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PLANTÐINSECT INTERACTIONS

Hemlock Woolly Adelgid (Hemiptera: Adelgidae) Induces Twig
Volatiles of Eastern Hemlock in a Forest Setting

JOSHUA PEZET1 AND JOSEPH S. ELKINTON1,2,3

Environ. Entomol. 43(5): 1275Ð1285 (2014); DOI: http://dx.doi.org/10.1603/EN13358

ABSTRACT Thehemlockwoollyadelgid(Adelges tsugaeAnnand) is an invasive speciescausinghigh
mortality of eastern hemlock (Tsuga canadensis (L) Carriere) in the forests of eastern North America.
Recent Þndings revealed that sapling eastern hemlocks artiÞcially infested with hemlock woolly
adelgid in a plantation setting responded to the insect with an array of induced resin volatile changes.
Here we determine if eastern hemlocks growing beneath a forest canopy respond to hemlock woolly
adelgid infestation with the same patterns of constitutive and inducible volatile resin production as
those plantation specimens. We inoculated previously uninfested branches of mature and immature
hemlocks in a central New England forest with hemlock woolly adelgid. We then sampled twig tissue
of infested and uninfested trees in late spring, early summer, and mid-autumn, after known intervals
of adelgid activity when an induced response might be expected. We identiÞed and quantiÞed resin
volatiles by gas chromatographyÐmass spectrometry. Constitutive levels of total monoterpenoids,
sesquiterpenoids, and combined resin volatiles were all several-fold more abundant in forest trees than
those previously measured in a plantation setting, pointing to further study of the inßuence of site
factors on hemlock volatile production. Hemlock woolly adelgid infestation induced an array of
changes in eastern hemlockÕs volatile proÞle, including many-fold increases in benzyl alcohol and
methyl salicylate accumulation. Despite differences in constitutive concentrations of volatiles be-
tween the two sites, our Þndings verify that hemlock woolly adelgid elicits patterns of resin volatile
induction in forest-grown eastern hemlocks quite similar to those previously observed in plantation
grown trees.

KEY WORDS induced plant defense, terpene, forest insect, methyl salicylate

The hemlock woolly adelgid (Adelges tsugaeAnnand)
has caused widespread mortality of eastern hemlock
(Tsuga canadensis (L) Carriere) in many forests in
eastern North America (Orwig and Foster 1998, Mc-
Clure and Cheah 1999). The adelgid was Þrst detected
in Virginia more than half a century ago, with mito-
chondrial DNA suggesting a southern Japanese origin
(Havill et al. 2006); it has now spread throughout most
of the eastern U.S. portion of the hemlockÕs range
(Preisser et al. 2008, Forest Health Protection Program
2011). In all but the northern region of the infestation,
the adelgidÕs effect on hemlocks has been dramatic at
even moderate densities: needle desiccation, branch
mortality, and nearly total inhibition of new growth,
often ending with tree mortality within a few years
(McClure 1991a). Eastern hemlock is ecologically
unique and valuable as the sole native shade-tolerant
conifer in many regions of the eastern United States.
Because the tree creates cool and moist microclimates
in the midst of deciduous forests, it can function as a
foundation species (sensu Ellison et al. 2005). The loss

of entire hemlock populations due to adelgid infesta-
tion (Preisser et al. 2011) can substantially alter can-
opy structure, warming streams and soils, shifting litter
decomposition and nutrient cycling patterns, and en-
abling early successional trees to proliferate, bringing
profound and lasting changes to eastern forest eco-
systems (Orwig et al. 2008, Gandhi and Herms 2010).

The impact of an herbivore on trees of coniferous
forests can be mediated by either constitutive resin-
based defenses (often principally involving volatile
phytochemicals), an induced response, or both. The
constitutive volatiles of wild populations and cultivars
of eastern hemlock have been well characterized
(Von Rudloff 1975b, McClure and Hare 1984, Lagal-
ante and Montgomery 2003, Lagalante et al. 2007).
Additionally, spatial and seasonal patterns of variation
in a subset of eastern hemlockÕs volatile terpenoid
array have been hypothesized to be strongly linked to
patterns of feeding and development of colonizing
adelgids (Lagalante and Montgomery 2003; Lagalante
et al. 2006, 2007; Ingwell et al. 2009). In comparison,
research to determine whether an inducible hemlock
volatile response exists and mediates the damage in-
curred by hemlock woolly adelgid has until recently
been limited to a single study. Broeckling and Salom
(2003) demonstrated an increase in foliar monoter-
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penoid emission rates from branch tips of artiÞcially
adelgid-infested plantation-grown eastern hemlocks
compared with uninfested trees. However, infestation
also lowered the ratio of new to previous yearÕs foliar
growth, and this ratio was strongly negatively corre-
lated with volatile emission rate. This correlation re-
vealed the possibility of a disparity between new and
previous yearÕs foliar volatile emission rates, rather
than directly demonstrating an adelgid effect on hem-
lock secondary metabolism.

It is now well known that constitutive and inducible
resin chemical defenses are common strategies many
conifers have evolved to respond to herbivores and
pathogens (Hudgins et al. 2004, Zulak and Bohlmann
2010). Research on the regulation of pest defense in
the well-studied genera of Pinaceae: Pinus (pines),
Picea (spruces), and Abies (Þrs), has revealed that
jasmonic acid or ethylene-dependent signaling path-
ways are predominantly active. These biosynthetic
mechanisms result in primarily terpenoid-based de-
fenses against the defoliators, bark beetles, and wood
borers that commonly feed on these conifers (Hud-
gins and Franceschi 2004, Keeling and Bohlmann
2006). Herbivores from different feeding guilds, how-
ever, often elicit distinct plant responses (Kaloshian
and Walling 2005). Stylet feeders of the Aphidoidea,
a group that includes serious pests of conifers (Hain et
al. 1991, McClure and Cheah 1999, McKinnon et al.
1999, Zvereva et al. 2010), activate salicylic acid (SA)-
dependent biosynthetic pathways in many angio-
sperms that have signiÞcant overlap with those used in
pathogen defense (Moran and Thompson 2001, Mar-
tinez et al. 2003, Zhu-Salzman et al. 2004). In light of
the inßuence of these herbivore defense mechanisms
in other plant taxa, it is relevant to investigate whether
gymnosperms such as eastern hemlock are capable of
mobilizing SA-dependent signaling in response to eco-
logically important piercingÐsucking herbivores.

