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Research paper

Rainfall Redistribution and Associated Chemical Alterations
in Three Forest Types in Montane Cloud Forest Ecosystems

in Mid-Elevation Areas of Taiwan
Mei-Li Hsueh” Ming-Tang Shaio™”

[ Summary ]

To improve our understanding of rainfall redistribution and associated chemical alterations
through the canopy and bark in montane cloud forests, we measured rainfall and ionic concentra-
tions in open areas, in throughfall, and in stemflow in stands of primitive and secondary forests,
and a coniferous plantation in the Guanwu area of north-central Taiwan. During the study period
from March 2012 to July 2013, 54 rainfall events in total were sampled. Apparent rainfall intercep-
tion by canopies exhibited a linear positive relation with rainfall size in sampled events with < 98
mm of rainfall. However, during heavy rainfall events (> 98 mm), negative correlations between
apparent interception and rainfall amounts was found, probably resulting from additional hydro-
logical inputs from fog precipitation producing low and negative apparent rainfall interception.
Among the 3 forest types examined, the primitive forest had the largest interception loss (11.1%),
followed by the coniferous plantation (8.1%), and the lowest interception loss (7.3%) and the
largest throughfall ratio (91.2%) were in the secondary forest. The volume-weighted mean pH of
gross precipitation was 5.01, and it increased as the rain passed through the tree canopy and bark
as throughfall and stemflow in primitive and secondary forests. In the plantation, throughfall had a
significantly higher pH value, but stemflow had a significantly lower pH value than precipitation.
The annual net flux of H" was negative in the 3 types of forest, indicating that they could neutralize
the incoming acids from the atmosphere, and the buffering capacity was larger in the primitive and
secondary forests than in the plantation. Our study presents evidence that the high level of annual
input of inorganic N (21.2 kg N ha" yr') and sulfate (15.1 kg S ha" yr') in montane cloud forest
ecosystems, and shows the need to clarify its potential impacts on environmentally sensitive spe-
cies living in these habitats.
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Fig. 1. Map of the study area at mid-elevations at Guanwu, subtropical Taiwan with plot locations
for interception determination indicated in the interior-primary (triangles) and marginal-secondary
forest communities (filled squares) in the mixed-oak forest, and coniferous plantation (circles). Gross
rainfall gauges (crosses) and the abolished automatic weather station COE410 (open squares) were

placed in the open away from the forest edge.
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Table 1. Vegetation density and tree characteristics of stemflow for plots of the respective
forest communities at Guanwu, north-central Taiwan. DBH, diameter at breast height;
CLC, caudate-leaved chinkapin; ALN, acuminate-leaved neolitsea; FA, Formosan alder;
TRP, Taiwan red pine; TC, Taiwan cedar.

Forest No.of  No.oftrees No.oftrees Basalareaof Canopy  Tree DBH for
community Plot treespecies  (DBH (DBH trees with DBH  cover species for  the tree of
identified >1cm) >15cm) >15cm(m*ha') (%) stemflow stemflow (cm)
A 10 49 9 9117 65 CLC 4
. B 9 23 5 2759 58 CLC 26.5
Primary forest
C 13 43 4 5710 70 ALN 18.5
D 17 43 7 9201 64 ALN 27
A 7 22 4 3273 62 FA 35
Secondary B 5 50 7 4574 76 FA 32
forest C 9 25 6 3349 70 TRP 345
D 12 28 5 3908 70 TRP 28
Coniferous A 13 51 25 31038 64 TC 33
plantation B 4 18 14 10678 74 TC 28.5
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Fig. 2. Monthly rainfall distribution at the research site collected by gross rainfall gauges from
April to December 2012 (gray bars) and from January to June 2013 (white bars). The points with
errors show long-term average records *standard deviations of the monthly rainfall totals from the
automatic weather station COE410 at Guanwu, 1989~2006.
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Fig. 3. Frequency distribution of amount of rainfall events recorded by gross rainfall gauges at mid-
elevations at Guanwu, subtropical Taiwan between 3 March 2012 and 10 July 2013.

