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Mangrove habitat dynamics and seismic crustal movement during the late Holocene
on the Nakama River Delta, Iriomote Island, southwestern Japan

Kiyoshi Fujimoto, Masafumi Miura, Shigeko Haruyama

Abstract: To clarify the mangrove habitat dynamics during the late Holocene on the Nakama River Delta of
Iriomote Island, southwestern Japan, boring surveys using hand-operated peat sampler were carried out for
eighteen sites in the freshwater swamp forest behind the present mangrove forest, and electric conductivity and
total sulfur content analyses and radiocarbon dating were conducted for the sediments. Mangrove organic deposits
were widely distributed in the sediments under the freshwater swamp forest. The formative ages were estimated
around 3500 cal BP at the innermost part of the right bank of the alluvial lowland (about 2 km inland from the
landward edge of the present main mangrove forest) and around 1200 cal BP at around the center of the freshwater
swamp forest (about 1.5 km inland from the landward edge of the mangrove forest). The present mangrove forests
have developed during the last 1000 years. The radiocarbon ages of mangrove organic deposits and their elevations
suggest that seismic uplifts occurred between 1310 and 1080 cal BP and between 920 and 520 cal BP, which
significantly affected the dynamics of mangrove habitat. The elevations of mangrove deposits formed around 3500
cal BP were not higher than that of newer ones, which suggest that the effect of uplift has not accumulated because
of subsidence between earthquakes.

Keywords: Freshwater swamp forest, Habitat dynamics, Iriomote Island, Mangrove forest, Seismic uplift
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Fig.1 Map showing the study area.
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Fig.2 Boring sites of this study (1 to 18) and Murofushi (1999) (Mu-1 to 5). The base map was printed from the web site of GSI
(The Geospatial Information Authority of Japan) Maps (http://maps.gsi.go.jp/).
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Fig.3 Geologic columns at boring sites and the results of electric conductivity and total sulfur content analyses.
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ECIZFEETIZ 0.2 mS/cm ERREWHOD, HREE 10
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mS/cm &b E <), FNLLETIX 0.3 ~ 0.7 mS/cm
D% R,

TS &AHFED EC LIZIZRAOMEMEZ R L. EE 90
cm PIEIZ 0.7 ~ 2.7 % DB MEE RS,

10 (ES1.2m)

FKIEHDPHHEE 40 cm FTlERE1.40 ~ 90 cm (ZiFT—
DER~DSHERE 50 R 50 ~ 85 cm IITH W%
AT,

EClZWwIhofEi#d 01 mS/cm T EKWEERL
726

11 (BS1.2m)

TR SEERE 63 cm T Tk L. 63 cm U\‘fgﬁ
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FKREHPSEE 100 cm T TIIO—A~BEa—2, %
100 ~ 122 cm (30— 28257405, BRE 39 ~ 50
cm, 76 ~ 94 cm IIZAEERWEIRAT S,
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RTHDOD, BEEEZMETIIONTRAIMENEL 2D, #
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30— A~0—2 B0 h b WEHEREME b RIE
72~ 95 cm (ZIXE I AR AT S
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RREWEZ R, 115 cm PLURIZFFON 0.2 mS/cm Al
Eleb,

15 (E&E 1.0 m)

FEASUREE 33 cm F Tk 1. 33 em DL IS 5
B4 EH RIE 40 ~ 63 cm ZU—2EWEE D, 2
DU TIIAEMBIIA SN\,

EC %, ¥ 50 cm T Tl 0.2 mS/cm LLF O K H
ZRT AN WSS ~ 60 cm Tid 0.24 mS/cm &%k
A3 5,

e 16 (& 1.1 m)

KEPOERE 30 cm F TV ~H51, ENLIEEI
W90 ~120 cm, 130 ~140 cm ICu—2 @& fetr
DO, O—LNEW~WE»r57%%,

EC 1%, %% 20 ~30 cm T 0.7 mS/cm & &\ E%E 7R
FTLOD, FEAMIZIZHEE 70 cm T 0.2 mS/cm #
WOBNEZ IR, 3 70 cm PAET 04 ~ 1.1 mS/cm
DFEMEE TR T,

TS &4 3 Id. %E“C“OB %DOMEERTHOD, HE
10 ~ 70 con OREIZIZIF 0 %ERTo HE 70 cm LLER
BEmEm R L. (mfi? 80 cm LLETIZ 06 ~ 14 %&E
WER TR T

He 17 (= 1.4 m)

FREPOEE S0 cm ETIX IOV MNE R, BE 50 ~
110 ecm iZh e — A~ Eu—A0HJE, HHEE 110 ~
172 cm 32V MO =20 6755, % 60 ~ 100 cm 1&F
PR HEREYD, RIE 100 cm DURIZ IR EHERE & 25

EC I3 50 cm ¥ Tl 0.2 mS/ecm Kl Dl %
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Fig.4 Spatial distribution of mangrove organic deposits projected on the lines A-A’ and B-B’ and their calibrated ages. See the legend in Fig. 3

for the geologic columns.

