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Abstract: |

1 d

and entref hi

= promoting the knowledge transformation of college students,

and forestry universities and external society, and solving the

e

ti 1
n for undergr

ts majoring in forestry is of great significance

ication and tion between agricultural

of undergrad students majoring in forestry.

s

However, the current g system of i

and ent P

es for undergraduate students majoring in forestry

= higher agricultural and forestry universities is not yet perfect. In response to the main problems in the teaching of innovation

and entrepreneurship courses for undergraduate students majoring in forestry, rel

t reform

and are

proposed, in order 10 provide reference and reference for agricultural and forestry universities to better carry out the cultivation of

and

irship talents in forestry.
1

Key words: Forestry major: Und,
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N H G ARITHEF S AT R . B 50 Al EREREs, RbRmR
REEAPRRA, FRERMEHHA.,

L& CRABTH S 72 b 0 B B PR 4, AT (iR it
T, PRGOS S MR A R WA TS (IR B AR T
RAER &R HEP|. SURRE, 50 7itbh RIS &AM, 50 737000 F Rt
AR

Fis

20e % B CRIRTEDH S 12 b 0 B R RE SRS, B
W T AR . HAROCER. 5 B, MNP %, 2. Eik. B
A S ZCHA B S 00 H S A E A R T . SR, X I
N b ZRHE S H T )

N2 $3E 46,155 J756, H bkl 18.685 7590, M0 T % 13.500
A7, BEHENH % 1.560 70, HAR/SCHRAS B AL E/40H R0 %% 4.800 77T,
SWUERR/ERFA AR 7.260 T30, HAH 0350 Ft. &P b B
&

2.1 H¥3% 18.685 T

E TR E BT R AT I I T B B T4 L R driz
VAR PO BT IT, ¥ R BE R IR SR E . b R S R it 2
WS, BEMIARMNRAA. ek 2,

(1) HYEREFE AR R, 9.755 At.

FEAR: BT AR TR R 3. PR LR gk
R THRIBIT TS, B EGES. SU4mE. GinisSs, sa
SRR N £ B T R IR0 & o % (LR A 7 -5 55 27 T B Bk 70 At
B

WRARAE: T b SO AR R TR S T AT, IR B E
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BT LT . Ak T

MS BRE, AT aZaBASEREAN. b, B4 R w0 5
FRECRUH, T REIGE 10 i, R4 400 JTAR, 3L 400 JTAX10 HE=0.400 TTIT.

12MS $EFRE. AT 2R IR S TR LR, TR So L,
Pk W E 10 M. Y 350 ST, FE 350 JEAMx10 Mi=0.350 T,

HMBRETIN, T A2 SRR 0% 200 2 B e 2L e 1,
Bt HEIEHE 2, 48R 24-D M, 6 FEBLED 6-BA, B 1R
TDZ, B, KEEES, B, ISTERE ., S5 %009 100 5L, 550 ot
/HE, 1100 JC /M, 500 J./HE, 1000 7C /¥, 250 JG /A1 1200 55/ 4K
(100+550+1100+500+1000+250+1200) JGAEx1 #5=0.470 Fi7G: H¥sEl: 3, &
{1800 JTAR, St 1800 JT/x3 #i=0.540 FH7T; REMEFITRASH & 40 FE, PAM 45
9 60 JLARAN 150 TR, 3 (60+150) TEAME*S0 Hi=1.050 FFIE: — /K& E{LE,
HUL, R, WESEAKAY. BEREE LKA, MBS —KSY, BMH T
KEY, WRE-EAEY, MAMEK-tREY, BUCH, BRW—T, SR —K
T, WM LR 2T KA, MSREARREL, BRIk IR
(I LAKREME 20, 05514 500 TTAE, 660 T/, 830 FTAK, 1450 L/,
1000 FC/, 1050 JT/ME, 730 FGAM, 570 LAM. 210 JL/HE, 1050 TT/HE, 1450 Jo/
Wi, 1030 FT/ME, 470 JT/E, 950 TR, 650 T/, 810 FTAE. 1000 T/, It
C 500+660+830+1450+1000+1050+730+570+210+ 1050+ 1450+1030-+470+950+650+
810+1000) JG/A>1 JfE=1.440 FF7T.

EWHRHRE M, 5655 Hit.

—RERFIFMEI, 1T =8 COASEERA RS G, 3 RAEKE
E, BHEEWEE S0M, VMK 375 5 i, 3t 375 7/Rix2x50 H=3.755 il
b

BiL, 85, DHRE, BRE, NTSRREBREN, FUrmEwE s 0
B M IHRHIA 150 TR, 50 TS, 100 TLASHT 300 TEA, 3 (150450+1004300)
TU/48%20 £8=1.200 5.

ERABTFE, BT oUAGURRTRMMERER, 5 BELE 54, B
4 700 TTAR, 3L 700 TT/4%10 45=0.700 BT,
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(2) EYBEHLEHRAN B, 8.780 Hx.

TEAR: BT8R RSG RS TR R, T4 R aieH
R FHVRIREAT OB T E, R R R R AR AR MR F R R 7T
KFERE.

WFARYE: TS P SRR AR R FAL S5 W6 B AT IS, Wit NS EH
i L. AT

FRRARBURFIE, RACE HFEM LR REM Gateway RS, AT =40
TR AR T A A BB . TR DL R s AR R AT HUBI AT OB FT b
HEEER N T EMEE, TS mEME3I S, 38M1 &, 2400504 1500
JT/EE, 8600 T0/E AN 7500 JT/A, IE(8600+1500)T0/Ex3 E+7500 TL/Ax1 £=3.780
ATG: Ah, EFEE XA # DHSe B2 AR RS2 EHAL05 MEE %
6 41, Fufr 1504 250 Jo/AHRT 900 UL, 2 (25049000 Jo/Ux6 15=0.690 J7TC.

R XREFNFERBERICEN TR/ PCR £ Firt % RNA HZHUR]
BMREFAAES 5 &, 2500 3200 /&8 1300 o/, b, EERNR
SERAHTUR 1A, {7 1800 Ju/L, 3L (3200+1300) Jo/£Ex5 &+1800 jT/fx1
£1=2.430 AT,

HBERAKEREN, H TP b TR B3, k4
FE AR B AR M FHLB @I R SR 4 73580, TR E 02 mL BOH, 15
mL 4L, 2mL BAOE, 10ml BHO®, SomL B, 10 uL Bk, 200
pL FB Ak, 1000 pL Bk, 5000 pL FRaSWkHE 5 1, 9500
1000 JG/48, 800 Ju/4H, 800 Ju/#8, 1200 ju/#8, 700 Jo/#8, 1000 JG/4H, 800 J0/4,
600 JL/FE A1 900 JG/#H, 35 (1000+800+800+1200+700+ 1000+800+600+900) x2 &
=1.560 AjC: Sbhh. ETEER 96 FLRAER 96 FALBCEHEE 2 &, eMmaul
24 200 JT/EFN 1400 Jo/65. 3L (200+1400) T/£E%2 £2=0.320 TG,

2.2 FRALB N T 13.500 ST

TREF 2 B Z G B R b T A i B 3 i R LA R Az
AREY ST HUHIREAT TR AT, B BB IR, RE. BE R (R R g iR L T
RAZE, Kb EREENRTE S . SRRSO TEEREARS
MSI¥0. DNA F By, etk RMFR G, FEMTEERRRSRE.

45




(1) EEHSARRERIFT, 7.200 77T

THEME. RETS RS, TUREE 2R b T Al
BE. TR R ATIE AR A THURIRAT IR SR, AT it MR S At
MR AT, FTN AN (6] B () AL 3 ) R B AT S A0 AR SR AL T

SR : Tdf 2 MACTRARESh (MRS 2 OEMSFESD T R R
SRR, MR R A R PR A TR, BB D 19000 T/
ARERL (120 GB $4B) . 3E55 18000 7i/4NHF fx4 ANFEAH=7.200 73 JC.

) SIPAaR, 2500 Fijt.

TEAR: RURTTRERMES, TRMEZ S EIE BT R & EET
BE . LR U R B A TR RAT R b, AT KRR s SR
SRR . B (L BB B AR 2 T A, 75 AT 51 & R H bR
F B SE o

FUMARAR: 4 USRI B S0 5 0 2 T o514 100 %, EETNAEARKIS
B TR 500 4. FARIEEE TR RAME 314 100 %K. B ALE (LR E S 4 100
S, BRIV SR BT R 0 5 58 5 4 100 A B AR IR R A LAY 2 514 100
%, 451000 %. ARG R AR RA TR, SIMERITER 1 T/
B, WA 25 R, BASIMEMRT 25 Jt. 25 JuEKGIHx1000 &
=2.500 Ji7C.

(3) BfHFEETRFFINE, 2.000 7.

EERR: EXRBEFEMBEHZUETRT, BFRERFEPCR B, HHRKR
BB B4R R B HREHATHR E BAT A FIA0 Sanger W, LIKIMFFIRE
HEVR .

WA FATREE KT ST, HIIE 200 AN TEHEA B IR AR bR
WRSBIE, WE 100 MTCMAR, BAKRIERZ IR, Bt B 600
TR RGBS, BRATHEFIIM B FRER MR SRR T
$52, WOHHRF 400 RS, SIHFEGRAT Sanger WIFF 1000 MRKZ. R
MR AEVFBT R A RS, SR 20 7T, EEE 20 TA4Rx1000 4
=2.000 F37T.

(4) AEBHFIOWE, 1.800 Ht.

20
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ERA®: RAETAERAES, TR 2 R LR o Rt 4 B )
B TAELER AR A e BRI 4 T HURR AR A Sk, AT RS A RO i st
FrilfE R AR E KT AR, TREN K AIRRE MACT AT o

MR RELRFE—HLRE=A0E, S 3 MEYSER, FE
WEEKE, METRE AER BEMAMSEENR, RIBEERFHAEDIE
AR AT ARG, B KK, MMy RE, 7R8I %R Y R 9 5E 29 1000 T/
FEAR, TSR A BRRISE S 1000 7o/8E &, B, BEMOIEILE (1000+41000) 75/
Ff <9 £ §=1.800 7L

23 EEh %, 1.560 FT.

TERAR: ATHRZLEEH. BERHHATHERSE, A5UE5%E. AT
SEERAERFHEKRM RSB %.

RHAKR: T IREGL LR, T (R R T, T4 E iR %,
HMEEIRM . TR, BREKE. 20 A4 BKA. HERRS AR, Ty
AL 200 BE, % TNk A FIMAR 1.02 o/, SEMHTR 1.02 T0/8Ex200 f
/Ax50 MA=1.020 7350; FURBSEMRLE S, 8 %08 0 ch iR i B %
FIHFERROK, FH9RAFEKL 20 W, HoKk TR 5.40 T0/M, SEHK R 5.40 T5/Mix20
Wi/A =50 4~H=0.540 Jiit. &it 1.560 Jiit.

2.4 HRR/SCRRAE BA /MR A, 4.800 FT.

ERAE: HTATRESERETIEN O R. &5, bURE. 55
A, IC QAR LR AR PORT B, STED . 30T A T A e T

WREE: Bt G R RRER NS EET R R SRR LRI 2 5, T
P RIESCHIMRIN T 10000 5T, it 10000 JC/4x2 55=2.000 FA7c; FB% %S
o0k fS BAG R SCHREERL ZERTA 2 A1, 3099 42 2000 78, 112000 J0/4Ex5 2E=1.000
J70: TR iR SR 1 . HISE A HEIT0E 8000 7T, i 8000 FT/fhx1
fF=0.800 fyo: WESLREITON, HED. HiTH, B TAER I LT
WIPESE AL, HA4E 1000 J6, 1000 Tox5 4=0.500 J576: ERATAE 2 90
REARTI 2GR0 BRHIRA 8, H484F 1000 7T, §F 1000 TTx5 4F=0.500 Fit.
Gk 4.800 JIIC.

15 SWER/BEREEZRE, 7.260 HT.
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(1) 2%, 1.100 Jijt.

FERS: AT A TIREHIT SRR .

WEARE: FREHERTFREES) . FREAEEW . PR .
THE B ESYMESWE S K, WK 2 K, PR 2 ASN. %52 550 T
INK, BREWE 550 T/ARK*2 Ax2 K=0220 Jijt, 5 RESWIET 0.220 FiT
MRx5 HR=1.100 FI7G.

(2) ZH, 6.160 Fijt

FEAR: FERTTRES RS, EBAL. MR SARERA
e, SnGRAT KA. BERAMEHE U AR, UME. MEER
R S B T T A T R A R E B .

BUBARIR: T 2R TR LA P AR T AN B A B, T dERF UL R Arie ¥
AT HURIRRET BT 5T, BT IRRRAR A AT AE T M R AN Wik, mr i
HEATSERG PO SRAE T MR, PIOMEE 1 AR, FHEARIES K, fEfH4 X,
SPEMER B 1500 0/ AR, R (PR E R E R EE L) (H4T
[2013]1531 5) 1 (KT VA8 o e i [ SCML K 28 e £ 18 b ot S K ) R A 28 e D)

(47120151497 5) $rife, — M X %R 180 JT/AK, HHME%F1 300 J0/A
Ko BHEE TR AMB TR B (180 JU/AKXS K+300 Jo/AFKx4d K+1500 o/ AKIx1 A
#H=3600 7., 5 FILT 3600 JU/FEXS F=1.800 Fi7t; FRARBT A G FaE 50 4 kb
S N b B BRI Sy At bRl 4 2 R AE S SR e 2 R & LRI,
TIRE 1 AR, PHBAKRERS K, 464 K, PHERER 1500 T/ AK,
S WTEA B A K 1500 JT, HURHKRBURMM ZFrdie, HhBI% 180 70/ AK,
AR TP 300 JU/AK, BFEFIMBEIRR (180 T/ANKXS K300 T/ AKx4 F
+1500 J6/AK+1500 TEAYO*1 AiK=5100 TC,5 &4 5100 To/ExS £=2.550
JiTt; RIS, R PORR . (U84, SRS, TS S S H
ERMTNAER, 9583620 7T, 5 FIEMH 3620 JL/4EXS F=1810 Fit. &
it 6.160 FIT.

(3) HERAEZRR, 0 At.
Foe
2.6 Hfthx i, 0350 T,
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W %W a3 0350 AT

3HE® 12175 .

ERRE: ETREMTERT, BRTREARCRAN, SEEHRE, 4
SEFR S EFARRA RS [ B4R (R 95 95 A A AT W TR BN 95 55 T0E, Bk
T URBAT 1L B o 8 95 Y 9F 0 A R D A W e 95 25 A BR (155 5528

WRALE: WL 7L B GE ALY 800 Te/A-H, I B T A G40 A
G SERR ALY, & HN SR T o 48 N I 16 R 5 B AT 45 B TR G 54

30 WAL E R 4.800 AT

ZHATREMANTML WAL 2 4, FEOREESERERBTSML. %
AP T 35 25 PR oh R0 UIF 45 9000 LUK R X B0 4047 B3 48 T (F . Wi P iyt
ABCEREI ] 3 4, P8 AR AL AE% 800 7T, M4EH T 10 Aif,
FEMHE LT K 2 Ax10 H/Ex800 FT/AH <3 £=4800 Fiit. &it 4.800 75
TG.

3.2 GRS A R 357 % % 4.000 /37T

BT FRAT R RE AR AEHR. BERAMARR., HtHEE. &
KMBCRE S TIER K R, FERA RGN TA.S £F4%8 200 4
AL, #F8 A T304 597% % 200 JoH, B T35 % 2% 200 50/ A Tx200 AT
=4.000 7376, HA.

HRARRE: REZERARFTHTROES, SEF 10 AAT, 5 4
i 10 MALAEXS =50 PAT;

EREE. BEFRCERBIR, BEAROMASRE, BN, R
METHE, WEF 20 ML, 5 3% 20 PATHEXS F=100 PAT;

BEEE. GFAERCRSETHER. TS5 ETHNRZOMBLETE
Ao BREE, By, BEAC. Bk, B, M4E 16 AT, 5 FEIETE 10 PATHERS S
=50 ™ AT

33EXRBFAR: 3375 A

AR AT IREPATER P R RLW. RIHEE. BRI, Wil
LHRNBRH.

WRERE: FRBSTAFLWS K, FHFRER2 A, THESK1 X,

23
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R CHRMEFTN R L X AR EE)  (HRH#2017]128 B) CHH#HLE,
TR BEAENGR 2800 st CBLAD) i, 5 45 Kit: 2800 Jo/AKxD Rx2 Ax5
R=2.800 T370: AT URAESH A TR 2 A LA AbIE W G I G W E T8 5
AN H230 JUAIRTE, 5 FERH/E 230 L ARXS AR5 8F=0.575 FTt.
£t 3.375 .

= HftREE S
ARG S FERR. SO AR R .
x.

7}
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. XM

L ZH5EMARERML (MG Z T SBMER AR, EASFEE, Bl
Ak Btk WESMBL, WAL .
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ESBEE

FLRARE (BHRTEXRTFRUF R HAK L (2F, £4)
FERUAXTRGER) (X (2014) 64 9) , (EFBETFRAUNFES
ERANFAME THEHERL) (R (2018) 25 %) . (EEBAL
TATHEZ S AMAAFERCENETAL) (HAR (2020) 32
7). (MR Mlﬁk%ﬁ#c-'ffpiﬁx[ﬂii.ﬁﬂ%?}iﬁﬂ%@ﬁﬁ«ixdﬁﬁﬂiﬁ%ﬂ)l
(ERAR (2017) 152 5) . (HBH HESATORERELF LT
MFCEEAEONAL) (MRH (2016) 113 5) . (RETHREE
THRCPAMBRAEITR (7., £4%) BRI HEEAADNEL)
(ERAHK (2015) 171 5) SHAXHAE, URAXEE, REheE
XK, REFETR A4S, KELEE5H,
FlE, &R ARENFASERE: S4REFEREEH (A5
ERRTH=R, HFHA. TR, X, £H%) WELH. 5HE (&
B B RBRUES AT, BRERFLAFERERAHFEE S ETE
RALRLBATEARBARIEEAMEE, TRY. WH. 84,
TRTEREFALXNLY; BRARRBEAEXBIHUELE, b
FER, RECHREATAURBREARR - HAERZTEEES WAL
AR B TR ENE TR RE, AHEETRTFLLERERST. BER
REH, RH—SHRERMETRAE GRE) #HE#A, CARFR
ErERETAREEURETEAFTABTHE R EROATL,

26
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REELABE (BR) -

FEERRAZE (XE) :IJ Q% és ,

FREAIBRM (Z7) -
FEERRAZF (XH) .

22206 128 (3 B
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1.2 4R RN )1 P A R P 40 i 2R RS 5 )4 P B LR

LLIZZ9N/ 10z  TONWEID SR
LOOE/]  F'ON Jol00pisod & s T &

"UOIEPUNO ] UG
[810320p)so g euIy) u—= WoJJ JUBIS) [BOURUL] [BIIUIL) SSB]I—
A} PARNDISEY g 1.y} £J1aad 0y st sy

! ‘W H Yt — o
«4@@%%¢@«&m+£mow¢%.@$«ww
UY¥ZF# wog EYTYH

i

JUBJD UOHEPUNOS 82UBIOG [BI0JOOPISOH BUIYD JO 91BI1}13I87

wﬁ&%&%wﬁmaﬁ@+
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1.3 TRERAKREFERT TEZ BN (2017-2020) TEE
AR B R SR 4n i 57 55 RIE TR B

N\

(:&
D
HARBRS A =
WH AR TU B KR SIE R TR 8 % s e il
(2017-2020) T {EEF4M A & B s 5 4 il 57 55 K T H
B2h (BF) . EZM M E E o EE R -

RGN (ZH) + BRI

AT B H] : 2224 7 H ’T‘E

BT H i B

B ERABITZHE 2022 12 H30 H
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BwZH (BH) .
£ B AR EEARE 143 5

EEREAN: Iy

RN T il

BAETA: 176173146605

@R st MEE R T ERRE 143 5

M iE: _0731-85679737 1% H: _ 0731-85679825
HOF 5 M-
REEH (ZFH) + __ EERIKE

£ BT HAE M RAXF L#F 483 5

EEREAN: X LT

TEBEA: Y24

B ARG 18825090920

i M Ak . " RAET MR X F 1l 8% 483 &
H %: 18825090920 f& H:

M F {5 # : __154083733@qq.com
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iR (R ARSMERZEL OEXIE, 7. 2072ETF
SR, L. TANERFAEENEMLE, ARBTAYFE
A, LLZEXH LS F

B—% WHEFR AX=

ﬂjLJmH%ﬁLﬁEM%%

1. TEB#R:
(2017-2020) T = EF 518 25 R i R | U H TAE .

0. THEAE: HEBRTER: (1) WEHFEEETHRARRT
ERRHENES . EETR, HAERE, FEES. FRRT
skl () WEHASEA. FRES REEL, AnHBE.
BHEESHLTIEEER: ) AE. M TELHNE
AN, MEMAE. BHEMAB, (1) TRAEEKMNIFEIEEH

BAFTRABETIE, BBEHGIFZE, HIXR, HIEREBIRE;
LR

EEAERAPATIER , THREEEI, TS & ¥ R B i3St
HiEE, HERRFEEAAIEIAR, TWIFHN TSR,
(6) MHRARILH., Kll, PHHEH,

3. TR _MhME.

B=% TN TIIERRHEI %

3
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1. TrEsE: _BEEKY
.

2. THEMERE: kMR BTHA 2 M0 TAEMEBETHRIPAT .

3. THEME: (D ShAEREME: (2) HXRRREIHM
B (ERE. KR, E% .

4, REER. HEAEFERET.

s, HARER. EBATETEME, TENRRR, EFRE
P B R AR SR, b EE ST Si T T ET L i B AR A 5%
ARMEE, HRERECKETSE, TASEHNEHRBEON
&30, Eﬁ%#ﬁﬁ%@éﬂﬁﬁﬂﬁ’ﬁ@ﬁﬁﬁéifzﬂﬁ
FEEAE TS, BRESE™, HR AN EEETHNREE
78 40 25 P TR — VIS B BAHA AT AR FEA FIA
7 5 B A B T B R R BN , 7E4 B PO R 19 A 4 B B (0 P
AR, REEHFARTSEEREAE =T . MARMARR
MBS S f 3, AR, (RIS % A B
R RFHAT EE RSB ST, Z 5 RAE RN R
X ShfREE, AR g S THEZ %, Z AT
ARWREENGEL B, ARERS, BMZ T HRZRNE,
FrA&E BT R A BIAH R R A .

BN NREZHEEFRIIE, BHRY A ZH R TFI
AR THEZGEMEER.

1. RAtE AT K
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(1) MR, MERMTE R K3
(2) ARERFHR .

2. ROETARRAMPMER I

(1) RSP 2,77 e AR R AR TAE

3. AR AR EOR TRl T R4 A0 E S I (0 B ] B2 77 =X
HaRZITZ HEZNH R IE.

BE% HAFEMR

1. ZEEMR: SRAZITZHE 2022 F£12 A 30 H;

2. ZHMESFBRATERASRE %K. B RkAAENE
BIEAZE, HFELREER. FLHEERSRZHESRBBRA R
REEMAAFE K. BEFRFMEN LB IENTR, B, 2305
Al A& LSRR E A E.

BAK ZAEEANE TIEES RN, NETERER. ER
AR RIME EHER, MM 2H, EREERRABRRS T
BEEERAEN (2017-2020) TAEEFAMAE KRR %l TEHRA
HRERFRIME, BREFHFHIER.

Btk RETE TERBEF X ZHHRXA R BT HMNE
BARE, ZHRAREREY . mREHNE ZFHXA R EE
RIFT B TR, WA MRREER.

BINK BRERABRIMFR:

1. FERHBEHN: ARTEHRAEHICE (¥150000) .

5
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2, FERABTT_ETELERE—KIE ffar.
ZHFPRITEAR,. HuhbFIb B A

FP®T: SHTERLET

Huhk: ARG Tl 483 5

RATHKS: _ 3602002609000310520

& BIES: _124400004554165634

3. ZHEGERANERA LEREERERMEHE, 87
WHRTEE, FAAR O FHFRANERBLEITRE, B4
Wikg 2. 75 I IEH TAE.

4, RFAEZ RACOFESHRATRALIRE, Riczs, B
T B 2 AT AR A R A

5. ERFIAHERAMN, ZHNRESTHEREARRES
AY. BN, FAERREMREZEZARERTAL.

Bk ZHBATAGFREESMLETFRRAELZNT.

1. REAE BEEREEMESERR) « MBS RIHEE.
R, MBRMERE. RARES, & (RBEE) BERIT:

2. WEARTGH: _BHSEARREMAR;

3. REWIR: _REXRHCHERT;

4. BERE: _FREFHIRAERIT.

W& XTHE, & T ARG X3 Z R 35 5 TR
FHEATRYL:

1. TERRENK: ZPHTERREHE,

6
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2, BedichrvE: B BT IR R HERR YL

3 SRR R (] A A 4 B O SR A (] A £

Bt—% Whthe, ERERERMA, FhfEE T AF
THHBKRA, ZhEE_BR AZHHEBRRA. MEHEKRAKHA
PR HE:

1, _ PRBTRO & WL A A i f A i

2, iR TIEHERE

3. AT E{EH IR

—HRETABRAAN, MY UREEERA T RE
3 N R A R AT BUE R Y, RIARTHAR BRI BT AE .

Bt=% GFAMEE

I, ZHRBFFAREFLFTMERERTEN, 2LFHH@E
EEMATEREFHINHAERE, WRTEURREAER, BN
1% 2,77 B AR R BER AR BUR STAT A BRI 55 55 3 F 5

2. ZJ7 R 457 55 1A BLETE I AT A, P BRI R 7 T E AL
HE P AR, BAANERAER, HBRZITHKIE:

3. ZH RS FMERI ZHBARARBTHNLEHE ., R
WMz 2 Taia e, SRS LERSREN, FAAMERES
[, {ELRL % .77 S br 57 55 TAR R BER S 55 TAR RUR SCAT A RL 57 55 2
H;

4. ZHTESFIRABR A ZRIEATARPR & IR0, RIIRAT_S Hid@%nF
FHEBRHRAREH THEAEE, A% LT ERTFTERK

7
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R#S TR BTN &R, 2hmAaTEARRER, 7
FEWIEMZH OSSR, FERZHTBETR T AL EREHE
Drf R

5, MAHE, HBTFAIER, BiEdaRETRATLER
AETHERT, FTCARERA G

(1) BRREELEHA
(2 _ il 2 R A
sH=g HHAE

|, ZHRETGEHRBELAEERAN, DR, 2SR
AR A X TR BT, ERSRRHTHE RS,
ENEFEREEM Z M F R

2. Z 7 RHRE R AT E TR ESER, £ERRHES F AT,
BT R A RBRE XR . 5 ARIER T E TEMEK
NS EAMIEERE, 7R BN AR KRR bR 2 AT
fe, BHREETE. ZHEN NSRRGSR 5 R r 20
MBS G TFER, FHARERE.

3. 271 CELHANR BRIEREMAT BN —VERITES
HZTETAHE, ZFEERFAHEEEEREH T 278 2105
HITHEEZ T AR Z B E RS AN ERIR KN, B ZH AHE.

4, ZHAEDHEY FME AT RS R 7 TIEA<KAXE A
R EFRIER . E AR AR BRI TR .
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Abstract:
Lignin, one of the most abundant terrestrial biopolymers, is indispensable for
plant structure and defense. However, it also has a negative effect on pulp
and paper industry, biomass utilization. Therefore, the suitable modifying
lignin biosynthesis is one of the hotest topic in plant. At present, The
regulation of lignin biosynthesis mainly focused on MYB family of
transcription factors, and less reported on other transcription factors.
Ethylene can stimulate wood formation by cambium cells, but how ethylene
signal transduction regulate lignin

synthesis has not yet been reported. This project will focus on seventh
Ethylene Response Factors (ERF-VII) family which induced by ethylene treatment
in poplar

The members of ERF-VII family from poplar will be studied by bioimformatic
analysis, expression levels in poplar, localization, and expression in stress
condition. then we will overexpress the target genes or/and inhabit by
Chimeric expressor Gene-Silencing technology to analyze lignin component
changes in transgenic poplar plants by FT-IR, GC-MS, and two-dimensional NMR.
Furthermore, how ERF-VII regulating lignin biosynthesis will be analyzed
through RNA-Seq, trans—activation analysis and Electrophoretic Mobile Shift
Assay (EMSA). These studies will not only rich the regulatory of lignin
biosynthesis pathways, but also provide the genetically engineering method to
modify lignin material from upstream regulatory genes

KA (A S2TF) . AR R, BRF BBy AR LMl

Keywords (Fi4>54FF) : secondary metabolism; the regulation of
metabolism; ethylene response transcription factors; lignin; ethylene induced
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Abstract:

ABC transporters are essential for plant growth and development, which can
transport complex organic materials against concentration gradients energized
by ATP. Auxin are synthesized in specialized cells and are transported to
target tissues. ABCBL, an ABC transporter, has been shown to be involved in
auxin transport in plasma membrane. However, we found a single missense
Arabidopsis twdl (twisted dwarfl) mutant, twdl-6, in which ABCBl was retained
in the ER and rapidly degraded. Especially, twdl-6 is co-localized with ABCB1
in the ER. Despite primary understanding of ERQC/ERAD of glycosylated proteins
has been ascertained through investigating yeast, mammalian and plant cells,
the functional studies of the ERQC/ERAD processes on membrane transporter
proteins remained rather limited. In this study, we will focus on the folding,
maturation, and degradation of ABCBl1 to screen and identify the components
involved in these processes by using genetics methods combined with
biochemical and cell biology approaches. In addition, we are going to explore
the critical roles of ABCBI in the interactions between BR signaling and auxin
transport during plant growth.

XREE (ARSI Shigft; RATUNE; RATFEMR: MRFARERES: EKRE

i)

Keywords (Fi4>54FF) : transport pathway; protein sorting; protein
degradation; BR signaling; auxin transport
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Abstract

Key message We found that embryogenic tissues of Picea balfouriana adopt different physiological pathways for
long-term proliferation with 6-benzylaminopurine treatment and identified the miRNAs closely associated with
proliferation.

Abstract The long-term maintenance of somatic embryo production capacity in conifer embryogenic tissue (ET) is essential
for the production of vigorous somatic seedlings. However, this ability is often lost after several months of proliferation
in many conifer species including Picea balfouriana. Cytokinins are known to influence several important physiological
processes during plant growth and development, including somatic embryogenesis (SE). In this study, we found that the
6-benzylaminopurine (BA) concentration influenced the yields of P. balfouriana somatic embryos and their germination
response. Only ET of P. balfouriana proliferated on medium supplemented with 3.6 uM BA produced somatic embryos that
germinated into normal plants. Most hormone levels increased in ET after prolonged proliferation. Moreover, antioxidant
enzyme activities and polyamine contents were also significantly changed after 8 months of culture, which might be modu-
lated by accumulated zeatin riboside (ZR). Finally, some selected microRNAs and their target genes were confirmed to be
involved in the proliferation of ET of P. balfouriana and they also might be regulated by accumulated ZR. These findings
may facilitate efforts to clarify basic physiological processes after the long-term proliferation stage of SE in conifers and
delay the decreased production capacity of somatic embryos.

Keywords Embryogenic tissue - BA - Hormones - Antioxidant enzymes - Polyamines - miRNA
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PGR Plant growth regulator

POD Peroxidase

Put Putrescine

gRT-PCR  Quantitative reverse transcription-polymerase
chain reaction

SE Somatic embryogenesis

SOD Superoxide dismutase

Spd Spermidine

Spm Spermine

7R Zeatin riboside

Introduction

Somatic embryo production capacity in conifers declines
rapidly during proliferation (between 3 and 12 months of
subculture) (Trontin et al, 201 1), receiving increasing atten-
tion. Previously, the morphology, physiology, and genetic
mechanisms of embryo induction and the development of
somatic embryogenesis (SE) have been extensively stud-
ied (Klimaszewska et al. 2016; Abrahamsson et al. 2018),
but maturation remains a critical step in the production of
high-quality plants in conifers, because not all cotyledon-
ary somatic embryos convert to plantlets. The aging of
embryogenic cultures during proliferation impacts not only
the yield but also the quality of cotyledonary embryos, lead-
ing to lower germination rates. Breton et al. (2006) showed
that the maturation of somatic embryos is qualitatively
unchanged but that it gradually and quantitatively decreases
with the number of consecutive subcultures, and therefore,
decreases as the chronological age of the cultures increases.
The somatic embryo production potential of Cryptomeria
Jjaponica (Maruyama et al. 2000) and Abies lasiocarpa
(Kvaalen et al. 2005) gradually decreased as the duration of
proliferation stage progressed. In addition, the production
of somatic embryos in Pinus pinaster and Larix leptolepis
was observed to decrease rapidly and was lost following tis-
sue proliferation for 6 months (Klimaszewska et al. 2009;
Li et al. 2013), whereas the embryogenic tissues (ETs) of
Eucalyptus globulus and hybrid larch could produce somatic
embryos after proliferating for 3 and 9 years (Lelu-Walter
and Péaques 2009; Corredoira et al. 2015). Therefore, an
improved understanding of the physiological and molecular
events associated with somatic embryo production capacity
is essential.

The decreased and/or lost somatic embryo production
capacity may be closely related to endogenous hormone
contents. Plant growth regulators (PGRs) are the key sub-
stances controlling the whole process of SE through the reg-
ulation of phytohormones. Auxin and cytokinin are known
to play influential roles in regulating SE. However, most
studies of phytohormones have been limited to the induc-
tion and maturation of embryogenic calli (Yang et al. 2012).

@ Springer

Klimaszewska et al. (2009) showed that zeatin riboside (ZR)
had the lowest titer in young cultures compared with aged
cultures. Moreover, certain ratios of hormones control mor-
phogenetic responses; the ratio of indole-3-acetic acid (IAA)
or abscisic acid (ABA) to cytokinins (Zur et al. 2015) or the
ratio of ABA-TAA (Centeno et al. 1997) or to various types
of cytokinins (e.g., ZR-type and isopentenyl-type) (Grieb
et al. 1997) tend to be good indicators of the potential to
produce mature somatic embryos. To date, few studies have
addressed the dynamic changes in the physiological index
during the long-term proliferation of ETs, especially when
cultured on medium with different PGRs.

Cytokinins are known to influence several physiological
processes during plant growth and development (Plackova
et al. 2015). In recent years, increasing attention has been
paid to the influence of cytokinins on the SE of plants, which
have been found to be the predominant phytohormones com-
pared with IAA in the SE process for some plants (Zhang
and Finer 2016; Grzyb et al. 2017). Cytokinin responses are
often tightly regulated via autoregulatory negative-feedback
loops or interactions with other phytohormones to achieve
the correct balance for optimal growth in vitro (Stirk and
Van 2014). Previous studies have shown that the quantity
of cytokinins in plants is important, and their quality is also
strongly associated with in vitro rooting and phytochemicals
(Montalbén et al. 2013). Furthermore, Diaz-Vivancos et al.
(2011) highlighted the effects of cytokinins that modulated
enzymatic antioxidant activity on the shoot growth of Cro-
cus sativus L. Although cytokinins are commonly used for
the maintenance of the potential to produce mature somatic
embryos, little attention has been paid to this treatment.

We have reported that 6-benzylaminopurine (BA) plays
an essential role in the early SE of P. balfouriana using
genome-wide technologies, such as transcriptomics and
proteomics (Li et al. 2014a, b, 2015). We showed that the
potential to produce mature somatic embryos of P. balfou-
riana could be prolonged by changing the BA concentration
(after 2 years), and that some miRNAs might have partici-
pated in this process. Therefore, the aim of the present study
was to investigate the physiological characteristics involved
in the proliferation of P. balfouriana ET on media with dif-
ferent concentrations of BA and to validate miRNA changes
during this process.

Materials and methods

Plant material

ETs of P. balfouriana were established by following the
procedures described by Li et al. (2014a). In brief, we col-

lected thirty cell lines (1A-10A of genotype 4, 1B-10B of
genotype 7 and 1C-10C of genotype 10, all genotypes were
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half-sib seeds), which were initiated at the Research Institute
of Forestry, Chinese Academy of Forestry using immature
seeds cultured on a semi-solid half-strength LM medium
(Litvay et al. 1985, 2 LM) supplemented with 10 uyM 2,4-D,
5 pM BA, 500 mg/L glutamine, 1 g/L casein hydrolysate,
1% sucrose, and 2% gellan gum (Gelrite®, Sigma-Aldrich)
at 24+ 1 °C in the dark for 3 months. ETs (Fig. la) were
proliferated on % LM medium (1 g L™! casein hydrolysate,
500 mg-L~! glutamine, and 2% gellan gum (Gelrite®, Sigma-
Aldrich) at 24 + 1 °C in the dark) containing three concentra-
tions of BA (2.5, 3.6, or 5 uM). The embryogenic cultures
were subcultured every 2 weeks with five tissue clumps,
each 0.5 cm in diameter, and each was placed in one Petri
dish (90 X 15 mm). This experiment was repeated two times.

After 8 months, the ETs from media with different con-
centrations of BA (Fig. 1b, f, j) were transferred to Y2 LM
without any PGRs for | week (prematuration). For somatic
embryo maturation, the tissues were cultured on ¥2 LM
supplemented with 61 pM ABA., 6% sucrose, 0.4% acti-
vated charcoal (Sigma-Aldrich), 500 mg-L~" glutamine,
1 g L' casein hydrolysate and 4% gellan gum (Gelrite®,

Fig. 1 Morphological and histocytological changes in response to
BA treatment during ETs proliferation of P. balfouriana. a Cell line
4A, scale bars, 500 um. b, f, j Proliferation of ETs on media contain-
ing different concentrations of BA. ETs proliferated on medium with
2.5 uM BA (b), 3.6 pM BA (f), and 5.0 pM BA (j). ¢, g, k Prematura-
tion of ETs on media with different concentrations of BA. Somatic
embryos stained red (acetocarmine) and suspensors stained blue
(Evan’s blue). ETs were put on 1/2 LM medium without PGRs after
proliferation for 8 months on 2.5 uM BA (¢), 3.6 pM BA (g), and
5.0 pM BA (k). Scale bars, 500 um. d, h, 1 Somatic embryos from
ETs proliferated with 2.5 pM BA (d), 3.6 uM BA (h), and 5.0 uM BA
(I). Scale bars, 500 pm. e, i, m Germination of somatic embryos. e

Sigma-Aldrich) at 24 +1 °C in the dark. Ten Petri dishes
with 100 mg FW the ETs spread over filter papers disc
(Whatman, #2) were used in this experiment (Fig. 2a),
and this experiment was repeated two times. The number
of somatic embryos from all thirty cell lines was counted
after 3 months. After proliferation for 2 years, the somatic
embryos were maturated in form of lumps (each 0.5 cm in
diameter) on a Petri dish (Six lumps of ETs were cultured
on each Petri dish) with filter paper (Fig. 2b).

Fifty somatic embryos from each BA treatment (Fig. 1d,
h, 1) of from all thirty cell lines were germinated on % LM
supplemented with 2% sucrose, 0.5% activated charcoal
(Sigma-Aldrich), 500 mg L™! glutamine, 500 mg L™ casein
hydrolysate and 3% gellan gum (Gelrite®, Sigma-Aldrich) at
24+ 1 °C, in the light (30 yuEm ™2 57", 16 h photoperiod). All
experiments were replicated two times. After 3 months the
number of germinants from all thirty cell lines was counted.

Different stages of cell line 4A (of the elite genotype 4)
on proliferation medium supplemented with three concen-
trations of BA were chosen for histocytological, morpho-
logical and gRT-PCR studies. S1 was the ETs proliferated

Maturation Germination

Somatic embryo germinated with the elongation of the primary nee-
dles and an enlarged hypocotyl and the radicle covered with a root
cap. i Somatic embryo germinated with the elongation of the primary
needles, hypocotyl and radicle. m Somatic embryo germinated with
the elongation of the primary needles, hypocotyl and radicle covered
with a root cap. Scale bars, 500 pm. S1 was collected when the ETs
proliferated on initiation medium with 10 uM 2,4-D and 5 uM BA for
2 weeks; S2 was collected after the ETs proliferated on media con-
taining different concentrations of BA for 8 months; 83 was collected
when the ETs were cultured on 1/2 LM without PGRs (prematura-
tion) for 1 week

@ Springer
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Fig.2 Maturation of ETs in P.
balfouriana, which had prolifer-
ated for 2 years on medium con-
taining 3.6 uM BA (subcultured
every 2 weeks). a Maturation

of ETs, which were spread over
filter paper on the maturation
medium. b Maturation of ETs in
the form of small lumps (0.5 cm
in diameter). Scale bars, 500 pm

on initiation medium with 10 pM 2,4-D and 5 uM BA for
2 weeks; S2 was the ET proliferated on medium containing
three different concentration of BA for 8 months; S3 was
the ET cultured on Y2 LM without PGRs (prematuration) for
1 week, which previously had proliferated for 8 months on
medium containing either of the three concentrations of BA.
ETs for hormone measurements were collected, immediately
frozen in liquid nitrogen, and stored at — 80 °C.

