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Abstract: [Objective] Precise estimates of bamboo forest carbon density (FCD) help contribute to addressing climate change
and achieving the vision of carbon neutrality. However, widespread distributions of bamboo forest, poor representativeness of research
data, and differences of carbon estimation methods might have led to the uncertainties in the carbon sink result. [Method] Our study
is based on moso bamboo biomass and carbon data from 532 sample plots in southern China, and developed the two-level nonlinear
mixed-effects FCD model considering factors of soil, climate, and site as predictors and random components describing effects of
regions and elevations on FCD. [Result] The model effectively explained the impact of environmental factors, especially soil and
climate factors on FCD. Result showed that with increasing elevation, bamboo carbon content coefficient exhibited the sine curve.
Among many predictor variables evaluated, quadratic mean diameter (QMD), base area (BA), canopy density (CD), mortality, bulk
density (BD), rock fragments (RF), and de Martonne aridity index (M) had significant impact on FCD. Increasing QMD, BA, mortality,
RF, temperature or reducing CD, BD, and precipitation within an appropriate range could be beneficial for the accumulation of moso
bamboo FCD. [ Conclusion] Our methods and results can be used as a reliable reference for similar researches on various geographic
regions and environments in a large scale.

Key words: carbon content coefficient; soil physiochemical properties; climate factors; bamboo forest management; nonlinear

mixed-effects modeling.

VIR R R PSR T T MAE S RGEA K 577 EERRGLAA = J1 {5 5. (Abebe et al,, 20
21; Devi and Singh, 2021; Yuen et al, 2017; Zhou et al., 2023), ‘& IERNG S 20 E T, R
JFERIA SR T 040 SR A | TR R A A SRR P R RS R BOR AU RERUARHIL (Sun and Liu, 2019; Zh
ang et al,, 2012) o F=T i AOAf 5 D8 7 2 v o 2 O AR b ) 2 et B LUKV [ I P 5 3o R SR B 2
FIRAL OB AT A, TR SRR AR IR A 25 SRR P R A 1) AE/E (Sun and Liu, 20
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19) o Bk, SEHRR A AR R B 0 T SRR R A A= 40 & 508 afe DURH R0 i 3% 46 2% (CCC) ), 1%
JIiEEEETR B, KSR, WAV (Fu et al, 2017; Sun and Liu, 2019) . SZMHRZE 1) K = AL RR KT
AR (B3, A o REREEA. EER. S ERYL LIE GREMEBE. FoR00  (FAO, 20
21; Dong et al., 2024; Guo et al., 2019) . ZHIIAF AN R C& IR 1A FH A58 AR S 00 R 5 1) <A
BURAEY B AR FERE T (Fu et al, 2017; Huang et al., 2021; Lv et al, 2024) , {H#/XHR FIFRLE
RZ A% E (Graves et al., 2018; Huang et al., 2019) . F&T 5 BRI R = AR B AT DLUONF] 25 AH o< 3%
0 HH O B TR SR A A (Keenan, 2015) o ABFFT B AE (1) A AR 2 2541 (L3, MLt E 2D |
T B R A IR AIAR 7y A B I T A% B T R P R AR FEAR A (2) B 8 M (X)) 3 BEggma PR =% 7k
PR FEE () 520
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Fig. 1. Schematic locations of moso bamboo forest plots in the eight provinces of China
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*1 TEHXHES AGB 5MENFEREKXR
Table 1. Allometric relationship between AGB and DBH by region or province

ks X 12 Ay R?
Jiang xi 1 AGB = 0.2590DBH**** 0.819
Fu jian 2 AGB = 0.0566DBH **" 0.820

Guang xi 3 AGB =0.1191DBH %% 0.982
Hu' bei 4 AGB =0.1147DBH **** 0.895
Hu nan 5 AGB = 0.3254DBH*"** 0.811
Hu nan 5 AGB = 0.3254DBH*"** 0.811
Jiang su 6 AGB =0.1779DBH **% 0.890
Si chuan 7 AGB = 0.1228DBH %%?® 0.834

Zhe jiang 8 AGB = 0.0256 DBH ****° 0.868

1.3 I BUNE

2022 4E % 2023 4F, MWREAFEHLISEE T =A BHEREAR (0-30em), IRBHRAE—E, EHRL ke, A
J K FLA B SIS S HEAT /00T o BRI RS , 0 TS 1) LA AR AT IR0 i o [ H SEDIMAT4-12 43
BT A A3 BT - SFERORE K /N o BE o A MUK 2 5K FH s R B0 7 I #4%. FRevk (Multi N/C 21000 (Bao 20000
ERMHYKRERE (FoodALYT D5000) (Bremner, 1960) 5. 4K AEE: Lk (Rayleigh UV-2
601) WIE (Bao 2000). pH {EIEIT HL A7 & LM E (Bremner, 1960). il W& 2.

