EEMEERIE 36(2): 127-39, 2021 127

FAE T B A KB E R AR B H A AR AT
Sk k@A
) e BANY
B =

T (Phyllostachys makinoi Hayata) By S8R A4 2 REA VTR - RER7TA BT A7 ELASTE e - Fy
B P — o AR BRI BREH TR R (culm height, H)4E R Rtk » WFSEHIE A7
EEPERIUME - B A LE B ZENM - REMSREREETRESERRAE - AR
g HRmE A R EMUEC B H & B € (diameter at breast height, DBH) » 2202044 8 H ff#ai 7 » %6
HoHAFE kTR M A R ZARTT - KRS EDBHEITHHR /347 - M 2B B0 IEAHRI (R = 0.83,
p < 0.05) » 2GR 2 Iy © H = 143.82+173.83 x DBH - RIFENT.ZDBHA/N » K H
W 73 By ST AR A » WA AR AR AR Pl BAAR M BT SR TR S iz A R » BRI Schurmacher
Mitscherlich Jz Richards < 37 4F 6 U SRR s 2R R MDA R B BT 15 2 I 7249 T i (root mean
square error, RMSE) » JE{7 B [K| 7 fH {58 S 843 #T (repeated measures analysis of variance, RM-
ANOVA) Kt Bonferronitgi /& + DAIGEA AR A HESOR » ArfS# REURRichards 4 R =0 B (09 1
BERUR o RoME R e B RECRIIBA R - AR AR AL - I RichardsE R B (LR S E
R AR EURR R AR R R B T 2 o (H R R A Rl R RO A R 2 i K A AR R RE R
AEAFRREZH 5 BEm Al R RSN ERE R E14~15H ; L REZ
RAER R AR A &< 5H22~23H -
BASEE ¢ BEOT  1TH  BOEEAS - BRI AR R BT KPUR R
ZItA% ~ MRERE ~ BRIRER - 2021 » FRAGAN A AR RE AR ST AT RS AR CERYE - &

MR ERIEE36(2):127-39 -

DRI BB IR AR R 5 40227 2 b F @ LK% 14558 Department of Forestry, National Chung
Hsing University. 145 Xingda Rd., South Dist., Taichung 40227, Taiwan.

V3EEfE® Corresponding author, e-mail:tmyen@dragon.nchu.edu.tw
202156 H %% 20214E7 Hili#® Received June 2021, Accepted July 2021.



128 B EE A FEREAE R TR S E ARG

Research Paper

Assessment of the Applicability of Various Growth Functions
to Predict High Culm Development for Makino Bamboo
(Phyllostachys makinoi Hayata) Individuals
Yi-Hung Liu”  Zheng-Rong Lin”  Tian-Ming Yen"”

[ Summary ]

Makino bamboo (Phyllostachys makinoi Hayata) is a unique, native species in Taiwan. This
bamboo species possesses economic benefits due to its culms and shoots which have high eco-
nomic value. The purpose of this study was to address the growth characteristics of culm height
(H) for Makino bamboo. The study area was located in the Dakeng area of central Taiwan, and
sample plots were established to collect data. We recorded the processes of bamboo growth from
shoot emergence from the ground to culms reaching their maximum height and also recorded di-
ameter at breast height (DBH) data. From April 8 to June 3, 2020, 68 valid bamboo samples were
obtained. A significant correlation (r = 0.83, p < 0.05) was shown between culm height and DBH
by a correlation analysis. Moreover, DBH was used to predict culm height by a regression model
as: H=143.82 + 173.83 x DBH. We adopted a stratified sampling method to divide these bamboo
samples into 5 DBH classes, and 5 samples were taken for each DBH class. The Schurmacher,
Mitscherlich, and Richards growth functions were employed to predict culm height development.
A repeated-measures analysis of variance analysis (RM-ANOVA) and Bonferroni test were used
to examine these 3 models based on values of the root mean square error (RMSE). Results showed
that the Richards model was superior to the other 2 models, and this model was further used to
quantify culm height development for each bamboo sample. Results showed that the culm height
growth rate increased with an increase in the DBH class. However, the occurrence time of the
maximum growth rate and maximum mean increment seemed to be consistent regardless of the
DBH class, where the former and latter respectively occurred at the 14~15th and 22~23rd days af-
ter shoot emergence.

