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Abstract

The effects of elevated CO, concentration on the defensive ability of two Alnus species (4. maximowiczii,
A. hirsuta) against herbivory attacks (alder leaf beetle; Agelastica coerulea) were investigated using a
free-air CO; enrichment. Elevated CO; significantly affected consumed leaf area index (CLI) of 4.
maximowiczii but soil fertility did not, while more significant effects on CLI of A. Airsuta were found in
both CO; and soil fertility. As found in natural conditions, A. hirsuta was grazed five times more than A.
maximowiczii in both CO; levels, which was explained with the low condensed tannin (CT) concentration
of the leaves. The value of leaf mass per area in fertile soil was 10 g m™ lower than that in infertile soil
under ambient CO; in July. Leaf C/N ratio was not affected by elevated CO; for both species but that of 4.
hirsuta was little higher in infertile soil when compared to fertile soil in July. CT of A. maximowiczii
tended to increase in September under elevated CO,. CT of 4. hirsuta was higher in infertile soil than in
fertile soil in July, and showed an overall decrease in September compared to July. Nitrogen-fixing activity
by a nodule of Frankia sp. on A. maximowiczii was higher in elevated CO; treatments than in ambient CO,
independent of soil fertility. As a result of changes in these parameters, except for fertile soil, the peak of

the herbivorous damage was later in elevated CO; for the A/nus species than in the control.
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Introduction

Nitrogen deposition and ever-increasing atmospheric CO; concentrations affect plant defense capacity
through changes in the growing environment (e.g., Lindroth 2010; Sun et al. 2020; Jamloki et al. 2021).
Plants use a variety of feeding defenses to protect their leaves, which are photosynthetic products, from
feeding damage by leaf-feeding insects (Schoonhoven et al. 2005). The defense ability of plants tends to be
lower in species with short leaf longevity and in fertile soil condition (Temperton et al. 2003; Mizumachi et
al. 2004; Schoonhoven et al. 2005), such as Betulaceae trees (Koike et al. 2006a; Matsuki and Koike 2006).

Broadleaved trees defend themselves by the physical defense such as tough leaf with high leaf mass per
area (LMA) and/or trichome, as well as chemical defense such as phenolics and condensed tannin (CT)
originated from photosynthates (Bauer et al. 1991; Schoonhoven et al. 2005; Koike et al. 2006a; Fiirstenberg-
Higg et al. 2013). Particularly in A/nus trees, they did not have significant developed trichomes in some
research (Matsuki et al. 2004; Kitahashi 2005), thus LMA is more important physical defense in Alnus trees.
Except for alder, phytotron experiments have shown that leaves of deciduous broadleaf trees (birch, oak,
maple) grown under high CO; and infertile soil conditions have an increased ability to defend themselves
against insect herbivory (Koike et al. 2006b, 2015). This was due to an increase in the leaf C/N ratio, an
increase in the amount of phenolic compounds, and an increase in LMA as a measure of leaf hardiness
(Koike et al. 2006a), which supports the well-known “Carbon Nutrient Balance (CNB)” hypothesis (Bryant
et al. 1983; Schoonhoven et al. 2005). However, this hypothesis does not hold true for all broadleaved trees.
One reason for this is that alder trees are infected by Frankia sp. (nitrogen (Nz)-fixing bacteria) in their roots,
forming nodules, which are called as actinorhizal plants and have symbiotic N»-fixing ability (Huss-Danell
1997; Tobita et al. 2005, 2013a, 2013b). With this symbiotic trait, alders have been used as trees for greening
bare ground (Yamanaka and Okabe 2008; Lefrancois et al. 2010; Tobita et al. 2013b). Alnus maximowiczii is
woody shrub and used for greening in high altitudes and cold regions, while 4. hirsuta is tall tree and used in
lowland and temperate regions (Tanahashi and Shimizu 2007).