FHL, E 80 cm MIEETIE 14 ~ 2.7 mS/cm EIEF IS
EWEE R T,

TS ERHLRBEPOHEES0 cm FTIE0 % THo72
25, EC Ak, L0 cm 22H 2L, I 60 ~ 160
cm 1307 ~23 %EFNMEE R T

18 (ES 1.6 m)

FKENPSEE 30 cm FTIE IV b~Hit, #E 30 ~
150 cm 1 Z0— A~ OHEN S %5 #EE 60 cm LIE
TR EHERED & 7250

EC 137 % 50 cm FTid 0.1 mS/cm Kl LA LL BRIE
50 cm PAET AR D, 3R 60 DUAIX 1.3 ~ 3.0 mS/
cm DFWEZ IR T,

TS &AEZEIE, #F 20 ~30 cm, 40 ~ 50 cm, 60 ~
70 cm, 90 ~100 cmTO0 %, M1 0.3~ 0.5 % DEERL .
ZZ T3 EC FROZBEIIA SN2 o7,

2. "CERBIEHR
UCAEARIIE A% R & Table 1 B X0 Fig. 4 12779, DA

TORETIE, BEEIEFNR (20) 01O zUEL
AL72Al %V, BHOFERHPAHE SN BT L
Tid, 2OmRMELE HFREZ VTR %0

i 1A Hh oD #E W 7 23 52 L 72 A — A7 T THT (Fig.
4) Tld, WEMOM 2 T, JerEHRY T HOEE
245 ~ 250 cm (% -25 ~ -30 cm) OAKRF 25 3180 —
3370 cal BP (IAAA-51719), #bri2 X0# 300 m Tt
RO 5 Tld, JRBEHERE W P OB 175 ~ 180 cm
(%5 -105 ~ -110 cm) DA 425 3460 — 3680 cal BP
(TAAA-51718) DA HILIZ,

a7 2 L H T D OBICALE T 54 Tld, AR EHE
FEW OB 55 cm (7 +225 cm) OARF 55 670 —
730 cal BP (IAAA-60051) DOfEA RS2,

5 5 07100 m FHENZAE 45 6 Tld, ek
BT OEE 125 ~ 130 cm (B -25 ~ -30 cm)
DOARF 225 1730 — 1880 cal BP (IAAA-51717) DfiE7s
BoHhiz,

5 6 OF) 250 m T HENIALE A5 9 Tl e
BRI O 123 ~ 126 cm (BEE +67 ~ +64 cm)



BEA B =R R T

DOAR 75 1180 — 1310 cal BP (TAAA-51716), #br 9
D#3 250 m TR O A 17 TlE, RBREHEREYE Lo
FEE 90 ~ 95 cm (15 +50 ~ +45) OAKF 55 1090 —
1300 cal BP (IAAA-50013), Hb s 18 O e jic Hk F& Wy
DEERE 65 ~ 69 cm (FEH +95 ~ +91 cm) DA 2256
560 — 920 cal BP (IAA-714) OfELHHNTZ,

F7o, HT 6 LT 9 ORNCALE $HH 7 Tk, 3
JZ 48 cm (7 +162 cm) OMEFRE 2V MNgh AR H
5 800 — 960 cal BP (TAAA-60050) DEAMESNTz,

I ORERT TN FsZ L7z B — B’ Wiiii (Fig. 4) Tlid.
ME»SE RS EEN - T 17 TlE, EiEo L)
TR g EREYITE 225 1180 — 1280 cal BP O fEA S5
NTWDLH, MBSV 14, H& 13 Tk, 2h?
TVEREE 85 ~ 90 cm (B +25 ~ +20 cm) OAK 2256
300 — 450 cal BP, ¥ 110 ~ 115 cm (@& +10 ~ +5
cm) DOARF 75 300 — 440 cal BP & ILEAYHT LW EAL
fEDSTE BTz,

Murofushi (1999) T, #AKEHARNOH H 7 D1Z
(TR RESAZTE 975 Mu-b # S0~ > 70— 7 HiRE ) i
75 1080 — 1370 cal BP (& -38 cm), ¥>» 7 u—7
MO~ > 7 a—7HERIY T A5 0 — 410 cal BP (Mu-
1: 1% 79 cm), 0 — 420 cal BP (Mu-4: 125 -74 cm),
790 — 1070 cal BP (Mu-2: £ & -113 cm), 560 — 740
cal BP (Mu-3: 1£%; -82 cm) OEDELNT WA, 4B,
INOOFEEE, WMEE R CHE L, @R v
THEFFOEINZ B LU CHEE L72ETH %,

V EE

1. Y2 JO-7HBEHOZEImE~Y T O—THROIL
HZE

RIFFE TR =) ZFE % AT o 72 KR HARPI Tl
Ve EHERE W d M 5 2, 5, 6, 8,9, 17, 18 THH S 7
(Fig. 3, o INH DK EHEFR MR AT B FFHEIL,
WIND EC & TS EF RN B WELZRTI L5 (Fig.
3), WMWY THLIENbhb, Tabb, 2o
ORFEMREW I~ ra—TREEEZOND, Y7
O =7k Rhizophora J& 7585 3 A DR THRE -
LR ENDHZED 5 (Fujimoto et al. 1999 &), Fitih
FIZE DO TY Iy e VFREEDR A L CWc e E 25
ZENTES,

ZOEENE, RN O MR i BRI (s
2 BT 5 AT Bl v 70— RN BRI A S
#2 km _E#) %9 3500 cal BP, @ 100 m 2 Ficfl
DHLE 6 HHEAHT 1800 cal BP, Bk KAk gt o
Wi 17 255 9, SHIIEF ORFFEO Mu-5 it (B
~ 7 u—7 RN BERIARE A S8 1.5 km B 125
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AL TW2DH5%) 1200 cal BP EEHEE SN S (Fig. 5) o
Mu-l ~ 4 R HELNTWAEREAS (Table 1), BIE
DA AN~ 70— T ALK L7213 1000 cal BP
DL Ez 65,

