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Abstract The importance of interplant volatile signaling

in plant–herbivore interactions has been a contentious issue

for the past 30 years. We revisit willows as the system in

which evidence for interplant signaling was originally

found, but then questioned. We established three well-

replicated experiments with two willow species (Salix

exigua and Salix lemmonii) to address whether the receipt

of an interplant signal from a neighboring willow reduces

herbivore damage. Additionally we tested whether this

signal is volatile in nature, and whether plants signal better

to themselves than they do to other individuals. In all three

experiments, we found evidence that cues from a damaged

neighbor reduce subsequent herbivory experienced by

willows. In one experiment, we showed that bagging of

clipped tissue, which prevents the exchange of volatile

signals, removed the effect of neighbor wounding. This

was consistent with results from the other two experiments,

in which clipping potted neighbors connected only through

airborne volatile cues reduced damage of receivers. In

one year, we found evidence that the perception of volatile

signals from genetically identical clones was more effec-

tive at reducing foliar damage to a neighbor than signals

from a genetically different individual. However, this trend

was not significant in the following year. In three well-

replicated experiments, we found strong evidence for the

importance of interplant volatile cues in mediating herbi-

vore interactions with willows.

Keywords Interplant signal � Plant communication �
Herbivory � Eavesdropping � Volatile organic compounds

Introduction

The idea that interplant signals might mediate a plant’s

interactions with its herbivores initially sparked the imag-

ination of researchers and drew attention to the complexi-

ties of plant and herbivore behavior (Rhoades 1983;

Baldwin and Schultz 1983). However, the initial examples

of interplant cues in plants were quickly met with skepti-

cism (Fowler and Lawton 1985). Specifically, the first field

experiment demonstrating interplant signaling involving

herbivores feeding on the willow Salix sitchensis was ini-

tially designed in order to assess within-plant inducible

defenses (Rhoades 1983), and the first laboratory experi-

ment was criticized for lack of independent replication

(Baldwin and Schultz 1983). The criticism dealt to studies

of interplant cues was not addressed until much later, when

physiological studies began to explore the mechanistic

basis for interplant signaling (Farmer and Ryan 1990). The
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ecological consequences of interplant signaling then began

to receive attention (Dolch and Tscharntke 2000; Karban

et al. 2000; Karban and Maron 2002), though the impor-

tance of these signals has only recently been appreciated

more broadly in the scientific community (Heil and Karban

2010). Interestingly, in the intervening 30 years, no evi-

dence for interplant signaling has been found in the first-

studied systems (Julkunen-Tiitto et al. 1995).

One of the major goals of the study of interplant sig-

naling has been to characterize the nature of the signal that

travels between plants. In many systems, root–root contact

provides cues that mediate plant–plant competition and

below-ground foraging (Gruntman and Novoplansky 2004;

Murphy and Dudley 2009). However, in the ca. ten systems

that have been surveyed, the effect of interplant signaling

on herbivory appears to be mediated by airborne volatile

signals (e.g., Karban et al. 2006; Heil and Silva Bueno

2007; Frost et al. 2007). In one system, a few volatile

metabolites are sufficient to induce pathogen resistance in a

neighboring plant (Giron-Calva et al. 2012). While, evi-

dence is mounting that volatile cues mediate interplant

signaling, volatile signaling has only been shown in rela-

tively few systems, and the importance of other types of

cues cannot yet be ruled out.

Another major concern with plant–plant signaling was

that initial studies did not fully consider the evolutionary

consequences of the emission of cues that might ultimately

help their neighbors (Dicke and Bruin 2001). The percep-

tion of a damaged neighbor might always be beneficial to a

plant if damage to a neighbor predicts future damage to self

(Baldwin et al. 2002). However, it is more difficult to

explain why the emission of a cue following damage might

evolve when it could give a competitive advantage to a

neighbor. One of the main hypotheses as to why a herbi-

vore-induced plant signal might evolve is that the signal is

active in coordinating the defenses within an individual in

cases where vascular signaling is inefficient. This appears

to be the case in poplars and lima beans where volatile

signaling leads to the induction of defenses in adjacent

branches that lack direct vascular connection (Frost et al.