Frankia sp. inoculated with alder reduce atmospheric N, to ammonia (NH3) in root nodules for fixation
in the tree, which increases the foliar N content and correspondingly decrease C/N ratio (Tobita et al. 2010,
2013a). At this time, plants translocate photosynthetic products as rewards from the leaves to the Frankia sp.
Namely, in alder trees, the increase in leaf C/N ratio may be moderated by the consumption of photosynthetic
products in the leaves by the nodule even in high CO, environments (Tobita et al. 2011, 2013b). In an
experiment with 4. hirsuta, the C/N ratio of leaves did not increase even under elevated CO, with phytotron
(Koike et al. 2006b). Alder trees in elevated CO, with phytotron did not change much the defense capacity
such as CT, C/N ratio, and LMA in Alnus pendula, while defense capacity increased in A4. japonica. The
response of alder to insect feeding damage is not necessarily the same among trees of genus A/nus. In 4.
pendula, however, N»-fixing activity by unit mass (g) of nodule under high CO, condition was increased,
suggesting that the photosynthetic products increased and were promptly translocated to the nodule in roots.
In terms of N»-fixing per unit mass of nodule, 4. maximowiczii and A. hirsuta showed little change on N»-
fixing activity between CO, treatments (Tobita et al. 2013b). However, the number of nodules per individual

of A. maximowiczii and A. hirsuta increase thus the total amount of N,-fixing was higher in a whole of
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individual under high CO; condition (Tobita et al. 2005, 2010).

These results were obtained under regulated environmental conditions with phytotron, and it is necessary
to verify how insect feeding damage changes under high CO, conditions in the field, where feeding damages
actually occur. Furthermore, since the data were obtained in a controlled environment with intensive pest
management, no examination of induced defenses was conducted. Although herbivores are roughly classified
into generalist (polyphagy) vs. specialist (oligophagous), most alders (Alnus spp.) are usually fed by
oligophagous herbivore: alder leaf beetle (Agelastica coerulea) (Oikawa et al. 2012; Sakikawa et al. 2016;
Masui et al. 2022).

The question that arises here is how the plant defense capacity of alder trees (4/nus spp.) and the N,-fixing
activity of root nodule change under high CO; in the field. As leaves are eaten, photosynthetic production is
expected to decrease and the N»-fixing activity per unit mass of root nodule also decreases in a whole of
individual. The objective of this study was to elucidate changes specific difference in the feeding rate of two
species of alder trees (4. maximowiczii vs. A. hirsuta), the plant defense capacity of leaves, and the N,-fixing

activity of Frankia sp. in nodules under predicted future high CO, conditions.

Materials and Methods

1) Study site

The CO; fumigation study was conducted with a Free-Air CO, Enrichment (FACE) located experimental
nursery of the Sapporo Experiment Forest of Hokkaido University (43.07N; 141.34E, 52m a.s.l.). The FACE
was made following the design of the system at Davos, Switzerland (Hattenschwiler et al. 2002), details are
offered by Eguchi et al. (2008). There were six circular FACE plots, each 6.5 m in diameter, surrounded by
5.5-m-tall dispersal pipes. Three circular plots were maintained at an elevated [COz] of 500 ppm/v (hereafter
¢CQ,), and the other three were used as ambient plots at 370 ppm/v of CO, (aCO,) as shown in Koike et al.
(2015).

2) Plant materials

The material plants were 2-year-old seedlings of Alnus maximowiczii and A. hirsuta obtained from the Oji-
Horti-green Co. Ltd., Sapporo in early April, 2006 before leaf unfolding. The seed origin was Kuriyama-
town near Sapporo. At mid-April, the CO, treatment was started when 95% seedlings of two species opened
winter buds. A. maximowiczii flushed leaves and kept most of them until late September in Sapporo but A.
hirsuta started to shed half of leaves by mid-August but simultaneously emerges leaves by late September as
found by Kikuzawa (1980); and leaf longevity of A. maximowiczii is about more than 20 days longer than
that of 4. hirsuta.