Histocytology and morphology of somatic embryo
development and germination

The progressive stages in the maturation and germination of
somatic embryos were photographed under a stereomicro-
scope (Leica M205 FA), Three samples were double-stained
with Evans blue and acetocarmine to distinguish early
somatic embryos (Gupta and Holmstrom 2005). Stained
cultures were then examined on glass slides with cover slips
and photographed under a microscope (Leica DM6000 B).
We counted the number of early somatic embryos in the field
of vision under the microscope, ten fields of vision were
selected for each treatment.

Quantification of hormones

ETs (500 mg FW) from three BA treatments (three repli-
cates) were used for the determination of hormone levels,
which were measured with UPLC/ESI-MS/MS using Waters
ACQUITY UPLC system. The procedure for the quantifica-
tion of multiple hormones were performed as described by
Kong et al. (1997). This experiment was repeated two times.

Determination of the activity of superoxide
dismutase (SOD) and peroxidase (POD)

ETs (500 mg FW) from three BA treatments (three repli-
cates) were ground into a fine powder in liquid nitrogen
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and homogenized in 2 mL phosphate buffer (50 mM, pH
6.0) for extraction. The extract solutions were centrifuged
at 12,000xg for 10 min at 4 °C, and the supernatants were
used to determine the activity of SOD and POD according
to Yang et al. (2008). This experiment was repeated three
times.

Analysis of polyamines (PAs)

Putrescine (Put), spermidine (Spd), and spermine (Spm)
were determined according to Santa-Catarina et al. (2006).
Fresh samples of ETs (500 mg FW) from three BA con-
centrations and in triplicates were ground in 2 mL of 5%
perchloric acid (Merck, Darmstadt, Germany). 1 h of incu-
bation at 4 °C, they were centrifuged for 30 min at 12,000xg
at 4 °C. The pellet was dissolved in the mobile phase used
for HPLC analysis (Agilent, 150 x 3.9 mm, 4 um), which
was performed using a liquid chromatograph. The mobile
phase was a mixture of acetonitrile and water (60:40, v/v)
at a flow rate of 0.7 mL min~'. The benzoyl PAs were
detected at 230 nm. A standard mixture of Put, Spd, and
Spm was used as the standard. All the analytical-grade rea-
gents and solvents used for the determination of PAs were
from Sigma-Aldrich or Merck and were used or prepared
as recommended by the manufacturer. This experiment was
repeated three times.

Quantitative real-time PCR analysis

Total RNA was isolated and purified from ETs (500 mg
FW) treated by three concentrations BA using a Total
RNA Purification kit (Norgen Biotek Corporation, Canada)
according to the manufacturer’s instructions and using the
on-column DNA removal protocol. qRT-PCR was carried
out for eighteen miRNAs (premiRNAs) and twenty tar-
get genes to estimate their expression relationship. Gene-
specific primers were designed using Primer-Blast (http://
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www.ncbi.nlm.nih.gov/tools/primer blast/) software and
synthesized commercially (First BASE Laboratories, Seri
Kembangan, Malaysia). The selected miRNAs and primer
sequences are listed in Table S1. The target mRNAs and
their primer sequences are listed in Table S2. First-strand
cDNA was generated from 1-ug RNA samples using the
iScript™ cDNA Synthesis Kit (Bio-Rad). Each gqRT-PCR
run was performed using 30 ng of first-strand ¢cDNA and
300 nM of each primer in a 15-pL reaction using iTaq™
Universal SYBR® Green Supermix (Bio-Rad) in an iQ™S5
real-time PCR detection system (Bio-Rad) with iQ™S5 Opti-
cal system software (Bio-Rad). The relative quantification of
the miRNA and target gene expression was calculated and
normalized using csi-snoR 14 and WS0109_C05 (peroxiso-
mal targeting signal receptor), respectively, as references.
PCR amplification was performed according to the following
protocol: an initial denaturation step of 3 min at 95 °C, fol-
lowed by 40 cycles of 10 s at 95 °C, then 58 °C for 30 s and
72 °C for 30 s in 96-well optical reaction plates (Bio-Rad,
USA). To assess the purity of the amplified products, a melt-
ing curve was generated for each sample. qRT-PCR analysis
was performed in triplicate (three biological replicates and
three technical replicates). Expression levels of the tested
reference miRNAs and genes were determined by CT values
and calculated by the delta—delta CT method.

Statistical analysis

All data (Variance analysis and Multiple Comparison) were
analyzed and box plots designed by R-3.3.3-win with the
agricolae package and boxplot package, respectively. The
means were compared by the least significant difference test
(95% confidence level), and standard deviations of the means
were calculated.

Results
SE on media with three concentrations of BA
There were significant differences in the number of early

somatic embryos and the mature somatic embryos in all
thirty cell lines between the two lower concentrations and

high concentration of BA (5.0 uM, Table 1). The germina-
tion rate after proliferation on 3.6 pM BA was significantly
higher than with the other two treatments. There were dif-
ferences in the morphology of somatic embryos produced by
tissues proliferated on media with the three BA concentra-
tions, some of which could not germinate normally. Most of
the somatic embryos from cultures treated with 2.5 uM BA
had inflated hypocotyls (Fig. le), while those treated with
5.0 pM BA did not form radicles (Fig. 1m). The majority
of somatic embryos from cultures treated with 3.6 uM BA
had a normal morphology (Fig. 1h). Furthermore, ETs that
proliferated for 2 years on medium containing 3.6 uM BA
formed only a few somatic embryos when they were spread
over filter paper surface on the maturation medium (Fig. 2a).
However, many somatic embryos formed after the ET was
matured in the form of small lumps after 3 months (without
subculture) (Fig. 2b).

Changes in the hormone levels after different
durations of proliferation on media with three
concentrations of BA

To characterize the physiological changes that occur after
long-term proliferation of P. balfouriana with different BA
concentrations, the levels of hormones were determined
(Fig. S1). The results showed that the level of IAA in S3
tissue proliferated with 2.5 and 5.0 uM BA was significantly
higher than that in S1, which did not differ from that in S2
(Fig. S1a). The gibberellic acid (GA;) contents in 3.6 pM
BA treatment in S2 and S3 were significantly lower than
that in S1 (Fig. S1b). However, there were no statistically
significant differences among the three stages when ETs
were proliferated on 2.5 or 5.0 pM BA. The difference of
ABA contents in S3 between the 2.5 and 5.0 uM BA treat-
ments was significant (Fig. S1¢). The ABA content in S2 at
all three BA concentrations was significantly higher than
that in S1. The ZR levels and profiles with BA treatment
differed significantly among the three stages and BA con-
centrations. The ZR contents at 2.5 and 3.6 uM BA in S2
and S3 were significantly higher than that in S1, and there
were no differences between them in S2 and S3 of these
two treatments (Fig. S1d). However, there were significant
differences among the three stages at 5.0 uM BA treatment.

Table 1 Maturation of somatic

b i baifoniriang iher Treatments Mean number of carly Mean number of mature somatic Germination per 50
EMBLYOs OF £ mfgurm:m a "_:' (UM) somatic embryos embryos per 100 mg FW somatic embryos
8 month-proliferation on media (%)
with various BA concentrations _
25 7.80+£1.33a 39.8+2.86b 34.2+0.04b
36 12.0£3.03a 123.4+8.26a 67.4+£0.08a
5.0 1.0+0.63b 4.8+248¢ 16.4+0.04b

The numbers are means of 30 lines +standard deviations (SD); The different letters indicate there were sig-
nificant difference among three treatments; ten fields of vision were used for early somatic embryo counts
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To assess the hormonal balance in the ET of the three
treatments, the interactions between hormones were
expressed as their ratios (Fig. S2). The ABA/ZR and ABA/
TAA ratio in 82 from each BA concentration were signifi-
cantly higher than that in S1 (Fig. S2a, b). Moreover, the
ABA/ZR ratio in 83 at 2.5 uM BA treatment was signifi-
cantly higher than that in 83 at 5.0 uM BA (Fig. S2a). There
was no significant difference in the IAA/ZR ratio of each
stage among the three treatments or the IAA/ZR ratio of
each treatment among the three stages (Fig. $2c).

Changes in the activity of antioxidant

enzymes and polyamine contents in ETs

before and after proliferation on media with three
concentrations of BA

After long-term proliferation, SOD activity significantly
differed among the three stages for all three BA treatments,
with SOD activity highest in S2 at each BA concentration
(Fig. S3a). POD activity at 2.5 pM BA was significantly
higher in S2 than in S1 and S3, and the difference between
the latter two stages was significant (Fig. S3b). In contrast,
there were no significant differences between POD activities
at 3.6 and 5.0 uM BA in S1 and S2, which were statistically
significantly higher than those in 83. The PAs showed a
similar response to the different BA concentrations, except
that Spd content of S2 and S3 was significantly higher at
5.0 uM BA than that in §2 at 2.5 pM BA and S3 at 3.6 pM
BA, respectively. Furthermore, the Spd levels increased after
maintenance on proliferation medium and were significantly
higher in S3 than those in S1 under each treatment, whereas
the levels of Spm and Put did not show significant changes
among the three stages (Fig. S4b, c). It was interesting to
note that there were no differences in Spm and Put contents
among the three proliferation times at 2.5 and 5.0 uyM BA
(Fig. S4a, c).

Analysis of miRNAs and their target genes

To investigate the roles of miRNAs during P. balfouriana
SE, 18 miRNAs of known functions were selected for analy-
sis by QRT-PCR. miRNAs had been found to be involved in
the early SE of P. balfouriana in our transcriptome study (Li
et al. 2017). The relative quantitative results demonstrated
that the levels of all selected miRNAs and their target genes
were different at the three concentrations of BA. Ten miR-
NAs and their target genes had the same expression patterns
(Fig. 3). The other eight miRNAs showed the reverse expres-
sion compared with their target genes (Fig. 4). The expres-
sion levels of miRNA 5021 and 5758 and their target genes
were higher at 2.5 uM than at 5.0 uM BA. miRNAs 1160
and 3633 were higher at 2.5 uM BA than at 3.6 uM BA, but
their target genes showed the opposite pattern.
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Discussion

Poor embryo quality often results in slow initial growth
and low germination percentages, even abnormal germi-
nation. The age of embryogenic cultures maintained on a
proliferation medium negatively influences their ability
to generate mature somatic embryos in some conifer spe-
cies (Klimaszewska et al. 2016). P. balfouriana ETs that
have been maintained in vitro on proliferation medium
for 2 years have provided an excellent opportunity for
studying the effects of long-term culture on the poten-
tial to produce mature somatic embryos. In addition, we
found that BA levels in the culture medium that were too
low (2.5 uM) or too high (5.0 uM) not only inhibited the
proliferation of ET but also disrupted maturation of early
somatic embryos. There were significant differences in
the yields of early somatic embryos and mature somatic
embryos when ETs proliferated at 2.5 and 3.6 pM BA, but
their corresponding germination rates were remarkably
different. Specifically, regenerants from somatic embryos
of ETs cultured on 2.5 and 5.0 uM BA often exhibited mal-
formation of radicles and hypocotyls after several weeks.
We suggest that these morphologies are linked to the age
of the ET and the BA concentration in the proliferation
medium. BA has often been reported to cause hyperhy-
dricity and shoot-tip necrosis, and other effects in Aloe
polyphylla (Bairu et al. 2007), or to adversely affect root-
ing and the subsequent acclimatization of micropropagated
sea oats (Valero-Aracama et al. 2010).

The reduced potential to produce mature somatic
embryos in long-term cultures may be partly due to the
formation and accumulation of hormones, in agree-
ment with Plackova et al. (2015). In this study, the level
of endogenous ZR was highest in the S3 cultures under
each BA treatment, which might lead to high levels of
BA metabolites. Furthermore, ZR and ABA contents in
the S2 and S3 cultures under the three BA treatments
were all higher than those in the S1 culture. Changes in
hormone levels are a normal phenomenon during SE, but
the patterns of these changes are not entirely consistent,
depending on the species and culture conditions (Grzyb
et al. 2017). It is worth noting that a dramatic increase in
TAA occurred after prolonged proliferation of P. balfou-
riana, but it was more stable after prolonged proliferation
on medium with 3.6 uM BA, which might be important
for the consistent formation ability of somatic embryos.
Furthermore, lower IAA/ZR, ABA/CKs, and ABA/IAA
ratios likely promote the maintenance of the potential to
produce mature somatic embryos; this result agrees with
the results obtained for Cyathea delgadii Sternb (Grzyb
et al. 2017). Moreover, most hormone contents in the ETs
(which proliferated for 8 months) under each BA treatment
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Fig.3 MiRNAs and their target
genes showed a uniform expres-
sion tendency at different BA
concentrations. a Changes in
the 5021 and 5738 miRs and
their target genes. b Changes in
the 169, 1222, 1847, 3630, 164,
and 2928 miRs and their target
genes. ¢ Changes in the 4401
and 156 miRs and their target
genes
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Fig.4 MiRNAs and their target 1.5
genes had opposite expres-

sion tendencies at different BA
concentrations, a Changes in the
6214, 400, and 159 miRs and
their target genes. b Changes

in the 1315, 5225 and 5638
miRs and their target genes. ¢
Changes in the 1160 and 3633
miRs and their target genes
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were higher than those in the ETs of S1, which implicated
endogenous hormones were accumulated when the prolif-
eration stage was extended.

Our results confirm previous reports and clearly demon-
strate that the influence of endogenous ZR level in the pro-
liferation medium on the ability to produce mature somatic
embryos of P. balfouriana is pronounced. Phytohormones
sharing a similar chemical structure differentially affected
the antioxidative system of plant tissue (Dfaz-Vivancos et al.
2011), but the exact model of this action is not known and is
not universal for all plant species (Tang and Newton 2005).
For P. balfouriana, SOD and POD activities increased after
8 months of proliferation when compared with those in the
ETs of S1. In this research, the activity of SOD in ETs under
5.0 uM BA treatment showed no significant differences from
those in 2.5 and 3.6 pM BA. Additionally, the activities of
POD in ETs at BA 2.5 and 3.6 uM showed no statistically
significant differences compared with those at 5.0 pM BA.
Furthermore, SOD activity was significantly higher in 52
tissues with a higher potential to produce mature somatic
embryos than those in the S1 and S3 cultures (treated with
2.5 and 3.6 uM BA). Cytokinins have been reported to
modulate the antioxidative system of Pssu-ipt transgenic
tobacco plants with increased cytokinin contents (Synkova
et al. 2006). Diaz-Vivancos et al. (2011) showed that cyto-
kinins altered the levels of antioxidant enzymes in Cucumis
sativus Linn explants. The role of PODs in auxin catabo-
lism is thought to be an important factor in plant growth
and development, which has been shown to be stimulated
by all the assayed cytokinins (Diaz-Vivancos et al. 2011).
These results suggest a possible use of antioxidant enzyme
activity to evaluate the ability to produce somatic embryos,
especially in long-term proliferated cultures. In addition, it
is well known that POD is involved in the cross-linking of
cell wall components, Sala et al, (2013) used microscopy
and immunocytochemistry to show major differences in the
cell wall structure between embryogenic and nonembryo-
genic cultures, suggesting that the loss of the potential to
produce mature somatic embryos of P. balfouriana may be
due to a change in POD. We found that the activities of
SOD and POD suddenly decreased following the removal
of PGRs from the medium, potentially because of the lack
of PGR addition during the prematuration stage and the pos-
sible importance of low SOD and POD activities to initiate
the development of somatic embryos from the ETs, which
15 consistent with the findings of Filipovi¢ et al. (2015) and
Tian et al. (2003). Therefore, in P. balfouriana, maintenance
of the potential to produce mature somatic embryos by their
progressive seem to be related to discrete changes in some
components of the antioxidant enzymatic system caused by
BA.

The involvement of PAs in the control of cell division
and differentiation indicates that they may play an important

role in ET and early somatic embryo formation (Galston and
Flores 1991; Niemi et al. 2002). Our data agree with previ-
ous findings for the proliferation of conifer ETs (Higgman
etal. 2011; Jo et al. 2013; Salo et al. 2015), which showed
that cell lines with blocked development of somatic embryos
had higher levels of putrescine (Fig. S5). The concentra-
tion of Spd increased with a prolonged proliferation time
until early somatic embryo formation. The Put:Spd ratio has
been reported as a biomarker of embryogenic competence
in many angiosperm species, which was lower in ETs that
could form normal somatic embryos than in ETs with the
blocked development of somatic embryos (Li and Burritt
2003; Santa-Catarina et al. 2006), which was in accordance
with our findings. In addition, the content of Spd increased
after prolonged proliferation. This phenomenon may be
illustrated by the observation that Spd exerts a positive
effect on antioxidant systems (Shi et al. 2010). Gemperlova
et al. (2009) mentioned that several developmental processes
controlled by cytokinins also appear to involve PAs, which
indicates that PAs participate in the proliferation of ET in
P. balfouriana.

Most of the miRNAs and target genes investigated herein
were differentially expressed and might participate in the
process of proliferation of ETs. We found that the expression
patterns of 159, 1160, 3633, 1315, 5225 and 5638 miRNAs
and their target genes were in accordance with our previ-
ous study (ETs proliferated for 3 months) (Li et al. 2017),
indicating that there were few changes in miRNAs expres-
sion patterns when the proliferation time was prolonged.
The 1160 and 5758 miRNAs may participate in the physi-
ological variations after long-term proliferation. The AP2/
ERF transcription factor (target gene of miRNA5758) and
AP2 transcription factor (target gene of miRNA 1160) levels
were higher in tissues that produced more somatic embryos,
which was closely related to the induction and maturation
of SE (Ouakfaoui et al. 2010; Wickramasuriya and Dun-
well 2015). WIND1 (AP2/ERF—family transcription fac-
tor) acts via the ARR-dependent signaling pathway to pro-
mote cell dedifferentiation (Miiller and Sheen 2008), which
is an indispensable process for SE. Another transcription
factor, MYB-like protein, was upregulated in 2.5 yM BA
treatment compared with 5 uM BA treatment, which might
be the target gene of miRNA 400 that was downregulated
and closely related to maintenance of the embryogenic/non-
embryogenic potential (Li et al. 2013). Moreover, miRNA
3633 may also be involved in the proliferation of SE through
the regulation of its target gene, calmodulin binding pro-
tein, which may interconnect with auxin. Ca’t-mediated
signaling had been found to be involved in the induction/
regulation of SE from proembryogenic cells of Santalum
album (Anil and Rao 2000), which is a crucial second mes-
senger for many rapid cellular processes during responses
to hormones, such as auxin (Hepler 2005; Vanneste and
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Friml 2013). It is interesting to note that ribosomal protein
(target gene of miRNA 5021) exhibited higher levels under
3.6 pM BA treatment, which might be required for main-
taining the ability to produce somatic embryos. This result
is in accordance with the findings of Correia et al. (2012)
and Li et al. (2015), who found that ribosomal protein genes
are predominantly upregulated in ET compared within calli.
Overall, these studies highlight the idea that epigenetic regu-
lation plays an important role in maintenance of the potential
to produce mature somatic embryos. As more precise and
powerful tools for epigenetic analysis become available for
application in a broader range of conifer species, analysis
of the epigenetic landscape of plant cell cultures may be
extended to more woody plants.

Conclusions

Few studies have focused on the proliferation mechanism of
ET in conifers. Our findings showing the effects of BA on
concentrations of hormones, PAs and antioxidant enzyme
activities highlight the close relationship among the effects
of hormones, polyamines and antioxidant enzymes in the
maintenance of somatic embryo production capacity and
suggest that the antioxidant enzymatic system and polyamine
catabolism play important roles in somatic embryo forma-
tion and even germination. The integration of physiological
data, together with expressed miRINAs and their target gene
data, has the potential to provide the most comprehensive
and informative insight into maintenance of the potential to
produce mature somatic embryos in woody species. Future
research in this field requires new and/or comprehensive
technological methods, including more sensitive approaches
for mRNA, protein, and miRNA detection and identifica-
tion. These approaches will become more effective with the
integration of new data from genome sequencing projects.
Furthermore, functional validation of specific identified tar-
get genes/proteins is needed to use these targets as markers
for the SE process. The coordination of all this knowledge
will provide new insights for future studies addressing the
optimization of SE protocols for large-scale propagation and
conservation strategies for P. balfouriana.

Author contribution statement LQF and DC designed
the experiments and wrote the manuscript. LQF, ZTQ, LJJ,
ZHG, and KLS were responsible for carrying out the experi-
ments, data collection, and statistical analysis. ZSG, CXY,
WIH were consulted during the study and edited by them.

Acknowledgements The authors thank the Forestry Station of
Xianggelila Country in Yunnan Province for cone sampling in the P.
balfouriana seed orchard. This study was supported by grants from the

@ Springer

General Financial Grant from China Postdoctoral Science Foundation
(2017M622717) and the Fundamental Research Funds for the Central
Nonprofit Research Institution of the Chinese Academy of Forestry
(TGB2013011).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflicts of
interest.

References

Abrahamsson M, Clapham D, von Arnold S (2018) Somatic embryo-
genesis in Scots pine (Pinus sylvestris L.). In: Jain S, Gupta P
(eds) Step wise protocols for somatic embryogenesis of impor-
tant woody plants, vol 84. Springer, Cham, pp 123-133 Forestry
Sciences

Anil US, Rao KS (2000) Calcium-mediated signaling during sandal-
wood somatic embryogenesis. Role for exogenous calcium as
second messenger. Plant Physiol 123(4):1301-1312

Bairu MW, Stirk WA, Dolezal K, Van Staden J (2007) Optimizing the
micropropagation protocol for the endangered Aloe polyphylla:
can meta-topolin and its derivatives serve as replacement for ben-
zyladenine and zeatin? Plant Cell Tissue Organ Cult 90:15-23

Breton D, Harvengt L, Trontin JF, Bouvet A, Favre IM (2006) Long-
term subculture randomly affects morphology and subsequent
maturation of early somatic embryos in maritime pine. Plant Cell
Tissue Organ Cult 87:95-108

Centeno ML, Rodriguez R, Berros B, Rodriguez A (1997) Endogenous
hormonal content and somatic embryogenic capacity of Corylus
avellana L. cotyledons. Plant Cell Rep 17:139-144

Corredoira E, Ballester A, Iharra M, Vieitez AM (2015) Induction of
somatic embryogenesis in explants of shoot cultures established
from adult Eucalyptus globulus and E. saligna x E. maidenii trees.
Tree Physiol 35:678-690

Correia S, Vinhas R, Manadas B, Lourengo AS, Verissimo P, Can-
hoto JM (2012) Comparative proteomic analysis of auxin-induced
embryogenic and nonembryogenic tissues of the solanaceous tree
Cyphomandra betacea (Tamarillo). J Proteome Res 11:1666-1675

Diaz-Vivancos P, Majourhat K, Fernindez JA, Hernandez JA, Piqueras
A (2011) Study of the antioxidant enzymatic system during shoot
development from cultured intercalar meristems of saffron. Plant
Growth Regul 65:119-126

Filipovi¢ BK, Simonovi¢ AD, Trifunovic MM, Dmitrovi¢ 88, Savié
IM, Jevremovi¢ SB, Suboti¢ AR (2015) Plant regeneration in leal
culture of Centaurium erythraea Rafn. Part 1: the role of antioxi-
dant enzymes. Plant Cell Tissue Organ Cult 121:703-719

Galston AW, Flores HE (1991) Polyamines and plant morphogenesis.
In: Slocum R, Flores HE (eds) The biochemistry and physiology
of polyamines in plants. CRC Press, Boca Raton, pp 175-186

Gemperlova L, Fischerovi L, Cvikrova M, Mald J, Vondrikovi Z, Mar-
tincovd O, Vagner M (2009) Polyamine profiles and biosynthesis
in somatic embryo development and comparison of germinating
somatic and zygotic embryos of Norway spruce. Tree Physiol
29:1287-1298

Grieb B, Schafer F, Imani J, Mashayekhi KN, Arnholdt-Schmitt B,
Neumann KH (1997) Changes in soluble proteins and phytohor-
mone concentrations of cultured carrot petiole explants during
induction of somatic embryogenesis (Daucus carota L.). ] Appl
Bot Food Qual 71:94-103

Grzyb M, Kalandyk A, Waligorski P, Mikuta A (2017) The con-
tent of endogenous hormones and sugars in the process of early

152



Trees

somatic embryogenesis in the tree fern Cyathea delgadii Sternb.
Plant Cell Tissue Organ Cult 129:387-397

Gupta PK, Holmstrom D (2005) Double staining technology for dis-
tinguishing embryogenic cultures. In: Jain SM, Gupta PK (eds)
Protocol for somatic embryogenesis in woody plants. Springer,
The Netherlands, pp 573-575

Higgman H, Vuosku J, Kestild J, Suorsa M, Ruottinen M, Neubauer
P, Liird E, Sarjala T (2011) The role of spermidine and sper-
mine in cell function and pattern formation in Scots pine embry-
ogenesis. In: Park Y-S, Bonga JM, Park S-Y, Moon H-K (eds)
Advances in somatic embryogenesis of trees and its application
for the future forests and plantations. IUFRO working party
2.09.02: Somatic embryogenesis and other clonal propagation
methods of forest trees, August 19-21 (Suwon, South Korea)
pp 100-102

Hepler PK (2005) Calcium: a central regulator of plant growth and
development. Plant Cell 17:2142-2155

Jo L, Santos AL, Bueno CA, Barbosa HR, Floh EI (2013) Proteomic
analysis and polyamines, ethylene and reactive oxygen species
levels of Araucaria angustifolia (Brazilian pine) embryogenic
cultures with different embryogenic potential. Tree Physiol
34:94-104

Klimaszewska K, Noceda C, Pelletier G, Label P, Rodriguez R, Lelu-
Walter MA (2009) Biological characterization of young and aged
embryogenic cultures of Pinus pinaster (Ait.). Vitr Cell Dev Biol
Plant 45:20-33

Klimaszewska K, Hargreaves C, Lelu-Walter MA, Trontin JF (2016)
Chap. 7 Advances in conifer somatic embryogenesis since year
2000. In: Germana MA, Lambardi M (eds) In Vitro embryogen-
esis in higher plants. Methods in molecular biology, Springer,
New York, pp 131-162

Kong LS, Attree SM, Fowke LC (1997) Changes of endogenous hor-
mone levels in developing seeds, zygotic embryos and megagame-
tophytes in Picea glauca. Physiol Plant 101(1):23-30

Kvaalen H, Daehlen OG, Rognstad AT, Grenstad B, Egertsdotter U
(2005) Somatic embryogenesis for plant production of Abies
lasiocarpa. Can J For Res 35:1053-1060

Lelu-Walter MA, Piaques LE (2009) Simplified and improved
somatic embryogenesis of hybrid larches (Larix X eurolepis and
Larix x marschlinsii): perspectives for breeding. Ann For Sci
66:1-104

Li ZL, Burritt DJ (2003) Changes in endogenous polyamines during
the formation of somatic embryos from isogenic lines of Dactylis
glomerata L. with different regenerative capacities. Plant Growth
Regul 40:65-74

Li WF, Zhang SG. Han SY, Wu T, Zhang JH. Qi LW (2013) Regulation
of LaMYB33 by miR159 during maintenance of embryogenic
potential and somatic embryo maturation in Larix kaempferi
(Lamb.) Carr. Plant Cell Tissue Organ Cult 113:131-136

Li QF, Zhang SG, Wang JH (2014a) Transcriptome analysis of callus
from P. balfouriana. BMC Genom 15:533

Li QF, Zhang SG, Wang JH (2014b) Transcriptomic and proteomic
analyses of embryogenic tissues in P. balfouriana treated by
6-benzylaminopurine. Physiol Plant 154:95-113

Li QF, Wang JH. Pulkkinen P, Kong LS (2015) Changes in the metabo-
lome of P. balfouriana ETs that were linked to different levels of
6-BAP by gas chromatography-mass spectrometry approach. PloS
One 10(10):e0141841

Li QF, Deng C, Xia Y, Kong LS, Zhang HG, Zhang SG, Wang JH
(2017) Identification of novel miRNAs and miRNA expression
profiling in embryogenic tissues of Picea balfouriana treated by
6-benzylaminopurine. PloS One 12(5):e0176112

Litvay ID, Verma DC, Johnson MA (1985) Influence of loblolly pine
(Pinus taeda L.) culture medium and its components on growth
and somatic embryogenesis of the wild carrot (Daucus carota L.).
Plant Cell Rep 4:325-328

Maruyama E, Tanaka T. Hosoi Y, Ishii K, Morohoshi N (2000) Embry-
ogenic cell culture, protoplast regeneration, cryopreservation,
biolistic gene transfer and plant regeneration in Japanese cedar
(Cryptomeria japonica D. Don). Plant Biotechnol 17:281-296

Montalban IA, Novik O, Rol¢ik J, Strnad M, Moncaledn P (2013)
Endogenous cytokinin and auxin profiles during in vitro organo-
genesis from vegetative buds of Pinus radiata adult trees. Physiol
Plant 148:214-231

Miiller B, Sheen J (2008) Cytokinin and auxin interaction in root
stem-cell specification during early embryogenesis. Nature
453:1094-1097

Niemi K, Haggman H, Sarjala T (2002) Effects of exogenous diamines
on the interaction between ectomycorrhizal fungi and adventitious
root formation in Scots pine in vitro. Tree Physiol 22:373-381

Quakfaoui SE, Schnell J, Abdeen A, Colville A, Labbé H, Han SY,
Baum B, Laberge S, Miki B (2010) Control of somatic embryo-
genesis and embryo development by AP2 transcription factors.
Plant Mol Biol 74:313-326

Plackovi L, Hrdlicka J, Smykalova I, Cvetkovd M, Novik O, Griga
M, Dolezal K (2015) Cytokinin profiling of long-term in vitro
pea (Pisum sativam L.) shoot cultures. Plant Growth Regul
T7:125-132

Sala K, Potocka I, Kurczynska E (2013) Spatio-temporal distribution
and methyl-esterification of pectic epitopes provide evidence of
developmental regulation of pectins during somatic embryogen-
esis in Arabidopsis thaliana. Biol Plant 57:410-416

Salo HM, Sarjala T, Jokela A, Higgman H, Vuosku J (2015) Moderate
stress responses and specific changes in polyamine metabolism
characterize Scots pine somatic embryogenesis. Tree Physiol
36:392-402

Santa-Catarina C, Silveira V, Balbuena TS, Viana AM, Estelita MEM,
Handro W, Floh EI (2006) TAA, ABA, polyamines and free amino
acids associated with zygotic embryo development of Ocotea
catharinensis. Plant Growth Regul 49:237-247

Shi J, Fu XZ, Peng T, Huang XS, Fan QJ, Liu JH (2010) Spermine
pretreatment confers dehydration tolerance of citrus in vitro plants
via modulation of antioxidative capacity and stomatal response.
Tree Physiol 30:914-922

Stirk WA, Van SI (2014) Plant growth regulators in seaweeds: occur-
rence, regulation and functions. In: Nathalie B (ed) Advances
in botanical research, vol 71. Academic Press, Amsterdam,
pp 125-159

Synkova H, Semoradova S, Schnablova R, Witters E, Husak M, Val-
cke R (2006) Cytokinin-induced activity of antioxidant enzymes
in transgenic Pssu-ipt tobacco during plant ontogeny. Biol Plant
50:31-41

Tang W, Newton RJ (2005) Peroxidase and catalase activities are
involved in direct adventitious shoot formation induced by thidi-
azuron in eastern white pine (Pinus strobus 1..) zygotic embryos.
Plant Physiol Biochem 43:760-769

Tian M, Gu Q, Zhu M (2003) The involvement of hydrogen peroxide
and antioxidant enzymes in the process of shoot organogenesis of
strawberry callus. Plant Sci 165:701-707

Trontin J-F, Reymond L. Quoniou S. Canlet F, Debille S, Bruneau G,
Harvengt L, Le Metté C, Vallance M, Teyssier C, Lable P, Lelu-
Walter MA (2011) An overview of current achievements and
shortcomings in developing Maritime pine somatic embryogen-
esis and enabling technologies in France. In: Park Y-8, Bonga JM,
Park S-Y, Moon H-K (eds) Advances in somatic embryogenesis
of trees and its application for the future forests and plantations.
TUFRO working party 2.09.02: Somatic embryogenesis and other
clonal propagation methods of forest trees, August 19-21 2010
(Suwon. South Korea) pp 132

Valero-Aracama C, Kane M, Wilson S, Philman N (2010) Substitution
of benzyladenine with meta-topolin during shoot multiplication
increases acclimatization of difficult- and easy-to acclimatize

@ Springer

153



Trees

sea oats (Uniola paniculata L.) genotypes. Plant Growth Regul
60:43-49

Vanneste S, Friml J (2013) Calcium: the missing link in auxin action.
Plants 2(4):650-675

Wickramasuriya AW, Dunwell JM (2015) Global scale transcriptome
analysis of Arabidopsis embryogenesis in vitro. BMC Genom
16:301

Yang Y, Han C, Liu Q, Lin B, Wang JW (2008) Effect of drought and
low light on growth and enzymatic antioxidant system of Picea
asperata seedlings. Acta Physiol Plant 30(4):433-440

Yang X, Zhang X, Yuan D, Jin F, Zhang Y, Xu J (2012) Transcript
profiling reveals complex auxin signalling pathway and transcrip-
tion regulation involved in dedifferentiation and redifferentiation
during somatic embryogenesis in cotton. BMC Plant Biol 12:110

@ Springer

Zhang ZF, Finer JJ (2016) Use of cytokinin pulse treatments and micro-
grafting to improve sunflower (Helianthus annuus L.) plant recov-
ery from cotyledonary tissues of mature seeds. In Vitr Cell Dev
Biol Plant 52:391-399

Zur I, Dubas E, Krzewska M, Waligérski P, Dziurka M, Janowiak F
(2015) Hormonal requirements for effective induction of micro-
spore embryogenesis in triticale (x Triticosecale Wittm.) anther
cultures. Plant Cell Rep 34:47-62

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

154



2.2 Identification of novel miRNAs and miRNA expression profiling in

embryogenic  tissues of  Picea  balfouriana  treated by

6-benzylaminopurine

T PLOS | one

L))

Check for
updates

E OPEN ACCESS

Citation: Li Q, Deng C, Xia Y. Kong L, Zhang H,
Zhang S, et al. (2017) Identification of novel
miRNAs and miRNA expression profiling in
embryogenic tissues of Picea balfouriana treated
by 6-benzylaminopurine. PLoS ONE 12(5):
e0176112. hitps://doi.org/10.1371/journal
pone.0176112

Editor: Yun Zheng, Kunming University of Science
and Technology, CHINA

Received: October 10, 2016
Accepted: April 5, 2017
Published: May 9, 2017

Copyright: @ 2017 Li et al. This is an open access
article distributed under the terms of the Creative
Commaons Attribution License, which permits
unrestricted use, distribution, and reproduction in
any medium, provided the original author and
source are credited.

Data Availability Statement: Data are avallable via
Sequence Read Archive (SRA) with identifier
PRJNA248161, https://www.ncbi.nim.nih.gov/sra/
erm=PRJNA248161.

Funding: Financial suppart for this study was
provided by the Fundamental Research Funds for
the Central Non-profit Research Institution of CAF,
China (TGB2013011).

Competing interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

|dentification of novel miRNAs and miRNA
expression profiling in embryogenic tissues
of Picea balfouriana treated by 6-
benzylaminopurine

Qingfen Li"?*, Cheng Deng'*, Yan Xia?, Lisheng Kong?, Hanguo Zhang?,

Shougong Zhang?, Junhui Wang?*

1 Guangdong Key Laboratory for Innovative Development and Utilization of Forest Plant Germplasm, State
Key Laboratory for Conservation and Utilization of Subtropical Agro-bioresources, College of Forestry and
Landscape Architecture, South China Agricultural University, Guangzhou, China, 2 State Key Laboratory of
Tree Genetics and Breeding, Key Laboratory of Tree Breeding and Cultivation of State Forestry Administration,
Research Institute of Forestry, Chinese Academy of Forestry, Beijing, China, 3 Department of Biology, Centre
for Forest Biology, University of Victoria, Victoria, British Columbia, Canada, 4 State Key Laboratory of Tree
Genetics and Breeding, Northeast Forestry University, Harbin, China

@ These authors contributed equally to this work.
* wangjh @caf.ac.cn

Abstract

Here, we compared miRNA expression profiles in embryonic cell cultures of the conifer
Picea balfouriana following application of the synthetic cytokinin 6-benzylaminopurine
(6-BAP). We used next-generation sequencing to analyze three libraries of small RNAs
from the treated embryogenic cell cultures and generated 24,000,000 raw reads from each
of the libraries. Over 70 differentially regulated micro RNA (miRNA) families (>2 fold
change in expression) were identified between pairs of treatments. A quantitative analysis
showed that miR3633 and miR1026 were upregulated in tissues with the highest embryo-
genic ability. These two miRNAs were predicted to target genes encoding receptor-like
protein kinase and GAMYB transcription factors, respectively. In one library, miR1160,
miR5638, miR1315, and miR5225 were downregulated. These four miRNAs were pre-
dicted to target genes encoding APETALA2, calmodulin-binding protein, and calcium-
dependent protein kinase transcription factors. The expression patterns of the miRNAs and
their targets were negatively correlated. Approximately 181 potentially novel P. balfouriana
miRNAs were predicted from the three libraries, and seven were validated during the quan-
titative analysis. This study is the first report of differential miRNA regulation in tissues
treated with 6-BAP during somatic embryogenesis. The differentially expressed miRNAs
will be of value for investigating the mechanisms of embryogenic processes that are
responsive to 6-BAP in P. balfouriana.
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Introduction

Somatic embryogenesis (SE) is an important method in spruce breeding programs and enables
the regeneration and cloning of trees with desirable genotypes. However, the callus tissue
formed from some genotypes can gradually lose embryogenic capacity. The mechanism of this
effect is unclear, as the early stages of SE are insufficiently known [1-3]. This mechanism has
been investigated by identifying differentially expressed genes between embryogenic and
nonembryogenic tissues in order to elucidate the molecular regulatory networks that operate
during SE in plant species [4], including Picea abies (L.) H. Karst. [5], Picea glauca (Moench)
Voss [6], Glycine max (L.) Merr. [7], Gossypium hirsutum L. [8], Zea mays L. [9], Solanum
tuberosum L. [10], Triticum aestivum L. [11], and Citrus x sinensis (L.) Osbeck [12]. However,
the genetic regulation of these differentially expressed genes and their specific functions
remain largely unknown.

Microribonucleic acids (miRNAs) are a group of endogenous small RNA (sRNA) mole-
cules, generally 20-25 nucleotides (nt) in length, that play essential roles in most eukaryotes
by regulating the expression of their target genes [13]. MiRNAs extensively affect biological
processes in plants, primarily development and stress responses [14]. Notably, SE is also reg-
ulated by miRNAs and their roles have been studied [15-22] including in gymnosperms
[23-24]. Wu et al. [19] found that the target genes of the miRNAs miR164, miR166, and
miR397 were associated with the formation of nonembryogenic callus. Moreover, the effects
of miR166a overexpression on the development of SEs in Larix leptolepis has been investi-
gated [25]. Su et al. [26] reported that overexpression of miR167 inhibited SE formation,
showing that miR167 negatively regulates SE induction. Zhang et al. [27] reported that
miR165 was differentially expressed between embryogenic and nonembryogenic callus. Wu
et al. [28] found that the conserved miRNAs csi-miR156a/b, miR164b, and 171c directly
suppressed expression of a specific transcription factor, and were suggested to inactivate
postembryonic growth to maintain normal SE. Zhang et al. [29] showed that miR171a/b
may influence the function of proembryogenic masses (PEMs), while miR171¢ may have a
role in SE induction in larch; miR397 and miR398 were found to be primarily involved in
modulation of PEM propagation and transition to single embryos. The transcription factor
gene SQUAMOSA Promoter-Binding Protein-Like is regulated by miR156; this transcription
factor acts as a pleiotropic regulator of plant development and can promote vegetative
phase transition by activating miR172 [30]. Li et al. [31] concluded that in Larix kaempferi
(Lamb.) Carriére, the post-transcriptional regulation of MYB33 by miR159 was associated
with the maintenance of embryogenic or nonembryogenic potential and somatic embryo
maturation.

