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Abstract: Elevated ground-level ozone (O3) reduced C-based defense chemicals; however, severe
grazing damages were found in leaves grown in the low O3 condition of a free air O3-concentration
enrichment (O3-FACE) system. To explain this phenomenon, this study investigates the role of
BVOCs (biogenic volatile organic compounds) as signaling compounds for insect herbivores. BVOCs
act as scents for herbivore insects to locate host plants, while some BVOCs show high reactivity to
O3, inducing changes in the composition of BVOCs in atmospheres with elevated O3. To assess the
aforementioned phenomenon, profiles of BVOCs emitted from birch (Betula platyphylla var. japonica
Hara) leaves were analyzed ex situ, and Y-tube insect preference tests were conducted in vitro to study
the insect olfactory response. The assays were conducted in June and August or September, according
to the life cycle of the adult alder leaf beetle Agelastica coerulea Baly (Coleoptera: Chrysomelidae).
The Y-tube tests revealed that the leaf beetles were attracted to BVOCs, and O3 per se had neither an
attractant nor a repellent effect. BVOCs became less attractant when mixed with highly concentrated
O3 (>80 ppb). About 20% of the total BVOCs emitted were highly O3-reactive compounds, such as
β-ocimene. The results suggest that BVOCs emitted from the birch leaves can be altered by elevated
O3, thus potentially reducing the attractiveness of leaves to herbivorous insects searching for food.

Keywords: atmospheric lifetime; biogenic volatile organic compounds (BVOCs); herbivorous insects;
leaf beetle; olfactory response; ozone

1. Introduction

Ground-level ozone (O3) has been elevated in the last decades, especially in east Asia [1–3]. O3 is
a strong oxidant at high concentrations, and can damage photosynthesis, growth, and development
of plants [4,5]. O3 can also enhance the susceptibility of plants to insect herbivores and diseases,
potentially disrupting the disease triangle [6,7]. Most carbon-based defense chemicals are synthesized
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from photosynthates; thus, plant defense capacity can be decreased by elevated O3 concentrations [8].
This is particularly important in rural and mountainous areas, where O3 levels are higher than in
cities [9].

Damages by herbivores are responsible for losses of net primary production up to 15% in temperate
forests [8]; however, herbivory can be altered by atmospheric contaminants. For example, we have
previously found that insect herbivores systematically grazed leaves of different tree species in ambient
O3 plots more than in elevated O3 plots of a free-air O3-concentration enrichment (FACE) system [10–12].
However, even if, in that situation, the leaves in the elevated O3 condition had lower chemical defense
capacities [12,13], leaves from the elevated O3 conditions were often preferred by insects in choice
laboratory assays [13]. The results of this array of studies suggest that the field observations for reduced
herbivory in the elevated O3 plots were not because of changes in leaf chemical defense capacity
or insect oviposition, hinting at a potential role of biogenic volatile organic compounds (BVOCs) in
these observations.

Plants emit a variety of BVOCs, including many types, such as monoterpene (MT: C10H16),
sesquiterpene (SQT: C15H24), and alcohol [14]. BVOCs have a biological role in plant–insect interactions,
as herbivores and pollinators use BVOCs as chemical cues [15,16]. However, BVOCs emitted from
plants are impacted by O3 [17,18]. BVOCs have reactivity with O3 [19,20] and decay after being
emitted [16,21,22]. Previous research with Y-tube tests revealed that, while the striped cucumber beetle
Acalymma vittatum F. (Coleoptera: Chrysomelidae) did not show any response to O3 per se, it less
frequently selected BVOCs of flowers when the air was mixed with high O3 concentrations [23]. Fuentes
et al. [23] concluded that the disruption of BVOCs because of reaction with O3 was responsible for the
decreasing attractiveness of BVOCs to the beetles. The phenomenon that insects graze less in elevated
O3 [11,13] was especially found in a system with alder leaf beetle Agelastica coerulea Baly (Coleoptera:
Chrysomelidae) and Japanese white birch (Betula platyphylla var. japonica Hara; hereafter, white birch).
Are the observations with striped cucumber beetle and BVOCs of cucumber flower applicable to
the interaction between alder leaf beetle and white birch? If so, what kinds of BVOCs emitted from
birch leaves do act as herbivore signals? Studying these questions is essential for understanding and
predicting how plant–herbivore interactions may occur in an O3-polluted atmosphere; such influences
remain underexplored in the literature.