Recently, we and our colleagues obtained the Þrst
conclusive evidence of an insect-inducible hemlock
volatile response (Pezet et al. 2013) by conÞrming that
eastern hemlocks in a northeastern U.S. plantation
setting responded to adelgid feeding with induced
increases or decreases of several classes of twig and
needle volatiles. We had hypothesized that an herbi-
vore as devastating to its host as hemlock woolly adel-
gid would induce a terpenoid-based resinosis like that
observed in many of the pines, spruces, and Þrs. We
found instead that the insect elicited relatively minor
changes in terpenoidsÑwith an overall terpenoid de-
crease in twig tissue, where the adelgid feedsÑbut
dramatically increased several nonterpenoids, partic-
ularly benzenoid volatiles associated with pathogen
defense and systemic acquired resistance in many
angiosperms. Our Þndings suggest a SA-driven insect
defense syndrome may be active in adelgid-infested
eastern hemlocks.

Often, the hemlocks of greatest concern are those
in natural forest settings where, in contrast to planta-
tions with full sun and amended soils (conditions sim-
ilar to those experienced by many ornamental eastern
hemlock trees), the availability of soil nutrients, mois-

ture, and light is patchy and heterogeneous. Spatial
and temporal variation in nutrient access or climate
affect the expression of both constitutive and induc-
ible resin defenses in pine species (Lombardero et al.
2000; Sampedro et al. 2010, 2011). The degree to which
this is the case for wild forest-grown eastern hemlocks,
however, remains unexplored. In addition, tree age or
ontogenetic stage have been shown to inßuence levels
of putative conifer resin defenses and observed insect
or pathogen resistance. We found studies revealing
variously that younger trees (Karban 1990, Bauce et al.
1994) or older trees (Zagory and Libby 1985, Wain-
house et al. 2009) were more heavily defended among
pine, Þr, and spruce species. Research papers on east-
ern hemlockÕs resin secondary metabolism variously
report immature saplings (Broeckling and Salom
2003) or mature trees (Lagalante et al. 2006) as their
subjects, or remain unspeciÞed as to this point. Be-
cause the inßuence of hemlock age on resin chemistry
remain unknown, we investigated the effects of adel-
gid infestation on twig resin volatile proÞles of both
sapling and mature eastern hemlocks growing wild in
a hemlock dominated stream valley of central New
England. Previous studies revealed the majority of
adelgid-elicited changes in accumulated volatiles took
place in eastern hemlock twigs, rather than the nee-
dles (Pezet et al. 2013), and document considerable
seasonal variation in the treeÕs volatile levels (Lagal-
ante et al. 2006). Therefore, to establish how hemlocks
in conditions typical of northeastern U.S. forests re-
spond to adelgid infestation, we measured accumu-
lated resin volatiles in twigs of infested and uninfested
trees in the days following active adelgid feeding or
commencement of aestivation, respectively, when an
induced phytochemical response would be most likely
detected, if present.

Materials and Methods

Study System. Eastern hemlocks in the northeast-
ern United States undergo bud break in May, and the
initially green, ßexible young growth shoots Þnish
their elongation in midsummer. By then, both twigs
and needles have hardened and become visually more
similar to adjacent previous yearÕs growth.

The hemlock woolly adelgid is bivoltine in eastern
North America, as in its southern Japanese range of
origin (McClure and Cheah 1999, Havill et al. 2006).
In the northeastern states, Þrst-instar progrediens gen-
eration “crawlers” settle in April (before bud break)
on mature, previous yearÕs twigs just below the needle
abscission seam, and feed with a stylet bundle on
xylem ray parenchyma cells in the twig (Young et al.
1995). The insect is sessile for the remainder of de-
velopment, and adults complete oviposition in June;
their progeny (nymphs of the “sistens” generation)
emerge, settle primarily on young current yearÕs foli-
age, and enter a period of diapause for the duration of
the summer. In early fall, when current yearÕs foliage
has matured, the sessile sistens nymphs resume activ-
ity and complete development and egg deposition by
April (McClure and Cheah 1999).
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ExperimentalDesign. In mid-April 2010, branches
of 20 mature hemlocks (4Ð5 m minimum height) and
20 saplings (1Ð2 m in height) at a forested site in the
Quabbin Reservation Watershed in Shutesbury, Mas-
sachusetts, were artiÞcially infested with hemlock
woolly adelgid collected from naturally infested trees
in the same region. Careful inspection of the study site
revealed no prior infestation by hemlock woolly adel-
gid. Effects of adelgid infestation and hemlock age on
levels of volatile compounds in twigs were tested using
a 2 by 2 fully factorial randomized block design to
account for spatial heterogeneity in microclimate and
soil conditions. In each of 20 blocks, there was one
infested sapling, one uninfested sapling, one infested
branch on a mature tree and one uninfested branch on
a different tree. Trees and branches were separated by
at least 3 m and blocks were separated by �10Ð50 m
within the stand. The crossed treatments were hem-
lock woolly adelgid (infested or uninfested) and tree
age (mature or sapling). Because the adelgid is wind-
dispersed during its crawler phase (McClure and
Cheah 1999), each treated branch was contained in a
mesh bag for the duration of the inoculation process
to prevent cross-contamination. Containment bags
were made from PECAP LE monoÞlament polyester
plain weave (77 threads per cm, 55 micron thread
diameter, 70 micron mesh opening).
Adelgid Inoculations. Inoculations of hemlock

woolly adelgid were conducted following standard
procedures(seeButinet al. 2007).On21Ð22April 2010
trees in infested treatments were inoculated with pro-
grediens generation hemlock woolly adelgids. Imme-
diately before crawler emergence, naturally infested
branches with comparable adelgid densities were col-
lected from sites in southern New England and at-
tached to a healthy, haphazardly selected branch of
each tree in the appropriate treatment group; control
trees received uninfested branches. Individual inoc-
ulum-containing branches were placed in aquapics to
slow needle desiccation and decrease adelgid mortal-
ity. To verify the success of inoculations, densities of
inoculum progredientes and their sistens progeny
(adelgidspercentimeter)were sampled inAugust and
December 2010, respectively. In the case of sistentes,
(summertime) aestivation mortality was also mea-
sured. Two 20-cm-long branch tips on each tree or
branch were selected and adelgid individuals counted
on them nondestructively. To detect adelgid effects
on hemlock growth, proportion of branchlets with
new growth and overall new growth length were
quantiÞed on the same branches.
Sampling Hemlock Foliage. Foliage samples were

