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Misaki Shimada', Hikaru Takahara', Michinobu Kuwae®, Ken Ikehara’, Tomohisa
Irino*, Masanobu Yamamoto*, Keitaro Yamada®’ and Keiji Takemura®:
Late Holocene decline process of lucidophyll forest based on pollen and charcoal
analyses of a sediment core in Beppu Bay, Kyushu Island, Japan
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Abstract Pollen and charcoal analyses were performed in a sediment core (BP09-6) collected from the deepest
area of Beppu Bay, Japan. An accurate age-depth model for the core was constructed using the wiggle-matching
method. Pollen grains of Castanea, Castanopsis, and Lithocarpus that are difficult to identify with an optical
microscope were identified using a scanning electron microscope. The analyses indicated that lucidophyll forests
composed mainly of Quercus subgenus Cyclobalanopsis trees and Castanopsis cuspidata were predominant from
600 BC to AD 1200. These forests declined sharply after a fire event that occurred at AD 1200, indicated by a
peak in the amount of macroscopic charcoal fragments in the core, and afterwords most forests in the catchment
area of Beppu Bay disappeared due to increased human activities such as fires, logging, and farming. Until the
first half of the Edo period, the remaining vegetation was a secondary forest comprising pine, oak, and chestnut
trees, as well as light-demanding herbaceous vegetation such as grasses, moxa, and bracken. After approximately
AD 1750, i.e., the latter half of the Edo period, pine forests formed in locations devastated by afforestation and
natural regeneration. Then, Cryptomeria japonica plantations increased by further forestation.
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NoDa7zHGT, MIRICHER L 72 falfic X 2 ffizsE
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HITE & HTIC & B A4 X M EOFIN2 KK DFRE & HERT
FARHEE (Yamada et al., 2017) & EWMfrhbnTE %, #f
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2k, ERTEHEMEDOZ L Z R T I LI TE, 21U
o, {EHOIETIIRT I LD L WA DB RE
L2225 L bTHEE %% (Tsukada, 1963; Sasaki &
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W (IR, 1979) OHBRICAIELTE D, 20
W KIEEEDEFRTH D (RiiEh, 2001), BIE
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2013 ; (LiH, 2019),
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Fig. 1 Location of Beppu Bay and the coring site. The bathymetric map of Beppu Bay (Kuwae et al., 2013) is based on the Ja-
pan Coast Map generated by the Japan Coast Guard. The black open circle indicates the location of the coring site in Beppu
Bay. Dotted line on the map of the Kyushu region indicates the Beppu Bay catchment area.

K[RBITB T 2[R BIEOF4EAE (1991 ~ 2020 4F ;
RRIT, 2021) THBE, FPEHREIE 16.8 , FREK
131727 mm TH 5, B I0HHE R, 1976) &
140.9°C- HTH b, ARFEHIKIZBEIRHICALE L T
2, ROTETIE, 5400 m £ TESAMRRA F A B
¥, 500 ~700 m TIE77¥a KR T7 AHTH, 700
~ 1200 m TIZE I, YA, 1200 m LLETIE7
DA oD (K, 2001), HAE, #EKLEZ SO
KIHEOBEE 700 m DL EoHugicix, 7k, 3+
B, o T M EDIEEILTEBINRS Y 7 2% 7 FIEARM
bALNDE Gid, 1997), FIFHERA DU R 2 1x 2
FIOAMD, NEERICIZaT A (V7T 4) M3 L
TWw3 (ZK, 2001), I, FELGLLM E L THEE
SNy ue D, iR, HAM
filTorzueyhbaron s Gid, 1996), BETI,
BB A D REF IR D KB IEAX - & /2 Fhibke, >
A - AR, T A KM E D NRINEEEZ T
THETIES BONTEY, A Wi & o HRMA X[
R L COBDARTH D, £z, MEHG RIS
ORI TIZ, BEOKANIZE>THEFF SN TWVRBE 22X
&L L AN S (HARBREEIE Web-GIS ; BREIEHA
BRERAMSEEE Y 5 —),

= #
ARUFFETH 72 HEREY 2 71X BB O P R8T S
N7 (Fig. 1), 2o a7, Kuwae et al. (2013) 12X >,
HIFE R IC B TS L -5 14 Ao HERY) 2