Mean seedling height of A. maximowiczii and A hirsuta was 16.6 = 1.8 cm and 18.5 + 1.2 cm,
respectively. We observed small nodules (about 1~2 mm in diameter) of Frankia sp. in the roots of all
seedlings. The former species flushes most leaves and continues to develop few leaves by early August while
the latter species develops leaves sequentially by early September and has a relation with a symbiotic

actinomycete (Frankia sp.) (Tobita et al. 2011). To avoid the influence of roots of other tree species, the
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black-color-pots (31cm in diameter; 30.5 cm deep) were filled with poor nutrients (infertile=hereafter Si; a
mixture of brown forest soil and the Akadama well-weathered volcanic ash soil at a volume ratio of 1:2) and
rich nutrient (fertile Sf; brown forest soil) and one seedling was planted in each pot on 15 April 2006. The
nutrient condition of the two soil was as follows: Nitrogen concentration was 30.1 + 0.20 mg/g in Sf and
18.0 = 0.20 mg/g in Si (n = 6). Phosphorus concentration was 3.48 + 0.25 mg/g in Sfand 1.58 £ 0.17 mg/gin
Si (n = 6). Potassium concentration was 21.32 &+ 3.15 mg/g in Sf and 12.55 + 1.54 mg/g in Si (n = 6). CO>
fumigation to potted alder started on 27 April 2006. The number of seedlings in each plot treated with CO,
and nutrients was five. Pipe water was supplied adequately to the pots for avoiding drought stress (about one
or two times per week).

Shoot phenology was observed for 5 seedings at 3-day intervals and included observations of bud opening,
defoliation, time of insect damage, and time of shoot elongation cessation in 2006. The leaf expansion period
was observed for about 7 days in late April for both species, tending to be a few days earlier in 4. hirsuta
than in 4. maximowiczii, but there was no statistical difference among treatments. One shoot per individual

tree was targeted, which grew from the top at planting seedlings. Leaf sampling is shown in the below 5).

3) Insects

Based on former observation (Oikawa et al. 2012), alder trees were fed by only alder leaf beetle (4gelastica
coerulea) in the study site. We determined leaf sampling time for chemical analyses as follows: life cycle of
leaf beetle was previously reported (Masui et al. 2023a) and illustrated in Figure 1: Two generations per year;
adult overwinters; adults emerge when leaves begin to unfold and lay eggs in clusters on the abaxial side of
leaves. Adults chew the leaf whereas the larvae feed by scraping the leaf surface, resulting in skeletonized
leaves. The mature larva forms a small chamber in the soil and pupates, becoming an adult in about two
weeks. After hatching, the adults eat the leaves and burrow under deciduous leaves or in the soil at shallow

depths by late September to overwinter. During experiment, only alder leaf beetle was found in the sites.

4) Census of insect feeding damage

To evaluate the feeding rate, the total consumed leaf area per individual was visually observed from late May
to mid-September in 2006 at 3-day intervals in principle. The Consumed Leaf-area Index (CLIL; %) was
calculated dividing the number of attached leaves with approximately 1/3 or more damaged area on the shoot
(in the middle of the crown of alder seedlings) by the total number of attached leaves on the entire shoot.
Shoot length was 18 cm in 4. maximowiczii and 25 cm in A. hirsuta at the end of the measurement. In the
latter species, sylleptic shoots occurred more frequently and the leaf area in this shoot was also included in
the CLI calculation. The feeding damage rate of 4. maximowiczii was clearly smaller than that of 4. hirsuta.
Therefore, in order to make a relative comparison of the feeding damage of the two tree species, the peak of
feeding damage rate among alders, approximately 85% of an individual 4. Airsuta in the end of July, was
correlated to 100%. The other CLI values were also corrected based on the corrected peak of the 4. hirsuta.
For example, when the peak CLI of 4. hirsuta was 85.0% (corrected to 100%) in eCO»xSi, 40% and 75% of
other CLI values are corrected to 47.1% and 88.2%, respectively.
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5) Measurement of leaf traits