2007; Heil and Silva Bueno 2007). One expectation might

be that if these volatile cues evolved in order to coordinate

an individual plant’s defenses, volatiles perceived from the

‘‘self’’ might be more effective at inducing resistance than

volatiles perceived from another plant. This was found to

be the case in sagebrush individuals that were exposed to

volatiles from clones of themselves or from non-self plants

(Karban and Shiojiri 2009). Indeed the systems currently

studied suggest that signaling by volatiles may be partic-

ularly important for clonal plants or other plants with

limited vascular connections, and that the effects of volatile

signaling may be less consistent in small annual plants with

greater vascular connection (e.g., Pearse et al. 2012).

In this study, we revisit plant–plant signaling in willows,

the first system in which plant–plant signaling was

observed (Rhoades 1983). Since Rhoades’ classic study

(1983), little work has been done on plant–plant signaling

in willows. An initial criticism of this study was that the

bioassay herbivores, tent caterpillars (Malacosoma cali-

fornicum) and fall webworms (Hyphantria cunea) were

used to both cause damage to a neighbor and assess pal-

atability of plant tissue. As the year of the study was a year

with high (presumably pathogen-mediated) mortality to

tent caterpillars, the presence of conspecifics on nearby

plants may have spread disease, which would mimic the

effects of lowered plant quality (Fowler and Lawton 1985).

In the current study, we mechanically wounded tissue of a

neighboring willow, which precludes the possibility of

disease or other density-dependent interactions mimicking

the effects of interplant signaling, though mechanical

damage may not be as effective of an elicitor of plant cues

as actual herbivore feeding (e.g., Halitschke et al. 2003).

Willows have many natural history characteristics that

might make volatile interplant signaling an effective

strategy for plant defense. First, willows have a shrubby or

arboreal growth form with limited vascular connections

between neighboring leaves (Ho and Peel 1969; Watson

and Casper 1984), so volatile signaling may be an effective

way of co-coordinating an individual’s defenses. Likewise,

plants in the willow family are often clonal, where neigh-

boring ramets may be part of the same genetic individual

(Gom and Rood 1999; Karrenberg et al. 2002), so volatile

signaling between clonal ramets may benefit the genetic

individual. Additionally, willows often grow in large near

monocultures, and are often attacked by outbreak herbi-

vores (e.g., Zvereva et al. 1997), so information about

damage to a neighbor is very likely related to the future

risk of herbivory (e.g., Karban and Adler 1996).

Specifically, we conducted three experiments in order to

address three related questions. Do interplant signals affect

herbivore interactions with two species of willow? Is the

interplant signal volatile in nature? Are willow clones more

effective at self-signaling than signaling between non-self

ramets?

Materials and methods

Study sites and natural history

Experiments were conducted at three study sites. Two sites

were along Putah Creek near Davis, California: Willow Bar

(38.52658, -121.79389) used in 2011 and Old Davis Road

(38.51692, -121.75800) used in 2012. Both sites were at

an elevation of ca 15 m and had a Mediterranean climate

with cool, wet winters and hot, dry summers. Salix exigua
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grew in large stands in near monocultures at both sites. The

third site was along Sagehen Creek near Donner Pass in

California (39.4473, -120.1865). This site was at an ele-

vation of ca. 1,830 m and has a montane climate with

accumulations of large amounts of snow in the winter,

which melts in May and June. At this site Salix lemmonii

grew in large stands along the riparian corridor.

Willows at each site had considerable leaf damage and

various folivores were collected and identified from both

sites. Along Putah Creek, a geometrid moth Eupethecia cf

misurata fed on willow leaf throughout summer. We

observed two common gall-makers at this site as well:

Euuria exiguae, a stem-galling sawfly, and Rabdophaga

strobiloides, a leaf-galling midge. We additionally

observed a considerable amount of leaf-mining activity, but

we were unable to identify its source. At the Sagehen

Creek site, we also observed damage from a geometrid

caterpillar and a leaf-galling sawfly, Pontania californica.

We cannot assess the fitness consequences imposed on

willow by herbivores in this system, though experimental

reduction of herbivory increased willow fitness in other

willow species (Bach 1994).