T D9 LD BP09-6 27 (L 33 B 16 47 25.734 1, W
131 3247 11.754 B, K 70.6 m) Ths, 2hb
DOHEREYIRAEHE, TIPSR R ORI X > TEIP R A 2
I, 14 ROHERYEREHN Ol — S 7 BV EE D 3
I35 (Kuwae et al., 2013), 7, 14 KDOa7ics
FN 2542 D Ho 68 6 i E R BEARMED 7 A
Ty F v 7k O EERIERS R L, REBICET
281210 (*°Pb) & h 137 (VCs) AEARMIERS R
Feox, MR L AEROBIRZ R L 7R TV DS
Iz (Kuwae et al., 2013), BP09-6 a71%, ZDlFEt A
EDIOL MERE RO S TR D, MEE L bk
WO EINZES 1 cm BLED A X¥ MEDS 17 A TE
LTw3 (Kuwae et al., 2013), ZEE 17 ~837 cm d, Z
NoDA XY FELUAADEITITE T 2 ~ 43 cm DRI
cotricEB RSN 1T eom B (—#0.7 cm, 1.7
cm JE) @ 60 JHHEIC O WTEM T 21T 5 72, TRIE 17
cm X D ROHERYNIIR TH > 27 0 hTic Wi -
7o ok, AW 7EI D% S, BP09-6 27 DR,
Kuwae et al. (2013) D4EE T X B4ER, B L OB
JZ1Z Appendix Table iZ7R L 72,
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1. BT
B AR 72 ) B B2 ME T 272002, Ly
wic, ek abtatklh (1 em’) Ic—@RE (127,400 K/
cm’) ICHHREL Z2EEE 1S pm D~ A 71 R 7 4 7 BRI
(Ogden, 1986) ZIEML 7., Z D%, BHERN LG THT
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JLFREE (Faegri & Iversen, 1989) 1L 7zd3o7, T4bb,
10%KER{L A ) 7 LKA IZ X 208, 180 pm Dfiil>
ICE 2R ORE, 7 vALREBILE, 72 Yo A0
HMEfT-o%, TN X 2Bt % 2L T, ¥Va
YAANE T0% LY ) — TR L T, AR
LM oFE, MU, > a v A A VITHEL 72k
B ACTER L 7L NI — 2 AW, B#ilix, 400
fif 7213 600 f5 TV, 1EUEHTDWT, EARLERAY 300
B B2 7 2 T, fukn, M2 008 HES EICEHL, %54
DACK, N DB 20k &l Ofe iz e LT
B L7z, 168, ET7-oRE, FHOEI, FRHCHEBLL
e A7 0RA7 4 L7 DRSS BA T, s DIEkIhT
25, Kuwae et al. (2013) DAEREFVICEEDNT
HHI NS EHEOHEREREZ b LT, B L 728k 8
B L ORI R 2 B L 72, AT R IR,
RIS 7z a 7Tt — I 7 3@ E ¢k % <, BP09-6
A7 DEEE T,

B L 7Abaltho 9 6, JGAspdsiasic X 2 XKn0s
W2 JEfE X, 2V )E /A )@/ A =8 Castaneal
Castanopsis/Lithocarpus D X H9IZAZ7 v > a Ty TD
BRWTRRN LT, §XRTOEHETOHBEREOLE %
CONISS (Grimm, 1987) T2 7 A% —5HrL, ZiuUlHo
S HUIAC T 2 BE L 7,

2. VUB/ VA A=AV ERTEHD SEM iR

IVIEE, A8, * =AY IBOI I EEOLTREG (4t
BERERD) 1%, ZETL 7V AIRIC L 20 E MRS
(7rid, 1965) % SEM & (Z4f, 1981, 1982 ; Miyoshi,
1983) IC X o CElHED 5N TE X, Z4F (1982) (1,
72 BERIES 1 EETH 2208, B OBIEIZ X -
T, 7V Castanea crenata ., ) 7 7 ¥ A Castanopsis
cuspidata, A% ¥4 C. sieboldii, <7 /N> 1 )& Pasania,
A =4V )& Lithocarpus DRIENPWHETH L Z xR L7,
FEIED (RFER) 13, FHIROEEEGEZ WNRIC7 ) E,
VA @, A=AV Bt o SEM #2171\, =4 (1982)
Dtz LT, FIEREZER L 72, Z OFEHI @R
528, WEALDITICORT,

7V RO L 7-Bikk, SR DIRIE 0.20 ~ 0.40
pm,

AT IA RIROFEDTE DIRICER L 7 ik, KDl
1213 E A ED 025 ~ 0.40 pm T, 0.1 pm FBROMI b Db
“&,