Key words: Makino bamboo (Phyllostachys makinoi Hayata), bamboo shoot, DBH, RM-ANOVA,
Dakeng scenic area.
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REAE RS (Liv and Yen 2021) « fR{ZZH4K
ZEIARME AR R - ZE TR ST
fE 132,607 ha » {5MKHEAEFERI6% (Yen 2015,
Liu and Yen 2021, TFB 2021) A Kbk
FIEH MR TS B AR AR - NEmAEE R ~ ERE
s A E R EAR A ERANZER
BEAERESE b7 R St 22 AR Ak T L& 43 (Yen and
Lee 2011) -

— RIS VPR AR R T A3 Ry BER R Ak
532418 g e+ R AR BLAR T AR T AR R T 40
W R AR RAIM B A R WdfE s B - 58 1 RSB R I
B L EBEM AR - LR A R R R
40~50K 5 B 248 B B Ry H A 5= 56 e 4% AT
AT TR A58 8 By 1k - R HARY4~55F - R
Wy FAERTI AR R A B T A5 — P B At ORI
Jit SARE Y A W B e Sl AT RS (4~ 558 ) A 3/4
WE SR IR AT R A R B A+ FE R B2 B KAy
R (Yen 2003, 2016) ; S520& BT & F7
ZIERZYVE RIS IR R — AR TR R 4~5
FLLEA BRI « — TR B RIITIE -
SR GBI - R ERRE » K
g it B ORI i e ORVA R = DA (DA
SrHh s R ELES K (uneven-aged stand)AY#E S (Sun
and Yen 2011, Sun et al. 2013) o R FRIL
T RMARAR RS T - TRAIE3 B4R THY
JERI » (REFELLT R T BRI »
Bed~THELRRAILTT » B ERTHELELL ERE
Pr(Lu 2001) » i — R ERA RN PRAR S T =0k 132
RSFEALL R ERENT(Yen 2015, 2016) -

IR R AR - FTTREE T HI M R ¥
B T - AR BE D R IR R 25+ RIS
FRHIA IR MR B (RARSE T =0 5 BEOh » 7T
B A IR L AR S - WA AR EEH
JERR LR » RIAT A 40 Ry R BN BR R E TR
B ARAREE il (non-timber product) « FHATT AR
PRI T B T+ A R [ Sy P A
TAMARRRE Ryt » PRI Rt/ N o APrpr Ry g
HARENZ - EAERE - SIS RE - R
SEMRL ~ REEIEZ > WA I TERER A
RAGER G MERhEENEM - BERAD
JRZETR(Lu 2001, Yen et al. 2010) « JFEoh » FrAast
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REIM 2 e 2 TR R RO RIFE
=Y HIRRNERES Bl » v LIREE L
HURGHE o SR LAYDIRE(Lin et al. 2007) » fE7T
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BT - EES AR 1500 mPUREYLE -
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(Lu 2001, Yen et al. 2010) °
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Sheu and Yen 2005, Shih et al. 2021) - 2R %R
BT A RAUIF SR A IR » AN 52 LS 1 b 5
& AR GRS & Ry il BalE e - PRETRETHA K
ZEHE - SRR A R AGGEI T CHA K
A gt U R 72 B DU R H 2 A R
TER VT AR A B » AR SE 2 AV RLAS -
(DR THAE KRR+ Q) A AR R
XEMRHERZ#EMN%E KGR ER K
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— ~ WFSE
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Fig. 1. Location of the study region (NLSC 2021).
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KITTHASOR FY5EKL(Yen 2003, 2016) » KA
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& BRI HB088.33% (53H/60H) » £
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EFE B B A 13T R AE 58 B H AR Kl
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Schurmacher » Mitscherlichf{IRichards
ZREAE R - K Y R E R AR AR R
Moz AR BT EERIIT & A
i (Yen 2003, 2016) » AWF5EHFT G
Prig HAE KB RE » 43 DL bl 378 A = 1 =
BEHA R » IR i/ — 3 Sk (nonlinear
least squares method) 1T 2 ¥R - HAE
iz B AR RIRE A Table 17K o Table 1H1E
AREXDZ2HBEE S - A5 R22HH
32 P - BT RySchurmacherfizt - &Ry

Table 1. Three different growth models

for Makino bamboo in this study

(Schurmacher 1939, Richards 1959)
Model Type"

Schurmacher Y=exp[4-Bx(1/1)]
Mitscherlich Y=A4x[1-Bxexp(-kx1)]
Richards Y=Ax[1-exp (-kx H)]""™"