Experimental design

Putah Creek experiment 2011

In February 2011, we cut branches from 45 marked S.

exigua individuals at the Willow Bar site and rooted those

clones in a large container of flooded sand. Once roots were

partially established, in early May 2011, we potted each

surviving clone into individual 3.5-l pots. After 2 weeks of

acclimation, these potted willow clones were returned to

the field site. At the field site, we marked a single branch

on each of the original S. exigua individuals. We randomly

assigned each of these individuals to one of three treat-

ments: wounded self (where a potted clone of itself was

wounded and placed within 30 cm of its focal branch),

wounded non-self (where a potted clone of a non-self

individual was wounded and placed within 30 cm of its

focal branch), and control (where no clone was added). On

‘‘wounded’’ plants, half of each leaf was cut using scissors.

We chose a distance of 30 cm, as it fell within distances

where plant–plant signaling was observed in other systems

(Karban et al. 2006; Heil and Adame-Alvarez 2010). Non-

self individuals were always further than 20 m from the

parent willow in order to minimize the possibility that the

parent and focal branches were from the same clone. Potted

clone treatments were maintained until 30 June 2011 when

the clones had dried and senesced and were removed from

the study area. On 8 September 2011, we recorded damage

to each focal branch as percent leaves with herbivore

damage. The percent of leaves with herbivore damage has

been shown in other studies to strongly correlate with

percent total leaf area removed, especially in plants with

small leaves (e.g., Karban 2008). This measure of herbi-

vore damage may be preferable to measuring percent leaf

area removed on a sub-sampling of leaves if herbivore

damage is patchy (Rothrock and Sterling 1982). As such,

percent leaves with herbivore damage has been a popular

estimate of herbivore damage in many studies involving

interplant volatile signaling in plants with small leaves

(e.g., Shiojiri and Karban 2008).

Putah Creek experiment 2012

In December 2011, we marked 120 S. exigua individuals at

the Old Davis Road site along Putah Creek, and collected

three branches to use for cloning. We rooted these three

branches directly into 3.5-l pots with a 1:1 soil:sand mix-

ture. Pots were flooded in plastic wading pools throughout

winter to reduce clone mortality, and cuttings began to

expand leaves in February 2012. Potted clones were

brought back into the field on 6 May 2012. As before, we

marked a focal branch on each S. exigua individual, and we

randomly assigned treatments according to a 2 9 2 facto-

rial cross of self/non-self and wounded/non-wounded.

Specifically, potted clones were placed within 30 cm of the

focal branch of either their parent willow (self) or a dif-

ferent (non-self) individual. As above, non-self individuals

were always further than 20 m from the original willow.

Potted clones were then either wounded (as above) or not

wounded. Potted clone treatments were maintained

throughout the summer, though most clones had dried and

senesced by July. On 25 July 2012 we assessed leaf dam-

age to focal branches as percentage of leaves with herbi-

vore damage.

Sagehen Creek experiment

In May 2012, we marked 60 focal S. lemmonii individuals,

each of which was around 2 m in height and had a

neighboring bush within 30 cm. We marked a single

branch on each focal bush that was adjacent to the neigh-

boring bush. In this experiment, no clone or ‘‘self’’ treat-

ments were initiated. The focal branch had between 45 and

195 leaves. We also marked the adjacent branch of the

neighboring bush. We randomly assigned treatments to the

neighboring bush of control (no damage), wounding (all

leaves on the branch cut in half with scissors), or wounding

plus bagging with a transparent impermeable plastic bag.

For this last treatment, the wounded branch was immedi-

ately enclosed within the plastic bag following wounding.

While herbivore-specific cues often affect a plant’s volatile

profile, so far, studies of plant–plant signaling have shown

little difference between mechanical damage and damage
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from particular herbivores (Shiojiri and Karban 2008). We

assessed the accumulated damage on the focal branch in

August 2012 as the percent of leaves with any damage.

Over the season, four focal branches died or were removed,

reducing the total sample size to 56.

Statistical analysis

We constructed linear models to assess the effect of

wounding and either bagging or self/non-self treatments on

willow leaf damage in each of three experiments. Percent

leaf damage was square-root transformed to meet model

assumptions. Total number of leaves did not vary by

treatment in any of the experiments. In the Putah Creek

2012 experiment, we included damage observer as a ran-

dom effect in a mixed model, as one observer consistently

scored damage lower than others. We analyzed this

experiment as a factorial of wounding and self/non-self.

