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ABSTRACT

Ozone (03) is a main component of photochemical
oxidants, and a phytotoxic anthropogenic air pollu-
tant. In North America and Europe, the current con-
centration of O3 has been shown to have significant
adverse effects on vegetation. In this review, we
summarize the experimental studies on the effects
of O; on the growth and photosynthetic activity of
Japanese forest tree species to understand the pre-
sent knowledge and provide sound basis for future
research toward the assessment of Oz impacts on
Japanese forest ecosystem. Since the 1990s, seve-
ral Japanese researchers have conducted the experi-
mental studies on the effects of ambient levels of Os
on growth and physiological functions such as net
photosynthesis of Japanese forest tree species.
Although the sensitivity to O; of whole-plant growth
is quite different among the species, it was suggest-
ed that the current ambient levels of O5; in Japan
are high enough to adversely affect growth and
photosynthetic activity of Japanese forest tree spe-
cies classified into high Os sensitivity group such as
Japanese beech. The N load to soil has been shown
to reduce the sensitivity to Oz of Japanese larch and
increase that of Japanese beech. To establish the
critical level of Os for protecting Japanese forest tree
species, therefore, it is necessary to take into acco-
unt the N deposition from the atmosphere. There is
little information on the combined effects of Os and
other environmental factors such as elevated CO,
and drought on growth and physiological functions of
Japanese forest tree species. Therefore, it is necess-
ary to promote the experimental study and accumu-
late the information on the combined effects of Os
and any other abiotic environmental factors on Japan-
ese forest tree species.
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1. INTRODUCTION

Ozone (O;) is a main component of photochemical
oxidants and produced by photochemical reaction of
volatile organic compounds (VOCs) and nitrogen oxi-
de (NO,) (ADORC, 2006; EPA, 2006a). Ozone adver-
sely affects not only human health but also vegetation
(ADORC, 2006; EPA, 2006a). The emissions of pre-
cursor for O; from Asian countries have rapidly in-
creased since the 1970s and surpassed the emissions
from North America and Europe in the mid-1990s
(Ohara et al., 2007; Akimoto, 2003). This situation is
expected to continue for at least next couple decades
(Klimont et al., 2001). In the near future, therefore,
the concentration of ground-level O; is expected to
increase especially in Asian countries including Japan
(Yamaji et al., 2008; Dentener et al., 2006; Derwent
et al., 2002; Emberson et al., 2001).

Since the ambient levels of Os in the USA and Euro-
pe negatively affect growth and physiological func-
tions such as photosynthesis of forest tree species, this
gas is considered as one of the important factors relat-
ing to forest decline and tree dieback in the relevant
regions (Bytnerowicz et al., 2004; Chappelka and Sa-
muelson, 1998; Skdrby et al., 1998; Sandermann et al.,
1997). In Japan, relatively high concentrations of O;
above 100 nL L' (ppb) have been frequently observed
from spring to autumn in several mountainous areas
(Kohno er al., 2007; Takeda and Aihara, 2007; Aihara
et al., 2004; Maruta et al., 1999). Based on the results
of the experimental studies and field surveys, it has
been suggested that Oj is an important environmental
stress relating to the forest decline in Japan (Kume et
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al., 2009; Suto et al., 2008; Takeda and Aihara, 2007;
Yamaguchi et al., 2007b; Kohno et al., 2005; Aihara
et al., 2004; Yonekura et al., 2001a, b; Maruta et al.,
1999).

In Japan, pioneer studies on the effects of O3 on
woody plants were published in the 1970s. Nouchi et
al.(1973a, b) and Matsushima et al. (1977) mainly fo-
cused on Os-induced visible injury and changes in the
ultrastructural characteristics of leaves of several tree
species. Kuno (1980, 1979), Furukawa et al. (1983),
Fujinuma et al. (1987) and Furukawa (1991) reported
the effects of O; on growth or physiological functions
such as net photosynthesis of street trees. Matsumoto et
al. (1992) reported the effects of O; at remarkably high
concentrations on needle gas exchange rates of Japan-
ese cedar (Cryptomeria japonica). Since the 1990s, the
experimental studies on the effects of ambient levels
of O3 on growth, phenological characteristics and phy-
siological functions such as net photosynthesis of Ja-
panese forest tree species have started. To provide
sound basis for future research toward the assessment
of O; impacts on Japanese forest ecosystems, in this
review, we summarize the experimental studies hither-
to reported on the effects of O; on growth and photo-
synthetic activity of Japanese forest tree species.

2. EFFECTS OF O; ON GROWTH OF
JAPANESE FOREST TREE SPECIES

Table 1 indicates the summary of experimental stu-
dies on the effects of O3 on Japanese forest tree spe-
cies. Miwa et al. (1993) reported that the exposure of
Japanese cedar seedlings to relatively high O; concen-
tration (300 ppb) did not induce significant reduction
in the whole-plant dry mass, but induced significant
increase in the ratio of the above-ground dry mass to
root dry mass (Top/Root ratio). Izuta et al. (1996) re-
ported that the whole-plant dry mass and root dry mass
of Japanese beech (Fagus crenata) seedlings were re-
duced by the exposure to ambient levels of O3 (75 and
150 ppb). Yonekura et al. (2001a, b) also reported that
the exposure to ambient level of O; (60 ppb) reduced
dry masses of root, leaf and stem, the whole-plant dry
mass and annual ring width of Japanese beech seedl-
ings. Nakaji and Izuta (2001) and Nakaji et al. (2004)
reported that dry masses of needles and fine roots and
the whole-plant dry mass of Japanese red pine (Pinus
densiflora) seedlings were reduced by the exposure to
ambient level of O; (60 ppb). Aforementioned studies
were conducted using the steady-state O; exposure
system. Because there are seasonal and diurnal varia-
tions in tropospheric O; concentration (Khiem et al.,
2010; EPA, 2006a; Yamaji et al., 2006), O; exposure

system with the variations in the atmospheric concen-
tration of O; observed in the fields needs to be used
for the evaluation of the realistic effects of Oz on for-
est tree species. Matsumura et al. (1996) and Matsu-
mura et al. (1998) conducted experimental studies on
the effects of O; on the growth of several Japanese
forest tree species using an O; exposure system with
seasonal and diurnal variations in the atmospheric
concentration of Os. In the study of Matsumura et al.
(1996), the seedlings of Japanese cedar, Japanese
cypress (Chamaecyparis obtusa) and Japanese zelko-
va (Zelkova serrata) were exposed to O; at 0.4, 1.0,
2.0 and 3.0 times the ambient concentration (12-h
(6:00-18:00) average concentration of O3: 16, 39, 74
and 114 ppb, respectively). The whole-plant dry mass
of Japanese zelkova exposed to 2.0 and 3.0 times the
ambient concentration of O; and that of Japanese cedar
exposed to 3.0 times the ambient concentration of O;
were significantly lower than those exposed to 0.4
times the ambient concentration of Os, while there
was no significant effect of Oz on the whole-plant dry
mass of Japanese cypress. In the study of Matsumura
et al.(1998), the seedlings of Japanese cedar, Nikko
fir (Abies homolepis), Japanese white birch (Betula
platyphylla) and Japanese zelkova were exposed to
05 at 0.4, 1.0, 2.0 and 3.0 times the ambient concentra-
tion (12-h (6:00-18:00) average concentration of Oj:
18, 37, 67 and 98 ppb, respectively). The whole-plant
dry mass of Japanese cedar, Japanese white birch and
Japanese zelkova were decreased linearly with increas-
ing the concentration of O;, while that of Nikko fir
was not. These results indicate that the sensitivity to
O; of the whole-plant growth is quite different among
the Japanese forest tree species.