Table 2. Annual water fluxes (mm) in throughfall, and calculated stemflow and rainfall
interception (mean = SD) for 3 types of forest community at mid-elevations at Guanwu,

subtropical Taiwan in April 2012 to March 2013

Primary forest

Secondary forest Coniferous plantation

(N=4plots) (N=4plots) (N=2plots)
Throughfall 4143.1+374.5 4381.7+496.2 3992.8+40.4
Stemflow 126.9+£49.5 73.9+18.6 421.4+254.8
Rainfall interception 534.3£364.1 348.7+500.0 390.1+214.4
Throughfall (%) 86.2 91.2 83.1
Stemflow (%) 2.6 1.5 8.8
Interception (%) 11.1 7.3 8.1

Percentages are relative to gross precipitation of 4804.3 mm for 27 March 2012 through 10 July 2013.
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Fig. 4. Throughfall as an amount and a percentage of gross precipitation (mm) for plots in the
primary forest (A, B), secondary forest (C, D), and coniferous plantation (E, F) at mid-elevations at

Guanwu, subtropical Taiwan.
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ZNO,-NIYIRE R 7.4 kg ha' yr' » NH4™-N{Y
JURERF513.8 kg hal yr' » SO,”-SYLRE RS
15.1 kg ha yr' (Table 4) °
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Fig. 5. Estimated numbers of throughfall collectors required to sample throughfall precipitation
volume in the primary forest (open circle), secondary forest (closed circle) and coniferous plantation
(triangle) with the 95% confidence interval equal to various percentages of the mean.

Table 3. Ion concentrations (volume-weighted means, peq/l) of precipitation (P,), throughfall
(TF) and stemflow (SF) for plots of a primary forest (Pr), secondary forest (Se), and
coniferous plantation (Co) at mid-elevations at Guanwu, subtropical Taiwan in 27 March
2012 to 10 July 2013

H Na' K Ca™ Mg™* NH," Cr NO, SO

P, 9.9 10.8 5.4 57.8 9.0 20.9 10.8 11.4 18.8

(7.0)  (10.9)  (6.4) (31.0) (7.7) (16.2) (10.1) (13.3)  (184)

Pr TF 29 11.8 49.1 107.0 19.0 11.5 17.9 6.6 18.9
(22) (132) (61.8)  (68.4) (233) (108 (22.1) 62) (227

SF 3.7 114 61.7 124.8 34.8 20.0 72.1 5.8 16.8

28  (13.6) (757 (1141)  (522)  (17.6) (89.7) 4.0 (192

Se TF 2.6 115 359 63.1 15.8 12.6 15.0 11.6 21.8
2.0)  (123)  (452)  (58.0) 177 (102) 17.2) (10.1)  (23.6)

SF 4.9 13.1 54.8 66.3 23.6 145 18.1 7.7 19.6

@1 (127 (687)  (9%4.2) (33.00 (107 (19.3) (5.6) (208

Co TF 1.0 11.5 239 83.2 21.8 26.2 18.8 12.7 18.4
0.8) (9.9)  (32.6)  (75.9) (282)  (15.7) (20.3) (11.5)  (18.4)

SF 71.9 10.9 25.1 81.8 17.9 11.9 31.0 5.9 16.4

67.4) (109 (31.9) (76.0) (19.8) (10.1) (35.3) 4.2) (16.1)
Values in parentheses represent median values.

=t 5 NI EL(20124F4 ] 201343 [7)i#4804.3 mm - It
Ve AR AR ey I 2 1 i 1 T (R i SRRR MR 7K SR
AN B B R I B AR AR MR RS 7K HRHT5E(Table 4 in Hsuch 2009) » 7R 477 i

MorBCE A - Ui e W % i (1Y 75 MR AR bR o SF [ 7K B (Holder 2004,
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(black line), and gross precipitation that ranged 98~350 mm (gray line) for plots in the primary forest (A),
secondary forest (B), and coniferous plantation (C) at mid-elevation at Guanwu, subtropical Taiwan. One
outlier (open circle) was excluded from the regression models.
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Gomez-Peralta et al. 2008) - WffZ2HEREE~ » F
ARIBERNE T » T RIS o & /e 1Y
AL o E RN RS - GEE N AR R

e

{;ﬁ

1t

AR BER AR o ARPIRT TR Y R SO RS
W& - EEEE R RN A E - EMEER
B (K] A % 7K 9y A P2l (Holder 2004, Gomez-

RGPS R M AR TS IN - B e o R A Peralta et al. 2008) ° & B i B A B B E AU A
% WA S R R R K - BRI Rk 2R &+ R B B P 10 ) 52 9 RS K T

1) 5 B S S TR A LE B D - AR AR R 2
N E RIS & - SRR R B AT A5
—F(Manfroi et al. 2004, Lin 2007, Chang et al.
2014) < SRl » AWFS B BAER BELEO8 mmy

