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Abstract Herbivores induce systemic changes in plant
traits, and the strength of these induced responses is often
associated with the degree of vascular connectivity that
links damaged and undamaged plant tissues. Although this
phenomenon is known to occur aboveground in leaves, it is
unknown whether or not leaf-root induction similarly
follows the vascular architecture of plants. To test for this
possibility, we manipulated foliar and root herbivory on
tobacco (Nicotiana tabacum) by the leaf-chewing insect
Spodoptera exigua and the root-galling nematode Meloido-
gyne incognita. Subsequent changes in secondary chemistry
(alkaloids and phenolics) were measured in leaves and roots
that were orthostichous (vertically aligned) and nonorthos-
tichous (opposite) from the herbivore-damaged tissues.
Aboveground caterpillar herbivory elicited stronger sec-
ondary chemical responses in orthostichous compared with
nonorthostichous plant tissues, although the magnitude of
this difference was greater in leaves than roots. However,
belowground nematode herbivory did not affect the
secondary chemistry of tobacco leaves, despite inducing
strong local responses in roots. Thus, plant vascular
architecture can mediate the magnitude of systemic induc-
tion in roots as well as in leaves, with stronger responses in
tissues that are more closely aligned. As a result, herbivores
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Introduction

Herbivore-induced plant responses are often systemic in
nature, but their expression is not uniformly distributed
across undamaged tissues (Karban and Baldwin 1997,
Orians 2005). Instead, herbivore feeding typically elicits a
response that varies quantitatively among plant parts, with
some leaves responding strongly and others not at all (Stout
et al. 1996; Viswanathan and Thaler 2004; Shelton 2005).
Such within-plant variation in the magnitude of induction
generates fine-scale patterns of plant resistance, and this
heterogeneity has important ecological implications for
plant-herbivore interactions at large (Denno and McClure
1983; Hunter and Price 1992; Orians et al. 2002).

The most widely cited explanation for leaf-to-leaf variation
in the strength of systemic induction is that leaves are
differentially interconnected with other leaves via the plant
vascular system (Orians 2005). As a result, many phytocom-
pounds, including the signals and resources required for
launching plant defense responses, are restricted in their
translocation patterns (Davis et al. 1991; Amold and Schultz
2002; Arnold et al. 2004). Although it has long been known
that sectorial transport influences the allocation of carbon (i.e.,
sugars) between plant sources and sinks (Watson and Casper
1984; Sprugel et al. 1991; Vuorisalo and Hutchings 1996), the
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impact of plant sectoriality on induced metabolic responses to
herbivory has only recently been described (Jones et al. 1993;
Mutikainen et al. 1996; Orians et al. 2000; Schittko and
Baldwin 2003; Viswanathan and Thaler 2004). In these cases,
leaves that share the strongest vascular connections (i.e.,
orthostichous pairs) also tend to transmit the strongest induced
responses (Orians 2005; but see Frost et al. 2007 for within-
plant volatile signaling).

The consequences of plant vascular architecture for
induction have, thus far, only been emphasized in responses
that are both elicited and expressed in foliar tissues. In fact,
recent studies demonstrate that induced responses span the
aboveground and belowground systems (van Dam et al. 2003;
Bezemer and van Dam 2005, 2006; Kaplan and Denno
2007). Thus, root herbivory can induce changes in leaf
secondary chemistry (Bezemer et al. 2004; Soler et al. 2005;
van Dam et al. 2005; van Dam and Raaijmakers 2006;
Kaplan et al. 2008), and leaf herbivory can similarly induce
changes in root chemistry (Soler et al. 2007). Because
resource sharing between leaves and roots is known to be
sectored in certain plants (Orians et al. 2004; Bledsoe and
Orians 2006; Zanne et al. 2006), vascular architecture may
influence aboveground—belowground induction patterns in a
manner analogous to orthostichous leaves. Yet, to our
knowledge, this possibility has never been tested.