Aforementioned experimental studies were conduct-
ed within one growing season. However, there are
several reports concerning the carry-over effects of
O; on perennial plants. For example, the exposure to
O; during one growing season changes phenological
characteristics such as delay in the timing of bud break,
and reduces leaf number per bud and growth in the fol-
lowing growing season (Yonekura et al., 2004; Oksa-
nen and Saleem, 1999; Andersen et al., 1997; Pearson
and Mansfield, 1994). Therefore, multi-year experi-
ments are crucial to assessing the degree of adverse
effects of Oz on the growth of forest trees (Ashmore,
1993). Matsumura (2001) conducted the multi-year
experiments. Young trees of 14 species were exposed
to charcoal-filtered air (CF) or non-filtered air (NF)
for three growing seasons at two different sites in
Kanto districts of Japan (Chiba Prefecture and Gunma
Prefecture; 12-h (6:00-18:00) seasonal mean concen-
tration of Os (from April to September) during the ex-
perimental period in CF treatments: 8 and 12 ppb,



67

Effects of O; on Japanese Forest Tree Species

“ssewt K1p Juejd-ajoym uo 1091J0 ON (s219p P221J)
“(aATyIPPY) SSew AIp JOOI PaseaIdd K9 xoonds AemIoN
(112)dwapy x1107)
“(AnIppY) ssew AIp Jue[d-ajoym pue JooI 00y Paseardd(] K7 yore asouedef
(n31aqunyy snuig) JSIU pIoE i .H.xEEEoU
“ssew K1p Jue[d-o[oym U0 1991J9 ON K7 aurd yor|q asouedef suoseas  (vquy) Je qdd 9z pue g raxe y-g1)  equ)
: Summord (ewunnjeqdd /¢ pueg] roaey-z[)  Jojpue
“(AmIppY ) ssew A1p jue[d-ajoym pue Joor Jooys pasearddq  JIAZI0 | aurd par asauedef clog AN‘QD  ewung DLO 2dK)-[ouun, (1007) eanwnsyejy
sise[do1ofyd ur (nqoj3
-ojse[d Jo 1ajoueIp Paseardu] Py pue ° ‘() uo 19352 ON
“(AIIPPY) SIse[dOIO[YO UI ZIS UTRIS YIR)S PUB SIARI] Y} SSAI)S JOJeM JIM PAUIqUIO)) Toquueyd
U 2y W g Sy gy “gipia SULT [enUUR PasBaa(] K¢ 1029q asauedef sAep 9¢] (Kepry)qddp9 4y oAyoL UimoI13 N-A[eIngeN  (q0g) 7v J2 eInyouo §
S8 pue {{) U0 $193JJ9 ON
“(9ATYIPPY) "2U0d 03SIQNY pue 7)) Uy y ‘yuerd SIS Ia)RM [)IM PAUIQUIO)) Jaquieyd
-3[OyM PUE JOOI ‘WS ‘Jed] ‘pnq JO Sassew KIp pasearnd] Ky 1099q asauedey SKep 96| (Repy)qdd9 41D oAYoL MoI3 N-AffeInieN  (81007) 70 12 BINYAUO
53 U0 103113 ON
“(AT)IPPY) "0U0D 0ISIqNY PUE 7)) ‘Y PASLAId
(aA1IpPY)
SSetu AIp JOOYS 0} SSBW AIp J001 JUIJ JO OIJEI Pasealdd (k| ey N 3YS0% ‘S€1 0)
(aAn1pPY) (vioyfisuap snuid) PEO[ N I pauIquioy Joqureyd
ssew A1p Jue[d-o[oym pue J001 dUIj ‘A[PAU PAsLAIdA K] aurd par asauedep skep /1 (Kepryg)qddg9 ‘4D oAyoL, yimoI3 J-A[einieN  (1007) einz] pue 1fexeN
“(on0810u£g) oner 00y /do, pasearoug
“(AIPPY) 7)) pue ™ “y ‘ssew K1p jued-ojoum pasea1nd K] BAOY[9Z dsauedef
“(on081au£g) oner 00y/do, pasearoug (o1 ydayd vpmag)
“(AIPPY) 7)) pue ™y “y ‘ssewr AIp jue[d-a[otm pasearsdq K] yo1q AIym asauedef
“(one810u£g) oner 100y /do, pasearoug (s1dajouioy sarqy)
“(ATIPPY) Py pasealou] “sseur AIp Jue]d-o[oym uo 103130 ON K¢ 1y O{IN WIBI PIOE QI PAUIQUIO))
“(o19310uAg) onyex Jooy/do, pasearouy (qdd g6 19 ‘L€ ‘81 aAr U-]) 9snoyuaald
“(9ATIPPY) "™ pue 7 ‘ssewr AIp Jue[d-0[oym Pasea1dd( 1K Iepad dsauedef SYOM ()7 SOMAQUE X () ‘0T 0T ‘PO BQIYD  PO[IONUOI-JUAWUONAUT  (866]) [P 40 BINWNSIEI
U0 PUB 70 ‘v (Dyvua.Ld SNSD,J) (oyoamy/skep ¢ ‘Kep/y 9) 10UIQR) YIMOIT
VN DY ‘ssew A1p Jue[d-[0ym pue J0OI PAsEAId(] K¢ 1099q asauedef Syoam g qdd gy ‘qdd g/ JD  OAYOL  P9[[OJUOI-JUSWUOIAUG (9661) ‘v 12 v3nz]
‘onje J00y/do], pasearouy (vin.138 DA0Y]aZ)
Py pue ¥ YN ‘YD ‘ssew A1p jued-ajoym pasealnd K] ©AOY[OZ dsauedef
sund.
"109J32 ON K7 @3@%%%&% MNHMM.WW steaf ¢
JO yord uI (qdd $171 ‘bL ‘6 ‘91 onR Y-7) 9SnoYuaaI3
Py pue 7 YYN DY ‘sseur A1p juejd-ajoym pasealodq 1K Iepao asouedep  IBAK/SYOM 7 S0 WAqUE X )€ ‘070 ‘PO BQUD  PI[[ONUOI-JUSWUONAUT  (966]) IV J2 eINWNSIEIA
*(2ATORIZUNOD) YD) PSBAINJ s1eak 7 UTEI PIOE YIIM PIUIQUIO))
“(oATyIppY) onjex Jooy/do T, pasearouy (vonwodp( vriowoyd 1)) JO yord ur (oam/skep ¢ ‘Kep/yy)
“ssew AIp Jue[d-ojoym U0 J09JJ2 ON 1K Jepao asauede[  Jeak/syoom 7] qdd oo ‘qdd goz ‘qdd go1 ‘4D 0ofyor, 210 (£661) 10 12 BAIN
($109332 paurquuo))) 1999 0 By sarvadg uonemq SjuawILaI], uoneoo| fyroe Q0UAIYNY

‘sa1oads 9a1) 35910 9sauedef U0 £ JO S1091J0 Y UO sAPIS [ejuswradx? jo Arewwng | ajgel



Asian Journal of Atmospheric Environment, Vol. 5(2), 65-78, 2011

68

"(9ANIPPY) ¥ pue 1001
PUE 9[PadU JO SaSSBW AIp Pasealdd(] "(9A19eIauN0))

(Lafdwavy x107)

(1-1eak |2y N 3Y 0 ‘0z “0)

Jue[d-9[oym pue Was JO SSSEW AIp Pasealnd] K¢ yore| asouedef DEO] N Uil PALIGUIO)
“(oAmIppY) ¥ pue jueyd SUOSEDs (qdd pg“c9 ‘cp “TI one Y-47) 010 2dfy
-Q[OYM PUB JOOI ‘WIA)S ‘A[PISU JO SISSBU AIP PIseaIda K7 aud pax asauede Suimoid g fQWAIqUE X ()7 ‘C'T 0T 104D ewung asnoyuoaig-axenbg  (9007) ‘v 42 9qEURIE AN
(voruodn( vriowiod{1))
“ssewr A1p Jue[d-o[oym U0 J09J0 ON 1K Iepad asauedep
(popfisuap smuig)
“(oAIppY) ssew A1pjue|d-o[oym pue J00ys PAseaIddq K7 aurd par asauedef
“(aAnIppY) ssew A1p Jue[d-ajoym pue JooI J00yS Paseardd(] Ky 039q asauedep
(muvuLia vjmiag) .
) : (wdd ppg pue / /¢ ore Y-7T)
ssew A1p Jue[d-ojoym uo Jo9jJ2 ON 1L¢  yonq ureyunow asauedef 100 PAIPAS]D (i paUIQUIy)
(o1& ddpyd vjniag) SUOSEQS (qdd 99 ‘cy ‘L1 oar y-z1) D10 24K
“(aAnORIZUNOD) Ssetu AIp Jue[d-a[oym Pasealddq 1K yo1q AIym asauedef Sumoid ¢ f0uAIquEe X ¢'T 0’7 10,{)  Bwung asnoyuaaig-arenbg  (g07) v 4o BINWNSIBIA
“(ATIPPY) 'TYD PuB 09SIqMY JO "OU0D PaseAII SUOSEAS SSAI)S JOJEM YJIM POUIqUIO)) Jaquueyd
(9AOBINUNOD)) Y PISLAIN( K¢ 1933q asauedep Sumoid ¢ (Kepry)qddgo gy ofyoL o013 J-A[eInieN  (5007) ‘7P 42 9qrUBIe M
“(oATIPPY) pnq Jod “ou Jea] paseaIsap (v1vua.o sndv,]) $SAI)S JOJEM YJIM POUIqUIO) Jaquueyd
PUE eaIq pnq UT AB[3p ‘UOISIISQE JEa[ JO UOTBIIIY K¢ 933q asauedep 1k | (Kepry)qddgo‘qd  ofyoL qmoIs JM-AfeIgeN  (p00g) ‘7v 42 eInyouo §
‘N-utajoxd
pue N-PIoe ourte ‘N-1uegIout Jo *ouod pue YIN pue (-1eak | ey N Y081 ‘06 ‘0)
N JO SNIAIOR UO 193]J3 ON “(91051UAS) 003 00SIqIY SUOSEAS PeO[ N ) PauIquio)) Joquueyd
pue y ‘Jue[d-o[0ym PUE Wa)S JO SISSEU AIp PISLAII] K] aurd par asauede SuImoiI3 g (Repyp)qddo9 1D 0AYoL MOI3 N[-A[eIneN ($007) ‘v 12 1eyeN
“(AIpPY) ssewr A1p Jue[d-a[oyMm pue J00I J00YS PaseaIdd K] BAOY[OZ asauedef
“(aAnIppy
10 01}9310uAS) ssewr £1p Jue[d-o[oym pue J0o1 pasealddq 1K1 933q asauedep
“ssewt A1p Jue[d-o[oyMm U0 J09JJ0 ON Ky porjoSuout sna.1ang
“(AIPPY) sseur AIp Jue[d-a[oyMm puE J00I J00YS PASEaId( 1K1 yo1q Aym asauedef
“(9ATIPPY) SSewl AIp 1001 PaseaIda Ky momownxvw snpndoq
“(oATyIppY) ssew AIp Jue[d-o[oym pue J001 paseaddq JAZI0 | Iepad asauedep
“(aAnIPpPY) ssew A1p Jue[d-ajoym pue J0OYS pasealou] Y4 ssa1d£o asoueder
“(eAIppY 10 da31UAS) (o124 s219y)
ssew £1p Jue[d-o[oyA pue J001 J00YS PIsLIIA(] 1YY 11J JOATIS S, YONOA
“(oADIPPY ) sSewt A1p Jue[d-ojoym pue J001 Pasearddq K¢ Iy OIN
"ssewt A1p Jue[d-o[oyMm U0 J09JJ0 ON (vurirf s219y)
“(9ADIPPY) SSewt AIp 1001 Paseadq 1) 11j asauedep
(S1931J0 paurquio)) 13y €0 a3y saradg uoreIn( SuoUIBal], uoneI0| Aoy Q0UAIY