" Yis culm height; 4, B, k, and m are parameters of
the models; and ¢ is growth days.
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Mitscherlichf& =, + Richardsf&E =, o

2 A A EAR Bz 53 e B

ARG By B A A A A [R] B R A S H Y
7B KO8 HRER T LADBH AT 43 g HUEE - 4
J& IR R 2 H E AT A KRR R 5E
(Yen 2003, 2015, 2016, Yen et al. 2010, Yen and
Lee 2011) « AWFZEMR#E20194EDBHF & 5 R
#i[E(1.0~4.5 cm) » KEEEHRLL0.5 em By RS>
B :DBH<25cm~25cm<DBH<3cm-3
cm < DBH < 3.5 cm ~ 3.5 cm < DBH < 4 cm#{I
DBH > 4 cm » $Lo3 B SRR - iR — 18k
FESHRBACRMERR AAT - SIS LE 25k
B BRI PILITE AR R AU R H AR -

3B BT AR B LR

Fo it AR AR BEHACR Z BEE - A
WS ER 715 5 iR (root mean squared error,
RMSE){F R i Ati fR A » BT LU Ry RE A B A (B A
BHEM 2= RS - BRERMSERGHE A=040(1)
F(fr7R(Draper and Smith 1981):

RMSE = {zl:ln(fl;_?)z ........................... (1)

(WX AFY R BEME ; YRERE  nkhif
AEH ; phZ 2% ¥ H (Draper and Smith
1981) -

FE A A Bt 2 K [] — AR AR TR IR % P 3 R A =
TEITHERE - RENE — AR A TS 3 5 B R A
AR TS Z RMSE -+ [K AR PR A 0] T
ZRE ARG HERRAIKRME) - HIRHEE
B R /) M (repeated-measures analysis of
variance, RM-ANOVA) [LIgFE R 2 72 F(Lai et
al. 2017, Shih et al. 2021) -

HEITRM-ANOVARYE BRI RE DA A RT A 3K
TUfREe » AMFFEER HIMauchly’s WERTLAR GE f5
B R [ 2 RAEN#RBE RS RE
(Mauchly 1940) = #Mauchly’s WHE 2B HH
F(p > 0.05) » FIREREGHEITRM-ANOVA -
T P A A E R R S R
& » #Mauchly’s WigE £IHEE (p < 0.05) »
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FRERAFEGERIZHGHE - ISR 22 52 5
s BB JE[EE M - HIZE DI Greenhouse-Geisser
ERIER < FEFIET & E B 2R EHE
(Greenhouse and Geisser 1959) » ZRM-ANOVA
F R R - $RABonferroniE{THRARE L
73Hr(Bonferroni 1936) » FLEA R BLER
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EYSHR By BLAL) -
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ST
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— B B

RS RS BHER ZEM » &
DBHEEH . BfRANFig. 2F17R » 235 MK E B4
FIEAZ BTG = 0.83, p < 0.05) - KDBH{E
B B SR HAMHNE LR - ATE 2=
Byt H=143.82+173.83 x DBH » HR*£0.69 »
I AR 2 AT R P A 1% W& S A R 7 iz HEE D BH
d L

ARG LADBH By 43 & BURR M35 68 1%
BT B ST » Mg — R BBkES R 2R
RN TEITHER SN - G BER25
Pk HEEARMEIR{E W Table 2Ff7R - HTable 2
AL A RSO R H A R AT B BB SR
27.8~50.0% °

s AAEEREA R ESER

AR ER I 318 A R b X0 TR A 2 SARAR 1T
ZHA K I LIRMSEFHE AR #ERE R - s
iR Table 3F7R o HTable 3RJAIIE 2 22
534 e RMSEfH » H i IRichardsfi =2 RMSE
B f%/]M23.53 ¢cm) » Schurmacherf& =7k ;7 (43.36
cm) » Mitscherlich# =% K (55.26 ¢cm) - RMSE
RN R E A A = R - R E
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Fig. 2. Relationship between diameter at breast height (DBH) and culm height (H) by a
regression model (H = 143.82 + 173.83 x DBH R’ = 0.685) for Makino bamboo.