Ifleaf~root induction is indeed sectored, as is often the case
with leaves, this has important ecological implications for
understanding the causes of heterogeneity in plant defense
traits and their extended effects on consumers. Importantly,
leaf and root herbivores are known to be patchily distributed
in the aboveground and belowground environments, and thus
herbivory on only part of the plant is likely to be ubiquitous
under natural growing conditions (Denno and McClure 1983;
Ettema and Wardle 2002). When root feeders, for example,
predominantly damage one sector of a root system (likely
given the poor dispersal capabilities of most belowground
consumers), then potential indirect effects on foliar herbi-
vores may be restricted to the same sector of plant
aboveground. Similarly, foliar herbivores that damage one
or a few leaves may be more likely to affect resource quality
for belowground consumers that occur on adjacent root
tissue, potentially contributing to the inherent patchiness of
soil communities (Ettema and Wardle 2002).

We experimentally manipulated foliar and root herbivory
on tobacco (Nicotiana tabacum) by using a split-root design
and quantified the effects of plant vascular architecture on
aboveground-belowground-induced chemical responses.

Methods and Materials

Tobacco plants (var. MD 609) were propagated from seed in
a greenhouse (seeds were cultivated in a standard potting
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mix described below and maintained in a mist room). After
9 week of growth, seedlings were transplanted to pots
containing a sterilized growing medium [50% sand, 50%
potting mix (SunGro LC1 and professional blend; sphagnum
peat moss, bark, perlite, vermiculite, and clay)]. Plants were
supplemented with nutrients weekly by applying a soluble
fertilizer (20:10:20 NPK) and were maintained at 23-27°C
under natural light conditions. A split-root technique was
used whereby the roots of all seedlings were divided, and
each of the two halves was transplanted into separate, but
adjacent, 2-gal pots. Thus, each plant possessed a single root
system divided equally between two independent growth
environments. Plants were acclimated to these growing
conditions for an additional 3 week until use in experiments.
At such time, plants remained in the rosette stage of growth
and possessed four to five fully expanded leaves and at least
five additional developing sink leaves.

Experiment 1—Leaf-Root Vascular Connectivity Vertically
aligned leaves and roots are predicted to be more strongly
connected via the vascular system than leaves and roots on
opposing sides of the plant. To test this hypothesis, we
employed a dye tracer technique that used the above described
split-root plants (Orians et al. 2000; Viswanathan and Thaler
2004). The first fully expanded leaf on each plant (N=18)
was excised with a razor blade, and an Eppendorf tube filled
with a 0.025% w/v solution of thodamine-B dye (Sigma, St.
Louis, MO, USA) was inserted onto the petiole. After 48 h,
the main tap root was dissected by cutting a cross section,
and the location of the dye was visually assessed relative to
the excised leaf. The intensity of dye staining in the vascular
tissue was compared between the root half that occurred
closest to the labeled leaf and the remaining half of the root
that was opposite from the labeled leaf. We then recorded
whether the intensity of vascular dye was greater in the
orthostichous root segment, the nonorthostichous root
segment, or that there was no difference between the two
root segments.

Experiment 2—Aboveground Herbivory Foliar herbivory
was manipulated by applying beet armyworm caterpillars,
Spodoptera exigua, to selected leaves. Beet armyworms are
a polyphagous species that are known to feed and induce
responses on tobacco (Voelckel and Baldwin 2004).
Caterpillars were obtained from a biological supply
company (Benzon Research, Inc., Carlisle, PA, USA) and
reared on artificial diet until they reached the third instar.
Fine-mesh sleeve cages were placed over leaves and
fastened to the petiole with a twist tie to ensure that
caterpillars only damaged the leaf assigned to the foliar
herbivory treatment.