1.4 SEHE

55 T FEH S SR (2010-2023) KR E Climate AP #F (I http:/ClimateAP.net) (Wang et al.,
2017). FALEH 16 A7 E 7 #E0 Tkm X Tkm PR A2 90 S AE BRIEAS S AT TR AT T FCD P E RS o
2 AT RAFTT R E SRR E R E L. de Martonne T 24550 (M=MAP/ (MAT+10)) # FI{FE

FEFe% (de Martonne, 1926).

=2 T E. ENSRBRTERLEST
Table 2. Summary statistics of bamboo stand variables, soil and climate variables.

TE B/ B 35 bR

Hi42 (cm) 5.45 13.5 10.16 1.39
W (m) 9.82 21.3 14.92 2.10
Tk R (ko) 0.43 0.57 0.50 0.03
AR AR 0.07 0.85 0.45 0.13
RPN AE (em) 5.52 13.38 10.32 1.30
FIRHAA (m?/ha) 3.11 71.19 23.19 10.83
FE RS (stem/ha) 0 1991 62 311.82
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OB (tha) 4.27 97.53 30.92 13.85
de Martonne T 454k 24.25 104.83 61.28 12.59
+IERE (g/lemd) 0.90 2.23 1.25 0.10
TIESH AR (%) 8.53 43.23 15.25 3.48

15 WHREEEREKRE
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Bt b i A
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Table 3. Candidate models for carbon density of bamboo forest

B FKixxK A

Zert FCDijk = ,30 -|—ﬁ1Q|\/|Dijk + ik (1)

R FCD, = ,QMD2 + ¢, @
a

ogistic FCD =

- " L+exp(B, + QMD,,) N

v B (FeD), A, By, B £2%, QMD, R WCFINIGE . R KR |8 MR kRS k AR
Notes: Forest carbon density (FCD), a, ﬂO’ ﬂl are parameters, QMDk is Quadratic mean DBH. i is ith region; j is jth elevation; k is kt
h sample plot.
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MISEHLER 73 K070, K% 200m MIRIRG 70 A 128 . TERYER IR & RS AR 23 B FE ALY ), R AE
BEATL RS 0 BB

1.6 FKFIEEMERESME (NLME) #okZEERR
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BROSARAL . B8 T HAT A [ e MBENL S 30N A 15, IR ATC FIRE bl AR ok ik 4% et
B, Jf ] Davidian 1 Giltinan $2 i T8 R R& 7 07 ZZ VR A1 EAH G . FRATTREFRATTP- A4 I =ANT7 Z 8
e 72 4-6) i — NN BB A B R B FERRY o, DAY /D S J7 2 14 A0 23 [R) B A OG

Var = ” exp(2yBA; ) 4)
Var = o (y, + BAiJ_2k72 )? (5)
Var = aZBA”zky (6)

Horp BA SRR LEER | X N 2 & | MR k DR IRy, By, REAI

MSH, o RIS BRI ZE TS 2 o
BRI ZHAE N R TP nls AT, ARZIEIR & RN S HAE R R 1 nlme e& ATt
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1.7 1EREME
fFFEE — 22 XEIE (LOOCV) RKiPAb A AL (il fg . I R2 (52 7). RMSE (J5#E 8) 1 TR
E CHRE 9) 1E iR T GE 1 2 &

n n z I:CDijk
R?=1-)"(FCD, ~FCDy)* / > (FCD, —iﬂf)z (7)
2 £

RMSE = EZ(FCDUk — FCDix)? ®)

i=1

TRE=Y
i=1

FCDy, - FCDijk‘ Z FCDix 9)
=)

oo FOB ey i Atz J Atk 2 K AVRERE R OB S T, n SO0 VK. RMSE -
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Table 4. Parameter estimates and fit indicators of three basic models

Eq. 1 Eq. 2 Eq. 3

Bo -15.007(4.382) 0.837(0.304) 108.299(142.335)

B1 4.452(0.422) 1.544(0.153) 3.110(0.694)

B2 -0.2110(0.117)
AIC 4210.803 4209.601 4211.136
Loglik -2102.402 -2101.801 -2001.568
R? 0.174 0.176 0.177
RMSE 12.602 12.588 12.583
TRE 16.018 15.976 15.960