collectedon threedates in2010after thehemlockshad
experienced either active feeding (in June and No-
vember) or stylet bundle insertion before the com-
mencement of aestivation (in July): 1) 22Ð23 June,
mature previous yearÕs foliage after progrediens gen-
eration adelgid had settled and fed for several weeks
(n � 19Ð20); 2) 15 July, young current yearÕs foliage
after Þrst-instar sistens crawlers had settled and en-
tered aestivation (n � 15); and 3) 22Ð23 November,
current yearÕs growth after the appearance of ovisac

wax (“wool”), which indicated the sistentes had Þn-
ished aestivation and begun feeding (n � 20). An
average of 10 cm of twig with foliage was obtained. In
the case of infested treatments, foliage samples with
adelgids were selectively chosen. Each sample was
promptly placed in a polypropylene cryovial, ßash-
frozen in liquid nitrogen, transported to the laboratory
on dry ice and stored at �80�C until extraction and
analysis. Because the adelgids are quite small and ad-
here tightly to their twig feeding sites, complete re-
moval of adelgids and their ovisacs from infested sam-
ples before analysis was not practical. To ensure that
all volatiles subsequently detected were of hemlock
origin, we obtained several samples of adelgid-in-
fested foliage of comparable size and adelgid density
to our experimental samples, collected the insects,
eggs, and the wax of ovisacs into vials, and extracted
and analyzed the insect material using the plant vol-
atile protocol described herein.
Extraction of Volatiles From Twigs. Our proce-

dures for extraction of twig volatiles were adapted
from Lewinsohn et al. (1993). Reagents and reference
standards were purchased from Sigma-Aldrich (St.
Louis, MO). Solvents were HPLC or GC grade purity.

Needles were separated from twigs under liquid
nitrogen and discarded. Twig samples of �10Ð50 mg
(dry weight) were cooled with liquid nitrogen in a
mortar and pestle, ground to a coarse powder, and
combined with methyl tert-butyl ether (MTBE; 1.0
ml) containing a known concentration of the internal
standard isobutylbenzene (2 �g ml�1) in a pre-
weighed 2 ml vial (glass with PTFE-coated screw cap,
Sigma-Aldrich, St. Louis, MO). Ground twig samples
were extracted overnight (19 h) with constant shaking
at room temperature. Aqueous (NH4)2CO3 (0.2 ml; 1
M) was added to each extract, followed by thorough
mixing. The organic layer was then transferred di-
rectly to a Pasteur pipette Þlter packed with silica
gel (0.2 g, Sigma-Aldrich, 60Å) overlaid with MgSO4

(0.13 g). Oxygenated volatile compounds were sub-
sequently eluted by washing the Þlter with diethyl
ether (0.5 ml), and combined eluates were collected
in a GC vial (PTFE-coated screw cap, Agilent, Santa
Clara, CA) and stored at �20�C until analysis. All
extracted tissue samples were weighed after drying for
at least 48 h at 55Ð60�C.
Analysis of Volatile Compounds. Twig volatile ex-

tracts were analyzed on a Shimadzu GC-2010 system
equipped with a QP2010-Plus mass spectrometer (EI
mode, 70 eV), running GCMSolution software (Shi-
madzu Corp., Kyoto, Japan). For all analyses, the in-
jection volume was 1 �l, with an injector temperature
of 220�C. Volatile compounds were separated on an
Agilent DB-5, 0.25 mm i.d. by 30 m, 0.25 �m coating
thickness, fused silica capillary column. The He carrier
gas ßow was in constant linear velocity mode at 36.5
cm s�1, with column ßow set at 1.0 ml min�1 and a split
ratio of 5:1. The GC oven was programmed with an
initial temperature of 60�C (no hold), followed by an
increase at 3�C min�1 to 175�C, then 30�C min�1 to
300�C (hold 5 min). The interface and ion source
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temperatures were both set at 300�C, and the MS scan
range was m/z 40Ð400.

IdentiÞcation of volatile compounds was based on
comparison of experimental retention times and mass
spectra with those of authentic standards; when a pure
standard was unavailable, tentative identiÞcation was
based on comparison with retention index and mass
spectral information reported in the literature (Adams
2001) and with mass spectra in the NIST05 and
NIST05s mass spectral libraries (Stein 2005). Concen-
trations of all compounds were determined by nor-
malizing integrated peak areas against that of the
internal standard isobutylbenzene in each chroma-
togram. Tissue volatile concentration values were
standardized to �g g�1 dry weight by dividing by the
sample dried weights.
Statistical Analysis. Resin volatile concentrations

were log transformed before statistical analysis when
necessary to reduce heterogeneity of variance be-
tweentreatmentgroups.Weusedtwo-wayMANOVAsto
test for effects of adelgid infestation and tree age on
the overall twig volatile concentration proÞle, (R
2.14.0, R Development Core Team 2012). Our model
included adelgid (infested or uninfested) and tree age
(mature or sapling) as Þxed factors, as well as their
interaction. When an overall MANOVA was signiÞ-
cant, individual two-way mixed-model ANOVAs
(Proc Mixed, SAS 9.3; SAS Institute 2011) were used
to detect treatment effects on concentrations of each
individual volatile tested in the multivariate analyses,
as well as summed total monoterpenoids, total ses-
quiterpenoids, total combined benzenoids (including
phenolics), and total volatiles. Our univariate model
included hemlock woolly adelgid (infested or unin-
fested) and tree age (mature or sapling) as Þxed fac-
tors, their interaction, and block as a random factor.
Because each of the three samples taken over the
growing season represented different phases of hem-
lock growth, we analyzed each time period separately,
rather than combining them into a single repeated
measures analysis.