Thirty split-root plants were used; half of these were
randomly assigned to caterpillar defoliation (N=15), while
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the other half served as undamaged controls. Damage
regimes were initiated 21 day after seedlings were trans-
planted into pots and thus in the rosette stage of growth.
The first fully expanded leaf that was orthostichous (i.e.,
vertically aligned) with one of the two root sections (i.e.,
pots) was assigned to caterpillar damage. Three third-instar
S. exigua were placed in sleeve cages and remained for
72 h, during which time they removed 20-50% of the leaf
area. Control plants also received sleeve cages, but no
caterpillars were added. After 48 h (5 day after the initiation
of damage regimes) leaves and roots were harvested for
analysis of secondary metabolites. This temporal scale is
known to coincide with peak concentrations of nicotine and
other induced tobacco secondary compounds following
caterpillar herbivory (Keinénen et al. 2001).

Two recently expanded sink leaves (i.e., within 1 week of
emergence) were collected from each plant—one leaf that was
orthostichous with the caterpillar-damaged leaf and a second
leaf that was opposite from the damaged leaf. Rosette-stage
tobacco plants follow a 3/8 phyllotaxis whereby each new leaf
emerges at a 135° angle from the previous leaf (Allard 1942;
Jones et al. 1959; Schittko and Baldwin 2003). Therefore,
the leaf that is eight positions higher on the plant from the
damaged leaf is vertically aligned. Additionally, root tissue
(only fine roots) was harvested from both pots in each plant
for chemical analysis.

Tissue samples were frozen immediately in liquid N».
Secondary chemicals with known antiherbivore properties
were extracted and analyzed by high-performance liquid
chromatography (HPLC; see Keindnen et al. 2001) on a
reverse-phase C18 column (Gemini C18, 150x4.6 mm;
Phenomenex). Concentrations of identified alkaloids (nico-
tine) and phenolics (chlorogenic acid and rutin) were
quantified by using calibration curves prepared from
commercially available standards. Caffeoyl putrescine is
not commercially available and was quantified as chloro-
genic acid equivalents as described by Keindnen et al.
(2001). A further phenolic compound was putatively
identified as 7-methyl esculin by comparison with pub-
lished retention time and mass spectral data (Vereecke et al.
1997). HPLC-mass spectrometry (MS) was performed
under identical HPLC conditions as described above, with
the exception of trifluoroacetic acid replacing the phospho-
ric acid in the mobile phase. MS was performed on a Varian
1200 triple quadrupole instrument (Varian, Palo Alto, CA,
USA). Under positive electrospray ionization conditions
(needle voltage 4.8 kV; capillary voltage 35 V; drying gas
18.5 psi per 200°C, nebulizer gas 51 psi), the compound
produced a [M+H]" at m/z 355. Collision-induced dissoci-
ation at a 10-V collision energy yielded a dominant
fragment ion at m/z 193 corresponding to the 7-methyl
esculin fragment or a loss of a hexose (Vereecke et al.
1997). Concentrations of nonnicotine alkaloids and 7-

methyl esculin were calculated from peak areas at 254 nm
(for alkaloids) and 320 nm (for 7-methyl esculin).

Experiment 3—Belowground Herbivory Root herbivory was
manipulated by inoculating tobacco roots with the nematode
Meloidogyne incognita. This polyphagous species is a
sedentary endoparasite that induces a gall at feeding sites
(Trudgill and Block 2001). Nematode cultures originated from
local agricultural fields and were reared on tobacco prior to
use in experiments. Nematode eggs were harvested from the
roots of heavily infested plants by using a modified version of
the Hussey and Barker (1973) extraction procedure. Galled
roots were cut into 2-cm-long segments, placed into a 250-ml
flask containing 100 ml of a 0.6% NaOCl dilution, and
subsequently poured through nested sieves (250-pum-pore
sieve on top of a 25-um-pore sieve). The resulting eggs were
counted and applied to the roots of experimentally inoculated
seedlings at transplant. Each seedling assigned to the root
herbivory treatment received ~100,000 M. incognita eggs.
This density falls well within the range documented for
M. incognita-infested tobacco fields (Barker and Lucas 1984)
and also corresponds with inoculum levels used in prior
studies on M. incognita—tobacco interactions (Hanounik and
Osbourne 1975, 1977; Barker and Weeks 1991; Wheeler et al.
1991; Vovlas et al. 2004).