We assessed significance of both the 2011 Putah Creek

experiment and the 2012 Sagehen Creek experiment using

Dunnett’s test to correct for multiple comparisons between

treatments and a control. All statistics were calculated

using R with packages nlme and multcomp (R Core

Development Team 2008; Hothorn et al. 2008; Pinheiro

et al.2009).

Results

Putah Creek experiment 2011

In 2011, we asked whether wounding to self or non-self

potted clones reduced the amount of damage experienced

by S. exigua individuals in the field. Neighbor-wounding

treatments affected the rates of subsequent damage expe-

rienced by S. exigua individuals (Fig. 1; df = 2.33,

F = 3.98, P = 0.028). Specifically, wounding to a neigh-

boring self clone (i.e., a genetically identical potted indi-

vidual) reduced damage to the focal willow by 45 %

(Fig. 1; Dunnett’s test, t = 2.75, P = 0.018). However,

wounding to a neighboring non-self clone did not consis-

tently reduce damage to the focal S. exigua individual

(Fig. 1; Dunnett’s test, t = 0.90, P = 0.572).

Putah Creek experiment 2012

We again asked whether wounding to self or non-self

clones reduced the amount of damage experienced by S.

exigua individuals in the field. In 2012, wounding to a

neighbor reduced the amount of damage experienced by S.

exigua individuals by 21 % (Fig. 2; df = 1.84, F = 6.76,

P = 0.011). However, in 2012, the effect of neighbor

wounding did not depend on whether the neighbor was

genetically identical to the receiver individual (df = 1.84;

F = 0.09, P = 0.76), and there was no overall effect of the

presence of a self or non-self clone (Fig. 2; df = 1.84,

F = 2.40, P = 0.125).

Sagehen Creek experiment 2012

At Sagehen Creek we assessed whether wounding to a

neighbor reduced damage to another willow species, S.

lemmonii. In addition, we set up a bagging experiment to

assess whether the interplant signal was airborne. We

found that the wounding treatments reduced the subsequent

damage experienced by a focal S. lemmonii individual

(Fig. 3; df = 2.53, F = 4.54, P = 0.015). Specifically, we

found that wounding to a neighbor reduced damage to the

focal willow by 41 % (Fig. 3; Dunnett’s test, t = 3.01,

P = 0.008), but there was no effect of neighbor wounding

Fig. 1 Damage to a focal willow (Salix exigua) after exposure to a

wounded potted willow that was either a clone of the focal willow

(self) or another willow (non-self) in 2011. Bars are mean % leaves

damaged ± SE

Fig. 2 Damage to a focal willow (S. exigua) after exposure to a

wounded or unwounded potted willow that was either self (from the

same tree) or non-self in 2012. There was a significant effect of

wounding, but not self/non-self. Bars are mean % leaves

damaged ± SE
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if the wounded branch was contained within an imperme-

able bag (Fig. 3; Dunnett’s test, t = 1.38, P = 0.291).

Discussion

In this study, we returned to the first system that showed

controversial evidence for the importance of interplant cues

mediating plant–herbivore interactions (Rhoades 1983).

We conducted three well-replicated experiments, and each

experiment gave solid support that damage to a neighbor-

ing plant could decrease subsequent leaf damage caused by

herbivores (Figs. 1, 2, 3). Though Rhoades’ (1983) original

experiments with interplant signaling in willows were met

with valid concerns over experimental design and the

interpretation of causal factors (Fowler and Lawton 1985),

our study suggests that willow–herbivore interactions are

indeed altered by damage-induced cues from a neighbor.

The only other more recent study that has assessed the

possibility of interplant communication in willows failed to

find an induced chemical response in a willow clone that

had been placed in the same room as a wounded conspe-

cific (Julkunen-Tiitto et al. 1995). This lack of evidence for

interplant signaling could have occurred for many reasons.

First, recent studies have shown that the effects of neighbor

damage on a plant may be both complex and subtle, so the

three metabolites assayed (salicortin, salicacin, and acet-

ylsalicortin) might simply not have been the mechanism of

resistance observed by Rhoades (1983) and our study.