YT ZIA il R OREDYEN A L 7T E DREE
K, SRDIEIZ 0.1 pm Hi,

AZAVE  RIROBDITE DRI X L7, KD
M 0.25 ~ 0.40 pm, FEHSEATISHIN TV Z E23% 0,

B ahic w603t 5 5, LE»6 NTHEICh
72T, 17 #kHZ 2T, SEM (HATE T JSM-IT200)
ZHWT, RO L 29> THEMDOFREZ 1T - 72,
70% 1% ) — VAEREE L 7 AER AT LB % D B % 90 %,
100% =% / — VICEEWZ, ZO—HEERIT LY — b
R L, mEZL 7, 2k, EEE T om O EREGR
B I 7 — R VT — 712 L, 10 nm DEX
T, AuDA L v a—7 4 v 7 RPVERE SO
ABLE L7, @ AYMIIED SEM B2 FHvs 6 4 2 [
FRIZAT > T3, TG MRERE 2 B2 T 2 1138
otz BREHZOWT, 400 (5 iRkl 2 2lESE
LT, AREDB200MD VBT AE F =0T gkl
1% Hwnz2 L, 5000 5025 15,000 %5065 3RK CHH kK
WaTOREL 72,

3. HRLR AT

ER T 24T > 7D LRI U JEHED> &, ok o3 bt Uk
1em® ZHOHL, HE (2007) DffiVAFHEEICL 72035
T, SU%ANFHRAY D AT b7 LARIERIC X 2815k
& 19%EEBLKRFEAKIC K 2R E 2T 78, L,
i 125> T ORI %2 SR BEPEE T CoBlgE L, B 7o,
Mok R D FERHEE, R (2005) IcHOE, B
PBEY]CHYIREL & RO N2 bDE LTz, #156
HLLWLHDIZOWTIE, Yrty hTHENG 2L CH
LT, o ek 7o AARRY 72 D ORI R RIS,
HERETFIVICES O TEB L HEREE 2 F LT, kiR
DY B 72 ) OAERIMER R A2 B L 7,

1. e

BP09-6 a7 DALK AT DGR, BP-14F (PEEE 837 ~
233 cm) & BP-2 47 (BREE 227 ~17 cm) @ 2 D DOHilH
ki 2 e L, Sz a ity & b iiifIc#i oo L 72
(Fig. 2), 7 V)@ > A @/ & =# T |@RAEK D SEM 1T &
B2 HE & GBI % Fig. 312, SEM &% Fig. 4 I8 L7z,
%72, ¥ A& Castanopsis {thi & 7Y Castanea crenata 1t
MOMBREEY T ALK KD 9SW%EFIXH &, F3
OB OFERIHERT R D2 L2 Fig. S 1SR L7z,

BP-1 % (FEEE 837 ~ 233 cm:BC600 4~ AD1250 %)

a) 7@ 7 A4 Mg Quercus subgen. Cyclobalanopsis
(30~55%), 7VE /> A)@ /| A =n)E Castanea/Cas-
tanopsis/Lithocarpus (20 ~35%), 2 7 Jga ) 7 i
J& O. subgen. Lepidobalanus (5~ 15%) {t¥roHBIHR
BV E TR T 65, Tns I~y BEHEE dl
J& Pinus subgen. Diploxylon, A XJ& Cryptomeria, t
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Fig. 2 Diagrams of pollen percentages and macroscopic charcoal concentration of the BP09-6 core from Beppu Bay, Kyushu,

Japan. Pollen and spore percentages are based on the sum of pollen grain and fern spore counts in each sample.

/ X B Cupressaceae type (AXEZIR /¥ &}, A
AAYH, A FAREEL) OHEBIER B~ 5% D
BT -> T 5, Y BEHEE AHEL O B
1%, BP-la Mty (VEFE 837 ~ 566 cm) TlE, 1 ~3% T
» %73, BP-1b ity (VRS 554 ~ 233 cm) 121F, 3~7%
CEMU 72, %72, BP-lallifif©lF, A X~¥E/ F¥&
Podocarpus/Nageia {6873, 374036 L CTHHBLL 72,
AEHER B3 11,500 K7 /em® - 4T, ¥R 400 cm
0 B EAICH 7, SEMEIZEICKDE, D
ek cid, 7VE/I v A@/I A= /IEHDI B, ¥
77 ¥ A Castanopsis cuspidata T13%1 80%, A& P4
Castanopsis sieboldii T3 10% % 5 CT\>7- (Fig. 3),

