thyme fitness via allelopathic effects on
competitors. Elsewhere, we have documented that thyme-
derived monoterpenes reduce the growth of potential
thyme competitors (Tarayre et al. 1995; Ehlers and
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Thompson 2004; Y. B. Linhart, P. Gauthier, and J. D.
Thompson, unpublished data). What our current results
do suggest is that in the current setting such beneficial
actions of secondary chemistry via allelopathy did not dif-
fer among the thyme chemotypes we investigated.

The differences in flowering among thyme chemotypes
were attributable to variation in aphid abundance (fig. 4).
Yet we also saw that this effect of aphids was highly de-
pendent on the presence or absence of competing Bromus,
and in fact there was no detectable effect of aphids on
thyme flowering in the presence of competition (fig. 3A).
While we found an indirect effect of cages on all thyme
plants, our analyses suggest that predators provided only
an indirect benefit to thyme via removal of aphids on

thyme plants grown without competition. Consequently,
whether aphid herbivores affect thyme fitness and select
for C chemotypes and whether predators affect thyme fit-
ness by regulating aphid abundance depend largely on the
presence or absence of competition with Bromus.

In contrast to the above results for thyme flowering, the
differences in plant size among thyme chemotypes were
not due to the effects of either herbivory or competition.
The factors responsible for the chemotype effect on thyme
size are not identifiable at this time. There may be inherent
differences in the costs of producing these molecules (Ger-
shenzon 1994). In any case, it is noteworthy that the mech-
anisms by which chemotype influences thyme perfor-
mance differ between flowering and size, despite the fact



Table 4: Statistical analysis of the mechanism by which
caging reduced thyme size and flower production:
ANCOVA of treatment effects on thyme variables with
Bromus biomass as a covariate (for competition only)

May November
Thyme
Flowering ~ volume Thyme
branches (cm?) mass (g)
Effect F p F P F p
Cage 12 3 4 5 1.9 2
Grass 65 .01 45 .04 93 .003

Cage x grass 2.1 .2 14 2 4.0 .05

Note: Analysis performed on cage, competition, chemotype
(discrete factors), and aphid number (continuous factor). Results
for all main effects and significant interactions are shown; signif-
icant results in boldface. Results for nonsignificant interactions
(P> .10) are not shown.

*df = 1,229.

that reproduction and size are often observed to be highly
correlated (Harper 1977; Crawley 1997).

Conclusions: Evolutionary Questions in a
Community Ecology Setting

The factors that influence the maintenance of genetic var-
iability are usually thought of as evolutionary issues. For
example, variability in plant chemistry is implicitly thought
to involve adaptation and is studied from that perspective.
Conversely, the possible influences of predators and her-
bivores on plant-plant competition are usually considered
to be ecological issues. In this study, we combine the two
approaches to ask what happens when we study the effects
of variation in one presumably adaptive trait in multiple
ecological settings. Specifically, how might our under-
standing of the evolution of this trait be affected by a
diversity of interactions that includes competition, her-
bivory, and predation?

One possible result is that all these interactions are or-
thogonal, that is, independent, of one another. If that is
the case, then an understanding of the effect of chemistry
in relatively simple laboratory conditions might be a good
predictor of its performance in field conditions. Con-
versely, if the effects of specific plant chemical features
change among various ecological settings, then a reduc-
tionist perspective is not permissible: one must accept the
importance of higher-order interactions and recognize that
chemical and other types of phenotypic variation depend
on the specific set of multitrophic interactions within
which they are situated.

On the basis of past work in this system, we expected
to observe an influence of chemotype on the interactions
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of thyme with the community of organisms in which it
grows (Linhart and Thompson 1995, 1999). This past work
with thyme, as well as studies from other systems (e.g.,
van Dam and Hare 1998; Siemens et al. 2002; Glawe et
al. 2003), supports the notion that chemical variation in
plants can be maintained both by the relatively simple
diversifying selection scenarios associated with predictable
performance in alternative niches (e.g., Spiess 1977) and
also as a result of combinations of different biotic and
abiotic challenges to plant growth and reproduction, which
select for differing or sometimes opposing chemotypes. In
such an evolutionary model, which might be thought of
as multidirectional selection, chemotype variation among
populations, or within populations over time, is attrib-
utable to variation in the combination and intensity of
these diverse selective agents.