Picea balfouriana Rehder & E.H. Wilson grows in many parts of the world and is prevalent
in southwestern and eastern regions of China. It is a species of spruce that has ecological and
economic importance, and produces high-quality wood. To date, transcriptomic and proteo-
mic approaches have been applied to unravel the molecular mechanisms of SE in P, balfouri-
ana [1, 2]. We showed that 6-BAP, a synthetic cytokinin, had a significant influence on
embryogenic competence during the proliferation stage [2]. Our earlier analysis indicated that
6-BAP has a significant effect on proteins and mRNAs. However, the mRNAs of 15% of pro-
teins have not been identified in P. balfouriana mRNA libraries. In the present study we sought
to obtain a better understanding of the effect of 6-BAP on the molecular regulation of SE as
this could be of value for spruce seedling production. To this end, we compared miRNA
expression patterns among embryogenic cultures that had received different 6-BAP
treatments.
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Materials and methods
Plant materials

A P. balfouriana embryogenic cell line was initiated in 2011 using seeds from elite genotype 4
at the Research Institute of Forest, Chinese Academy of Forestry (Beijing, China). Cells from
this line were placed in half-strength LM medium as an induction medium [32], which was
supplemented with 10 uM 2,4-p-ichlorophenoxyacetic acid and 5.0 uM 6-BAP [33], 500
mg-L™' glutamine, 1g-L™" casein hydrolysate, 1% sucrose, and 8% agar, at 24 + 1°C in the dark.
The proliferation medium was half-strength LM medium with three concentrations of 6-BAP
(2.5 uM, 3.6 M, and 5.0 pM); the other supplements and culture conditions were the same as
for the induction medium. After three months, embryogenic tissues with different embryo-
genic capabilities were produced. The embryogenic cultures were subcultured at two-week
intervals, The SE culture experiment was performed twice, The embryo differentiation method
has been described previously [3].

Samples of the embryogenic cultures were collected after being subcultured for 7 d. For
each treatment, three and six biological replicates for physiological and sSRNA profiling,
respectively, were collected. All samples were transferred to cryotubes, flash frozen in liquid
nitrogen (N,), and stored at -80°C until further processing for metabolite extraction.

Plant hormone determination

The extraction, purification, and determination of endogenous levels of indole-3-acetic acid
(TAA), zeatin riboside (ZR), gibberellic acid (GA;), and ABA were performed by an indirect
enzyme-linked immunosorbent assay (ELISA) technique as described previously [34].
Briefly, a 0.5 g sample of each treatment was homogenized in liquid N; and extracted in cold
80% (v/v) methanol with butylated hydroxytoluene (1 mmol-L™") overnight at 4°C. The
supernatant was collected after centrifugation at 1,500 x g (4°C) for 8 min, passed through a
C,4Sep-Pak cartridge (Waters, Milford, MA), and dried under N,. The residue was dissolved
in phosphate buffered saline (0.01 mol-L™", pH 7.4) and the levels of [AA, ZR, GA;, and
ABA were determined, Microtitration plates (Nunc, Denmark) were coated with synthetic
IAA, ZR, GAs, or ABA ovalbumin conjugates in NaHCO; buffer (50 mmﬁl-L_l, pH 9.6) and
left overnight at 37°C. Then, ovalbumin solution (10 mg-mL’I) was added to each well to
block nonspecific binding. After incubation for 30 min at 37°C, standard [AA, GA;, ABA,
and ZR samples and antibodies were added and incubated for a further 30 min at 37°C. The
antibodies against IAA, ZR, GA3, and ABA were obtained as described by Weiler et al. [35].
In addition, horseradish peroxidase-labelled goat anti-rabbit immunoglobulin was added to
each well and incubated for 1 h at 37°C. Finally, the buffered enzyme substrate (ortho-phe-
nylenediamine) was added, and the enzyme reaction was carried out in the dark at 37°C for
15 min, then terminated using 3 mol-L ' H,80,. Absorbance was recorded at 490 nm. Anal-
yses of the enzyme-immunoassay data followed the procedures described in Weiler et al.
[35].

RNA isolation and purification

Total RNA was isolated and purified from tissues at the proliferation stage of SE using a Total
RNA Purification kit (Norgen Biotek Corporation, Canada) according to the manufacturer’s
instructions, following the on-column DNA removal protocol. Al RNA samples from tissues
treated with three concentrations of 6-BAP were stored at -80°C until sRNA sequencing was
performed and were mixed in equal ratios to form a single RNA pool.

PLOS ONE | https://doi.org/10.1371/journal.pone.0176112 May 9, 2017 3/17
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Sequencing and data analysis

Three sRNA libraries were generated from the different 6-BAP-treated tissues and were
sequenced on a HiSeq 2000 Sequencing System (Illumina, San Diego, CA, USA) to identify
conserved and novel miRNAs. First, sSRNA fragments (16-30 nt) were isolated from a 15%
polyacrylamide electrophoresis gel and purified. Then the sSRNAs were sequentially ligated to a
5'RNA adapter (5'-GUUCAGAGUUC UACAGUCCGACGAUC-3') and a 3'RNA adapter
(5'-pUCGUAUGCCGUCUUCUGCUUGLAT-3": p, phosphate; idT, inverted deoxythymidine)
using T4 RNA ligase. The resulting adaptor-ligated sSRNAs were reverse transcribed to cDNA
with a reverse transcription primer (5'-CAAGCAGAAGAC GGCATACGA-3') using Super-
script I reverse transcriptase (Invitrogen) and amplified by polymerase chain reaction (PCR).
The cDNA was sequenced on an Illumina/Solexa sequencing platform by the Beijing Geno-
mics Institute (Shenzhen, China).

Bioinformatics tools were used to analyze the sequencing data. The 35-nt sequence tags
were first trimmed of adaptors, regions of low complexity, and low-quality sequences; then,
the length distribution of clean tags was summarized. The remaining SRNA sequences
(clean reads) were mapped to the transcriptomes of P. balfouriana embryogenic cultures
(PRJNA211928 and PRJNA248161). The unique sRNA sequences were searched against
known miRNA sequences in miRBase (Release 21, http://www.mirbase.org/) to identify con-
served miRNAs in P. balfouriana. Mireap software was used to predict novel miRNAs among
the sSRNAs that did not match any of the sequences in miRBase, and the secondary structures
of the putative novel miRNAs were predicted using Mfold 3.1 [22]. At the same time, because
there was bias (5’ U) in the first-position base of miRNA, we estimated prediction accuracy by
calculating this first position base bias among sRNA candidates 18-24 nt in length. Addition-
ally, the target genes of potential novel and conserved miRNAs were predicted as described
previously [36-38] and their potential roles in early SE were investigated by functional annota-
tion using the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
Pathway databases.

Selection of candidate reference miRNAs

Five miRNA genes, U6 snRNA, dlo-miR24, dlo-miR168a*, Csi-snoR14, and 5.8S ribosomal
RNA (rRNA), were selected because they have been reported to be the most stable reference
RNA genes for miRNA quantitative reverse-transcription (QRT)-PCR studies [20,24]. Three
different gene normalization applets, geNorm [39], BestKeeper [40], and NormFinder [41],
were used to analyze the expression stability of the candidate reference RNA genes. The geN-
orm software calculates a gene stability measure (M) for each gene in a given set of samples
via stepwise exclusion of the least stable genes. The preliminary analysis of BestKeeper, based
on the inspection of raw threshold cycle values, estimates the variation of all the reference
genes using correlation analyses to develop a weighted index, and gives standard deviation
values < 1. NormFinder is based on an analysis of variance mathematical model to estimate
intra- and intergroup variation that calculates reference gene stability values. Based on the
results from the three applets, we selected the most stable gene as the reference gene in this
study.

Real-time quantitative PCR of miRNAs and their targets

The expression levels estimated from the high-throughput sequencing data of P. balfouriana

miRNAs were validated by qRT-PCR. RNA samples from the 6-BAP-treated embryogenic cul-
tures were reverse transcribed using an NCode VILO miRNA cDNA Synthesis kit (Invitrogen,
USA). A total of 20 miRNAs (including conserved and novel) were examined using an NCode
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Table 1. of mature

Express SYBR Green ER miRNA qPCR kit (Invitrogen). All the reactions were performed in
triplicate in a STEPONE PLUS Real Time PCR System (Applied Biosystems, USA), with a dis-
sociation curve used to control for primer dimers in the reactions. Mature miRNA abundance
was calculated relative to the expression of the selected reference gene. The selected miRNAs
and primer sequences are listed in S1 Table.

Total RNA was extracted as described above, and qRT-PCR was carried out to assess the
abundance of 30 of the miRNA target mRNAs. The mRNA gRT-PCR was performed using a
RevertAid First Strand cDNA Synthesis Kit (Fermentas, Thermo Fisher, USA) and a SYBR
Premix EX Taq Kit (TaKaRa Biotechnology, Japan), following the manufacturers” instructions.
All expression levels were normalized to the expression of the reference gene WS0109_C05
(peroxisomal targeting signal receptor). The 30 target mRNAs and their primer sequences are
listed in 52 Table. Reactions were performed on an ABI Step-One Plus Real Time PCR System
(Applied Biosystems) with three replicates for each sample. After PCR, dissociation curves and
amplification curves were analyzed to verify the specificity of the amplification. The data were
analyzed with Microsoft Excel2007 using Student’s t-test, and P-values of less than 0.05 were
considered significant.

Results
Development of P. balfouriana somatic embryos

During the maturation stage, embryogenic tissue from the P. balfouriana cell line exhibited
different embryogenic abilities after treatment with 2.5 M, 3.6 uM, or 5.0 uM 6-BAP

(Table 1). The highest rates of embryogenic tissue proliferation occurred in medium contain-
ing the intermediate concentration (3.6 puM) of 6-BAP, which yielded the most fully mature
embryos with a normal set of cotyledons (113 + 6 per 100 mg tissue). This culture also had the
highest germination rate (48.47% + 0.03) of the three treatments. Tissue in medium containing
5.0 uM 6-BAP produced the lowest number of somatic embryos (23 £ 2 per 100 mg tissue) and
had the lowest germination rate (9.42% + 0.02). Tissues treated with 2.5 uM or 3.6 uM 6-BAP
had higher embryogenic competence than those treated with 5.0 uM 6-BAP.

In the proliferation stage, superoxide dismutase (SOD) activity in the 2.5 pM and 3.6 pM
treatments was significantly higher than in the 5.0 uM treatment, whereas in the maturation
stage, SOD activity was significantly lower with 2.5 uM and 3.6 pM than with 5.0 uM 6-BAP
(Fig 1a). Peroxidase (POD) activity was contrary to that of SOD (Fig 1b). Interestingly, there
were significant differences in SOD and POD activities between embryogenic tissues treated
with different concentrations of 6-BAP in the proliferation and maturation stages.

In the proliferation stage, IAA and ZR levels in tissues with the highest embryogenic ability
(3.6 pM 6-BAP) were significantly higher and lower, respectively, than in the other two treat-
ments (Fig 2). There were no significant differences in the contents of GA; and ABA among
the three treatments in the proliferation stage; however, there were significant differences in

1ary embryos generated from each 6-BAP treatment and their germination rates.

6-BAP concentrations
2.5pM
3.6 uM
5.0 yM

Mature embryos per 100 mg of embryogenic tissue | Germination rate
89+3° | 31.78%+0.02°
113+ 6% 48.47% +0.03"
23+2° 9.42% +0.02°

Superscript letters (a, b, and ¢) indicate significant differences (p < 0.05)

https://doi.org/10.1371/journal pone.0176112 1001
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Fig 1. Activities of antioxidant enzymes in 6-BAP-treated tissues in proliferation and maturation
stages. (a) Activity of superoxide dismutase (SOD). (b) Activity of peroxidase (POD). Tissues in proliferation
and maturation stages were collected after being transferred to new media for 7 d. Lowercase letters (a, b, ¢)
indicate significant differences (p < 0.05).

https://doi.org/10.1371/journal.pane.0176112.9g001

the maturation stage. The contents of GA; and ABA in the 3.6 pM and 2.5 uM treatments were
significantly higher than in the 5.0 uM treatment.

High-throughput sequencing of sSRNAs

The Illumina/Solexa sequencing generated 25,518,179 reads from the 2.5 pM library,
25,588,136 reads from the 3.6 pM library, and 24,417,174 reads from the 5.0 uM library after
removing the empty adapters and low-quality sequences (data are available via Sequence Read
Archive [SRA] with identifier PRINA248161, https://www.ncbi.nlm.nih.gov/sra/?term=
PRJNA248161). Only 3.18%, 21.18%, and 4.23% of the unique sSRNA sequences from the

2.5 uM, 3.6 uM, and 5.0 pM libraries, respectively, mapped to the P. balfouriana
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Fig 2. Levels of plant hormones in 6-BAP-treated tissues in proliferation and maturation stages. (a)
Levels of 3-acetic acid (IAA). (b) Levels of zeatin-riboside (ZR). (c) Levels of gibberellic acid (GA3). (d) Levels
of abscisic acid (ABA). Tissues in proliferation and maturation stages were collected after being transferred to
new media for 7 d. Lowercase letters (a, b, ¢) indicate significant differences (p < 0.05).

https://doi.org/10.1371/journal pone.0176112.9002
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transcriptomes (Fig 3). The unique sSRNAs were then compared against all plant precursor and
mature miRNAs listed in miRBase and 27,362 (0.85%), 30,165 (1.05%), and 27,479 (1.02%) of
the unique sequences from the 2.5 pM, 3.6 pM, and 5.0 pM libraries, respectively, were found
to be similar to known miRNAs. A BLASTN search against the Rfam database identified
rRNAs, small nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), and tRNAs among
the unique sSRNA sequences in our datasets. However, most unique sSRNA sequences (96.82%,
78.82%, and 95.77% in the 2.5 pM, 3.6 uM, and 5.0 uM libraries, respectively) could not be
annotated; this difficulty is consistent with results obtained in similar studies in other plants
[24, 42-45]. The primary reason for the high percentage of unannotated sequences may be the
limited number of species-level genomes and expressed sequence tags in these databases.

The length distributions of the sSRNAs in the three libraries were similar (Fig 3). The unique
sRNAs were 12-32 nt long with 21 nt predominating (21.4%, 15.28%, and 17.57%), followed
by 24 nt (14.63%, 11.37%, and 12.70%), and 22 nt (13.52%, 11.31%, and 11.28%). This pattern
of length distribution is consistent with those reported for tomato [46], wheat [47], Populus
[48], and most other angiosperms [43,45,49]. The ratio of 21 to 24 nt lengths is highly variable
among plants, indicating that significant differences exist in sSRNA biogenesis pathways among
different species [50].

Conserved miRNAs in P. balfouriana callus

By comparing the sSRNA sequences in the three libraries to known mature plant miRNAs in
miRBase, we obtained 6,050 miRNAs (250 families), 4,984 miRNAs (214 families), and 5,381
miRNAs (229 families) in the 2.5 pM, 3.6 uM, and 5.0 pM libraries, respectively. Notably,
more than 2,000 of the miRNAs matched in miRBase had no annotation in each library.
Approximately 90% of the identified miRNAs were shared in the three libraries, and the same
nine miRNA families (miR156, 166, 396, 951, 950, 946, 3712, 1312, and 1314) were shared
among the first 10 most abundant miRNA families in each library.

Prediction and classification of targets of differently regulated
miRNAs in P. balfouriana

More than 4% of the miRNAs appeared in only one of the libraries and more than 70 differen-
tially expressed miRNA families (> 2 fold change) were identified between any two of the
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Table 2. s of diff ially exp! miRNAs and their targets among the three 6-BAP-treated
libraries.
| 2.5 uMvs 5.0 uM 3.6 uM vs 2.5 pM 3.6 yMvs 5.0 uM
miRNA | 79 | 91 | 87
Target gene 689 462 547

https:#/doi.org/10.1371/journal.pone.0176112.t002

libraries. The numbers of differentially expressed miRNAs among the three libraries and the
numbers of their predicted targets are shown in Table 2. The GO analysis and KEGG pathway
enrichment of most of the target genes of the conserved miRNAs are listed in Table 3. Intrigu-
ingly, miR400 was predicted to target genes that encode two MYB-like proteins that might be
involved in the early developmental stage of P. balfouriana tissues. Several miRNAs (miR156,
166, and 172) were more abundant in the 3.6 uM library, which had a higher maturation rate,
than in the other two libraries. Both miR1315 and miR5638, which targeted a gene encoding a
receptor-like protein kinase, were upregulated in the 2.5 pM and 5.0 pM treatments compared
to the 3.6 uM treatment, MiR164, which was predicted to target a gene encoding the AP2
domain-containing transcription factor, was downregulated in the 3.6 uM library.

Prediction of potentially novel P. balfouriana miRNAs

In addition to the conserved miRNAs, 70, 54, and 57 potentially novel P. balfouriana miRNAs
were predicted from the remaining unique unannotated sSRNA sequences in the 2.5 uM,

3.6 uM, and 5.0 pM libraries, respectively (Table 4). The lengths of the putative novel miRNAs
varied from 19 nt to 25 nt, of which 51.61% were 21 nt long. Based on the secondary structures
predicted using Mfold, the precursor sequences had negative folding free energies ranging
from -18.00 keal mol ™ to -160.16 keal mol ™" with an average free energy of -44.22 keal mol ™!,
which is lower than the folding free energies reported for Arabidopsis (-59.5 kcal mol ™) and
rice (-71.0 keal mol ™) precursor miRNAs [47], but higher than for Dimocarpus longan Lour.

Table 3. GO analysis and KEGG pathway enrichment of target genes of known miRNAs.

First® i Third®
Cellular component” cell intracellular organelle
Molecular function® binding catalytic activity hydrolase activity
Biological process® cellular process metabolic process cellular metabolic process
Pathway enrichment® metabolic pathways spliceosome RNA transport
= ©Firgt, second, and third most abundant terms.
9GO categories.
°Kegg pathways.
https//doi.org/10.1371/journal.pone.0176112.1003
Table 4. Predicted novel miRNAs of Picea balfouriana.
Treatment Types of predicted Number of Predicted Target sites | Length (nt)  miRNA sequences matched to
miRNAs miRNAs miRNAs miRbase®
2.5uM 94 86,595 70 180 21 18 (6, 33.3%)
S6uM | 78 | 36,408 . 54 144 | 2 15 (8, 53.3%)
5.0 uM 77 50,498 57 152 21 13 (7, 53.8%)

. The superscript letter a indicates that the novel miRNA sequence had orthologs in other species

https://doi.org/10.1371/journal.pone.0176112.1004
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Table 5. Orthologs of putative novel miRNAs conserved in other species.

miRNA Location® Sequence Length |Count Homolog MFE® 513
|(5'-3) (nt) | (kcal mol™)
pba-miR1 | Spruce91_Unigene_BMK.6580:145:356:+ | CAG 'ATCCACAAC | 22 | 605 | pta-miR946a -76.7 3
pba-miR2 | Spruce93_Uni _BMK.18933:170:269:- | TGCCTGGCTCCCTGTATGCCA 21 8 ath-miR160a -47.4 5
pba-miR3 | Spruce93_Uni  BMK.27721:104:213:+ | TCAAGCTGCCAGCATGATCTGG 22 |39 ath-miR167d -56.2 5
pba-miR4 | Spruce93_Uni BMK.27721:101:215:+ | AGATCATGCGGCAGTTTCACC 21 44 ptc-miR167f -59.6 3
pba-miR5 | Spruce93_Uni  BMK.25825:32:161:- GGCAAGTTGTCTTTAGCTACA 21 6 zma-miR169r -53.2 3
pba-miR6 | Unigene12051_C1907:73:212:+ CAGCCAAGGATGACTTGCCGG 21 11 ath-miR1639b -51.5 5
pba-miR7 | Unigene29362_C1907:111:204:+ CGCTATCCATCCTGGGCTTCA 21 22 aly-miR390a —-50.1 3
pba-miR8 | Unigene1519_C1907:71:158:+ TCGCAGGATAGATGGCGCCGGCC |23 129 mdm-miR391 -46.1 5
pba-miR9 | Unigene42283_C1907:36:134:+ | TATGGGAGGAATGGGCARRGCT | 22 |18 gma-miR482b -41.1 3

. The superscript letter a indicates the location of the miRNA on their precursors.
®_The superscript letter b means minimum free energy.

https://doi.org/10.1371/journal. pone.0176112.1005

(44.01 keal mol ™) precursor miRNAs [24]. The numbers of reads obtained for those candidate
novel miRNAs of P. balfouriana varied from 5 to 13,021. For example, ptc-miR167f (44 reads),
mdm-miR391 (101 reads), and pta-miR946a (605 reads) were highly expressed, while zma-
miR169r (6 reads), ath-miR160a (8 reads), and ath-miR169b (11 reads) were expressed at low
levels. When nucleotide bias was analyzed, the nucleotide U (53.08%) was most frequent, fol-
lowed by G (27.53%), A (16.01%), and C (3.38%).

To determine whether the novel miRNAs were conserved in other plants, we compared
their sequences with the miRNA sequences of other organisms present in miRBase 21. The
nine miRNAs listed in Table 5 had orthologs in other species.

Putative functions of predicted miRNA targets in P. balfouriana

GO terms for biological process, molecular function, and cellular component categories were
assigned as targets of the novel miRNAs by BLAST searches against the P. balfouriana tran-
scriptome databases. Under biological process, the predominant terms were primary meta-
bolic process, metabolic process, cellular process, and other developmental processes. Under
molecular function, the predominant terms were transferase activity, nucleic acid binding,
binding, and other functions. Under cellular component, the predominant terms included
cell, organelle, intracellular, and other components. Most of the predicted novel miRNA target
genes were annotated as function unknown. The KEGG pathway enrichment showed that
these target genes were involved in ribosome, metabolic pathways, glutathione metabolism,
calcium signaling pathway, and other pathways.

Validation of suitable reference genes for studying miRNA expression

geNorm. For each tissue, the gene-stability value (M) was calculated by geNorm for each
candidate gene based on non-normalized expression levels (Q). The candidate genes were
ranked according to the M value. An M value of 1.5 was used as a cutoff to assess gene stability
[51-53]. For the 2.5 uM, 3.6 pM, and 5.0 M sample groups, all the candidates had an M value
lower than 0.8. The candidate reference genes csi-snoR14 and 5.85 rRNA were the least stable
across the three samples (Table 6).

BestKeeper. The main parameters used to evaluate a potential reference gene in Best-
Keeper are “std dev [+ CP]” (recommend < 1) or “set dev [+ x-fold]” (recommend < 2). These
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Table 6. Expression stability and ranking of genes as by geNorm.

Samples U6 snRNA dlo-miR24 dlo-miR168a* csi-snoR14 5.85 rRNA
2.5uM 0.0079 0.0232 0.0001 0.0016 1.0000
3.6 uM 0.0041 0.0283 0.0001 0.0018 0.7013
5.0uM 0.0056 0.0306 0.0000 0.0014 0.9188
M<1.5 0.5900 0.5370 0.7350 0.4480 0.4750

https://doi.org/10.1371/journal.pone.0176112.t006

two parameters were the smallest for csi-snoR14 and dlo-miR24, indicating that they were the
two most stable reference genes for the 2.5 pM, 3.6 uM, and 5.0 pM samples (Table 7).
NormFinder. Expression stability of the candidate reference genes was reanalyzed with
NormFinder. Expression variation of the candidate genes among the 2.5 pM, 3.6 pM, and
5.0 uM samples was estimated using a model-based approach. Intragroup variation was calcu-
lated and converted into a stability value for each candidate, and the candidates were ranked
accordingly (Table 8). Among the five candidate reference genes, csi-snoR14 was the most sta-
ble with a value of 0.1167, and dlo-miR168a* was the least stable (0.4729).

Validation of miRNAs and their potential targets

The analyses of the five candidate reference genes identified csi-snoR14 as the optimal refer-
ence miRNA, and therefore all the miRNAs were normalized to csi-snoR14. The validation
results showed that some miRNAs were upregulated in the 3.6 uM sample, which had the
highest embryogenic competence, while others were downregulated. Eleven mRNAs were
predicted as potential targets for eight miRNAs; both miR5225 and miR1160 had two poten-
tial targets. A gene encoding a receptor-like protein kinase was the predicted target of
miR5638 and miR1315. Our results showed that five targets (receptor-like protein kinase,

Table 7. Stability assessment of the candidate reference genes by BestKeeper.

U6 snRNA dlo-miR24 dio-miR168a* csi-snoR14 5.8Sr RNA

n 9 9 9 9 9
geo Mean [CP] 30.46 28.19 36.76 32.29 23.20
ar Mean [CP] 30.46 28.19 36.77 32.29 23.20
min [CP] 29.84 27.80 35.29 31.89 22.86
max [CP] |31.88 | 28.69 37.81 | 32.66 | 24.10
std dev [+ CP] | 0.48 1028 0.58 0.19 10.30
CV[%CP] | 1.50 098 1.58 0.59 11.31
min [x-fold] -1.54 131 -2.78 -1.32 -1.27
max [x-fold] 1269 1141 2.06 129 187
std dev [+ x-fold] 1137 121 1.49 1.14 11.23
https://doi.org/10.1371/journal.pone.0176112.t007

Table 8. Stability of the i r genes by NormFinder.

Gene name [ Stability value

U6 snRNA 0.3409

dlo-miR24 0.2486

dlo-miR168a* 0.4729

csi-snoR14 0.1167

5.8S rRNA | 0.1812

https://doi.org/10.1371/journal pone.0176112.t008
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Fig 4. Validation of differentially regulated miRNAs and their targets by qRT-PCR. (a)The x-axis shows the miRNAs validated in this study. The y-
axis shows the logs ratio of their expression in the 3.6 UM 6-BAP versus the 5.0 uM 6-BAP libraries. Three biologically independent replicates were
analyzed for each qRT-PCR; (b)The x-axis shows the miRNAs validated in this study. The y-axis shows the log ratio of their expression in the 3.6 uM
6-BAP versus the 2.5 uM 6-BAP libraries. Three biologically independent replicates were analyzed for each gRT-PCR.

https://doi.arg/10.1371/journal.pone.0176112.g004

408 ribosomal protein, transcription factor GAMYB, and heat shock protein) were clearly
less abundant in the tissue with the lowest embryogenic ability (5.0 uM 6-BAP) compared
with the tissue with the highest embryogenic ability (3.6 uM 6-BAP) (Fig 4a), while the abun-
dances of the corresponding miRNAs (miR5638,-5225, -159, -1315, and -1222) were the
opposite. Furthermore, miR3633, -1160, and -1026 were downregulated in tissues treated
with 3.6 pM 6-BAP compared with those treated with 2.5 pM 6-BAP (Fig 4b), while the
expression of their targets, AP2, calmodulin-binding protein, and calcium-dependent pro-
tein kinase, respectively, showed the opposite pattern. Finally, of seven potential novel
miRNAs that were present in at least two of the 6-BAP treatments, six had homologous
sequences in other species; the exception was spruce91-m0017, for which no homologous
sequence was found, although a homologous sequence (lysine-rich arabinogalactan protein)
was found for its putative target (Unigene58367).

Discussion

Our results indicated that 6-BAP affected the production of somatic embryos and their germi-
nation rates. Moreover, 6-BAP influenced plant hormone levels and antioxidant enzyme activ-
ities in both the proliferation and maturation stages, showing that early embryo differentiation
without plant growth regulators did not eliminate the influence of 6-BAP on the plant hor-
mone levels and antioxidant enzyme activities in callus tissue.

Three receptor-like protein kinases were upregulated in the 3.6 pM 6-BAP treatment.
Kinases such as SOMATIC EMBRYO RECEPTOR KINASE (SERK) have been identified pre-
viously in SE [54]. These kinases constitute a special subgroup of receptor protein kinases that
are associated with SE. SERK1 is highly expressed during embryogenic cell formation in cul-
ture and during early embryogenesis in Arabidopsis. Hecht et al. [55] showed that overexpres-
sion of SERK1 not only did not result in any obvious plant phenotypes, it also gave a 3- to
4-fold increase in embryogenic competence, indicating that SERK1 enhanced embryogenic
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competence and promoted the transition of somatic cells to an embryogenic state. Thus,
higher embryogenic ability may result from increased expression of receptor-like protein
kinases by 6-BAP through miR5638 and miR1315. Previous studies have reported the effect of
6-BAP on SERK genes. For example, 6-BAP alone induced SE in Medicago truncatula Gaertn.
and promoted MtSERK1 expression [56]. Nolan et al. [56] reported that auxin and naphtha-
lene-1-acetic acid application together with 6-BAP could significantly stimulate embryogenic
cell formation and proliferation, which was accompanied by increased MtSERK1 expression,
However, our results differ from those obtained in M. truncatula, but are consistent with those
of Zhang et al. [57], who demonstrated that 6-BAP inhibited SE and reduced ZmSERK1 and
ZmSERK2 expression in a maize culture.

Notably, a gene targeted by miR5225 that encodes the transcription factor GAMYB was
upregulated in the 3.6 pM 6-BAP treatment. GAMYB is involved in programmed cell death in
both aleurone and tapetal tissues, and in both tissues this process is mediated by a gibberellin
(GA;) [58]. Conversely, members of the miR159 family repressed conserved GAMYB-like
genes [59-61]. Noma et al. [62] found lower GA (probably GA,) levels in embryogenic lines of
carrot and anise, but Jiménez and Bangerth [63] found higher GA (GA,, GA3, GA,) levels in
embryogenic maize lines. Furthermore, in carrot [64], wheat [65], and grapevine [66], no dif-
ferences in GA levels were found among cultures showing different embryogenic characteris-
tics. A few researchers have studied the relationships among GAs and cytokinins. We found
that the GA5 content in the tissues with highest embryogenic ability (treated with 3.6 uM
6-BAP) was higher than in those treated with 5.0 uM 6-BAP. On the other hand, GAMYB has
been identified as an activator of GA-regulated genes [59]. Together, these findings indicate
that miR159 may repress GAMYB expression in the 5.0 pM treatment, leading to reduced
GA;.

Some members of the AP2 domain-containing transcription factor family, which contains
173 members [67], were reported to play a major role in embryogenesis and organ develop-
ment [68,69]; for example, BABY BOOM (BBM) was shown to be involved in cell proliferation
and morphogenesis [70,71]. The embryogenic tissue of Arabidopsis, which can induce SE, had
elevated BBM expression [72]. Piyatrakul et al. [73] identified 11 AP2/ERF genes as very early
markers that could predict the regeneration potential of proliferating callus lines. However,
how these genes regulated early SE was unclear. Furthermore, 12 miRNAs (miR156, -159,
-172, -393, -395, -396, -408, -894, -1511, -n11, -n12, and -n14) were predicted to inhibit the
transcripts of 29 Hevea brasiliensis (Willd. ex A. Juss.) Mill. Arg. HbAP2/ERF genes [67]. In
our study, we identified two AP2 domain-containing transcription factors that may be regu-
lated by miR1160, which were downregulated in the tissues with higher embryogenic ability,
indicating that the overexpression of AP2 triggered by miR1160 may lead to a decrease or even
aloss of embryogenic competence.

Calmodulin-binding protein and calcium-dependent protein kinase (CDPK) were downre-
gulated in the 3.6 pM treatment compared to the 2.5 pM treatment. In carrot, the role of cal-
cium in SE is essential for morphogenesis of undifferentiated cells into somatic embryos at a
threshold of 200 mM [74]. Higher concentrations of calcium have no effect on either the via-
bility or embryogenic potential of the culture. At lower concentrations, or after chelation of
residual calcium with ethylene glycol—bis(Z—aminoethylether)—N,N,N N'-tetraacetic acid, SE is
inhibited and the calcium channel blockers, verapamil and nifedipine, exert an inhibitory
influence on embryogenic capacity [75]. Two CDPKs of 55 and 60 kDa have been identified in
soluble protein extracts of sandalwood embryogenic cultures; these have Ca**-dependent and
calmodulin-independent protein kinase activity and a developmentally regulated, tissue-spe-
cific soluble CDPK (swCDPK) accumulates in all stages of embryo development [76,77]. This
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indicates that swCDPK is a Ca>* modulator that can act alone or in conjunction with calmodu-
lin during sandalwood SE.

Conclusions

In the present study, sSRNA libraries were constructed by high-throughput sequencing of

P. balfouriana callus cultures treated with three 6-BAP concentrations. After processing the
sequencing data, we identified more than 4,000 conserved and 50 novel miRNAs in each
library. The expression levels of more than 70 miRNAs showed significantly different regula-
tion between pairs of treatments. The expression patterns for eight selected miRNAs and their
targets were examined in detail, and there was a negative correlation between the expression
patterns of the miRNAs and their targets. Notably, these targets have been reported to be
involved in SE, suggesting that the associated miRNAs might act as regulators of embryogenic
ability. The characterization and expression profile comparisons of the P. balfouriana miRNA
libraries provide a good foundation for elucidating the complex miRNA-mediated regulatory
network of SE in callus tissue treated with 6-BAP.
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Abstract

Embryogenic cultures of Picea balfouriana, which is an important commercial species for
reforestation in Southern China, easily lose their embryogenic ability during long-term cul-
ture. Embryogenic tissue that proliferated at lower concentrations (3.6 pM and 2.5 pM) of 6-
benzylaminopurine (6-BAP) were more productive, and generated 113+ 6and 89 +3
mature embryos per 100 mg embryogenic tissue, respectively. A metabolomic approach
was used to study the changes in metabolites linked to embryogenic competence related to
three different 6-BAP concentrations (2.5 uM, 3.6 uM, and 5 uM). A total of 309 compounds
were obtained, among which 123 metabolites mapped to Kyoto Encyclopedia of Genes and
genomes (KEGG) pathways. The levels of 35 metabolites were significantly differentially
regulated among the three 6-BAP treatments, and 32 metabolites differed between the

2.5 M and 5 pM treatments. A total of 17 metabolites appeared only once among the three
comparisons. The combination of a score plot and a loading plot showed that in the samples
with higher embryogenic ability (3.6 uM and 2.5 uM), up-regulated metabolites were mostly
amino acids and down-regulated metabolites were mostly primary carbohydrates (espe-
cially sugars). These results suggested that 6-BAP may influence embryogenic compe-
tence by nitrogen metabolism, which could cause an increase in amino acid levels and
higher amounts of aspartate, isoleucine, and leucine in tissues with higher embryogenic
ability. Furthermore, we speculated that 6-BAP may affect the amount of tryptophanin tis-
sues, which would change the indole-3-acetic acid levels and influence the embryogenic
ability.
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Introduction

The progressively diminishing embryogenic ability of embryogenic tissues has been well char-
acterized in conifer trees. A primary example of such recalcitrance in spruce species is the
inability or decreased competence of established embryogenic tissue to generate early stage
embryos in response to suitable maturation conditions and to develop fully mature embryos.
Although technology for the initiation and proliferation of somatic tissues and subsequent gen-
eration of mature cotyledonary embryos in spruces and other conifers has improved [1-10],
some embryogenic tissues from many conifer species continue to exhibit a high degree of vari-
ability and others have lost embryogenic ability.

Picea balfouriana is an evergreen spruce tree that is distributed mostly in the southwest and
northern regions of the Tibetan plateau. Because of the high quality of the wood and its fast
growth, P. balfouriana is a major species of choice for afforestation. However, there are several
drawbacks to using P. balfouriana for afforestation, including the fact that it reproduces pri-
marily sexually, its seedlings initially grow slowly, and it sets seed late [11]. In our laboratory
we have established the whole somatic embryogenesis system of P. balfouriana and applied for
a patent [12]. We found that the embryogenic ability of the system was easily decreased when
the amount of 2,4-dichlorophenoxyacetic acid (2,4-D) and 6-benzylaminopurine (6-BAP) in
proliferation stage were maintained or removed, and realized there was an urgent need to
study the early stage of somatic embryogenesis [13]. We found that if the level of 2,4-D
was decreased during proliferation, the embryogenic tissue would hardly generate somatic
embryos. The amount of the cytokinin 6-BAP that added in the proliferation stage would influ-
ence the final yield of mature embryos from tissues, especially during long-term culture. It is
well known that cytokinins play important roles in the control of cell division in plants, and
the cytokinin signaling pathway has been studied recently [14,15]. However, the mechanism of
action of 6-BAP in plant somatic embryogenesis is hardly known. In a previous study, we
found that the influence of 6-BAP on embryogenic capacity was through relevant mRNAs and
proteins [16] and, therefore, we inferred that 6-BAP may affect the corresponding metabolites.

Metabolomics, the global analysis of cellular metabolites, is a powerful tool based on func-
tional proteomics that can be applied to gain insights into biological functions, which may be
an effective approach for the functional characterization of genes, and may help in the descrip-
tion and elucidation of physiological responses in plants under different environmental condi-
tions [17-27]. Gas chromatography-mass spectrometry (GC-MS) is generally performed using
electron-impact quadrupole or time-of-flight mass spectrometry [28] and is one of the most
developed analytical platforms for plant metabolite profiling [29]. Using GC-MS, it is possible
to profile several hundred compounds belonging to diverse chemical classes, including sugars,
organic acids, amino acids, sugar alcohols, aromatic amines, and fatty acids. For example, the
regulation of developmental events has been elucidated at the metabolic level using metabolic
profiling [30, 31] and different capabilities of embryogenic cell lines of Pinus taeda L. [32] and
Picea abies (L.) [33] had been explained by a model based on the combined data for metabolic
profiles. Further, the combination of GC-MS and OPLS-DA (orthogonal projections to latent
structures discriminant analysis) [34-37] has been used to visualize and discriminate interest-
ing metabolites.

In the present study, we investigated the metabolic profiles of embryonic tissues using three
6-BAP concentrations and identified important metabolites that were affected by 6-BAP and
associated with embryogenic competence. The objective was to use the GC-MS approach to
investigate changes in the metabolome that were linked to embryogenic ability, which was
related to different levels of 6-BAP.
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Materials and Methods
Plant material and sampling

One selected embryogenic cell line of P. balfouriana (Fig 1A) was used in this study. This cell
line was established in 2011 and was initiated at the Research Institute of Forest, Chinese Acad-
emy of Forestry using seeds from elite genotype 4 that were induced on solidified half-strength
LM medium [38] supplemented with 10 uM 2,4-D and 5 uM 6-BAP[12], 1% sucrose, 500 mg/L
glutamine, 1 g/L casein hydrolysate, and 2% Gelrite at 24 + 1°C in the dark. This cell line was
proliferated on solidified half-strength LM medium with three concentrations of 6-BAP

(2.5 uM, 3.6 uM, and 5 pM) and with other supplements kept unchanged at 24 + 1°C in the
dark. This produced embryogenic tissues with different embryogenic capabilities after 3
months. The embryogenic cultures were sub-cultured at 2-week intervals. This somatic
embryogenesis culture experiment was performed twice. Both experimental series yielded simi-
lar results with respect to embryo development, and samples from one of the experimental
series were selected for metabolomic profiling.

Samples of embryogenic culture were collected after subculturing for 7 days. For each treat-
ment, six biological replicates were collected. The samples were denoted as 2.5 uM-, 3.6 uM-,
and 5 pM-treated samples. All samples were transferred to cryotubes, flash frozen in liquid
nitrogen, and stored at —80°C until further processing for metabolite extraction.

Early embryo differentiation from tissues was stimulated by transferring the cultures to
half-strength LM medium lacking plant growth regulators for 1 week. Promotion of late
embryo development and maturation (Fig 1B) was performed by transferring cultures to half-
strength LM medium supplemented with 61 uM abscisic acid and 0.4% active charcoal, 6%
sucrose, 500 mg/L glutamine, 1 g/L casein hydrolysate, and 4% Gelrite, and culturing at
24 + 1°C in the dark. There were 10 replicates of each treatment. Then, somatic embryos (at

least 3 mm long) generated from 100 mg embryogenic tissue that had 3-5 cotyledons and
could germinate were counted after 8 weeks (Fig 1C). Twenty somatic embryos from each of
the three 6-BAP treatments were put on one quarter-strength LM medium with 0.5% active
charcoal, 2% sucrose, 500 mg/L glutamine, 500 mg/L casein hydrolysate, and 3% Gelrite for
germination at 24 + 1°C in the light (30 uEm™s™, 16 h photoperiod). There were 10 replicates
for each treatment. After 6 weeks, the numbers of germinated somatic embryos with elongated
root and hypocotyl were counted.

Fig 1. Somatic embryogenesis of Picea balfouriana. (A) Embryogenic tissues. (B) Somatic embryos. (C) Germination of somatic embryos.
doi:10.1371/journal.pone.0141841.g001
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Histological analysis

Another cell line that was induced from elite genotype 3 in 2013 and treated in the same way as
the test group was used as the control to validate the influence of 6-BAP. The numbers of
mature somatic embryos and germinated somatic embryos of the control line were counted in
the same way as in the test group. Histological differences between the test and control lines
were analyzed. Proliferated tissues on medium supplemented with different levels of 6-BAP
were treated and stained for general light microscopy observations according to Gupta and
Holmstrom [39] with some modification. The embryonal head cells were stained bright red
(acetocarmine) and suspensor cells were stained blue. These two sections together were consid-
ered as the early stage embryos and the numbers of early stage embryos of each 6-BAP concen-
tration were counted.

Statistical analysis

To compare the influence of different levels of 6-BAP on the maturation of tissues and the ger-
mination of their generated somatic embryos, the numbers of early somatic embryos, the num-
bers of mature somatic embryos, and the germination rates were subjected to analysis of
variance (ANOVA) using SPSS20 software(http://www-01.ibm.com/software/analytics/spss/
downloads.html). The level of significance was P <0.05.