Finally, we conducted a post hoc analysis to com-
pare constitutive and adelgid-induced twig volatile
concentrations of wild forest grown saplings with
those measured in an analogous study conducted at
the University of Rhode IslandÕs (URI) East Farm

plantation (Pezet et al. 2013). Each volatile measured
in twigs of forest hemlocks (sampled in June and
November, respectively) was divided by the average
concentration of that compound for the appropriate
treatment group (adelgid infested or uninfested) and
sampling date (spring or autumn) of the URI planta-
tion hemlock study; Quabbin forest tree values of total
monoterpenoids, total sesquiterpenoids, total com-
bined benzenoids, and total combined twig volatiles
were also normalized to the plantation average values
in this way. These ratio values were averaged for each
forest tree treatment group to provide a relative mea-
sure of the difference in accumulation of twig volatiles
between the two groups of hemlocks due to the in-
ßuence of site factors. The monoterpenoids sabinene,
�-phellandrene, terpinolene, linalool, camphor, pip-
eritone, and geranyl acetate, the sesquiterpenoids
(E)-�-farnesene, �-muurolene, and germacrene D-4-
ol, as well as one unidentiÞed volatile, were not pres-
ent in the volatile arrays of both sites. These com-
pounds were included as appropriate in total volatile
and structural class total calculations, but were not
subjected to individual comparisons.

Results

The results of August 2010 counts of progredientes
and December 2010 counts of sistentes show similar
densities of each adelgid generation were established
on mature and sapling eastern hemlock trees (Table
1). Additionally, adelgid feeding did not signiÞcantly
affect 2010 new growth in trees of either age class,
compared with uninfested trees (Table 1). Adelgid
infestation has been shown to affect new growth, but
it is densities in the previous year that have this effect
(McClure 1991a, Sussky and Elkinton 2014).

Thirty-six resin volatiles, including monoterpe-
noids, sesquiterpenoids, and benzenoids, were de-
tected in hemlock twig tissue, and all but three were
identiÞed (Table 2, Supp. Table 1[online only]). Ten
of the 36 volatiles in June and 12 in July were not
present with adequate regularity or in sufÞcient quan-
tity to be unequivocally identiÞed or quantiÞed, and
were omitted from statistical analyses for those sampling
dates. Monoterpenoids were the most abundant class of
compounds, both in diversity and mass proportion;

Table 1. Estimates (� SE) of densities of hemlock woolly adelgid (A. tsugae) life stages, proportion sistentes surviving, and new growth
on artificially infested and uninfested forest eastern hemlocks

Tree age
Insect treatment

Mature Sapling

Infested Uninfested Infested Uninfested

Adult progredientes/cma 0.20 (0.04) 0 0.18 (0.03) 0
Sistens nymphs/cmb 6.33 (0.44) 0 5.27 (0.66) 0
Proportion surviving sistentesb 0.20 (0.04) 0 0.05 (0.01) 0
Proportion branchlets with new growthc,d 0.66 (0.05) 0.60 (0.04) 0.71 (0.04) 0.68 (0.05)
Mean new growth length (cm)c,e 1.80 (0.16) 1.97 (0.19) 1.98 (0.20) 2.20 (0.25)

aCounted in August 2010.
bCounted in December 2010.
cMeasured in December 2010.
dMean values compared by two-way ANOVA; life-stage: F � 1.89, P � 0.17; adelgid: F � 0.97, P � 0.33.
eMean values compared by two-way ANOVA; life-stage: F � 0.14, P � 0.71; adelgid: F � 0.09, P � 0.76.
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notably, the monoterpenoids �-pinene and myrcene
together constituted 60Ð70% of the total mass of all
measured volatiles. Seven sesquiterpenoids were
quantiÞed; several of these were absent (i.e., germa-
crene D-4-ol, �-muurolene, and (E)-�-farnesene) or
at relatively low levels (i.e., germacrene-D, �-humu-
lene, and �-caryophyllene) in June previous yearÕs
growth compared with July and November current
yearÕs growth. The remaining four twig volatiles were
benzenoids, including two monophenolics.

All volatiles were at highest concentration in July,
being in most cases over an order of magnitude more
abundant than in June. This difference was most dra-
matic for sesquiterpenoids, and least dramatic for ben-

zenoids, which were 40-fold and 8-fold more concen-
trated in July, respectively (Supp. Table 1 [online
only]). By November, new growth twig terpenoids
had decreased to roughly half of July levels; ben-
zenoids, in contrast, remained at �90% of July levels.

Extraction and analyses of insect material showed
that neither the adelgid, nor its eggs, nor ovisac wax
contained volatiles at levels detectable with our meth-
ods. This veriÞed that the changes in volatile com-
pounds we measured in adelgid-infested twig tissue
did indeed reßect changes in hemlock volatile accu-
mulation.
Effects of Adelgid Infestation. MANOVAs for each

of the three sampling dates indicated signiÞcant ef-

Table 2. Resin volatile concentration “relative change” (infested average/uninfested average ratio) for mature and sapling eastern
hemlocks artificially infested with hemlock woolly adelgid (A. tsugae)

Twig volatilea
Previous growth (June)b New growth (July)b New growth (Nov.)b

Mature Sapling Mature Sapling Mature Sapling

Monoterpenoids
Tricyclene 0.87c 1.07 1.03 0.81 0.87 0.91
�-pinene *0.72 *0.85 1.01 0.84 1.05 0.96
Camphene 0.82 1.03 1.04 0.82 0.89 0.88
Sabinene 0 0 1.04 0.98 0.93 1.09
�-pinene 0.81 0.81 1.00 *0.82 1.05 0.95
Myrcene 0.74 0.81 1.01 0.81 1.11 1.16
�-phellandrene 0 0 1.14 0.68 1.02 1.20
Limonene 0.81 0.73 1.02 0.79 1.02 1.09
Terpinolene 0 0 0.95 0.87 0.95 0.94
Linalool 0 0 1.33 0.88 1.05 1.12
�-campholenal 0.76 0.94 0 0 *0.54 *0.50
L-trans-pinocarveol 0.69 1.03 0 0 0.64 0.52
cis-verbenol *0.69 *0.95 0 0 *0.40 *0.45
Camphor 0 0 0 0 *0.75 *0.61
trans-verbenol 0.81 0.92 0 0 *1.10 *0.65
Pinocarvone 0.76 0.96 0 0 *0.62 *0.51
Borneol *0.62 *0.81 1.15 1.05 0.91 0.78
Myrtenol 0.74 0.90 0 0 *0.61 *0.53
Verbenone 0.78 0.91 0 0 *0.60 *0.51
Piperitone 0 0 1.42 1.00 1.04 1.11
Bornyl acetate 0.94 1.23 1.07 0.88 *0.78 *0.97
Geranyl acetate 0 0 0.58 0.72 0.50 1.51