2.2 EEFEWNTE
2 RN TR A% B TP 8 0 B AR op i 5 At AR B A3 0, AIC A EULUAA LU BRI, R2380 (3R
5). FIEAXMT:
%5 EBERTAEETERNTEMA%KIHER

Table 5. Fit statistics for models with different model variants

AIC LL R?
Ml EARL 4209.601 -2101.801 0.176
(Eq. 2
M2 +HE T AR 3788.223 -1890.112 0.628
M3 AR A R 3779.421 -1884.711 0.636
M4 N ILE Ly A 3775.176 -1881.588 0.640
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+HAE, SWA

M5 e 3762.569 -1873.285 0.651
=
+ de Martonne T 5
M6 sk 3757.997 -1869.998 0.655
H

FCDijk =B+ 5 BA; +:B3MCijk + B,.RF; + £BDy + LMy, )QMDiff?+ﬁBCij) + & (10)

s B P s it 08 R IR O MR KR KR SRR,
FCD MK Z: QMD —UCH e, BA ZERH; MC fhifiibki; RF GG E; BD HIERE; CD
FRIAIEE; M de Martonne T~ 455

23 RANREE

BEHTRR 10 1N T DX SRR K T BHL RO 25 5 A et b0 IR 2 B R 1), JE5 78 T
FUR R RG22 25 S s R HL B AT 008, AT S UL & O 5 R 5 MO 2 P>
0.05). ST LR, 4 XA TBIURRERINE] b1, ALK T BB By 1, HOH) ATC (8
B, RO K. 044 TR R DL RSB DRTIER 2 B 25 5. 2% 42 B0 1 L
RiIEAUTR

(B + 12+ ™)

FCDy = (4, + #hs+ B,BA + BMCy, + BRFy + ABD + My )QMD 5 1 &y

HEL T ARSNGB Gt abr. IS S TAAREZR (P<0.05), B P2 & Ak
WL BRI, REBS B AR EE SR 2 By 52 T RERE 3 . dInTiti A2 AN BEAL RN B2 32 i TR RE B (3R
6)0

Fo EARE (HFIER 2). T@EKR/NF (OLS) & (572X 10) MIELKMERAMN (NLME) 22 (51X 1

1) WEHMEITTFNE%ETT
Table 6. The parameter estimates and fit statistics of the basic model (Eq.2), ordinary least square (OLS) model (Eq.1
0), and nonlinear mixed-effects (NLME) model (Eq. 11)

Basic model OLS model NLME model
(Eq. 2) (Eq. 10) (Eq. 11)
i 0.837(0.304) 4.390(1.751) 3.895(1.970)
Ba 0.173(0.051) 0.241(0.067)
B3 0.007(0.003) 0.0004(0.0002)
Bs 0.060(0.029) 0.083(0.037)
Bs -1.751(0.975) -1.276(1.100)
Be -0.018(0.007) -0.024(0.012)
Bs 1.544(0.154) 0.626(0.115) 0.582(0.110)
Bs -0.111(0.036) -0.013(0.041)
o’ (1) 0.320
o (1) 0.054
AIC 4209.601 3757.997 3673.661
Loglik -2101.801 -1869.998 -1825.83
R2 0.176 0.655 0.752
RMSE 12.588 8.142 6.903
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TRE 15.976 6.115 4.323
SINTTZRBUR, BRI 2R, RN

FCDijk = (181 + Hi + ﬂz BAjk + ﬂSMCijk + :B4RFijk + ﬁSBDijk + :BeM ijk )QMDi(jfﬁﬂijﬁﬂBCDijk) + ijk
gijk ~N (0’ Ri = JZG?.SFiG?'S)
G, = diag(c°BAY,....o°BAY)

(12)
2.4 IRBUEH
BRI 7, RO B FE B — P34 . BRI AR . bk 8, DB S A2 E i,
BEAR A E LA E A de Martonne T F a5 ¥ 0 52 T FEAE S o AN [R1 40 X R AR50 B 35 B2 N ey BUIRAK IR 9«
PO, e, b, YO, AR IR VDRI OR (B 2) . R RS o B R s i K (] 2B);
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Fig. 2. Changes of FCD along the biotic and abiotic gradients at different regional levels. (A) QMD; (B) BA; (C) m
ortality; (D) CD; (E) BD, (F) RF; (G) M.
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Fig. 3. Changes in FCD along biotic and abiotic gradients at different elevation levels. (A) QMD; (B) BA; (C) morta
lity; (D) CD; (E) BD, (F) RF; (G) M.