Metabolite extraction and gas chromatography—-time-of-flight mass
spectrometry (GC/TOF/MS) analysis

Metabolites from embryogenic tissue (100-mg fresh weight) were extracted according to Lisec
etal. [40] with minor modifications. Briefly, embryogenic tissue stored at —80°C was ground in
amortar using liquid nitrogen, and transferred into 2-mL centrifuge tubes. Ribitol (60 L) was
added and vortexed for 10 s, followed by the addition of 0.35 mL 100% methanol and vortexing
for 10 s. The tubes were placed into an ultrasound machine at 70°C for 10 min, and then centri-
fuged for 10 min at 12,000 rpm at 4°C. Next, 0.35 mL supernatant was transferred into new
Eppendorf tubes and samples were blow-dried using moderate nitrogen. Methoxamine hydro-
chloride (80 uL) was added, vortexed for 30 s, and allowed to react for 2 h at 37°C. Finally,

100 uL BSTFA reagent (containing 1% TMCS, v/v) was added to the mixture and allowed to
react for 1 h at 70°C.

The GC/TOF/MS analysis was performed using an Agilent 7890A gas chromatograph sys-
tem coupled with a Pegasus four-dimensional time-of-flight mass spectrometer (Agilent,
USA). The system used a DB-5MS capillary column coated with 5% diphenyl cross-linked with
95% dimethylpolysiloxane (30 m x 250-yum inner diameter, 0.25 um film thickness; J&W Sci-
entific, Folsom, CA, USA). Next, a 1-uL aliquot of the analyte was injected in splitless mode.
Helium was used as the carrier gas, the front inlet purge flow was 3 mL min ™", and the gas flow
rate through the column was 1 mL min~". The initial temperature was maintained at 90°C for
0.25 min, and then raised to 240°C at a rate of 5°C min ™, and finally to 285°C at a rate of 20°C
min~" for 11.5 min. The injection, transfer line, and ion source temperatures were 280°C,
250°C, and 220°C, respectively. The energy was —70 eV in electron-impact mode. The MS data
were acquired in full-scan mode with the m/z range of 20-600 at a rate of 100 spectra per sec-
ond after a solvent delay of 492 s.

Multivariate and statistical analyses of raw signals, data baseline filtering, and peak identifi-
cation and integration were performed using the Simca software (http://www.umetrics.com/
products/simca). The data were then imported into the TagFinder software [41] with default
parameters for correction of retention time to mass debris, peak alignment, and deconvolution
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analysis [42]. The total mass of the signal integration area was normalized for each sample; that
is, the total integral area of each sample was set as 1000. Then, principal component analysis
(PCA) of internal standard peak areas was performed to provide sample weights and ¢1 scores
to normalize the data before multivariate analysis. In addition, metabolite data were mean cen-
tered and UV scaled. To obtain an overview of the metabolite data, a PCA model was calcu-
lated initially on the X-matrix [43]. In the PCA, a few latent variables were calculated, which
described the largest systematic variation in the X-matrix. Thus, both the influence of noise
and dimensionality on the data was greatly reduced. Using the resultant PCA score scatters,
clusters and outliers within samples can be identified [44]. Finally, the normalized data were
imported into SIMCA-P + 12.0.1 (Umetrics AB, Umea, Sweden) using the OPLS-DA model
with the first principal component of VIP (variable importance in the projection) values (VIP
>1) combined with the Student’s t-test (t-test) (P <0.05) to identify differentially expressed
metabolites and to search for metabolites in commercial databases such as those provided by
the National Institute of Standards and Technology (NIST; http://www.nist.gov/index.html)
and the publicly available KEGG (Kyoto Encyclopedia of Genes and Genomes) database
(http://www.genome.jp/kegg/). To characterize the physiological mechanisms of early somatic
embryogenesis underlying the effects of the 6-BAP treatments, we examined the metabolic
changes in embryogenic tissue at three 6-BAP concentrations. For each treatment, three
comparisons were made: 2.5 uM vs 5 uM, 3.6 uM vs 2.5 uM, and 3.6 uM vs 5 uM. In each com-
parison, the sample with the lower embryo production was always made the control group.
Metabolites that differed between samples were identified using OPLS-DA loading plots and a
t-test of the respective metabolite peak areas. In all cases, models were judged for quality using
goodness of fit (R’X) and goodness of prediction parameters.

Visualization

If interesting metabolites are selected based solely on the correlation, a number of biochemical
compounds that are present in very low concentrations also will be selected, and the risk of
selecting false positives will be high. Potentially biochemically interesting compounds can be
better selected based on a combination of covariance and correlation information, which is the
purpose of the score plot (S-plot). The farther along the x-axis (covariance), the greater the
contribution to the variance between the groups, while the farther the y-axis (correlation), the
higher the reliability of the analytical result.

OPLS-DA together with the S-plot and loading plot allows complex data to be mined for
metabolites that are statistically and potentially biochemically interesting compounds. The use
of appropriate visualization tools helps in the communication and interpretation of scientific
data. The metabolic data were analyzed as described by Wiklund et al. [36]. Briefly, the two
vectors used in the S-plot are calculated as

Cov(t,Xi) = I\;Ti(' (1)
Gortll, 28] = %tx’) @)

where t is the score vector in the OPLS-DA model, i is the centered variable in data matrix X,
and s is the estimated standard deviation. Therefore, Cov(t,X) and Corr(t,X) are vectors with
the same length as the number of variables in the mode. These vectors are plotted in a scatter
plot and are S-shaped unless the variable variance is uniform. The x-axis (Cov(t,X)) in the
S-plot is a visualization of contribution (covariance), and the y-axis (Corr(t,X)) spans a
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theoretical minimum (-1) and maximum (+1), where 1 is the correlation (reliability). The sta-
tistical S-plot was used to identify possible biochemically interesting compounds for both the
predictive and orthogonal variations. A complementary tool for identifying interesting com-
pounds is the loading plot where the vector Cov(p,X), which includes the corresponding jack-
knifed confidence intervals, provides additional information about metabolite variability.

Results
Development of P. balfouriana somatic embryos

During the maturation stage, embryogenic tissue of the cell lines exhibited different embryo-
genic ability after being treated with 2.5 uM, 3.6 uM, or 5 uM 6-BAP. Embryogenic tissue pro-
liferated in medium containing 3.6 uM 6-BAP and yielded the most fully mature somatic
embryos with a normal set of cotyledons (96+7/per 100 mg tissue), which had higher germina-
tion rates (48.47%0.06)) than the mature somatic embryos from the other two 6-BAP treat-
ments. Medium containing 2.5 pM 6-BAP yielded the second highest number of mature
embryos (64+4/per 100 mg tissue) with germination rates of 28.39+0.04 and medium contain-
ing 5 uM 6-BAP yielded the lowest number of mature somatic embryos (11+1/per 100 mg tis-
sue) with the lowest germination rates (9.42%=0.03).

ANOVA of the control line also revealed significant differences among the samples treated
with the three concentrations of 6-BAP (Table 1). In addition, a micro-examination showed
that the numbers of early somatic embryos in the different treatments were significantly differ-
ent (Fig 2); that is, 3143, 47+4, and 5+2 early somatic embryos per 50 mg tissue in the 2.5 uM,
3.6 uM, and 5 pM groups, respectively.

Metabolic changes in response to 6-BAP

Analysis of the three 6-BAP-treated culture samples yielded 309 compounds, among which
123 metabolites were assigned to KEGG pathways. A PCA model with two principal compo-
nents explained 52% of the variation across the three samples (Fig 3A).

S-plot for the first two principal components of each two samples (2.5 uM versus 5 uM,
3.6 uM versus 2.5 uM and 3.6 uM versus 5 uM), explained 54%, 59% and 58% of the total varia-
tion, respectively, and was used for an overview of the data. The S-plot showed that each
6-BAP-treated sample was separated from the main cluster and distributed. OPLS-DA was
used to discriminate between the two samples, and the OPLS-DA showed that the samples
were separated according to the 6-BAP concentration (Fig 3B, 3C and 3D). Metabolites that
distinguished the sample classes are presented in S1 Table (2.5 pM versus 5 uM), S2 Table
(3.6 uM versus 2.5 pM) and S3 Table (3.6 uM versus 5 pM), respectively.

2.5 yM versus 5 yM 6-BAP-treated samples

Most of the differentially regulated metabolites (32) were present in the 2.5 uM group com-
pared with the 5 pM group, both of which had lower embryogenic competence than the 3.6 uM

Table 1. of mature coty onary embryos d from each tr (per 100 mg of

embryogenic tissue) and their germination rates compared with the control line.

Sample Mature embryos / per 100 mg of embryogenic tissue Germination rate

2.5 uM 64+ 4° 28.39% + 0.04°

3.6 uM 96+ 7 48.47% + 0.06%
5uM 11+1° 9.42% + 0.03°

2 - ¢ indicate the significance of difference (P <0.05).

doi:10.137 1/joumal.pone.014184 1.t001
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embryos intissue treated with 2.5 uM 6-BAP. (B) Early somatic embryos in tissue treated with 3.6 pM 6-BAP. (C) Early and mature somatic embryos in tissue

treated with 5 uM 6-BAP.

doi:10.1371fjournal pone.0141841.g002

group. The majority of the regulated metabolites (14 up-regulated, four down-regulated)
were amino acids or their derivatives associated with various biosynthetic pathways. Among
the regulated metabolites that were carbohydrates, the number of up- and down-regulated
metabolites was approximately equal. A total of eight organic acids (five up-regulated, three
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Fig 3. Score plots for the first two principal components by multivariate analysis. (A) PCA t1/t2 score scatter (N =18, R®X [1] = 0.38, R®X [2] = 0.14,

and Q%Y [cum] = 0.36). OPLS-DA score scatters. (B) 2.5 uM versus 5 uM (R?X =0553,

R®Y = 0.96 and Q” = 0.834). (C) 3.6 M versus 2.5 pM (R°X = 0.548,

R?Y = 0.95 and Q° = 0.742). (D) 3.6 uM versus 5 pM (R2X = 0.573, R2Y = 0.89 and Q2 = 0.676). Samples are colored according to the 6-BAP

concentrations.

doi:10.1371 fournal pone 0141841.9003
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doi:10.1371/journal.pone.0141841.g004

down-regulated) were identified in the 2.5 uM group compared with the 5 uM group; notably,
lyxose 1 was significantly increased (19-fold) in the 5 uM 6-BAP group.

The separation between the 32 differentially regulated metabolites between the 2.5 uM and
5 uM groups was highlighted in the S-plot (Fig 4A). In the raw data plot both groups over-
lapped, while only 11 metabolites had a high correlation in the S-plot and a high reliability in
the loading plot (Fig 4D) and were deemed reliable for separating the groups.

3.6 yM versus 2.5 uM 6-BAP-treated samples

Three differentially regulated metabolites were up-regulated and two were down-regulated in
the 3.6 uM group compared with the 2.5 M group, and three were amino acids, of which one
was down-regulated and two were up-regulated in the 2.5 pM group compared with the control
cells. Among the regulated metabolites that were organic acids, the number of up- and down-
regulated metabolites was equal.

In the S-plot, 12 metabolites showed a high correlation (Fig 4B); however, in the loading
plot, most of them showed low reliability because the confidence interval did not support the
S-plot selection (Fig 4E). Finally, only tryptophan 2 and sorbose 2 showed reasonable reliability
were selected for further investigation of their biochemical significance.

3.6 uM versus 5 yM 6-BAP-treated samples

Three of the differentially regulated metabolites were carbohydrates; one was up-regulated and
two were down-regulated in 3.6 uM cultures compared with 5 uM. A common pattern was
observed for the organic acid and amino acid groups, both of which comprised four
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compounds with one down-regulated and three up-regulated in the 5 uM culture compared
with the control cells. The differentially regulated metabolites with the highest levels in the

3.6 uM group were oxalic acid, galactose and, leucine, among which the leucine level was signif-
icantly up-regulated compared with the 5 uM group.

Significant differences between the 3.6 uM and 5 pM samples were identified using the mass
peak intensities of all the detected metabolites, which were expressed in an S-plot, OPLS-DA
(Fig 4C, and loading plot (Fig 4F). Both up-regulated and down-regulated metabolites were
found in the 3.6 uM samples compared with 5 uM samples, but only 1,5-anhydroglucitol,
3-hydroxypropionic acid 1 and leucine were selected as significant regulated markers based on
the statistical analyses.

Discussion

In the present study, we followed the metabolic events in one embryogenic cell line of P. bal-
fouriana that displayed different embryogenic activities after being treated with three 6-BAP
concentrations. Of the embryogenic tissues, those treated with 3.6 uM 6-BAP generated the
greatest number of somatic embryos, which also had higher germination rates than the somatic
embryos generated from embryogenic tissues proliferated on medium with lower (2.5 uM) or
higher (5 uM) levels of 6-BAP. Furthermore, micro-examination showed that the embryonal
heads and suspensors of early somatic embryos in the 5 uM-treated cultures were bigger than
those in the 2.5 pM- and 3.6 uM-treated cultures. These results together with the ANOVA of
mature embryos and histological analysis of early somatic embryos in the control cell line dem-
onstrated that 6-BAP influenced the maturation of tissues and showed that the influence had
universality. Many possible mechanisms could be proposed to explain these results; for exam-
ple, 6-BAP may have influenced other plant growth regulators or genes involved in metabolite
regulation. In the present study, we investigated this phenomenon using a metabolomics
approach and found that metabolite profiles were altered significantly in response to different
concentrations of 6-BAP. The preferential differential regulation of metabolites may trigger
adaptive responses during somatic embryogenesis.

Although the t-test is widely used for selecting interesting compounds, we found that some
of the regulated metabolites identified using the t-test may not be reliable [45-47]. For exam-
ple, lyxosel was significantly up-regulated (19-fold) in the 5 uM 6-BAP group compared with
the 2.5 uM group and was selected as a reliably regulated metabolite based on the loading plot,
but would not have been selected based on the t-test. The major dissent is that the t-test gives
no consideration to variable intensity, which is often related to metabolite concentration [48].
In the present study, we used a loading plot because it reduces the impact of artifacts and noise
in the models.

Leucine was up-regulated in embryogenic tissues proliferated in the 3.6 uM culture com-
pared with the 5 uM culture, while sorbose 2 was significantly down-regulated in the 3.6 uM
culture compared with the 2.5 uM culture. The aspartic acid, alanine, asparagine, serine, gly-
cine, and phenylalanine amino acids were up-regulated in the 2.5 pM culture compared with
the 5 uM culture, which did not efficiently generate embryos. This finding is in good agreement
with the results of Richard et al. [49]. Broeckling et al. [50] reported a negative correlation
between amino acid and sugar levels in embryogenic tissues, which is in agreement with our
results. We found that amino acid metabolites were mostly up-regulated, whereas most of the
sugars were down-regulated. All the metabolites that were differentially regulated by 6-BAP
resulted in a different embryogenic capacity of the cultures.

6-BAP may affect two channels involved in early somatic embryogenesis: nitrogen metabo-
lism and/or the IAA concentration in tissues. In nitrogen metabolism, NH," and NO; ™ are
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both essential for the proliferation of embryogenic tissue and development of somatic embryos
[51-53]. Ikram and Yusuf [54] found that when both KNO; and NH,NO; were added to the
embryo-induction medium, there was a considerable increase in the rates of cell growth and
somatic embryogenesis. We found that the asparagine level was higher in the 2.5 uM group
compared with the 5 uM group. Asparagine was shown to be a key component of nitrogen
metabolism in conifers [55]. Furthermore, isoleucine and norleucine levels were also higher in
the 2.5 uM group compared with the 5 uM group, and these two amino acids are synthesized
by aspartate. Aspartate is synthesized from glutamate in the plastid and channeled through the
aspartate metabolic pathway for the biosynthesis of lysine, threonine, isoleucine, methionine,
and other essential nitrogen compounds [56]. Taken together, our data suggest that 2.5 uM
6-BAP increased the levels of several amino acids that are involved in nitrogen metabolism,
which is indispensable for the proliferation of embryogenic cultures.

Another channel that we propose could be involved in early somatic embryogenesis may be
affected by the influence of 6-BAP on the amount of IAA in tissues. The tryptophan level was
lowest in cultures treated with 3.6 uM 6-BAP. Tryptophan can be converted to indole-3-pyru-
vic acid, which is then converted to indole-3-acetaldehyde from which IAA is synthesized [57].
IAA can also be synthesized by converting tryptophan to indole-3-acetaldoxime, which is then
converted to indole-3-acetonitrile from which IAA is synthesized [33]. Furthermore, the inter-
action between auxin and cytokinin has been found to control cell proliferation and differentia-
tion [58-60]. Therefore, our results indicated that the embryogenic ability of P. balfouriana
embryogenic tissue could be maintained during the long proliferation stage of somatic embryo-
genesis by adding moderate concentrations of 6-BAP to the media. This technique for somatic
embryogenesis could be applied to promote afforestation by P. balfouriana. In addition, the
differentially regulated metabolites (asparagine, tryptophan, and others) may be used as mark-
ers to detect the embryogenic competence of tissues.
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Monocultural coniferous plantations have prevailed worldwide in recent decades, which supplied much of the
world’s timber, but also exerted some negative effects on local ecologies and environmental systems. Continuous
development has increased the various demands of human society for forests and it is necessary to balance
concerns for the ecological and economic functions. Ample evidence indicates that mixed forests are an ideal
option for providing more diversified ecological services and forest goods. Converting pure forests into mixed
forests by introducing broad-leaved hardwood species below coniferous plantations has become an increasingly
popular forest management strategy. Yet, there has been not enough research to date on suitable management
methods for enhancing forest diversity and resilience in the context of forest conversion. To comprehensively
examine how the intensity in Masson pine thinning influences forest evolution, seedlings of two native hardwood
species were introduced below unthinned and thinned (varying intensity) Masson pine plantations. The effects of
thinning on residual tree growth, seedling survival and growth, and understory vegetation development were
analyzed using a generalized additive mixed model (GAMM). Monitoring results over 10 years indicate that
thinning is a necessary management measure to accelerate forest succession in the conversion process; thinning
exerts significant effects on the growth of residual trees, the survival and growth of seedlings, and the devel-
opment of understory vegetation. Intense thinning results in more residual tree growth and enhances the
richness and diversity of herbaceous species. However, excessive thinning can reduce the likelihood of seedling
survival and growth as well as the richness and diversity of shrubs. Optimal thinning intensities appear to fall
between 50% and 60% depending on the specific introduced species; light-demanding species may need higher
overstory thinning intensity than shade-tolerant species. The biological characteristics of the introduced species
must be taken into account to design an effective thinning strategy for pine plantations conversion.

1. Introduction large areas of the Northern Hemisphere and accounts for 42% of the
world’s industrial forest plantations (Farjon, 2010; Payn et al., 2015).
However, conversion from native deciduous forests to monocultural

coniferous stands has been criticized for negative impact on local

Single-species or pure forest plantations prevail worldwide over the
last few decades(Evans, 1999; FAO, 2001; Evans and Turnbull, 2004;

Malkamiki et al., 2017). The majority of plantations use coniferous tree
species, as coniferous stands are highly profitable and comparatively
modest in their ecological requirements (Kenk and Guehne, 2001).
Native deciduous forests across the globe have been extensively re-
placed by pioneer conifer stands (Augusto et al., 2002). Among these
conifer species, pine species is the most common, which dominates
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ecologies and environmental systems (Lamb et al., 2005; Chirino et al.,
2006; Erskine et al., 2006), and for a general lack of traditional forest
goods (Evans, 1999). Most coniferous species are highly flammable and
facilitate catastrophic or stand-replacing spread of fires (Pausas et al.,
2004). Pines and other coniferous pure forests are also highly vulner-
able to diseases and insect pests such as nematodes (Haynes et al.,
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2014), beetles (Xie et al. 2020), and root diseases, which are ex-
acerbated by climate change (Venalainen et al 2020). These adverse
side effects do not align with modern concepts of forestry management
and societal development (Chauvat et al., 2011).

By contrast, many studies have shown that mixed forests are an
ideal approach to providing more diversified ecological services and
forest goods (Keenan et al., 1999; Cusack and Montagnini, 2004; Bravo-
Oviedo, 2018; Liu et al.,, 2018). Mixed forests may have strong biodi-
versity (Cavard et al., 2011; Heinrichs et al., 2018) and can produce
greater product volumes, biomass, soil fertility, and carbon sequestra-
tion per unit area (Montagnini, 2000; Pretzsch et al., 2013; Koutika
et al., 2014; Zhang et al., 2019). Mixed forests are generally less vul-
nerable to fire (Pausas et al., 2004; Schelhaas et al., 2010) and less
sensitive to pest outbreaks and herbivory issues (Montagnini et al.,
1995; Jactel and Brockerhoff, 2007), although the effects are usually
context dependent (i.e., affected by species composition, density, etc.;
Jactel et al., 2017). Thus, mixed forests are often more resistant to and
resilient against external disturbances and environmental changes
(Jactel et al., 2009; Bauhus et al., 2017). Re-establishing mixed forests
has grown increasingly popular for these reasons. Many forest man-
agers have sought to convert monocultures to mixed stands in recent
decades (Pausas et al., 2004; Keskitalo, 2011). The conversion is also
considered as part of the broader concept of forest restoration, which is
an active restoration to speed up the recovery process (Stanturf et al.,
2014). Some studies indicate that active restoration approaches can
have higher (or similar) plant diversity to natural regeneration ap-
proaches, but often at a high cost to establish structural features of the
vegetation, reassemble local species composition, and/or catalyze
ecological succession (Crouzeilles et al., 2017).

Conversion usually includes the manipulation of disturbance re-
gimes (for example, thinning and burning) and species mixing (planting
of nursery-grown seedlings, direct seeding) into the resultant gaps
(Zhang et al., 2019). The success of the conversion depends on the
plantation design and the appropriate selection of the tree species to be
used, taking into consideration silvicultural and ecological factors
(Wormald, 1992; Chauvat et al., 2011). Introducing broad-leaved
hardwood species seedlings into existing thinned stands can mitigate
seed limitations, and is currently the most common conversion practice
(Gavinet et al., 2015). Successful seedling introduction hinges on the
selected tree species adapting properly to local climate and environ-
mental conditions (Padilla et al., 2009; Vallejo et al., 2012). Native
broad-leaved hardwood species are widely recommended because they
have strong adaptability to local conditions, in addition to being well-
accepted socially and ecologically (Ghorbani et al., 2018).

Thinning is also considered vital for the conversion of monocultural
(or “pure”) forests to mixed forests. Thinning of a forest stand is a
fundamental silvicultural tool for variety of management objectives
(David et al., 2016; Medeiros et al., 2017). Traditionally, thinning has
been used to increase production and improve the quality of residual
trees by removing inferior trees, minimizing pest damage, and reducing
wildfire risk (Nishizono, 2010; Hood et al., 2016). Thining is now re-
cognized to play a role in both timber production and forest restoration.
Thinning can promote stand composition and vertical structural char-
acteristics while potentially accelerating natural regeneration (Bradford
and Palik, 2009; Miller and Emmingham, 2001; Swinfield et al., 2016),
increasing the growth rate of residual trees (Deng et al., 2019) and
enhancing understory biodiversity (Ishii et al., 2008; Spake et al., 2019;
Trentini et al., 2017; Ulvcrona et al., 2014; Ferraz et al., 2018). Thin-
ning also can increase the tree’s intrinsic water-use efficiency and
drought resistance (Sohn et al., 2016; Navarro-Cerrillo et al., 2019)
while altering microenvironmental factors such as light availability,
temperature, evaporative demand, and soil properties (Aussenac, 2000;
Gavinet et al., 2015). These qualities altogether may improve the es-
tablishment of seedlings in the understory (Gavinet et al., 2015). Fur-
ther, thinning can affect carbon dioxide fluxes, soil-plant carbon and
nitrogen dynamics, and improve carbon sequestration (Bai et al., 2017;
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Lindroth et al., 2018; Zhang et al., 2019).

Conversion of monocultures into mixed forests has garnered a great
deal of research interest in recent years, and existing studies have
vielded much useful information (Spiecker et al., 2004; Ammer et al.,
2008; Lof et al., 2010; Heine et al., 2019). However, there are many
practical difficulties impeding the effective establishment of mixed
forests (Mason et al., 2018; Coll et al., 2018). There is a widespread lack
of guidance as managers seek to tackle the complicated silviculture of
mixed forests (Mason et al., 2018). Much work is still needed including
comprehensive studies on suitable management methods to strengthen
understanding of forest diversity and resilience in the context of forest
conversion (Bardat and Aubert, 2007; Salamon et al., 2008; Chauvat
et al., 2011; Gavinet et al., 2015; Coll et al., 2018).

Masson pine (Pinus massoniana Lamb.) is an important tree species
of Pinus (Pinaceae), with height up to 45 m and diameter at breast
height up to 1.5 m. A high-quality timber species, Masson pine has been
widely planted and occupies 13.2 percent of all forested land in China
covering 14.2 million ha, and is also widely distributed in southern
Africa. However, > 90% of Masson pine has been managed in mono-
culture plantations, which is often associated with ecosystem de-
gradation, including reduction of soil fertility and biodiversity, the re-
duction of stand resistance to environmental perturbations, the
frequent occurrence of diseases and insect pests such as nematodes, and
the high risk of fire. In recent years, these problems have attracted
attention of forest managers, who began to seek methods to effectively
transform these pure plantations into more stable and resistant mixed
forests (Wang et al., 2001). Studying the thinning effect on forest
evolution in Masson pine conversion from pure plantations into mixed
forests is also of great reference value for other Pinaceae species.

In this study, we comprehensively examined the effect of Masson
pine thinning on the growth of overstory residual trees, the establish-
ment (survival and growth) of two underplanted native broad-leaved
hardwood species, and the development of understory vegetation below
various thinning intensities. Our primary goal is to determine whether
overstory thinning helps accelerate succession in hardwood species
establishment and/or enhances vegetation development to increase
biodiversity in Masson pine stands.

2. Materials and methods
2.1. Experimental sites

Experiments were conducted in Masson pine plantations at the
Experimental Center of Tropical Forestry, located in the southwest of
Pingxiang City, in the Guangxi Zhuang Autonomous Region of China
(21°57/~22"19’ N, 106°39'~106°59" E). The experimental area belongs
to the country’s south subtrapical zone and has a semi-humid/humid
climate. Its mean annual rainfall is 1200-1500 mm, relative humidity is
80%-84%, and annual average temperature is 20.5-21.7°C. The land-
form type is mainly low hills with an elevation of 400-450 m above sea
level. Soils are latosolic red loams developed from granite with a clay-
loam texture, stoniness in the range 2-14%, medium to high fertility,
and a mean depth of 90 cm.

The Masson pine plantations assessed in this study were established
in 1993 with an initial planting density of 2500 trees per hectare.
Weeding was the main maintenance activity after field planting of the
trees, and a release thinning was conducted in 2000. The understory is
composed of sparse dwarf scrubs (Phyllanthus emblica, Mel can-
didum) and scattered herbs (Microstegium nodosum, Narenga fallax
(Balansa) Bor.).

2.2. Thinning treatments and understory species introduction

The thinning experiment was installed with uniform site conditions
and implemented in a randomized block design with four blocks and
four thinning treatments per block, totaling 16 experimental units. The
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horizontal distance between blocks is about 54.9 m in the north-south
direction and 38.1 m in the east-west direction. In each block, four
permanent plots were installed. Each plot had an area of 2500 m?
(50 m x 50 m) and was randomly assigned into one of four treatment
categories: (1) Ty, unthinned control plot, (2) T;, moderately thinned
plot (approximately 30% of the Masson pine basal area removed), (3)
Ta, heavily thinned plot (approximately 50% of the Masson pine basal
area removed), and (4) Ts, very heavily thinned plot (approximately
70% of the Masson pine basal area removed). The horizontal distance
between plots is about 20 m, and the maximum elevation difference
between plots is about 40.5 m. In each plot, the inner 400 m? of which
was the measurement plot (fixed observation plot) and the rest of the
area around the 400 m? plot being occupied by buffer trees. The thin-
nings were performed during the dormant seasons of 2007, at the age of
15 years. All thinning was from below and the suppressed trees were
removed while also following the principle to achieve as uniform spa-
cing between reserved trees as possible.

Two local tree species, Erythrophleumn fordii Oliv. and Quercus grif-
fithii Hook. f. et Thoms ex Mig., occurring in the surroundings of the
study area were selected and introduced to the understory of the
Masson pine plantations. The two species are the main late-successional
dominant species of local hardwood forests. Erythrophleum fordii is a
shade-requiring tree species and Quercus griffithii is a medium light-
demanding tree species. The hardwood seedlings were cultivated in
nurseries and transplanted into the field at 1 year old, in January 2008;
about 1662 seedlings per hectare were evenly intercropped (831 per
species, planting density approximately 2 m x 3 m) in holes dug
manually.

2.3. Monitoring of forest dynamics

A fixed observation plot (basic unit of data organization) of 400 m”
(20 m x 20 m) for each plot was established to monitor the growth of
Masson pine stands, underplanted trees and understory vegetation. In
each subplot, three 4 m x 4 m square plots were set (evenly distributed
on the diagonal of the fixed observation plot) to monitor shrubs and
three 1 m x 1 m square plots were used to monitor herbaceous species
(located in the upper right corner of 4 m x 4 m plot and their ob-
servation results were integrated into one fixed observation plot re-
spectively). Each seedling (around 66 per observation subplot) was
individually tagged. The survivorship, ground diameter, and total
height (H) were measured and recorded every two years. The total
height and diameter at breast height of all overstory trees in the ob-
servation subplot as well as the species, quantity, relative coverage, and
average height of shrubs and herbs were inventoried in August 2007
prior to thinning. These plots were inventoried in August every two
years from 2008 to 2018. The overstory stand characteristics for each
treatment in 2007 and 2018 are shown in Table 1, and the under-
planted tree characteristics for each treatment in 2008 and 2018 are
shown in Table 2,

2.4. Data statistics and analysis

Height and diameter measurements of Masson pine and

Table 1
Overstory stand characteristics for each treatment in 2007 and 2018.
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underplanted trees were used to compile a relative growth rate (RGR)
in basal diameter and height as follows (Hoffmann and Poorter, 2002):

= In(y) — In(y,)

RGR
t—to (€5}

where y; is the performance indicator (diameter or tree height) at the
last measurement date t; and y, is the same indicator at the first mea-
surement date t, (2007 in this study).

Richness index (S), the Shannon (H’), and the Pielou evenness (E)
variables were used as indicators of understory species diversity
(Magurran, 1988), and they were calculated for shrubs and herbaceous
species separately.

H'=- ; plnp; @
E= % @
Bo= (B4 Sy s “@
By=(+ %)12 )

where S is the richness index (number of species), P; represents the
relative importance of species i, P, and Py, represents the relative im-
portance of shrubs species and herbaceous species respectively, n;, ¢;
and h; are the average quantity, coverage, and height of individuals of
species i, respectively, and N, C, and H are the sum of the number,
coverage, and height of all individuals in the community, respectively.

A one-way analysis of variance (ANOVA) and Tukey multiple
comparisons were used to separate the significance differences
(P < 0.05) among treatment means, after the homogeneity of variance
and normal distribution tests were passed. The effects of thinning on
overstory tree growth, seedling survivorship and growth, and unders-
tory vegetation development were analyzed using a generalized ad-
ditive mixed model (GAMM) from the “gamm4” package in R software
(Pinheiro et al., 2019). The GAMM is a semi-parametric model with a
linear predictor involving a sum of smooth functions of covariates,
which allows flexible functional dependence of an outcome variable on
covariates via nonparametric regression while accounting for correla-
tion among observations using random effects (Lin et al., 2010). GAMM
is increasingly applied in ecological and environmental researches
(Groll and Tutz, 2012) as follows:

Eg = Ko + fi(T) + f; () + R + g ®)

where Ej, is the dependent variable (relative growth rate in diameter or
height of Masson pine and underplanted trees, underplanted tree sur-
vival rate, indicators of understory species diversity corresponding to
the jth measurement of thinning treatment i), K, is the overall intercept,
fi (Ti) is a smooth function of thinning treatment (T) corresponding to
the jth measurement of plot k, f; (t;) is a smooth function of time (f)
corresponding to the jth measurement in thinning treatment i of plot k,
Ry is a random effect assumed to be distributed as N(0, ¢°) with a
variance component o, and e is an error vector.

Thinning treatment stand density (stems/ha)

Quadratic mean diameter at breast height (cm)

Average total tree height (m)

2007b 2007a 2018 2007b 2007a 2018 2007b 2007a 2018
Ta 1425 1425 1353 16.9 16.9 25.6 121 121 16.2
Ty 1275 800 765 17.8 18.7 30.7 125 13.1 18.5
Tz 1350 575 553 17.2 18.6 32.8 122 13.0 19.1
Ta 1325 300 285 171 19.6 36.1 12.2 13.3 20.1

To, unthinned; T3, moderately thinned; Ty, heavily thinned; Ty, very heavily thinned; b represents before thinning; a represents after thinning for the residual stand.
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Table 2
Underplanted trees istics for each in 2008 and 2018.
Thinning treatment Number (stems/ha) Quadratic mean ground diameter (cm) Average total tree height (m)
2008Q 2018Q 2008E 2018E 2008Q 2018Q 2008E 2018E 2008Q 2018Q 2008E 2018E
Ty 831 438 844 538 0.5 15.6 0.4 7.3 0.6 14.8 0.5 8.8
T 825 542 842 583 05 17.8 0.4 75 0.6 159 0.5 9.0
Ta 806 606 844 644 05 19.8 0.4 8.1 0.6 17.2 0.5 9.7
Ts 781 544 875 620 0.5 187 0.4 7.9 0.6 16.2 0.5 9.4

Ty, unthinned; T;, moderately thinned; T,, heavily thinned; Ts, very heavily thinned; Q, Quercus griffithii; E, Erythrophleum fordii.

) 2008

Fig. 1. Observed relative Masson pine growth rate of diameter at breast height and total tree height with thinning and time interactions.

3. Results
3.1. Masson pine stand growth

The results of the generalized additive mixed models (Table S1)
show that thinning had a significant positive effect on stem diameter
growth and height growth for residual Masson pine trees (P < 0.001).
Thinning strongly promoted the relative growth rate of stem diameter
and total height. A higher thinning intensity resulted in higher relative
diameter and height growth rates (Fig. 1). The effect of thinning on
diameter growth was greater than on height growth. There were sig-
nificant differences in relative growth rates of diameter between dif-
ferent treatments (p < 0.05), but there was no significant difference in
relative growth rates of height between unthinning and moderately
thinned treatments (p > 0.1) as well as heavily thinning and very
heavily thinning treatments (P > 0.05). As time progressed post-
thinning, the relative growth rates of tree diameter and height de-
creased gradually; in other words, the effects of thinning on tree height
and diameter growth gradually weakened over time.

3.2. Underplanted tree survival and growth

Underplanted tree survival rate was influenced by thinning treat-
ment (P < 0.001), with similar performance between the
Erythrophleum fordii and Quercus griffithii (Fig. 2). Significant and strong
nonlinearities were observed among seedling survival rate and thinning
intensity indicators (Table 81). The survival of the two underplanted
tree species increased first and then decreased as thinning intensity
inecreased (Fig. 3). For Quercus griffithii, there were significant differ-
ences in survival rate between different treatments (P < 0.05), and for
Erythrophleum fordii, there were also significant difference in survival

2008

rate between different treatments (P < 0.05) except between moder-
ately thinning and very heavily thinning treatments (p > 0.1).
Thinning also had a significant effect on diameter growth and
height growth in underplanted Erythrophleum fordii and Quercus griffithii
(P < 0.001). Significant nonlinearities were observed among the re-
lative growth rate and thinning intensity (Fig. 4). For Quercus griffithii,
there were significant differences in growth rates of diameter and
height between different treatments (P < 0.01). While for Ery-
throphleum fordii, there was no significant difference in growth rates of
diameter and height except between unthined and heavily thinned
treatments (p < 0.01).The mean ground diameters and the average
height of underplanted Erythrophleum fordii and Quercus griffithii of
different thinning treatments in 2018 were shown in Table 2. The
diameter growth and height growth of both underplanted trees seem to
improve to the greatest extent under the moderate stand thinning re-
gimen. As time progressed after thinning, the effects of thinning on
diameter growth and height growth trends gradually weakened.

3.3. Understory vegetation development

Thinning had a significant effect on the richness index (number of
species) for both shrubs and herbs in our observation area (Table S1).
As shown in Fig. 5, for shrubs, the number of species observed varied
from 2 to 17 in different plots in different years; there were significant
differences in richness between different treatments (P < 0.05), and
richness increased first and then decreased as thinning intensity in-
creased. For herbs, the number of species observed varied from 4 to 12
in different plots in different years and increased with thinning in-
tensity, and there were significant differences in richness between dif-
ferent treatments (P < 0.01) except between unthinning and moder-
ately thinning treatments (p > 0.1).
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Fig. 2. Seedling survival performance under different thinning treatments.

There was no significant difference in the height of shrubs and herbs
between different treatments, but with the increase of stand age, the
coverage of shrubs and herbs has increased, and there were significant
differences between different treatments (P < 0.05). Moreover, the
higher the thinning intensity was, the higher the average coverage of
shrubs and herbs was (Table $2).

For shrubs, thinning had a significant effect on the Shannon index
(P < 0.001) but did not affect the Pielou evenness index, and there
were significant differences in Shannon index between different treat-
ments (P < 0.05). For herbs, thinning also had a significant effect on
the Shannon index (P < 0.05) but did not affect the Pielou evenness
index; there were significant differences in Shannon index between
different treatments (P < 0.05) except between unthinned and mod-
erately thinned treatments as well as between heavily thinning and very
heavily thinning treatments. The richness index of shrubs and herbs
increased with thinning intensity (Fig. 6).

4. Discussion
4.1. Thinning effect on overstory Masson pine growth

Many researchers have indicated that thinning immediately stimu-
lates diameter growth in residual trees (Juodvalkis et al., 2005;
Ulverona et al., 2014; Ferraz et al., 2018). However, the dynamics and
relationship between height growth and stand density post-thinning are
complex. Some investigators assert that height growth and total height
are relatively unaffected by thinning (Fedorova et al., 2016; Swift et al.,

Erythrophleum fordii

§ 10 15
T

0
1

S (Thinning intensity, 2.85)

-0 &

-15

0 10 20 30 40 50 60 70

Thinning intensity (%)

2016; Medeiros et al., 2017). However, others have found that thinning
exerts an obvious effect on tree height growth (Sharma et al., 2006;
Russell et al., 2010; Missanjo and Kamanga-Thole, 2015). Our results
show that thinning has positive effects on both Masson pine height and
diameter growth. The extent to which thinning influences tree height
and tree diameter growth is related to the intensity of the thinning. In
this study, we tested moderately and heavily thinning, the results
suggest that thinning has a relatively greater effect on diameter growth
than tree height growth, which is consistent with certain previous
studies (Zhang et al., 1997; Mikinen and Isomiiki, 2004; Rio et al.,
2017). In addition, we tested a very heavy thinning, and the result
seems to follow the same rule, which is also consistent with certain
previous studies (Kerr, 1996). The difference significance in relative
growth rates of diameter and height among different treatments also
showed that diameter growth was more sensitive to thinning than
height growth.

The different magnitude of thinning effect on tree height and tree
diameter growth reflected the change of height-diameter allometric
relationship. Our previous research showed that the allometric re-
lationship of Masson pine was significantly affected by thinning (Deng
et al., 2019). In living systems, biological traits can confer the ability to
alter their phenotypes to better respond to environmental change
(Botero et al., 2015). Better height growth for a given diameter endows
a tree with an advantage when competing for sunlight, while more
rapid diameter growth for a given tree height can promote the main-
tenance of this competitive advantage (Moles et al., 2009). After ob-
taining a spatial ad ge, trees this ad ge through

Quercus griffithii
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Fig. 3. Estimated degrees of freedom with smooth spline functions on observed underplanted tree survival rate.
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Fig. 4. Estimated degrees of freedom with smooth spline functions on observed relative diameter and height growth rates of seedling. (a) Erythrophleum fordii; (b)

Quercus griffithii

strengthening their mechanical support (Mcmahon, 1973; Niklas, 1993)
and water transport capacity (Bullock, 2000) in order to maximize
fitness.

Masson pine is a typical light-demanding species. Silvicultural
thinning changes the canopy status of residual trees rapidly, which
causes the remaining trees to suddenly have more growing space
(Canellas et al., 2004). Consequently, these trees change their original
growth pattern and use more growth resources for diameter growth to
maintain their spatial advantage until the trees begin the next stage of
space competition (Bonser and Aarssen, 1994). The sudden increase in

diameter growth of retained trees after thinning supports this ex-
planation.