Total *0.75 *0.87 1.01 0.83 1.03 0.99
Sesquiterpenoids

�-caryophyllene 0.75 1.27 *1.10 *1.19 0.84 1.39
�-humulene 0.77 1.17 *1.10 *1.24 0.83 1.45
(E)-�-farnesene 0 0 1.04 0.98 1.11 1.23
�-muurolene 0 0 1.00 1.09 0.79 1.37
Germacrene D 1.40 0.50 1.12 1.27 0.98 1.46
Germacrene D-4-ol 0 0 1.11 1.16 1.07 1.20
Caryophyllene oxide 0.86 0.96 0 0 *0.71 *0.95

Total 0.96 0.92 1.11 1.25 0.92 1.43
Benzenoids/Phenolics
p-cymene 0.84 1.04 0.92 0.86 0.77 0.92
Benzyl alcohol *3.01 *2.44 *1.21 *1.75 *19.42 *16.39
Methyl salicylate *13.67 *5.64 *13.36 *181.14 *91.97 *59.78
Raspberry ketone *0.83 *0.77 1.12 0.97 1.06 0.99

Total 0.98 0.96 1.15 1.03 *1.58 *1.45
Unknown A 0.71 1.18 0 0 *0.64 *0.61
Unknown B *1.90 *1.39 0 0 *0.69 *0.59
Unknown C *0.56 *0.53 0 0 0.87 0.82
Total twig volatiles *0.77 *0.88 1.03 0.88 1.02 1.07

See Supp. Table 1 (online only) for actual concentrations, F-statistics, and P values.
aCompounds are ordered Þrst by structural class, then by ascending order of elution from a nonpolar DB-5 GC column. A summed total

for each structural class of phytochemical is included.
b Foliage sampled in June was mature, previous yearÕs growth infested with progrediens generation adelgid; foliage sampled in July and

November was young, current yearÕs growth infested with sistens generation adelgid.
c Statistically signiÞcant differences from uninfested trees (planned contrast, P � 0.05) are marked in bold text with asterisks. Marginally

signiÞcant (0.05�P � 0.10) values are marked with underlining.
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fects of adelgid infestation on twig volatile proÞles
(Table 3). Subsequent mixed-model ANOVAs showed
that a number of individual twig volatiles were signif-
icantly or marginally signiÞcantly (0.05 � P � 0.10)
inßuenced by adelgid infestation on each sampling
date (Table 2, Supp. Table 1 [online only]).
June Twig Volatile Analyses. In previous yearÕs

growth twigs sampled in June, the adelgid signiÞcantly
decreased �-pinene and borneol, and decreased non-
signiÞcantly most of the other monoterpenoids (Table
2, Supp. Table 1 [online only]). The insect increased
the benzenoid benzyl alcohol nearly threefold (Fig.
1), and the monophenolic methyl salicylate (MeSA)
by an order of magnitude (Fig. 2), while it decreased
another benzenoid, raspberry ketone, by �20%. The
hemlock woolly adelgid also increased one unidenti-
Þed volatile by �60%, and decreased another by al-
most half.
July Twig Volatile Analyses. In twigs of current

yearÕs new growth sampled several weeks after sis-
tentes began settling, the adelgid again increased both
benzyl alcohol (Fig. 1) and MeSA (Fig. 2) the most
strongly, by nearly 50% and almost 25-fold, respec-
tively, over uninfested levels.
November Twig Volatile Analyses. In twigs of cur-

rent yearÕs new growth sampled several weeks after
sistens nymphs broke aestivation, the adelgid signiÞ-
cantly decreased six monoterpenoids, each by 30Ð
50%; two others decreased with marginal signiÞcance
(Table 2, Supp. Table 1 [online only]). Overall monot-
erpenoid levels, however, were not signiÞcantly dif-
ferent from uninfested levels. Postaestivation adelgid

feeding decreased caryophyllene oxide with marginal
signiÞcance, while total sesquiterpenoids increased
nonsigniÞcantly. Again most notably, the adelgid in-
creased benzyl alcohol levels nearly 20-fold (Fig. 1),
and mean MeSA levels nearly 80-fold (Fig. 2); total
combined benzenoids were increased signiÞcantly as
well.
Effects of Tree Age (Sapling Versus Mature).

MANOVAs for each of the three sampling dates also
indicated a signiÞcant inßuence of hemlock age on the
twig volatile proÞles (Table 3). Subsequent mixed-
model ANOVAs (Supp. Table 1 [online only]) re-
vealed a number of modest differences between the
twig volatile chemistry of mature and sapling hem-
locks.

Total constitutive levels of monoterpenoids, ses-
quiterpenoids, and benzenoids were not signiÞcantly
different between mature and sapling hemlocks at any
point. But in June, mature trees had signiÞcantly
higher levels of the monoterpenoids tricyclene, cam-
phene, beta-pinene and borneol, as well as the ben-
zenoid benzyl alcohol, than did saplings (Supp. Table
1 [online only]); total volatiles were marginally sig-
niÞcantly higher in mature trees than saplings
(�20%). Twigs from mature hemlocks in July had
signiÞcantly higher levels of the monoterpenoids tri-
cyclene, camphene, and bornyl acetate than those
from saplings. As in July, twigs from mature hemlocks
in November contained signiÞcantly higher levels of
the monoterpenoids tricyclene, camphene, and bor-
nyl acetate, as well as borneol, than did saplings. Con-
versely, in November, several other volatiles, includ-

Table 3. Test statistics and significance values from two-way MANOVAs of effects of adelgid infestation and tree age (sapling vs mature)
on volatile concentrations of mature and sapling forest eastern hemlocks artificially infested with hemlock woolly adelgid (A. tsugae)

Statistics

Effect of adelgid infestation (df � 1) Effect of hemlock age (df � 1)

Previous growth
(June)

New growth
(July)

New growth
(Nov.)