To evaluate the ability to defend against insect feeding, intact leaves were collected and analyzed in late July
(before the peak of feeding damage) and mid-September (after the peak). For leaf trait determination,
complete expanded leaves in both species were sampled in the 3™ ~5" leaves counted from shoot top.
Collected leaves from 5 seedlings per each were punched into discs with a leaf punch (10 mm diameter;
Fujiwara Scientific, CO. Ltd., Tokyo), discs were dried in an oven at 60°C for 2 days, LMA was measured as
for physical defense (Koike et al. 2006b), and nitrogen and carbon were analyzed with a NC analyzer (NC-
900, Sumica-Shimadzu; Osaka) to calculate the C/N ratio.

The remaining leaves after disc punching were dried in a freeze-dryer (FLEXI-DRY, FTS system, MA
U.S.A.), ground in a mill, and the total phenolic and CT contents were determined (Matsuki et al. 2004). To
evaluate the No-fixing activity of nodule (Frankia sp.), both species of alder seedlings (two individuals per
one FACE ring) were dug up in late September, and the acetylene reduction method (GC-2014, Shimadzu,
Kyoto) was performed to estimate nitrogenase activity per unit mass of nodule (Tobita et al. 2013a). The
dug-up seedlings were divided into each organ (leaves, stem + branches, root, and nodules), dried, and

weighed dry mass. The leaf area was measured via a scanner (Epson GT-X770).

Statistical analysis

Two-way analysis of variance was conducted (parameters: CO,, soil, and their interactions), with P < 0.05
and P < (.10, indicating a significant difference and a trend, respectively. To evaluate the effects of two fixed
factors (COs; level and soil fertility) on CLI, liner mixed model was conducted with a random factor
(observation day; 29-May to 26-Sep). All statistical analysis was conducted using software R ver. 3.6.3

(www.r-project.org/).

Results

Total number of emerged leaves of both alders were larger in eCO,*Sf than those in aCO,xSi. This trend was
much clear in 4. hirsuta but not in A. maximowiczii. In late September, number of leaves attached to main
shoot was about 6 for A. maximowiczii and 8~11 for A. hirsuta independent of soil fertility (data not shown).
Number of attached, fallen and grazed leaves of A. maximowiczii was almost same independent of treatment.
Attached leaf number in A. hirsuta at eCO; was larger than that at aCO, (P < 0.05). Figure 2 shows CLI per
tree individual. In both species, feeding damage was mainly caused by adults and larvae of alder leaf beetle
(hereafter referred to as adults and larvae). A comparison of feeding damage at its peak of CLI around mid-
August showed that 4. maximowiczii was about 1/5 of that of A. hirsuta (Fig. 2). From the result of liner mixed
model, CLI of 4. maximowiczii was affected by CO, (P < 0.05) but not by soil fertility (P = 0.5). In case of 4.
hirsuta, CO,, soil fertility and this interaction (CO; X soil) significantly affected the CLI (P < 0.001). When
focusing on each season, larval feeding damage became more pronounced in A. maximowiczii in late July and
in A. hirsuta in mid-July. Feeding damage by larvae to leaves in 4. maximowiczii was primarily suppressed at

¢CO; until mid-August. In contrast, difference in CLI of 4. hirsuta derived from soil fertility was large under
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aCO; but small under eCO». As a result, feeding damage by the larvaec was smallest in aCO; x Sf plots and

largest in aCO; x Si plots. However, from mid-August, there was a similar trend in both Alnus tree species;

CLI values were higher under eCO:..

LMA was not affected by CO; treatment for both species, although LMA of both species in July, LMA of

A. maximowiczii was about 8 g m? larger than that of 4. hirsuta in September (Fig. 3). However, LMA was
not affected by soil fertility. In 4. hirsuta, the value of LMA under Si in July was about 10 g m™? larger than
that of Sf (P < 0.05); LMA at both CO> levels in September tended to be slightly lower than in July (P =
0.12). Only A. maximowiczii in July, Sf slightly increased leaf C/N ratio (P < 0.10). However, for the rests,
no statistical difference in C/N ratio was found in both species but no effect of CO; treatment was found for
both species (Fig. 4). On the other hand, in A. hirsuta, there is a little higher trend that the values were
higher in Si than in Sf when the CO; level was low (i.e., aCOy) in July. In 4. hirsuta, the values were
generally lower in September compared to July.