4.2. Thinning effect on underplanted tree survival and growth

Thinning exerted significant effects on the survival and growth of
underplanted trees, so we sought to determine the best combination of
management approaches for promoting their growth and survival.
Because it is unrealistic to set a series of continuous thinning intensity
in the actual experiment (for example, there is not a treatment with

15+
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T EDT3 (Very heavily thinned)
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Fig. 5. Richness index for understory vegetation.
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Fig. 6. Estimated degrees of freedom with smooth spline functions on abserved species diversity indicators; (a) represents shrubs, (b) represents herbs.

60% of the basal are removed in our experiment), we use the gen-
eralized additive mixed model (GAMM) to determine the optimal
thinning intensity interpolation interval. The peak survival of
Erythrophleum fordii and Quercus griffithii through age 11 years after
planting occurred at thinning intensity of 40-50% and 50-60%, re-
spectively. The relative growth rates of diameter and height seem to
have improved to the greatest extent at thinning intensities of 45-55%
and 55-65% for Erythrophleum fordii and Quercus griffithii, respectively.
The optimal thinning intensity to promote Erythrophleum fordii thus falls
between 45% and 50%, at which point both the survival rate and re-
lative diameter and height growth rates are optimal. For Quercus grif-
fithii, the optimal thinning intensity falls between 55% and 60%.

The different survival rates response to thinning between species
indicated that Quercus griffithii is marginally more sensitive than
Erythraphleum fordii, which may be related to the shade tolerance of the
two tree species (Yan et al., 2016). For Quercus griffithii, there were
significant differences in growth rates of diameter and height among
different treatments (P < 0.01), but for Erythrophleum fordii, there was
no significant difference in growth rates of diameter and height except
between unthinned and heavy thinning treatments (p < 0.01), which
indicated that the growth change of Erythrophleumn fordii was less sen-
sitive to thinning than that of Quercus griffithii, which may be because
Quercus griffithii is a fast growing species and Erythrophleum fordii is a
slow growing species.

Residual dominant conifers compete with underplanted trees for
resources, thereby reducing underplanted tree survival (Brandeis et al.,
2001). Our results showed that the survival rate of underplanted trees
increased as moderate thinning intensity increased. These surviving
underplanted trees grew more effectively in diameter and tree height
with increase in thinning intensity due to greater resource availability
(Knapp et al., 2016). In unthinned and moderately thinned stands, an
abundance of overstory Masson pine trees induced a decrease in seed-
ling survival and relative diameter and height growth rates. The dense
overstory canopy was well-established at the time of planting, and
would have reduced light penetration and increased rain interception
(Sampson and Smith, 1993; Fleischbein et al., 2005; Frank et al., 2018),
which reduced available light and water sources in the understory and
is likely the main cause of poor performance in the underplanted trees.

The survival rate, relative diameter growth rate, and relative height
growth rate of the underplanted trees were also likely to decrease in
very heavily thinned stands. The study area is hot in summer and sees
little rain in the autumn, so it is possible that higher evaporative de-
mand, temperatures, and light levels increased drought stress and di-
rectly damaged understory seedling tissues and the photosynthetic
machinery (Chaves et al., 2002; Valladares et al., 2004; Sevillano et al,,
2016), despite a reduction in competitive pressure from overstory trees,

thereby overriding the benefits of further thinning (Gavinet et al,
2015).

Species selection is crucial when conducting an underplanting re-
gimen in shelterwood systems (Lof et al., 2007). We found that the
optimal thinning intensity (interpolation interval) of Erythrophleum
fordii was slightly lower than that of Quercus griffithii, which may be
related to the shade tolerance of the tree species (Mason et al., 2004; Lu
et al., 2018): Erythrophleum fordii is shade-requiring while Quercus
griffithii is medium-light-demanding. These observations suggest that
the light demand of target tree species should be taken into account
when designing a thinning strategy in the conversion of pure into mixed
plantations.

It could be argued that the overall survival and growth of under-
planted trees reported in many studies mostly occurred in the early
years of establishment, and a majority of studies show that survival and
growth improve as stand density d to an inter i level
because it can development the optimal microclimate, light and com-
petition conditions (Bardon et al., 1999; Barg and Edmonds, 1999;
Agestam et al,, 2003), In the early stage, our result appears to be
consistent with these studies. The study that in large time span was few
reported under different overstory levels (Paquette et al., 2006). In this
study, the planted trees of Quercus griffithii are reaching pine height in
2018 (in general <2 m lower), which mean that they are highly
competing for light and space with overstory Masson pine, but their
survival and growth still maintain the early trend; that is, the maximum
improvement can be achieved under heavy thinning, which may be due
to the relatively stable survival rate of the underplanted trees after they
reach a certain size, while the competition between overstory and un-
derplanted trees has not been fully reflected. More long-term research
needs to be done to identify optimal residual density for the balanced
growth between overstory residual and underplanted trees.

4.3. Thinning effect on understory vegetation development

Many studies have shown that thinning influences the community
structure of understory vegetation and can be an effective way to in-
crease its diversity (Paquette et al., 2006; Ishii et al., 2008; Ares et al.,
2009; Gavinet et al., 2015; Trentini et al., 2017). Our results suggest
that thinning fosters the development of understory shrubs and her-
baceous species, which increases stand complexity and could poten-
tially enhance biodiversity.

Thinning increased the canopy openness and light transmittance in
the short term in our observation area, which can have large effects on
understory plant diversity and community composition (Ishii et al.,
2008; Trentini et al., 2017). However, such effects are not a simple
function of canopy cover or estimated light availability (Thomas et al.,
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1999). We found that understory shrubs species richness and diversity
are strongly nonlinearly correlated with thinning intensity, and to be
more precise, are higher at about 50% to 60% of the thinning intensity.
This indicates that too low or too high thinning intensity will fail to
produce an optimal microenvironment for shrub recruitment (Trentini
et al., 2017). We also found that understory herbaceous species richness
and diversity were nearly linearly positive-correlated with thinning
intensity..

The effect of thinning on shrubs was mainly reflected in species
number and coverage rather than height, which may be because most
shrubs are slow-growing species and herbs produce new growth an-
nually. The difference significance of Shannon index among different
treatments showed that the development of shrubs was more sensitive
to thinning than that of herbs.

4.4. Comprehensive effect of thinning on forest evolution

Thinning has significant effects on the growth of the residual
overstory trees, the survival and growth of underplanted trees, and the
development of understory vegetation, thus accelerating forest succes-
sion. However, these effects are not independent. Residual overstory
trees compete with underplanted trees for resources, thereby affecting
underplanted tree survival and growth (Brandeis et al., 2001; Caldeira
et al., 2014). Understory vegetation also appears to exert a distinct
influence on seedling establishment depending on morphology, growth
rates, and the capability to consume resources (Balandier et al., 2005).
Herbaceous species are highly competitive with seedlings as well
(Cuesta et al., 2010; Caldeira et al., 2014). However, our results show
that the increase of herbage species and coverage can promote the
survival and growth of underplanted trees, which may be due to the
limited competition of herbage for seedlings when we transplant large
seedlings. On the contrary, the increase of coverage will reduce the
evaporation of water, thus forming an environment conducive to the
growth of underplanted trees. Shrubs may have positive effects on
seedlings by mitigating any increase in extreme temperatures and
creating a lateral shadow which favors height growth (Prévosto et al,
2011; Valladares et al., 2016). Our analysis showed that the increase of
species diversity and shrub coverage was beneficial to the survival and
growth of underplanted trees. The outcome of plant-plant interactions
can vary widely with various target species characteristics and strate-
gies (Liancourt et al., 2005; Gavinet et al., 2015; Zhang and Tielbérger,
2019), it may need to develop a better understanding of the mechanism
of plant-plant interaction.

The optimal forest succession is a result of comprehensive balance
in overstory trees, underplanted trees, and understory vegetation. For
residual overstory trees and herbaceous species, a higher thinning in-
tensity favors growth and development; excessive thinning, however,
leads to a decline in underplanted trees, shrub richness, and diversity.
The thinning intensity which produces the optimal combination of
survival and growth for underplanted trees is also roughly the thinning
intensity with the highest shrub richness and diversity. To this effect,
the optimal thinning intensity can be determined according to seedling
survival and growth performance. The underplanted trees of the two
species we observed in this study responded to thinning in the same
direction but with varying magnitude, likely reflecting different shade
tolerances and competitive abilities (Gavinet et al., 2015).

5. Conclusion

Planting native broad-leaved hardwood species under Masson pine
pure plantations is a feasible approach to transforming pure plantations
into mixed plantations, but requires the precise and proper manage-
ment of overstory stands. Thinning is a necessary measure to accelerate
forest succession in the conversion process; it can improve residual
overstory tree growth, enhance seedling survival and growth, and
promote understory vegetation development in dense Masson pine

Forest Ecology and Management 477 (2020) 118503

stands. However, excessive thinning can drive down seedling survival
and vegetation (mainly shrubs) recruitment.

Our results suggest that heavily thinning intensities of Masson pine,
about 50% to 60%, yields suitable conditions for enhancing the growth
and later survival of newly introduced underplanted trees while im-
proving the growth of residual overstory trees and promoting unders-
tory vegetation development. The survival and growth of underplanted
trees appears to be the primary basis for determining the optimal
thinning intensity, and depends on the specific tree species being tar-
geted; light-demanding tree species require higher overstory thinning
intensity than shade-tolerant species. Biological characteristics such as
the light demand of the tree species at hand must be properly accounted
for when designing an effective overstory thinning strategy.
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Abstract

+ Key message This synthesis of the literature on incorporation of genetic gain into growth and yield models reveals a
fundamental challenge associated with the rapid progress in genetics and breeding and limited empirical data on im-
proved stands. Model improv ts depend on a better understanding of both the biological basis for gain and of
interactions between genetic and non-genetic factors on gain.

+ Context Continued development of new genetic varieties of trees requires accurate stand growth and yield models to predict
growth trajectories and genetic gain of the new varieties using early-age growth data.

+ Aims To identify how the effects of genetic variety on growth and yield models could be analyzed and genetic information
could be incorporated into these models for accurate growth simulation and improved yield prediction of genetically improved
stands.

- Results Genetic variety may affect one or several of the asymptotic parameters, shape parameters, and rate parameters of
growth and yield models, which can be assessed by testing the parameter differences of the models. After determination of the
influence of genetic varieties on model parameters and considering the existing general stand growth equation, the genetic gain
can be incorporated into growth and yield models by calculation of genetic gain multipliers, adjustment of the site index, and
calibration of the new model parameters.

« Conclusion Accurate and effective growth and yield models for genetically improved stands require a better understanding of
the effects of genetics, environment, and silviculture measures on tree and stand growth.

Keywords Genetically improved stands - Growth difference - Genetic gain - Growth simulation - Yield prediction

1 Introduction making these effective tools to consider dynamic changes of

spatial and temporal stand structure and to accurately predict
Growth and yield models can simulate the natural growth  response to management interventions (Cao and Strub 2008;
processes of trees, stands, and forests and reflect the impact Pretzsch 2009; Weiskittel et al. 2011; Orellana et al. 2016;
of management measures on development and condition, ~ Soukhovolsky and Ivanova 2018). Forestry research and
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remarkable advances in data science, mathematical statistics,
computing capacity, and modeling approaches have facilitated
the development of many computer-based forest growth and
yield models (Mustafaa et al. 2011; Cao 2014; Adamec 2015;
Fortin et al. 2017). Models take many different forms, includ-
ing individual equations such as those that describe attributes
of trees, stands, or forests; systems of equations that comprise
empirical simulators; and concept-driven representations of
underlying community of physiological processes (Vanclay
1995; Robinson and Ek 2000; Froese and Robinson 2007).
Many different forms of these models have been established
and are used widely in forestry (Coops et al. 2012; Collalti
etal. 2014; Seely et al. 2015; Njana et al. 2016).

With continued advances in forest genetics and tree breeding,
many new genetic varieties have been developed and deployed
for forest production (Koskela et al. 2014). Growth and yield
models that can accurately reflect the growth characteristics of
these genetically improved stands are necessary for several rea-
sons. Accurate predictions of the future volume yield are re-
quired by free breeders to quantify the potential financial payoffs
from investment in tree breeding improvement programs, to
compare different breeding strategies, and to assign econornic
weights to selection criteria (Chang et al. 2019). The precise
planning of wood flows from a forest estate can greatly enhance
the profitability of a forest management enterprise, both to pre-
cisely regulate yield and to plan processing facilities, and growth
and yield is an essential input. Forest managers also use predic-
tions of stand growth to determine optimum times for thinning,
pruning, and felling specific stands and to analyze the econom-
ics of silviculture (Goulding 1994).

A critical limitation of most existing growth and yield
models is that they are based on data collected in genetically
unimproved stands. Although such models are often based on
large sample sizes with juvenile and mature trees growing
across a wide range of sites (Stoehr et al. 2010), they mainly
focus on the effects of forest development (e.g., stand age),
site occupancy or tree competition status (e.g., stand density),
productive potential (e.g., site quality), and silviculture (e.g.,
land preparation, fertilization, thinning) on forest growth,
without consideration of the genetic factors of the planting
material (Sprinz 1987; Sun et al. 2004). Genetically improved
stands may have many differences in growth from unim-
proved stands, such as genetic gain in diameter, tree height,
volume, and other traits (Matziris 2005; Vergara et al. 2007).
Different varieties may have different growth patterns (Gwaze
et al. 2002; Andersson et al. 2006; Gould et al. 2008), stem
shapes (profile, taper, etc.), allometry (e.g. tree height-
diameter ratio) (Kroon et al. 2008; Weng et al. 2008;
Sharma et al. 2013; Egbick et al. 2014), and different wood
properties (Missanjo and Matsumura 2016; Kimberley et al.
2016; Moore et al. 2017). The use of models based on unim-
proved stands to predict the future growth and yield of genet-
ically improved stands has greatly limited prediction accuracy
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and model application, which can adversely affect manage-
ment decision-making (Adams et al. 2006).

Thus, it is necessary to develop growth and yield models
that consider the characteristics of genetically improved ma-
terials, These models are essential to guide the scientific man-
agement of plantation forests and would be effective tools for
the selection and evaluation of genetically improved material,
shortening the forest breeding cycle and improving the effi-
ciency and benefit of tree breeding efforts (Wu 1999).

2 Need for growth and yield models
for genetically improved stands

With the development of tree breeding, there have been par-
allel efforts to quantitatively study and predict genetic gain.
The use of growth and yield models to quantify and predict
selection gains during rotation according to early growth dif-
ferences of various genetic materials can provide another ef-
fective strategy for traditional selection of fine seed varieties
(genotype, family, and population) and prediction of genetic
gains as an alternative to quantitative genetics theory. This
approach is simpler and can be more accurate because growth
and yield curves effectively average irregularities in the data
caused by the measurement error or environmental fluctuation
and allow for prediction at ages for which measurements are
missing (Rehfeldt 1992; Hamilton and Rehfeldt 1994; Gwaze
et al. 2002). Therefore, since the 1980s, forest scientists have
begun to study the effects of genetic variety on forest growth
and yield models and on the development of these models for
genetically improved stands (Nance and Bey 1979; Buford
1989; Schmidtling and Froelich 1993; Danjon 1995).

An increasing number of genetically improved materials
are widely used in operational forest management. In addition
to the traditional selection of improved material and evalua-
tion of genetic gain, accurate simulation of the growth process
of an improved forest and prediction of its response to differ-
ent treatments are essential for forest management planning
and decision-making. For this reason, increased attention has
been paid to the development of growth and yield models of
genetically improved stands (Wang et al. 2004; Sabatia and
Burkhart 2013; Kimberley et al. 2015; Zheng 2017).

3 Experimental data for growth and yield
models of genetically improved stands

The development and validation or verification of growth and
yield models generally require long-term and repeated mea-
sures data from permanent sample plots to obtain reliable in-
ferences (Sun et al. 2004; Weiskittel et al. 2011). However, in
many practical situations, because of the long rotation length
in many forest types and the lag of cultivation behind breeding
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efforts, there are insufficient data from sample plots to reflect
the growth of genetically improved stands for an entire rota-
tion (Sun et al. 2004). In order to assess how the offspring of
selected parent genotypes perform in a mixture with other
genotypes selected for growth, and to see if predicted growth
gains persist through rotation, genetic testing has been carried
out on a large scale. Many provenances, families, and clonal
test plantations have been established for many species around
the world since the 1960s (Magnussen and Yeatman 1990;
Svensson et al. 1999; Nagamitsu et al. 2018), providing some
experimental data to analyze the growth situation and genetic
variation of genetically improved materials (Carson et al.
1999; Lambeth 2000; St. Clair et al. 2004).

Given the limited data from the existing provenance, fam-
ily progeny, or clonal test plantations are not adequate to es-
tablish growth and yield models of genetically improved
stands, it is ofien necessary to select good varieties according
to the early growth performance to shorten the breeding cycle,
and the early selection age is often less than half of the rotation
period (Hallingbick et al. 2018; Cornelius et al. 2018).
Therefore, development of a growth and yield model for ge-
netically improved stands may need to be based on the early
growth data from test plantations, before maturity. However, it
is a significant challenge to deduce the growth and yield of the
whole rotation period based on these limited data (Talbert and
Hyink 1988).

4 Establishment of growth and yield models
for genetically improved stands

4.1 Basic or common strategy

Due to the insufficient long-term growth data on genetically
improved stands, it is currently infeasible to develop entire
new empirical models or refit growth equations for most im-
proved forests. Additionally, tree improvement presents a
moving target for forest modelers, as a new generation of test
plantation is likely to be established before an improved test
plantation completes its rotation (Gould and Marshall 2010).
To solve these problems, growth survey data from test plan-
tations are used with existing growth and yield equations or
model systems based on unimproved stands for growth and
yield prediction of genetically improved stands. The most
common strategy for genetically improved materials (prove-
nances, families, clones, etc.) has been to first use data from
existing test plantations to compare growth differences and
evaluate genetic variation and to determine if the relationships
of mensurational characteristics (height-age relationship,
height-diameter relationship, diameter distribution, etc.) are
practically or statistically different. Next, the effects of genetic
varieties on the growth and yield of unimproved stands are
verified. Finally, specific genetic effect information is

incorporated into established growth and yield equations or
model systems for unimproved stands to correct the original
models for simulation of genetically improved stands.
Quantifying any similarities or differences in the effects of
genetic factors on tree mensurational characteristics is the first
step (Hamilton and Rehfeldt 1994; Nance and Bey 1979;
Buford 1989; Schmidtling and Froelich 1993; Danjon 1995).

4.2 lllustrating essential concepts using the height-
age relationship

The growth differences of genetically improved stands could
manifest in changes to various relationships between tree
mensurational characteristics. Some examples include the fol-
lowing: (i) the height-age relationship (and for top-height
trees, the site index curve), which reflects the dynamic change
process of tree height; (ii) the diameter-age relationship, which
reflects the dynamic change process of stem basal area; (iii)
the height-diameter relationship, which reflects the relation-
ship between diameter classes and average tree height and also
reflects the tree stem shape to some extent; (iv) the number-
age relationship (survival curve), which reflects the dynamic
change of stand density; and (v) the height or diameter distri-
bution, which may indicate differential and nonlinear changes
to stand demographics.

Because of the prominence of height modeling in the ge-
netic gain literature and prominence of site index in growth
and yield models, we focus on the height-age model in partic-
ular in this section, to illustrate some common issues and
themes in modeling genetic improvement in trees and stands.
There is a close correspondence between site index, volume
production, and stand dynamics. As site index integrates many
factors, and because height is usually understood to be inde-
pendent of density (Weiskittel et al. 2011), the height-age
relationship can most intuitively reflect the potential growth
differences of genetically improved stands even if planted in
varied spatial arrangements. For this reason, analysis of height
growth difference was the basis for many studies on growth
difference analysis of genetically improved stands. For exam-
ple, Buford and Burkhart (1987) found that the most funda-
mental effect of genetic factors on forest growth was the
change of tree height-age relationship (site index curve). and
the most important challenge in predicting the growth of ge-
netically improved stand was to accurately determine this re-
lationship. Joo et al. (2020) compared approaches to model
genetic gain in Douglas-fir and concluded that assuming ge-
netic gain differences were represented by site index that pro-
duced similar estimates of realized yield gain to more complex
modifications of model components involving height and di-
ameter. In many efforts to predict the growth and yield of
genetically improved stands, the site index model of a forest
growth and yield model system was adjusted to consider ge-
netic effect (provenance effect, family effect, etc.) based on

INRAQ s

197



89  Page 4 of 12

Annals of Forest Science (2020) 77:89

the measured effect of genetic factors on the tree height-age
curve (Buford 1986; Buford 1989; Knowe and Foster 1989;
Danjon 1995).

The Chapman-Richards equation (Richards 1959) is an ex-
tremely popular base function for modeling yield of forest
attributes in the growth and yield literature. Zeide (1993)
and others have explored the underlying biological basis for
many growth equations; the utility of these equations has also
been clearly demonstrated using empirical data from many
published studies that compared alternative basic equation
forms. The Chapman-Richards equation can reflect subtle
changes in the growth process of genetically improved mate-
rial due to its flexibility, accuracy, and attractive analytical
properties (Pesonen et al. 2009). Furthermore, this equation
accommodates a wide range of growth curves, which are typ-
ical of empirical data associated with forest research (Yang
et al. 2005). The basic form is as follows:

Y=ax (™) +¢ (1)

where Y is the yield of a characteristic of interest (e.g., height,
diameter, volume, or basal area; see, ¢.g., Smith et al. 2014) at
age A; a is the asymptotic parameter, which represents the
asymptotic maximum size of the organism; b is the rate pa-
rameter, which represents the intrinsic growth rate; ¢ is the
shape parameter, which is related to the power exponent of
assimilation; and  is a normally distributed zero-expectation
random error due to observation of the total growth at age A
(Richards 1959). Models of unimproved stands simulated
using Eq. (1) have often been used as foundation or core
models for growth and yield. In practice, the parameters of
the equation can be expanded to introduce more factors (site
index, stand density, etc.) to better simulate the growth and
yield of stands.

4.3 Growth and yield differences in genetically
improved stands

The growth differences between improved and unimproved
stock can be reflected in the growth equation curves. Taking
tree height growth as an example, from the point of view of
genetic gain, there are three main classes of differences. First,
the genetic gain does not disappear over time, and the growth
process (the shape of the growth curve) is the same as that of
the unimproved stand (e.g., Gne in Fig. 1a). In this case, the
genetic gain is constant throughout the growth period. For
example, if a genetically improved stand has a genetic gain
of 10% for height, its average height at any given age in the
rotation period is expected to be 10% greater than that of the
unimproved stand growing in the same environment. Second,
the genetic gain does not disappear over time, but the growth
process is different from that of the unimproved stand, which
indicates the genetic gain is not constant during the growth
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period, and there may be many variations (e.g., Gnl, Gn2, and
Gn3 in Fig. la). Third, the genetic gain will disappear over
time, which means that the genetically improved stand and the
unimproved stand have the same average height at maturity
and only differ in growth processes (Fig. 1b).

When the genetic gain does not disappear over time, the
coefficients of Eq. (1) vary depending on the growth process.
When the genetic gain is constant throughout the growth period,
the genetic variety only affects the asymptotic coefficient a (Gne
in Fig. 1a). When the genetic gain is not constant during the
growth period, the genetic variety may affect the asymptotic
coefficient @ and the rate parameter » (Gnl in Fig. 1a), affect
the asymptotic coefficient ¢ and the shape parameter ¢ (Gn2 in
Fig. la), or affect all three parameters (Gn3 in Fig. 1a).

4.4 Testing genetic variety effects on a growth and
yield model

If the difference in growth is significant between the geneti-
cally improved stand and the unimproved stand, itis necessary
to test if the difference has an effect on components or param-
eters of growth and yield models. Indeed, growth model pa-
rameters may be better indicators of changes in growth pat-
terns associated with improved stands than simple measures
like age-specific height, and more likely to be related to ma-
ture growth (Gwaze et al. 2002). Genetic improvement may
affect multiple parameters in the growth and yield models,
resulting in different versions of these models. Two ap-
proaches have been commonly used to test if the genetic im-
provement causes a change in model parameters: the use of
dummy variables and including random effects to create
mixed-effects models (Callister et al. 2013).

In the dummy variable approach, genetic improvement fac-
tors (provenance effects, family effects, etc.) are introduced
into the basic model as dummy variables through
reparameterization, and then significance tests are performed
to determine the effects on each parameter of the model.
Equation (1) was expanded as follows to facilitate testing of
the statistical hypotheses:

Y = (ap +apy + A aupy) % (1) +e 2)
Y =(aip, +azp, + - +aup,)

5 (]_C—unm+ﬁepz+~-—hmp,,.1f\)‘ +e (3)
Y = (apy +azps + " + awp,y)
+e (4)

APy 2Py Dy
x (l-e’ihmr*ﬁzpﬁ- "—hmp./.lr\)(qp' Pyt Cniln)

Where m is the number of genetically improved materials
(provenance, family and clone etc.); a;. b, and ¢; are the as-
ymptotic height parameter, growth rate parameter, and shape
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Fig. 1 Conceptual illustration of growth differences of genetically
improved stands. a Different patterns where gain persists across time
and b where gain diminishes with time. Us represents the growth
process of unimproved stand; Gn means that the initial genetic gain did
not disappear over time; Gne represents the growth process of genetically
improved stand which the genetic gain is constant throughout the growth

parameter, respectively, of the genetically improved material
i: P; is the dummy variable, if genetically improved material 7,
pi = 1, otherwise p; = 0. For each genetically improved mate-
rial, the F test statistic can be used to judge whether genetic
improvement has a significant effect on each parameter, that
is, to verify the following hypothesis by F-test:

Hy:ay=a;= ... =a,,Hj : atleast one g; different;

Hp:by=b,=...=b,, H;; atleastone b; different;

Hyz:ep=cy=... = ¢y, Hjz: atleast one ¢; different.

The F-ratio was calculated as follows:

e (SSErSSEo) y (a!f‘rdfu)

SSEq df,
where SSE; and df; are the residual sum of squares and the
degrees of freedom, respectively, of the extended model mod-
ified to include genetic improvement effects and SSE,, and dfy
are the residual sum of squares and degrees of freedom, re-
spectively, of the basic model without addition of genetic
improvement effect (Nance and Wells 1981; Buford and
Burkhart 1987; Tang et al. 2001).

In the mixed-effects model approach, the effect of genetic
improvement on the growth and yield model is modeled as a
random effect on the parameters of the basic model. Equation
(1) was expanded as follows to facilitate testing of the statis-
tical hypotheses of interest:

(5)

Y =(a+ry) x (1) +¢ (6)

Y = (a+ry) % (1-‘3‘[’”"‘”*‘)r +e (7)
(e+ra)

Y= (a+ry) (]-e'“’“‘”‘m) e (8)
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period: Gnl, Gn2, and Gn3 represent the growth process of genetically
improved stand whose genetic gain is varied throughout the growth
period; 1, 2, and 3 represent different specific forms; GO means that the
initial genetic gain disappeared over time (equal to zero at maturity); GO1,
G02, and GO3 represent the growth process of genetically improved stand
which the initial genetic gain disappeared over time

where a, b, and ¢ are the fixed-effect parameters and ry;, rivi
and r; are random-effect parameters due to the 7ith genetically
improved material, The effect of the genetic improvement
factors on model parameters was investigated by individually
excluding the random-effect parameters from the model and
evaluating the effect of the exclusion on the overall model fit
using the likelihood ratio test (LRT) statistic. Thus, the fol-
lowing hypothesis is tested by the Chi-square test:

Hop tra = 0, Hyyp 2 rgi#0;
Ho :rvi = 0,H 2 @ mit0;
Hos i rei = 0,Hys 1 rgi#0;

The LRT was calculated as follows:

LRT = 2log (—}f—) = 2[log(Lo)-log(L,)] 9)
I

where Lg and L, are the likelihoods of the basic model without
random-effect parameters and the extended model with
random-effect parameters, respectively (Fang and Bailey
2001; Sabatia and Burkhart 2013). The same methods can also
be used to test the effect of genetic variety on the parameters of
other theoretical growth equations.

4.5 Interpreting parameter differences

Studies have found complex and varied influences of genetic
variety on growth and yield model parameters that were de-
pendent on growth differences of specific tree species, the
specific genetically improved materials, and site environmen-
tal conditions. For example, using early stand growth mea-
surement data, genetic variants of loblolly pine (Pinus taeda
L.) exhibited significantly different asymptotic height and
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shape parameters of a height-diameter curve (Sabatia and
Burkhart 2013). At the level of seed source of loblolly pine,
the genetic variety was found to affect only the asymptotic
height parameter (Nance and Wells 1981; Buford 1986;
Buford and Burkhart 1987) or the shape parameter (Sprinz
et al. 1989) of a height-age model. At the family levels of
loblolly pine, the genetic variety has affected the asymptotic
height parameter (Du 1990), as well as the asymptotic height
and rate parameters (Knowe and Foster 1989). According to
the observations of asymptotic height, Chinese fir
(Cunninghamia lanceolata (Lamb.) Hook.) provenances ex-
hibited changed asymptotic parameters of a height model and
a basal area model (Tang et al. 2001). Pinus armandi Franch
provenances have exhibited different asymptotic height pa-
rameters (Wang et al. 2016). At the provenance level of
Japanese larch (Larix kaempferi (Lamb.) Carr.), the genetic
variety affected the asymptotic height parameter, the rate pa-
rameter, and the shape parameter of a height model (Wang
etal. 2015). At the family levels of Japanese larch, the genetic
variety affected the asymptotic height and shape parameters of
a height model (Sun et al. 2005).

Collectively, many studies have suggested that the genetic
improvement has significantly affected the asymptotic height
parameters of the growth and yield models, with no or little
effect on shape and rate parameters. In contrast, a small num-
ber of studies have found that the genetic improvement affect-
ed both the asymptotic height parameters and shape parame-
ters (or rate parameters) and fewer still found no effects of
genetic improvement on the asymptotic height parameters of
the growth and yield models, with only effects on the shape
parameters (or rate parameters). Thus, it is not simple to pre-
dict the effects of genetic improvement to alter specific model
parameters, though collectively the results favor the conclu-
sion that the asymptote is most affected. A weakness in many
studies is that they present analyses of genetic gain effects on
asymptote parameters using datasets where the asymptote is
not yet observed. For example, in the loblolly pine data pre-
sented by Sabatia and Burkhart (2013), the height is still in-
creasing, though at a decreasing rate, within the range of the
training data. Seeking the most faithful empirical representa-
tion likely enhances predictive utility for models of genetic
improvement. However, in terms of advancing understanding,
more rigor in establishing a theoretical model prior to
conducting analyses would likely improve the veracity of re-
search results and statistical tests.

4.6 Incorporation of genetic effects into models for
genetically improved stands
Incorporating genetic effects into growth and yield models for

genetically improved stands has most commonly adopted one
of three approaches. These are the following: (1) the
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calculation of specific genetic gain multipliers, (2) manipula-
tion of the site index, and (3) calibration of the model
parameters.

In the first approach, the relative difference in growth be-
tween genetically improved and unimproved (natural) stands is
quantified through genetic gain multipliers. Then, multipliers
are used to modify the coefficients of a reference model equa-
tion (Rehfeldt et al. 1991; Carson et al. 1999; Gould et al. 2008;
Stoehr et al. 2010; Hamilton and Rehfeldt 1994; Gould and
Marshall 2010; Kimberley et al. 2015; Haapanen et al. 2016;
Ahtikoski et al. 2018). This approach provides a means to ex-
trapolate existing growth models that are a representative of
unimproved or average stands using the results of progeny tests
or deployment studies (Carson et al. 1999; Gould et al, 2008).

In the second approach, site index manipulation is per-
formed to account for genetic gains based on the height in-
crease at a given age, i.e.. by adjustment of the underlying site
index assigned to the stand to change the height-age curve of
the unimproved growth and yield model system (Buford and
Burkhart 1987; Sprinz et al. 1989; Knowe and Foster 1989;
Danjon 1995; Gwaze et al. 2002; Xie and Yanchuk 2003).
This approach is based on the premise that genetic variety
affects only the asymptotic height parameter. In one method
the height growth trajectory of'a genetically improved stand is
estimated from early-age height growth data by adjusting the
reference height-age curve by a constant proportion, where
height growth trajectories of different genetic varieties are a
series of anamorphic height-age curves (Sabatia and Burkhart
2013). The simplest method to represent of genetic improve-
ment may be to simply assume that genetic gain is implicit in
site index estimates that obtained a mid-rotation in improved
stands (e.g., Joo et al. 2020).

In the third approach to prediction of the growth and yield
of a genetically improved stand, parameters that are not affect-
ed by genetic improvement are used as global parameters with
consistent value across all genetically improved and unim-
proved stands, and parameters that are significantly affected
by genetic improvement are considered additional variety-
specific effects. The model with global parameters is used as
a reference model, and this model can be used with early
growth survey data of the genetically improved stand to obtain
estimates of the parameters that are specific to each genetic
variety (Adams et al. 2006; Sabatia and Burkhart 2013; Wang
et al. 2015). Depending on the context, the variety-specific
effects could be treated as “fixed” or “random” effects
(Callister et al. 2013) both for estimating genetic gain and
for use in generating model predictions.

These three methods have advantages and disadvantages.
In general, the genetic gain multiplier is the simplest and al-
lows model users to utilize incomplete information on the
characteristics of trees grown from improved stands (Gould
et al. 2008). Multipliers can be used to represent constant and
variable genetic gains. For example, a multiplier to the
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asymptote parameter of the yield model (e.g., parameter a in
Eq. (1)) represents a constant gain, while a multiplier on the
growth parameter (¢.g., parameter ¢ in Eq. (1)) can change the
shape, as in Fig. 1b. The use of genetic gain multipliers is
currently the most common approach when growth data are
insufficient, and this is a viable method to estimate the amount
of expected volume gain from tree improvement programs.
Projecting stand development with genetic gain multipliers
can also provide insight into how genetic gain may interact
with other variables such as stand density and site index
(Gould and Marshall 2010). However, this approach is still
based on individual tree data and relies on accurate model
prediction of the average stand (Carson et al. 1999).

Manipulation of site index is straightforward and may in-
tegrate effects associated with the adaptability of genetically
improved stands to site conditions and interactions with other
site or environmental factors. However, increasing the site
index alone may not be sufficient if the total increase in vol-
ume production is affected by corresponding increases in di-
ameter observed in selected genetically improved stands.
Therefore, it may be essential to also consider the height-
diameter relationship when predicting the volume yield of a
genetically improved stand using this approach (Stoehr
etal. 2010).

Theoretically, calibration of model parameters using em-
pirical data collected from long-term trials has a wider adapt-
ability than the other approaches and can obtain higher esti-
mation accuracy when there is enough supporting data.
Clearly, this approach is the most complicated, costly, and
time-consuming. Moreover, this approach requires more data
or prior information to achieve accuracy comparable with that
of reference models from unimproved stands (Sabatia and
Burkhart 2013).

In the literature, a compelling case for an optimal approach
has yet to be made across a wide variety of studies. This is, at
least in a large part, because of the diversity of studies that
have had different and often narrowly focused objectives or
involve modeling efforts that are constrained by prior
decisions to adopt larger frameworks. For example,
Kimberley et al. (2015) develop an approach for quantifying
gain in radiata pine that was necessary in part because of a
change in the accepted rating system for gain, but also in part
because of the adoption of a new national-level growth and
yield model that superseded prior model efforts and efforts to
develop genetic gain multipliers. Joo et al. (2020) found that
multipliers in an individual tree model compared favorably to
the relatively simple approach of using realized plot-level site
index expressed at the most recent re-measurement, which is
encouraging. However, the authors also report “striking”
changes in relative and absolute gain over 17-21-year mea-
surement periods and 39-43-year simulation periods that sug-
gest significant challenges remain in developing effective
modeling and simulation approaches (Joo et al. 2020).

5 Other factors affecting growth and yield
models of genetically improved stands

There can be a significant variation in the influence of genetic
varieties on growth and yield model parameters, and previous
studies have reported conflicting results. The conflicting data
may be because the biological basis for genetic gain is not well
understood, and there is not necessarily a single biological
basis for genetic gain. For example, a breeding program may
select genotypes with different growth rates but the same as-
ymptotic heights, while another program, perhaps focused on
adifferent species, selects genotypes with different asymptotic
heights. Furthermore, the realization of genetic gain is affected
not only by the genetic variety itself but also by other non-
genetic factors, which can affect the growth and yield of the
genetically improved stand (Joo et al. 2020).

In addition to genetic factors, the parameters of stand
growth and yield models are influenced by environmental
factors that may exhibit different spatial characteristics, such
as soil attributes (including soil fertility, texture, moisture, and
depth), climate, topography, and wind exposure (Smith et al.
2014). Phenotypic responses of genotypes in different envi-
ronments are distinct, resulting in differences in stand growth
patterns (Fu et al. 1999; Silva et al. 2001; Baltunis et al. 2010;
Rohner et al. 2018). Studies have shown that the genetic gain
is not consistent across sites; in many cases greater genetic
gain is achieved with increased site productivity (Carson
etal. 1999; Gould and Marshall 2010), but this is not universal
(Martin and Shiver 2002). The maximum projected gains may
also occur earlier in the simulation period with increasing site
productivity (Gould and Marshall 2010). In some quite ex-
treme sites (such as barren sites), the genetic differences may
be poorly expressed (Carson et al. 1999).

Silviculture practices are an additional non-genetic factor
affecting the growth and yield of genetically improved stands.
Stand density may reflect the degree of space utilization of
trees and competition between trees and is always considered
an important variable in growth and yield models. Density is
clearly affected by decisions about tree planting and by silvi-
culture measures that reduce density, such as thinning. Stand
density affects the growth rate and pattern of a stand, as well as
the stem height-diameter allometry (Zhang et al. 1997;
Caiellas et al. 2004; Adams et al. 2006; Russell et al. 2010;
David et al. 2016; Jiang et al. 2016; Egbéck 2016). Further,
the stem slenderness, profile, and relative survival of trees are
affected by both stand density and genetic variation. Stand
density also affects the expression of genetic variation and
the realization of genetic gain. For example, some studies
have showed that effects of genetic variety on the height-
diameter relationship depended on stand density, with signif-
icant effects at higher stand density and no effect at lower
density (Sabatia and Burkhart 2013). Thus, different silvicul-
ture practices may lead to differences in stand growth and
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yield models (Westfall 1998), and determination of how stand
density will affect the growth and survival of genetically im-
proved stands is a eritical part of predicting volume gain
(Gould and Marshall 2010).

The carrying capacity may play a very important role in
accurately modeling genetic gain across an entire commercial
rotation. Maximum density may constrain the level of volume
gain that can be achieved with improved stands because faster
growth may cause stands to reach maximum density more
quickly, and gains may be limited if mortality reduces vol-
umes commensurate with gains (Long and Smith 1984).
Alternatively, genetic gain may manifest in increased carrying
capacity (Joo et al. 2020), which could suggest a reinforce-
ment effect. In addition, fertilization, soil improvement, and
drainage can improve the overall site quality and microenvi-
ronment, thus affecting the growth rate and process of stands
to enhance forest productivity (Kyto et al. 2010).

In living systems, biological traits can confer the ability to
alter their phenotypes to better respond to environmental
change or developmental signals, during which there must
exist a particular set of genes that regulate or reflect such
alteration (Gilchrist and Nijhout 2001; Salazar-Ciudad and
Jernvall 2010). With the development of molecular biology
and bioinformatics, the opportunity may exist to identify the
genes that control the height and diameter development of
trees (Jiang et al. 2016). Therefore. in the future, non-genetic
factors and genetic factors could be combined. Consideration
should be given to the influence of non-genetic factors on the
expression of these genes, so as to determine the influence of
non-genetic factors on the height and diameter growth of ge-
netically improved stands. Ideally, greater understanding of
biological or genetic theory would allow mechanisms that
drive expression of and change in genetic gain to be built into
growth and yield models (Joo et al. 2020).