14
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B B Al = LAY R 22 BCWFSE © Chang et
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Fig. 7. Enrichment ratios of anions (A) and cations (B) from throughfall for plots in the primary forest
(Pr), secondary forest (Se), and coniferous plantation (Co) at mid-elevations at Guanwu, subtropical
Taiwan, 27 March 2012 to 10 July 2013. Box plots show the upper whisker, 25th, 50th, 75th percentiles,
and lower whisker of the ratios, with the Sth and 95th percentiles represented by circles.
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KR 150 mm H A 85 5 N o R T
FHEWEREERENREREN - H > £—
Sefft FErh BB - 7 K 8RR RN & AR 1 TE A
B FEECKHIRER R F/kayE A BT
E1(Gomez-Peralta et al. 2008) o HEHI{EAIFFERY
RN R o FKAYER AT AR
R+ HEHEE R | (MR IR Y 2 2 1H)
TR R 5 S By B i B %
At =M B SRE A =
8 = AR i B2 P AH T (Table 1) » &
T AFF 92 46l SRR T A AR 3 PR Y 181 5 A T 3R
(11 1%) feE - W EE R AR AR S R ZE R 2
TF52(11.1~11.3%; Lu and Tang 1995, Lin et al.
1996) » A TARHY R e R SR JE v - 1 it
Ik LRy =B i RAMRA R e R R A
1K - TR e 2 v R A o AWFEAS RELLiu
and Sheu (1999) ELBAEIGH A IR =T AH
FRATE—H IR EEERHEE
AR PP By RAAMK ~ RAEMELA LR - HEHIFT
72 5 W] HE TR R Ry R A MR8 B4 R 1 R 1A [
GE o BIATER TR 9E 2 R Ak DURE ZE R Fy
T RAEAR I FE R AR R I By A B 2 8 — TE AL
FEE . TIEMAVA R B ZE BN G R I /KA 1
BHEJJEIR » FRGHIZ S EIE A S - 8
BRTER MR AR A TR ZER - HEEAT
RE BRI ZRMAEE IR « I H. - e &
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ABFFEH RAEAR S S AR AR R A% » R ] 7K
RYAR » AEEEFER » HBAKNEARNT
TR VR NN B LR R N i R A] e AR S AL TR
HEE AR - S— 05| - FEAMES - AL
PR IR 3 285 5 3 S ol — A Ak AH (Table 1) »
TRT T K S8 12 T R 7K A v PO 8 o A A BE T
IR FT R » s e M SR R I BEAS A
TAREY RS IR Y &= AT o5 Ee B Ry e - AT ARG EE
i ZEESEOZALHERANE HEN
H1.1~14%[E](Liu and Sheu 1999, Hsueh 2009,
Chang et al. 2014) - {fj J5U 45 R ZEAR R 2 <
1~4.2%Z [&](Lu and Tang 1995, Lin et al. 1996,
Liu and Sheu 1999) » AR 52 Fr 45 5 (Table 2)
INEATE T 2« HEARREFE R R I & 5T
HHZEMM B RE> 15 cml ERYRAE
K RITTRBHRE< 15 cmZ/MaHEPR S e T
A & HE (Manfroi et al. 2004, Vernimmen
et al. 2007) » MUARFSE AT ERS B 1l 58 R IR AL HY
BAH o SO AEARMEIE R o {2 DU I 2R3 i
BB BRIRN R REEELER 2R -
SRT » A FRHERE - bR TR RS - HERRR
antet i i fE (Aboal et al. 1999, Chen 2006) -
1 7 B A5 R (Aboal et al. 1999, Levia and
Herwitz 2005) k2 5 MEFff 4= fE ) (Holscher et al.
2004, Pypker et al. 2006a, b)%F K51 H ¥
REJE R -

Table 4. Annual ion fluxes (kg ha” yr') in precipitation (P,), throughfall (TF), stemflow (SF),

and net canopy exchange (NCE) for plots in a primary forest (Pr), secondary forest (Se),
and coniferous plantation (Co) at mid-elevations at Guanwu, subtropical Taiwan in April

2012 to March 2013

H Na* K Ca”™ Mg™ NH," Cr NO,  SO”