Thirty split-root plants were used—half were assigned
to the nematode root herbivory treatment (N=15), while
the other half acted as control plants. On nematode-treated
plants, roots from only one of the two pots were
inoculated with nematodes. Thus, in the root herbivory
treatment, only half of the root system was galled by
nematodes—the other half was not. Twenty-one days after
nematode addition, plant leaves and roots were harvested
for secondary chemical analysis. This time scale was used
because M. incognita requires at least 3 week to complete
gall development, and this also coincides with prior
experimental work on nematode-induced responses in
tobacco (Kaplan et al. 2008). Two recently expanded sink
leaves were harvested from each plant (nematode root
herbivory is known to induce secondary chemical changes
in tobacco sink leaves; see Kaplan et al. 2008), one leaf
that was orthostichous (i.e., vertically aligned) with the
pot containing nematode-inoculated roots and a second
leaf that was opposite from the inoculated root section. On
control plants, the two leaves were chosen to align with
each of the two pots as in the nematode treatment.
Secondary plant chemicals were quantified in leaf and
root tissue samples as described above (see Exp. 2). Roots
in each pot were visually inspected to assess the efficacy
of treatment and confirmed that nematode-induced galls
only occurred on roots that were inoculated (i.e., there was
no migration of juveniles between neighboring pots).
Moreover, nematode-inoculated roots were heavily galled
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and displayed no evidence of strong resource competition.
Roots from each pot were dried (at 60°C for 72 h) and
weighed to assess the impact of nematode herbivory on

belowground biomass.

Fig. 1 Effects of aboveground
caterpillar herbivory on the
expression of secondary plant
chemicals in orthostichous
(4-FE) and nonorthostichous
(F—J) tobacco leaves, including
nicotine, nonnicotine alkaloids,
caffeoyl putrescine, chlorogenic
acid, and rutin (means+SE).
Asterisks denote significant
differences between means
(P<0.05)
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we used multivariate analysis of variance (MANOVA; Proc
glm; statistical analyses were performed using SAS, version
9.1; SAS Institute, Inc. 2001), followed by univariate analyses
of variance for each secondary chemical measured (Proc
mixed). Separate analyses were performed to quantify the
impact of aboveground caterpillar herbivory on orthostichous
and nonorthostichous leaves and roots, as well as the effect of
belowground nematode herbivory on orthostichous and non-
orthostichous leaves and roots. Blocks (i.e., spatial groupings
of control and herbivory plants) were considered as a random
effect in the model. Because the position of the caterpillar-
damaged leaf in Experiment 2 varied along the stem (i.e., we
were restricted to using the leaf that was growing directly
above one of the two pots), we used regression analyses (Proc
glm) with leaf number as the predictor variable and root
chemistry as the response variable to test for potential
relationships between leaf position and belowground induc-
tion. 7T tests were used to compare root dry mass on plants
with and without nematodes. Data were transformed (square
root and log transformations) as needed to meet assumptions
of normality and homogeneity of variances.

To compare directly the overall magnitude of secondary
chemical induction in orthostichous vs. nonorthostichous
plant tissues, effect sizes were calculated (Hedges’ d) for the
impact of caterpillar herbivory on leaf and root chemistry,
and the effect of nematode herbivory on leaf chemistry
(Rosenberg et al. 2000). Mixed-effects categorical models
were then used to compare effect sizes in orthostichous and
nonorthostichous plant tissues. For each group, a mean effect

size was calculated and reported with 95% bootstrap
confidence intervals. Effect sizes greater than zero indicate
that herbivory elicited an overall increase in the concentra-
tion of secondary plant chemicals. Between-group heteroge-
neity (Op) was tested against a x* distribution to determine
whether plant vascular architecture affected the magnitude of
aboveground and belowground induction.