6 Improvable aspects of growth and yield
models for genetically improved stands

In the past few decades, there have been many studies involving
growth and yield models of genetically improved stands. These
studies provided much useful information and tools for more
accurate simulation of growth process and prediction of genetic
gain. However, while this review found many promising results
in recent work, much remains uncertain, and there is no con-
sensus view on the best way forward for modeling genetic
improvement, Still, due to various constraints, there are several
aspects that can be improved for greater model accuracy.
First, the effect of genetic differences in height, diameter,
taper, and other traits at the individual tree level and competitive
ability on a stand level should be evaluated. The experimental
data utilized in most studies were not obtained from the actual
stands but from a separate test plantation (provenance trial,

25w INRAZ

progeny trial, or clone trial stands) used in the genetic testing
and selection programs (Kimberley et al. 2015). Thus, the com-
petitive ability of improved strains has typically not been ad-
dressed because growth and yield models have instead focused
mainly on the genetic contributions of individual tree traits
(Adams et al. 2006). Test plantations typically use single-tree
plots or small multiple-tree (generally 4-16) row plots. These
designs allow high precision for the partitioning of additive
genetic variance, for efficient rankings of genotypes, but do
not provide adequate estimates of gain under operational con-
ditions of inter-tree competition. A typical test plantation in-
cludes a large number of genotypes, where both high and low
performers are grown together (Carson et al. 1999). In contrast,
a typical genetically improved stand will contain a mix of off-
spring, but only from the very highest performers (Carson et al.
1999). Single-tree plot designs can magnify family differences
due to the effects of competition among trees (Magnussen
1989), but in row plots, members of the same varieties (prove-
nance, family, and clone) have increased probability of sam-
pling the same microenvironment, thus reducing estimates of
environmental variation (Magnussen 1993). This can cause
overestimation of heritable improvements and gain in growth
traits (Dhakal and White 1996; Vergara et al. 2004; Terrance
et al. 2010). Stand-level competition has a profound effect on
growth and final tree size, so predicting gain using only data
from a test plantation in the selection program may not repre-
sent actual realized gains in yield, making less accurate predic-
tions (Carson et al. 1999; Adams et al. 2006; Vergara et al.
2007; Kimberley et al. 2015). It is better to compare improved
and unimproved stand planted as large block plots for more
accurate prediction of changes in growth and yield, as these
designs better represent actual stands and can largely eliminate
potential competition effect from trees of differing genetics
(Carson et al. 1999; Stoehr et al. 2010; Terrance et al. 2010;
Kimberley et al. 2015, Joo et al. 2020).

The effects of genetic gain are sometimes subtle and multi-
variate, affecting several mensurational characteristics simulta-
neously, nonlinearly, at different scales, and in interaction with
site and environmental factors. Yet many growth and yield
models focus on a few focal tree mensurational characteristics
and lack sophistication to capture interactions. Most simulation
models have focused mainly on genetic gain selection indexes
such as tree height and diameter. because these metrics are easy
to measure and important to forest yield and, therefore, they are
the most frequently used indicators for early selection. In tum,
these measurements are often the only data, other than survival,
available from tree breeding programs that can be used for
modeling. Overall, more attention has focused on the effects
of different genetic materials on the height-age relationship (site
index), height-diameter relationship, and the modification of
existing general stand models to reflect the genetic gain of
improved stands, with less attention paid to tree height and
diameter distributions, basal area growth, crown width, and
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biomass models, or the relationships between various models
(Sun et al. 2004). Genetics obviously has significant effects on
height, diameter, and survival rate (Sharma et al. 2013; Ye etal.
2010), but genetic factors may affect diameter and height de-
velopment disproportionally, thus affecting the stem shape and
profile (Sabatia and Burkhart 2013). Genetics also can have a
significant effect on height distributions and tree size distribu-
tions (Weng et al. 2010; Sabatia and Burkhart 2013). Stand
volume yield is affected by all these factors simultaneously.
This implies that height growth, diameter growth, the height-
diameter relationship, and mortality models must be considered
wholistically to obtain accurate prediction of gain in stem vol-
ume (Carson et al. 1999). In addition, consideration of the effect
of genetic varieties on biomass allocation is also needed to
accurately reflect any differences in ecosystem services such
as carbon sequestration in genetically improved stands
(Aspinwall et al. 2012). Many references have emphasized
the need for such work, but thus far no comprehensive study
has been reported (Adams et al. 2006).

Genetic improvement factors, site conditions, silviculture
measures, and the interaction of these factors must also be con-
sidered simultaneously as factors affecting growth and yield. In
practical application, genetically improved stands would be
planted at different sites, and the planting density and manage-
ment measures would differ depending on the purpose of cul-
tivation. In contrast, test plantations have limited scope and lack
an operational objective, so simulations using data from a test
plantation do not fully reflect potential impacts of site quality,
silviculture measures, and genetic improvement factors on op-
erational realization of genetic gain (Talbert and Hyink 1988;
Carson et al. 1999; Stoehr et al. 2010; Joo et al. 2020). Gene
expression and realized genetic gain are affected not only by the
characteristics of the genetic material itself but also by the site
conditions and management measures (Hamilton and Rehfeldt
1994; Fu et al. 1999; Silva et al. 2001; Egbick 2016).
Importantly, these factors do not work alone but work together
to influence the overall growth and development of the stand,
with potential interactive effects (Wu and Matheson 2005;
Rubilar et al. 2018; Resende et al. 2018). Without consideration
of all these effects on stand growth, the application scope and
prediction accuracy of growth and yield models for actual pro-
duction will be limited. Therefore, future work to develop
growth and yield models for genetically improved stands will
require greater understanding of genetic factors, site environ-
ment, cultivation measures, and their interactions for more ra-
tional assessment of costly genetically improved stocks for dif-
ferent sites (Sabatia and Burkhart 2013; Kimberley et al. 2015).

7 Conclusion

Growth and yield models are essential tools for operational
stand and forest management. Where genetically improved

trees are deployed, models clearly need to be adapted to cap-
ture the effect of genetic improvement. Moreover, models
themselves have been effective frameworks for quantifying
genetic gain, by allowing for tests of different parameters to
reveal differences that are isolated from noise where there is
sufficient data. Despite decades of research and many suc-
cesses, no clear consensus has emerged in the literature on
the optimal strategy for refining models to represent genetic
gain. However, from the literature, several insights can help
guide model development in the future.

Due to the lack of long-term data for improved stands,
and the rapid pace of breeding programs, development of
new empirical models and the refitting of growth equations
for improved forests may never be an effective strategy.
Still, the importance of long-term data from improved and
unimproved stands planted as large block plots is required,
as this simulates actual stands in operational forestry. Past
modeling efforts based on early observations should be re-
evaluated as growth data are accumulated to guide model
evolution and efforts with new genetic varieties that have
limited data. Long-term data are also essential so that as-
ymptotes (as in height-age) can be observed instead of
approximated.

As research proceeds in genetics and on the biological basis
for genetic gain, it seems likely that this will provide new
insights into how to adapt models to capture more complexity
and thus better simulate genetic gain. Some literature has sug-
gested that modelers pay more attention to theory in rational-
izing modeling efforts. Future growth and yield simulation
systems should be able to predict most tree mensurational
characteristics, including complex factors such as volume,
which is affected by tree height, but also diameter, taper, vig-
or, and survival and interactions among trees within stands
that capture both competition and environmental influences.
Overall, the development of improved and robust growth and
yield models for genetically improved stands may simply re-
quire more research in operational contexts, to develop a more
comprehensive understanding of the effects of genetic, envi-
ronment, and silviculture measures’ interactions on tree and
stand growth.
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Abstract: How trees allocate their biomass among different components has important implications
for their survival and growth and ecosystem carbon cycling. Data on the distribution pattern and
dynamics of tree biomass are essential for fully exploiting forest carbon sequestration potential and
achieving the goal of carbon neutralization. However, there has not been enough research to-date
on tree biomass spatial allocation and temporal dynamics in different site qualities at specific tree
species scales. This study aimed to evaluate the biomass allocation patterns within tree components
of Chinese fir and to examine how they are affected by tree age and site quality. A total of 87 trees
were destructively sampled and measured for stem, branch, leaf, bark and root biomass. The biomass
proportion difference of tree components in different age stages (8-40 years) was analysed, and
the influence process of tree age and site quality on biomass allocation was examined. Our results
indicate that the biomass allocation varied with tree age and was also affected by site quality. Stem
biomass accounted for the largest proportion of total tree biomass, followed by leaf, root, branch
and bark biomass in young forests, and it was followed by root, bark, branch and leaf biomass in
other age groups. The biomass proportion of each component all nonlinearly changed with tree
age. The proportion of stem biomass increased with increasing tree age, and the biomass proportion
of branches and leaves decreased with increasing tree age. The proportion of root biomass first
increased and then decreased with tree age, while the bark biomass proportion first decreased and
then increased with increasing tree age. Site quality had a positive effect on the biomass proportion
of stems but a negative effect on the biomass proportion of branches and bark. The interaction of
tree age and site quality also had a significant effect on the proportion of stem biomass as well as
root biomass. Therefore, to obtain accurate estimates of Chinese fir forest biomass and carbon stocks,
age-specific changes and the influence of site conditions on it need to be considered.

Keywords: Chinese fir plantation; biomass; allocation pattern; temporal and spatial dynamics;
change rule

1. Introduction

As a crucial indicator of forest growth and quality, estimating biomass plays a key role
in monitoring the global carbon cycle and forest health assessments, and it is an important
task in ensuring the long-term viability and sustainability of forest resources on regional
to national and international scales, particularly in regard to carbon accounting [1]. The
monitoring and estimation of forest biomass can also help to understand the implications
of policy actions and how climate change may affect sustainability [2]. It is an important
part of modern forest ecosystem research, an important basis for revealing the law of
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mutual restriction and interaction between forest and environmental components, and is
of great significance for studying the fixation, consumption, distribution, accumulation
and transformation of material and energy in the ecosystem [3]. Additionally, measuring
the status of and change in forest biomass is also critical for formulating national forest
resource management policies [4].

Currently, there are three main inventory data types for estimating forest biomass:
ground-based measurement methods, remote-sensing-based estimates, and a combination
of both methods [5]. When the sample sizes are sufficiently large, field-based measure-
ment methods are generally considered to be more accurate than remote-sensing-based
estimates, but the latter can be more cost-effective, especially for large scales and inac-
cessible terrain [6]. Generally, there are three major methods for estimating tree biomass:
direct estimation of biomass from predictor variables; indirect estimation of biomass from
tree volume; or simultaneous estimation of both biomass and volume [7]. The direct pre-
diction method is probably the most accurate but involves the costly process of felling
and weighing sample trees to acquire the data. In addition, it assumes that the various
properties of the sample trees selected are representative of the larger predicted stand or
forest [6]. The indirect method is translating stem volume to biomass through some form of
biomass expansion factor, assuming a constant or variable density within trees and between
species [8], and the biomass of other organs (branch, leaf, bark, root) is calculated according
to the stem biomass and the corresponding proportion coefficients. The indirect method
is cost-effective but may lead to errors if the conversion coefficients are inaccurate. The
third method attempts to avoid these errors by accounting for the difference in both wood
density and tree volume in prediction models [7].

Regardless of the data types and methods, accurate individual tree or stand-level
biomass estimation models are necessary to translate field measurements or remotely
sensed data into estimates of forest biomass. These models commonly rely on traditional
forest inventory factors such as tree diameter and total height as independent variables
in equations that estimate tree biomass [6]. Tree-based estimates are then summed on
sample plots and applied to larger forest areas using probability or area-based expansion
factors. Improving the estimation accuracy of forest biomass is essential for determining
the change in global carbon balance [9], predicting forest growth [10], modelling the carbon
budget [11], and developing sustainable forestry strategies [12]. Much effort has been
invested in improving the accuracy of existing forest biomass estimation models, such as
by further adding tree height [13], wood density [14] and crown structure factors [15] into
existing estimation models, by acquiring more accurate stem form and developing stem
taper models [16], or by amending the structures and forms of the allometric models [17].

There is an obvious vertical distribution of tree biomass on various organs [18]. Trees
allocate biomass among different organs in response to resource limitation, and this physi-
ological activity is considered to be evolutionary strategies to help them better adapt to
different habitats [19,20]. Because of this, biomass allocation has a significant impact on
plant productivity, thus affecting the spatial distribution of overall biomass and carbon
storage of the forest communities and forest ecosystem [21]. Therefore, comprehensively
understanding the spatial allocation pattern and change in forest biomass in different
organs is essential for establishing accurate estimation models of forest biomass [22]. At
present, many studies on the spatial distribution of forest biomass at local [23], national [24],
regional [25], international [26] and global [27] scales have been carried out. Additionally,
more detailed information on the spatial allocation patterns of biomass in different organs
has been continuously provided [28]. Previous studies have shown that the allocation
pattern of forest biomass in different organs is affected by tree species [18], stand age [29,30],
stand density [31], light environments [32], precipitation [33] and site conditions [34]. How-
ever, different researchers have obtained varied conclusions, which may be related to
specific tree species and site conditions, but the specific tree traits that drive this variation
remain poorly understood [35].
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Itis a costly process to collect tree biomass data because it requires felling trees and
must collect, weigh and analyse sample tissues of stems, branches, leaves, bark, roots and
other organs [6]. Therefore, more than 75% of the biomass research sample trees were
less than 50, and only approximately 8% provided the prediction of the root biomass [36],
which also hindered the accurate and comprehensive understanding of the distribution
pattern of tree biomass on various organs. With the proposal of the goal of carbon peak
and carbon neutrality in the world, it is necessary and urgent to more accurately master
the spatial allocation pattern and change dynamics of biomass of various organs on the
specific tree species scale to establish a more accurate forest biomass estimation model.

Chinese fir (Cunninghamia lanceolata (Lamb.) Hook.) is a fast-growing planted conifer-
ous tree species, with height up to 30 m and diameter at breast height up to 2.5m. Asa
high-quality timber (i.e., excellent material, straight and full stem forms) species, Chinese
fir has been widely planted in 18 provinces and regions in southern China for more than
one thousand years. In recent decades, the annual timber production of Chinese fir has
accounted for 20%-25% of the national commercial timber output, which has provided
considerable economic benefits to local farmers. Simultaneously, Chinese fir forests pro-
vide considerable ecological benefits to the region and nation through their ecosystem
services, such as carbon sequestration, increasing groundwater resources and conserving
soil erosion [37]. In recent years, with the construction of ecological environment in China,
more attention has been given to the ecological services of forests. After the goal of carbon
neutrality is proposed, the carbon fixation function of forest ecological services will be
further emphasized [38]. The area and volume of Chinese fir plantations have reached
9.90 million hectares and 755 million cubic metres, and they account for 27.23% and 32.57%
of the main dominant tree species of planted forest in China, respectively [39]. It is of great
significance to study the temporal and spatial allocation pattern and change in Chinese
fir biomass to give full play to its carbon sequestration potential and achieve the goal of
carbon neutralization

This study focused on the spatial allocation patterns of biomass in various organs
and its change dynamics with the stand age of Chinese fir plantations. In addition, we
also examined the influence of site quality on the allocation pattern and change in biomass
of Chinese fir. We expect the results to provide in-depth insights for a better understand-
ing of the formation and change mechanism of forest biomass, therefore providing a
basis and support for more accurate biomass estimation model establishment and carbon
stock determination.

2, Materials and Methods
2.1. Study Area

The study was carried out in Chinese fir plantations of Hunan Province, China. Hunan
is the main production area of Chinese fir; it is located in the central and southern parts
of China (24°38'~30°08' N, 108°47'~114°15" E), belongs to the subtropical zone and has a
continental monsoon humid climate. Its mean annual rainfall is 1200-1800 mm, relative
humidity is 79%, annual sunshine hours are 1300-1800 h, and annual average temperature
is 16.0-18.5 °C. The landform type is mainly mountainous and hilly with an elevation of
100-800 m above sea level. The soils are mainly red soil, yellow soil, purple soil, and paddy
soil developed from slate and shale with a clay-loam texture, stoniness in the range of
4%-15%, medium fertility, and a mean depth of 80 cm.

The native vegetation in Hunan Province is dominated by evergreen broad-leaved
forest, mixed evergreen and deciduous broad-leaved forest, deciduous broad-leaved for-
est and mountain top moss copse. However, due to the great disturbance by human
activities, native vegetation has been seriously damaged. After several decades of vegeta-
tion restoration and artificial afforestation, the current vegetation is mainly composed of
Chinese fir (Cunninghamia lanceolata) plantations, Masson pine (Pinus massoniana) planta-
tions, swamp pine (Pinus elliottii) plantations, poplar (Populus) plantations, bamboo groves
(Phyllostachys heterocycla) and so on. According to the results of the Ninth National Forest
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Resources Continuous Inventory, the forest area and stand volume of Hunan Province are
10.53 % 10* km? and 4.07 x 108 m?, respectively, of which the area and volume of Chinese
fir plantation accounted for 38.54% and 41.25%, respectively.

2.2. Sample Plot Setting and Investigation

According to the distribution of Chinese fir plantations in Hunan Province, temporary
observation sample plots were installed for sample tree mensuration and biomass sample
collection in five state-owned forest farms in Hunan, namely, the Jindong forest farm,
Paiyashan forest farm, Huangfenggiao forest farm, Shichangxi forest farm, and Xishan
forest farm (Figure 1). The stands selected for sample plots installation are all plantations
with the same or similar initial planting density, and the same management measures
were adopted during the whole rotation period, such as weeding in the first three years
after planting and thinning with roughly the same intensity at the age of eight years.
Therefore, these stands should have roughly the same density at the same age in the growth
process if their site condition is roughly the same. Each sample plot had an area of 400 m?
(20 m x 20 m), totaling 29 plots established in stands of different ages and at least 3 plots
for each age group of young forest, middle age forest, near mature forest, mature forest and
over mature forest. At the same time, the sample plots within the same age group were set
up in stands with different site conditions as much as possible.

J

4
1. Jindong forest farm
Hunan 2. Paiyashan forest farm
2 1 3. Huangfenggiao forest farm
4, Shichangxi forest farm
T 3. 5. Xishan forest farm
- Study area

Figure 1. Locations of the temporary observation sample plots.

All trees with a diameter at breast height greater than 5 cm in the sample plots were
numbered. The total height, diameter at breast height and crown width of these trees,
as well as the site environment and growth status of stands, were inventoried in August
2021, prior to sample collection. Then, the mean diameter at breast height, average total
tree height, stand density and other factors were calculated according to the measurement
results. The stand characteristics for each temporary plot are shown in Table 1.

2.3. Sample Tree Selection and Sample Collection

In each observation sample plot, three mean trees were selected as sample trees
according to the mean diameter at breast height, average total tree height and average stem
form, then they were felled for biomass sample collection; altogether, 87 sample trees were
harvested. The breast height position and the north-south direction of these sample trees
were marked before they were cut down. After the sampled trees were cut down, the height
of the first living branch and the first dead branch were measured, and then all branches
were cut off and counted. The total height of the stem and the diameter of the bark and
peeling at one quarter, one half and three-quarters of the tree height were measured. The
stem was divided into upper, middle and lower segments of equal length and then cut
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into several sections at heights of 1 m intervals (stem length < 10 m) or 2 m intervals (stem
length > 10 m) up to the treetop. The fresh weight of each section was weighed, and then
the fresh weight of the upper, middle and lower parts and the total weight of the stem
were calculated. At the ground level, breast height, and middle position of each section,
one cross-sectional stem disc (approximately 5 cm thick) was cut for stem analysis, as well
as one disc at the middle position of the upper, middle and lower segments as biomass
samples. If there was a branch at the height of the disc, a replacement disc was collected
5 cm above or below. The north direction, section height, plot and tree number and other
information were recorded on each disc, and the fresh weight (with and without bark)
of stem and bark sample discs were weighed. All the roots with a diameter greater than
0.2 em of the sample tree were dug out and weighed, and then 500 g of root samples were
collected. All branches and leaves were also weighed separately, and then samples of 500 g
each were collected. All samples were taken back to the laboratory for measurement and
analysis of the biomass. The information of the felled sample trees is presented in Table 2.

Table 1. Stand characteristics from temporary plots established in 5 Chinese fir plantations in
Hunan province.

Sampling Mean Diameter Average Stand
Foveat Farat Plot No. Stand Age (a) Age Group SiteIndex  at Breast Height Total Tree Density
(cm) Height (m) (Stems/ha)
Jingdong JD-1 8 1 14 8.3 6.4 3250
JD-2 17 il 14 12.1 10.8 2550
JD-3 25 i 16 19 15 1200
JD-4 27 v 18 20.4 17.4 1175
JD-5 31 v 12 149 12.2 1675
JD-6 40 Vv 14 19.9 16.5 950
Paiyashan PYS-1 18 n 20 18.4 17.2 1875
PYS-2 21 m 12 119 9.9 2025
PYS-3 24 Jii| 12 17 118 1350
PYS-4 28 v 14 15.8 12.9 1475
PY5-5 29 v 20 27.7 204 800
PYS-6 36 v 16 24 19 1150
PYS-7 39 A% 20 25.2 23 975
Huangfenggiao ~ HFQ-1 14 i 14 114 9 2650
HFQ-2 18 1T 16 16.2 12.5 2125
HFQ-3 24 m 18 25 178 1200
HFQ-4 24 it 18 222 16 1325
HFQ-5 33 v 16 22.3 18.7 900
Shichangxi SCX-1 8 1 12 73 61 3350
SCX-2 13 | 16 14.8 10.3 2700
SCX-3 17 i 16 17.2 11.8 2175
SCX-4 23 m 16 19.8 13.3 1325
SCX-5 27 v 18 25 16.7 925
SCX-6 31 v 18 272 178 1075
Xishan X5-1 9 1 12 8.5 6.4 2850
X5-2 13 I 12 11 8 2750
Xs-3 21 m 18 22 14.7 1150
XS-4 31 v 14 21.8 14.6 950
X85 39 v 14 22 14.7 825

I represents young stage (<10 years); I, middle stage (11-20 years); IIl, near mature (21-25 years); IV, mature
(26-35 years); V, over mature (=36 years). Site index was represented by stand dominant height at a given base
age of 20 years.
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Table 2. Sample tree characteristics of temporary plots of Chinese fir plantation.

Age u?‘S]::]?;lre CI.Z;::‘:::ge Quadratic Mean Average Total Average Biomass (kg)

Group Trees (cm) Diameter (cm) Tree Height (m) “p i Tyee  Stem  Bramch Leaf Bark  Root
I 9 8-12 8.1 6.1 11.88 5.10 1.46 229 1.27 1.77

1 21 8-20 144 116 5545 29.25 5.26 442 581 10.71
I 21 12-26 19.2 14.2 107.27 60.30 8.87 6.74 9.38 21.97
v 24 14-32 219 16.8 180.90 103.37 13.24 9.80 17.62 36.87
v 12 18-26 22.7 17.6 171.29 104.11 9.88 647 1637 3446
Total 87 6-32 184 139 114.04 65.02 8.58 6.53 1092  23.00

I represents young stage; II, middle stage; III, near mature; IV, mature; V, over mature.

2.4. Data Statistics and Analysis

The proportion (P;) of the biomass of various organs (the upper, middle and lower
segments of the stem and total stem, branch, leaf, bark, and root) to the total biomass of the
sample tree was calculated.

P = 0 100% 1)
= Wy °
where W; and Wr represent the biomasses of the jth organ and the total sample tree,
respectively.

Two-way analysis of variance (ANOVA) and Tukey’s multiple comparisons were
used to separate the significance differences (p < 0.05) among tree age and site index after
the homogeneity of variance and normal distribution tests were passed (if the test of
homogeneity of variance and normal distribution were not passed, the data were treated
with inverse sine transformation, logarithmic transformation, etc.).

The influence process of tree age and site quality on biomass allocation was analysed
using a generalized additive mixed model (GAMM) from the “gamm4” package in R
software [40]. From the perspective of forest growth and yield, the site index, which is the
mean height of dominant and codominant or top height trees at a given base age, is often
used to quantify site quality [41]. The measurement of the site index was represented by
the stand dominant height in this study. The GAMM is a semiparametric model with a
linear predictor involving a sum of smooth functions of covariates, which allows flexible
functional dependence of an outcome variable on covariates via nonparametric regression
while accounting for correlation among observations using random effects [42]. GAMM is
increasingly applied in ecological and environmental research [43] as follows:

Eije = Ko+ fis(A) + fise(Si) + Rij + eijp @)

where Ej is the dependent variable (proportion of the kth organ biomass to the total
biomass of the sample tree I in plot j), Ky is the overall intercept, fix (4;) is a smooth
function of tree age (A) corresponding to the kth organ, f,-jk (S;) is a smooth function of site
index (S) corresponding to the kth organ of sample tree i in plot j, R;; is the random effect of
the sample tree 7 in plot j which is assumed to be distributed as N(0, ¢%) with a variance
component o2, and g is an error vector.

3. Results
3.1. Allocation Pattern of Biomass in Different Organs

As shown in Table 3, in general, among the various organs of Chinese fir, the biomass
of stems accounted for the largest proportion, ranging from 43.61% to 59.94% in different
age groups, with an average of 54.61%, followed by roots, bark and branches, ranging
from 15.12% to 20.46%, 9.21% to 10.87%, and 6.06% to 11.95% in different age groups, with
averages of 19.45%, 10.20% and 8.34%, respectively. The biomass of leaves accounted for
the smallest proportion, ranging from 3.88% to 18.45% in the different age groups, with
an average of 7.41%. The proportion of biomass of each organ to the total biomass of trees
in Chinese fir varies in different age groups. In other age groups, except for young-stage
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forests, the proportion of biomass of various organs followed was stem, root, bark, branch
and leaf, while in young-stage forests, the permutation order followed was stem, leaf, root,
branch and bark.

Table 3. Proportion (%) of biomass of various organs in different age groups of Chinese fir.

Lower Part of Middle Part Upper Part of

Age Group Total Tree  Stem Stem of Stent Stem Branch  Leaf Bark Root
I 100.00 43.61 28.77 11.88 2.96 11.95 18.45 10.87 15.12

1 100.00 52.47 31.77 16.47 4.24 9.50 8.18 10.89 18.96

I 100.00 55.59 32.59 18.33 4.67 8.37 6.37 9.21 20.46

v 100.00 57.08 33.37 18.93 4.77 7.09 5.26 1017 2041

\Y 100.00 59.94 34.30 20.24 5.40 6.06 3.88 10.26 19.85
Total 100.00 54.61 3244 17.65 4.52 8.34 7.41 10.20 19.45

I represents young stage; II, middle stage; III, near mature; IV, mature; V, over mature.

For tree stems, the biomass of the lower part accounts for the largest proportion,
ranging from 57.45% to 65.96% in different age groups, with an average of 59.60%, followed
by the middle part, ranging from 27.26% to 33.78% in different age groups, with an average
of 32.15%. The biomass of the upper part accounts for the smallest proportion, ranging
from 6.78% to 8.77% in different age groups, with an average of 8.25% (Figure 2).

Proportion of biomass in different parts of stem

100% g789  §09% BA0% §54%  §77%
Upper part of stem
%
a 80%- 27.26% 33340, 3298% 33.15% 33.78% Middle part of stem
g oo Lower part of stem
2
g
B 40% -
65.96%  60.57% s3.62% $831% 57.45%
20%
0%
I 1 I v v
Age groups

Figure 2. The proportion of biomass of different parts of stems in different age groups of Chinese fir.

3.2. Dynamic Changes in Biomass Allocation Patterns

The biomass of each organ and total tree all increased with time and gradually reached
a stable level after maturity, but the proportion of biomass of different organs changed
differently with time. The results of variance analysis showed that tree age had a significant
effect on the proportion of biomass of tree stems (p < 0.001). The proportion of stem
biomass nonlinearly increased with increasing tree age, showing an “S-shaped” curve
similar to the growth process of tree diameter (Figure 3a). In addition, for tree stems,
the proportion of biomass in the lower part decreased gradually with increasing tree age,
while the proportion of biomass in the middle and upper parts increased gradually with
increasing tree age. Tree age also had a significant effect on the proportion of branch, leaf
and root biomass (p < 0.001). The proportion of biomass of branches and leaves decreased
with increasing tree age, but their change process was different (Figure 3b,c). For roots, the
proportion of biomass first increased as the tree age increased before the trees matured and
then decreased with the increase in tree age after the trees reached maturity (Figure 3d). For
bark, the biomass proportion was also affected by tree age (p < 0.05), and it first decreased
and then increased with increasing tree age, showing a slightly concave curve (Figure 3e).
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Figure 3. The change trend of the proportion of biomass for various organs with tree age in Chinese
fir. (a) Stem, (b) branches, (c) leaves, (d) roots, and (e) bark.
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3.3. Effects of Site Quality on Biomass Allocation Pattern

The proportion of stem biomass was influenced by site quality (p < 0.001). The fitting
results of the generalized additive mixed models showed that the proportion of stem
biomass was nonlinearly correlated with site quality and, to be more precise, the proportion
of stem biomass decreased slightly with the increase in the site index when the site index
was less than 16 and increased with the increase in site index when the site index was
greater than 16 (Figure 4a). Site quality also had a significant effect on the proportion of bark
biomass (p < 0.001) and branch biomass (p < 0.001). Significant linearities were observed
among the proportion of bark biomass and site index (Figure 4b), and the proportion of
bark biomass decreased with increasing site index. The proportion of branch biomass was
nonlinearly correlated with the site index; it increased slightly with the increase in the site
index when the site index was less than 16 and decreased with the increase in the site index
when the site index was greater than 16 (Figure 4c).

(a) (b)
Proportion of biomass (%) Proportion of biomass (%)
o4
fitted curve b3 firted curve
95% confidence interval 95% confidence interval
w -
v :

S (Site index, 1.00)
0
1

-10

Site index Site index
(c)

Proportion of biomass (%)
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§ (Site index, 1.94)
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|
|

=
1

-10

Site index

Figure 4. Observed effects of site quality on the proportion of biomass of different tree organs in
GAMM. (a) Stem, (b) bark, and (c) branches. The S () of the vertical axis represents the smooth spline
functions; The numbers in brackets represent the estimated degrees of freedom with smooth spline
functions, 1 represents linearity, greater than 1 represents nonlinearity, and the larger the number, the
stronger the nonlinearity.
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Although the proportion of leaf biomass decreased gradually with increasing site
index, there was no significant difference in the proportion of biomass of leaves between
the different site indices (p > 0.1). In addition, although the proportion of root biomass
increased gradually with increasing site index, there was also no significant difference in
the proportion of biomass of roots between the different site indices (p > 0.1).

3.4. Interaction of Site Quality and Tree Age on Biomass Allocation

The results of variance analysis showed that the interaction of tree age and site quality
had a significant effect on the proportion of stem biomass (p < 0.05) as well as on the
proportion of root biomass (p < 0.05). As shown in Figure 5a, both tree age and site condition
affected the proportion of stem biomass, but the influence of tree age was greater. The
proportion of stem biomass increased with increasing tree age, and better site conditions
could accelerate this trend. Although the proportion of root biomass was not significantly
affected by site quality (p > 0.1), it was still affected by the interaction of site quality and
tree age (Figure 5b). Before the trees mature, the influence of site quality and tree age on
the proportion of root biomass was in the same direction; that is, better site conditions and
greater age would increase the proportion of root biomass. After the trees mature, their
influence on the proportion of root biomass was in the opposite direction; that is, better site
conditions would increase the proportion of root biomass, while older age would reduce
the proportion of root biomass.

(@) (b)

T 7
7z, 77
'tl;ﬁ';lllll;l"

Figure 5. Observed proportion of biomass of stems and roots with site index and time interactions by
GAMM. (a) Represents stems, (b) represents roots.

4. Discussion

How trees allocate their biomass among stems, branches, leaves, barks and roots
has important implications not only for their survival and growth but also for ecosystem
carbon cycling [35]. Measuring the status of and change in forest biomass is critical to the
establishment of forest management policies [4].

The share of biomass components varies across tree species [44]. The results of this
study showed that stem biomass had the largest contribution to total tree biomass in all age
groups of Chinese fir, which is consistent with some published studies related to Chinese
fir [45,46] and other species [47,48]. The biomass proportion of other organs varied with
forest age. In the young-stage forests, the permutation order of the biomass proportion
of other organs was as follows: leaves, roots, branches and bark, whereas in the forests
of other age groups, the sequence was as follows: roots, bark, branches and leaves. As
far as the stem, its biomass was mainly concentrated in the lower part, accounting for
approximately 60%, followed by the middle and upper parts, accounting for approximately
30% and 10%, respectively.
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The biomass of total trees and each organ in Chinese fir all increased with forest growth
and gradually reached a stable level after maturity, but the biomass proportion of different
organs varied with time. Some existing studies indicated that stem biomass had constant
relationships with total biomass [49]. However, this study showed that as the trees grew
larger, the relative contribution of the stem to the total biomass increased, which agreed
with many previous studies [29,45,47,48,50]. We found that the proportion of stem biomass
increased nonlinearly with increasing tree age in an "S" curve similar to the growth process
of tree diameter, which indicated that it was feasible to use diameter as an independent
variable to predict stem biomass. When the stem was divided into upper, middle and lower
parts, we found that the biomass proportion of the lower part decreased gradually, whereas
the biomass proportion of the middle and upper parts increased gradually, which could be
explained by the fact that the trees shifted their stem increment upwards and became more
cylindrical and less tapered over time [51,52].

For other organs, the dynamics of their biomass proportions were relatively complex.
For branches, it is generally believed that the biomass proportion decreases with stand
age [29,47,48,53], but some researchers have shown the reverse conclusion [47,54]. Our
study results support the former; additionally, we further revealed that the proportion of
branch biomass decreases not linearly but nonlinearly with age. Stem biomass usually
accumulates at the expense of leaf biomass [44,55], and most studies have indicated that
leaf biomass proportion decreases with stand age or tree size [29,47,48,50,54,56]. We have
observed the same conclusion. The leaf biomass proportion decreased with increasing
tree age, which could be explained by the fact that leaves are grown on younger branches
rather than on older branches, which implies that the leaf mass per unit branch mass
decreases as trees grow larger [57]. However, some studies claimed that tree age and size
had no significant effect on leaf biomass proportion [49,53]. For bark, some studies have
shown that the biomass proportion decreases with increasing tree age [47], but others
have observed that the proportion of its biomass decreases first, then increases, and then
decreases with age [45]. In this study, the biomass proportion first decreased and then
increased with increasing tree age, showing a slightly concave curve. These results indicate
that the changes in the proportion of bark biomass are more complex, and the factors that
cause these changes need to be further studied.

Belowground components are not often evaluated because it is very difficult, expensive
and time-consuming to collect root biomass data, especially for large trees [36,58]. However,
roots may account for a significant proportion of the whole tree biomass and carbon
storage [59,60], which has essential effects on the biomass proportion of various organs
of trees. Previous studies have shown that the biomass proportions of roots to total tree
biomass decreased with stand age [34,48,53]. However, some studies have observed that
its biomass proportion exhibited a slight increase with tree growth [50]. However, our
research found that the proportion of root biomass increased with increasing age and then
decreased gradually after the trees matured. Generally, the part below the ground from the
cutting place is treated as roots, so the root usually contains part of the stem, and the root
has more knots and higher density [61], which may be the reason why the proportion of
root biomass increases with age.

In addition to tree age, the allocation pattern of forest biomass in different organs
is also affected by the origin of forest [62], stand density [31,63], site conditions [34] and
management activities [64]. Because the selected forests in this study were all plantations
with the same or close initial planting density and the same management measures are
used throughout the rotation period, this study only considered the influence of site quality
on biomass distribution but did not consider the influence of stand density on biomass
distribution. The results showed that site quality had significant effects on the biomass
proportion of stems, branches and bark but had no significant effects on the biomass
proportion of leaves and roots. According to the “optimal partitioning theory”, plants
preferentially allocate biomass to organs that harvest the most limiting resource [65,66].
Some studies suggested that trees allocated more biomass to the stems and leaves in the

217



Forests 2023, 14, 286

12 of 15

fertile sites, while allocation to belowground components became more important in the
barren site [58]. Our study showed that the proportion of stem biomass increased with an
increasing site index when the site index was greater than 16, which is partly consistent
with the optimal partitioning theory. However, the proportion of stem biomass decreased
slightly with the increase in the site index when the site index was less than 16, which
may be due to the fight result of light limiting and nutrients or water limiting [32,58]. The
proportion of bark biomass linearly decreased with an increasing site index, which seems
completely consistent with the optimal partitioning theory. This may indicate that water
and nutrients are more abundant with the improvement of site quality, and trees can invest
fewer resources for the carrier of water and nutrient transportation, namely barks. Contrary
to the change in stem biomass proportion, the biomass proportion increased slightly with
the increase in site index when the site index was less than 16 and decreased with the
increase in site index when the site index was greater than 16.

Differences in biomass allocation may be explained by both the tree age and strate-
gies of trees to maximize light, nutrient and water capture for survival in different site
conditions [19,20,67]. Our results also showed that the interaction of tree age and site
quality had a significant effect on the proportion of stem biomass as well as root biomass,
which made the change dynamics of biomass allocation more complex. Site quality is
defined by many factors, including altitude and temperature and the availability of water
and nutrients [58], while biomass allocation involves the coordination among different
organs, and their interrelationships and dynamics are complex. Therefore, more detailed re-
search on the biomass allocation and temporal dynamics of specific tree species in different
habitats is necessary.

Biomass is the basis of carbon storage. Since the collection of biomass data is time-
consuming and laborious, the usual method is to estimate the biomass of the tree stem
through some factors that are easily available such as diameter and tree height, and the
biomass of other organs is calculated according to the stem biomass and the corresponding
proportion coefficients [6]. For a given tree species, these proportional coefficients are often
considered to be fixed [8]. However, our research showed that the ratio of the biomass of
various organs to the total tree biomass was varied, and the ratio of the biomass of each
organ to the biomass of the stem would also change accordingly, which was affected by
tree age and site quality. Therefore, accurate estimation of forest biomass needs to consider
the effect of forest age and site on the allocation patterns of tree biomass. In addition, the
same coefficient is often used for the carbon content rate of various organs when estimating
tree carbon storage by biomass, but in fact, the carbon content rates of different organs
are different [68,69]. More accurate estimation of forest carbon storage should be the
accumulation of carbon storage of each organ, which comes from the multiplication of their
corresponding biomass and carbon content, and this study can provide a better insight into
this method.

5. Conclusions

Comprehensively understanding the spatial allocation pattern and change dynamics
of biomass in specific tree species is essential for establishing accurate estimation models of
forest biomass and carbon storage, particularly against the vision of carbon peak and carbon
neutralization. This study revealed the biomass allocation and its temporal dynamics of
Chinese fir plantations, as well as the effect of site quality on them. The biomass proportion
of various organs of Chinese fir varied nonlinearly with tree age. Therefore, the previous
method of calculating the biomass of each organ through stem biomass and the constant
conversion coefficient may increase the uncertainty and error for the estimation of forest
biomass and carbon storage. Site quality also had a positive effect on the biomass proportion
of stems, and a negative effect on the biomass proportion of branches and bark but had no
significant effects on the biomass proportion of leaves and roots. Moreover, the interaction
of tree age and site quality had a significant effect on the proportion of stem biomass as
well as root biomass. Therefore, to obtain accurate estimates of Chinese fir forest biomass
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and carbon stocks, age-specific changes and the influence of site on it need to be considered.
Our results are helpful to better understand the formation and change mechanism of forest
biomass, therefore providing in-depth insights for more accurate biomass estimation model
establishment and carbon stock determination.
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Abstract: The stem height-diameter allometric relationship is fundamental in determining forest and
ecosystem structures as well as in estimating tree volume, biomass, and carbon stocks. Understanding
the effects of silvicultural practices on tree height-diameter allometry is necessary for sustainable
forest management, though the impact of measures such as thinning on the allometric relationship
remain understudied. In the present study, the effects of thinning on tree height-diameter allometry
were evaluated using Masson pine height and diameter growth data from a plantation experiment that
included unthinned and thinned treatments with different intensities. To determine whether thinning
altered the height-diameter allometry rhythm, the optimal height-diameter model was identified
and dummy variable methods were used to investigate the differences among model parameters
for different thinning treatments. Periodic (annual) allometric coefficients were calculated based on
height and diameter increment data and were modeled using the generalized additive mixed model
(GAMM) to further illustrate the response of tree height—diameter allometry to different thinning
treatments over time. Significant differences were detected among the parameters of the optimal
height-diameter model (power function) for different thinning treatments, which indicated that the
pattern of the height-diameter allometry relationship of Masson pine was indeed altered by thinning
treatments. Results also indicated a nonlinear trend in the allometric relationship through time
which was significantly affected by thinning. The height-diameter allometric coefficient exhibited a
unimodal convex bell curve with time in unthinned plots, and thinning significantly interfered with
the original trend of the height—diameter allometric coefficient. Thinning caused trees to increase
diameter growth at the expense of height growth, resulting in a decrease of the ratio of tree height to
diameter, and this trend was more obvious as the thinning intensity increased.

Keywords: thinning intensity; allometry responses; height-diameter relationship; allometric equation;
Masson pine

1. Introduction

Height and diameter are two basic dimensions of tree size that are fundamentally related to
processes ranging from individual stem to whole-ecosystem scales [1]. The allocation pattern of tree
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growth to height and stem diameter is an important structural trait of a tree that reflects its capacity to
adapt to different environmental conditions and evolutionary competition [2-6]. For example, pioneer
species typically have a larger height-diameter ratio, allowing them to quickly attain or maintain a
position in the canopy [7,8]. Species that frequently encounter strong winds might evolve stouter stems
to withstand the extreme weather [9].

