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Abstract The existence of predictable latitudinal variation in
plant defense against herbivores remains controversial. A pre-
vailing view holds that higher levels of plant defense evolve at
low latitudes compared to high latitudes as an adaptive plant
response to higher herbivore pressure on low-latitude plants.
To date, this prediction has not been examined with respect to
volatile organic compounds (VOCs) that many plants emit,
often thus attracting the natural enemies of herbivores. Here,
we compared genetically-based constitutive and herbivore-
induced aboveground vegetative VOC emissions from plants
originating across a gradient of more than 10° of latitude
(>1,500 km). We collected headspace VOCs from Asclepias
syriaca (common milkweed) originating from 20 populations
across its natural range and grown in a common garden near
the range center. Feeding by specialist Danaus plexippus
(monarch) larvae induced VOCs, and field environmental
conditions (temperature, light, and humidity) also influenced
emissions. Monarch damage increased plant VOC concentra-
tions and altered VOC blends. We found that genetically-based
induced VOC emissions varied with the latitude of plant
population origin, although the pattern followed the reverse
of that predicted—induced VOC concentration increased with

increasing latitude. This pattern appeared to be driven by a
greater induction of sesquiterpenoids at higher latitudes. In
contrast, constitutive VOC emission did not vary systematical-
ly with latitude, and the induction of green leafy volatiles
declined with latitude. Our results do not support the prevailing
view that plant defense is greater at lower than at higher
latitudes. That the pattern holds only for herbivore-induced
VOC emission, and not constitutive emission, suggests that
latitudinal variation in VOCs is not a simple adaptive response
to climatic factors.
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Introduction

Geographic patterns in species interactions are of broad inter-
est when considering the adaptability of species to environ-
mental pressures such as climate change and the introduction
of non-native species. Until recently, a common assumption
has been that, at large scales, climate exerts the major con-
straint on species distributions, overwhelming the relatively
minor influence of biotic interactions (Araújo and Luoto
2007). However, recent work has revealed the importance of
geographic variation in trophic interactions when predicting
species responses to environmental perturbations (Davis et al.
1998; Menéndez et al. 2008; Voigt et al. 2003). Ecological
processes important at the local scale can retain their impor-
tance at the macroecological scale, and it is necessary to
consider multitrophic interactions in tandem with abiotic con-
straints on individual species (Araújo and Luoto 2007).

Herbivory is an important interaction between plants and
animals that can vary at large geographic scales (Coley and
Barone 1996; Thompson 2005; Zangerl and Berenbaum
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2003). For example, latitudinal variation in plant defense traits
may influence future interactions between plants and herbi-
vores under climate change (Engelkes et al. 2008). Plant and
animal species from a variety of habitats tend to have lower
palatability and higher levels of defensive traits at low lati-
tudes (Coley and Barone 1996; Pennings et al. 2001;
Rasmann and Agrawal 2011; Schemske et al. 2009). One
prominent hypothesis asserts that higher levels of herbivory
at low latitudes explain these observed patterns in plant palat-
ability and defense. The hypothesis posits that greater herbiv-
ory selects for greater plant defense at low latitudes, producing
a cline of increasingly strong plant defense with decreasing
latitude (Pennings et al. 2001, 2009). However, the prevalence
and basis of latitudinal patterns in plant defense remain con-
troversial (Moles et al. 2011a, b).

Although many studies have investigated latitudinal gra-
dients in plant defense traits that directly deter herbivore
feeding, little work has been conducted on geographic pat-
terns of indirect plant defenses. Indirect defenses exploit
higher trophic levels—the predators and parasites of
herbivores—that reduce herbivory (Dicke 1994). The few
studies that have evaluated indirect plant defense at the
geographic scale corroborate the general patterns observed
for direct defenses across latitude. Ants facilitate reductions
in herbivory to a greater degree at low latitudes (Chamber-
lain and Holland 2009), and ant domatia (Chamberlain and
Holland 2009) and extrafloral nectaries (Chamberlain and
Holland 2009; Moles et al. 2011a; Pemberton 1998) occur
more frequently on plants at low latitudes. These patterns
contrast with leaf domatia associated with mites, which
occur more frequently in temperate than tropical systems
(O’Dowd and Willson 1991; Weber et al. 2012).

Plant emission of volatile organic compounds (VOCs) can
serve as an indirect plant defense by attracting the predators
and parasites of herbivores. The phenomenon of enemy at-
traction via herbivore-induced VOC emission has been ob-
served in multiple tritrophic systems (De Moraes et al. 1998;
Dicke et al. 1998; Thaler 1999) and appears to be common in
nature (Farmer 2001; Kessler and Baldwin 2001). Plant VOC
emission has been shown to vary on regional scales (Geron
et al. 2000; Halitschke et al. 2000; Staudt et al. 2004), al-
though few studies have investigated patterns of VOC emis-
sion across latitude (Martz et al. 2009), and no previous study
has employed experimental approaches to address latitudinal
variation in herbivore-induced VOC emission.

Our aim was to address the following questions: (1) Do the
concentration and blend of plant VOC emissions vary among
milkweed populations? (2) Do VOC emissions vary predict-
ably in concentration and blend with respect to latitude? (3)
Does the magnitude of induction vary predictably with lati-
tude? Here, we used Asclepias syriaca (common milkweed)
and the specialist herbivore Danaus plexippus (monarch cat-
erpillar) to test the hypothesis that milkweeds show a gradient

in genetically-based constitutive and herbivore-induced VOC
emission, such that plants originating from low latitudes emit
higher VOC concentrations than do plants originating from
high latitudes.

Methods and Materials

Asclepias syriaca is a widespread native plant in eastern
North America, ranging north to Canada and south to Lou-
isiana. Monarch butterflies (D. plexippus) are specialist her-
bivores that feed as larvae on plants in the genus Asclepias.
Larvae are attacked by a variety of parasitoids (e.g., tachinid
flies and braconid wasps) and predators (ants, spiders, paper
wasps, and hemipterans) (Mooney and Agrawal 2008;
Prysby 2004). Some evidence exists to suggest that VOCs
serve a defensive function in the milkweed-monarch system.
For example, ovipositing butterflies can distinguish between
the VOCs of old and young milkweed plants (Bergström
et al. 1995), and entomopathogenic nematodes are attracted
to the herbivore-induced VOCs emitted by milkweed roots
(Rasmann et al. 2011). We have shown that feeding damage
by monarchs attracts predators to sites of milkweed herbiv-
ory and causes increased attacks to models of caterpillars
(Wason 2012).