Second, recent studies have shown that interplant signals

are highly context dependent (Pearse et al. 2012), so it may

simply not have been possible to detect an effect of inter-

plant signaling inthe controlled laboratory atmosphere with

low replication in Julkunen-Tiitto et al. (1995). In a natural

setting, our study demonstrated that interplant signaling

in some willows is important for herbivore–willow

interactions.

One of the most intriguing and elusive aspects of

interplant signaling is the complex physiological mecha-

nism that must be involved to produce a signal, perceive a

signal, and subsequently mount an effective defense

against herbivores (Baldwin et al. 2006). While this study

only begins to explore the mechanisms behind interplant

cues in willows, willows may be a system in which both

mechanisms and ecological consequences of volatile cues

are tractable. Here, we showed that interplant signaling

between willows must be mediated by a volatile signal.

Bagging of damaged shoot material negated the effect of

the cue on the neighboring plant (Fig 3). Likewise, as the

two experiments with S. exigua were carried out with

potted willow clones as the source of signals, the interplant

cue could not be root-borne (Figs. 1, 2). Herbivore damage

is known to elicit numerous green leaf volatiles, mono-

terpenes, and sesquiterpenes in willows (Yoneya et al.

2010), so there is ample ‘‘vocabulary’’ for an interplant cue

in induced volatile profiles. In the current study, we do not

know the mechanism of plant resistance that an interplant

cue might elicit. However, previous studies have shown

that willows strongly induce chemical defenses such as

phenolic glycosides, e.g., salicylates (Julkunen-Tiitto et al.

1995; Ruuhola et al. 2001) and physical defenses such as

trichomes (Bjorkman et al. 2008) even following relatively

small amounts of herbivore damage (Bjorkman et al.

2008). The mechanism of willow induction by a wounded

neighbor is unknown, but the chemical ecology of willows

is well studied and tractable.

Recent interest in the evolution of plant–plant signaling

motivated the theory that herbivore-induced interplant

signaling evolved as a means of coordinating tissues within

a plant that lacked substantial vascular connection (Heil

and Karban 2010). Two recent studies have given support

to this theory in other plant systems (Heil and Silva Bueno

2007; Karban and Shiojiri 2009). Our study is also broadly

consistent with the theory that interplant signaling evolved

and is maintained as a means of coordinating the responses

of tissues within a plant. We found that the perception of

damage to a clone of self reduced subsequent herbivore

damage in both experiments where clones were assessed,

but wounding to a non-self individual reduced subsequent

herbivore damage in only two out of three experiments

(Figs. 1, 2, 3). The natural history of willow individuals

and populations also makes self-signaling a possible evo-

lutionary explanation for these cues. Willows grow as

shrubs or trees, where neighboring leaves might not be

directly connected through vascular tissue. Indeed, within a

single willow plant, leaves with direct vascular connection

Fig. 3 Damage to a focal willow (Salix lemmonii) after exposure to a

neighboring willow that had been wounded, wounded and then

bagged, or left unwounded (control) in 2012. The wounded and

bagged treatment would confine any volatile cues emitted from the

wounded neighbor. Bars are mean % leaves damaged ± SE
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to a wounded leaf induced similar amounts of salicortin as

leaves that were physically close to the wounded leaf, but

lacking direct vascular connection (Julkunen-Tiitto et al.

1995). Volatile cues also induced resistance in non-self

plants (Figs. 2, 3), but not all of the time (Fig. 1). The

genetic diversity of willow stands is highly variable, where

some stands seem to be genetically diverse due to long-

distance pollen flow and seed dispersal, whereas other

stands appear to be more genetically homogeneous due to

high rates of clonal reproduction (Karrenberg et al. 2002).

It is possible that the perception of interplant cues by non-

self individuals may depend on whether neighbors are

genetically similar or distant.

This study shows that willows that are exposed to vol-

atiles from a damaged conspecific neighbor experience less

herbivore damage than willows lacking a damaged neigh-

bor. We demonstrate that the interplant signal is volatile in

nature, though we know little about the mechanism of

induction in the plant that receives the signal. We suggest

that in willows, volatile signals may be a means of coor-

dinating defenses within an individual or between geneti-

cally identical clones. After a 30-year hiatus in research,

interplant signaling between willows appears to occur and

to be ecologically important.
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