Table 2. Stand characteristics of bamboo samples among different diameter at breast height

(DBH) classes

All samples Samples used for analysis
DBH Range
Mean H Mean DBH Mean H Mean DBH
class (cm) Number Number
(m) (cm) (m) (cm)
I DBH<2.5 15 6.14+2.23 1.994+0.44 5 5.24+0.52 1.66+0.64
I 2.5<DBH<3 15 7.86+1.19 2.69+0.16 5 6.831+0.46 2.70+0.12
111 3<DBH<3.5 18 6.80+1.18 3.14+0.14 5 7.5940.96 3.161+0.46
v 3.5<DBH <4 10 6.74+0.91 3.671+0.01 5 8.16+0.25 3.68+0.08
\Y% DBH >4 10 5.40+0.83 4.14+0.16 5 9.05+0.27 4.20+0.19

Table 3. Parameters of growth functions and root mean square error (RMSE) of culm high
development of Makino bamboo in this study

Parameters . Standard
Model Number Max Min Mean
and RMSE deviation
A 25 7.57 6.48 7.08 0.25
Schurmacher B 25 3543 10.70 18.29 5.09
RMSE 25 72.16 12.26 43.36 13.81
A 25 1374866 548 62850 274656
. . B 25 1.20 1.00 1.13 0.06
Mitscherlich 5
k 25 0.07 1.61 x 10 0.04 0.02
RMSE 25 85.03 29.91 55.26 15.96
A 25 35761 484 2190 6995
. k 25 0.14 0.001 0.11 0.03
Richards
m 25 0.88 0.22 0.73 0.14
RMSE 25 37.01 8.04 23.53 6.50
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FIEFE - S IEZFIER112.01 (p < 0.001) »
R EHEE  MRREERAMZERT
a4 tHIA » FF A LABonferroniyk Fhlg R i 7
o HRBIER R Table 4f77% o HTable 4
ZAGREUR » B TR RS SRR A2 A
KERMSEE H/NT R SRR 2 8% » HifE
FE =z FRichardsfE = (23.53 £6.50 cm) » HX
Schurmacherf&(43.36 +13.81 c¢m) * %K
Mitscherlichf&=(55.26 £15.96 c¢m) - [K[L & fE
PARichardst HETTAN A ELAR B HAE R Z 5347

Table 4. Comparisons of the root mean square
error (RMSE) values among growth models

Model  Number Meantstandard deviation"
Miitscherlich 25 55.26+15.96"
Schurmacher 25 4336+13.81°
Richards 25 23.5346.50°

" Different letters among models denote a significant
difference according to the Bonferroni test at p < 0.05.

= NAERHRE SRR

AW DR BEBUR i fE YR ichardsf =X, -
B R HAE RS 2 2 8E R RMSEREFR 4]
Table 5P/~ ©

LR DR 1T 2 A5 5 BBl - $REfRichardst
FATBHESCR » 740 Fig. 3FR - HFig. 3K5R
FHAT » RichardstEz0HY g A1 RE 2 B A7 K1y SHY
(aZHIERT07.70 ; k2HER0.12 ; mZBHIH
F50.78) - HEHME AR L R EE 1518 R AT

800

Culm height (cm)
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(RMSE{H }%33.06 cm) °

LA EBEY 5 R Table 575 B 45k
FE R B H A R - TS 2R R AFig. 4FT
R HFig. 42 BRI IGA - JEHRAIHA
RARECR B ERY L - 170 BB R RIS 0
fEAR20K % » HBZAEB M AENHELG
RN - BIHC AR E R - &V >
IV>II>10>T1-

#RHERichards B 45 R (Table 5) » ] jKFEL
A B A RIFRETT D - HERS R R R
AR B+ IR AR R DA R - HE A P
B RBRY 0 2H MBS R R B AFig. S
FizR o BeAh > JRR] 2 2 o SO A R R T T 6
53 RIS A REB R AENZE AR (Richards
1959, Pienarr and Turnbull 1973, Yen 2016) » %
AP 45 LA Table 6  F5HLBAT: - REATHAE
Rl A2 A R IR R A R 55 11~ 14
H ¢ M0V A R o A % 2R I IR R RO A 8
BIVHE19~23H o HFERATED - BEFTHYHAE R
R4 R B S RBAEAE - HHR
KREFERIFFEEE R -

E-J- e
aY M

FETT R S IR AT 4 e 298 E R
PN — » G AE A RE BT, b B e 2 E 2
Mot - R RS R IR E
{H - BRI 2 2RISR E R (10~1500 m) -
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Fig. 3. Relationship between observations and the Richards growth model for culm height
growth in diameter at breast height (DBH) class II.
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Fig. 4. Richards growth model for culm growth of each diameter at breast height (DBH)

class.