Common Garden The milkweed plants used in this experi-
ment were grown in a common garden near the center of their
natural range in Ithaca, New York, as described in Woods
et al. (2012). Briefly, the common garden contained individ-
uals grown from seeds collected from 22 natural plant pop-
ulations, spanning 10° of latitude (>1,500 km) from the
southernmost population in Knoxville, Tennessee to the
northernmost population in Quebec City, Quebec, Canada.
Using up to 10 seeds from each of 5 milkweed pods collected
from the 22 populations, we established a common garden in
a plowed field in early June 2008. Each seedling was placed
in a 4-l plastic pot filled with field soil and sunk into the
ground about 1 m from surrounding plants in a completely
randomized design. In 2009, VOCs were collected from
plants originating from 20 of the 22 populations (Fig. 1). A
population in Pennsylvania (40.33°N) and a population in
New Hampshire (43.7°N) were excluded from the experi-
ment due to low germination rates.

Volatile Collections Experimental monarchs were obtained
from a commercial monarch breeder (Flutterby Gardens,
Bradenton, Florida, USA) and raised indoors (about 100 m
from the experimental plants) on A. syriaca. Experiments
were conducted between July 22 and July 29, 2009. One 3rd-
instar caterpillar was placed on one of the leaves in the 5th
leaf pair of each treatment plant. Damaging leaves of the
same developmental stage controlled as much as possible for
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any effect of plant source/sink dynamics on VOC emission
(Halitschke et al. 2000). Netting was placed over each treat-
ment leaf to restrict caterpillar movement, and caterpillars
were allowed to feed from late afternoon to the following
morning (about 18 hr). Netting also was placed over one of
the leaves in the 5th leaf pair on each control (undamaged)
plant to control for any effect of netting on VOC production.
We excluded natural aboveground herbivory from experi-
mental plants by placing netting on all plants after removing
any observed herbivores. The exclosure netting remained on
plants for 3 days prior to any exposure to experimental
damage and subsequent VOC sampling. Natural herbivore
damage by chewing herbivores was negligible in the com-
mon garden (Woods et al. 2012); nonetheless, we took care
to sample plants that showed little to no natural damage.
Furthermore, root herbivores (Tetraopes tetraophthalmus)
were excluded from all plants in the common garden. The
Tetraopes beetle lays eggs in hollow grass stems (McCauley
1983), and hatching larvae overwinter in the soil and feed on
Asclepias roots (Davis 1984). To prevent colonization by
these beetles, the common garden was established on a
mowed site, and landscape fabric prevented both grass
growth and herbivory by Tetraopes.

We collected VOC emissions from control and herbivore-
damaged plants originating from multiple sites each day, such

that “collection day” was not confounded with latitude. Our
sampling system facilitated VOC collection from up to 23
chambers per day. Chambers constructed from PVC pipes and
inert Tedlar sheeting were placed around entire plants (one
plant per chamber) growing in the common garden. Plastic
sheets covered the soil around plant stems to minimize col-
lection of soil volatiles. Air was drawn into each chamber
through a sodium thiosulfate filter and an activated carbon
filter. Sodium thiosulfate absorbs ozone gas, which can react
with VOCs in the atmosphere (Helmig 1997), while activated
carbon collects ambient VOCs. Thus, “clean” air flowed into
each chamber; however, we sampled VOCs from eight empty
chambers to evaluate any remaining VOCs in this “clean” air.

Dual-diaphragm vacuum pumps (Gardner Denver Thom-
as, Sheboygan, WI, USA) pulled air from each chamber
through a charcoal adsorbent (Sigma-Aldrich, St. Louis,
MO, USA), which trapped plant VOCs that accumulated in
each chamber. Rotameters connected to each chamber en-
abled us to adjust and quantify the velocity of air flowing
through the chambers (average = 1.5 l per min). Whole-plant
VOCs were sampled continuously for 5 hr during approxi-
mately the same daylight hours on each sampling day (gen-
erally between 14:00 and 19:00) following the previous
night of herbivore damage. We took care to sample vegeta-
tive VOCs by avoiding flowering plants. We had planned to
sample three genotypes from each of 20 plant populations,
with three replicate plants per genotype, for a total of 180
plants. However, three replicates were not available for every
genotype, and by the end of the experiment, we had sampled
VOCs from a total of 160 plants. Because compounds emit-
ted by only one plant and compounds that comprised less
than 1 % of the total concentration of VOCs across all plants
were omitted from the analyses (see Analysis and Identifica-
tion of Volatile Compounds in the Methods and Materials
section), many of the original plant replicates were excluded.
Thus, the results presented here include VOC collections
from 81 plants (control N=36 plants, herbivore-damaged
N=45 plants) originating from the 20 different milkweed
populations.

We controlled for the effect of plant biomass on VOC
emission. We measured stem height and number of leaves
from each plant in the field and applied a regression equation
(Eq. 1; R2=0.6019, F2, 97=177.99, P<0.001) to estimate the
aboveground biomass of each experimental plant. The equa-
tion was derived using 100 ramets from a natural population
of A. syriaca plants at the University of Michigan Biological
Station in Pellston, Michigan.

biomass ¼ 0:092⋅leavesð Þ þ 0:101⋅heightð Þ–0:480 ð1Þ

Environmental Variables We collected data on environmen-
tal variables that may influence VOC emission under field

Fig. 1 The locations of 20 Asclepias syriaca populations from which
seeds were collected to establish an experimental common garden in
Ithaca, NY, USA. The star indicates the location of the common garden
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conditions (Kesselmeier and Staudt 1999). Data loggers (On-
set Computer Corporation, Bourne,MA, USA) were deployed
on each sampling day to measure temperature and relative
humidity, while photosynthetically active radiation (PAR)
sensors (LI-COR, Lincoln, NE, USA) gauged ambient light
levels. Two sensors measuring each of the three environmen-
tal variables every minute were placed near the collection
chambers every day. The data from each sensor were integrat-
ed across minutes for the 5 sampling hours, yielding a cumu-
lative value for each of the variables per sampling day. The
data from one humidity sensor was omitted due to malfunc-
tion; the remaining data were used to standardize environmen-
tal variation across days. To account for covariance among
these environmental factors, we combined the factors using a
principal components analysis (PCA). The first PCA axis
explained nearly 85 % of the variation in the data from the
sensors, and this axis was used as a covariate in all subsequent
analyses of VOC concentrations.

Analysis and Identification of Volatile Compounds VOC
samples were eluted from charcoal traps with 750 μl of
dichloromethane (CH2Cl2) containing 1.94 μg of nonyl ace-
tate (Sigma-Aldrich, St. Louis, MOUSA; CAS # 143-13-5) as
an internal standard. Moisture in the samples was removed
using anhydrous sodium sulfate. We analyzed 1-μl aliquots of
VOC samples using a gas chromatograph-mass spectrometer
(GCMS; Agilent Technologies, Santa Clara, CA, USA) on a
30 m×0.25 mm inner diam fused-silica column with a poly-
ethylene glycol stationary phase and 0.25 μm film thickness
(Restek Corporation, Bellefonte, PA, USA). We used the
following GC method: injector held at 250 °C, initial column
temperature at 50 °C held for 10 min, ramped at 5 °C min−1 to
200 °C, held for 10 min. Helium carrier gas flow was set to
1.3 ml min−1.