In the past, these models of selection were based on the
implicit assumption that variation in chemotype selection
was due to variation in the abundance of the selecting
agents but that the strength of selection imposed on plant
chemistry by an herbivore or competitor was a relatively
fixed quantity. Our current results modify this evolution-
ary model by illustrating that the effects of diverse selective
agents are not, in fact, stable. The same biotic interaction
that may provide strong selection under one set of con-
ditions (e.g., aphid herbivory in the absence of plant com-
petition) may provide little or no selection under an al-
ternate set of conditions (e.g., aphid herbivory in the
presence of plant competition). While many studies have
shown nonadditivity, ours is one of the few (but see Agra-
wal 2004) to explicitly test for and document nonadditivity
in selection from multiple factors. Such nonadditivity may
produce extremely fine-grained spatial and temporal mo-
saics of selection.

Acknowledgments

We thank C. Collin, P. David, G. Debussche, D. Degueldre,
A. Dos Santos, M. Maistre, and V. Sarda for extensive
technical help. M. D. Bowers, M. Debussche, J. Escarre,
and J. B. Mitton, along with members of the Plant-Animal
Interactions group at the University of Colorado, provided
critical advice during the design of the project and prep-
aration of the manuscript. The advice of P. Hamback and
an anonymous reviewer was of considerable help in the
preparation of the final manuscript. This project was sup-
ported by funds from the National Science Foundation
(grant DEB 0091385), the University of Colorado, and the
Centre d’Ecologie Fonctionnelle et Evolutive (Centre Na-
tional de la Recherche Scientifique).

Literature Cited

Abrams, P. A. 1983. Arguments in favor of higher-order interactions.
American Naturalist 121:887-891.



528 The American Naturalist

. 1995. Implications of dynamically variable traits for iden-
tifying, classifying, and measuring direct and indirect effects in
ecological communities. American Naturalist 146:112—134.

Adler, E. R., and R. Karban. 1994. Defended fortresses or moving
targets? another model of inducible defenses inspired by military
metaphors. American Naturalist 144:813-832.

Agrawal, A. A. 2003. Community genetics: new insights into com-
munity ecology by integrating population genetics. Ecology 84:
543-544.

. 2004. Resistance and susceptibility of milkweed: competi-
tion, root herbivory, and plant genetic variation. Ecology 85:2118—
2133.

Antonovics, J. 1992. Toward community genetics. Pages 426-449 in
R. S. Fritz and E. L. Simms, eds. Plant resistance to herbivores
and pathogens: ecology, evolution, and genetics. University of Chi-
cago Press, Chicago.

Bais, H. P,, T. S. Walker, F. R. Stermitz, R. A. Hufbauer, and J. M.
Vivanco. 2002. Enantiomeric-dependent phytotoxic and antimi-
crobial activity of (+/—)-catechin: a rhizosecreted racemic mixture
from spotted knapweed. Plant Physiology 128:1173-1179.

Bronstein, J. L. 1994. Conditional outcomes in mutualistic interac-
tions. Trends in Ecology & Evolution 9:214-217.

Budavari, S., M. O’Neil, and A. Smith. 2000. The Merck index on
CD-ROM. CRC, Boca Raton, FL.

Crawley, M. J. 1997. Plant ecology. Blackwell Science, Oxford.

de Buochberg, M. S. 1976. De Pactivité antimicrobienne de I’huile
esentielle de Thymus vulgaris L. et de ses constituents. PhD diss.
Université de Montpellier.

Denno, R. E, and M. S. McClure. 1983. Variable plants and herbivores
in natural and managed systems. Academic Press, New York.

Ehlers, B. K., and J. D. Thompson. 2004. Do co-occurring plant
species adapt to one another? the response of Bromus erectus to
the presence of different Thymus vulgaris chemotypes. Oecologia
(Berlin) 141:511-518.

Fisher, W. H. 1991. Plant terpenoids as allepathic agents. Pages 377—
397 in J. B. Harborne and F. A. Tomas-Barberan, eds. Ecological
chemistry and biochemistry of plant terpenoids. Clarendon Press,
Oxford.

Foth, H. D., and J. W. Schafer. 1980. Soil geography and land use.
Wiley, New York.

Fowler, N. 1986. The role of competition in plant communities in

arid and semiarid regions. Annual Review of Ecology and System-
atics 17:89-110.

Gershenzon, J. 1994. Metabolic costs of terpenoid accumulation in
higher plants. Journal of Chemical Ecology 20:1281-1328.

Glawe, G. A., J. A. Zavala, A. Kessler, N. M. Van Dam, and I. T.
Baldwin. 2003. Ecological costs and benefits correlated with trypsin
protease inhibitor production in Nicotiana attenuata. Ecology 84:
79-90.

Goldringer, L, J. Enjalbert, A. L. Raquin, and P. Brabant. 2001. Strong
selection in wheat populations during ten generations of dynamic
management. Genetics Selection Evolution 33(suppl.):441-463.