Total phenolic concentrations (ToPhe) in leaves did not differ between treatments (Fig. 5), with A4.
maximowiczii at about 50 mg ¢!, about half that of A. hirsuta, which was measured in July. In September,
there were no difference between species, and 4. maximowiczii tended to be slightly lower concentrations
than in July. In A. hirsuta, on the other hand, the concentration decreased to about half of that in July. CT
ranged from 4 to 8 mg g in A. maximowiczii and from 0.8 to 2.0 mg g™ in 4. hirsuta, namely CT in A.
maximowiczii was 4-5 times higher than in 4. Airsuta (Fig. 6). When compared to the aCO», CT of 4.
maximowiczii was tended to be higher at eCO; in September, this trend was not found under Si condition in
July. Especially in September, CT was higher in Sf soil under aCO, but there was no effect by soil fertility
under eCOs, although ¢CO, showed the highest value of CT in both CO; levels. In 4. hirsuta, there was an
interactive effect of CO, and soil fertility on CT in July (P = 0.08). There were no differences in the rests. 4.
hirsuta produced more leaves after leaf beetle feeding. Nitrogenase activity of A. maximowiczii seemed to be
a little higher in eCO, independent of soil fertility (P = 0.14), while that of A. hirsuta was unaffected by
¢CO; and soil fertility (Fig. 7).

Discussion

The plant defense capacity of leaves increases generally under eCO; with an increase in photosynthesis, and
foliar quality as food for insects decreased with increased LMA and C/N ratio (e.g., Lindroth 2010; Jamloki et
al. 2021). As a result, generally the larvae need to eat more leaves to grow, which is a process with more severe
herbivorous damages under eCO; (e.g., Schoonhoven et al. 2005; Koike et al. 2015). At peak time, the CLI per
tree individual finally increased in eCO; treatments for both Alnus species (Fig. 2). This phenomenon in A.
hirsuta seedlings in phytotron was opposite to other deciduous trees (birch, maple oak) that have a negative
relation between CO; level and survival rate of herbivore insects (Koike et al. 2006b). Although the expectation
was that feeding damage by “new adults” (Fig. 1) after August would be suppressed by eCO, (Schoonhoven
et al., 2005), the results did not support our original expectation. In 4. Airsuta grown under phytotron and
shade condition, the concentration of ToPhe was suggested to play a more important role than CT in feeding
defense (Koike et al. 2001, 2006b).
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The leaf traits (Figs. 3~6) did not explain why feeding damage increased under eCO; for both species in this
study. We made a new hypothesis based on biogenic volatile organic compounds (BVOCs) as an attractant
signal against insects (Masui et al. 2023b) including A. coerulea (Masui et al. 2022). The eCO; has the potential
to alter biological communication via BVOCs. Usually, BVOCs are physiologically synthesized with
photosynthetic products such as acetyl-CoA and glyceraldehyde 3-phosphate, pyruvic acid (Rosenkranz and
Schnitzler 2013), thus eCO; can accelerate the emission of BVOCs through the increased photosynthetic rate
(Staudt et al. 2001; Lupitu et al. 2022). Furthermore, herbivorous damage alters the emission of plant volatiles
such as green leaf volatiles and terpenoids, called “herbivorous induced plant volatiles (HIPVs)” (Douma et
al. 2019), which affects subsequent herbivorous attacks in some cases by attractive/repellent function of HIPVs
against insects (Gish et al. 2015; Masui et al. 2023b). A. hirsuta which exhibits lower defensive ability against
alder leaf beetle (4. coerulea) has more possibility to be affected by herbivores in the emission of HIPVs. Thus,
there may be gaps between A. maximowiczii and A. hirsuta in continuous scheme of attracting 4. coerulea
under changing environmental conditions. Further studies should be needed to focus on the effects of eCO,
and soil nutrients on plant-insect communication via plant volatiles.