P, 0.46 13.9 112 67.7 6.1 17.8 21.6 32.8 45.1

Pr TF 0.14 11.8 722 753 8.2 8.5 26.0 15.2 335
SF 0.004 0.3 2.7 3.3 0.5 0.4 3.0 0.4 0.9

NCE  -0.32 -1.7 63.7 10.9 2.5 8.9 7.4 172 -10.7

Se TF 0.09 12.6 57.9 68.0 8.0 8.9 242 26.5 41.6
SF 0.003 0.2 1.4 1.0 0.2 0.2 0.4 0.3 0.5

NCE  -0.37 -1.1 48.1 13 2.1 -8.7 3.0 6.1 3.0

Co TF 0.04 11.6 315 66.6 9.7 212 25.1 25.4 31.0
SF 0.31 1.1 3.9 72 0.9 0.8 4.6 12 32

NCE  -0.11 -12 242 6.2 44 42 8.1 6.3 -11.0
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BEFF LR Ry » R IGREZE AR B9 1
RE PRI RY 7K B EE + BT 350K FI 0] HE B SN 7K B AL
(Cronan and Reiners 1983, Parker 1990, Neary
and Gizyn 1994, Liu and Sheu 1999, King et al.
2003, Hwong et al. 2012) » FAAYWFEE 7252
FrEa s - IFeas REUR - M KIERGBRE4E
BB R AEHK » DL Rty B 2 i SR L
BMI R MR AR » R VE K BELER R Y p HA B 0 R
SEEGE TR MM Ky 5149 0.3~0. 6 BL A7 » #UR
It AR E PRI ZKRYBE ST » 5 E R R KA
BRI - SR SE R T AR Y 0 LUK
7K FFR H R SR T B P T R e T A i
WA AERIK ~ Ca’ ~ Mg* fif#(Johnson
1992) - AHEHY » FEARMETEH - N/K AR DL
KR ERI AT » 229 KIpHA TR W13
EIG 1.0 S B A7 - BN A AR R B R /K e IS
YR FTRE T @ R IR AR AR AT R A bR - K1 A LAk
SR L p HZ R R S22 £ AV PR RO 8 O I BLASL
SHCB G - BEET AR E 2 A ik
HIFFE G AN A (Hsueh 2009) » A3 - A[ER
Hsueh (2009) » FEARFEH » N LARERTRKAY
NO, » SO,* » NH, B ¥ AR SN AT A Tk
ZEv& /K (Table 3) » i H R 705 B8 I BN T AA
ZEFRAEEL o [RIFL » HERA TAMERFRAYER (L ]
BEEANO, ~ SO, W fIERH -+ i vl AE Fy L fth oK By
SE B 1 P B T P o R AR T B (A rthur
and Fahey 1993, Liu and Sheu 1999) » [tE543-H]
BRFE—FHEES - DA LM ARNAYH FiR
ARBABKE » AL REESH » EEE
VIR E AR - RN RIF IR PREL X AR
PR o S0 ARBSE R R B AT ABFFE(Liv and Sheu
1999)— % » BUR 22 ¥ 7K T bk P9 1 e 1 3 4
PINO F1SO,™ iy 3= By A S » JR AR 22 7k
HFEINO, FINH, » DUR R A MR K HgNH,”
B mEREZ R A B/ MR L (Fig. 7) » BURTERL
TR RIRRAR T BRI Z IR IR AS R
FRIRF » MRGE ~ B AR ~ & RE S E BT REIRIL
NO, fINH," (Parker 1990, Cole 1992, Cappellato
et al. 1993, Neary and Gizyn 1994) - [K|[i{# {54k
AR Z(NOL FINH, IR R 5 A% -
SO TERI /KR EE /KA EAR K -
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AR S it B A =R AR o B
BOEEFHERESS km > HIEFHRAHNa" ~ CI°
IREAR S HEWA MY R 7K 32 18 06 TR UK 52 2224
B/ o BARST FLBEE B AR PR AR K & i 52 A
W ARWFFERI R ANO RIS O, I8 & i 2 3T Ak
BORYRERA LI » AR FR SR v A AR R Y S 3
M~ BaY - B JNZREHIE (Table 5) » #EHTE
ARt 9 B B LI RFF 92 R A R i ER L - 4B
S T 3 e S 3t A8 3l T L BT R B SRR T B R
Bo FA  AEIFFRRITHIFEGAE - Ik
B PEIT SV B (D BE 5 B 52 4 B P 2
fEES > HTRE S LA 1995 2 T A UK
BT IR HE R IR+ & P v G R I R A R
Do DU R B E 2006522 Ingmy T S8k g il -
DIERRA R EALY) TR (Duan et al. 2016) -
S AN AR IR A S SRR R AR BRI VT 4
Vg o AHER - fETable SEEEHLAIE
B AR (BEE~20 km; Lin et al. 2000) ~ &
i (BfE¥~30 km; Chang 2020) - B2 HEEHEE -
fELERL 7y 5 [ T PE 8% AZEE(Liang et al.
2009) » K FERIRRTZEE » K Na™ » CIiR
o B EE B IR R PR AR TR ~ BN A B
TETFRFERE > WARTBRETLAYHRES -
S AWK FNH, / NOSHY LA RR %
AT AW » SOEEIEE M K E R
JER SR HE T - HEW L AT RERIAS & A LR
HIEE) -~ ZIERBERAR - EM AR ERITS
YIRS (HERAF R &S J o 2L
Hl AZKE - WAL - Ik
RAMRATA AR PR R 0 S0 260 47y A &0
A E510.5 ~ 13.15123.1 kg ha' yr' » SO,”-SHY
A EHIAE11.4~14.1 kg ha! yr' (Table 4) -
EAEHEERZE S  (KEHRAEMKSO,”
-SERFLATTAE3.3~11.7 kg ha yr' (Lu 2004) -
i1 — AR NER R E A HIFE10~20 kg ha' yr!
(Chadwick and Kuylenstierna 1991, Bobbink
and Roelofs 1995) » ZHDIIL 222 {H - FE
16 B 22 3 LA R AR A AR B - NORIS O, -S L
Wt G912 T B R R S 7 (Jian 2008, Liang et
al. 2009) - (EFEENZE - EEHEmE KA
AR A &b - NH,-N 5 MHE R IEE13.8 kg
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ha™ yr) - i A BEAONHL T RE @ 3 ey
MAEIE R - EERENOFIH » i — A p L
S k. (van Breemen et al. 1982) - 54} » K
WFeR® EHF AP EREERA - RBIR A
HEIE BB FE R L - T /KA /K R G
[k 2 6% (Jian 2008) » SR FE/KFNO, ~ NH,”
FISO,* (BT Ik & 43 B AHE R K9 57~83 %
21~96%F112~64% (Jian 2008, Liang et al. 2009,
Chang 2020) - Fyltt » BB H0E BRI EE IR
B ER PN EHE - BEE T AR AR —
2 A 0 55 7K P S I i A R+ DS TE i R A
R A RER T SRRV (I B IR T -