Compounds were tentatively identified with reference to
the NIST (National Institute of Standards and Technology)
library database, and the identity of peaks subsequently was
verified where possible using authentic standards (Sigma-
Aldrich, St. Louis, MO USA; MP Biomedicals, Solon, OH,
USA). We obtained specific authentic standards based on the
plant VOCs that have been commonly reported in the liter-
ature. The identity of 12 peaks remained unverified. The
chemical classes of those unknown peaks (green leafy vola-
tiles, monoterpenes, and sesquiterpenes), however, were es-
timated tentatively according to the number of carbons in the
compounds proposed by the MS and peak retention times.
Green leafy volatiles (GLVs) were peaks with 6–8 carbons;
monoterpenes/monoterpenoids contained 10–12 carbons;
sesquiterpenes/sesquiterpenoids contained 15–16 carbons.
Our estimates took into account the top three identifications
proposed by the MS. One of the peaks could not be identified
to chemical class, because the MS did not provide a consis-
tent molecular formula for the peak.

VOC concentrations were quantified by calculating the
relationships among internal standard concentration, internal
standard peak area, and focal compound peak area. Synthetic
chemicals and any VOCs collected from empty chambers
were omitted from the dataset. Compounds emitted by only
one plant and compounds that comprised less than 1 % of the
total concentration of VOCs across all plants also were
omitted, leaving 16 compounds (comprising about 80 % of
total emissions) in the dataset from the 81 independent plant
samples (see Supplemental Material Online Resource 1).
The peaks omitted from the analyses did not show a latitu-
dinal pattern in concentration (P>0.05 for control,
herbivore-damaged, and combined plants; see Supplemental
Material Online Resource 2). Peak concentrations were stan-
dardized for the total volume of air sampled from each
chamber and for aboveground plant biomass.

Statistical Analyses We tested (a) whether total constitutive
and induced VOC emissions varied among milkweed popu-
lations, (b) whether such variation was predictable with re-
spect to latitude, and (c) whether the magnitude of induction
varied predictably with latitude. VOC concentrations were ln-
transformed prior to all analyses, and all 16 peaks were
analyzed statistically (not just the 4 peaks that were identi-
fied). To address the first question, we employedmixed model
analysis of variance (SAS Version 9.2, SAS Institute, Cary,
NC, USA) to investigate total VOC emissions, specifying
herbivore treatment, site of origin, and PCA axis 1 (environ-
mental variables) as independent variables, with chamber as a
random factor. We also included genotype nested within pop-
ulation origin as a random factor to account for local genetic
variation in VOC emission, which has been observed in
milkweed (E. L. Wason, unpublished data) and other plant
systems (e.g., Delphia et al. 2009; Schuman et al. 2009).
Second, we used weighted linear regression in the statistical
package R (Version 2.11.1, R Foundation for Statistical Com-
puting, Vienna, Austria) to explore patterns in total VOC
emission across latitude. Control and herbivore-damaged
plants were regressed separately against latitude. Total VOC
concentration was averaged for all plants within a site; there-
fore, site averages used in the analysis were weighted by
1/variance. Weighting required that we omit sites containing
single samples, which yielded N=14 sites for control and
N=17 sites for herbivore-damaged treatments. We verified
the appropriateness of the linear model by evaluating the data
using a post-hoc weighted quadratic model, and assessed the
relative fit of both models by calculating Akaike Information
Criterion (AIC) scores and implementing a likelihood ratio
test. To address the third question, we used a general linear
model to test whether the slopes of the weighted linear re-
gressions between VOC emission and latitude differed be-
tween the control and herbivore-damaged treatments; a sig-
nificantly steeper positive slope in the damaged treatment
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would demonstrate an increase in the magnitude of VOC
induction with latitude.

The effects of herbivory, plant origin, and latitude on the
multivariate VOC blend were evaluated with permutational
MANOVA (Oksanen et al. 2010). First, to investigate wheth-
er VOC blends varied among plant populations, we specified
herbivore treatment, population origin, PCA axis 1 (environ-
mental variables), and chamber as independent variables.
Second, to determine whether VOC blends varied systemat-
ically across latitude, the concentration of each individual
compound within the blend was summed for all plants within
a treatment within a site. The sums for the 16 peaks, with
N=17 population origins for control and N=19 population
origins for herbivore-damaged treatments, were used in the
permutational MANOVA. Herbivore treatment and latitude
were specified as independent variables in the analysis.

In addition, we used weighted linear regressions and
permutational MANOVAs to investigate latitudinal patterns
in the types of chemicals emitted by milkweed across lati-
tude. The three chemical classes observed in milkweed
emissions (GLVs, monoterpenes, and sesquiterpenes) were
regressed separately against latitude; control and herbivore-
damaged plants were evaluated separately for each chemical
class. As described above, the concentration of VOCs was
averaged for all plants within a site. We weighted the anal-
yses by 1/variance, except for GLVs emitted by control
plants, where single replicates at some sites across latitude
prevented weighted regression. The sample size decreased
markedly in some of these regressions because each analysis
included a subset of the data, and not all chemical classes
were produced equally by all plant populations.

Results

Monarch caterpillar damage induced a 62 % increase in
VOC emission, on average, from common milkweed plants
(Fig. 2; F1, 55.9=4.05, P=0.049). The plant population from
which seeds were collected accounted for over 41 % of the
variation in total VOC emission among plants in the com-
mon garden (F19, 46.8=3.02, P=0.001), indicating a likely
genetic basis for variation in VOC emission among milk-
weed populations. Environmental variables (PCA axis 1)
also influenced VOC emission among plants (F1,

45.1=12.12, P=0.001). Based on PCA axis loadings, VOC
emission increased with increasing temperature (Fig. 3; F1,

79=4.841, P=0.03) and PAR, but declined with increasing
humidity (data not shown).

Total VOC emission from caterpillar-damaged milkweeds
increased with increasing latitude, with latitude explaining
over 54 % of the variation in induced VOC emission across
the gradient (Fig. 4a; F1, 15=19.68, P<0.001). Visually, it

appears as if a quadratic model could better explain the trend
in Fig. 4a, but a quadratic model (F2, 14=9.26, P<0.01) was a
poorer fit than the linear model according to AIC scores
(AIC, linear=56.3, quadratic=58.2) and no improvement
using log likelihood (P=0.79) in this weighted regression.
Constitutive VOC emission did not vary predictably with
latitude (linearly or quadratically, Fig. 4b; linear F1, 12=1.69,
P=0.22; quadratic F2, 11=0.932, P=0.42). The slope of the
clines across latitude differed between constitutive and
herbivore-induced emissions (damage by latitude interaction
F3, 27=17.56, P<0.001), indicating that the magnitude of
induction varied predictably with latitude, but in the opposite
direction to our prediction.