H~>r7a—7HABERHGER» 58 1 km FHtIAr
E95B - B Wi (Fig. 4 #A5&, WED» O
Ao 17 13 +14 mEMBEEIZRe Rt Hl
16 XL, #4512 25 +1.0 m SHRIIA 2 o
TW5LOD, +12 m BB TIRITFELRMBIEER>T»
bo MU 1L IEAPRIIEE M OMELGEMEL, 2
DAFTNNZIAEY 2~ AF 7/ % (Heritiera littoralis)
DERBEEDNRHON D, SZTOEFEE 90 cm (5 +30
cm) FTHECIZ0.2 mS/ecm Kili Th b, A 11 225
60 ~ 120 m PN ALE $ 54 7 ) N F HEEN O A 13
BLO 14Tk, ECA03~ 04 mS/cm xR §EH# (£
nEN, 5 +5~10 cm, +20 ~ 25 cm) 7°5 450 ~
300 cal BP OERMEDE LTV L, TRHDFFEITHN
Ay RO 9 B IOWE N SEEN T 17O~
Y7 u—=T RO (FiEi, 1180 — 1310 cal
BP, 1090 — 1300 cal BP) ##E35&. B~ B BiHD
B O A 10, 11 AHTIE. He ISR O FE 2 AT
WEREE T CHERE ASHEIT L. 1000 ~ 450 cal BP O
F VALY X HEDE SN E S S
NF2HLET 12 ~ 16 FHE TITRKERED L) & GRS,
300 cal BPLL&ED —RIc~ o7 a—7 a5 LT\
DEHEM SIS,

A=A WO EEENCAE 32 85 4 Tld, 2
+21~27 mIZEC# 09 mS/em (Z#E T LA KESE%
R EREIIEAHERIL . F oSS 670 — 730 cal BP
DEMRMEIHELNT VDL, Ll # 3, 4, 7OEEIE
RO A 5 Ml & LCHEE SNTAETH 27015
F=5 L LTOBHEED MO T — 712w 2k, F 7z,
25 4 OJEFBTIE 700 cal BP BifEOFEAMEEZ RS <>
Fu—T7HWREPHPMIITRAE SN TV RnZEns, 20
HEWEOMBICE LTI, 4R ELRT - DERK
WUETH 5o

2. MERENF Y ITO—THOILMETEICHEERIF
U7-FIgEM

<=7 HEREW 2 H AR S N AERBEI IR D W
TG QR MK 2 e 2 34 720121E, BUTF IR~
B &9, A L7 E @A ERBR IR 5 HEE Y
MEBREIGIRT L LED D L,

<y a—7Rpw E S % Rhziophora K%, —#%\Z
FIGUFHRIAS FE 72 & P AL D B 1237 3% (Mochida
et al. 1999). —H. 7 u—7RKDOIEERM TH
% Rhizophora DR 213, # EEROZHR 2R &, %
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Table. 1 Radiocarbon and calibrated ages in the Nakama River Lowland.

PR EAME)IMEHIC B 5~ ¥ 70— THO ST I RGERE & HhiEs)

Loc. Lab. No. Elevation Material Conventional 1o calibrated age References
No. (cm) age (cal BP)
(**C BP, £10)
2 IAAA-51719 -25--30 Wood frag. 3070 + 40 3175-3370 (100%) This study
4 TAAA-60051 +225 Wood frag. 770 £ 30 669-733 (100%) ibid.
5 IAAA-51718 -105--110  Wood frag. 3330 +40 3459-3641 (97.9%)  ibid.
3669-3680 (2.1%)
6 TAAA-51717 -25--30 Wood frag. 1880 + 30 1729-1884 (100%) ibid.
7 IAAA-60050 +162 Wood frag. 990 + 40 796-889 (47.4%) ibid.
890-963 (52.6%)
9 TAAA-51716 +67-+64  Wood frag. 1330+ 40 1181-1215 (22.4%)  1ibid.
1219-1307 (77.6%)
13 TAAA-140733 +10 —+5 Wood frag. 290 + 20 296-333 (31.1%) ibid.
351-436 (68.9%)
14 IAAA-140734 +25-420  Wood frag. 300 +20 301-334 (26.3%) ibid.
350-437 (72.5%)
446-452 (1.2%)
17 TAAA-50013 +50-+45  Wood frag. 1290 + 40 1090-1109 (1.8%) ibid.
1128-1134 (0.5%)
1146-1158 (1.3%)
1173-1297 (96.4%)
18 IAA-714 +95-491  Wood frag. 800 £ 90 564-589 (3.3%) ibid.
641-922 (96.7%)
Mu-1  Beta-112832 -79 Mangrove 200 £ 50 2-41 (14.4%) Murofushi
deposit 61-315 (85.3%) (1999)
410-414 (0.3%)
Mu-2  Beta-112834 -113 Mangrove 1040 + 60 794-1072 (100%) ibid.
deposit
Mu-3  Beta-112835 -82 Mangrove 720 £ 50 558-601 (16.2%) ibid.
deposit 629-738 (83.8%)
Mu-4  Beta-112833 -74 Mangrove 210+ 50 2-39 (13.2%) ibid.
deposit 65-239 (54.3%)
243-320 (29.2%)
391-424 (3.3%)
Mu-5 KEEA-210 -38 Mangrove 1340 + 70 1082-1162 (8.6%) ibid.
deposit 1168-1372 (91.4%)

J£30 cm FTICZEDO =D 80 % FBRENEHLTHMmR T
% (Komiyama et al. 1988; Fujimoto et al. 2000), Z#L
SO—fkpEn L, RSO TPIEEEA#) +40 cm T
HHZLwEETLHE, KO~y 7 a—T RIS
-30 ~ +40 cn DFICHERE T2 b DEZE R BN D, 72721,
AW TERMEICH BTSSR TH L2
L, HEREARICHBEIISR IS 2D, YR OMER
WHERE L 720 e 26N 5, Thbb, vy 7u—7ik