‘panunuod *| ajqer



69

Effects of O; on Japanese Forest Tree Species

“loAnoadSaI ‘BWIUND 10§ 7,11 66T PUB N,§T € “I'S'® W O *K1oan0adsar “wqiy) 10§ ,10 071 PUT N,T ,S€ “I'S' W 67 *A[0A10SA ‘0RO 10 H,67 61 PU N, [, € “I'S'? W 09 :SUOILIO] o) JO pmISuo] pue apmye] ‘UoNeAd]q

“uedef 0) 9A1IRU J0U ST QNS KeAMION :, ‘umepaid Je [eruatod Jajem Jeay *dh ¢Kouaroryye asn 1ojem FN A Surel01d A[qnjos [v10) ST ‘OseuafAxo/aseiAxoqies aeydsoydsiq

-G‘] 2s0[nqLI :00SIqYy Sseul AIp J0OYS 0) Sseul KIP JOOX JO OTeI :01jeI §/Y 2Jel YIMOIS AATR[aI YO ‘ajer uonendsar yrep Py praik wmuenb 10 ¢Kduatorgza asn uagoniu onauisojoyd :FONJ Tequieyd dol-uado :) 10 faselonpar ajeniu YN
£35BJONPaI ALNIU TYIN IUAWILAI) JIe PAIAJ-UOU 3N ‘BoIe Jeo] Jun Jod Jua)uod N Jea] (™ ‘ajel Uone[IuIsse Jdu sy YN ‘ssew £1p Jued-o[oym o) ssew Jed] Jo oel ST {OFH 0} 20UBJONPUOd AAISNIIP [eIewo)s :°§ ‘asejoyiuAs surweinis :go
‘1 woysAsojoyd jo prark wmuenb winwixew :*,7/47 ‘ajex uoendsuer ;7 Suonenuouod [[AYdoofyd :yD Huotuyeal Jre parel[lj-[eooreyd ;1)) ‘Kouslolje uone[Axoqres ;7)) ‘ajel onayjuksoloyd jou pajernjes-0) ™y tajer onayuksojoyd jou 1y

“(9ATIPPY) YIA'T PUe SSew AIp JOOI QUT} PaseaIou]
(012310u£g) vare Jea] ysnpj-pug pue jue[d-ajoym pue joor

(wdd oy, pue 0g¢)
{00 PAIBAS[ YA paUIquI))

JouIqed YimoI3

35120 ‘YIUEIq ‘Je] YSN[J-PUg JO SISSEU AIp PIsearou] 1K 1930q asouedef sYoam g1 (YoamysAep¢ ‘Aep/y9)qdd 001 1D OANOL  PO[[OTUCI-JUSWUONAUY  (0](7) IV J2 dqeueep
“"N/N-PIoe ourue pue N/N-Iue3Iour jo soue: pue g9 (j-1eak | ey N 306 ‘0C “0)
PUE YIN JO SANIANIE U0 N-OIUESIOUT UO S)I3JJ2 ON PeO] N (I pauIquio)
“(9ATIPPY) U0J PI9' OUIUIE JIPIOR PAsealou] *(no3Iauks) SUOSES (qdd $8 ‘c9 ‘¢t ‘71 oAR YY) D10 2dfy
O1JBI N/JS.L PUB 0u0d JS.L, ‘ANAnoR YN paseardaq K7 1039q 9souedef Suimoid ¢ fQWAqUE X ()7 ‘CT 0T I0 )  ewung asnoyuadig-azenbg  (0107) ‘7v %2 yongewe
*(SATNIPPY) ¥ PUB SIABI[ P3YS JO "OU PasLAIIU] (jeak | ey N 306 ‘0T ‘0)
“(ADIPPY J0 onoFIouLS) 7 pue SSew AIp J00I PIsearda( PeO[ N YA pauIquio))
(ona310uAg) ssew £1p Jea] ysnjj-pug pasealou] ‘(SADIPPY) SUOSLas (qdd 8 ‘c9 ‘¢t ‘71 AR U-p7) D10 24K
Jueld-a[oyM pue tWa)s ‘Jea] JO Sassew AIp pasealnd K7 11pjoqais sisdounisn) Suimoid ¢ §0IAIQUE X )T ‘ST 0T I04D)  pwung asnoyuaars-arenbg  (8007) IV 12 dqEUBIE AL
“(AIIPPY 10 012310ULS) A)NATIOR 00SIGNY PAsLAINR(] (13 | 2y N 306 ‘0T “0)
(3AIPPY) [UD PUe JS, “09SIqNY JO “9U0d PUr FOM 7 PO N YA paulquio)
Pasea1dd(q "(o1e51auAg 10 2ANIPPY) ANNJ Pue v ueld SUOSES (qdd $8 ‘c9 ‘¢t 71 AR YY) D10 2dfy
-0[0UA PUB JOOI ‘TA)S ‘Je] JO SSSLUW AIP PAsLaIda( K7 DIDLIAS SNIINT) Sumoid ¢ fQWAIquE X ()7 ‘S’ ‘0’1 10,)  ewung asnoyuaard-arenbg  (£007) ‘v 4o aqeueIep
(sATy0R1)
-unoy) 10 ARIPPY) ¥\ pue °3 pasearou] (onaSIouAs)
00SIqMY JO U0 10 AJIAIIIE PASLaIda( "(SANIPPY 10 (13 | 2y N 306 ‘0 “0)
o1a310UAS) AN PUE ¥ pasealdaq] ‘(9ANIPpY) olel S/ PBOI N YA paulquion
PUE JOOI PUE WA)S JO SasSeul AIp pasearad(] “(dnjeS1ouks) SU0SEas (qdd $8 ‘€9 “Cp “TT AR YY) D10 2dK
jued-o[oym pue youelq ‘Jea] Jo sassewr KIp pasearddq K7 1933q asauedef Sumoid ¢ fQAqUE X ()7 ‘ST ‘0T 10,)  ewung asnoyuaaig-arenbg (q7007) v 12 onSewe §
*(3ATNIPPY) SAB] UI PIOE OUTWIE JIPIOE JO "UOI PASLAIIU] (;-1eak | ey N Y06 “0C “0)
“(aATYIPPY) S9AR3] UT pIoe ourtue rejoduou pue PeO[ N [JIM pauIquio)
S 09s1qny JO "9U0d pue 7 ‘Y Pasealoaq ‘(ANIPPY) uoseas (qdd 68 *v9 ‘¢ “¢1 aAe U-4() D10 odky
jue[d-ajoym pue 1001 ‘WS JO Sassew KIp Pasealda(q V4 1039q asaueder Suimois | S0 WAIqUE X (7 ‘ST 0T 10,JD)  ewunn asnoyuaaig-arenbg (e/(07) v 12 yonSewe x
" U0 193JJ2 ON “(eAnIppY) uefd
-[0UA PUE JOOI ‘TUJ)S ‘3[PAU JO SASSeUI KIP Pasearddq K Tepad asauedef
(s109330 paurquio))) s108j4 €0 By sanvadg uoneInq SjuaUIIBAI], uones0T foeg 20U2IJoY

"panunuos ", ajqel



70  Asian Journal of Atmospheric Environment, Vol. 5(2), 65-78, 2011

Table 2. Classification of Japanese forest tree species into the O; sensitivity groups (after Kohno er al., 2005, with permission).