Which classes of VOC were responsible for the latitudinal
trend in induced VOC emission? In damaged milkweed
plants, GLV (F1, 5=22.91, P<0.01) and sesquiterpene (F1,

7=28, P=0.001) emissions varied systematically across lat-
itude. Sesquiterpene emissions from damaged plants in-
creased with increasing latitude, thus appearing to drive the
observed latitudinal pattern in total induced VOC emission.
In contrast, GLV emissions from damaged plants decreased
with increasing latitude, counter to the pattern observed for
total VOC emissions. Undamaged milkweed emitted GLVs
(F1, 4=1.61, P=0.27) and sesquiterpenes (F1, 4=0.88,
P=0.40) in similar concentrations across latitude. Monoter-
pene concentrations showed no pattern across latitude in
either constitutive (F1, 10=1.02, P=0.34) or induced (F1,

14=2.05, P=0.17) emissions.
Herbivory by monarch caterpillars also altered milk-

weed’s VOC blend (F1, 80=2.76, P=0.002). Although it
exhibited no systematic change with latitude (F1, 35=1.34,
P=0.18), VOC blend differed among milkweed populations
(Fig. 5; F19, 80=1.28, P=0.02). Temperature, humidity, and
PAR (PCA axis 1) marginally influenced VOC blend among

Fig. 2 Mean volatile organic compound (VOC) emission (+1 SE) from
undamaged (control; N=36) and caterpillar-damaged (herbivore;
N=45) Asclepias syriaca plants growing in a common garden in Ithaca,
NY
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populations (F1, 80=1.80, P=0.05). Monarch herbivory (F1,

70=2.83, P<0.01) and latitude of origin (F19, 70=1.30,
P=0.04) influenced the relative concentrations of monoter-
penes emitted by milkweed. The sesquiterpene blend was
unaffected by monarch herbivory (F1, 49=1.15, P=0.33) and
marginally influenced by plant origin (F18, 49=1.54,
P=0.059). Relative concentrations of GLVs changed in re-
sponse to herbivory (F1, 25=5.95, P<0.01) but did not vary
among plant populations (F13, 25=1.55, P=0.13).

Four of the 16 VOCs emitted by milkweed plants were
positively identified using authentic standards. Three of the
compounds identified have been shown to increase in concen-
tration following herbivore damage or have been implicated in
plant defense: 1,8-cineole (Kessler et al. 2006; Wiens et al.
1991), cis-3-hexen-1-ol (Kessler et al. 2006; Ruther and
Kleier 2005), and β-caryophyllene (Rasmann et al. 2005;
Wiens et al. 1991). Of the 16 peaks, 2 were GLVs (including
cis-3-hexen-1-ol), 10 were monoterpenes (including 1,8-cin-
eole and eugenol), and 3 were sesquiterpenes (including β-

caryophyllene). The remaining compound could not be iden-
tified to chemical class, because the MS did not report a
consistent molecular formula for the peak.

Discussion

This experiment investigated intraspecific variation in in-
duced indirect defenses across a latitudinal gradient. Based
on previous studies of direct (Coley and Barone 1996; Pen-
nings et al. 2001) or constitutive indirect defenses (Cham-
berlain and Holland 2009), we had predicted that the con-
centration of herbivore-induced VOCs would decline with
increasing latitude. Surprisingly, we found that they in-
creased with latitude, while constitutive VOCs emitted by
undamaged plants showed no geographic pattern (Fig. 4).
Because constitutive and induced VOCs behaved differently,
it appears that variation in abiotic factors such as light,
temperature, or photoperiod cannot alone drive variation in
plant VOC emissions with latitude. Overall, monarch her-
bivory induced higher concentrations (Fig. 2) and a different
blend ratio of VOCs emitted by milkweed plants. The com-
position of the VOC blend also varied among milkweed
populations (Fig. 5), although we observed no systematic
change in VOC blend with latitude.

Although we have not yet identified all of the VOCs
emitted by milkweed plants, the increasing induction of
volatiles with latitude appears to be driven by sesquiter-
penes, including β-caryophyllene. In contrast, induction of
GLVs (including cis-3-hexen-1-ol) declined with latitude,
counter to the trend shown for total VOC induction. Both
sesquiterpenes and GLVs have been implicated in indirect
plant defense (Frost et al. 2007; Rasmann et al. 2005).
However, the ecological implications of variation in VOC
concentration and blend are not fully understood. For exam-
ple, higher concentrations of VOCs have been shown to
increase recruitment of natural enemies (Gols et al. 2003;
Turlings et al. 2004), while other work has indicated that

Fig. 3 The effect of temperature on volatile organic compound (VOC)
emission from all Asclepias syriaca plants growing in a common garden
in Ithaca, NY. Temperatures were recorded once per min for 5 sampling
hours each day. The temperature data were integrated, yielding a cu-
mulative value for each day

Fig. 4 Total concentration (ln-
transformed) of volatile organic
compound (VOC) emissions
(±1 SE) from Asclepias syriaca
plants originating from 20
populations across 10° of
latitude. Experimental plants
were grown in a common
garden in Ithaca, NY. Best-fit
lines were derived from
weighted regressions for both
treatments. a Emissions from
caterpillar-damaged plants
(N=17 sites). b Emissions from
undamaged plants (N=14 sites)
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natural enemies can respond more strongly to VOC blend
(Bruce et al. 2010). In addition, individual chemicals isolated
from VOC blends can elicit varied responses in natural
enemies (Das et al. 2007; Späthe et al. 2013). Disentangling
the influence of VOC concentration from that of blend on
natural enemy attraction remains challenging. Manipulating
one without compromising the fidelity of the other presents a
complicated problem, especially in field experiments that
incorporate natural plant VOC emissions. We suggest that
it is reasonable and informative to employ VOC concentra-
tion as a metric for the strength of VOC emission as an
indirect defense.

In light of substantial evidence linking VOC emission
with predator and parasitoid attraction in other plant species,
along with increasing evidence in the milkweed system
(Rasmann et al. 2011), our results contradict the current view
that plants have evolved stronger defenses at low latitudes in
response to greater herbivore pressure at low latitudes. Milk-
weed defenses in general may be part of a growing group of
cases that challenge the conventional view (Moles et al.
2011a, b). In related work with milkweeds, Woods et al.
(2012) measured direct defense traits of plants from the same
common garden that we utilized for the experiment de-
scribed here. Similarly, they found that milkweed latex pro-
duction increased with latitude, and that greater latex pro-
duction corresponded with greater resistance to monarch
larvae. In contrast, cardenolides and foliar trichomes did
not vary systematically with latitude. Outside of the common
garden, Hunter et al. (1996) reported an increase in foliar
cardenolides with latitude in natural milkweed populations.