To assess these questions, we investigated the changes in BVOCs under elevated O3 and how they
potentially affect the grazing of the leaf beetle. To this end, Y-tube preference tests were conducted to
elucidate the behavior of alder leaf beetles under elevated O3. We hypothesized that the adult leaf
beetles would less frequently cvisit leaves when BVOCs are mixed with elevated O3 concentrations.
To identify specific BVOCs emitted from white birch and understand the insect preference results,
we also assessed the profile of BVOCs emitted from the birch leaves.

2. Materials and Methods

2.1. Plant Material

White birch, a common species in forests and often grown as boulevard in cities of Hokkaido in
Japan [10,11,13], has heterophyllous leaves known as early and late leaves. Early leaves expand from
the beginning of May, while late leaves start to develop after complete expansion of early leaves from
around mid-July in northern Japan [24]. Therefore, most leaves after August are usually late leaves.
This developmental pattern matches the life cycle of the oligophagous alder leaf beetle.

For olfactory response tests, branches of white birch were collected just before the tests from
ambient plots of the FACE system at Sapporo experimental forest of Hokkaido University; the ambient
O3 concentration was low [5]. Sampled trees were all five years old (averaged height: 5 m, averaged
diameter at breast height: 3.5 cm), and sampled branches (all sampled from same height above ground,
≈2.5 m) included four or five leaves from the top of the shoot.
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Five individuals of white birch were used for BVOCs collections. They were clone individuals,
made by grafting from the same six-year old mother tree grown in the Sapporo experimental forest,
grown in a greenhouse.

2.2. Insects

Adult alder leaf beetles, a major oligophagous pest of Betulaceae trees [25,26], were collected
from white birch saplings grown in the ambient plots of the FACE system as plant material for
olfactory response tests in spring (June, first generation) and summer (August–September, second
generation), 2017.

The life cycle of this insect has been described previously [13]. The first generation of the insect
corresponds to the period of the early leaves of white birch in June, whereas the second generation
corresponds to the period of the late leaves of white birch in August or September. Although larvae of
the leaf beetle graze leaves heavily in July, they cannot fly, and thus cannot move far from where they
hatched. For this reason, larvae were not studied in the olfactory response tests.

2.3. Olfactory Response Test (Y-Tube Test)

Two-choice olfactory response tests (Figure 1) were conducted to evaluate the attractiveness of
leaves in each atmospheric treatment with a Y-shaped glass olfactometer (inner diameter: 17 mm,
arm length: 55 mm, stem length: 150 mm) in June and August of 2017. Considering the BVOC reaction
with O3 in the field, a UV-transparent vinyl house was constructed, where Y-tube tests were conducted.
The temperature in chambers was averaged as 34 ◦C at full sunshine and average photosynthetic
photon flux density was around 940 µmol m−2s−1 during olfactory tests. The aeration flow rate into
each arm was controlled at 0.5 L min−1 with an electric exhaust pump (APN-240MAN-1, Iwaki, Tokyo,
Japan) and flowmeters (RK 1650, KOFLOC, Kyoto, Japan). O3 concentration was controlled with an O3

monitor (Model 202, 2B Technologies, Boulder, Colorado, USA) and an automatic three-way valve.
Pure air was generated through the active charcoal [27] for the O3 elimination tank.
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capped with a net that allows air flow and works as a stopper for insects. The Y-tube was covered 
with a papery towel to block visual information that insects can receive from the outer experimental 
environment. The Y-tube was rotated 180° after every two trials to prevent directional biases caused 
by background conditions in the experimental room. Insects were observed for five minutes in each 
trial [23,28,29]. A choice was marked “decided” if insects crossed the halfway point of an arm of the 
Y-tube and visited one air flow more frequently, or if insects continuously stayed at one side for one 

Figure 1. Olfactory response test (Y-tube preference test). Each arrow in this figure indicates the
aerial direction.