Critical level

Oj; sensitivity Type Species (Daylight AOT40)
High Broad-leaved Deciduous Populus maximowiczii, Populus nigra, 8-15ppm h
Japanese beech, Japanese zelkova
Evergreen Castanopsis sieboldii
Coniferous Deciduous Japanese larch
Evergreen Japanese red pine
Moderate Broad-leaved Deciduous Quercus serrata, Japanese white birch 16-30 ppm h
Evergreen Quercus myrsinaefolia, Cinnamomum camphora
Coniferous Evergreen Nikko fir
Low Broad-leaved Deciduous Quercus mongolica var. grosseserrata 31ppm h<
Evergreen Lithocarpus edulis, Machilus thunbergii
Coniferous Evergreen Japanese black pine, Japanese cedar

Japanese cypress

High Oj; sensitivity: The whole-plant dry mass increment was significantly reduced by the exposure to ambient level of Os.

Moderate O; sensitivity: The whole-plant dry mass increment was significantly reduced by the exposure to 1.5 or 2.0 times ambient level of O;.
Low O; sensitivity: The whole-plant dry mass increment was not significantly reduced by the exposure to 1.5 or 2.0 times ambient level of Os.
Daylight AOT40: accumulated exposure over a threshold of 40 ppb Os during daylight hours from April to September (6 months).

Daylight hour: global radiation >50 W m™2,

respectively; those in NF treatments: 26 and 37 ppb,
respectively). The ambient levels of O; reduced the
whole-plant dry mass of Japanese red pine, Japanese
larch (Larix kaempferi), Veitch’s silver fir (Abies veit-
chii), Japanese white birch, Japanese beech and Ja-
panese zelkova at the both sites. Kohno ez al. (2005)
summarized several results of experimental studies
conducted for multiple growing seasons on the effects
of O3 on forest tree species (e.g. Matsumura, 2001;
Matsumura and Kohno, 1999). The sensitivity of each
tree species to O3 was classified into 3 groups (high,
moderate and low) based on the response of the whole-
plant dry mass growth to O;(Table 2). For example,
Japanese larch and Japanese beech have been classified
into high O; sensitivity group; Japanese white birch
and Nikko fir have been classified into moderate O3
sensitivity group; Japanese cedar and Japanese cypress
have been classified into low O sensitivity group.
Recently, Takeda and Aihara (2007) showed that O;
negatively affects growth and photosynthetic parame-
ters of Japanese beech grown under field condition at
Tanzawa Mountains where the decline of Japanese
beech forest has been reported. Kume et al. (2009)
suggested the possibility that recent increase in the
atmospheric concentration of Oj; is an important factor
of Japanese beech decline at Mt. Tateyama based on
the results of their field survey. These results and those
obtained from the experimental studies clearly indi-
cate that current ambient levels of O; in Japan are
high enough to adversely affect growth of Japanese
forest tree species especially in those classified into

high O; sensitivity group such as Japanese beech.

3. EFFECTS OF O; ON THE
PHOTOSYNTHETIC ACTIVITY AND
OTHER RELATED FUNCTIONS OF

JAPANESE FOREST TREE SPECIES

Izuta et al. (1996) and Matsumura et al. (1996) re-
ported that relative growth rates (RGRs) of Japanese
beech, Japanese cedar and Japanese zelkova were re-
duced by the exposure to O;. In their studies, the Os-
induced reductions in net assimilation rate (NAR) and
net photosynthetic rate of the leaves or needles were
reported. These results indicate that the Os-induced
reduction in the growth was mainly due to that in the
net photosynthetic rate of the leaves or needles. It
was also reported that the exposure to O; reduced the
net photosynthetic rate of the leaves or needles of Ja-
panese white birch, Japanese red pine, Japanese larch,
Q. serrata and C. sieboldii (Watanabe et al., 2008,
2007, 2006; Nakaji et al., 2004; Nakaji and Izuta, 2001;
Matsumura et al., 1998). When net photosynthetic rate
was reduced by the exposure to O3, simultaneous re-
ductions in the carboxylation efficiency (CE), CO,-
saturated net photosynthetic rate (A,,x) and/or maxi-
mum quantum yield of photosystem (PS) II (F,/F,,),
and increase in the stomatal diffusive conductance to
water vapor (g;) in the leaves or needles of Japanese
forest tree species were also observed (Yamaguchi et
al., 2007a; Watanabe et al., 2005; Nakaji and Izuta,



2001; Yonekura et al., 2001a, b; Matsumura et al.,
1998, 1996; Izuta et al., 1996). It was documented that
the exposure to Oz reduced the concentration and acti-
vity of ribulose 1,5-bisphosphate carboxylase/oxyge-
nase (Rubisco) and chlorophyll concentration in the
leaves or needles of Japanese forest tree species (Wa-
tanabe et al., 2007, 2005; Yamaguchi et al., 2007a, b;
Nakaji et al., 2004; Nakaji and Izuta, 2001; Yonekura
et al., 2001a; Izuta et al., 1996; Miwa et al., 1993).
Yonekura et al. (2001b) reported that the Os-induced
reduction in net photosynthetic rate was firstly due to
the reduction in the quantity and/or activity of Rubisco
in the leaves of Japanese beech. Therefore, there is a
possibility that the exposure to Oj firstly reduces the
capacity of carbon fixation in the chloroplasts resulting
in the reduction in net photosynthetic rate of the leaves
or needles of Japanese forest tree species.

Proteins such as Rubisco in the leaves or needles
represent the predominant N fraction (Feller, 2004;
Spreitzer and Salvucci, 2002). Ozone exposure has
been shown to reduce the concentration of total solu-
ble protein (TSP) in the leaves of Q. serrata and Ja-
panese beech (Watanabe et al., 2007; Yamaguchi et al.,
2007a, b). Watanabe et al.(2007) and Yamaguchi et
al. (2007b) reported that the exposure to O; reduced
photosynthetic nitrogen use efficiency (PNUE) in the
leaves of Q. serrata and Japanese beech. In the case
of Japanese beech, the exposure to O; did not signifi-
cantly affect N concentration in the leaves, suggesting
that Os induces alterations in foliar N metabolism and
also a reduction in the availability of N for photosyn-
thesis in the leaves (Yamaguchi et al., 2007b). There
is limited information on the effects of O; on N meta-
bolism in the leaves or needles of Japanese forest tree
species (Yamaguchi et al., 2010, 2007a; Nakaji et al.,
2004). Nakaji et al. (2004) reported that the exposure
to Os did not significantly affect the activities of nitra-
te reductase (NR) and nitrite reductase (NiR) and con-
centrations of inorganic N compounds (NO;~, NO,~
and NH,%) and free amino acid in the needles of Ja-
panese red pine. On the other hand, Yamaguchi et al.
(2010, 2007a) reported the Osz-induced inhibition of
resorption of N from the leaves in autumn, reductions
in the NR activity and the ratio of TSP concentration
to N concentration and increase in the concentration
of acidic amino acid in the leaves of Japanese beech.
At the present time, it is unclear how O; affects N
metabolism in the leaves of Japanese forest tree spe-
cies. To clarify the mechanisms underlying the detri-
mental effects of O; on Japanese forest tree species,
therefore, further research concerning the effects of
O; on physiological functions such as foliar N metabo-
lism is required.
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4. COMBINED EFFECTS OF O; AND

OTHER ABIOTIC ENVIRONMENTAL

FACTORS ON JAPANESE FOREST
TREE SPECIES

Izuta (2002, 1998) and Izuta et al. (2001) reviewed
experimental studies on the combined effects of O;
and simulated acid rain on Japanese forest tree spe-
cies. Recently, it was pointed out that the interactive
effects of O3, N deposition, elevated carbon dioxide
(CO,) and climate change such as drought stress must
be key issues to predict forest future in the changing
environment (Paoletti ef al., 2010). In this section, we
focused on the combined effects of O; and N load to
soil, elevated CO, or drought on growth, photosynthe-
tic activity and other related functions of Japanese
forest tree species.

4.1 Nitrogen Load to Soil

Atmospheric deposition of N to terrestrial ecosys-
tems has been increasing with elevated anthropogenic
emissions of N since the industrial revolution (Richter
et al., 2005; Galloway et al., 2004, 2003; IPCC, 2001).
Because N is a limiting nutrient for plant growth in
terrestrial ecosystems (Vitousek and Howarth, 1991),
an increase in N input to forest ecosystems generally
stimulates tree growth. However, many researchers
suggested that excessive deposition of N such as ni-
trate and ammonium from the atmosphere to forest
ecosystems might induce soil acidification, modify tree
nutrient status and increase the sensitivity of trees to
other environmental stresses such as gaseous air pol-
lutants (Aber et al., 1989; Schulze, 1989; Nihlgard,
1985).