Gouyon, P. H,, P. Fort, and G. Caraux. 1983. Selection of seedlings
of Thymus vulgaris by grazing slugs. Journal of Ecology 71:299—
306.

Gouyon, P. H., P. Vernet, J. L. Guillerm, and G. Valdeyron. 1986.
Polymorphisms and environment: the adaptive value of the oil
polymorphisms in Thymus vulgaris L. Heredity 57:59-66.

Hamback, P. A,, and A. P. Beckerman. 2003. Herbivory and plant

resource competition: a review of two interacting interactions.
Oikos 101:26-37.

Harant, H., and D. Jarry. 1987. Guide du naturaliste dans le midi
de la France. Delachaux et Niestlé, Paris.

Harper, J. L. 1977. Population biology of plants. Academic Press,
London.

Katz, D. A., B. Sneh, and J. Friedman. 1987. The allelopathic potential
of Coridothymus capitatus L. (Labiatae): preliminary studies on the
roles of the shrub in the inhibition of annuals germination and/
or to promote allelopathically active actinomycetes. Plant and Soil
98:53-66.

Kittelson, P. M., and J. L. Maron. 2000. Outcrossing rate and in-
breeding depression in the perennial yellow bush lupine, Lupinus
arboreus (Fabaceae). American Journal of Botany 87:652-660.

. 2001. Fine-scale genetically based differentiation of life-
history traits in the perennial shrub Lupinus arboreus. Evolution
55:2429-2438.

Lamy, J. 1985. De la culture a la distillerie: quelques facteurs influant
sur la composition des huiles essentielles. Service Technique Cham-
bre d’Agriculture de la Dréme, Valence.

Linhart, Y. B. 1988. Intrapopulation differentiation in annual plants.
III. The contrasting effects of intraspecific and interspecific com-
petition. Evolution 42:1047-1064.

Linhart, Y. B., and J. D. Thompson. 1995. Terpene-based selective
herbivory by Helix aspersa (Mollusca) on Thymus vulgaris (La-
biatae). Oecologia (Berlin) 102:126-132.

. 1999. Thyme is of the essence: biochemical polymorphism
and multi-species deterrence. Evolutionary Ecology Research 1:
151-171.

Mazzoni, C., and P. H. Gouyon. 1984. Horizontal structure of pop-
ulations: migration, adaptation and chance. An experimental study
on Thymus vulgaris L. Pages 395-412 in P. Jacquard, G. Heim,
and J. Antonovics, eds. Genetic differentiation and dispersal in
plants. Springer, Berlin.

Passet, J. 1971. Thymus vulgaris L.: chémotaxonomie et biogénése
monoterpénique. Faculté de Pharmacie, Montpellier.

Preisser, E. L., D. I. Bolnick, and M. E. Benard. 2005. Scared to death?
the effects of intimidation and consumption in predator-prey in-
teractions. Ecology 86:501-509.

Prieur-Richard, A. H., S. Lavorel, Y. B. Linhart, and A. Dos Santos.
2002. Plant diversity, herbivory and resistance of a plant com-
munity to invasion in Mediterranean annual communities. Oeco-
logia (Berlin) 130:96-104.

Rand, T. A. 2003. Herbivore-mediated apparent competition between
two salt marsh forbs. Ecology 84:1517-1526.

Ross, J. D., and C. Sombrero. 1991. Environmental control of es-
sential oil production in Mediterranean plants. Pages 83-94 in J.
B. Harborne and F. A. Tomas-Barberan, eds. Ecological chemistry
and biochemistry. Clarendon, Oxford.

SAS Institute. 2001. SAS, version 8.02. SAS Institute, Cary, NC.

Siemens, D. H., S. H. Garner, T. Mitchell-Olds, and R. M. Callaway.
2002. Cost of defense in the context of plant competition: Brassica
rapa may grow and defend. Ecology 83:505-517.

Sih, A., G. Enlund, and D. Wooster. 1998. Emergent impacts of
multiple predators on prey. Trends in Ecology & Evolution 13:
350-355.

Specht, R. L., and E. J. Moll. 1983. Mediterranean heathlands and
sclerophyllous shrublands of the world: an overview. Pages 41-65
in E. J. Kruger, D. T. Mitchell, and J. U. M. Jarvis, eds. Mediter-
ranean-type ecosystems: the role of nutrients. Springer, Berlin.




Spiess, E. B. 1977. Genes in populations. Wiley, New York.

Stahl-Biskup, E., and F. Saez. 2002. Thyme: the genus Thymus. Taylor
& Francis, London.