Leaf beetles were subjected to starving for at least one hour before the Y-tube tests began. At the
beginning of each trial, one insect was placed in the mouth of tube stem, and then the mouth was
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capped with a net that allows air flow and works as a stopper for insects. The Y-tube was covered
with a papery towel to block visual information that insects can receive from the outer experimental
environment. The Y-tube was rotated 180◦ after every two trials to prevent directional biases caused
by background conditions in the experimental room. Insects were observed for five minutes in each
trial [23,28,29]. A choice was marked “decided” if insects crossed the halfway point of an arm of the
Y-tube and visited one air flow more frequently, or if insects continuously stayed at one side for one
minute within the trial time (five minutes). If insects did not cross the half point of the Y-tube at all,
the choice was regarded as “no choice”, and the trial was discarded. The Y-tube olfactometer was
cleaned with ethanol and dried every five trials. In this study, three groups of tests were conducted to
reveal the air that insects prefer: (1) O3 versus cleaned air (CA), (2) CA versus BVOCs (emitted from
leaves), and (3) BVOCs versus BVOCs mixed with O3 (BVOC + O3).

Test (1), which checks whether O3 per se induces an attractant/repellent effect to the adult leaf
beetle, was conducted 20 times in total, while test (2) was conducted 30 times (the discarded trials
owing to no choice are excluded from these counts). In each test, O3 concentration was set to 40, 80,
or 120 ppb; 40 and 80 ppb were approximately the concentrations in control and elevated O3 plots,
respectively, in the FACE system where the earlier observations were made [10,11,13], and 120 ppb
was set to represent a more polluted atmosphere.

2.4. Sampling of BVOCs

BVOCs were sampled with a branch chamber method (Figure 2) with clone saplings of white
birch in June and September 2018. Because the life cycle of the leaf beetle was delayed as a result of the
cooler climate in the experimental year, the timing of sampling of BVOCs was matched with the life
cycle of the insect. The saplings were moved to a laboratory with an air temperature of around 25 ◦C
and a photosynthetic photon flux density of 200 µmol m−2s−1.
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In this method, cleaned air was sent at a constant 3 L/min flow rate into a Teflon bag, where one
shoot was covered. BVOCs emitted in the bag were sampled into sampling tube (Tenax TA, GL Science,
Tokyo, Japan; Carbotrap, Supelco, Bellefonte, PA, USA) with inlet air pumps (MP-Σ30NII, SHIBATA,
Tokyo, Japan) for 30 min and two samples were collected per individual. To calculate the emission rate,
the temperature in the bag was observed with a recorder (TR-52i, T&D, Tokyo, Japan).