As a key factor of stem form, the allometric relationship between tree height and diameter is
thought to reflect the balance between growth and survival due to allocation strategies related to
biomechanical and hydraulic constraints [10-13]. Tree height growth determines carbon gain via light
capture [14], while stem diameter growth plays an important role in ensuring mechanical support and
capacity for water absorption and transport [15-18]. Trees that invest less in mechanical support can
grow faster and reach the canopy more quickly [19] but less structural support reduces the ability to
resist elastic deformation and avoid buckling [20,21].

Many natural and biological factors affecting the tree height—diameter allometric relationship
have been identified through research. For example, precipitation, temperature, geographic location,
and site conditions have been shown to have significant effects on height-diameter allometry, and
forest structure, tree species, and genetic variability within a species have also been shown to play
a role [1,4,18,21-26]. However, our understanding is limited with regard to how anthropogenous
measures, such as thinning, affect the tree height-diameter allometry in residual stems.

Thinning of a forest stand is a fundamental silvicultural tool used to achieve a variety of
management objectives and is an integral part of even- and uneven-aged management for efficient and
profitable production of timber products [27-29]. Traditionally, thinning has been used to increase
production and improve the quality of residual trees by removing damaged, slow-growing, or unhealthy
trees to promote more growing space and resource availability for healthy trees [30-33]. Thinning can
also be used to promote forest understories and vertical structural characteristics [34-36] as well as
alter the microenvironment, including altering light availability, temperature, evaporative demand,
and soil properties [37,38].

Many investigators have indicated that thinning immediately stimulates diameter growth of
residual stems [39-44], and it is generally believed that individual tree height growth of residual
stems is less influenced by thinning than it is by diameter growth. However, the dynamics and
relationship between periodic annual height growth and stand density following thinning are
complex [45,46]. Some studies have suggested that height growth and total height are relatively
unaffected by thinning [29,47-50]. On the other hand, other studies have observed thinning to have
an obvious effect on tree height growth, especially at very high thinning intensities [27,51-55]. Some
evidence has shown short-term decreases [56] followed by long-term increases [45,46] in height growth
following thinning.

The height-diameter allometric relationship is a key factor determining tree volume, biomass,
carbon storage, and wood structure [4,57]. In general, no matter how thinning affects diameter and
height growth, it may be reasonable to expect that the allometric relationship of tree height and diameter
will be different in thinned and unthinned stands. However, most existing studies on the influence of
thinning on tree growth have often focused on how thinning affects tree height and diameter increments
and have analyzed these two parameters separately [27,29,43,49,52]. We can only approximately
deduce the influence of thinning on the tree height-diameter ratio from increment measurements,
and we cannot obtain a detailed and accurate dynamic process of tree height-diameter allometry.

Masson pine is an important tree species of Pinus (Pinaceae) with a height of up to 45 m and a
diameter at breast height of up to 1.5 m. The Pinaceae is the most diverse and widespread family of
conifers, comprising 11 genera and about 230 species [58]. It dominates large areas of the Northern
Hemisphere [59] and is one of the most important tree species for timber supply in the world,
accounting for 42% of the world"s industrial forest plantations [60]. As a native species, Masson pine
has been widely planted for more than one thousand years due to its high-quality timber and occupies
13.2 percent of all forested land in China, covering 14.2 million ha. Masson pine and most other tree
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species of Pinaceae are light-demanding pioneer species, so thinning is one important silvicultural
practice used to manage the species. Studying the thinning effects of Masson pine is of great reference
value for other Pinaceae species.

This study focuses on thinning effects on stem height-diameter allometry in Masson pine
plantations, which are planted across a vast geographic area in China. We tested the hypothesis that
thinning would affect the height-diameter allometric relationship of Masson pine. After the hypothesis
was confirmed, an analysis of thinning effects on tree height and diameter allometry was conducted
over a long-term scale. We expect the results to provide insight into the application of thinning so that
it can produce the optimal tree height-diameter allometric relationship.

2. Materials and Methods

2.1. Data Description

We used data from a thinning experiment in Masson pine plantations which was established in
1993 at the Experimental Center of Tropical Forestry, which is located in Pingxiang City of the Guangxi
Zhuang Autonomous Region, southwestern China (coordinates 21°57" N, 106°39" E to 22°19’ N, 106°59"
E). The experiment was installed with uniform environment and site conditions (site index 16 m and
base age 20) and implemented in a randomized block design with five blocks and four treatments
per block, totaling 20 experimental units. The landform of the area is low hills with an elevation of
400-450 m above sea level. The soils are latosolic red loams developed from granite with a clay-loam
texture, a stoniness of about 6%, and a mean depth of 90 cm. In each block four permanent plots
were installed. Each unit had an area of 2500 m? and was randomly assigned to one of four treatment
categories: (1) Ty, unthinned control plot, (2) Ty, lightly thinned plot (approximately 30% of the planted
Masson pine basal area removed), (3) Tz, moderately thinned plot (approximately 50% of the basal area
removed), and (4) T3, heavily thinned plot (approximately 70% of the basal area removed). In each plot,
a fixed subplot of 400 m? was set up for tree growth measurements. Thinning and plot establishment
were performed during the dormant season of 2007 at the age of 15 years. All thinning was performed
from below and the height (H) and diameter at breast height (DBH) of all trees >5.0 cm were measured
using Blume-Leiss hypsometer and diameter tape, respectively, before thinning. During thinning,
inferior trees were removed, i.e., the smallest trees in height and/or diameter or trees that were crooked,
forked, and/or broken were removed. When choosing which trees to remove emphasis was also given
to achieving the most uniform spacing between residual trees as possible. Subplots have been measured
every two years since 2008. To date, five remeasurements have been completed, a summary of which
is given in Table 1. The growth data of tree height and stem diameter before 2007 were obtained
through stem analysis of fifteen mean trees from thinned plots. In all analyses, trees that died (mainly
in unthinned plots; very few died in thinned plots) during the observation period were ignored.

Table 1. Average diameter and height data of sample trees from different thinning treatments.

Treatment Stand Density Number of DBH H
(Stems/ha) Sample Trees 2007b 2007a 2016 2007b 2007a 2016
Ty 1400 224 173 173 252 122 122 160
T, 1375 117 175 183 291 123 127 175
T, 1425 71 172 185 314 122 129 181
Ty 1325 49 177 199 341 125 134 191

Legend: Ty, unthinned; Ty, lightly thinned; T;, moderately thinned; T3, heavily thinned; DBH, mean diameter at
breast height (em); H, average total tree height (m); b, before thinning; a, after thinning for the residual stand. Stand
density represents the number of trees per hectare before thinning. The number of sample trees represents the
number of trees in the fixed subplots after thinning,
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2.2. Testing the Effects of Thinning on the Height-Diameter Allometry Rhythm

2.2.1. Mathematical Modeling of Height-Diameter Allometry

In this study, the five most frequently used function forms in published research (Table 2) were
tested and compared for their reliability and predictive ability [61,62].

Table 2. Models used to explore the relationship of height-diameter allometry.

Model Function References
Gompertz H=a-exp(-p-exp(-y-D) Winsor, 1932 [63]
Logistic H=a/(1+4p-exp(-y:D) Pearl and Reed, 1920 [64]
Power H=a D Huxley, 1932 [65]
Richards H=13+a-(1-exp(-p-D))" Richards, 1959 [66]
Wykoff H=13+exp(a+p/(1+D)) Wykoff et al., 1982 [67]

Legend: H, total tree height (m); D, diameter at breast height (cm); «, , and ), parameters to be estimated; exp,
the exponential function. 1.3 is a constant used to account for the fact that D is measured at 1.3 m above the ground.

Model parameters were estimated using the “nls” function of the “nlme” package in the statistical
environment R (version 3.1-137) [68]. The best model was selected using Akaike information criterion
(AIC) [69,70], residual standard error (RSE), and coefficient of determination (R2). Overall, models
with higher R2, lower AIC, and lower RSE were preferred [71,72].

2.2.2. Dummy Variable Models and Standard F-tests

To evaluate the effects of thinning on height-diameter allometry, the dummy variable method
and nested model F-tests [73] were used to determine whether the thinning treatments altered
height-diameter allometry. Dummy variables were created: (1) p; = 1 denotes the thinning treatment
Ty and 0 the rest of the cases, (2) p> = 1 denotes the thinning treatment T, and 0 the rest of the cases,
and (3) p3 = 1 denotes the thinning treatment T3 and 0 the rest of the cases. The thinning treatment Ty
is represented by py = p2 = p3 = py = 0. Thus, the thinning treatments were introduced into the basic
model Equation (1) and the extended models Equations (2) and (3) were obtained, i.e.,

H = agx Do 6}
H= (ﬂo +apy +azp2 + ﬂfgpg) X D{s” (2)
H = (ap + aypy + aapy +azps) X D(PotBipr+papa-+faps) (3)

where H and D are the total tree height and diameter at breast height, respectively, and a; and §; are
the model parameters to be estimated. The F test statistic was used to determine whether thinning
treatments had a significant effect on each parameter, i.e.,

_ {RSS; - RSSy dfy
F_( RSS, )x(dﬁ*dfﬂ) s

where RSS; and df; are the residual sum of squares and degrees of freedom, respectively, of the
extended model in which the thinning treatment was introduced, and RSSg and df are the residual
sum of squares and degrees of freedom, respectively, of the basic model in which the thinning treatment

was not introduced.
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2.3. Analysis of the Temporal Dynamics of Thinning Effects on Height-Diameter Allometry

2.3.1. Calculation of Relative Increments and Allometric Coefficient

To examine the temporal dynamics of the height-diameter allometry relationship more subtly,
relative increments were used as a prerequisite for quantification of the allometric relationship [74]
in this study. The periodic (annual) height-diameter allometric coefficient, which is widely used as
distribution coefficient for growth resources between tree height and diameter, was calculated for the
time series data of long-term observation plots [24,75], i.e.,

In(hy) - In(hy_ar)

iy = In(d;) — In(d_a) )

where my, 4 is the allometric coefficient, and i, hiy—a¢ and df, di— ¢ are the tree height and stem diameter
at breast height, respectively, at two subsequent points in the time of measurement, t and t-At.

Equation (5) reflects how the relative growth of one growth quantity, J, is correlated with the
relative growth of another, d, by the periodic allometric coefficient n;, 5. In the case of the allometric
coefficient, 1y, ; = 1 indicates isometric growth and that relative increment values of both tree height
and diameter at breast height are equal. If m, 4 < 1, the relative height increment is lower than the
relative diameter increment and a negative allometric relationship is observed. If my, 4 > 1, the relative
height increment is greater than the relative diameter increment, indicating a positive allometric
relationship [76].

2.3.2. Generalized Additive Mixed Model Analysis

The allometric relationship of tree height versus diameter at breast height may vary during tree
ontogeny [20,24], so the influence of time on allometric coefficient was considered when analyzing the
effect of thinning on the height-diameter allometric relationship. To scrutinize the dynamic process of
thinning effects on height-diameter allometry over time, the height-diameter allometric relationships
of different thinning treatments were modeled using the generalized additive mixed model (GAMM)
(version 0.2-5) from the “gamm4” package in R [68].

GAMM is a semiparametric model with a linear predictor involving a sum of smooth functions of
covariates which allows flexible functional dependence of an outcome variable on covariates by using
nonparametric regression while accounting for correlation between observations by using random
effects [77]. GAMM has been increasingly applied in ecological and environmental research [78], as, i.e.,

e = Ko+ T + filkije) + Rij + €ije (6)

where mj; is the dependent variable (periodic height-diameter allometric coefficient corresponding
to the kth measurement of the jth tree of thinning treatment i), Kj is the model intercept, T; is the
fixed effect of thinning treatment i, fi(t,-jk) is a smooth function of tree age (t) corresponding to the kth
measurement of the jth tree in thinning treatment i, R;; is the random effect of the jth tree which is
assumed to be distributed as N (0, 02) with a variance component a%, and & is a vector of errors.
Time series data may be auto-correlated; using models which do not consider this autocorrelation
can cause inaccurate parameter estimation or inadequate quantification of uncertainty [79]. Since several
height-diameter allometric coefficients were calculated for an individual tree, the allometric coefficients
of individuals tended to be more similar than those computed for other trees [24]. Among the variety
of correlation patterns in this context, first order auto-regressive structure (AR1) is often utilized [80].
Hence, the existence of any auto-correlation at the tree level (between the calculated height-diameter
allometric coefficients of the same tree) was considered by the (ART) of the GAMM [24,68,81-83].
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3. Results
3.1. Overall Trends of Thinning Effects on Height-Diameter Allometry

3.1.1. The Best Height-Diameter Allometric Model

By fitting all thinned and unthinned survey data and comparing the series of commonly used
height-diameter equations given above according to AIC, RSE, and R? values, we concluded that the
power function optimizes the best fit of height-diameter allometric relationships for Masson pine
(Table 3).

Table 3. Fitting results of height-diameter allometry relationship models.

Model a B ¥ AIC RSE R?
Gompertz 21.949 1.990 0.073 11,764.952 0.863 0.896
Logistic 21.490 4.186 0.107 12,329.021 0918 0.879
Power 2.186 0.612 - 10,960.653 0.791 0.906
Richards 32.966 0.019 0.851 11,055.019 0.801 0.903
Wykoff 3.258 ~15.083 - 12,082.396 0.893 0.892

Legend: AIC, Akaike information criterion; RSE, residual standard error; R?, coefficient of determination. o, 3, and
Y are model parameters.

3.1.2. Overall Effects of Thinning on Height-Diameter Allometry

As shown in Table 4, the parameters of height-diameter allometry models under different thinning
treatments were different. The F-test results (Table 5) of the dummy variable model detected a
significant difference between the coefficients of the basic model Equation (1) and extended models
Equations (2) and (3). This difference indicated that the pattern of the height-diameter allometry
relationship was indeed altered by thinning treatments.

Table 4. Parameter estimates of dummy variable models for height-diameter allometry relationship.

95% Confidence Interval

Parameters Estimate Standard Error

Lower Limit Upper Limit
ag 1.830 0.036 1.760 1.899
Bo 0.665 0.006 0.653 0.677
aq -0.011 0.057 -0.123 0.101
@ 0.162 0.062 0.040 0.284
ag 0.009 0.064 -0.117 0.135
B 0.006 0.010 -0.014 0.025
iz} -0.029 0.010 -0.049 -0.009
B3 -0.007 0.011 -0.028 0.014

Table 5. F-test results from dummy variable models of height-diameter allometry relationship.

Equation RSS DF Calculated F Value Critical F Value y
o) 3673.68 4625 - - -
@ 3591.62 4622 Fa_y =35.29 261 <0.05
3) 3582.38 4619 Fy =402 261 <0.05

Legend: RSS, residual sum of squares; DF, degrees of freedom. F5_; and F;_; represent F values calculated based on
Equation (2) and Equation (1), and Equation (3) and Equation (2), respectively. p values for the F-tests in which
values were less than 0.05 were considered significant.

From the height-diameter allometry relationship fit to the power function (Figure 1) it can be seen
that with the increase in thinning intensity, the number of trees with larger diameters significantly
increased. Similarly, trees at the same diameter are shown to have lower heights under higher thinning
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intensities (for a given diameter of 20 cm, the tree heights of Ty, T, and T3 thinning treatments were
found to be 0.64 m, 0.90 m, and 0.99 m smaller, respectively). This trend suggests that thinning results
in trees allocating more growth resources to diameter growth.
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Figure 1. Height-diameter relationship performance for different thinning treatments. (a) T treatment
(unthinned control plot), (b) T; treatment (lightly thinned), (c) Ty treatment (moderately thinned),
and (d) T3 treatment (heavily thinned).

3.2. The Temporal Dynamics of Thinning Effects on Height-Diameter Allometry

3.2.1. The Natural Allometric Trend of Height-Diameter

Fitting results of the generalized additive mixed models show that the height-diameter allometric
relationship of Masson pine in unthinned control plots was not invariant over time. As shown in
Figure 2a, the estimated degrees of freedom (4.41) was found to be greater than 1.0, suggesting that
significant and strong nonlinearities exist among height-diameter allometric coefficient and tree age.

The height-diameter allometric coefficient exhibited a unimodal convex bell curve over time.
A gradual increase was observed in the height-diameter allometric coefficient with increasing tree age
in the early stage, indicating that growth resources were increasingly being used for height growth.
The observed values reached a peak at approximately 10 years to 15 years and then continued to
gradually decrease toward the later period of observation, indicating that growth resources were
again used more for gradual diameter growth after the 15th year. Additionally, the height-diameter
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allometric coefficients were greater than 1.0 from approximately the 6th year to the 20th year, while the
coefficients for the remaining years were less than 1.0, indicating that the relative height increment
was greater than the relative diameter increment during years 6 to 20, and that this relationship was
reversed in the remaining years.
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Figure 2. Estimated degrees of freedom with smooth spline functions on the observed height-diameter
allometric coefficient (my,4) for different thinning treatments. (a) Ty treatment (unthinned control
plot), (b) Ty treatment (lightly thinned), (¢) T treatment (moderately thinned), and (d) T; treatment
(heavily thinned).

3.2.2. Effects of Thinning on Height-Diameter Allometry

As shown in Figure 2b—d, the estimated degrees of freedom (10.77, 12.48, and 13.41 for Ty, T»,
and Tj treatment, respectively) were found to be all greater than 1.0 and the nonlinearity modeled
by the smooth spline increased with the increase in thinning intensity. This result demonstrates that
thinning significantly affected the original trend of the height-diameter allometric coefficient. After
thinning, the coefficients had an immediate and sharp decrease from greater than 1.0 to less than 1.0.
From the second year after thinning the coefficient increased gradually and from around the fifth year
after thinning it decreased gradually again. This suggests that thinning caused trees to allocate more
resources toward diameter growth and that the growth status of trees was reversed from the original
case where the relative height increment was greater than the relative diameter increment. Later, about
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5 years after thinning, the trend can be seen to have returned to the original pattern, in which more
growth resources were allocated first toward height growth and then gradually towards diameter
growth again.

Hence, the interaction of thinning and tree age ultimately determined the process of change in the
height-diameter allometry (Figure 3). A higher intensity of thinning resulted in a greater magnitude in
the reduction of the coefficients and a longer duration of time required for it to recover from less than 1.0
to greater than 1.0, which meant that trees in plots undergoing high intensity thinning were more likely
to use growth resources for diameter growth than trees in plots undergoing low intensity thinning.

Figure 3. Visualization of height-diameter allometric coefficient (11, 4) fit with time and thinning interactions.
4. Discussions

Mathematical equations are widely used to quantify the allometric relationship between tree
height and stem diameter [1,61,84]. Many studies have shown that different regions and tree species
have different optimum height-diameter allometry models [4,25,62]. To more accurately analyze
the effects of thinning on Masson pine plantations, we first compared the ability of five commonly
used height-diameter allometric models to estimate heights from diameters. The results showed that
the power function had the best goodness of fit for our data. This function has several desirable
properties, such as its flexible integrated and logarithmic representation [74,76,85-87], and it has also
been widely used to described allometric relationships for pine and other species in America, Europe,
Asia, and South Africa [1,18,25,88].

When comparing the curves of the height-diameter allometry relationship (Figure 1) fitted by the
power function for different thinning treatments, we found that thinning significantly changed the
ratio of height to diameter. The dummy variable methods and nested F-tests showed that there were
significant differences in the parameters between thinned and unthinned treatments, demonstrating
that thinning had changed the height-diameter allometry. This, combined with the nature of the
change, suggests that thinning promoted diameter growth and loss of height growth. Some studies
have shown that thinning promotes tree diameter growth at the cost of height growth [27,39,41,52] and
our result appears to be consistent with these studies.

The main objective of height-diameter allometric research, from its beginning, has been mainly to
find a universal allometric coefficient [89,90]. A periodic height-diameter allometric coefficient
based on relative increments [24,75] was used in this study because it can make simple and
unbiased comparisons of plant performance among plants of different sizes growing under different
environmental conditions [91-93]. The means of the observed height-diameter allometric coefficients
of different thinning treatments showed that tree height-diameter allometry was significantly affected
by thinning. Compared with the height-diameter allometric growth model, which can only illustrate
a general trend of change in height-diameter allometry under different thinning treatments, the
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periodic height-diameter allometric coefficient can give a more precise description of how the tree
height-diameter relationship changes over time and in response to thinning.

The exponent of the power function (§ in this study) is itself a height-diameter allometric
coefficient [74,76,85,87,88,94]. When describing tree height-diameter allometry with the power function,
it is frequently assumed that the height-diameter allometric coefficient is constant throughout the
growth period of the trees. However, the dynamic changes observed in this study in the height-diameter
allometric relationship over time were diverse. Some studies have found that the allometric relationship
of tree height versus diameter can change only slightly or even be invariant [95,96], while others
have found that the relationship is not invariant over time [20,24,97]. Such ontogenetic strategies are
often considered to be genetically determined [95], but for some species, allometric growth is not an
invariant character of a genotype and environmental condition, and relieving competition by thinning
can change how trees allocate their growth resources [99,100].

To scrutinize the temporal dynamics of the effects of thinning on height-diameter allometry,
the GAMM was used in this study. The results showed that the allometric relationship of Masson pine
varied over time and was also significantly affected by thinning. We believe that the effects of thinning
on height-diameter allometry may be mainly achieved by affecting competition (growth space or stand
canopy status). In living systems, biological traits can confer the ability to alter their phenotypes to
better respond to environmental change [101]. Better height growth for a given diameter endows a
tree with an advantage when competing for sunlight, while more rapid diameter growth for a given
tree height can promote the maintenance of this competitive advantage [14]. After obtaining a spatial
advantage, trees maintain this advantage through strengthening their mechanical support [15,16] and
water transport capacity [17] in order to maximize fitness.

Masson pine is a typical light-demanding species, and during the early stage of stand growth,
trees do not need to compete for above-ground growing space because the canopy has not yet closed.
Thus, trees use more resources for diameter growth, causing the relative diameter increment to be
greater than the relative height increment. As the canopy closes over time, trees begin to compete for
space to capture sunlight, and, thus, they use more growth resources for height growth, causing the
relative height increment to be greater than the relative diameter increment. This trend occurs until the
initiation of self-thinning, during which growing space is released and the magnitudes of the relative
increments are reversed.

Silvicultural thinning changes the canopy status of residual trees rapidly, which causes the
remaining trees to suddenly have more growing space [102]. Consequently, these trees change their
original growth pattern and use more growth resources for diameter growth to maintain their spatial
advantage until the canopy again begins to close, after which the trees begin the next stage of space
competition [103]. The sudden increase in diameter growth of retained trees after thinning supports this
explanation. Further evidence is provided by the demonstrated nonlinearities among height-diameter
allometric coefficients and tree age as well as the larger reduction in the magnitude of height-diameter
allometric coefficients and the longer duration for the allometric coefficient to recover from less than
1.0 to greater than 1.0 with greater thinning intensity.

5. Conclusions

In this work, stem height-diameter allometry of Masson pine plantations was found to be not
invariant over time and to vary nonlinearly with stand age. Thinning had a significant influence on
the tree height-diameter allometry of Masson pine plantations, which altered the height—diameter
allometry rhythm. Thinning caused trees to increase diameter growth at the expense of height growth,
resulting in a decrease of the ratio of tree height to diameter, and this trend was more obvious as
the thinning intensity increased. The change in stem height-diameter allometry of Masson pine was
mainly related to competition (growth space) among the trees. When trees acquired a spatial advantage,
they allocated more growth resources toward diameter growth, resulting in greater diameter growth
relative to tree height growth; however, to consolidate the gained spatial advantage in order to facilitate
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competition at the next stage, they were required to allocate more growth resources toward increasing
height growth. Thinning affected the competition of light and water by changing the growth space of
trees, thereby affecting the height-diameter allometric relationship. As thinning intensity increased,
a greater spatial advantage was acquired by the remaining trees, and these trees subsequently allocated
more growth resources to diameter growth, resulting in a longer period of time in which the relative
diameter increment was greater than the relative height increment.
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Abstract: Studying tree biomass dynamics and allocation is crucial to understanding the forest carbon
cycle and the adaptation of trees to the environment. However, traditional biomass surveys are
time-consuming and labor-intensive, so few studies have specifically examined biomass formation in
terms of the increase in individual tree biomass, and the role that tree age and site conditions play
in this process, especially tree roots, is unclear. We studied the tree ring characteristics of 87 sample
trees (840 years old) from 29 Chinese fir plantations with different site conditions and measured
the biomass of their stems, crowns, and roots. The biomass increment at various age stages during
tree growth was determined via using tree ring analysis, and a generalized additive mixed model
(GAMM) was used to analyze biomass formation and allocation, as well as the specific impact of site
conditions on them. The results showed that the biomass increment of Chinese fir trees first increased
and then decreased with age, and improving site conditions delayed the carbon maturation of the
trees. The proportion of stem biomass increased with age, while the proportion of crown biomass
decreased and the proportion of root biomass increased and then decreased. The effect of the site
conditions on the tree biomass allocation showed a nonlinear trend. Tree ring analysis provides a
feasible and effective method for assessing tree growth and biomass dynamics. Forest managers
can use the findings of this study to scientifically optimize the management of increasing forest
carbon sequestration.

Keywords: tree ring analysis; biomass; allocation; tree age; site condition

1. Introduction

Forests provide a variety of vital ecosystem services that contribute to maintaining
the global climate system, mitigating global warming, and adjusting the global carbon
balance [1-3]. One such service is carbon sequestration. Growing forests can capture
atmospheric carbon dioxide through assimilation and release oxygen, and these processes
can be utilized to mitigate climate change [4]. Forest carbon storage accounts for 82.5% of
the total carbon storage of land vegetation, and this is an important indicator of a forest's
carbon sequestration capacity [5]. However, global warming has caused an increase in the
occurrence of natural disasters, redistribution of global precipitation, melting of glaciers
and permafrost, sea level rise, and other hazards that pose a significant threat to human
society [6]. To avoid extreme environmental harm, more than 70 countries have committed
to reaching net-zero carbon emissions by 2050 or even earlier [7]. In terms of carbon
sequestration, forests are pollution-free, low input, and sustainable. Hence, implementing
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afforestation programs has become an important means for achieving ecological carbon
sequestration enhancement, and the planting area of plantations is increasing globally [8,9].

Currently, a forest’s carbon storage capacity is usually calculated by multiplying
the forest’s biomass by a carbon coefficient. Thus, it is critical to obtain an accurate
understanding of a forest’s biomass to determine its carbon sequestration capacity and
evaluate the regional forest carbon balance [10,11]. The most common factors which affect
forest biomass are stand age, community structure, growth environment, management
measures, and natural disturbances [12-14]. Previous studies have shown that the factors
that directly influence biomass in the short term are water, heat, and soil nutrient conditions,
whereas in terms of long-term community structure succession, the determining factors are
the biota, site conditions, and development time [15]. Due to different growth environments,
trees adopt different survival strategies and different resource allocation and utilization
patterns [16,17], which impact the biomass allocation of various organs. However, most
current forest biomass research focuses on explaining the static research on the overall
biomass of trees at a certain time node, while research on the specific formation process
of biomass is rare. For example, in the relative growth relationship model, the relative
relationship between biomass and external morphological indicators of trees is generally
considered to be a constant, whereas in the stand volume model the ratio of biomass to
volume is generally considered a constant [18]. Although destructive sampling can be
used to accurately estimate biomass, it is difficult, expensive, and time-consuming, and
it requires cutting down a large number of trees for detailed measurements. Predicting
belowground biomass is also difficult [19]. Therefore, only a limited number of studies
have focused on biomass allocation changes in different growth environments, especially
in tree roots, and few studies have examined biomass allocation tradeoffs related to site
conditions, particularly increases in the biomass of individual trees [20-26]. Without such
knowledge, it is extremely challenging to accurately assess a forest’s carbon storage capacity
and to develop and implement management and regulation measures that will improve
the carbon sequestration capacity of forests.

Tree ring analysis is a retrogressive growth measurement method, the great advantage
of which is that a single field sampling program can produce annual growth data that
can be traced back almost to the time the tree was established [27]. Tree rings can be
considered long-term growth records, and are thus valuable tools for understanding past
growth drivers and predicting future forest change [28]. Through the analysis of tree
rings, tree growth tracks can be reconstructed, and information obtained about a tree’s
growth dynamics, such as the tree diameter at breast height and the tree height [29].
Tree ring analysis can be performed on trees growing in a wide range of conditions,
including different stand or soil conditions, and over a substantial period of time. Hence,
in combination with the use of the appropriate allometric equation, tree ring analysis
has become an important tool for the rapid assessment of forest productivity at different
stand ages and for understanding forest species growth, biomass allocation, and climate
characteristics [30]. It has been widely applied to estimate the biomass accumulation and
interannual increment of individual trees and their responses to climate factors [31-34].

Chinese fir (Cunninghamia lanceolata (Lamb.) Hook.) is the principal native tree species
extensively planted for the economic purpose of timber production and for environmental
purposes, such as carbon sequestration and soil erosion control, in subtropical areas of
southern China [20]. According to the results of the Ninth National Forest Resources
Continuous Inventory, Hunan Province is one of the main Chinese fir production areas,
and its Chinese fir plantations account for 21.09% of the total area of Chinese fir planta-
tions in China [35]. Therefore, clarifying the dynamics of the Chinese fir’s biomass and
its components will deepen our understanding of the carbon sequestration mechanism
and potential of Chinese fir plantations, and provide empirical evidence and theoretical
guidance for management measures to increase carbon storage. Here, a biomass equation
has been constructed, and the dynamics of the Chinese fir biomass and its allocation have
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been studied using tree ring analysis to provide a more feasible and effective method for
researching Chinese fir biomass and carbon storage.

2. Materials and Methods
2.1. Study Area

The study was conducted in Chinese fir plantations in Hunan Province
(24°38" N-30°08' N, 108°47" E-114°15' E), China. Hunan Province is a key forest region in
southern China, with a forest coverage rate of 49.69%, ranking ninth in the country. The
Chinese fir forest area accounts for 26.14% of the arbor forest area. The zonal soil is mainly
red-yellow soil and yellow soil, with scattered red soil, purple soil, and yellow-brown soil.
The soil texture is mainly loam and clay, and the parent materials are mainly slate and shale.
The climate is a subtropical humid monsoon climate. The annual average temperature is
16.0-18.5 °C, the daylight hours are 1300-1800 h, the annual precipitation is 1200-1800 mm,
and the altitude of most areas is 100-800 m. Jindong Forest Farm, Paiyashan Forest Farm,
Huangfenggqiao Forest Farm, Shichangxi Forest Farm, and Xishan Forest Farm were selected
as the sampling areas in this study (Figure 1).

i

+ Sample plots position
1. Jindong forest farm
2. Paiyashan forest farm
k)

fengqiao forest farm
4. Shichangxi forest farm
5. Xishan forest farm

0 s jom 2000
Study area — ——

km

Figure 1. Distribution of the study area and the forest farms selected for sampling.

2.2. Forest Inventory and Sample Collection

The study was conducted in August 2021. We established 29 temporary sample plots
(20 m x 20 m) in Chinese fir plantations. All trees in each sample plot with a diameter at
breast height greater than 5 cm were numbered. The total height and diameter at breast
height were measured, and the main stand characteristics of the sample plots were recorded
(Table 1). The site index was represented by stand dominant height at a given base age [36].
In each sample plot, three average trees selected as sample trees according to the average
diameter at breast height, average total tree height, and average stem form were felled from
the ground level, and all the roots were dug out. Before felling the sample trees, the north
direction was marked on the stem. Then, for trees with tree heights greater than 10 m, the
discs were cut at 0, 1.3, 3.6, 5.6 m, and so on, until the treetop was reached. For trees with
heights of less than 10 m, the discs were cut at 0, 0.5, 1.3, 1.5, 2.5 m, and so on, until the
treetop was reached. The discs were approximately 5 cm thick, and the north direction
was marked on each disc. The obtained discs were used for tree ring analysis. In addition,
the stem was divided into upper, middle, and lower sections of equal length, and a disc
was cut from the middle of each section. The stem (upper, middle, and lower sections),
bark, leaves, branches, and roots of each sample tree were weighed, and samples were
collected for biomass estimation. A total of 87 Chinese fir trees from 29 sample plots aged
8-40 years were included in this analysis, including 9 young-stage trees, 21 middle-stage
trees, 21 near-mature trees, 24 mature trees, and 12 over-mature trees.
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Table 1. The main stand characteristics of the temporary Chinese fir plantation sample plots.

Sampling Plot No. Stand Age Site Mean Diameter at Average Total Stand Density
Forest Farm " Age Group Index Breast Height (cm) Tree Height (m) (Trees ha—1)
JD-1 17 I 14 121 10.8 2550
JD-2 31 v 12 14.9 122 1675
Jindong JD-3 25 I 16 19 15 1200
JD-4 40 \4 14 19.9 16.5 950
JD-5 27 v 18 20.4 17.4 1175
JD-6 8 I 14 8.3 64 3250
PYS-1 18 I 20 18.4 17.2 1875
PYS-2 39 v 20 25.2 23 975
PYS3 28 v I 158 12.9 1475
Paiyashan PYS-4 21 1 12 11.9 9.9 2025
PYS-5 36 v 16 24 19 1150
PYS-6 29 1A% 20 27.7 20.4 800
PYS-7 24 i | 12 17 118 1350
HFQ-1 33 v 16 223 18.7 900
HFQ-2 24 m 18 225 17.9 1325
Huangfengqiao  HFQ-3 18 il 16 16.2 125 2125
HFQ-4 14 il 14 114 9 2650
HFQ-5 24 m 18 222 16 1200
5CX-1 13 il 16 14.8 10.3 2700
SCX-2 31 w 18 27.2 17.9 1075
Shichangxi SCX-3 27 IV 18 25 16.7 925
SCX-4 8 1 12 79 6.1 3350
5CX-5 17 I 16 17.2 11.8 2175
SCX-6 23 1 16 19.8 13.3 1325
X5-1 9 I 12 8.5 6.4 2850
Xs-2 39 vV 14 22 14.7 825
Xishan X5-3 13 il 12 1 8 2750
XS-4 31 w 14 21.8 14.6 950
Xs-5 21 1 18 22 147 1150

I represents young stage (<10 years); 11, middle stage (11-20 years); I1l, near mature (21-25 years); IV, mature
(26-35 years); V, over mature (=36 years).

2.3. Biomass Estimation and Tree Ring Analysis

The discs to be used in the tree ring analysis were polished, and two diameter lines
were drawn on each through the pith: one from east to west and one from north to south
(Figure 2). The rings on each disc were then counted, and according to an age gradation of
every three or five years, the diameter of each age gradation on the east-west and north-
south diameter lines of each disc was measured with a ruler, and the average diameter of
the same age gradation in two directions was recorded as the diameter of the age gradation.
The number of years required for a tree to grow to the height of the section was calculated
as the difference between the age of the tree and the number of annual rings on each disc.
The tree height at each age gradation was calculated via an interpolation method using
the height of the section and the number of years required to grow to the height of the
section [37]. The stem, bark, branch, leaf, and root samples collected in the field were
transferred to the laboratory within three days of collection. After the deactivation of
enzymes in an oven at 105 °C, the samples were dried to constant weight in an incubator at
85 °C, and the dry weight was measured. The following formula was used to calculate the
biomass of each whole tree and each organ:

Wy = (Myf = Maa) / My M

B; = My x (1— W) @)
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where W; is the moisture content of each organ sample, M, is the fresh weight of each
organ sample, My, is the dry weight of each organ sample, M; is the total fresh weight of
each organ sample, and B; is the biomass of each organ sample.

=

0

Figure 2. A representative polished disc showing the east-west and north-south diameter lines.

Stem biomass is equal to wood biomass plus bark biomass, crown biomass is equal
to branch biomass plus leaf biomass, root biomass only includes the root biomass, and
total biomass is equal to stem biomass plus crown biomass plus root biomass. The basic
information of the sample trees is presented in Table 2.

Table 2. Basic information of the sample trees.

Age Grou Num Site Index ~ Mean Diameter Mean Total Stem Crown Root
& P Range at Breast Height Height Biomass  Biomass Biomass Biomass

1 9 12-14 8.1 6.1 11.88 6.37 3.75 1.77

i 2% 12-20 144 116 55.45 35.06 9.68 1071

11 20 12-18 19.2 14.2 107.27 69.68 15.61 21.97

v 24 12-20 21.9 16.8 180.9 120.99 23.04 36.87

Vv 12 14-20 227 17.6 171.29 120.48 16.35 34.46

I represents young stage (<10 years); II, middle stage (11-20 years); III, near mature (21-25 years); IV, mature
(26-35 years); V, over mature (=36 years).

2.4. Correction of Diameter at Breast Height of Each Age Gradation

The diameter at breast height calculated using the cumulative tree ring data was not
equal to that measured in the field using a diameter tape, and the diameter at breast height
of other age gradations measured by tree ring analysis did not include bark thickness. Thus,
Formula (3) from Zhang et al. [38] and Wang et al. [39] was applied to eliminate the error
by calibrating tree ring width at different age gradations:

O = (Dyk — Dy} / Ny 3)

where 6, is the corrected value (cm) for each tree ring width of the kth tree, D, is the
diameter of the kth tree measured at breast height using a diameter tape (cm), Dy is the
diameter at breast height (with bark thickness) calculated from the cumulative tree diameter
(m) of the kth tree, and Ny is the tree age (year) of the kth tree.
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Formula (4) from Tang et al. [40] was applied to estimate bark thickness at each
age gradation:
BRy. = D/ Dy 4

where BRy, is the bark ratio of the kth tree, and Dy is the bark thickness of the kth tree.
Assuming that the 8, and BR; of each sample tree are constant, then the corrected
diameter at breast height value can be obtained according to Formulas (3) and (4):

Dei = (Dyit + Nig % 6;)/ (1 — BRy) (5)

where Dy is the corrected diameter at breast height value of the ith age gradation of the
kth tree, and D, is the diameter at breast height (without bark thickness) calculated from
the cumulative tree diameter (m) of the ith age gradation of the kth tree.

2.5. Construction of the Biomass Model

Using the methods described above, biomass data were obtained for each component
of the sample trees, and the diameter at breast height and tree height at each age gradation
were determined. Next, we needed a model to estimate the biomass of each component
at each age gradation. For this, a biomass model of tree height (/1) and diameter at breast
height (dbh) was constructed based on the allometric growth equation. The basic model
form is as follows:

B =a x dbh® x h° 6)

where a, b, and c are the fitted coefficients.

Considering that the prediction of the model should be additive (compatible), that is,
the sum of the biomass of the stem, crown, and root should equal the total biomass, an
aggregation method was introduced to build an additive biomass model. The resultant
model form is as follows:

Bs = ap x dbh®t x b )]
Be = a3 x dbh'? x b 8)
By = a3 x dbh's x bt 9)

B; = Bs + B, + B, (10)

where B, B, By, and B; is the biomass of the stem, crown, root, and total tree, respectively.
The estimated values of each parameter are shown in Table 3.

Table 3. The estimated values of each parameter in the biomass model.

a b ¢ R?
Bs 0.02730 2.21501 0.48488 0.9522
B 0.02181 2.54169 —0.38784 0.7601
B, 0.00911 2.24540 0.41587 0.9545
By - s % 0.9484

2.6. Statistical Analysis

Two-way analysis of variance (ANOVA) and Tukey’s multiple comparisons were
used to separate the significant differences (p < 0.05) among tree age and site index if the
homogeneity of variance and normal distribution tests were passed. If not, the data were
treated with inverse sine transformation, logarithmic transformation, etc.

The generalized additive mixed model (GAMM) in the “mgcv” package of the R 4.2.1
software was used to analyze the effects of age and site condition on the biomass of
the individual trees and each biomass component, annual increment, and allocation [41].
GAMM is a semi-parametric model with linear predictors that involves the sum of smooth
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functions of covariates, which allows flexible functional dependence of outcome variables
on covariates through nonparametric regression, and uses random effects to explain the
correlation between observations [42,43]. The model is expressed as follows:

Egx =Ko+ S; (Agejjk) 18 (Sitf indexi,k) + Ry + €5 an

where E;j;. is the dependent variable (total and each component biomass, annual biomass

increment, proportion of each component biomass), Ky is the overall intercept, S; (Age,-jk)

is a smooth function of tree age, S; (Site r'ndex,»jk) is a smooth function of site index, R;j is

a random effect assumed to be distributed as N (0, o‘z) with a variance component o2, and
€;jk is an error vector.

3. Results
3.1. Growth and Change in Total Biomass

The results of the variance analysis showed that age, site index, and their interaction
all had a significant effect on the total biomass and its annual increment of each individual
tree (p < 0.001). The total biomass of the individual trees increased with age and site
index, while the annual biomass increment first increased and then decreased with tree
age. Improvement in the site conditions was found to significantly enhance biomass
accumulation (Figure 3). Under different site conditions, differences were observed in
both the total biomass and its annual increment. When the site conditions were poor, the
biomass increased at a low rate after the age of 20 years. On the contrary, when the site
conditions were good, the annual biomass increment rapidly declined after reaching the
maximum. However, the annual increment was still positive at the age of 40 years, and
higher than that recorded when the site conditions were poor.