&

AN ST BB N BRSO B R
ZEENHIRIH S - BBENE/NE - BEE
HEFER MMM BT TEN RSN - &
K g A T RER AR I B9 e RN &+ S (8
SEE R BN RN SRR - £=
REARARRD - DUSIAMRE B B A B Ry i
AIMRLZ » RAEM B IAL © BRI P AR
AR K TR B 1 - TERAS =TEAR AR - HEgH
3 FRA - DU R AR B 2K A bR S I )0 e Hh ATRE
J1ks - LINORISO S HEYI M BAKE » A
CHEG B R EE DR AR S AT - Hrh B3
THENFHRRRINH, 2 mli A& (H 19 AR SR R
Y] e S—J5H - ZIRR&EILHER S - K%
TERMAH PRI EE A % - Dlgrd ke
IKEIKFE » [ AAAREL R A bR AH 1 22 ) A
R FHELSHBEEMDIRKR 2 - HE—DF
KL R - [KHW KRR 2
o Am s B~ R REAH A - Rl Bl A
W EERE KRR E S E AL e
AR (Lin et al. 1997) - FRFYE ZEEERYD0RE
B Ry /K B BRI TR - RIS AE AT AT HY
B TP 5 2l AT RES I A B - T RENE AT A T
HIfEET o 1R F M A RE R PR R 1
REME L - RRWMREFE T BLE KR
M R RE R A K R B LS s A 2
DUIEHERFASBREERE ) » Sl 37 K SR 0 R A

FESAT M — B AR E B

pH ~ I > DUR B LIRS 2R B R B £ -
KR BN RS A R B PR BRI B T
A% W ] E TR A A o) BE E -

B &6

AWHFRSHESRE ~ BCE ~ BRI EF
ShEREE TAE BT BY - ZHBH S EE H R
IO SERs e R AT - FF L EGH
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