PR O R SEHE IG5 +40 cm OB HERE
L72bDEEZBTENTES,

—77. Murofushi (1999) THW & L7z 4 EHT W
Thb~ T a—7 Rk HREORKIAFEY 2 B0 B
ERE L THL, BIEEOY Y 7a—T RN LESN
7oA Mul ~4) &, wIhb~rru—7RixER
TEHPLHELNIZLEDOTHLIENE, ITNHOREHT
RIRBOVITEKEN A5 -30 ~ 0 cm ORFIZHEREL7-H
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Fig.5 Estimated seaward edges of Rhizophora stylosa forest at ca. 3500 cal BP, ca. 1800 cal BP and ca. 1200 cal BP. The base map was printed
from the web site of GSI (The Geospatial Information Authority of Japan) Maps (http://maps.gsi.go.jp/).

DEZEZHND, Tz, RKIBHIARND S5 SN 72508
(Mu-5) &, v 7u—7RKER P HE6720
DTHDLILd»H, ZOHFREMEIZES -30 ~ +40 cm
DO EEESN S,

= A HI I, 0D W i 15 v W TRD P28 TT 149 100 cm
THHIEND, YIXVTRIVEREELD MO EVIL
H A5 A LIV FEETEIL +100 cm i F CEBHE
THbo —MEIZF eV FHRIL, SFIGHRL DS ICEL
A ERE WA &) R0 RN AL E 0 Ao R LR
37.L (Mochida et al. 1999), PR BIZB W TR KR
Hibk e DB E T, T 2bb s i ifhrE T
DA D, —J)i. A VFOWEIZERE 30cm T TICZ
DETD 70% 1T EHEPLTHA L (Komiyama et al.
1988), AHEHERWIIAERTHOOD, v 7 u—T7
Peld A L v (Fujimoto and Ohnuki 1995 7 &), ¢
bbb, MEBORRET EDbR VW7 o—THERWIZ
FTEVFHEFER T THRMLZbOEEZLN, TOHERIER
B PIMERIAE 2 5 +100 e AL E TEEZ SN 5,

Fig. 6 (& EFLoFEA B O BRI 203 2 B AY AL
B, BIOERNERSSE 2 0) 2EELT &REOH
F& LI O K EES AN 13 2 #iPHE 7 Ty PL72H O
Thb, COMERLE, FRBRDPLEESNTVD
1400 cal BP LAFEOflZ, —RAFEDRH D LA Z Do

L2, COMBTTRMESERHEIN TV ERIEIC
£ B R 11 7 g 2 (Fujimoto and Ohnuki 1995;
AR 2003) #HETIUL AEAICHATL 20 TE b,
F bbb, BRZMEREESEZIUE, ZhETov
7 a =7 HERE AR S 53 7205 70 4 OHEREAL1E £ D) B
EIZHL LIPS, —h, BRIZX-oTyrr7a—70
BRI R L - TR B e~ 70—
TP L. w7 a—THEREW O KL Fi 7z ihE
HTlED, L723-o7TC, I 1Im OMEIEREIEZ -
e RET UL, 1 mBEOEEREEFD, I ZFFEERE
N7 O—TWRYDHAALIRLZ LIk b, 2O
L9 %MEAS Fig 6 o7 — % & RiE$4, 1310 ~ 1080
cal BP O, 5L 920 ~ 560 cal BP ORI H#h 72k 2
RRETIUL, PERGIATEL), 2B, rhidns
572 670 — 730 cal BP OHEEMEAKEE & H T 18 525
572560 — 920 cal BP O EHE K #EDSTE 22 5T
T Dld, HT 4 OSSN T — 7 PO HEE SN D
DTHAH0, EBEOESIVELRABLON720L%E
ZHN 5,

M4 - W (1994) (2XAE, mBRERAZERE T
DERE WAL R A NI, TEEKH] oY
YA SHLNERME LY, K500 “C BP, &
1100 “C BP, #2400 "C BP, #3750 "'C BP, BXU*
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E= Bark fragment in mangrove organic deposit v
¥ Bark fragment in fresh water deposit - 1

E=EEE
E = 0
“ H [%‘ m Hoo i
Loo0 — -1
EH

-2

Fig.6 Possible ranges of relative sea level estimated by each radiocarbon datum (2c calibrate age) obtained by this study and Murofushi (1999).

#7 4350 MC BP L SN T WD, KW THERE STz
WRERE I, 4 - P (1994) THEE Sh7z 500 MC
BP, #71100 “C BP ®#13E &5t LT W A etk )S T
T&5%,

ANEIFEES— T, Bk /v F OB EEO 5
5. TRERHEE I LD AT BRI SRR E YR
BV EDTRFE SN TS (4 1986, 1990) . AWFFER
S ClE, LRLO L) IR MY 7 M R B RS O T RE 14 S
SN 212 5T, 3500 cal BP BRI S472
~rru—7HEREEEE. ERLBEICER S~ s s
O—7HEREW) L0 S IEFEFEL v (Fig. 6) ZLIE,
FHE B L) BRI 2 SN - R BT, HERRIL
HEUALOD, ROMEF TIZZORERSITITITHEES
nizlizokEZz5615,