2.5. Gas Chromatograph Mass Spectrometer (GC-MS) Analyses

The sampling tube was mounted on an automated two-stage thermal desorber (Turbo Matrix
ATD650, Perkin Elmer Instruments, Fremont, CA, USA), heated at 280 ◦C for 10 min, and then the
BVOCs were desorbed and re-concentrated into a thin cold trap part and cooled at −20 ◦C. Thereafter,
the cold trap part was heated rapidly to 280 ◦C for 10 s, and the desorbed BVOCs were introduced into
a capillary column (SLBTM—5 ms; inner diameter 0.25 mm, length 60 m, thickness 0.5 µm, Supelco)
settled in a gas chromatograph mass spectrometer (GCMS-QP2010, SHIMADZU, Japan). The column
was maintained at 35 ◦C for 5 min and then heated to 250 ◦C at 5 ◦C min−1. After electron-impact
ionization (EI-method), each compound was identified by scan analysis method (m/z: 40 to 400).
Helium gas (>99.99995%) was used as carrier gas for the GC at a ratio of 1.0 mL min−1 and the split
ratio was set to 1:22 with a one-stage splitting. An internal standardization method was applied using
toluene-D8. Compounds, whose standard samples were available, were identified by matching with
the retention time and mass spectrum of each standard value. If not, by searching the mass spectrum
of each compound obtained from the EI-method in the database of the National Institute of Standards
and Technology (NIST, U.S. Department of Commerce), a compound whose similarity matched best
with the measured value of the EI-method was regarded as identified.

Calibration curves showing the relationship between the chromatogram area and the injection
amount (nmol) were created from the analytical values of each standard sample with different
concentrations, and the amounts of each compound in the BVOCs samples were quantified using these
calibration curves. For compounds for which the calibration curves could not be created because of
a lack of the standard samples, calibration curves of these compounds having the same or similar
molecular weight were substituted.

Emission rate, E (nmol m−2s−1), was calculated based on Formula (1):

E =
Cs ×Vin

S
, (1)

where Cs is the concentration (nmol mol−1) of each compound in the chamber, Vin is the inlet aeration
rate, and S is the leaf area (m2) of samples emitting compounds. Leaf areas were analyzed using
photo-editing software (Image J, National Institutes of Health, Bethesda, MD, USA) after scanning
each leaf sample (EPSON GT-S630, Tokyo, Japan). Then, relative emission rates (%) of each compound
or chemical group were calculated as the specific emission rate divided by the total emission rate and
multiplied by 100. The result value as one individual was averaged with two samples.

2.6. Lifetime of BVOCs with O3

From BVOCs sampled in this study, we detected reactive compounds with O3. On the basis of the
data of previous atmospheric chemistry studies [14,21,22], which show lifetimes of some compounds
at 28.4 ppb O3, reaction rates with O3, and lifetimes at given O3 concentrations, could be calculated
using Formulas (2), (3) [22], and (4):

[x]t = [x]t0 exp (−k2 [O3] t), (2)

li f etime =
1

[O3]k2
, (3)
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molecules cm−3 = ppb ×
1

22.41
×

273.15
273.15 + T

× 6.02× 1011, (4)

where [x]t0 and [x]t mean the amounts of a BVOC, at initial time and when given seconds have
passed, respectively. Parameter k2 represents the reaction rate with O3, [O3] denotes the concentration
in molecules cm−3, and T (25 ◦C) is the temperature in the room. Known (at 28.4 ppb O3) and
theoretical lifetimes (at 80.0 ppb O3) of these compounds are shown in Table 1 (see the next page).
In this paper, compounds whose lifetimes are calculated under an hour at 80 ppb O3 were defined as
“O3-reactive-compounds”, and seven compounds, cis-/trans-β-ocimene, limonene, 2-carene, γ-terpinene,
β-linalool, α-copaene, and β-caryophyllene, were detected.

Table 1. Biogenic volatile organic compounds’ (BVOCs) atmospheric lifetimes.

k2 [O3] 28.4 ppb [O3] 80.0 ppb

Monoterpenes
Camphene 9.2 × 10−19 18.0 d 6.4 d
2-Carene 2.3 × 10−16 1.7 h 36.2 m
3-Carene 3.6 × 10−17 11.0 h 3.9 h
Limonene 2.0 × 10−16 2.0 h 42.6 m
Myrcene 4.8 × 10−16 50.0 m 17.7 m

cis-/trans-Ocimene 5.4 × 10−16 44.0 m 15.7 m
α-Phellandrene 3.0 × 10−15 8.0 m 2.8 m
β-Phellandrene 4.7 × 10−17 8.4 h 3.0 h
α-Pinene 8.6 × 10−17 4.6 h 1.6 h
β-Pinene 1.5 × 10−17 1.1 d 0.4 d
Sabinene 8.3 × 10−17 4.8 h 1.7 h
α-Terpinene 2.4 × 10−14 1.0 m 0.4 m
γ-Terpinene 1.4 × 10−16 2.8 h 59.6 m
Terpinolene 1.8 × 10−15 13.0 m 4.6 m