In the case of A. maximowiczii at FACE (eCQO,), leaf C/N ratio decreased in Si soils, and this trend was also
expected by the other study (Tobita et al. 2013b). However, there was no change in the C/N ratio of A. hirsuta
by a symbiotic actinomycete (Frankia sp.) and subsequent feeding damage. In the eCO,, the peak period of
feeding damage by leaf beetle was delayed compared to the aCO; (Fig. 2). On the other hand, 4. hirsuta grown
in aCO; x Si, the severe feeding damage that started in late July may have triggered an induced defense and
suppressed feeding damage (Tscharntke et al. 2001; Mostafa et al. 2022), however, this did not differ much
from the eCO,.

In A. maximowiczii and A. hirsuta grown in eCO», feeding damage was more severe in late August (Fig. 2).
In September, there was no difference of ToPhe between CO, treatments in both species (Fig. 5). The aCO, x
Sf treatment had higher CT in A. maximowiczii, but only 2/3 of that in ¢CO,. This trend was also observed in
A. hirsuta (Fig. 6). However, this could not explain the high feeding damage rate of both alder species grown
in ¢CO; from late August. Although we did not observe trichome, we should consider physically induced
defense such as an increase in trichomes in A/nus incana (Bauer et al. 1991).

In July, while CT of A. hirsuta were not affected or a little higher in the Si under aCO,, these values were a
little higher in the Sfunder eCO; (Fig. 6). This suggests that the leaves of A. hirsuta were a relatively
unattractive food source for leaf beetle in the later condition (eCO; x Sf). In that season, the peak of adult
and larval feeding in 4. hirsuta had passed but newly born adult feeding already started (Fig 1 and 2).
However, CT decreased toward September (Fig. 6), which may be responsible for increased CLI in eCO,.
Since the CLI of A. maximowiczii was about 1/5 of that of A. hirsuta, it is considered that 4. maximowiczii
less susceptible to feeding damage than A. hirsuta. A trade-off relationship between defense and growth is
considered to be established to some extent in terms of carbon compound investment (Ziist and Agrawal
2017).

The effects of soil nutrition on N,-fixing activity per unit mass of nodule were not found in both species

(Fig .7), which did not support the original prediction of high activity under Si. In 4. maximowiczii, it was
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higher in the eCO,, while in 4. Airsuta it did not increase in the eCO,. Although Vcmax decreased at eCO»
(Tobita et al. 2010), increased photosynthetic production in 4. maximowiczii under eCO, may have increased
the translocation of photosynthetic products to belowground and increased N»-fixing activity (Feng et al.
2004). On the other hand, the photosynthetic products of 4. Airsuta, which increased under eCO,, were
successively consumed above ground by subsequent leaf production and induced defense following feeding
damage (Tobita et al., 2013a), implying that translocation to the nodules hardly increased. The amount of
leaves per individual 4. hirsuta turned to decrease under eCO; conditions (e.g., Koike 1995), suggesting that
the decrease in leaf area (mass) due to feeding damage reduced the photosynthetic production of A. hirsuta.
In terms of tree response to feeding damage, it is expected that there will be cases of induced defense as
producing CT as for 4. maximowiczii, as suggested by long leaf longevity (Kikuzawa 1980). Also, it is
considered reduced investment in defense but re-growth in 4. hirsuta. These differences may depend on the
species-specific traits such as leaf phenology, tree physiologies, the degree of feeding damage, etc. However,
for making clear on these predictions, it will be necessary to incorporate experiments using low-shading insect
protective nets for vegetables to exclude adult leaf beetles as the main herbivore. And then, we should
investigate the carbon allocation (i.e., induced defense vs. compensatory growth). Moreover, the carbon
allocation to belowground for N»-fixing nodules under eCO; is also considered: The present experiments also
suggest that among the feeding defenses, CT is particularly in responses to feeding damage as found in induced
defense. Furthermore, partitioning of black locust (Robinia pseudoacacia) to rhizobia under eCO, was
isotopically confirmed (Feng et al. 2004). More research should be conducted to acquire information on carbon

allocation, including allocation to BVOCs under high CO; levels.
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377 Figure 1. Life cycle of alder leaf beetle (Agelastica coerulea) at central Hokkaido Island, Japan
378 Courtesy of Dr. Marion Friedrich for photo of Pupa.
379