1400 cal BP LIRGIC BT A HEEREOREZ i
BIzOIIE, SHBEICR—) VB R ENE R R B R
FTEIEDVWUETH b,

I F&o

TR EMEIMEIC BT~y 7 a0—T OB EE
EHLPNIT L7020, BIEO~ 70— W RIZIEDS
YRR O 18 T THR—1) v 7Pl x24TV, HEFE
WokEiisg, BREER (EC) BLU e &a %
G EHICHCHERBEZFTTo720 SRHEDTF =1
Murofushi (1999) OEFT—F %A, Y7 ua—7H
DA EF I BE RIT L8 E 2 6 % Mk
FIOWTER L, TORRIT, LTFDL)IZTEDS
b,

1. BUEoBKRIARNOMEREYHIZIE, YoV~
FHEET CHERE L 72 & E 2 5N LR B HERR W 23 1 i ]

AT A2 EDTERENT20 Z DI, ()
1 O I RAR IR B AT (B~ > 71— 7 R R Ak
T H 2 km BiE) A% 3500 cal BP, #/KigHAk
LA T (B~ o 70— 7 RN BE ARG 2 540 1.5
km FiE) A% 1200 cal BP &% 720 Murofushi
(1999) cHoLN7Z "CHEMBEDEETL L. BIED A
I~ 7O =7 ML R L 72D1E 1000 cal BP L& %
Abb,
2. Bi~rru—7HRuENKET 258 1 km Lo
M AR A AT A 20 F o~ Aty 3
%X, B - B WEINVB X OZ0 Lo EC 734k #
BLOMC ERBERED S, 1000 ~ 450 cal BP DH
W SNz D EHEE SN2 —Th, E2LHEN - B
= B Wi A AT TIRR AR BR R AN L D B (RS L,
300 cal BPU&E S —EBIc~ > 7 O —7#hssdi LTz
D LHEE SN,
3. AWF7e 3 L O Murofushi (1999) T3 57z “C 48
RMEEZORPEFHDIETHDE A5, 1310 ~ 1080 cal
BP O], BLT 920 ~ 560 cal BP DMK 1) 72 Hb i
MRS oo BB S TR S L. Ths o ik
1, 4 - i (1994) THESE S/ 1100 MC BP. #
500 "C BP O#1FE L RFIR LTV B HEMED S 5

4. PEREME)IEHTIZ, 3500 cal BP Fif&IZIEL
SN~y ra—7WRWEESENDIEIIER S
<7 u—=7HRW IV EMICHEIEL WS e s, HE
FEASIZEL 7200, ROMET TORET, Zokik
FIRIITEEIN b DEEZ NG,

AWFZEDFEREIZ 721 . FRERREE BT A B 78+ >
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Article

Estimation of aboveground biomass in a Rhizophora stylosa forest with
densely developed prop roots in Pohnpei Island, Federated States of

Micronesia

Yumi Nishino”, Kiyoshi Fujimoto”, Tabuchi Ryuichi”, Yasumasa Hirata”, Kenji Ono”, Shingo Taniguchi”,

Tomomi Ogawae), Saimon Lihpai7)

Abstract: Aboveground biomass and productivity of a Rhizophora stylosa forest, which generally develops along
the seaward edge of the coral reef type mangrove forests, were described using three times of census data from a
permanent plot on a small island in the lagoon of Pohnpei Barrier Reef Island, the Federated States of Micronesia.

As the aboveground root biomass had been underestimated by the existing allometric equations because of
densely developed prop roots, we estimated it by detailed measurement. The ratio of prop root biomass was
estimated at 58% of aboveground biomass of R. stylosa in the plot.

Total aboveground biomass including that of the other species increased from 229 t ha™ in 2003 to 254 t ha™in
2011, indicating 3.2 t ha™ yr* of annual increment. These values are apparently smaller than those of the mangrove
forests fringing the main island of Pohnpei. The differences seem to be caused by the environmental stress induced

by high salinity of soil water in this R. stylosa habitat.

Keywords: Aboveground biomass, Mangrove, Pohnpei Island, Prop root, Rhizophora stylosa

Introduction

Understanding forest biomass and productivity
is useful for resource management and evaluation
of the ability of carbon storage in the region. Some
allometric equetions to estimate aboveground biomass
of mangrove species have been proposed in the Asia-
Pacific region (e.g. Komiyama et al. 1988, 2008;
Poungparn et al. 2002; Ong et al. 2004; Soares and
Schaeffer-Novelli 2005).

The Rhizophora stylosa community, which is
characterized by high density of prop roots, generally
develops at the seaward margin of the coral reef type
mangrove forests in the Asia-Pacific region. The
allometric equations for Rhizophora spp. have been
developed by Komiyama et al. (1988), Ong et al.
(2004), and others. However, the equations cannot be
applied for the R. stylosa community because of the

high density of prop roots.

This study aims at clarifying the aboveground
biomass of the R. stylosa community on a small island
in the lagoon of Pohnpei Barrier Reef Island, the
Federated States of Micronesia, by means of actual
measurement for the prop roots and existing allometric
equations for the other plant parts using the data
obtained from a permanent plot. We also reveal the
forest dynamics and productivity on the basis of census
data for eight years in the permanent plot and discuss
the differences with the major mangrove communities
of the main Island and the environmental factors
induced the differences.

Study site

Outline of the study area
Pohnpei Island, located at lat. between 6°45" and
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Fig.1 Map showing the location of Pohnpei Island

Fig.2 Landform of Pohnepi Island and distribution of mangrove habitats (after Fujimoto et al. 1995) and the location of the permanent plots
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Aboveground biomass of a Rhizophora stylosa forest in Pohnpei Island, Micronesia
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Fig.3 The quadrates where prop root biomass of R. stylosa were es-

timated in 2003 and 2011

7°04’ N and long. between 158°05" and 23" E (Fig.
1), has typical mangrove communities in the Pacific
islands. The island consists of Tertiary volcanic rocks
and has a total area of 35,500 ha. The annual average
rainfall is 4,745 mm and there is no apparent dry
season. The annual mean temperature is 27.1 °C with
its annual range of less than 1 ‘C (Western Regional
Climate Center 2012). The mean tidal range is 69
cm, and the maximum spring tidal range is 162 cm at
Pohnpei Harbor (National Ocean Service 2011).