BP-2 & (E)¥ 227 ~ 17 cm : AD1250 4~ 1960 4F)

af BT ALV E VR AR A=AV
M3z Z 08 10% TP T 575, YV IBEHEE R
HiJEDIZD, A #Ff Poaceae, IEXIE Artemisia 75D
AT, 77 Y@ Pteridium 72 £ O ¥ il ¥ Fern spore
DB T 2 2 LR TH 5, BP-2a ity (L
227 ~77 cm) Tk~ BEMEE REEILKIX 6 ~20%
TH 203, BP-2b Hiidi; (EEE 71~ 17 cm) TIEEK 50%
FTHWIINT %, AXIEH D, BP-2b fifioi Tl 32%
ICE TR 72, fEMMERIMERERIE, T BP-2a #if T
1359 2400 K7 /em® « fEE 2 D, BP-1#HAC B 2 HERE D
20% I £ TAML, BP-2b Hlir TIZIEINCEIL, #3300
Kifem® « EZ R LT, < BEHEE KR ICm 25 BP-2 a
it CAaB L, AT 1610 i /om® - 412, FRAXEH
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Fig. 3 Pollen percentage diagram for Castanopsis cuspidata,
Castanopsis sieboldii, Castanea crenata, and indeterminable
pollen grains identified using a scanning electron microscope
(SEM). Percentages are based on the sum of Castanea/Cas-
tanopsis/Lithocarpus type pollen grain counts.
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328 15

Fig. 4 Scanning electron micrographs of fossil pollen grains from the BP09-6 core. a: Castanopsis cuspidata type (BP09-6, sam-
ple No. 7-75, 517 ¢cm deep), b: Castanopsis sieboldii type (BP09-6, sample No. 7-75, 517 cm deep), ¢c: Castanea crenata type

(BP09-6, sample No. 10-75, 837 cm deep).

b EETI VIR AR A=A CIBERD S B DR 30%
%507 (Fig. 3),

2. WRIRAHT

ok =BT DfE W % Fig. 2 1R L7z, BP09-6 27T
&, RE 250 pmm BLEDEKIRK SRS 250 ~ 125 pm D
kL S, BP-147 L BP-2 w5 CHIMASRE® 54115 %3, BP-1
TR EBOEEE 250 cm (AD1200 4F) 2B WAL,
ok O AEHI R EEZ R L7z, 7, BP-2a #iffi T,
IR R D 23 2 [RIEE e & 7z,

5 =

AERR I3 AT &R R ST D SR D TR IS IC &
R EEEELZL, IOIERERZSR L CREI
X35 NENGEB) O E 2 G 2, BB ~DIEH OHERE
X222 6 DRCRITM AT, WD 5DRASH Y, HIF
BHEREY DC o HTiE R 1E A 7 < & D RIRB SRk D
MAEZERZR L T0DEEZ 6D, HUMHFOBFEN
13, BdRoa7ofEET L (Kuwae et al., 2013) 12>
W5,

1. BT SRR DT DOIERICE D HEAETT
BP-1& (BC600 £~ AD1230 4)
arIETAAVHIEE VBRI AR A=A TR
MEabese, 60~80%DHEEEZRL, 7B/
L)@ A=AV B DS L REDY 77 AR, A
PAMLEAL TV, INS6DIENS, oKD, Hl

IBEAKEOMA S, ERBchs7 AN HEE A8
BT 2 HEBIRCh -t EZ NS, A BOTT
13, V7 IPADEL, AL BIRETIHMTH o7,
BIE, BIMBRADR R 1Z R 72 4 R3S, NEET
ik aP A Mg L T3 (ZEE, 2001), %72, EL
MZBNT, EOERKMIOEICHEHLTY 7794 &
AZYA R 2 DR TR KD L,
RIS T AT A DML, BSOS DR\ itk ©
Y 77 A DB, BEEPEL RIS LD VEHTR
FADEINT B (MK, 2008), HAKHLCRINS 17
A BDIEDREZMIH OB & DNA T OMEFRICK 2 &,
RN TIRTICA Y P AT, BT D S W T
W TURIFEA LY 7704 MThH o7 (Aoki et al.,
2014), RFZEICB T, V77304 REMDIL L - 2
ix, BIFE DEKIED & DL OME % KL <, NEE
DY T IPAMDTHE R KL CwbEEZI6N, £
7z, Aoki et al. (2014) D75 L 2 BIFIEI R OKE T & b A1
NTh s, 51, SHIOWTESIROEA: L2 a2 H8ig,
SEM 2k 327 VI8 > A8 [ & = @Atk o FE %
BT EITEST, WMIERIMK, Fro A Mo S S IEE 7
EIEPHSE 5 THA I,