A spatial survey of natural herbivore pressure may help to
explain why milkweed defenses do not follow the predicted
trend. Woods et al. (2012) surveyed herbivores and herbivory
in milkweed common gardens replicated across latitude and
found that the highest levels of herbivore abundance and
damage occurred at the center of the A. syriaca range. Sites
at the northern and southern latitudinal extremes showed re-
duced herbivore diversity and leaf damage relative to the range
center. While these observations may be consistent with a
quadratic model for induced VOCs across latitude, Woods
et al. (2012) suggest that the observed pattern of natural her-
bivory reflected differences in plant size rather than variation in
defense traits. Furthermore, by employing replicated assays of
natural aphid colonization and a bioassay of monarch perfor-
mance in the common garden, they found that higher-latitude
plants were more resistant to herbivory. Consistent with these
findings, our results provide stronger support (lower AIC
score) for a linear than quadratic increase in induced VOC
concentration with latitude. Although the spatial surveys
conducted by Woods et al. (2012) may explain why milkweed
defenses do not decrease systematically with latitude, they fail
to explain why certain milkweed defenses, including latex and
induced VOCs, should increase with latitude.

The unexpected latitudinal pattern that we found for milk-
weed VOC emission may be driven by a variety of potential
mechanisms, and we discuss four possibilities here. First, total
VOC emission increases with increasing temperature (Fig. 3),
and average annual temperature decreases with increasing
latitude. High-latitude plants might compensate for low
VOC emission at low temperatures by emitting higher con-
centrations of VOCs per unit damaged plant material relative
to low-latitude plants. Second, VOC emission may be associ-
ated with latex production in milkweed. Latex in most plant
species is derived from terpenoids (Agrawal and Konno
2009), and increased VOC induction at high latitudes may
relate to higher latex production by high-latitude milkweed
plants (Woods et al. 2012). This possibility assumes that the
volatile profile of milkweed contains other terpenes, in addi-
tion to the β-caryophyllene we identified, that contribute to
latex production in the plant. Indeed, 13 of the 16 compounds
we analyzed were mono- or sesquiterpenes, and emissions of
the latter increased with latitude. Woods et al. (2012) argue
that the observed gradient in herbivore resistance driven by
latex suggests that protection against generalist herbivores is
important at high latitudes. If generalist predators and para-
sites likewise are important at high latitudes, increased total
VOC concentrations may attract generalists more effectively
than subtle changes in VOC blend, to which specialists may
be more attuned. Third, high VOC concentrations at high
latitudes may reflect a cline in the prevalence of the enemies
of herbivores. Plants may invest more in herbivore-induced
VOCs at high latitudes, where stronger signals are required to
attract natural enemies over longer distances due to a lower

Fig. 5 Principal components analysis of 16 volatile organic com-
pounds (VOCs) emitted by Asclepias syriaca plants, indicating the
difference in composition of VOC blend among plant populations. Data
were normalized, and standard error is shown for all 20 populations.
The legend indicates the latitude of origin of the plant populations
depicted. Plants originated from 20 populations across 10° of latitude
and were grown in a common garden in Ithaca, NY
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abundance of natural enemies. Lower VOC concentrations
(weaker signals) may be effective at low latitudes, where the
abundance of natural enemies likely is greater. Although a
rigorous assessment of latitudinal variation in monarch para-
sitism has yet to be conducted, parasite diversity, parasite
attack rates, and predator pressure generally appear to be
higher at low latitudes for monarchs (Prysby 2004) and in
other systems (Dyer and Coley 2004).

Fourth, we cannot exclude the possibility that preferential
feeding by experimental monarch larvae on high-latitude
plants could have produced the observed pattern in VOC
emission. Concentrations of herbivore-induced VOC emis-
sion have been shown to correlate positively with the amount
of herbivore damage on plants (Rodriguez-Saona et al.
2009), and it remains possible that caterpillars consumed
greater quantities of high-latitude plants due to their poten-
tially higher palatability (Pennings et al. 2001, 2009). We
were unable to quantify monarch damage on our experimen-
tal milkweed; thus, the influence of latitude and a potential
effect of variation in herbivore damage across latitude may
be confounded. However, previous results in the same com-
mon garden have shown that higher-latitude plants are more
resistant to monarch damage than lower-latitude plants
(Woods et al. 2012), suggesting that greater amounts of
herbivore damage at higher latitudes do not explain greater
VOC emission at higher latitudes.

It is unlikely that uncontrolled natural herbivory produced
the patterns we observed here. In the common garden used
for this experiment, chewing herbivores were too few to
count, and natural herbivore damage was negligible (Woods
et al. 2012). In the same common garden the previous year,
and in a similar common garden established in North Caro-
lina, no correlation was observed between chewing herbi-
vore abundance and latitude of origin (Woods et al. 2012).
Additionally, we excluded natural herbivores to the greatest
extent possible during our experiments, and we randomly
assigned the herbivory treatments to the experimental plants.
While no common garden experiment can completely con-
trol all variables, important insights remain possible despite
the inherent challenges. Regardless of whether herbivore
damage varies in extent across latitude and influences VOC
concentration, our observation stands that high-latitude
plants emit higher concentrations of induced VOCs when
attacked by monarchs. The ecological implications of this
gradient in VOC emission may have multitrophic ramifica-
tions in plant and insect communities, and the phenomenon
should be explored further.

While constitutive indirect plant defenses associated with ant
mutualists may be stronger at low latitudes in some systems
(Chamberlain andHolland 2009;Moles et al. 2011a; Pemberton
1998), a growing body of evidence contradicts the prevailing
view that plants are better defended at low latitudes. For exam-
ple, total constitutive terpenoid concentration (mono- and

sesquiterpenoids extracted from needles) in juniper (Juniperus
communis) increases with increasing latitude in Finland (Martz
et al. 2009). Mite domatia, another mode of indirect plant
defense, occur more often in temperate than tropical plant
species (O’Dowd and Willson 1991; Weber et al. 2012). A
recent study used standardized methods of data collection with
301 plant species at 75 sites around the world to test the
hypothesis that defense expression declines with increasing
latitude (Moles et al. 2011b). The data provided little support
for the hypothesis; in fact, the data indicated that several plant
resistance traits actually increase with increasing latitude. Sim-
ilarly, a meta-analysis revealed that chemical defenses are higher
at high latitudes (Moles et al. 2011a). The herbivore-induced
emission of VOCs from milkweeds reported here appears to
support this alternative view.