The island is surrounded by barrier reefs and the
mangrove forests develop on the reef flats fringing the
island though some of them are situated in the estuaries
(Fig. 2). The former habitat is referred to as the coral
reef type and the later as the estuary type. The area of
mangrove forests reaches 5,290 ha. Mangrove forests
in Pohnpei Island show clear zonation due to lack of
significant human impacts.

Phytosociological description of mangrove forests in
Pohnpei
The mangrove forests in Pohnpei are phytosociologically

divided into three community types as follows: (1) R.
stylosa community, (II) Sonneratia alba community,
(Im) R. apiculata - Bruguiera gymnorrhiza community
(Mochida et al. 2006). The first community is usually
situated at the seaward edge of the coral reef type
habitat which is 15 to 50 m in width and less than
10 m in height. It is marked by densely developed
prop roots. This community is further classified
into following three subcommunities:(@ typical
subcommunity, (@ Enhalus acoroides subcommunity
and ® B. gymnorrhiza subcommunity. The second
community rarely appears along the seaward edge
of the coral reef type habitat which is 10 to 20 m in
width, and is characterized by the prostrate tree form
and the high density of pneumatophores. The third
community is further classified into the following three
subcommunities: @ typical subcommunity, which
sometimes appears behind the community 1, @
S. alba subcommunity, and ®Xylocarpus granatum
- Heritiera littoraris subcommunity. Moreover,
the subcommunity M@ is further categorized as:
a) typical under-subcommunity usually appearing
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behind T and II communities, b) X. granatum under-
subcommunity occupying the widest area of the
mangrove forests in Pohnpei and generally appearing
behind the under-subcommunity TI(2a) in the coral
reef type habitat and in the estuary type habitat, c)
Lumnitzera littorea under-subcommunity appearing
infrequently in the inland side of the mangrove forests.
The subcommunity (3 sometimes appears in the
inland side also.

Methods

Survey for site environments

A rectangular permanent plot (PR1: 20 m wide and
50 m long) was established at the seaward edge of
the mangrove forest dominated by R. stylosa, which
corresponds to the | community by Mochida et al.
(2006), in the west coast of Parempei Island located in
the northern lagoon of Pohnpei Barrier Reef Island in
September 2003 (Fig. 2). The 0 m line of the vertical
scale in Fig. 3 nearly corresponds with the seaward
edge of the mangrove forest.

The relative ground level was surveyed for every
10 m grid point of the permanent plot and up to 30 m
seaward by measuring the water depth during a high
tide, and adjusted to the elevation using the tide level
at the time of the survey and the tide table at Pohnpei
Harbor. The contour diagram was drawn with ArcGIS
Spatial Analyst.

The thickness of the sediments was also examined
for every 10 m grid point in the area of ground-level
survey using a thin metallic rod. Soil water EC was
sampled at 20 cm in depth at three points, 0 m, 25 m
and 50 m from the seaward edge line, using Mizutolu
soil water sampler (Daiki Rika Kogyo, Co., Ltd.) and
was measured using portable EC meter (DKK-TOA,
Co., Ltd.) in the field.

Estimation of standing biomass and productivity

The tree census was performed in Septembers of
2003, 2005 and 2011. All trees taller than 1.3 m in
height were measured for stem diameter (D, cm) at
0.3 m above root collar for Rhizophora spp. with
prop roots and 1.3 m above ground level for non-
Rhizophora spp., respectively. Tree height (H, m) was
estimated by using the following equation derived
from the relationship between diameter and height:

1/H=0.97/D"*+1/10.22

The partial mass values of organs by each tree
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except for the prop roots of R. stylosa, i.e. stems (wS),
branches (wB), leaves (wL), and fruits or reproductive
organs (WF), were estimated by applying the allometry
relationships described in Komiyama et al. (1988):
for Rhizophora species
wS=0.04036(D°H)***
wB=0.01046(D°H)***
wL=0.06974(D’H)*****
WF=0.0003128(D*H)"**
for non-Rhizophora species
wS=0.02411(D*H)****
wB=0.02563(D°H)***
wL=0.008189(D*H)***’
WF=0.0002913(D*H)*""*

Prop root biomass of R. stylosa (WR) was estimated
by the following procedure: (O Five quadrates (5 m
x 5 m) were set up at distances of 0-5 m, 5-10 m, 20-
25 m, 25-30 m, 40-45 m from the seaward edge of
the permanent plot (Fig. 3). The quadrates of 0-5m,
20-25m and 40-45m were measured in 2003 and the
5-10 m and 25-30 m were in 2011. We measured
the length and diameter at the center of each prop
root for all aboveground prop roots in each quadrate
and calculated the root volume per unit area. On the
measurement, we classified the prop roots into mature
ones that are hard by sufficient lignification and soft
ones that developed recently. @ Twelve samples of
lignified prop roots and ten samples of soft ones were
collected to estimate volume weight. Those dry weight
(oven-drying at 105 °C for 24 hours) and volume
were measured in the laboratory and then the specific
gravity for each type of prop root was calculated. 3
Prop root biomass was computed by multiplying the
root volume per unit area by the specific gravity for
five quadrates. The prop root biomass data of 2003 was
corrected to the value of 2011 using the growth rate of
aboveground biomass for eight years calculated by the
equations mentioned above.