Based on the monitoring data and estimations of O;
concentration and atmospheric N deposition in East
Asia (Network Center for EANET, 2011; Yamaji et
al., 2006; Kohno et al., 2005), there is the possibility
that forest tree species are adversely affected not only
by O3, but also by excessive N deposition in East
Asian countries including Japan. In the experimental
studies of Watanabe et al. (2008, 2007, 2006) and Ya-
maguchi et al. (2010, 2007b), seedlings of Q. serrata,
Japanese beech, C. sieboldii, Japanese red pine, Japan-
ese larch and Japanese cedar were grown in potted
soil supplied with N as NH,NOj; solution at 0, 20 and
50kg ha ! year ! and simultaneously exposed to char-
coal-filtered air or O3 at 1.0, 1.5 and 2.0 times the
ambient concentration for two growing seasons (24-h
seasonal mean concentration of O (from April to Sep-
tember) during the experimental period: 12, 43, 63
and 84 ppb, respectively). Watanabe et al. (2008, 2007,
2006) reported the additive effects of O; and N load
on growth of the seedlings of Q. serrata, C. sieboldii,
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Japanese red pine and Japanese cedar. On the other
hand, significant interactive effects of O; and N load
on growth were detected in Japanese larch and Japan-
ese beech (Yamaguchi et al., 2007b; Watanabe et al.,
2006). The relationships between relative whole-plant
dry mass increment of Japanese larch or Japanese
beech and daylight AOT40 of O (accumulated expo-
sure over a threshold of 40 ppb during daylight hours
(global radiation>50 W m™2), see Fig. 1) were shown
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Fig. 1. Conceptual diagram for the calculation of daylight
AOT40 of O;(accumulated exposure over a threshold of 40
ppb, nmol mol™! h or umol mol™! h). Shaded area contributes
to daylight AOT40. Daylight hour: global radiation >50W
m2
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in Fig. 2. Daylight AOT40 is the sum of the difference
between the hourly mean O; concentration and 40 ppb
for all daylight hours (shaded area in Fig. 1) within a
specified time period (from April to September in this
case). The calculation of the relationships was based
on the method of Karlsson et al. (2004). The coeffi-
cient of determination (R?) obtained from linear regre-
ssion analysis and the slope of regression line in each
N treatment are indicated in Fig. 2. The absolute value
of the slope of regression line indicates the sensitivity
to O; of whole-plant dry mass growth of the seedlings.
While the N load to soil reduced the sensitivity to O;
of whole-plant dry mass growth of Japanese larch
(Watanabe et al., 2000), it increased that of Japanese
beech (Yamaguchi et al., 2007b). These results indi-
cate that the combined effect of O; and N load on
growth is quite different among the Japanese forest
tree species.

Nakaji and Izuta (2001), Nakaji et al. (2004) and
Watanabe et al. (2006) reported that the N load to soil
did not change the degree of Osz-induced reduction in
net photosynthetic rate in the needles of Japanese red
pine and Japanese larch. In contrast, the degrees of
O;-induced reduction in net photosynthetic rate of Q.
serrata, Japanese beech and C. sieboldi became high
with increasing the amount of N load to soil (Watanabe
et al., 2008, 2006; Yamaguchi et al., 2007b). To clarify
the mechanisms underlying the combined effects of O;
and N load on net photosynthesis of Japanese forest
tree species, Yamaguchi et al. (2010, 2007b) investi-
gated the effects of O; and N load on the concentration
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Fig. 2. The relationships between relative whole-plant dry mass increment (DMI) of Japanese larch and Japanese beech
seedlings per one growing season and daylight AOT40 of O;. The seedlings were grown in the soil supplied with N as NH4;NO;
solution at 0 (NO), 20 (N20) or 50kg ha ! year ! (N50) and simultaneously exposed to charcoal-filtered air or Os at 1.0, 1.5 and
2.0 times ambient concentration. Data source: Watanabe et al. (2006) and Yamaguchi et al. (2007a, b).



Effects of O; on Japanese Forest Tree Species

3.0

73

ANOVA ANOVA ANOVA
@ (b) (©)
O3 n.s. 0.30 O3 * O3 n.s
N sk . ' N sokok 2.5F N n.s
© 015F _O0:xN * r‘“E 0O3;xN Kk a 0; XN *
g OB ———— ; .
- ehn 2.0 -
E g o
z 2 =
£ 010 E 2 15t
Q = a
i 3 17
g s = 1of
el
é’ 0.05 2
0.5F
0 O %
50 0 20 50
N load (kg ha™! year™") N load (kg ha™! year™") N load (kg ha™! year™!)
‘ Ocr  Eoxo, [EHi15x0, HW20xo0;

Fig. 3. Effects of O; and N load on activity of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco), concentration of total
soluble protein (TSP) and ratio of TSP to leaf N content per unit leaf area (TSP/N) in the leaves of Japanese beech. The standard
deviation is given by vertical bar. Two-way ANOVA: *p<0.05, ***p<0.001, n.s.=not significant. Different letters above the
bar indicate significant difference among the 12 treatments (Tukey’s HSD test, p<0.05). Data source: Yamaguchi et al. (2010,

2007b).

and activity of Rubisco, enzyme activity of N metabo-
lism and concentrations of amino acid and soluble pro-
tein in the leaves of Japanese beech seedlings. In their
studies, the seedlings of Japanese beech were grown
in the soil supplied with N as NH4,NOj; solution at 0,
20 or 50kg ha™! year™! and simultaneously exposed to
charcoal-filtered air (CF) or O5 at 1.0, 1.5 and 2.0
times ambient concentration. The exposure to O3 sig-
nificantly reduced the concentration and activity of
Rubisco in the leaves of the seedlings grown in relati-
vely high N load treatment, but not in relatively low
N load treatment (Fig. 3a). This result indicates that the
interactive effect of O; and N load on net photosynthe-
tic rate is mainly attributed to the difference in the de-
grees of Oz-induced reduction in the amount of Rubis-
co among the N treatments (Yamaguchi et al., 2007b).
Furthermore, the exposure to O; reduced the concen-
tration of TSP and the ratio of TSP concentration to
leaf N concentration in relatively high N load treat-
ment, but not in relatively low N load treatment (Fig.
3b and c). Therefore, Yamaguchi et al.(2010) con-
cluded that the exposure to Oz reduced the allocation
of N to soluble protein in the leaves of Japanese beech
seedlings grown under relatively high N load, but did
not in the leaves of the seedlings grown under a rela-
tively low N load.

4.2 Elevated CO, and Drought
Elevated CO, and drought are well known to affect
the sensitivity of forest tree species to O;(e.g. EPA,

2006b). Unfortunately, there is little information on
the combined effects of O3 and elevated CO, or soil
water stress on Japanese forest tree species (Watanabe
et al., 2010, 2005; Matsumura et al., 2005; Yonekura
etal.,2001a, b).

Matsumura et al. (2005) reported that the effect of
elevated CO, on Os-induced reduction in growth was
counteractive in Japanese white birch seedlings, while
not in the Japanese mountain birch (Betula ermani),
Japanese beech, Japanese red pine and Japanese cedar
seedlings. This result indicates that the combined effect
of O; and elevated CO, is different among Japanese
forest tree species. On the other hand, Watanabe et
al. (2010) reported that the simultaneous exposure to
O; and elevated CO, induced marked growth stimula-
tion of Japanese beech seedlings as compared with
those exposed to elevated CO,. Yonekura et al. (2001a,
b) reported the additive effects of Oz and soil water
stress on the growth of Japanese beech seedlings. On
the other hand, Watanabe er al. (2005) reported that
chronic soil water stress counteracted the negative
effects of O; on net photosynthesis of the leaves of
Japanese beech seedlings. Combined effects of O3 and
other environmental factors such as elevated CO, and
drought on growth and physiological functions of Ja-
panese forest tree species are still poorly understood.
Therefore, it is necessary to promote the experimental
study and accumulate the information on the combined
effects of O; and any other abiotic environmental fac-
tors on growth, physiological functions and nutrient
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status of Japanese forest tree species.