We report an intraspecific pattern for VOC emission re-
vealed in a common garden experiment. This study com-
pares a defense trait in a single plant species distributed
across a broad geographic range; however, most latitudinal
studies, including some of those cited here for indirect de-
fense (Chamberlain and Holland 2009; O’Dowd andWillson
1991; Pemberton 1998), compare defense traits across dif-
ferent plant species. Unlike intraspecific studies, interspecif-
ic comparisons potentially confound plant species distribu-
tions and phylogenetic constraints with latitudinal patterns in
plant defense. In addition, the common garden experiment
described here was appropriate for evaluating genetically-
based patterns in plant VOC emission. In contrast, non-
experimental field surveys of plant defenses in natural pop-
ulations cannot disentangle local environmental conditions
(e.g., climatic factors and local adaptation of herbivores)
from genetic effects on defense phenotype. Ideally, this
common garden experiment would have been replicated at
other sites along the latitudinal gradient to take into account
local adaptation and plasticity among milkweed populations.
Herbivory, light, and temperature appear to unequivocally
influence plant VOC emission (Holopainen and Gershenzon
2010; Kesselmeier and Staudt 1999), and our common gar-
den consisted of a field environment with natural vegetation,
light, and temperature. The experiment serves as an interme-
diate strategy between a lab study (which is most common in
the literature, but also the least realistic) and a totally natural
study in which genotypes and environment are confounded.
Although our results come from one common garden of A.
syriaca at the center of its geographic range, we found an
intriguing pattern in VOC emission that can be tested further
in future experiments.

In addition to the observed cline with latitude, we found that
plants from different populations substantially varied in their
VOC concentrations and blends. An increasing number of
studies have reported geographic variation in vegetative
VOC emission from populations of cotton (Loughrin et al.
1995), Datura wrightii (Hare 2007), Nicotiana attenuata
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(Schuman et al. 2009), and Brassica nigra (Gols et al. 2009).
Likewise, differences in VOC emission were reported for
Quercus ilex at two different sites in France (Staudt et al.
2004) and for Nicotiana attenuata from three sites in the
southwestern United States (Halitschke et al. 2000). Geron
et al. (2000) modeled regional variation in VOC production
by extrapolating constitutive emissions from individual tree
species to the regional scale. Our study adds to the growing
evidence for geographic variation in vegetative VOCs emitted
by native plant species. Furthermore, genetic variation in VOC
emission has been observed within plant populations. For
example, different genotypes of the native plants horsenettle
(Delphia et al. 2009) and Nicotiana attenuata (Schuman et al.
2009) vary in their VOC emissions, and a similar observation
has been made in the milkweed system (E. L. Wason,
unpublished data). While the heritability of tolerance remains
unknown in this system, herbivore resistance is understood to
be heritable in milkweed plants (e.g., Vannette and Hunter
2011). Different specialist herbivores, such as caterpillars
(Bingham and Agrawal 2010; Vannette and Hunter 2011),
aphids (Mooney et al. 2010), beetles (Agrawal 2004), and
weevils (Agrawal and Van Zandt 2003) can induce different
defense responses in milkweed. Because plant responses vary
with herbivore species and environmental conditions, further
investigation of milkweed VOC emission under different con-
ditions would be worthwhile.

Although we have focused on the role of VOC emission in
mediating tritrophic interactions, VOCs can play multiple roles
in the interactions between plants and their environment. Other
major functions of VOC emission include within-plant signal-
ing, inter-plant signaling, direct defense against biotic and
abiotic stresses, and synergistic defense (Heil and Karban
2010). In fact, while the role of VOCs in tritrophic interactions
has been studied most extensively, the adaptive value of this
function for the plant has not been demonstrated under natural
conditions. Other important stresses, such as temperature, ox-
idation, and pathogens, may vary across latitude and provide
plausible explanations for the latitudinal pattern that we ob-
served. For example, increased VOC emission may enable
high-latitude plants to shield their herbivore-induced lesions
from pathogen invasion. Indeed, we observed that milkweed
emits 1,8-cineole, a chemical with antifungal properties (Marei
et al. 2012); cis-3-hexen-1-ol, which has been implicated in
plant response to (Croft et al. 1993) and defense against
(Arimura et al. 2001; Kishimoto et al. 2005) pathogens; and
β-caryophyllene, which has been shown to directly inhibit
bacterial pathogens (Huang et al. 2012); not to mention the
unidentified milkweed volatiles that may exhibit activity
against pathogens. We, thus, might expect that a high diversity
or abundance of pathogens would correspond to higher in-
duced plant VOC emission. However, at least for pathogens
that afflict humans, the diversity and abundance of pathogens
appear to decrease with increasing latitude (Guernier et al.

2004), while we observed a pattern of increasing VOC emis-
sion with increasing latitude. Unfortunately, data describing
latitudinal patterns in plant pathogens are scarce. Because we
observed the cline in VOC emission only for herbivore-
damaged plants, it seems reasonable to correlate the pattern
with biotic, instead of abiotic, stress. The data presented here
indicate a clear pattern in VOC emission, but we can only
speculate about the factors that drive the cline, which could
involve plant signaling, tritrophic interactions (indirect de-
fense), pathogens (direct defense), synergy among multiple
plant defenses, or possibly abiotic stress.

Our results suggest that herbivore contributions to plant
VOC emission may vary predictably at regional scales. We
observed a significant pattern of increasing concentrations of
herbivore-induced VOC emission with increasing latitude,
and this phenomenon warrants further exploration. Because
this pattern holds only for herbivore-induced VOC emissions
(not constitutive emission), we suggest that latitudinal vari-
ation in VOCs is not a simple adaptive response to climatic
factors. Investigating potential drivers of the cline in VOC
emission may explicate contradictory latitudinal patterns and
improve regional VOC emission inventories.

Acknowledgments This work was supported by funding from NSF
grants (DEB 0814340 to MDH, IGERT BART to ELW, and DEB
0447550 and 1118783 to AAA). We thank Ellen Woods and Amy
Hastings for establishing the common garden and for logistical support,
Andre Kessler and Rayko Halitschke for sharing advice about VOC
collection and analysis, Tony Sutterley for assistance in constructing the
VOC sampling equipment, Christoph Vogel for help with LI-COR
instruments, and M. Jahi Chappell and Lela for hospitable lodging.
We also thank Richard Karban for feedback regarding our results and
Robert Raguso, Martin Heil, and an anonymous reviewer for construc-
tive comments on this manuscript.