Results

Species Distribution and peat thickness of R. stylosa
habitat

The permanent plot was dominated by R. stylosa with a
few B. gymnorrhiza in the landward part (Fig. 4), namely
seaward and landward parts corresponded to 1 (@D
and I (3 subcommunities, respectively. The elevation
in the plot ranged from -34 cm on the seaward edge
to -13 cm on the landward edge. This means that R.



March 2015
2003 2011
Landward
50 50
m m
40 40
30 30
20 20
10 10
0 10 20, 0 10
Seaward

Fig.4 Ground elevation and distribution of each species trees in PR1

stylosa habitat occurs between slightly lower than the
mean tide level and the mean low tide level. Thickness
of the sediments in the plot ranged from 12 cm on the
seaward edge to 61 cm on the landward edge, most
of the sediments were mangrove peat except for the
bottom portion of about 4 cm, which consists of coral
sand.

Soil water EC

Soil water EC at 20 cm depth in the plot was 48.8
mS cm™, 50.8 mS cm™ and 48.5 mS cm™ for 0 m, 25 m
and 50 m from seaward edge, respectively. There was
no remarkable difference in three points. These values
were almost equal to seawater EC and apparently
higher than those of the I a) under-subcommunity
in the coral reef type habitat and the @) b) under-
subcommunity in the estuary type habitat (Fujimoto et
al. 1995).

Aboveground biomass and productivity

Tree density decreased from 2,120 trees ha™ to 1,970
trees ha between 2003 and 2011. There were 15
dead trees during the same period, all of which were

Aboveground biomass of a Rhizophora stylosa forest in Pohnpei Island, Micronesia

Dead trees
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© 21-30
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10 @ 11-20
@ 21-30
@ 31-40

20

20, 0 10 20,

blighted or downed wood of R. stylosa trees with a
diameter below 16 cm. Frequency distribution of stem
diameter in R. stylosa showed that 30 to 35 % of the
trees occupied the diameter classes of both 5-10 cm
and 10-15 cm (Fig. 5). The largest diameter was 34.5
cm for R. stylosa. Only one of B. gymnorrhiza tree
showed a diameter below 15 cm and the largest size
was 31.8 cm.

Values for the aboveground biomass of the plot in
2003, 2005 and 2011 were 228.7 t ha™ (R. stylosa:
219.7 t ha™, B. gymnorrhiza: 9.0 t ha™), 235.6 t ha™ (R.
stylosa: 226.3 t ha™, B. gymnorrhiza: 9.2 t ha™) and
254.0 t ha™ (R. stylosa: 244.5 t ha™, B. gymnorrhiza:
9.5 t ha), respectively. Biomass of both species
tended to have increased (Fig. 6). The increasing
rate of aboveground biomass between 2003 and
2011was estimated at 3.2 t ha™ yr*. On the other hand,
necromass except for the prop roots was 4.3 t ha™ and
the occurrence rate of necromass was 0.5 t ha™ yr*
during the same period.

Table 1 shows the aboveground biomass of R. stylosa
and B. gymnorrhiza by plant parts in 2003, 2005 and
2011. Prop root biomass in 2005 was estimated with
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Fig.5 Frequency distribution of stem diameter in R. stylosa and B. gymnorrhiza
D30C: Diameter at 30 cm above root collar, DBH: Diameter at breast height
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Fig.6 Dynamics of aboveground biomass between 2003 and 2011 at PR1
Rs: Rhizophora stylosa, Bg: Bruguiera gymnorrhiza

the annual increasing rate of the prop roots from 2003
to 2011 assuming that it increased at the same annual
rate. The values of the dry mass of plant organs for
each species expressed as wS, wB, wL, wF and wR for
R. stylosa were calculated as 83.9 t ha™ (34.3%), 14.2
t ha' (5.8%), 5.0 t ha™ (2.0%), 0.2 t ha™ (0.1%) and
141.3 tha™ (57.8%) for R. stylosa and 7.0 t ha™ (73.3%),
2.1tha" (21.9%), 0.4 t ha™ (4.7%), 0.01t ha™ (0.1%)
for B.gymnorrhiza.

Table 2 indicates estimated values of the prop
roots in 2003 and 2011. The values in the quadrates
where measurements were not taken were estimated
with the assumption of a constant annual increase of
aboveground biomass except for the prop roots.

Standing carbon mass per unit area was found to be
102.9t C ha', 106.0 t C ha* and 114.3 t C ha™ in 2003,
2005 and 2011, respectively, with the assumption
of 45% carbon content in the dry mass. The annual

increasing rate of carbon accumulation was 1.4 t C ha™
yr™ for the eight years.

Discussion

Prop root biomass ratio and environmental factors

Mangrove species are generally distributed in zones
oriented in parallel to a shoreline in accordance with
several environment factors and topography. Those
zones are determined according to the growth range of
mangrove species and are limited to the intertidal zone
(e.g. Ishihara et al. 2004). The mangrove forest of this
study located in the seaward fringe and it consisted
mostly of R. stylosa with the component of 97% of
tree density and 96% of aboveground biomass. The
remainder was the minor B. gymnorrhiza trees in the
inland portion of the plot.