Sesquiterpenes
β-Caryophyllene 1.2 × 10−14 2.0 m 0.7 m
α-Cedrene 2.8 × 10−17 14.0 h 5.0 h
α-Copaene 1.6 × 10−16 2.5 h 53.2 m
α-Humulene 1.2 × 10−14 2.0 m 0.7 m

Oxygenates
1,8-Cineole - >110 d -

cis-3-Hexen-1-ol 6.4 × 10−17 6.2 h 2.2 h
cis-3-Hexenyl acetate 5.4 × 10−17 7.3 h 2.6 h

Linalool 4.3 × 10−16 55.0 m 19.7 m
2-Methyl-3-buten-2-ol 9.7 × 10−18 1.7 d 0.6 d
6-Methyl-5-hepten-2-one 4.0 × 10−16 1.0 h 21.3 m

Lifetimes at 28.4 ppb (26 nmol mol−1) O3 are known values shown in previous studies [14,21]. On the basis of
these values, reaction rates (k2) and lifetimes at 80 ppb, which was the concentration of order value in the free air
O3-concentration enrichment (FACE) system, were calculated. “m”, “h”, and “d” indicate “minute”, “hour”, and
“day”, respectively.

2.7. Statistical Analysis

Data of emission rate and ratio of each compound were tested for significant differences (α = 0.05)
with individual t test between seasons (early and late leaves), which was Student’s or Welch’s t-test,
according to each test for homogeneity of variance. Data of olfactory response tests were analyzed with
a binominal test between treatments (α = 0.05). All statistical analyses were operated using Excel 2016.
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3. Results

3.1. Olfactory Response Test (Y-Tube Test)

The adult leaf beetles showed no preference/avoidance against O3 per se at any concentrations
in test (1) O3 versus cleaned air (CA) containing no BVOCs (Figure 3a,b). They preferred BVOCs
emitted from leaves of white birch trough CA in test (2) (Figure 3c; first generation: p < 0.05, second
generation: p < 0.001). On the basis of these results of test (1) in June and (2) in August, the beetles
show no selective difference regardless of the levels of O3 concentration.Forests 2020, 11, 58 7 of 13 
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Figure 3. Y-tube preference test {1} O3 vs. cleaned air (CA) (a) with first generation of adult leaf beetles
and with second generation (b), test (2) biogenic volatile organic compounds (BVOCs; from leaves
of white birch) vs. CA (c), and test (3) BVOCs vs. BVOCs + O3 with first generation (d) and second
generation (e). The values on bars are total number of choices to each side of Y-tube in each test.
Astericks stand for p > 0.05 *; p > 0.01 **; and p > 0.001 *** in the binominal test.



Forests 2020, 11, 58 8 of 13

In test (3) (Figure 3d,e), BVOCs versus BVOCs mixed with O3 (BVOC + O3), the leaf beetles of
both first and second generation larvae had no preference between BVOCs and BVOCs + O3 at 40 ppb
in June and August (BVOCs emitted from early and late leaves, respectively). At 80 ppb, although not
statistically significant, first generation as well as second generation in August (p < 0.01) tended to
prefer BVOCs over BVOCs + O3 (p = 0.08). The attractiveness of BVOCs from leaves was apparently
degraded by higher O3 exposure from the results at 40 and 80 ppb O3. However, at 120 ppb, although
insects more frequently preferred BVOCs by comparison with that at 40 ppb O3, the differences were
not statistically significant in both seasons.