References

Agrawal AA (2004) Resistance and susceptibility of milkweed: com-
petition, root herbivory, and plant genetic variation. Ecology
85:2118–2133

Agrawal AA, Konno K (2009) Latex: a model for understanding mech-
anisms, ecology, and evolution of plant defense against herbivory.
Annu Rev Ecol Evol Syst 40:311–331

Agrawal AA, van Zandt PA (2003) Ecological play in the coevolution-
ary theatre: genetic and environmental determinants of attack by a
specialist weevil on milkweed. J Ecol 91:1049–1059

Araújo MB, Luoto M (2007) The importance of biotic interactions for
modeling species distributions under climate change. Glob Ecol
Biogeogr 16:743–753

Arimura G, Ozawa R, Horiuchi J, Nishioka T, Takabayashi J (2001)
Plant-plant interactions mediated by volatiles emitted from plants
infested by spider mites. Biochem Syst Ecol 29:1049–1061

Bergström G, Rothschild M, Groth I, Crighton C (1995) Oviposition by
butterflies on young leaves: investigation of leaf volatiles.
Chemoecology 5(6):147–158

Bingham RA, Agrawal AA (2010) Specificity and trade-offs in the
induced plant defence of common milkweed Asclepias syriaca to
two lepidopteran herbivores. J Ecol 98:1014–1022

J Chem Ecol (2013) 39:1101–1111 1109



Bruce TJA, Midega CAO, Birkett MA, Pickett JA, Khan ZR (2010) Is
quality more important than quantity? Insect behavioural re-
sponses to changes in a volatile blend after stemborer oviposition
on an African grass. Biol Lett 6:314–317

Chamberlain SA, Holland JN (2009) Quantitative synthesis of context
dependency in ant-plant protection mutualisms. Ecology 90:2384–
2392

Coley PD, Barone JA (1996) Herbivory and plant defenses in tropical
forests. Annu Rev Ecol Syst 27:305–335

Croft KPC, Juttner F, Slusarenko AJ (1993) Volatile products of the
lipoxygenase pathway evolved from Phaseolus vulgaris (L.)
leaves inoculated with Pseudomonas syringae pv phaseolicola.
Plant Physiol 101:13–24

Das PD, Raina R, Prasad AR, Sen A (2007) Electroantennogram re-
sponses of the potato tuber moth, Phthorimaea operculella
(Lepidoptera; Gelichiidae) to plant volatiles. J Biosci 32:339–349

Davis MA (1984) The flight and migration ecology of the red milkweed
beetle (Tetraopes tetraophthalmus). Ecology 65:230–234

Davis AJ, Jenkinson LS, Lawton JH, Shorrocks B, Wood S (1998)
Making mistakes when predicting shifts in species range in re-
sponse to global warming. Nature 391:783–786

de Moraes CM, Lewis WJ, Paré PW, Alborn HT, Tumlinson JH (1998)
Herbivore-infested plants selectively attract parasitoids. Nature
393:570–573

Delphia CM, Rohr JR, Stephenson AG, de Moraes CM, Mescher MC
(2009) Effects of genetic variation and inbreeding on volatile pro-
duction in a field population of horsenettle. Int J Plant Sci 170:12–20

Dicke M (1994) Local and systemic production of volatile herbivore-
induced terpenoids: their role in plant-carnivore mutualism. J Plant
Physiol 143:465–472

Dicke M, Takabayashi J, Posthumus MA, Shütte C, Krips OE (1998)
Plant-phytoseiid interactions mediated by herbivore-induced plant
volatiles: variation in production of cues and in responses of
predatory mites. Exp Appl Acarol 22:311–333

Dyer LA, Coley PD (2004) Tritrophic interactions in tropical versus
temperate communities. In: Tscharntke T, Hawkins BA (eds)
Multitrophic level interactions. Cambridge University Press,
Cambridge, pp 67–88

Engelkes T, Morriën E, Verhoeven KJF, Bezemer TM, Biere A, Harvey
JA, McIntyre LM, Tamis WLM, van der Putten WH (2008)
Successful range-expanding plants experience less above-ground
and below-ground enemy impact. Nature 456:946–948

Farmer EE (2001) Surface-to-air signals. Nature 411:854–856
Frost CJ, Appel HM, Carlson JE, de Moraes CM, Mescher MC, Schultz

JC (2007)Within-plant signalling via volatiles overcomes vascular
constraints on systemic signalling and primes responses against
herbivores. Ecol Lett 10:490–498

Geron C, Rasmussen R, Arnts RR, Guenther A (2000) A review and
synthesis of monoterpene speciation from forests in the United
States. Atmos Environ 34:1761–1781

Gols R, Rossjen M, Dijkman H, Dicke M (2003) Induction of direct and
indirect plant responses by jasmonic acid, low spider mite densi-
ties, or a combination of jasmonic acid treatment and spider mite
infestation. J Chem Ecol 29:2651–2666

Gols R, van Dam NM, Raaijmakers CE, Dicke M, Harvey JA (2009)
Are population differences in plant quality reflected in the prefer-
ence and performance of two endoparasitoid wasps? Oikos
118:733–742

Guernier V, Hochberg ME, Guégan J-F (2004) Ecology drives the
worldwide distribution of human diseases. PLoS Biol 2:e141

Halitschke R, Kessler A, Kahl J, Lorenz A, Baldwin IT (2000)
Ecophysiological comparison of direct and indirect defenses in
Nicotiana attenuata. Oecologia 124:408–417

Hare JD (2007) Variation in herbivore and methyl jasmonate-induced
volatiles among genetic lines of Datura wrightii. J Chem Ecol
33:2028–2043

Heil M, Karban R (2010) Explaining evolution of plant communication
by airborne signals. Trends Ecol Evol 25:137–144

Helmig D (1997) Ozone removal techniques in the sampling of atmo-
spheric volatile organic trace gases. Atmos Environ 31:3635–3651

Holopainen JK, Gershenzon J (2010) Multiple stress factors and the
emission of plant VOCs. Trends Plant Sci 15:176–184

Huang M, Sanchez-Moreiras AM, Abel C, Sohrabi R, Lee S,
Gershenzon J, Tholl D (2012) The major volatile organic com-
pound emitted from Arabidopsid thaliana flowers, the sesquiter-
pene (E)-β-caryophyllene, is a defense against a bacterial patho-
gen. New Phytol 193:997–1008

Hunter MD, Malcolm SB, Hartley SE (1996) Population-level variation
in plant secondary chemistry, and the population biology of her-
bivores. Chemoecology 7:45–56

Kesselmeier J, Staudt M (1999) Biogenic volatile organic compounds
(VOC): an overview on emission, physiology and ecology. J
Atmos Chem 33:23–88

Kessler A, Baldwin IT (2001) Herbivore-induced plant volatile emis-
sions in nature. Science 291:2141–2144

Kessler A, Halitschke R, Diezel C, Baldwin IT (2006) Priming of plant
defense responses in nature by airborne signaling between
Artemisia tridentata and Nicotiana attenuata. Oecologia
148:280–292

Kishimoto K, Matsui K, Ozawa R, Takabayashi J (2005) Volatile C6-
aldehydes and allo-ocimene activate defense genes and induce
resistance against Botrytis cinerea in Arabidopsis thaliana. Plant
Cell Physiol 46:1093–1102

Loughrin JH, Manukian A, Heath RR, Tumlinson JH (1995) Volatiles
emitted by different cotton varieties damaged by feeding beet
armyworm larvae. J Chem Ecol 21:1217–1227

Marei GIK, Rasoul MAA, Abdelgaleil SAM (2012) Comparative anti-
fungal activities and biochemical effects of monoterpenes on plant
pathogenic fungi. Pestic Biochem Physiol 103:56–61