Tarayre, M., J. D. Thompson, J. Escarre, and Y. B. Linhart. 1995.
Intra-specific variation in the inhibitory effects of Thymus vulgaris
(Labiatae) monoterpenes on seed germination. Oecologia (Berlin)
101:110-118.

Thompson, J. D. 2002. Population structure and the spatial dynamics
of genetic polymorphism in thyme. Pages 59-72 in E. Stahl-Biskup
and F. Saez, eds. Thyme: the genus Thymus. Taylor & Francis,
London.

. 2005. Plant evolution in the Mediterranean. University of
Oxford Press, Oxford.

Thompson, J. D., M. Tarayre, P. Gauthier, L. Litrico, and Y. B. Linhart.
2004. Multiple genetic contributions to plant performance in Thy-
mus vulgaris. Journal of Ecology 92:45-56.

Thompson, J. N. 1994. The coevolutionary process. University of
Chicago Press, Chicago.

van Dam, N. M., and J. D. Hare. 1998. Differences in distribution
and performance of two sap-sucking herbivores on glandular and
non-glandular Datura wrightii. Ecological Entomology 23:22-32.

Vernet, P.,, P. H. Gouyon, and G. Valdeyron. 1986. Genetic control
of the oil content in Thymus vulgaris L.: a case of polymorphism
in a biosynthetic chain. Genetica 69:227-231.

Thyme Chemotypes and Food Web Structure 529

Vila, M., and J. Sardans. 1999. Plant competition in Mediterranean-
type vegetation. Journal of Vegetation Science 10:281-294.

Vokou, D., and N. S. Margaris. 1982. Volatile oils as allelopathic
agents. Pages 59-72 in N. S. Margaris, A. Koedam, and D. Vokou,
eds. Aromatic plants: basic and applied aspects. Martinus Niijhoff,
The Hague.

Vokou, D., N. S. Margaris, and J. M. Lynch. 1984. Effects of volatile
oils from aromatic shrubs on soil microorganisms. Soil Biology &
Biochemistry 16:509-513.

Weidenhamer, J. D., D. C. Hartnett, and J. T. Romeo. 1989. Density-
dependent phytotoxicity: distinguishing resource competition and
allelopathic interference in plants. Journal of Applied Ecology 26:
613-624.

Weinig, C. 2000. Differing selection in alternative competitive en-
vironments: shade-avoidance responses and germination timing.
Evolution 54:124-136.

Wootton, J. T. 2002. Indirect effects in complex ecosystems: recent
progress and future challenges. Journal of Sea Research 48:157—
172.

Zar, J. H. 1999. Biostatistical analysis. Prentice Hall, Upper Saddle
River, NJ.

Associate Editor: Jef Huisman
Editor: Jonathan B. Losos



© 2005 by The University of Chicago. All rights reserved.

Appendix from Y. B. Linhart & al., “A Chemical Polymorphism in a
Multitrophic Setting: Thyme Monoter pene Compodtion and Food Web
Structure’

(Am. Nat., val. 166, no. 4, p. 000)

Table Al
Means of thyme response variables
Chemotype, May November
caging Comp  Flowering branches  Thyme volume (cm®)  Thyme mass (g)
Geraniol:
No No 3.31 (.19) 8.35 (.11) 273 (.12)
No Yes 2.12 (.20) 7.43 (.17) 2.07 (.13)
Yes No 248 (.28) 7.40 (.24) 2.40 (.15)
Yes Yes 1.79 (.21) 6.84 (.27) 1.62 (.18)
Linalol:
No No 3.40 (.35) 8.54 (.18) 2.88 (.12)
No Yes 241 (48) 7.62 (.33) 2.38 (.32)
Yes No 3.07 (.34) 7.86 (.37) 2.76 (.21)
Yes Yes 2.02 (.34) 7.22 (.33) 1.98 (.21)
Carvacrol:
No No 3.89 (.23) 8.57 (.12) 3.04 (.11)
No Yes 2.66 (.28) 7.89 (.26) 2.56 (.13)
Yes No 3.27 (.35) 8.44 (.29) 291 (.20
Yes Yes 2.22 (.40) 7.83 (.27) 2.08 (.23)
Thymol:
No No 3.63 (.15) 8.38 (.13) 2.92 (.10)
No Yes 211 (.18) 7.63 (.12) 2.36 (.09)
Yes No 2.80 (.25) 7.86 (.18) 2.89 (.09)
Yes Yes 2.00 (.19) 7.43 (.16) 2.21 (.10)

Note. Means (=1 SE) of log-transformed May thyme flowering and volume and November thyme
mass for chemotype, predator effects on thyme (caging), and competition (comp).