2.5 HRBILE

B — R SIS USSR UNR 7 P ARLRNEIR & ROS AR I3 g AR R BAT S AP I O (5 FE 120, R2
PR, RMSE B/ho XKW AR LML TR A ROSAR 7 B AR R ] LAAT RO AR 7T AR AE (X SR IRE A K - Bk
WEER (R,

7 HER 10 HTER 12 B9 LOOCV MiRLER.
Table 7. LOOCV test results of Eq 10 and Eq 12.

RMSE R? TRE
Eg. 10 8.253 0.645 17.522
Eqg. 12 7.335 0.720 15.185

3 Wi

JH T A 40 R T A B T S el A A 2R PRI LM M o ] PR PR R = A P o gt SR B g B N R
72 (Anitha et al., 2015; Dong et al., 2015; Fu et al., 2017 ). FHilAS & AR T+ 5 72 i35 B A0 # 22
AR R h L E B (Fu et al, 2017; Zhou et al., 2023c). FA1HEE T B3 bk +i%,
A SLHB R RS ANE R, PRI R T IR A R SR TR R (RS . kM
AR A W B AT BE AR () AR B R S B AR AP 4E RS (Sun and Liu, 2019; Zhou et al., 202
3b)e AT P IARARE PR (R4), BRI = RSP  42 T DL iy i e o v 22 A /NI R R
IR, BN REM B, MM AT EAER B A4S (Curtis and Marshall, 2000; Rodr guez de Prad
o et al, 2022) . —IRFIIMAE SRR % B 2 AEAR DG (B2, 3D, ZRCFIIMARRR R, 200 bR ),
AR IERGE B, MR BRSEEE (Rodr Buez de Prado et al., 2022; Tian et al., 2024) .

FRMAR (BA) 2 i Mol i i oo T 52 (1A S A2 R A5 1) o PR B3 P 5 BRI T AR 2 IEAE G (&
2, 3), R AW T A R NFIEEEE (Zhang et al., 2012) , HAEIN SRR E KRR . i
FE SHR A A (B2, 3D, PR I AT 4 7= R BT 3% IR B B4R AR 2 — (Hardiman et
al.,, 2011, 2013). fEFEFIRERARMIMI T, —SW Pl RE BT MY 5K, BormAK (Cond& e
t al, 2020; Tian et al., 2024) . WK, - ARV E A A0 LLBITAR RN, EEAEZEF (Dong
et al., 2015; Zhou et al., 2022), XFRE AT AL (FEARTES LT, A7) T8 36 2 B4 Fi4h Hb
TAK, LA Bl T AR IR FE AR .
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WL, AR T AR 52 B S % AR L IR B2 A (Forzieri etal., 2022; Madrigal-Gonzdez etal., 2018) .
MAY 5% % 5 de Martonne T- 850 2 7S¢ (82, 3). AERIRHLIX, 7 MRX %8 U5 1 55 4 S I g, X af
AESFETFRIRE I A K (De Frenne etal., 2021), SRR TR EARNT T RA0HIX, HUKAR45 50
HE, VPR TR B 2 BRI B M NS, DARAR AR I el AR 43 BB (Pretzsch and Biber, 2010;
Tian et al., 2024),

BAVEE [T IR ZOR AR B BE 2 e . MR BB S L IRR . (BD) BAMK, 58 WA &E

(RF) 2 IEAHE (E2, 3). T HE i 1 3L BRI (Al-shammary etal., 2018; H&kansson and Lipiec,
2000) . HIEFEOL, HIEESLBRERN, JESZE R (H&ansson and Lipiec, 2000) . +IEBEMEE (F
KB MYTHIAER, SEMSREERE. REXM T H38/K531)i81% (Dadkhah and Gifford, 1980;
Zhang et al., 2016). TIESI T BRI IMMLHE T TR I, SATTARGE T AR AR, oK
R 7R B A R

4 2k

AW R T ARG ) 258 AR RIS 5 REOIAT AR BE 2, PTG B AR SRR
SN SRR i R AR B FE SR AL TR RS . TEIE YR N AR . SRR Al Bk +
e R AR A . a3 BRI MK & AT R AT B AT AR BEIAR R . FRATTIA AL o] LUAT AR
(IRIHFFEEA BRI S, HONEA AR N A FAR e ERR AL — PO 720 X W] DUNAS [R] O XA 71 B B
PRAESHAE, ORI ORFERLX . W3O Al AT T IR FESR A — PP PR T S 7

2 Z X M

fifi+ H. 2000. H3AAL M. AR EAOL AR
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