380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408

100 ~A. maximowiczii

80 -0- aCO.-Si

o A0 el - (p=0.497)
SOl ns (p =L
60 — zggi—glf CO, > sal *

Consumed leaf area index (%)

A. hirsuta
100
| —o— aCO0:-Si
80 -4~ aCO,-Sf
| e €CO,Si
60 a— €COzSf
40 -
. CO,: **
20 1 A s0il: **
0 & CO, > soil- **

I NG NI S S
SN S 4 Fow o7

I BTOAT N w bl

Figure 2. Seasonal changes in the consumed leaf area index (%) in two alder species treated by soil fertility
(Si: infertile vs. Sf: fertile) and CO; levels (aCO,: ambient 370 ppm vs. eCOz: 500 ppm in FACE). The
extent to which the ability of alder leaves to defend themselves against feeding varies with Treatments, the
feeding damage by alder was assessed. For this, 4. Airsuta, which showed the largest feeding damage in
August, was used as a relative value of 100. Vertical bars indicate standard error. Liner mixed model was
conducted with fixed factors (CO; level and soil fertility) and a random factor (observation day; 29-May to
26-Sep); *:P <0.05, **: P<0.01, ***: P<0.001, ns: not significant.
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Figure 3. Leaf mass per area (LMA) in two species of alder (4/nus maximowiczii, A. hirsuta) grown under
different CO, (aCO,: ambient 370 ppm; eCO,: 500 ppm in FACE) and soil fertilities (infertile vs. fertile).
Vertical bars indicate standard error. No statistical significance was found in all values (P > 0.10; two-way
ANOVA).
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Figure 4. Ratio of carbon to nitrogen (C/N) in leaves of Alnus maximowiczii and A. hirsuta grown under
different CO, (aCO;: ambient 370 ppm; eCO>: 500 ppm in FACE) and soil fertilities (infertile vs. fertile).
Vertical bars indicate standard error. In A. maximowiczii grown under fertile soil in July, C/N ratio was
increased (*:P < 0.10; two-way ANOVA). The rests showed no statistical significance difference (P > 0.10).
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477  Figure 5. Total phenolics in leaves of Alnus maximowiczii and A. hirsuta grown under different CO, (aCOx:
478  ambient 370 ppm; eCO,: 500 ppm in FACE) and soil fertilities (infertile vs. fertile).
479 Vertical bars indicate standard error. No statistical difference was found in all data (P > 0.10; two-way

40 ANOVA).
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500  Figure 6. Condensed tannin (CT) in leaves of Alnus maximowiczii and 4. hirsuta grown under different CO,
501  (aCOs: ambient 370 ppm; eCOx: 500 ppm in FACE) and soil fertilities (infertile vs. fertile).

502 Vertical bars indicate standard error. In A. maximowiczii grown under elevated CO; in September, CT was
503  increased. The rests showed no statistical difference in all conditions (P > 0.10). An interaction effect of CO;
504  x soil fertility in A. hirsuta was found in July (P > 0.10; two-way ANOVA). The rests showed no statistical
505 difference in soil fertility and CO; levels.
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528 Figure 7. Nitrogenase activity of nodules of Frankia sp. in late September of Alnus maximowiczii and A.

529  hirsuta grown under different CO, (aCO;: ambient 370 ppm; eCO»: 500 ppm in FACE) and soil fertilities
530  (infertile vs. fertile). Vertical bars indicate standard error. No statistical difference was found in all data (P
531 >0.10; two-way ANOVA).
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