5. CRITICAL LEVEL OF O; FOR
PROTECTING JAPANESE FOREST
TREE SPECIES

The ambient levels of O; in Japan have been shown
to adversely affect growth and photosynthetic activity
of Japanese forest tree species especially in those clas-
sified into high Oj; sensitivity group as mentioned
above. In Europe, the concept of critical level has been
developed to prevent long-term injury and damage of
air pollutants to the receptors such as plants (Mills et
al., 2010). The critical levels for vegetation are defined
as the concentration, cumulative exposure or cumula-
tive stomatal flux of atmospheric pollutants above
which direct adverse effects on sensitive vegetation
may occur according to present knowledge (Mills et
al., 2010). At the present time, to define the concentra-
tion-based critical levels for O;, AOT40 has been adop-
ted for use within the United Nations Economic Com-
mission for Europe (UNECE) Convention of Long-
Range Trans-boundary Air Pollution (CLRTAP) and
the European Union (Mills et al., 2010; Ashmore et
al., 2004). As a result of much efforts directing to esta-
blishing the critical level of Os, critical level for forest
trees has been defined as 5umol mol™' h (ppm h) of
daylight AOT40 accumulated over a six-month grow-
ing season (from April to September) associated with
a 5% growth reduction per one growing season for
sensitive deciduous tree species native to Europe such
as European beech (Fagus sylvatica) and European
birch (Betula pendula) Mills et al., 2010; Karlsson et
al., 2004). Because the vegetation and climatic condi-
tion in Japan is quite different from that in Europe,
critical level of O for forest tree species in Europe is
not directly applicable to that in Japan (Kohno et al.,
2005). Kohno et al. (2005) proposed that provisional
critical level of Oj for Japanese forest tree species
classified into the high O; sensitivity group such as
Japanese larch and Japanese beech is 8-15ppm h of
daylight AOT40 accumulated over one growing sea-
son (from April to September) associated with a 10%
reduction in the increment of the whole-plant dry mass
per one growing season (Table 2). However, N deposi-
tion from the atmosphere should be taken into account
to evaluate the critical level of Oj; for protecting Japan-
ese forest tree species, because the sensitivities of
Japanese larch and Japanese beech to O; are influen-
ced by the amount of N load to soil (Yamaguchi et al.,
2007b; Watanabe et al., 2006). Furthermore, as indi-
cated by Matsumura et al. (2005) and Watanabe et
al.(2010), it is necessary to take into account the en-

vironmental factors such as atmospheric CO, concen-
tration to evaluate the critical level of Os. To establish
the critical level of O; for protecting Japanese forest
tree species, therefore, further research concerning
the combined effects of Oz and other abiotic environ-
mental factors on the growth of Japanese forest tree
species is required.

Ozone enters the leaf through the stomata and then
injures cellular components such as plasma mem-
brane (Nouchi, 2002). Since the real impacts of O;
mainly depend on the amount of O; reaching the sites
of damage within the leaf, cumulative flux or uptake
of Oj through the stomata and associated response
functions are suitable for mapping and quantifying
impacts of Oj; at the local and regional scale (Mills et
al., 2010). Therefore, atmospheric concentration-based
critical level of O3 expressed as AOT40 can be used
only for estimating the risk of damage. The approach
based on the O; flux into leaves or needles requires
the development of mathematical models to estimate
stomatal Oz uptake primarily from the knowledge of
stomatal responses to environmental factors (e.g. Em-
berson et al., 2000a, b). At the present time, however,
there is limited information on stomatal flux of O; into
the leaves or needles of Japanese forest tree species
(Hoshika et al., 2009). Therefore, it is necessary to
promote the research toward the modeling of stomatal
flux of O; for the final purpose of mapping and quanti-
fying the impacts of Oz on Japanese forest tree species.

6. CONCLUSION AND PERSPECTIVES

Based on the results obtained from the experimental
studies, the current levels of O; in Japan are high
enough to adversely affect growth of Japanese forest
tree species with relatively high O; sensitivity such as
Japanese beech. To protect Japanese forest, therefore,
we need to establish the critical level of O3, primarily
using AOT40 index, for Japanese forest tree species
with consideration of other abiotic environmental fac-
tors affecting the sensitivity to O; such as N deposition
from the atmosphere. In addition to the estimating the
risk of damage of O; using AOT40 index, it is neces-
sary to quantify the impacts of O; on Japanese forest
tree species. For this purpose, it is necessary to pro-
mote the research toward the modeling of stomatal
flux of Oj; into the leaves or needles of Japanese forest
tree species. Furthermore, Kohno et al. (2005) pointed
out whether results obtained from experimental studies
on the effects of O; on the growth of Japanese forest
tree species using the seedlings could be applicable to
the evaluation of Os-induced adverse effects on the
growth of mature trees grown under natural conditions



or not. To understand and evaluate the actual impacts
of O3 on the growth and physiological functions of
Japanese forest tree species grown in the field, there-
fore, further research is required for the scaling effects
of O; from seedlings to mature forest trees.

ACKNOWLEDGEMENTS

This study was financially supported by the Ministry
of the Environment, Japan through the programs of
Global Environmental Research Fund (C-07, 2003-
2005) and Environment Research and Technology De-
velopment Fund (B-1105).

REFERENCES

Aber, J.D., Nadelhoffer, K.J., Steudler, P., Melillo, J.M.
(1989) Nitrogen saturation in Northern forest ecosys-
tems. Bioscience 39, 378-386.

ADORC (Acid Deposition and Oxidant Research Center)
(2006) Tropospheric ozone: A growing threat. ADORC
(Acid Deposition and Oxidant Research Center), Nii-
gata, Japan, pp. 1-16.

Aihara, K., Aso, T., Takeda, M., Koshiji, T. (2004) Actual
condition of forest decline and approach (II) The pheno-
mena of forest decline at Tanzawa Mountain in Kana-
gawa prefecture. Journal of Japan Society for Atmos-
pheric Environment 39, A29-A39. (in Japanese)

Akimoto, H. (2003) Global air quality and pollution. Sci-
ence 302, 1716-1719.

Andersen, C.P., Wilson, R., Plocher, M., Hogsett, W.E.
(1997) Carry-over effects of ozone on root growth and
carbohydrate concentrations of ponderosa pine seedl-
ings. Tree Physiology 17, 805-811.

Ashmore, M. (1993) Critical levels for ozone. In Critical
levels of air pollutants for Europe (Ashmore, M. and
Wilson, R.B. Eds), Egham, U. K, pp. 20-47.

Ashmore, M., Emberson, L., Karlsson, P.E., Pleijel, H.
(2004) New directions: A new generation of ozone
critical levels for the protection of vegetation in Europe.
Atmospheric Environment 38, 2213-2214.

Bytnerowicz, A., Godzik, B., Grodzinska, K., Fraczek,
W., Musselman, R., Manning, W., Badea, O., Popescu,
F., Fleischer, P. (2004) Ambient ozone in forests of the
Central and Eastern European Mountains. Environmen-
tal Pollution 130, 5-16.

Chappelka, A.H., Samuelson, L.J. (1998) Ambient ozone
effects on forest trees of the Eastern United States: A
review. New Phytologist 139, 91-108.

Dentener, F., Stevenson, D., Ellingsen, K., van Noije, T.,
Schultz, M., Amann, M., Atherton, C., Bell, N., Berg-
mann, D., Bey, 1., Bouwman, L., Butler, T., Cofala, J.,
Collins, B., Drevet, J., Doherty, R., Eickhout, B., Eskes,
H., Fiore, A., Gauss, M., Hauglustaine, D., Horowitz,
L., Isaksen, I.S.A., Josse, B., Lawrence, M., Krol, M.,

Effects of O; on Japanese Forest Tree Species 75

Lamarque, J.F., Montanaro, V., Miuller, J.F., Peuch,
V.H., Pitari, G., Pyle, J., Rast, S., Rodriguez, J., San-
derson, M., Savage, N.H., Shindell, D., Strahan, S.,
Szopa, S., Sudo, K., van Dingenen, R., Wild, O., Zeng,
G. (2006) The global atmospheric environment for the
next generation. Environmental Science and Techno-
logy 40, 3586-3594.

Derwent, R., Collins, W., Johnson, C., Stevenson, D.
(2002) Global ozone concentrations and regional air
quality. Environmental Science and Technology 36,
379-382.

Emberson, L.D., Wieser, G., Ashmore, M.R. (2000a)
Modelling of stomatal conductance and ozone flux of
Norway spruce: comparison with field data. Environ-
mental Pollution 109, 393-402.

Emberson, L.D., Ashmore, M.R., Cambridge, H.M., Simp-
son, D., Tuovinen, J.-P. (2000b) Modelling stomatal
ozone flux across Europe. Environmental Pollution
109, 403-413.

Emberson, L.D., Ashmore, M.R., Murray, F., Kuylenstier-
na, J.C.L,, Percy, K.E., Izuta, T., Zheng, Y., Shimizu,
H., Sheu, B.H., Liu, C.P., Agrawal, M., Wahid, A.,
Abdel-Latif, N.M., van Tienhoven, A.M., de Bauer,
L.I.,, Domingos, M. (2001) Impacts of air pollutants on
vegetation in developing countries. Water, Air, & Soil
Pollution 130, 107-118.

EPA (Environmental Protection Agency) (2006a) Air qua-
lity criteria for ozone and related photochemical oxi-
dants Vol. I, U.S. Environmental Protection Agency,
Research Triangle Park, NC, USA, pp. E-1-34.

EPA (Environmental Protection Agency) (2006b) Air qua-
lity criteria for ozone and related photochemical oxi-
dants Vol. III, U.S. Environmental Protection Agency,
Research Triangle Park, NC, USA, pp. AX9-87-155.

Feller, U. (2004) Proteolysis. In Plant Cell Death Pro-
cesses (Noodén, L.D. Eds.), Elsevier Science, Califor-
nia, USA, pp. 107-124.