Table 5. Parameter estimates and root mean square error (RMSE) of the Richards growth
model for culm growth in each diameter at breast height (DBH) class

Class
Parameter and RMSE
1 1I 111 v A\
A 552.75 707.70 832.62 853 946.23
k 0.11 0.12 0.10 0.1 0.12
m 0.73 0.78 0.74 0.85 0.81
RMSE (cm) 54.45 33.06 58.53 59.72 38.06

T 2 AE 2 AN Ry HE AT 32 2257 A1 M1 (Lu
2001) » AHFFEAT @ R ER 2 KU - Kokt
EERNSAEE  BENERFRCE T 4Y)
RIHERGC - WSR2 SRR
(Yen et al. 2010) » TEEZEAF 1960 1980F ¥t
IS A IROKEBR(Lin et al. 2011) » L]
R ARB RS DUPT A UCRE R g BR M 2 I
REE IR ACAY S R S SE RV H RTRIREIT AR
B A E TR » I S5 KR BR AT
B E T (Lu 2001, Yen 2015) o ZAf5E
HETER R T BB 5 - BT EEF 2 H
G R5ERK » SR HAT AR RIR = L WD
FrA AT < DBH » F{S S REUR » AT
DBHERH A BEHIR AR (R’ = 0.685) » Ik
FAHIYen et al. (2010)RET AR Ml HETHIBFFEAE
[F(R* = 0.87) » i DBHELHA AR M th 2 1772
REEMHE » A& FZYT(Phyllostachys pubescens)
(Yen 2003, Yen and Lee 2011) ~ 7 (Bambusa
stenostachya) (Li et al. 2016) - EFEDBHATHAYE

Btk AR RAHET AR B HAE R -
PRI A 52 3 Je& AT o Ry BEAROMR 532 11 g
e+ PRI I 3 B A P 3 e LA T 2
B B » A58 0 R Bt U S A P v A T B B
o HRE RS R LT AR R AR
M (Lu 2001, Yen 2003, 2015, 2016, Yen et al.
2010) » Frifs SRR T E 0 R 2(HRE B - 51
FEERMERR1.5~3ME H - BR2ME BT 4~ 55 A RESE
% (Cherng 1968, Lu 2001, Yen 2003, 2015, 2016,
Yen et al. 2010) - SRR (E A RIS
57 L{IE] 55 B 8 5 R O BRE ] - (HR] DA R R A2 W)
AN RS Y 2 = HRNE R
YR R maRE - B HAE A s 1k
(Yen 2003, 2016) - BFFETATER I FEBRAV A R
Rt o AT RO B A R B A R
MR E MR RER - RAERBEEMALE
RITHWERME EZ - TR RTS8
R SRR - A0fr ik ATE E A R ER
B PR RENRAE - DR RS R 2
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Fig. 5. Growth rate and mean increment curves of culm height in each diameter at breast

height (DBH) class for Makino bamboo.

Table 6. Times the maximum growth rate (MGR)

and maximum mean increment (MMI)

occurred for each diameter at breast height (DBH) class

Class
Item
I II 111 v \%
MGR occurred (d) 11.3 12.6 13.5 11.2 13.8
MMI occurred (d) 19.3 21.0 22.8 19.0 22.8

#(Ito 1988a, 1988b, Ito and Osumi 1984, 1985,
1986, Lee and Yen 1995, Chiou et al. 2013, Lai
et al. 2017) -

AW ST T ER F i 3 A ) A R Ry IR AR
PRI R (nonlinear type) » FERRVER AL KA
MDA R E B B AGHE - &R g

FEERE - A RESERUBE(Sheu and Yen 2005,

Lai et al. 2017) » AIFFEHE S B2 35%0E R
Dt 5 3 2 FHRANT 728 5 Fy 1k $8 (Pienaar and
Turnbull 1973, Ito and Osumi 1984, Sheu and Yen
2005, Yen 2016, Lai et al. 2017) » & HEZ
FER > SRR BRI 3T ] DU s -
LA S T e A O R B R, » Bt A s 1

S » Richards }z Schurmacherfi = 5 5 W 5T #3
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Y R WINTIEE RV Eiith b b U R N =R s |
AR BEARERR A RE R4 FHE(Yen
2016) - ARWFIEAIAEIR » B URRIichards4: K
AT R AT T AN RIS A HAE R 1 -

PRARFONT R R AR HE T R AR MR 722 52
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