Martz F, Peltola R, Fontanay S, Duval RE, Julkunen-Tiitto R, Stark S (2009)
Effect of latitude and altitude on the terpenoid and soluble phenolic
composition of juniper needles and evaluation of their antibacterial
activity in the boreal zone. J Agric Food Chem 57:9575–9584

McCauley DE (1983) Gene flow distances in natural populations of
Tetraopes tetraophthalmus. Evolution 37:1239–1246

Menéndez R, González-Megías A, Lewis OT, Shaw MR, Thomas CD
(2008) Escape from natural enemies during climate-driven range
expansion: a case study. Ecol Entomol 33:413–421

Moles AT, Bonser SP, Poore AGB, Wallis IR, Foley WJ (2011a)
Assessing the evidence for latitudinal gradients in plant defence
and herbivory. Funct Ecol 25:380–388

Moles AT, Wallis IR, Foley WJ, Warton DI, Stegen JC, Bisigato AJ,
Cella-Pizarro L et al (2011b) Putting plant resistance traits on the
map: a test of the idea that plants are better defended at lower
latitudes. New Phytol 191:777–788

Mooney KA, Agrawal AA (2008) Plant genotype shapes ant-aphid
interactions: implications for community structure and indirect
plant defense. Am Nat 171:E195–E205

Mooney KA, Halitschke R, Kessler A, Agrawal AA (2010)
Evolutionary trade-offs in plants mediate the strength of trophic
cascades. Science 327:1642–1644

O’dowd DJ, Willson MF (1991) Associations between mites and leaf
domatia. Trends Ecol Evol 6:179–182

Oksanen J, Blanchet FG, Kindt R, Legendre P, O’hara RB, Simpson GL,
Solymos P, Stevens MH, Wagner H (2010) Vegan: Community
Ecology Package

Pemberton RW (1998) The occurrence and abundance of plants with
extrafloral nectaries, the basis for antiherbivore defensive mutual-
isms, along a latitudinal gradient in east Asia. J Biogeogr 25:661–668

Pennings SC, Siska EL, Bertness MD (2001) Latitudinal differences in
plant palatability in Atlantic Coast salt marshes. Ecology 82:1344–
1359

1110 J Chem Ecol (2013) 39:1101–1111



Pennings SC, Ho C-K, Salgado CS, Wieski K, Davé N, Kunza AE,
Wason EL (2009) Latitudinal variation in herbivore pressure in
Atlantic Coast salt marshes. Ecology 90:183–195

Prysby MD (2004) Natural enemies and survival of monarch eggs and
larvae. In: Oberhauser KS, Solensky MJ (eds) The monarch but-
terfly: biology & conservation. Cornell University Press, New
York, pp 27–37

Rasmann S, Agrawal AA (2011) Latitudinal patterns in plant defense:
evolution of cardenolides, their toxicity and induction following
herbivory. Ecol Lett 14:476–483

Rasmann S, Köllner TG, Degenhardt J, Hiltpold I, Toepfer S,
Kuhlmann U, Gershenzon J, Turlings TCJ (2005) Recruitment of
entomopathogenic nematodes by insect-damaged maize roots.
Nature 434:732–737

Rasmann S, Erwin AC, Halitschke R, Agrawal AA (2011) Direct and
indirect root defences of milkweed (Asclepias syriaca): trophic
cascades, trade-offs and novel methods for studying subterranean
herbivory. J Ecol 99:16–25

Rodriguez-Saona CR, Rodriguez-Saona LE, Frost CJ (2009)
Herbivore-induced volatiles in the perennial shrub, Vaccinium
corymbosum, and their role in inter-branch signaling. J Chem
Ecol 35:163–175

Ruther J, Kleier S (2005) Plant-plant signaling: ethylene synergizes
volatile emission in Zea mays induced by exposure to (Z)-3-
Hexen-1-ol. J Chem Ecol 31:2217–2222

Schemske DW,Mittelbach GG, Cornell HV, Sobel JM, Roy K (2009) Is
there a latitudinal gradient in the importance of biotic interactions?
Annu Rev Ecol Evol Syst 40:245–269

Schuman MC, Heinzel N, Gaquerel E, Svatos A, Baldwin IT (2009)
Polymorphism in jasmonate signaling partially accounts for the
variety of volatiles produced by Nicotiana attenuata plants in a
native population. New Phytol 183:1134–1148

Späthe A, Reinecke A, Olsson SB, Kesavan S, Knaden M, Hansson BS
(2013) Plant species- and status-specific odorant blends guide
oviposition choice in the moth Manduca sexta. Chem Senses
38:147–159

Staudt M, Mir C, Joffre R, Rambal S, Bonin A, Landais D, Lumaret R
(2004) Isoprenoid emissions of Quercus spp. (Q. suber and Q.
ilex) in mixed stands contrasting in interspecific genetic introgres-
sion. New Phytol 163:573–584

Thaler JS (1999) Jasmonate-inducible plant defences cause increased
parasitism of herbivores. Nature 399:686–688

Thompson JN (2005) The geographic Mosaic of Coevolution. The
University of Chicago Press, Chicago

Turlings TCJ, Davison AC, Tamó C (2004) A six-arm olfactometer
permitting simultaneous observation of insect attraction and odour
trapping. Physiol Entomol 29:45–55

Vannette RL, Hunter MD (2011) Genetic variation in expression of
defense phenotype may mediate evolutionary adaptation of
Asclepias syriaca to elevated CO2. Glob Chang Biol 17:1277–
1288

Voigt W, Perner J, Davis AJ, Eggers T, Schumacher J, Bährmann R,
Fabian B, Heinrich W, Köhler G, Lichter D, Marstaller R, Sander
FW (2003) Trophic levels are differentially sensitive to climate.
Ecology 84:2444–2453

Wason EL (2012) Plants make scents: Variation in plant volatile organic
chemical emission at multiple scales. PhD dissertation. University
of Michigan, Ann Arbor.

Weber MG, Clement WL, Donoghue MJ, Agrawal AA (2012)
Phylogenetic and experimental tests of interactions among mutu-
alistic plant defense traits in Viburnum (Adoxaceae). Am Nat
180:450–463

Wiens JA, Cates RG, Rotenberry JT, Cobb N, van Horne B, Redak RA
(1991) Arthropod dynamics on sagebrush (Artemisia tridentata):
effects of plant chemistry and avian predation. Ecol Monogr
61:299–321

Woods EC, Hastings AP, Turley NE, Heard SB, Agrawal AA (2012)
Adaptive geographical clines in the growth and defense of a native
plant. Ecol Monogr 82:149–168

Zangerl AR, BerenbaumMR (2003) Phenotype matching in wild parsnip
and parsnip webworms: causes and consequences. Evolution
57:806–815

J Chem Ecol (2013) 39:1101–1111 1111


	A Genetically-Based Latitudinal Cline in the Emission of Herbivore-Induced Plant Volatile Organic Compounds
	Abstract
	Introduction
	Methods and Materials
	Results
	Discussion
	References