Results

The appearance of dye in tobacco roots was affected
strongly by leaf position (G=24.95, df=1, P<0.001). In
all cases (N=18), greater dye accumulation was found in
roots that were vertically aligned with the labeled leaf than
in roots that were opposite.

Foliar herbivory elevated the secondary chemistry of
tobacco leaves that were both orthostichous (Figs. 1 A-E)
and nonorthostichous (Figs. 1 F-J) with the caterpillar-
damaged leaf (Table 1). However, the impact of induction
was more apparent in leaves sharing strong vascular
connections. Four of the five secondary chemicals mea-
sured (nicotine, nonnicotine alkaloids, caffeoyl putrescine,
and chlorogenic acid) were induced to higher levels in
orthostichous leaves (Figs. 1 A-D), compared with only
one of five (nicotine) in nonorthostichous leaves (Fig. 1 F).

Similar results were found when comparing the effects
of aboveground herbivory on root chemistry in vertically

Table 1 The effects of aboveground and belowground herbivory on the expression of secondary plant chemicals in orthostichous and

nonorthostichous leaves and roots of tobacco

Herbivory Tissue Compound Orthostichous Nonorthostichous
df F P df F P
(A) Caterpillar aboveground Leaf MANOVA 5,22 8.98 <0.001 5,24 3.02 0.030
Nicotine 1,12 19.43 <0.001 1, 14 7.83 0.014
Nonnicotine alkaloids 1, 12 13.65 0.003 1, 14 0.79 0.389
Caffeoyl putrescine 1, 12 9.09 0.011 1, 14 0.99 0.336
Chlorogenic acid 1, 12 7.19 0.020 1, 14 0.11 0.750
Rutin 1, 12 2.32 0.154 1, 14 2.49 0.137
(B) Caterpillar aboveground Root MANOVA 5,23 2.33 0.075 5,18 0.63 0.681
Nicotine 1, 13 1.88 0.194 1, 10 0.07 0.791
Nonnicotine alkaloids 1, 13 9.09 0.010 1, 10 0.00 0.979
Caffeoyl putrescine 1,13 2.64 0.128 1, 10 0.72 0.415
Chlorogenic acid 1, 13 4.01 0.066 1, 10 0.09 0.765
7-methyl esculin 1,13 0.48 0.499 1, 10 433 0.064
(C) Nematode belowground Leaf MANOVA 5,23 0.89 0.505 5,23 0.48 0.784
Nicotine 1, 13 1.29 0.276 1,13 0.71 0.416
Nonnicotine alkaloids 1,13 0.01 0.935 1, 13 0.09 0.769
Caffeoyl putrescine 1,13 0.01 0.910 1,13 0.00 0.957
Chlorogenic acid 1, 13 0.05 0.821 1, 13 0.55 0.470
Rutin 1,13 1.43 0.254 1, 13 0.27 0.609

Significant effects (P<0.05) are bolded for emphasis
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Fig. 2 Effects of aboveground
caterpillar herbivory on the
expression of secondary plant
chemicals in orthostichous
(4-FE) and nonorthostichous
(F-J) tobacco roots, including
nicotine, nonnicotine alkaloids,
caffeoyl putrescine, chlorogenic
acid, and 7-methyl esculin
(means+SE). Asterisk denotes
significant differences between
means (P<0.05)
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aligned (Figs. 2 A-E) vs. opposing (Figs. 2 F-J) root
sections (Table 1). Caterpillar feeding elevated the below-
ground concentration of certain compounds (e.g., non-
nicotine alkaloids; Fig. 2 B), and there was a trend for

herbivory to affect overall secondary chemical expression
in orthostichous roots (MANOVA: P=0.075). In contrast,
aboveground induction did not affect the chemistry of roots
that were opposite from the insect-defoliated leaf (Figs. 2
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Fig. 4 The impact of nematode root herbivory on belowground plant
biomass. The bars on the right denote plants that were experimentally
inoculated with nematodes, whereas the group of bars to the left
represent plants that were not exposed to nematode herbivory. A
positive sign indicates which of the two split-root sections received
nematodes. n.s. = nonsignificant

F-J). Moreover, there was no relationship for either root
type between the position (age) of the caterpillar-damaged
leaf and root chemistry (P>0.1 for all secondary metabo-
lites measured).