3.2. Sampling of BVOCs

3.2.1. BVOCs’ Emission Rates and Composition

It was found that BVOCs emitted from white birch had phenological differences corresponding to
the lifecycle of alder leaf beetles both in quantity and quality. In dominances of BVOCs (Table 2), MT
was a dominant group both in early and late leaves; the dominance was much more pronounced in
late leaves (96.57%).

Table 2. Dominances of biogenic volatile organic compounds (BVOCs) at chemical group level.

Group

Emission Rate (%)

F-Value
T-test

Early Leaves Late Leaves

June September Type p-Value

MT (monoterpene) 65.252 ± 2.637 96.569 ± 0.272 93.79 W **
Oxygenated-MT 17.119 ± 2.028 2.366 ± 0.092 481.95 W **

SQT (sesquiterpene) 7.971 ± 3.955 0.217 ± 0.050 6186.57 W n.s
N-compound 3.272 ± 0.558 0.173 ± 0.045 156.94 W **

GLV (green leaf volatile) 6.386 ± 0.978 0.613 ± 0.245 15.97 W **
Organic acid-ester - 0.062 ± 0.024 - - -

Values in this table are average value (%) ± SE (n = 5). Individual t-test: p < 0.01 **; n.s, not significant; -, not found.
F-test at each group was conducted as two-sided test (α = 0.05;); Rejection region of F-value is ≤0.104 and ≥9.605;
“S” and “W” in this table mean Student’s and Welch’s t-test conducted at each group, respectively.

The detailed profile of the BVOCs is shown as each relative composition rate in Table 3 (see next
page). The total emission rate of late leaves (in September) was significantly higher than that of
early leaves (in June). Sabinene, which is a kind of MT, showed the highest emission rate in both
leaves. The number of compounds emitted from early (30 species) and late (27 species) leaves was
similar. However, the compositions were significantly different from June (early leaves) to September
(late leaves). Four compounds, cis-/trans-β-ocimene, trans-sabinene-hydrate, and neo-allo-ocimene,
were increased, and five compounds, hexanal, cis-3-hexen-1-ol, linalool oxide, β-linalool, and geranyl
nitrile, were decreased.

3.2.2. O3 Reactive Compounds

In this study, we detected eight compounds as O3-reactive compounds, namely cis-/trans-β-ocimene,
limonene, 2-carene, γ-terpinene, β-linalool, α-copaene, and β-caryophyllene, and the lifetimes were
calculated as 15.7, 42.6, 36.2, 59.6, 19.7, 53.2, and 0.7 min at 80 ppb O3 concentration, respectively.
The total dominances of O3-reactive compounds were over 20% in both seasons, that is, 21.61 ± 2.20
(average value ± SE) in early leaves and 25.60 ± 1.67 in late leaves.
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Table 3. Biogenic volatile organic compounds’ (BVOCs) Composition rates (%) of leaves of Japanese
white birch at compounds level.

June September
F Value

T-test

Number of Compounds 30 27 Type p Value

Total Emission rate (µmol m−2s−1) 0.983 ± 0.182 2.115 ± 0.134 1.85 S **

Name of compounds RT Group

hexanal 16.53 GLV 0.724 ± 0.195 0.151 ± 0.044 20.10 W *
cis-3-hexen-1-ol 18.82 GLV 1.059 ± 0.111 0.462 ± 0.211 3.64 S *
α-thujene 21.72 MT 1.485 ± 0.133 1.566 ± 0.188 1.99 S n.s
α-pinene 22.13 MT 7.495 ± 0.259 7.786 ± 0.229 1.27 S n.s

camphene 22.84 MT 0.243 ± 0.027 0.297 ± 0.032 1.40 S n.s
sabinene 23.56 MT 40.980 ± 2.212 50.107 ± 1.804 1.50 S *
β-pinene 23.88 MT 3.299 ± 0.088 3.459 ± 0.143 2.64 S n.s

trans-3-hexenyl acetate 24.32 GLV 4.009 ± 0.831 — — — —
cis-2-hexenyl acetate 24.54 GLV 0.594 ± 0.134 — — — —