Previous growth
(June)

New growth
(July)

New growth
(Nov.)

PillaiÕs trace 0.56 0.58 0.90 0.55 0.66 0.66
F 2.37 1.86 10.74 2.34 2.62 2.22
Numerator df 26 24 36 26 24 36
Denominator df 49 33 41 49 33 41
P 0.005 0.05 �0.001 0.005 0.005 0.007

Fig. 1. Benzyl alcohol content (average � SE) in twig tissue of mature and sapling eastern hemlock trees with and without
artiÞcial infestation with hemlock woolly adelgid (A. tsugae).
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ing the monoterpenoids �-campholenal, L-trans-
pinocarveol, cis-verbenol, pinocarvone, myrtenol, and
verbenone, the sesquiterpenoid caryophyllene oxide,
and one unidentiÞed volatile, were at signiÞcantly
higher levels in saplings than mature trees.

The adelgid � tree age interaction term in the
MANOVAs were nonsigniÞcant for all sampling dates
(Table 3). ANOVAs of individual and structural
classes of volatiles generally indicated this interaction
was nonsigniÞcant, with the exceptions of one un-
identiÞed volatile measured in June and three terpe-
noids in November (Table 2, Supp. Table 1 [online
only]). In analyses of July volatiles, the interaction
was marginally signiÞcant for the dominant volatile
myrcene and total monoterpenoids; this was charac-
teristic of the modest adelgid-induced decrease
(�20%) of most sapling monoterpenoids, for which
the opposite trend was observed in mature hemlocks.
Similarly, analyses of volatiles from November twigs
revealed a signiÞcant adelgid effect � tree age inter-
action forboth �-caryophylleneand �-humulene.This
was due to the moderate adelgid-induced increase of
both compounds in saplings and concomitant de-
crease in mature hemlocks, and was reßective of the
general trend in November for sesquiterpenoids.
Effects of Site Conditions: Plantation Versus Forest
Setting. A post hoc comparison of volatile levels of
forest and plantation hemlock saplings (Table 4) re-
vealed that nearly all volatiles were considerably more
abundant in twigs of forest trees. We found total
monoterpenoids for all tissue ages and insect treat-
ments were three- to fourfold more concentrated in
the forest trees. Likewise, autumn current yearÕs twigs
of forest hemlocks had 13-fold (in infested trees) or
16-fold (in uninfested trees) higher concentrations of
total sesquiterpenoids; the corresponding differences
in June sampled twigs were fourfold or Þvefold, re-
spectively. Total benzenoids were detected at one- to
twofold higher levels in autumn sampled twigs of for-
est trees than plantation trees, but, unlike most other
volatiles, were less abundant in June sampled forest
trees, by 60% (if infested) or 5% (if uninfested). Total
combined twig resin volatiles in forest hemlocks were

three- to fourfold higher than plantation tree levels.
The magnitude of this nearly universal effect varied
dramatically among individual volatiles, from differ-
ences of less than twofold for some compounds to
	15-fold for others. Most of the sesquiterpenoids,
especially, were substantially higher in the forest hem-
locks; notably, mean levels of germacrene D were
300-fold higher in all autumn current yearÕs growth
samples. These putatively site-driven differences did
not appear to interact consistently with adelgid infes-
tation, but were generally larger in current yearÕs
twigs.

Discussion

A characterization of the adelgid-induced resin vol-
atile chemistry of eastern hemlocks in a central New
England forest site (Table 2, Supp. Table 1 [online
only]) largely agrees with the results of our previous
work showing adelgid effects on plantation hemlocks
(Pezet et al. 2013). In both studies we found no evi-
dence of the copious increase in terpenoid-containing
resin that herbivore damage causes in the woody tis-
sue of many other conifers of Pinaceae (Trapp and
Croteau 2001). In addition, in both studies the mod-
erate changes in twig terpenoids were overshadowed
by a small number of nonterpenoid volatiles: the rel-
atively largest and most consistent adelgid-induced
effects were increases in the benzenoids benzyl alco-
hol and methyl salicylate. Substantial increases in
mean concentration of these compounds were mea-
sured in adelgid-infested hemlocks regardless of sam-
pling date, tree age, or tissue age, and are now shown
in hemlocks growing in both plantation and forest
settings. These overall phytochemical patterns are
consistent with the hypothesis that the hemlock
woolly adelgid, like stylet feeding hemipterans studied
in numerous angiosperm systems (Moran and Thomp-
son 2001, Martinez et al. 2003, Zhu-Salzman et al.
2004), triggers principally salicylic acid-dependent,
rather than JA/ethylene-dependent, defense-related
biosynthetic cascades in eastern hemlock. A detailed
exploration of the signiÞcance of these Þndings is

Fig. 2. Methyl salicylate content (average � SE) in twig tissue of mature and sapling eastern hemlock trees with and
without artiÞcial infestation with hemlock woolly adelgid (A. tsugae).
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presented within the manuscript in which we report
the results of that companion study (Pezet et al. 2013).

In our previous plantation experiment, hemlock
woolly adelgid decreased nearly all individual monot-
erpenoids in both spring and autumn hemlock twig
samples; we found the same trend in volatile levels
measured in the Quabbin forest trees in June, but a
more complex picture emerged in the data from sub-

sequent sampling dates. In the forest hemlock study
we added a third (July) sampling date to coincide with
the early aestivation period of newly settled sistens
crawlers, as hemlocks in midsummer were shown to
produce a distinct, and more variable, twig volatile
proÞle than during the spring and autumn periods
(Lagalante et al. 2006). Sampling in November after
sistentes had broken aestivation showed the insects
had signiÞcantly decreased a half-dozen volatile ter-
penoids; in contrast to the plantation experiment
(Pezet et al. 2013), overall volatile levels were not
decreased signiÞcantly by hemlock woolly adelgid.