Nematode root herbivory had no impact on leaf
chemistry in either of the two leaf tissue types (Table 1),
with nonsignificant effects of nematodes on secondary
compounds in both orthostichous (Figs. 3 A-E) and
nonorthostichous (Figs. 3 F-J) leaves. However, nematodes
induced local changes (i.e., those measured in the roots of
pots inoculated with nematodes) in the secondary chemistry
of tobacco roots (MANOVA: Fs 5=9.24, P<0.001),
including nicotine (F;, ,=19.54, P<0.001), nonnicotine
alkaloids (F;, 2,=30.93, P<0.001), caffeoyl putrescine
(F1, 22=37.14, P<0.001), chlorogenic acid ('}, 2,=25.56,
P<0.001), and 7-methyl esculin (F;, ,,=37.20, P<0.001).
In all cases, the concentrations of secondary chemicals were
higher in the roots of nematode-damaged plants.

Although nematodes did not affect total root biomass
(i.e., pooled belowground dry weights from both split-root

C— Orthostichous
[ Non-orthostichous

sections; F; ,3=0.49, P=0.489), the effects of nematode
herbivory on roots were apparent within each split-root pot
(Fig. 4). The mass of the two root sections in control pots
were not different from one another (/=0.60, P=0.555), but
root mass in nematode-inoculated pots was >50% less than
in the opposite pot of the same plant (=4.69, P<0.001).
This effect was driven partly by nematodes reducing root
biomass relative to control plants (average control pot=
1.85£0.18 g, nematode-inoculated pot=1.16+0.13; F; ,5=
10.00, P=0.004) and also by plants compensating for
nematode herbivory by increasing root biomass in the
nematode-free pot of plants assigned to root herbivory
(average control pot=1.85+0.18 g, nematode-free pot of
root herbivory plants=2.89+0.34 g; F| ,3=7.36, P=0.011).

The overall magnitude of phytochemical induction
differed between orthostichous and nonorthostichous plant
tissues for one of the three comparisons, i.e., the impact of
caterpillar herbivory on leaf chemistry (Og=4.90, df=1, P=
0.027). In this case, the effect size for responses in the
orthostichous leaf was >2x as large as in the nonorthos-
tichous leaf (Fig. 5 A). The difference in root responses to
foliar herbivory was nearly significant (O=2.90, df=1, P=
0.089), with moderately strong responses in vertically
aligned roots (effect size=0.45) and virtually no response
in opposing root sections (effect size=0.02; Fig. 5 B).
However, aboveground responses to root herbivory were
equally weak in both leaf tissue types (Og=0.03, df=1, P=
0.864; Fig. 5 C).

Discussion

Vascular architecture mediates herbivore-induced plant
responses that are both elicited and expressed in leaves,
but whether vascular connections similarly shape patterns
of induction linking leaves with roots is unknown. In
agreement with previously published accounts (Orians et al.
2000; Schittko and Baldwin 2003; Viswanathan and Thaler
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Fig. 5 The magnitude of herbivore-induced responses in orthosti-
chous vs. nonorthostichous plant tissues, including (4) leaf responses
to foliar herbivory, (B) root responses to foliar herbivory, and (C) leaf
responses to root herbivory (means+95% bootstrap confidence
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intervals). Effect sizes (Hedges’ d) were calculated to summarize the
cumulative secondary chemical response to herbivory in leaves and
roots. Asterisk denotes significant differences between means (P<
0.05). n.s. = nonsignificant
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2004), we found that the magnitude of phytochemical
induction by foliar herbivory was most pronounced in
leaves that share strong vascular connections with the
caterpillar-damaged leaf (Figs. 1 and 5 A). However, we
also document the novel finding that vascular architecture
can similarly mediate the effects of foliar herbivory on
certain root chemicals (e.g., nonnicotine alkaloids), with
stronger induction in roots that are vertically aligned with
insect-defoliated leaves (Figs. 2 and 5 B).