Fujinuma, Y., Furukawa, A., Totsuka, T., Tazaki, T.
(1987) Uptake of O; by various street trees. Environ-
ment Control in Biology 25, 31-39.

Furukawa, A., Katase, M., Ushijima, T., Totsuka, T.
(1983) Inhibition of photosynthesis of poplar species
by ozone. Journal of the Japanese Forestry Society 65,
321-326.

Furukawa, A. (1991) Inhibition of photosynthesis of Popu-
lus euramericana and Helianthus annuus by SO,, NO,
and Os. Ecological Research 6, 79-86.

Galloway, J.N., Aber, J.D., Erisman, J.W., Seitzinger, S.P.,
Howarth, R.W., Cowling, E.B., Cosby, B.N. (2003)
The nitrogen cascade. Bioscience 53, 341-356.

Galloway, J.N., Dentener, F.J., Capone, D.G., Boyer,
E.W., Howarth, R.W., Seitzinger, S.P., Asner, G.P.,
Cleveland, C.C., Green, P.A., Holland, E.A., Karl,
D.M., Michaels, A.F., Porter, J.H., Townsend, A.R.,
Vorosmarty, C.J. (2004) Nitrogen cycles: past, present,
and future. Biogeochemistry 70, 153-226.

Hoshika, Y., Hajima, T., Shimizu, Y., Takigawa, M.,
Omasa, K. (2009) Effect of growing season on ozone



76  Asian Journal of Atmospheric Environment, Vol. 5(2), 65-78, 2011

stomatal flux for deciduous forests in East Asia. Eco-
Engineering 21, 3-8.

IPCC (Intergovernmental Panel on Climate Change)
(2001) Climate change 2001: the scientific basis, Uni-
versity Press, Cambridge, pp. 196.

Izuta, T. (1998) Ecophysiological responses of Japanese
forest tree species to ozone, simulated acid rain and soil
acidification. Journal of Plant Research 111, 471-480.

Izuta, T.(2002) Studies on the effects of ozone and acid
deposition on Japanese crop plants and forest tree spe-
cies. Journal of Japan Society for Atmospheric Envi-
ronment 37, 81-95. (in Japanese with English summary)

Izuta, T., Umemoto, M., Horie, K., Aoki, M., Totsuka, T.
(1996) Effects of ambient levels of ozone on growth,
gas exchange rates and chlorophyll contents of Fagus
crenata seedlings. Journal of Japan Society for Atmos-
pheric Environment 31, 95-105.

Izuta, T., Matsumura, H., Kohno, Y., Shimizu H. (2001)
Experimental studies on the effects of acid deposition
on forest tree species. Journal of Japan Society for
Atmospheric Environment 36, 137-155. (in Japanese
with English summary)

Karlsson, P.E., Uddling, J., Braun, S., Broadmeadow, M.,
Elvira, S., Gimeno, B.S., Thiec, D.L., Oksanen, E.,
Vandermeiren, K., Wilkinson, M., Emberson, L. (2004)
New critical levels for ozone effects on young trees
based on AOT40 and simulated cumulative leaf uptake
of ozone. Atmospheric Environment 38, 2283-2294.

Khiem, M., Ooka, R., Hayami, H., Yoshikado, H., Huang,
H., Kawamoto Y. (2010) Process analysis of ozone for-
mation under different weather conditions over the
Kanto region of Japan using the MM5/CMAQ model-
ling system. Atmospheric Environment 44, 4463-4473.

Klimont, Z., Cofala, J., Schopp, W., Amann, M., Streets,
D.G., Ichikawa, Y., Fujita S. (2001) Projections of
SO,, NO,, NH; and VOC emissions in East Asia up to
2030. Water, Air, & Soil Pollution 130, 193-198.

Kohno, Y., Matsumura, H., Ishii, T., Izuta T. (2005) Esta-
blishing critical levels of air pollutants for protecting
East Asian vegetation-A challenge. In Plant responses
to air pollution and global change (Omasa, K., Nouchi,
I. and De Kok, L.J. Eds), Springer-Verlag, Tokyo, pp.
243-250.

Kohno, Y., Suto, H., Ishii, T., Aihara, K., Uchiyama Y.
(2007) Concentration and AOT40 of ozone in Tanzawa
Mountains and its potential effect on Japanse beech
forests. In Results of the Scientific Research on the
Tanzawa Mountains (The Research Group of the Tan-
zawa Mountains Eds), Hiraoka Environmental Science
Laboratory, Sagamihara, Kanagawa, Japan, pp. 383-
395. (in Japanese with English summary)

Kume, A., Numata, S., Watanabe, K., Honoki, H., Naka-
jima, H., Ishida M. (2009) Influence of air pollution on
the mountain forests along the Tateyama-Kurobe Al-
pine route. Ecological Research 24, 821-830.

Kuno, H. (1979) Effects of photochemical oxidant on the
growth of poplar cuttings I. Journal of Japan Society
for Air Pollution 14, 265-274. (in Japanese with English

summary)

Kuno, H. (1980) Effects of photochemical oxidant on the
growth of poplar cuttings II. Journal of Japan Society
for Air Pollution 15, 155-162. (in Japanese with English
summary)

Maruta, E., Shima, K., Horie, K., Aoki, M., Dokiya, Y.,
Izuta, T., Totsuka, T., Yokoi, Y., Sakata, T. (1999) Fo-
rest decline of Fagus crenata at Mt. Hinokiboramaru
(Tannzawa, Kanagawa Prefecture, Japan) and acid
deposition. Environmental Sciences 12, 241-250. (in
Japanese)

Matsumoto, Y., Maruyama, Y., Morikawa, Y., Inoue, T.
(1992) Some negative results of simulative acid mist
and ozone treatments to Cryptomeria japonica D. Don
seedlings in explanation of mature C. japonica decline
in the Kanto plains in Japan. Japanese Journal for Forest
Environment 34, 85-97. (in Japanese with English sum-
mary)

Matsumura, H. (2001) Impacts of ambient ozone and/or
acid mist on the growth of 14 tree species: an open-top
chamber study conducted in Japan. Water, Air, & Soil
Pollution 130, 959-964.

Matsumura, H., Aoki, H., Kohno, Y., Izuta, T., Totsuka
T. (1996) Effects of ozone on dry weight growth and
gas exchange rate of Japanese cedar, Japanese cypress
and Japanese zelkova seedlings. Journal of Japan So-
ciety for Atmospheric Environment 31, 247-261. (in
Japanese with English summary)

Matsumura, H., Kobayashi, T., Kohno, Y. (1998) Effects
of ozone and/or simulated acid rain on dry weight
growth and gas exchange rates of Japanese cedar, Nik-
ko fir, Japanese white birch and Japanese zelkova seedl-
ings. Journal of Japan Society for Atmospheric Envi-
ronment 33, 16-35. (in Japanese with English summary)

Matsumura, H., Kohno, Y. (1999) Impact of Oz and/or
SO, on the growth of young trees of 17 tree species: an
open-top chamber study conducted in Japan. In Criti-
cal Levels for Ozone-Level 1I, Environmental Docu-
mentation No. 115 (Fuhrer, J. and Achermann, B. Eds),
Swiss Agency for Environment, Forest and Landscape
(SAFEL), Bern, Switzerland, pp. 187-192.

Matsumura, H., Mikami, C., Sakai, Y., Murayama, K.,
Izuta, T., Yonekura, T., Miwa, M., Kohno, Y. (2005)
Impacts of elevated O3 and/or CO, on growth of Betula
platyphylla, Betula ermanii, Fagus crenata, Pinus den-
siflora and Cryptomeria japonica seedlings. Journal of
Agricultural Meteorology 60, 1121-1124.

Matsushima, J., Kawai, T., Oodaira, T., Sawada, T., Nou-
chi, 1. (1977) Comparisons of fine structures of zelkova
leaves with no visual injury fumigated with ozone, nitro-
gen dioxide, sulfur dioxide and ethylene. Journal of
Japan Society for Air Pollution 11, 360-369. (in Japan-
ese with English summary)

Mills, G., Pleijel, H., Biker, P., Braun, S., Emberson, L.,
Harmens, H., Hayes, F., Simpson, D., Grunhage, L.,
Karlsson, P.-E., Danielsson, H., Bermejo, V., Fer-
nandez, I.G. (2010) Mapping critical levels for vegeta-
tion-Revision undertaken in summer, 2010, to include



new flux-based critical levels and response functions
for ozone. In Mapping Manual 2004 (Spranger, T. Ed),
UNECE Convention on Long-range Transboundary
Air Pollution, pp. I1I-4-57.

Miwa, M., Izuta, T., Totsuka, T. (1993) Effects of simu-
lated acid rain and/or ozone on the growth of Japanese
cedar seedlings. Journal of Japan Society for Air Pol-
lution 28, 279-287. (in Japanese with English summary)

Nakaji, T., Izuta T. (2001) Effects of ozone and/or excess
soil nitrogen on growth, needle gas exchange rates and
Rubisco contents of Pinus densiflora seedlings. Water,
Air, & Soil Pollution 130, 971-976.