2-carene 25.13 MT 0.600 ± 0.081 0.610 ± 0.125 2.41 S n.s
o-cymene 25.39 MT 1.789 ± 0.635 1.623 ± 0.440 2.08 S n.s

trans-β-ocimene 25.48 MT 0.992 ± 0.174 4.334 ± 0.325 3.47 S **
limonene 25.58 MT 0.454 ± 0.059 0.669 ± 0.041 2.08 S *

β-phellandrene 25.71 MT 1.006 ± 0.098 1.022 ± 0.144 2.16 S n.s
p-Cineole 25.78 Oxy-MT 1.170 ± 0.441 0.238 ± 0.011 1552.13 W n.s

cis-β-ocimene 25.89 MT 4.249 ± 0.797 17.920 ± 1.349 2.87 S **
γ-terpinene 26.53 MT 1.474 ± 0.203 1.467 ± 0.322 2.52 S n.s

trans-sabinene-hydrate 27.01 Oxy-MT 0.911 ± 0.117 1.437 ± 0.049 5.60 S **
linalool oxide 27.48 Oxy-MT 4.706 ± 0.770 0.510 ± 0.044 307.73 W **
β-linalool 27.71 Oxy-MT 10.333 ± 1.929 0.181 ± 0.036 2829.78 W **

geranyl nitrile 28.11 N 3.272 ± 0.558 0.173 ± 0.045 156.94 W **
neo-allo-ocimene 28.65 MT 1.185 ± 0.215 5.709 ± 0.426 3.93 S **
methyl salicylate 31.14 Oa-est — 0.062 ± 0.024 — — —

ylangene 36.40 SQT 0.900 ± 0.427 0.035 ± 0.010 1666.55 W n.s
α-copaene 36.57 SQT 0.731 ± 0.336 0.022 ± 0.006 3104.84 W n.s
β-bourbonene 36.88 SQT 1.470 ± 0.622 0.074 ± 0.016 1451.45 W n.s
β-caryophyllene 37.93 SQT 0.743 ± 0.317 0.034 ± 0.008 1409.37 W n.s
β-copaene 38.13 SQT 0.547 ± 0.276 — — — —
aristolene 38.29 SQT 2.461 ± 1.448 — — — —
α-farnesene 39.35 SQT — 0.030 ± 0.005 — — —
germacrene 39.48 SQT 0.807 ± 0.437 — — — —
α-guaiene 39.73 SQT 0.312 ± 0.138 0.023 ± 0.006 482.87 W n.s

Values in this table means average composition rates (%) in whole ± SE (n = 5); RT: Retention Time. MT: Monoterpen,
SQT: Seaquiterpene, N: N-compounds, Oxy-: Oxygenated-, Oa-est: Organic acid-ester; In individual t-test, Asterisk
stands for p-value < 0.05 *; p < 0.01 **; horizontal line “−” means “Not found”; + means < 0.001 µmol m−2s−1, n.s
means “not significant”. F-test at each compound was conducted as two-sided test (α = 0.05); Rejection region of
F-value is ≤ 0.104 and ≥ 9.605; “S “and “W” in this table means Student’s and Welch’s t-test conducted at each
compound, respectively.

4. Discussion

4.1. Behavior of Alder Leaf Beetles in High O3 Environment

From the Y-tube experiments, alder leaf beetles showed preference to BVOCs of Japanese white
birch; however, the attractiveness of BVOCs decreased at higher O3 concentrations. It was noted that
there were over 20% dominances by O3-reactive compounds in the BVOCs emissions.