Patterns of adelgid-induced and constitutive vola-
tile secondary metabolism in the mature trees we
studied were quite similar to those in saplings, with
some modest differences (Table 2). Tree age inßu-
enced twig monoterpenoid composition, rather than
abundance, on all three dates. Differences in resin
composition between trees of different levels of ma-
turity have been linked to susceptibility to adelgid
damage. The balsam woolly adelgid (Adelges piceae),
a European introduction and close relative of the
hemlock woolly adelgid that caused widespread mor-
tality of the North American Þr species, is unable to
reproduce on younger trees, especially seedlings, of
Fraser Þr (Abies fraseri) because of heightened levels
of sesquiterpenoid defenses in the immature trees
(Hain et al. 1991). Although the hemlock woolly adel-
gid does feed and reproduce on sapling eastern hem-
locks, to our knowledge no one has yet conducted a
study of the inßuence of tree age on adelgid-induced
mortality of hemlocks. In light of our Þndings of higher
levels of some sesquiterpenoids in immature eastern
hemlocks than their mature counterparts, this would
be a pertinent investigation.

Although we did not sample previous and current
yearÕs growth simultaneously, we did observe prelim-
inary evidence suggesting that tissue age inßuences
the composition of eastern hemlockÕs twig resin vol-
atile array. Sesquiterpenoids, in particular, varied be-
tween the previous yearÕs growth sampled in June and
the new growth sampled in July and November in a
number of ways (Table 2, Supp. Table 1 [online
only]). There were almost twice as many sesquiter-
penoids expressed in the younger twigs than in those
from previous yearÕs growth. In addition, the three
most abundant sesquiterpenoids (germacrene D,
�-humulene, and �-caryophyllene) were present in
greater proportions (relative to total quantiÞed vola-
tiles) in both July and November current yearÕs
growth than in older June sampled tissue. Notably,
germacrene D was detected at modest proportions in
June samples but became a dominant volatile in all
newer twig tissues. This compound was identiÞed as a
possible feeding deterrent to hemlock woolly adelgid
(Lagalante and Montgomery 2003), and its more sub-
stantial presence in immature plant tissue may be an
indicator of more heavily defended younger growth
tissue, a phenomenon observed in species of pine
(Persson et al. 1993) and spruce (Ikeda et al. 1977).
Meanwhile, mature hemlocks had higher levels of the
monoterpenoid bornyl acetate, identiÞed as a possible

Table 4. Spring and autumn relative difference in twig volatile
concentration (with SE) of Quabbin Forest eastern hemlocks and
University of Rhode Island plantation grown hemlocks, each with
and without experimentally introduced hemlock woolly adelgid

Twig volatilea,b

Springc

(previous yearÕs
growth)

Autumnc

(current yearÕs
growth)

Infested Uninfested Infested Uninfested

Monoterpenoids
Tricyclene 1.7d (0.2) 0.8 (0.1) 3.0 (0.4) 2.0 (0.3)
�-pinene 8.0 (1.2) 7.3 (1.4) 3.7 (0.3) 4.1 (0.6)
Camphene 2.0 (0.3) 1.0 (0.1) 3.2 (0.4) 2.5 (0.4)
�-pinene 6.9 (0.9) 6.5 (1.6) 3.0 (0.3) 3.8 (0.7)
Myrcene 26.4 (5.8) 27.5 (9.3) 18.4 (1.8) 22.3 (3.1)
Limonene 20.1 (3.6) 19.9 (8.3) 2.9 (0.5) 1.8 (0.3)
�-campholenal 1.9 (0.3) 1.2 (0.1) 0.7 (0.1) 1.0 (0.2)
L-trans-pinocarveol 1.7 (0.3) 1.2 (0.2) 1.1 (0.2) 1.5 (0.4)
cis-verbenol 5.7 (0.8) 5.6 (0.8) 0.6 (0.2) 1.0 (0.3)
trans-verbenol 3.5 (0.5) 2.9 (0.4) 1.4 (0.2) 1.6 (0.2)
Pinocarvone 1.5 (0.2) 1.1 (0.1) 0.8 (0.2) 1.2 (0.2)
Borneol 0.6 (0.1) 0.6 (0.1) 3.7 (0.4) 3.5 (0.7)
Myrtenol 2.0 (0.3) 1.3 (0.2) 1.0 (0.2) 1.3 (0.3)
Verbenone 1.2 (0.2) 0.8 (0.1) 0.8 (0.2) 1.2 (0.2)
Bornyl acetate 1.1 (0.2) 0.4 (0.1) 1.6 (0.3) 1.2 (0.2)

Total 4.3 (0.5) 3.0 (0.6) 4.2 (0.3) 4.1 (0.5)
Sesquiterpenoids

�-caryophyllene 12.7 (3.7) 10.6 (2.2) 10.1 (1.1) 17.3 (2.8)
�-humulene 11.6 (2.8) 18.7 (4.1) 8.1 (0.9) 15.6 (2.7)
Germacrene D 34.8 (9.7) 72.8 (18.9) 341.4 (83.2) 273.5 (63.5)
Caryophyllene oxide 1.2 (0.2) 1.2 (0.2) 1.0 (0.2) 1.0 (0.1)

Total 3.7 (0.7) 5.1 (1.0) 13.1 (2.4) 16.4 (3.1)
Benzenoids
p-cymene 1.5 (0.2) 1.1 (0.2) 1.0 (0.1) 1.4 (0.2)
Benzyl alcohol 0.1 (0.0) 1.2 (0.3) 3.2 (0.5) 1.9 (0.3)
Methyl salicylate 0.2 (0.1) 3.9 (2.8) 6.5 (1.4) 1.3 (1.3)
Raspberry ketone 2.2 (0.3) 2.1 (0.2) 4.2 (0.5) 2.8 (0.2)