51T, AFXELHE & X RITER & K32 236 i
IR 5N tz, BISEHIIC BT 2 2 X BB L
WoBHIZEWTERTH 2 (Hih, 1982 ; 17 1986 ;
BN B, 1996 2 L), —75, HEILITIE A FEALH
WFEECHBIT 270 (Md - =47, 19805 AZH - BH,
1983), HELH2> 5 A F DK L 72 AlREE D & 2
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Fig. 5 Comparison between vegetation changes and human activities. A: Pollen accumulation rate diagram of selected pollen
and spore. B: Percentage diagram for Castanopsis and Castanea crenata pollen grains obtained by counting with SEM (Fig. 3).
Horizontal lines indicate 95% confidential intervals calculated using Monte Carlo simulations (software by S. Sugita). C: Ac-

cumulation rate diagram for macroscopic charcoal. D: Estimated

populations of northern Kyushu and Kinai (the Kinki region)

(Kito, 2000), and human activities on the vegetation based on historical documents. *1: Yamaguchi (2012), *2: Takahashi (2015)
, *3: Tsukamoto (1979), Goto (1985), and Handa (1985), *4: Kono (1932), Toyota (1985), *5: Tahara (2012), and Sato &
Miyajima (1955). E: Reconstructed vegetation, land use, and events in the Beppu Bay catchment area.
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Appendix Table List of samples for pollen and charcoal anal-
yses from the BP09-6 core

Depth Sample cal BP
Samplle No from t(f)p (cm) thcknesIs) (cm) AD/BC (year) (year)

2-17 17 1.0 AD 1962 -12
2-28 28 1.0 1924 26
2-38 38 1.0 1890 60
2-49 49 1.0 1847 103
2-58 58 1.0 1809 141
3-5 65 1.0 1779 171
3-11 71 1.0 1751 199
3-17 77 1.0 1720 230
3-25 85 1.0 1682 268
3-38 98 1.0 1642 308
3-47 107 1.0 1611 339
3-81 141 1.0 1570 380
3-88 148 1.0 1539 411
3-93 153 1.0 1518 432
3-98 158 1.0 1508 442
4-2 163 1.0 1473 477
4-6 167 1.0 1445 505
4-11 172 1.0 1410 540
4-13 174 1.0 1395 555
4-19 180 1.0 1348 602
4-53 214 1.0 1308 642
4-60 221 1.0 1280 670
4-66 227 1.0 1253 697
4-72 233 1.0 1229 721
4-81 242 1.0 1222 728
4-89 250 1.0 1199 751
4-96 257 1.0 1172 778
5-6 266 1.0 1132 818
5-57 317 1.0 1016 934
5-77 337 1.7 943 1007
5-97 356 1.0 872 1078
6-37 397 1.0 745 1205
6-57 417 1.0 681 1269
6-77 437 1.0 630 1320
7-15 477 1.0 503 1447
7-35 497 1.0 446 1504
7-55 517 1.0 389 1561
7-75 537 1.0 317 1633
7-92 554 1.0 269 1681
8-3 566 1.0 262 1688
8-14 577 1.0 218 1732
8-34 597 1.0 162 1788
8-54 617 1.0 85 1865
8-58 621 1.0 74 1876
8-79 643 1.0 71 1879
8-94 658 1.0 2 1948
9-15 677 1.0 BC 351 2001
9-33 695 0.7 95 2045
9-55 717 1.0 149 2099
9-61 723 1.0 181 2131
9-67 729 1.0 211 2161
9-75 737 1.0 238 2188
9-86 748 1.0 280 2230
9-95 757 1.0 320 2270
10-5 767 1.0 363 2313
10-15 777 1.0 402 2352
10-25 787 1.0 437 2387
10-35 797 1.0 472 2422
10-55 817 1.0 543 2493
10-75 837 1.0 618 2568

Age is based on Kuwae et al. (2013).
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Hikaru Takahara' : An old growth forest consisting of giant Japanese cedar
(Cryptomeria japonica) trees in the headwaters area of the Katanamigawa River, Kyoto City
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