The prop roots were spread around the forest floor
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Table 1 Aboveground biomass by plant parts of R. stylosa and B. gumnorrhiza (unit: t ha™)

Year Species wS wB wL wF wR Subtotal Total
Rs 75.0 12.8 4.8 0.18 127.0 219.7

2003 228.7
Bg 6.6 2.0 0.4 0.011 0 9.0
Rs 77.6 13.2 4.8 0.19 130.5 226.3

2005 235.6
Bg 6.7 2.0 0.4 0.011 0 9.2
Rs 83.9 14.2 5.0 0.20 141.3 244.5

2011 254.0
Bg 7.0 2.1 0.4 0.012 0 9.5

Rs: Rhizophora stylosa, Bg: Bruguiera gymnorrhiza

wsS: stems, wB: branches, wL: leaves, wF: fruits and reproductive organs, wR: prop roots

Table 2 Estimated biomass of Prop roots for PR1 (unit: t ha™)

2003 2011
Distance from
seaward edge Mature Soft Mature Soft
0~5m 137.1 22 152.5%* 2.4%%*
5~10m 118.5% 7.4% 131.8 8.2
20~25m 114.8 2.1 127.8%%* 2.3%%*
25~30m 128.0%* 8.1% 142.4 9.0
40~45m 115.2 1.5 128.2%%* 1.7%*
Mean 122.7 4.3 136.5 4.7
Total 127.0 141.3

* The estimated values by 2011 assuming that prop roots increased as the same rate as other organs

** The estimated values by 2003 assuming that prop roots increased as the same rate as other organs

in this stand and biomass accounted for 58% of
whole aboveground biomass. If prop root biomass
was calculated with the allometric equations in
Komiyama et al. (1988), the rate of prop root biomass
(13.3%) was the clear underestimation. According
to Ong et al. (2004), mixed forests of R. apiculata
and R. stylosa have larger prop root biomass than
pure forests of R. apiculata because R. stylosa
generally has more extensive prop roots. The biomass
equations in Komiyama et al. (1988) for Rhizophora
spp. were mainly obtained by R. apiculata, so
that the aboveground root biomass resulted as the
underestimation. The production of the prop roots
depends not only on what volume is needed for
mechanical support, but also on different site-specific
environmental factors e.g. micro-topography, salinity,
flood frequency by the tides and other environmental
stresses (Soares and Schaeffer-Novelli 2005). With

increase in the salinity above an optimal level, relative
growth rates of most aboveground parts decline and
more carbon is allocated to roots than foliage (Ball
2002). It is supposed that geomorphologically unstable
environment and high salinity affect the appreciably
high productivity of prop roots in the seaward edge
stand.

Comparing aboveground biomass and increasing
rates with other major communities in Pohnpei

Two permanent plots, 1 ha (50 m x 200 m) each,
have been set up at the main parts of mangrove forests
in Pohnpei (Fig. 2), i.e. the estuary type (PE1) and
the coral reef type (PC1), since 1994 (Fujimoto et al.
1995). Table 3 shows species compasition, tree density,
aboveground biomass, increasing rate of aboveground
biomass and soil water EC in each plot. PE1 and PC1
were established in the (@ b) under-subcommunity
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Table 3 Species composition, tree density, aboveground biomass, increasing rate of aboveground biomass and soil water EC in the permanent
plots established in main mangrove communities in Pohnpei Island (The values of Soil water EC and others in PE1 and PC1 were quoted from

Fujimoto et al. 1995 and Fujimoto et al. 2013, respectively.)

Growth rate of
Plot Species Tree density Aboveground aboveground Soil water EC
No. composition (trees ha™!) biomass (t ha™") biomass (mS cm™)
(tha!yr!)

PR1 | total 1970 254.0 3.2 48.5~50.8
R. stylosa 1910(97%) 244.5(96%) (M=49.6,
B. gymnorrhiza 60(3%) 9.5(4%) SD=0.9)

PE1 | total 473 743.6 6.1 26.5~40.3
R. apiculata 285(60%) 238.2(32%) (M=32.3,
B. gymnorrhiza 110(23%) 121.9(16%) SD=4.6)
X. granatum 47(10%) 51.9(7%)
S. alba 31(7%) 331.7(45%)

PC1 | total 1074 572.4 2.8 25.1~47.6
R. apiculata 896(83%) 425.4(74%) (M=36.6,
B. gymnorrhiza 146(14%) 26.9(5%) SD=7.8)
S. alba 32(3%) 120.1(21%)

M: the mean value of soil water EC, SD: the standard deviation

and the II(®@a) under-subcommunity, respectively.
Aboveground biomass for the present study site at PR1
was remarkably smaller than those plots and the growth
rate was also lower than PE1 (Fujimoto et al. 2013).
Soil water EC values ranged from 26.5 to 40.3 mS cm™
in PE1 and from 25.1 to 47.6 mS cm™ in PC1 (Fujimoto
et al. 1995). On the other hand, it ranged from 48.5 to
50.8 mS cm™ in PR1, which was almost same value
of the seawater. The elevation of PR1, which was
between -33.5 cm and -12.5 cm, was apparently lower
than that of PE1 (between -10 cm and +15 cm except
around a tidal creek in 1994) and PC1 (between +10
cm and +40 cm in 1994) (Fujimoto et al. 1995), which
means that submergence frequency by tide is higher
in PR1 than PE1 and PC1. The environmental stress
with high salinity and submergence frequency which is
related to geomorphological stability are possibly main
factors for the relatively lower forest productivity and
high density development of the prop roots in the R.
stylosa forest.

The sea-level rise induced by global warming, which
has been already observed to be +1.8 mm yr* between
1974 and 2004 and +16.9 mm yr" between 2002 and
2010 in Pohnpei, though the cause of the rapid rise
in recent years is not clear (Bureau of Meteorology,
Australian Government 2010), possibly affects the
productivity and the habitat conditions. The continuous

monitoring for the permanent plots is needed to detect
the effects of sea-level rise to mangrove ecosystems.
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