Nakaji, T., Kobayashi, T., Kuroha, M., Omori, K., Mat-
sumoto, Y., Yonekura, T., Watanabe, K., Utriainen, J.,
Izuta, T. (2004) Growth and nitrogen availability of red
pine seedlings under high nitrogen load and elevated
ozone. Water, Air, & Soil Pollution: Focus 4, 277-287.

Network Center for EANET (2011) Acid Deposition Mo-
nitoring Network in East Asia (EANET) Data report
2009, Network Center for EANET, Niigata, Japan, pp.
15-206.

Nihlgard, B. (1985) The ammonium hypothesis-an addi-
tional explanation to the forest dieback in Europe.
AMBIO 14, 2-8.

Nouchi, I. (2002) Responses of whole plants to air pol-
lutants. In Air pollution and plant biotechnology-Pro-
spects for phytomonitoring and phytoremediation
(Omasa, K., Saji, H., Youssefian, S. and Kondo, N.
Eds), Springer-Verlag Tokyo, Tokyo, Japan, pp. 3-39.

Nouchi, I., Odaira, T. (1973a) Influence of ozone on plant
pigments. Journal of Japan Society for Air Pollution 8,
120-125. (in Japanese with English summary)

Nouchi, I., Odaira, T., Sawada, T., Oguchi, K., Komeji, T.
(1973b) Plant ozone injury symptoms. Journal of Japan
Society for Air Pollution 8, 113-119. (in Japanese with
English summary)

Ohara, T., Akimoto, H., Kurokawa, J., Horii, N., Yamaji,
K., Yan, X., Hayasaka, T.(2007) An Asian emission
inventory of anthropogenic emission sources for the
period 1980-2020. Atmospheric Chemistry and Physics
Discussions 7, 6843-6902.

Oksanen, E., Saleem, A. (1999) Ozone exposure results in
various carry-over effects and prolonged reduction in
biomass in birch (Betula pendula Roth). Plant, Cell and
Environment 22, 1401-1411.

Paoletti, E., Schaub, M., Matyssek, R., Wieser, G., Augus-
taitis, A., Bastrup-Birk, A.M., Bytnerowicz, A., Gun-
thardt-Goerg, M.S., Miiller-Starck, G., Serengil, Y.
(2010) Advances of air pollution science: From forest
decline to multiple-stress effects on forest ecosystem
services. Environmental Pollution 158, 1986-1989.

Pearson, M., Mansfield, T.A. (1994) Effects of exposure
to ozone and water stress on the following season’s
growth of beech (Fagus sylvatica L.). New Phytologist
126, 511-515.

Richter, A., Burrows, J.P., Nup, H., Granier, C., Niemeier,
U. (2005) Increase in tropospheric nitrogen dioxide
over China observed from space. Nature 437, 129-132.

Effects of O; on Japanese Forest Tree Species 77

Sandermann, H., Wellburn, A.R., Heath, R.L. (1997) Fo-
rest decline and Ozone: Synopsis. In Forest decline
and Ozone (Sandermann, H., Wellburn, A.R. and
Heath, R.L. Eds), Springer-Verlag Berlin Heidelberg,
Germany, pp. 369-377.

Schulze, E.-D. (1989) Air pollution and forest decline in
a spruce (Picea abies) forest. Science 244, 776-783.
Skarby, L., Ro-Poulsen, H., Wellburn, F.A.M., Sheppard,
L.J.(1998) Impacts of ozone on forests: a European

perspective. New Phytologist 139, 109-122.

Spreitzer, R.J., Salvucci, M.E. (2002) Rubisco: Structure,
regulatory interactions, and possibilities for a better
enzyme. Annual Review of Plant Biology 53: 449-475.

Suto, H., Hattori, Y., Tanaka, N., Kohno, Y. (2008) Ef-
fects of strong wind and ozone on localized tree decline
in the Tanzawa Mountains of Japan. Asian Journal of
Atmospheric Environment 2, 81-89.

Takeda, M., Aihara, K. (2007) Effects of ambient ozone
concentrations on beech (Fagus crenanta) seedlings in
the Tanzawa Mountains, Kanagawa Prefecture, Japan.
Journal of Japan Society for Atmospheric Environment
42, 107-117. (in Japanese with English summary)

Vitousek, P.M., Howarth, R.W. (1991) Nitrogen limitation
on land and in the sea: How can it occur? Biogeoche-
mistry 13, 87-115.

Watanabe, M., Yonekura, T., Honda, Y., Yoshidome, M.,
Nakaji, T., Izuta, T.(2005) Effects of ozone and soil
water stress, singly and in combination, on leaf antioxi-
dative systems of Fagus crenata seedlings. Journal of
Agricultural Meteorology 60, 1105-1108.

Watanabe, M., Yamaguchi, M., Iwasaki, M., Matsuo, N.,
Naba, J., Tabe, C., Matsumura, H., Kohno, Y., Izuta,
T. (2006) Effects of ozone and/or nitrogen load on the
growth of Larix kaempferi, Pinus densiflora and Cryp-
tomeria japonica seedlings. Journal of Japan Society
for Atmospheric Environment 41, 320-334.

Watanabe, M., Yamaguchi, M., Tabe, C., Iwasaki, M.,
Yamashita, R., Funada, R., Fukami, M., Matsumura,
H., Kohno, Y., Izuta, T.(2007) Influences of nitrogen
load on the growth and photosynthetic responses of
Quercus serrata seedlings to Os. Trees 21, 421-432.

Watanabe, M., Yamaguchi, M., Matsumura, H., Kohno,
Y., Izuta, T. (2008) Effects of ozone on the growth and
photosynthesis of Castanopsis sieboldii seedlings
grown under different nitrogen loads. Journal of Agri-
cultural Meteorology 64, 143-155.

Watanabe, M., Umemoto-Yamaguchi, M., Koike, T., Izuta,
T. (2010) Growth and photosynthetic response of Fagus
crenata seedlings to ozone and/or elevated carbon dio-
xide. Landscape and Ecological Engineering 6, 181-190.

Yamaguchi, M., Watanabe, M., Matsuo, N., Naba, J., Fu-
nada, R., Fukami, M., Matsumura, H., Kohno, Y., Izuta,
T. (2007a) Effects of nitrogen supply on the sensitivity
to O3 of growth and photosynthesis of Japanese beech
(Fagus crenata) seedlings. Water, Air, & Soil Pollution:
Focus 7, 131-136.

Yamaguchi, M., Watanabe, M., Iwasaki, M., Tabe, C.,
Matsumura, H., Kohno, Y., Izuta, T. (2007b) Growth



78  Asian Journal of Atmospheric Environment, Vol. 5(2), 65-78, 2011

and photosynthetic responses of Fagus crenata seedl-
ings to O under different nitrogen loads. Trees 21, 707-
718.

Yamaguchi, M., Watanabe, M., Matsumura, H., Kohno,
Y., [zuta, T. (2010) Effects of ozone on nitrogen meta-
bolism in the leaves of Fagus crenata seedlings under
different soil nitrogen loads. Trees 24, 175-184.

Yamaji, K., Ohara, T., Uno, 1., Tanimoto, H., Kurokawa,
J., Akimoto, H. (2006) Analysis of the seasonal varia-
tion of ozone in the boundary layer in East Asia using
the Community Multi-scale Air Quality model: What
controls surface ozone levels over Japan? Atmospheric
Environment 40, 1856-1868.

Yamaji, K., Ohara, T., Uno, 1., Kurokawa, J., Pochanart,
P., Akimoto, H. (2008) Future prediction of surface
ozone over east Asia using Models-3 Community Mul-
tiscale Air Quality Modeling System and Regional
Emission Inventory in Asia. Journal of Geophysical
Research 113, D08306.

Yonekura, T., Dokiya, Y., Fukami, M., Izuta, T.(2001a)

Effects of ozone and/or soil water stress on growth and
photosynthesis of Fagus crenata seedlings. Water, Air,
& Soil Pollution 130, 965-970.

Yonekura, T., Honda, Y., Oksanen, E., Yoshidome, M.,

Watanabe, M., Funada, R., Koike, T., Izuta, T. (2001b)
The influences of ozone and soil water stress, singly
and in combination, on leaf gas exchange rates, leaf
ultrastructural characteristics and annual ring width of
Fagus crenata seedlings. Journal of Japan Society for
Atmospheric Environment 36, 333-351.

Yonekura, T., Yoshidome, M., Watanabe, M., Honda, Y.,

Ogiwara, 1., Izuta T. (2004) Carry-over effects of ozone
and water stress on leaf phenological characteristics
and bud frost hardiness of Fagus crenata seedlings.
Trees 18, 581-588.

(Received 31 March 2011, accepted 11 May 2011)