Because studies that measure the impact of leaf
herbivory on root chemistry do not account for vascular
architecture, whereas studies on aboveground induced
responses often do, the magnitude of root responses to
foliar induction may be underestimated in the literature. For
example, in a recently published meta-analysis that merged
data from multiple independent studies, evidence was found
that foliar induction elicits a relatively weak response in
root tissue (Kaplan et al. 2008). This outcome may in part
be driven by the lack of control over leaf—root connectivity
in previous studies. For this reason, we urge investigators in
future studies of aboveground-belowground induction to
consider plant sectoriality in the design of experiments.
However, leaf responses to foliar herbivory were neverthe-
less stronger than root responses in the present study,
despite controlling for vascular architecture in both cases
(leaf—leaf effect size=+0.982, leaf—root effect size=+0.446).
Also, the ontogenetic stage of belowground tissues (e.g., fine
vs. tap roots) is likely to affect whether or not induced responses
are detected in roots (Van Dam and Raaijmakers 2006).

Despite the fact that our experiments support the
hypothesis that leaf—root induction follows the vascular
architecture of plants, our results also indicate that this
phenomenon is more apparent and potentially more
important aboveground. Caterpillar damage induced higher
concentrations of four of five secondary chemicals mea-
sured in orthostichous leaves (compared with only one of
five in nonorthostichous leaves), whereas one of five
chemicals were induced to higher levels in orthostichous
roots (compared with zero of five in nonorthostichous
roots). As a result, the overall magnitude of sectorial
induction was significant among leaves (P=0.027) but
nonsignificant for roots (P=0.089).

Surprisingly, root herbivory did not alter the subset of
secondary chemicals that we measured in tobacco leaves
(Fig. 3), making it difficult to evaluate the consequences of
vascular architecture (Fig. 5C). This outcome was unex-
pected because in prior experiments strong foliar responses
to nematode (M. incognita) root herbivory were docu-
mented with the same tobacco system and under similar
environmental and ecological conditions (Kaplan et al.
2008). More specifically, we previously found that nemat-
odes induced a 40% reduction in leaf nicotine and elevated
foliar concentrations of phenolics and diterpene glycosides

(two to four times) above control levels. Thus, nematode
herbivory in only half of the root system appears to elicit
very different aboveground responses when compared with
plants experiencing widespread herbivory distributed
throughout the entire root system. The quantity of tissue
damaged affects the strength of herbivore-induced
responses in leaves (see Table 4.5 in Karban and Baldwin
1997). Therefore, lower levels of root herbivory may lead to
lower levels of aboveground induction. Because nematodes
damage alkaloid biosynthetic sites and interfere with foliar
expression (Hanounik and Osborne 1977; Barker and Weeks
1991; Kaplan et al. 2008), another potential explanation is
that plants compensate for root damage on one side of the
plant by increasing alkaloid production on the other
undamaged side (Fig. 4). Moreover, compensatory root
growth may come at the expense of foliar chemical
responses if plants are limited in their allocation of resources
towards growth and defense.

Foliar and root herbivores are often patchily distributed on
plant leaves and roots (Denno and McClure 1983; Ettema and
Wardle 2002). As a result, their systemic effects on plant
defense traits are likely to be heterogeneous. Given the recent
emphasis on linkages between aboveground and belowground
biota (Wardle et al. 2004; Wardle 2002), our findings provide
new mechanistic insight into the ecological circumstances in
which foliar and root herbivores affect both plant chemistry
and potentially other co-occurring herbivores. Additional
studies are needed to assess the relative importance of
sectorial induction between leaves and other plant tissues.
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