There are two possible mechanisms explaining why alder leaf beetles less frequently visited leaves
of white birch growing in a high O3 concentration. One is that O3-reactive compounds functioned as
attractant against the leaf beetles in low O3 conditions. In this case, decay of O3-reactive compounds
might have directly affected their behavior in an O3-enriched atmosphere (BVOCs–O3 reaction).
The other is the collapse of the BVOCs’ composition owing to the decrease of some O3-reactive
compounds, which results in less attractiveness. In such a situation, key attractant compounds may
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be a lot, not only including O3-reactive compounds. In other words, the “causes” of decreasing
attractiveness are O3-reactive compounds, but the “factors” of attractiveness per se include other
BVOCs. The latter mechanism related to BVOCs’ composition is plausible because most of BVOCs
compounds found in this study were common in other plants. Other studies also mentioned the
importance of composition for the attractiveness of BVOCs [30]. By either or both working mechanisms,
it is estimated that decreasing concentrations of a part of BVOCs, such as O3-reactive compounds in
the atmosphere, even if they do not show major composition rates, impede alder leaf beetles from
finding their host white birch in a high O3 environment.

4.2. Multiplicity of BVOCs

Considering the multiplicity of BVOCs in white birch, a tendency of preference of alder leaf beetles
can become complex to observe and interpret. For example, white birch has a rich variety of BVOCs,
about 30 compounds, whereas a lot of low or non-emitters are also found in nature. In addition,
atmospheric lifetimes of BVOC vary, from a few minutes to hours or days, and there are oxidative
products dependent on BVOCs transformation after the reaction with O3 [22,31]. Therefore, functional
changes of BVOCs consisting of many compounds may be biphasic, like test (3) at 120 ppb in this study
(Figure 3d,e and Figure 4), because multiple reactions proceed simultaneously. Whether the oxidative
products work as attractant or repellent to alder leaf beetles defines how a function changes as the O3

level increases.
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Figure 4. Relative choice rates versus biogenic volatile organic compounds (BVOC; emitted from leaves
of white birch without O3 mixture) of adult alder leaf beetles. First and second means first and second
generation of adult leaf beetles, respectively. Each rate was calculated from data of (d,e) in Figure 3.
Dashed line indicates theoretical rate (100%) in the case in which no BVOCs’ degradation occurs by O3.
The biphasic response of insect choices to BVOCs mixed with O3 cannot be considered a “hormetic
response” [32] with certainty, because it may be solely upon changes in the atmospheric composition
rather than changes in the leaf quality.

It is also noted that the composition ratio was different between spring and summer when the first
and second generation of adult alder leaf beetles grazed. This result means they may detect specific
BVOCs’ composition in each season or common balance consisting of certain compounds in BVOCs
between early and late leaves. In this study, we could not identify a common balance because of the
multiplicity of BVOCs in white birch. To clarify the relationship between BVOCs’ profile and behavior
of the leaf beetles, at first, Y-tube preference tests should be operated with single candidate compounds,
such as O3-reactive ones and oxidative products. Then, GC-MS analysis will enable understanding
the result of these preference tests, for example, comparison of BVOCs’ profiles before and after the
reaction with elevated O3.
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5. Conclusions

Considering BVOC emission, the effect of herbivory on leaves should be considered. In the case
where BVOCs attract herbivorous insects to the host plants, it is estimated that grazing damage would
increase at an accelerated pace. Specific emissions by damaged leaves are found in many plants,
both qualitatively and quantitatively [33,34], which are known as HIPVs (herbivore induced plant
volatiles). White birch is not an exception of HIPV emitters; β-ocimene, β-linalool, and β-caryophyllene
increased in damaged white birch leaves (unpublished data, N. Masui).

Responses by insects to HIPVs are dependent on the host plants and the insects. There are
examples both of repellence [34,35] and attractiveness [36] to the herbivorous insects after leaves are
grazed, which are direct effects of herbivory by insects. In some cases, HIPVs recruit natural predators
against the insects, which is known as an indirect defense [37]. On the basis of these findings, induced
defense should be considered to explain herbivory behavior.
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