Total 0.4 (0.0) 1.0 (0.1) 1.7 (0.1) 1.5 (0.1)
Unknown A 2.9 (0.4) 1.6 (0.2) 1.7 (0.3) 1.9 (0.3)
Unknown B 0.9 (0.1) 0.2 (0.0) 0.9 (0.2) 0.5 (0.1)
Total resin volatiles 3.0 (0.3) 2.6 (0.5) 4.6 (0.4) 4.2 (0.5)

aCompounds are ordered Þrst by structural class, then by ascend-
ing order of elution from a nonpolar DB-5 GC column. A summed total
for each structural class of phytochemical is included.
b Sabinene, �-phellandrene, terpinolene, linalool, camphor, piperi-

tone, and geranyl acetate, and the sesquiterpenoids (E)-�-farnesene,
�-muurolene, and germacrene D-4-ol, as well as one unidentiÞed
volatile, were not present in the volatile arrays found at both sites;
these compounds were included as appropriate in total volatile and
structural class total calculations, but were not subjected to individual
comparisons.
c Spring previous yearÕs growth sampled in late June in both studies;

autumn plantation study samples collected in mid-October, forest
study samples in mid-November, each collection date timed to follow
sistens aestivation break by several weeks.
d Each forest hemlock twig volatile measurement was divided by

the plantation hemlock average concentration of the corresponding
compound and treatment group (adelgid infested or uninfested) and
sampling date (spring or autumn); forest hemlock total values for
monoterpenoids, sesquiterpenoids, benzenoids, and combined twig
volatiles were also normalized to the plantation average values in this
way. The resulting ratio values were then averaged for each forest tree
treatment group to provide a relative measure of the difference in
accumulation of twig volatiles between the hemlocks at the two
different sites.
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phytochemical attractant to hemlock woolly adelgid
(Lagalante and Montgomery 2003), only in July and
November current yearÕs growth. This Þnding is con-
sistent with the known tendency of sistens crawlers to
settle on current yearÕs growth tissue (Lagalante et al.
2006) preferentially over previous yearÕs growth in the
early summer when they have the choice.

Because eastern hemlock is both ecologically im-
portant and one of the most commonly planted land-
scape trees in the eastern United States (Lagalante et
al. 2007), we were interested to compare the volatile
accumulation in hemlock populations representative
of forest and ornamental trees, respectively (Table 4).
As this was not the original aim of our study and we
have only one replicate per type of site, these Þndings
are only preliminary and will need to be followed up in
subsequent studies. We were able to make this compar-
ison between our two studies because we used solvent
tissue extraction, which yielded estimates of absolute
accumulated volatile concentration, in contrast to many
recent studies of hemlock volatile chemistry that re-
ported relative volatile abundance obtained with static
or dynamic headspace volatile extraction methods.

Our comparison revealed striking differences be-
tween the two sites. Nearly all resin volatiles were
substantially more concentrated in the twigs of forest
trees. Although it is possible that differences in geno-
type may explain this disparity, a regional chemosys-
tematic analysis of foliar terpenoid concentrations of
western hemlock (Tsuga heterophylla) revealed that
interpopulation variation of average individual vola-
tile levels was at most 10%, and generally much less
(Von Rudloff 1975a). This indicates genotypic varia-
tion in terpenoid expression in species ofTsugamay be
fairly small. In any case, the source population for the
URI plantation trees was a wild hemlock population
several miles from the Quabbin forest site of the cur-
rent study. Although this close proximity does not rule
out differences in genotype between the two groups
of trees, it does suggest major differences in pheno-
type are likely related to site inßuences.

There are many site factors that could contribute to
the differences in volatile accumulation we ob-
servedÑdisparities in light intensity, levels of soil
nutrients, and the availability of water principal
among them. Each of these in turn has been shown to
affect the secondary metabolism in other conifers (La-
montagne et al. 2000, Lombardero et al. 2000, Sampe-
dro et al. 2010). In addition, an investigation of the
effects of soil nutrient levels on sapling eastern hem-
lock susceptibility to adelgid revealed that the survival
and fecundity of the adelgid, and its depression of
hemlock health and new growth, were dramatically
enhanced at higher nitrogen levels (McClure 1991b).
This Þnding, paired with our discovery that twigs of
plantation hemlocks had much lower accumulations
of volatiles than forest trees, suggests that environ-
mental constraints affect eastern hemlockÕs volatile
defenses.

Two hypotheses that have received mixed support
in the literatureÑthe carbonÐnutrient balance and
growth differentiation balance hypothesesÑpropose

a competitive trade-off between growth and defense
in woody plants, where an increase in some environ-
mental or developmental constraint that limits growth
(e.g., nitrogen, water, or even temperature) decreases
the plantÕs carbon/nitrogen (C/N) ratio, which in
turn spurs a shift in the allocation of photosynthate
away from carbon-based secondary metabolism to-
ward more vigorous growth (Loomis 1932, Bryant et
al. 1983, Herms and Mattson 1992, Massad et al. 2012).
Decreasing light availability, and hence carbon re-
sources, in the presence of growth-limiting nutrient
conditions is predicted to have the same effect on the
C/N ratio. If, as is reasonable to expect, the URI plan-
tation soil was on average more adequately supplied
than the Quabbin forest soil with growth-limiting nu-
trients (e.g., nitrogen), then we might expect a de-
pression of carbon-based volatile levels. Likewise, al-
though we did not measure these site factors, water
availability and temperature were both likely to be
higher at the plantation site. Light intensity, however,
was conspicuously higher at the plantation site, and
this may be expected to increase the C/N ratio, and in
turn shift the allocation of photosynthate back to sec-
ondary allelochemicals. Testing the various inßuences
of these landscape features will prove useful in ex-
tending existing knowledge of resource and herbivore
defense constraints on herbivore resistance to eastern
hemlock and its most serious insect pest. In summary,
we have shown that overall patterns of inducible resin
volatile accumulation previously characterized in
twigs of plantation saplings are also present in both
mature and immature forest hemlocks; the absolute
abundance of the volatiles in the forest trees, however,
was much greater. In addition, tree age and tissue age
both affected the composition of eastern hemlockÕs
resin volatile array. Hemlocks that are resistant to
hemlock woolly adelgid have been identiÞed and
cloned by our collaborators at the University of Rhode
Island (Ingwell et al. 2009, Ingwell and Preisser 2011).
The patterns of hemlock volatile induction we have
revealed highlight the possibility that salicylic acid-
dependent biosynthetic pathways are operative in this
gymnosperm system, and represent a new path toward
understanding the mechanisms of resistance of puta-
tively adelgid-resistant biotypes of eastern hemlock.
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