-
o

@

(oo s
&

(ueah

(b)

Figure 3. Tree-level biomass dynamics: (a) total biomass, and (b) annual biomass increment.

3.2. Growth and Change in the Biomass of the Tree Components

The results of the variance analysis showed that age, site index, and their interaction
had a significant effect on the biomass of tree components as well as on the annual biomass
increment of each component (p < 0.001). Significant and strong nonlinearity was observed
between the biomass/annual biomass increment of each component and age/site index
(Figure 4). The influence of age and site condition on the biomass and annual biomass
increment of each component was found to follow the order of stem > root > branch. As age
increased, the biomass of each component increased, while the annual biomass increment
of each component first increased and then decreased. The annual biomass increments
of the stem and root began to decline after 15 years, and that of the crown after 10 years
(Figure 4a,c). The site index was found to have the same effect on the biomass and its
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increment of each component (Figure 4b,d). When the site index rose from 14 to 20, an
improvement in the site conditions was found to significantly enhance the biomass and its
increment; however, when the site index increased from 12 to 14, the positive effect was not
s0 obvious.

Biomass (kg) Biomass (kg)
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2 7 == sem 2 7 = sem
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Figure 4. Estimated degrees of freedom with smooth spline functions on observed organ biomass
((a) Age and (b) Site index) and their annual increments ((c) Age and (d) Site index). The different
color shades indicate the 95% confidence intervals.

3.3. Biomass Allocation within the Tree Components

As shown in Figure 5, the stem made up the largest proportion of the total biomass
(49-70%), and the proportion increased with age. The root made up about 16-20% of the
total biomass, and this proportion kept an obvious increasing trend only at a young age.
The proportion of the crown decreased from 35% at age 8 years to 9% at age 40 years. After
nine years, the root biomass made up a greater proportion of the total biomass than that of
the crown, which was second only to that of the stem. The GAMM results generated by
fitting the age, site condition, and biomass proportion data showed that the proportions
of the stem, root, and crown biomasses increased or decreased relatively quickly before
the tree reached 10 years of age (Figure 6). Tree age and site index positively contributed
to the proportion of root biomass before the trees matured. After the trees matured, the
proportion of root biomass decreased with age, and site index still positively contributed
to it. The effect of site index on biomass allocation was nonlinear. When the site index
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rose from 14 to 16 or from 18 to 20, it significantly impacted the increase or decrease in the
proportion of the stem, root, and crown biomass.

jpr e

70

Proportion (%)
T E S5

l:.f

3

?

| S S . | ) (. (TS Lo [ (Y |
0 3 6 9 1215 18 21 24 27 30 33 36 39
Age
Figure 5. Tree-level dynamics of the biomass proportion of each component. The red squares

and short dotted line represent the stem and its fitted line, the green triangles and long dotted line
represent the root and its fitted line, and the blue circles and line represent the crown and its fitted line.

(b)

Figure 6. Observed biomass proportion of each component with age and site index interactions:
(a) proportion of stem biomass, (b) proportion of crown biomass, and (c) propertion of root biomass.
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4. Discussion
4.1. Dynamics of Total Biomass and Its Increment

It is widely recognized that the biomass of a single tree increases with tree age and
good site conditions and that the tree biomass increment may reach its maximum at the
early stage of succession due to tree recruitment and size increase. When a certain age is
reached, biomass increases at a low rate for a period and then decreases. Similarly, the
annual increment shows a trend of first increasing and then decreasing [40]. Others have
shown that the increase in above-ground biomass of trees in plots with better site conditions
is significantly higher than that of trees in plots with poorer site conditions [44,45]. This
pattern was also observed in our study, in which the continuous age variable and site
index variable were used. However, there were some differences due to the additive or
interactive effects of age and the site conditions on tree growth and biomass accumulation.
Such effects have been recognized by others, but have not been well explained [22]. If
nutrient requirements are not met during rapid tree growth, tree biomass will be negatively
affected [46]. Our findings show that the total biomass may stop increasing or increase only
slightly after 20 years in plots with poor site conditions. In contrast, the total biomass still
has growth potential after 40 years in plots with better site conditions. This indicates that
site conditions affect the time at which maximum total biomass is reached; that is, improving,
site conditions delays the age at which the tree reaches carbon sequestration maturation.
This is similar to the consensus that trees growing at sites with good site conditions
have a longer natural maturation period than trees subjected to poor site conditions [47].
Nowadays, timber production is no longer the main aim of forest management. Instead, the
focus is on modern forestry development with ecological considerations, such as increased
carbon sequestration and the maintenance of biodiversity [48,49]. Our findings show
that when considering only carbon sequestration gains, management measures should
be taken to promote stand growth after 20 years in plots with poor site conditions. It is
also clear from our findings that in plots with good site conditions where trees have a long
natural maturity age, the carbon storage capacity of the whole ecosystem can be increased
by implementing measures such as interplanting broadleaved species to improve carbon
sequestration [50,51]. Unfortunately, the maximum age of the sample trees in our study
was 40 years; thus, no conclusions can be drawn or recommendations made based on our
results about the growth of trees after 40 years. Older sample trees should be included in
future studies to improve our understanding of the full tree growth cycle.

4.2. Biomass Dynamics and Increment Tree Components

By dividing trees into stems, crowns, and roots, we analyzed the tree-level biomass
dynamics of Chinese fir plantations, which contained trees of different ages and in different
plots, thus providing a higher resolution of biomass dynamics [40]. Other studies usually
consider only age variables and tend to ignore root biomass and the effect of site conditions
on biomass dynamics [52,53]. A recent study conducted by Tang et al. in Chinese fir forests
used a method similar to that used in this study [40]. However, that study focused on
Chinese fir trees of the same age, growing at the same site condition, and with different
dominant grades. In addition, root biomass was not taken into account, and the trees
were not separated into components for analysis. In our study, the dynamic changes in
the biomass and the increment of each component caused by age and site conditions were
found to be very similar to those observed in the total biomass. On the whole, increases in
site index positively contributed to increases in biomass; however, the relationship was not
linear. In contrast to the site conditions, which were found to contribute to the continuous
increase in total biomass, the effect of the site index rising from 12 to 14 on the biomass and
its increment was not as obvious as when the site index rose from 14 to 20. These findings
indicate that when the site index rose from 12 to 14, the site index may not have been the
main contributing factor to biomass change and that biomass dynamics may be influenced
by other factors.
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4.3. Dynamic of Proportion of Tree Components Biomass

Since carbon allocation is an important factor in predicting forest growth, it is critical
to study biomass allocation patterns [54]. Our findings showed that tree age and site
condition significantly influenced the allocation of a tree’s biomass. The aboveground
allocation pattern observed in this study, in which the proportion of biomass found in the
stem increased and that found in the crown decreased with tree age, is consistent with
that reported in previous studies [20,55,56]. However, some investigators found that the
proportion of root biomass decreases with stand age [38], and others have reported that the
proportion of root biomass increased slightly but remained relatively stable after the tree
matured [57,58]. However, our study found that the proportion of root biomass increased
with age and then gradually decreased after the trees matured, which is consistent with
the results of our other study [59]. The reason for the increase in the proportion of root
biomass with age may be that the part below the ground from the cutting place was treated
as roots in our study, which resulted in roots usually containing part of the stem. One of
the most recognized concepts used to explain this allocation pattern is “optimal allocation
theory”, in which plants preferentially allocate biomass to the organ that can maximize the
use of the most limited resource [60]. According to this theory, more organic matter will be
allocated to organs with storage and reproductive functions than to organs with growth
functions [61,62]. Our findings support this theory: we observed a rapid accumulation of
root biomass before the age of 10 years, and the allocation of biomass changed from stem >
crown > root to stem > root > crown. This was mainly due to the rapid expansion of leaves
and branches in the early growth period of the trees, the transportation of large quantities
of organic substances produced by photosynthesis to other organs for growth in the crown,
and the rapid increase in diameter at breast height and the total height of the trees. The
proportion of root biomass gradually increases, as part of a general strategy to help trees
become fixed in the soil to resist lodging and improve the nutrient absorption capacity to
support sustainable growth [23].

Site conditions comprise the terrain, landform, climate, soil, and other environmental
factors at the tree location, and they are closely related to the growth and development of
trees [63]. In our study, biomass accumulation varied with tree age and site quality. The
stem, crown, and root components represented 49-70%, 9-35%, and 16-20% of the total
biomass, respectively, depending on tree age and site condition. The stem was found to be
the main contributor to the total biomass throughout the tree life cycle. The proportion of
crown biomass was higher than that of the root before the age of 10 years, but thereafter
the root biomass was the second largest contributor to the total biomass [64,65]. Most
studies have shown that tree biomass allocation is significantly different among trees at
high-quality sites and low-quality sites [66]. Our results showed that the effects of tree
age and site conditions on tree biomass allocation were nonlinear. When the site index
rose from 12 to 14 or from 16 to 18, the site conditions may not have been the main factor
affecting biomass allocation, and other environmental or non-environmental factors should
be considered when attempting to improve biomass allocation. Similar conclusions were
obtained using measured biomass data from sample trees [59], implying that tree ring
analysis can be used to simulate growth trends in tree biomass.

5. Conclusions

Improving the understanding of tree growth processes is important for developing
a comprehensive knowledge of carbon storage formation processes. We retrospectively
studied the total and incremental biomass dynamics and allocation of whole trees and
their components (i.e., the stem, crown, and root) using tree ring analysis. It is effective
and feasible to analyze the dynamics and allocation patterns of forest biomass using tree
ring analysis. Compared to traditional destructive sampling that can only obtain biomass
ata given age, tree ring analysis can obtain biomass growth and changes at various ages
during tree growth, which is conducive to a better understanding of the formation and
change processes of forest biomass and carbon stocks. The results showed that the annual
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biomass increment of Chinese fir trees tended to first increase and then decrease with
age and that the biomass of the tree and each component increased nonlinearly with
age. However, improving the site conditions delayed the age at which the tree reached
carbon sequestration maturation. The effect of the site conditions on the tree biomass
allocation was also nonlinear. These findings can be used by forest managers to help them
fully understand the specific processes of biomass formation and provide guidelines for
optimizing management measures to increase forest carbon storage.
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There is growing concern that public benefits from forests are under- Ecological forest;

provided in current forest management regimes and need to be CU"SEFYB“O" programs;
increased through policy and economic measures that promote con- ecological benefit; ecological
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servation. Ecological compensation is a type of institutional arrange-
ment for the sustainable use of ecosystem services achieved by
adjusting the distribution of costs and benefits among different
stakeholders using economic measures. However, how to accurately
and reasonably determine the compensation standard for ecological
services has not been guided by scientific methods and theories. This
study provides an estimation of the compensation standard for forest
ecological services based on the forest multifunction evaluation and
financial net present value analysis, and a case study was performed
in Southwest China. The results showed that most forest types
brought some economic loss to the managers but contributed
great ecological benefits to the public when they were managed as
ecological forests. It is crucial to incentivize forest managers to parti-
cipate in voluntary conservation programs through ecological com-
pensation. The results of this analysis can potentially guide
sustainable forest management by both accurate quantification of
the value of forest ecosystem services and an improved understand-
ing of the costs of voluntary forest conservation schemes currently in
use in many countries.

Introduction

The forest ecosystem provides many kinds of ecological services, such as air environment
improvement, carbon fixation, oxygen release, soil and water conservation, biodiversity
protection, and others (Costanza et al., 1997; Pukkala, 2016). However, while the prices for
“traditional” forest goods, such as timber and fuel-wood, have been decided for centuries
by the market, ecological goods and services are not traded in markets and their real value
is mostly unknown (Lazdinis, Mavsar, Weiss, & Lazdinis, 2009). The majority of these
non-market goods and services are, from the social point of view, undervalued in
economic terms as there is typically an expectation that these services should be offered
for free and made available to various degrees to all as public goods (Merlo & Briales,
2000). An additional complication is that the absence of monetary values placed on forest

CONTACT Qingfen Li () 1i63757416@163.com () College of Forestry and Landscape Architecture, South China
Agricultural University, Guangzhou, China
© 2020 Taylor & Francis
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goods and services and their free availability may cause users to underestimate the value of
these services and costs of their provision (Lazdinis et al., 2009). Destruction of the forest
resources, ecosystem imbalance, and environmental deterioration can result when the self-
regulating limit of the ecological environment is exceeded. If everybody is reluctant to pay
for the improvement of the ecological environment, it is fatal for the sustainable devel-
opment of human society (Yang, Zhang, Chang, Cheng, & Cao, 2018).

With the development of the social economy and increased public awareness of
environment protection, many countries have established forest conservation programs.
Some governments have developed strategies to motivate and steer the forest managers to
provide ecological services through various forms of payment for ecosystem services (PES)
schemes (Canova et al., 2019; Lindhjem & Mitani, 2012; Mayrand & Paquin, 2004). In the
last decade, PES has emerged as a dominant economic instrument to adjust market
failures and conserve forest ecosystem services (Kamaljit, Gladwin, & Siddappa, 2007;
Wunder, 2005). Many countries have established PES programs in which governments
pay rural communities and farmers in exchange for ecological services (Carlo, 2013;
Kalacska, Sanchez-Azofeifa, Rivard, Calvo-Alvarado, & Quesada, 2008; Mufioz-Pifia,
Guevara, Torres, & Brafa, 2008; Pagiola, 2008; Ruggiero, Metzger, Tambosi, & Nichols,
2019). In addition to these government initiatives, self-sustaining PES initiatives involving
private companies and NGOs as buyers and sellers of ecosystem services have also been
enacted (Landell-Mills & Porras, 2002; Yang et al., 2018).

Eco-compensation is mainly a public mechanism to promote environmental protection
and restoration. Eco-compensation can include different mechanisms that employ monetary
subsidies as an integral part of project support and are regarded as equivalent to payment
for ecological services (Li, Xu, Wang, Ding, & Song, 2018). Eco-compensation has been
hailed as one of the most important support measures to slow degradation and loss of soils,
grasslands, and forests in many countries (Asian Development Bank, 2016; Feng, Wu, Liang,
Li, & Zhao, 2018; Lazdinis et al., 2009). Eco-compensation approaches have become a core
part of strategies for sustainable ecological environment protection (Arriagada, Villasenor,
Rubiano, Cotacachi, & Morrison, 2018; Lima, Krueger, & Garcia-Marquez, 2017), and are
credited with improving the environment of animal habitats and the conservation and
restoration of biodiversity (Grima, Singh, Smetschka, & Ringhofer, 2016; Herzog et al.,
2005; Huang, Shao, Liu, & Lu, 2018; Torres & Skutsch, 2012).

However, how to accurately and reasonably determine the compensation standard for
forest ecological services has not been guided by scientific methods and theories (Sheng,
Zhen, Xie, & Xiao, 2017). There are ongoing studies on the theories and methodologies of
value assessment of forest ecosystem services, but approved and well-established accounting
methods have not yet been established (Liu, Yang, & Min, 2018; Zheng et al,, 2013). Thus,
existing forest eco-compensation strategies have not been based on a scientific evaluation of
forest ecosystem services (Fen et al., 2011). In practice, the main methods for determining the
compensation standard for forest ecological services have been based on the forest area or
management cost (Brown, Clarkson, Barton, & Joshi, 2014; Zhou et al., 2007). Most methods
do not consider aspects of both input and output (cost and benefit) simultaneously. In
addition, studies have focused more on the implementation of ecological compensation
projects, which mainly focus on the subject and object of compensation, but few studies
addressed the characteristics and effects of forest management from the standpoint of forest
managers, and most ignored the underlying ecological process (Chen, Ni, & Zhang, 2018;
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Clot, Grolleau, & Méral, 2017; Meineri, Deville, Grémillet, Lelu, & Séguin, 2015). This lack of
study has made further implementation of current schemes problematic, with no uniform
assessment indices or methods, no long-term eco-compensation strategy analysis, and
inaccurate eco-compensation standards that do not meet the needs of forest owners, restrict-
ing improvement of ecological conservation programs.

This study provided an estimation of reasonable eco-compensation standards for forest
ecosystem services based on forest multi-function evaluation and financial net present
value analysis. We expect these findings to provide important insights into the effective-
ness of eco-compensation systems and present useful implications for the design of
ecological conservation policies for more sustainable forestry development and enhanced
ecosystem services.

Materials and methods
Study area

The study area was the Experimental Center of Tropical Forestry, located in the southwest of
Pingxiang City, in the Guangxi Zhuang Autonomous Region of China (21°57°~22°19" N, 106°
39°~106°59" E) (Figure 1). The Experimental Center of Tropical Forestry occupies about
22,922.02 ha, and the forest area covered a surface area of 18,430.47 ha, comprised 80.41% of
the territory. Among the forest areas, there are 16,527.33 ha of arboreal forest area, 89.67% of

Figure 1. The location of the study area.
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the total, and 1903.15 ha of shrub forest and other forests. The main coniferous tree species in
this area are masson pine (Pinus massoniana) and Chinese fir (Cunninghamia lanceolata),
and the main broad-leaved tree species are eucalyptus (Eucalyptus), Mytilaria laosensis
(Mytilaria laosensis Hamamelidaceae), and Illicium (Ilicium verum Hook.f). These tree
species comprised more than 70% of the species in the whole forest area.

Since the beginning of the twenty-first century, the forest management target of the
Experimental Center of Tropical Forestry transformed from the sustainable utilization of
wood to multifunctional management. At the same time, the Experimental Center of Tropical
Forestry actively participated in various conservation programs of the country. Currently,
there are 5,122.5 ha of forests that are managed as ecological forest of conservation programs,
which accounts for 27.79% of the whole forest area (Figure 2). Commercial business activities
are prohibited in the ecological forest. Moreover, the logging of ecological forest of conserva-
tion programs is strictly restricted, only can be carried out when: (1) the forest suffered
a natural disaster and need to be cleaned up, (2) the forest quality need to be improved
through thinning, (3) the forest over-ripening and need to be updated. Moreover, only the
selective cutting method could be used, the volume of each cutting should not be more than
25% of the stock before cutting, and the canopy density should not be less than 0.5 after felling.

Forest management monitoring

A monitoring system for a multifunctional forest management plan at the forest management
unit level was conducted in the Experimental Center of Tropical Forestry territory (Deng,

- Ecological forest

U Commercial forest

Figure 2. The distributions of ecological forests.
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Zhang, Lu, & Tang, 2016). The monitoring system was based on inventory sampling of a 1-km
grid, with a total of 236 permanent sample plots, including 61 assigned to ecological forest
formations, 124 to commercial forest formations, and 51 to non-forest land. The information
retrieved from the forest inventory sampling was then entered in a Geographical Information
System (GIS) constructed using the forest map (Figure 3). Star cluster round sample plots
were chosen for forests and shrublands. Each sample plot consisted of three circular sub-
sample plots and the radius of each sub-sample plot was 6.51 m, with a total area of three sub-
sample plots of 400 m? In each sub-sample plot, a 4 m x 4 m square plot was set for
monitoring of bushes and saplings, and a 1 m x 1 m square plot was used to monitor herbs
(Figure 4).

The most widespread forest types in the Experimental Center of Tropical Forestry
territory were considered for the ecological services analysis. Eleven forest type groups
were used based on the dominant tree species and silvicultural management of the sample
plots: Massoniana pine forest (I), China fir forest (ll), eucalyptus forest (Ill), Mytilaria
laosensis forest (IV), slash pine forest (V), coniferous mixed forest (VI), Castanopsis
hystrix forest (VIl), broad-leaved mixed forest (VIII), conifer-broad-leaved mixed forest
(IX), Ilicium forest (X), and shrub forest (XI). The sample plots in non-forest land (XII)
were used as comparison plots for part monitoring indexes.

Two inventories were made in 2012 and 2015 using the monitoring system of multi-
functional forest described above. The monitoring data were collected through field plot

© Ecological forest
* Commercial forest
+ Non-forest land

Figure 3. Layout of forest inventory sampling plots.
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Figure 4. Diagram of circular shape plot clusters.

measurements and previous forest resource documents and management files. The main
monitoring information of the ecological forest of conservation program as inventoried in

2015 is presented in Tables 1 and 2.

Forest multifunction evaluation

The ecological functions of each forest type were evaluated. Functions previously
described in the literature were adapted to the Experimental Center of Tropical Forestry
context to address the characteristics specific to that territory. These functions were
defined and codified before the survey phase based on the result of the synthesis of data
previously gathered and existing information including previous management plans and
maps. Seven ecological functions were eventually considered: air quality improvement,
carbon sequestration, oxygen release, water conservation, soil reinforcement, fertility

maintenance, biodiversity conservation (Ritter & Dauksta, 2006).
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Table 1. Main forest growth information of the ecological forest in 2015.

Stand Stand Average  Average Biomass of  Biomass of  Biomass of
Forest Plots age density DBH height ~ Volume  tree (Mg bush (Mg litter (Mg
type number  (year) (Treesha™") (cm) (m) (m*ha™") ha™") ha™") ha™")
| 3 1 1,545 129 8.9 97.48 59.46 379 2251
Il 4 13 1,804 11.0 10.6 108.95 63.19 3.83 19.63
n 3 3 1770 8.1 8.6 46.50 40.08 152 8.82
v 5 10 1,487 141 122 131.80 210.88 217 10.29
vV 4 15 1,816 1.6 85 9231 55.02 393 18.82
Vi 4 15 1,440 133 9.6 102.70 61.10 313 21.66
Vi 5 16 1,269 1.7 7.6 70.53 112.85 322 11.78
Vil 7 17 1,085 13.0 9.8 58.64 93.83 4.11 11.25
IX 6 19 1,530 124 9.2 71.66 103.90 292 16.12
X 7 14 863 13.8 8.0 23,57 36,54 230 9.88
Xl 13 - - - - 14.88 18.60 8.79 13.92
Totality 61 13 1,332 12.4 9.1 75.23 67.16 3.83 17.24

The air quality improvement function can be evaluated from adjustment of air tem-
perature and humidity, producing negative air ions. According to the electrical energy
required by air conditioning to adjust to the same temperature as the forest can adjust the
air temperature, the value of adjusting the air temperature function of the forest was
calculated as follows (Peng, Wang, & Chen, 2005)

Q=C-M, At (1)
Vr = Q x 0.0002778 x 0.333 - Cg - t )

where Q represents the energy (kJ) required for air temperature change in unit time, C is
the air specific heat capacity (typically, 1.01 kJ kgfl), M, is the total quality of the forest air
(kg), and can be calculated according to the volume of forest air (forest area multiplied by
stand height) and air density (1.2 kg m ™), and A, represents the adjusted air temperature
by the forest (°C, this was equal to the difference between the forest air temperature and
the average temperature of non-stocked land). Vi is the value of adjusting the air
temperature of the forest, where 0.0002778 is the conversion coefficient of kilojoules to
kilowatt-hours, 0.333 is the average electricity consumption (in kilowatt-hours) for the air
conditioner to provide one kilowatt-hour of heat or cold energy, Cg is the cost of one
kilowatt-hour (in this study it was 0.6 Yuan), ¢ is the time (in hours). The volume of forest
air was 10000AH m®, where A is the forest area (ha), and H is the stand height (m), so
formula (5) was then simplified to

Vr=1.121A-H Cg - At-t (3)
As a similar principle, the value of adjusting the air humidity function of forest could be
calculated as follows:

Vi =69.45A-H-Cp-Af -t (4)
where Vy; represents the value of adjusting the air humidity and Ay was the adjusted air
humidity by forest (%), which was equal to the difference between the forest air humidity

and the average humidity of non-stocked land. In forests, the lifetime of negative oxygen
ions is generally around 20 min, and the production cost of each negative oxygen ion is

258



xapul Aisianipolg

€T  9F 88T £L'6 oc'L SLLL 606 670 LO'L ¥£'0€  LEOSL 118l 96L 1'0€ Ayerol

= . - 5 # = < g & = & 918 99L 9ze 11X
60 ¥T 000 L99 ¥l 66 L¥OL 6£0 071 6ELE  16'88L 66l 8'9L lee IX
oL 9L gL 6Z°L 60'L L0l vEE  L£0 SEL St'se  L0°LOT 1¥S'T L'e8 £8¢ X
90'L  £1'T  OFL 89°0L el 6L'8 £09L TTO 980 LOVE  EEESL 18T %8 98 Xl
8l'L €91 /¥l 169 Tl SLZL 9% LEO STL 9/T€ ¥6'LTT S0Z'T 1's8 88 A
STl 'L 00'L 6%'S wl 6C°LL 997 90 OL'L €l'6  LESLE 0Ls'l 108 £0e 1A
UL 9L TL s0zL el 1891l 66'€L £T0 £0°L 8TEE  LSLPL 901t 918 642 IA
al'L L6l 880 WL 'L oL 6Lyl TT0 SL0 9LE  9E'8EL Sh9'L 6LL L0E A
9I'L ¥l 190 oL ¥l PLLL SES  €E0 SO'L SS9 81907 98L'T L6l 96¢ Al
SL0  SOL 000 L LE1 08 SZ'LL LE0 960 96'¥C  SL961 905'L 6L 6'0€ 1]
6f1L €1 $S0 6L'8 €L LU'LL 85L 6¥0 0fFL vC9E  vET9L 9zT'T 6'8L l'og ]
80°L S8l 9€0 £7°0L 6T L9l £08 970 LO'L 96°'LE  TI6EL 7zs'l (WA £0¢ |
SQIOH sqnuys saal) (%)Ausolod (;_wdb) WO 3 d N Xapul |leineN  Xxep (42qunu) (%) Aupiuny  (D,) 2imesadwsy adhy
——————————  fue|deduou Ausuap yjng :omg B2IR 031 oo o sres SUO! ! anneban abelany abelany 153104

"GL0Z Ul 152104 [22160]033 3U1 JO UOHEWLIOMI JUSWUCIAUD [2160]033 Ule 'Z d1qel

.
<<
—
w
(V)
b=
w
(a
(@]

259



JOURNAL OF SUSTAINABLE FORESTRY @ 9

approximately 8.73 x 10™'® Yuan (Shao & He, 2000). The annual average number and
value of negative oxygen ions provided by a forest in 1 year can be determined as follows:

G, =2628x10".n"-A-H (5)
Vi =0.002294A -H - (n~ —ny”) (6)

where G; represents the number of negative oxygen ions per year, n is the content of
negative oxygen ions (number cm ) in forests, V; is the value of negative oxygen ions,
H is the stand height, and n, is the content of negative oxygen ions in non-stocked land.

Most of the fixed carbon in forests is found in trees and shrubs, some is in litter, and
some is transferred to the soil with the decomposition of litter (Mcgarvey, Thompson,
Epstein, & Shugart, 2016). The annual average amount and value of carbon sequestration
of forests can be calculated as follows:

CSp = (CS; — CSi_y)/n (7)

CS; = 0.5(Br; + Bg; + Bp;) + SOCD; - A (8)
SOCD; = 1/1.724 - RC; x h; x p,;/10 (9)
Ve = CSa X pc (10)

where CS, is the annual average amount of carbon sequestration (Mg yearfl) of forests, Ve
is the annual average value of carbon sequestration of forest, CS; and CS;, are the annual
average amount of carbon sequestration at i years and i-n years, and 0.5 is the conversion
coeflicient of biomass to carbon. By, Bp; By, are the biomass (Mg) of trees, shrubs, and
litter, respectively, at i years, and these values were estimated by existing biomass models
(Yang & Guan, 2007; Zheng, Cai, Ming, Yu, & Li, 2014). n was the interval of inventory
(vear), SOCD, was the soil carbon density (Mg ha™') at i vears, 1.724 was the Van
Bemmelen factor (Chang & Jones, 2013), R¢; is the soil organic matter content (g kgfl)
at i years, h; is the soil thickness (m) at i years, p; is the soil bulk density (g cm ) ati years,
and P is the price of carbon calculated according to carbon taxation (Duff & Hsu, 2010),
this study it was 921.42 Yuan Mg .

According to the principle of plant photosynthesis, plants can emit 1.19 tonnes of
oxygen for 1 tonne biomass, so the amount of oxygen released by the forest and the value
of that oxygen can be calculated as shown below. Since the amount of oxygen released by
the herbs was almost equal to the amount of oxygen consumed by litter decomposition,
the calculation did not consider it.

ORy = 1.19(Br; + By — Br,, — By )/n an

VYO2 = GO; X POZ (12)
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where OR, is the annual average amount of oxygen (Mg year ') released by forests, By,
Bp; are the biomass of trees and shrubs, respectively, at i years, n is the interval of the
inventory, Vo, is the annual average value of oxygen released by forests, Po, is the average
price of oxygen production (according to the market survey, it was 1000 Yuan Mg™").

The comprehensive water storage capacity method was used to calculate the water
conservation capacity, which was considered the interception of the canopy layer, the
water-holding capacity of the litter, and the water storage of soil. In theory, the forest litter
begins to absorb rainwater only when the rainfall exceeds the interception capacity of the
forest canopy. Similarly, the soil is considered to absorb rainwater only when the rainfall
exceeds the interception capacity of the forest canopy and the litter absorb ability. The
canopy interception was calculated using the rainfall interception model (Aston, 1979;
Goémez, Girdldez, & Fereres, 2001)

wWi=Y1 (13)

I = CpSax (1 — e i/Snax) 5 10 (14)
Smax = 1.184 + 0.490LAI (15)
k = 0.065LAI (16)

where W, represents the annual total rainfall interception (Mg ha™" year™) per hectare
forest, s is the number of rains in a year, I; is the rainfall interception (Mg ha™" year™) of
per hectare forest of the i rain event (according to the statistical methods used by the
meteorological department, precipitation within 1 year was divided into multiple single
rain events on a daily basis, which starts at 8:00 on the first morning and ends at 8:00 on
the second day), C,, is the crown cover (%), 5,4, is the maximum canopy storage capacity
(mm), and k is a parameter that is closely related to leaf area. In theory, k was close to 1
when the canopy was very dense (completely covered), and all rainfall was intercepted by
the canopy, R; represents the gross precipitation (mm) of the i rain event (this was
obtained from the local meteorological department), and LAT was the leaf area index.

The water-holding capacity of the forest litter can be calculated based on litter storage
and its effective water-holding capacity as follows:

WLmax = (OvSSRmax - RO)ML (17)

w,

Lnax

R X 10 — I; > Wi max

We=190 SS(R-1) Ry % 10 — ;< Wi (18)
i=1

where W,,,. is the maximum water holding capacity of the litter (Mg ha™), 0.85
represents the effective water holding coefficient, R,,,, and R, are, respectively, the
maximum water-holding rate and average natural water-holding rate of litter (%), M, is
the stock of litter (Mg ha™'), W; is the annual total water-holding amount (Mg ha™!
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year') of forest litter of per hectare forest, and 10 is the weight conversion coefficient of
rainfall. Soil water storage can be calculated according to soil non-capillary porosity and
soil thickness

Wemax = 10000Py - h (19)
WSmax Ri x 10 — Ifwamax 2 WSmax
W§ - Z (Rz - L‘ - WLmax) Ri x 10 — If - WLmax < WSmax (20)

i=1

where Wi,,,. represents the maximum water storage capacity of soil (Mg ha™"), Py is the
soil non-capillary porosity (%), h is the soil thickness (m), and Wy is the annual total water
storage (Mg ha™') of per hectare soil. The value of water conservation can be calculated as
shown below:

Vw=(W1+WL+W5)'A'(CR+Cp) (21)

where V) is the annual total value of water conservation of forests, Cy is the cost (Yuan)
of 1 cubic meters of reservoir capacity construction, and Cp is the cost of purifying 1 cubic
meters of water.

The capacity of preserving soil and limiting erosion can be calculated by the following
equations.

Sp=(Xz—X))-A (22)

Vs = (Sg/p) - Cs (23)

where Sy, represents the annual capacity of preserving soil from erosion (Mg ha™! year_l), X
and X; are the soil erosion modulus (Mg ha™! year_l) of non-forest land and forest land,
respectively, in the study area (Wang et al., 2013), Vj is the annual value of preserving soil
from erosion of per hectare forest, p is the soil bulk density, and Cs is the cost of digging and
transporting a tonne of soil.

The nitrogen (N), phosphorus (P) and potassium (K) in the soil preserved by the forest
are converted into urea, superphosphate, and potassium chloride at corresponding rates.
The amount of fertilizer maintained by the forest and its value can be calculated as below.

FM:SR(N/R1+P/R2+K/R3 +Rc) (24)
Vi = Sr(CIN/R, + C2P{R; + G:K/R; + C4Rc) (25)

where F); represents the annual amount of fertilizer (tonnes) maintained by the forest, Vi is
the annual value of this fertilizer maintained by the forest, N, P, K, R represent the content of
nitrogen, phosphorus, potassium, and organic matter in the soil, respectively, R; is the content
of nitrogen in urea (46.67%), R; is the content of phosphorus in superphosphate (12.00%), R3
is the content of potassium in potassium chloride (52.00%), C;, C,, Cs, and C, represent the
price of urea, superphosphate, potassium chloride, and organic matter, respectively, and were
derived from the local market.
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The value of species conservation of forests was assessed according to the Shannon-
Wiener index (H’) and the corresponding cost standard

H == pilnp, (26)
=1

where S represents the species number, P; is the important value proportion of species i, Cg is
the value of the species conservation of a hectare forest as based on the Shannon-Wiener
index. When H’<1, Cg was 2,000 Yuan ha™* yearfl, 1< H'<2, Cg was 5,000 Yuan ha™ yearfl,
2< H’<3, C; was 10,000 Yuan ha ™ yearfl, 3< H’<4, C was 20,000 Yuan ha™* yearfl, 4< H<5,
Cp was 30,000 Yuan ha ! year ™!, 6< H'<6, Cp was 40,000 Yuan ha ! year !, H’ >6, Cg was
50,000 Yuan ha ' year ' (Wang et al., 2008).

Forest management benefit analysis

There are different investment indexes of various forest types. A forest of higher overall
ecological services value does not represent a high investment benefit. Investment effi-
ciency can differ for the same forest type with different management direction (as
a commercial forest or as an ecological forest). To accurately understand the contribution
of different management directions of various forest types to the managers, it is necessary
to analyze the input and output of forest management. In addition, to allow a comparison
of the investment benefit of all forest types, the financial net annual value (FNAV) was
used to evaluate the financial benefit for each forest type. The rotation was used as the
given period, and then the net cash flow of forest management within the given period was
converted to the net annual value. A higher net annual value indicated a better investment
benefit (Silva & Fontes, 2005). The net annual value was calculated as follows:

FNAV; = [2 (CL; — CO}),(P/F, i, t)|(A/P, i, ) (28)

t=0

where FNAV; represents the financial net annual value of forest type j; (CI; — COj), is the
net cash flow of forest type j in ¢ year, in which CI; is the inward cash-flow of forest type j,
which mainly includes thinning income, sales income of timber, and other forest products,
and is mainly related to forest growth and forest yield, the price of timber, and other forest
products, and CO; is the cash outflow of forest type j, which mainly includes the cost of
afforestation, forest management and protection, harvesting and transportation of timber
and other forest products, and related taxes and fees. With different geographical loca-
tions, distance and traffic conditions will affect the input and output of forest manage-
ment. To fully reflect the influence of these factors on forest management efficiency, the
average cost of each forest type was calculated based on all sample plots of this forest type;
(P/F,i.,t) represents the equivalent transformation coefficient between the final value
F and the present value P; (A/P, i, t) represents the equivalent transformation coefficient
between present value P and annuity A; n; is the rotation of forest type j, that was the time
required for regeneration to harvest; i. is the investment benchmark yield, here 8%.
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Compensation standard for forest ecological services calculation

The compensation standards of an ecological forest were determined according to the
financial net annual value of forest management and the annual average values of
ecological services functions of each forest type. If the financial net annual value when
the forest was managed as ecological forest of conservation programs was lower than the
value when the forest was managed as commercial forest, the minimal compensation
should fill this gap; otherwise, there would be little motivation for forest managers to
manage a forest as an ecological forest in a conservation program. At the same time, the
compensation should not exceed the total value of the ecological services provided by
forest. In contrast, if the financial net annual value when the forest was managed as an
ecological forest of conservation programs was higher than that when the forest was
managed as a commercial forest, this would indicate a better economic benefit when the
forest was managed as an ecological forest. In this case, managers would be motivated to
manage the forest as an ecological forest even without compensation. If additional
compensation were to be provided, the amount could be calculated from the value of
the provided forest ecological services after deduction of the economic income of forest
management. Therefore, the compensation standard of forest ecological benefits can be
determined according to the following formulas.

. [ —AFV,~EVA, AFV;<0
CSVi= { 0~(EVA; — AFV})  AFV; >0 29)
AFV; = ENAV,; — FNAV, (30)

where CSV; is the annual compensation standard value of forest type j, AFV; is the
difference between the financial net annual value of forest type j when it was managed
as a commercial forest and the value when it was managed as an ecological forest, FNAV;
is the financial net annual value of forest type j when managed as a commercial forest,
FNAV,,; is the financial net annual value of forest type j when managed as an ecological
forest, and EVA; is the annual average values of ecological services functions of forest type
j when managed as an ecological forest.

Results
The value of forest ecological services

Conifer-broad-leaved mixed forest had the highest annual average value of ecological
services functions in all forest types, followed by broad-leaved mixed forest, Mytilaria
laosensis forest, coniferous mixed forest, Chinese fir forest, Eucalyptus forest, Castanopsis
hystrix forest, Illicium forest, Massoniana pine forest, slash pine forest, and shrub forest.
The values of each forest functions are shown in Table 3.

The financial net annual value of forest management

When managed as a commercial forest, the Illicium forest has the highest financial net
annual value in all forest types, followed by Eucalyptus forest, Massoniana pine forest,
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Table 3. Annual average values of ecological services functions per unit area.

Ecological services functions value of per unit area (Yuan-ha '-a™')

Forest Improve air Fix Release Conserve  Reinforce Maintain Species
type Total quality carbon oxygen water Soil fertility conservation
| 48,574.25 3,529.63 1,500.69 439193 23,470.95 952.05 1,729.00 13,000.00
1] 59,392.84 559712 3,280.92 960196  26,190.23  1,019.61 703.00 13,000.00
n 56,846.62 421608  5767.76 16,879.92  15,611.82 954.04 2,417.00 11,000.00
v 64,111.36 6,859.59  3,746.40 1096421  26,707.16  1,239.00 1,595.00 13,000.00
Vv 47,588.58 248264  1,70845 499996  21,91096 836.57 2,650.00 13,000.00
Vi 62,946.97  10,002.88  1,774.15 519224  27,206.88 926.82 2,844,00 15,000.00
Vil 53,623.31 5580.87  2469.87  7,22834 2052723  1,260.00 1,557.00 15,000.00
vill 66,928.45 9,961.22  2,920.81  8,548.05  27,72602  1,281.35 1,491.00 15,000.00
IX 7144566  10,245.14  2,036.84  5961.03  28,861.78 971.87 3,369.00 20,000.00
X 5183763  10,001.32  1,78251 521670  18310.12 787.98 739.00 15,000.00
Xl 33,874.01 487.05 507.50  1,485.24 1493849  1,095.73 2,360.00 13,000.00
Average 53,602.14 5290.15  1,99825 584807  23,11873  1,009.25 2,022.47 14,315.22

Mytilaria laosensis forest, Castanopsis hystrix forest, slash pine forest, Chinese fir forest,
coniferous mixed forest, conifer-broad-leaved mixed forest, broad-leaved mixed forest, and
shrub forest. When managed as an ecological forest in conservation programs, the Illicium
forest has the highest financial net annual value of all forest types, followed by eucalyptus
forest, Shrub forest, Mytilaria laosensis forest, slash pine forest, broad-leaved mixed forest,
Chinese fir forest, Massoniana pine forest, Coniferous mixed forest, Castanopsis hystrix
forest, and conifer-broad-leaved mixed forest.

In all forest types, the Massoniana pine forest had the greatest difference in financial net
annual value between management as a commercial forest or as an ecological forest. This
was followed by Castanopsis hystrix forest, Mytilaria laosensis forest, Chinese fir forest,
coniferous mixed forest, conifer-broad-leaved mixed forest, slash pine forest, broad-leaved
mixed forest, Eucalyptus forest, Illicium forest, and shrub forest.

The financial net annual value and the annual average value of ecological services of
different forest types are shown in Table 4.

The compensation standard of ecological services

According to the calculation, the lower limit of the compensation standard of different
forest types should be between 0 and 3310.44 Yuan per year per hectare, with an average
value of 993.99 Yuan per year per hectare. The upper limit of the compensation standard
of different forest types should between 33711.48 Yuan and 71445.66 Yuan per year per
hectare, with an average value of 56078.23 Yuan per year per hectare. The compensation
standards of various forest types are shown in Table 4.

Discussion

The accurate and reasonable determination of forest ecological compensation standards is
very important for the sustainable development of forestry and the benefits of economic
society. Using both forest multifunction evaluation and financial net present value analy-
sis, this study proposes a methodological system to determine forest ecological compensa-
tion standards. This method can calculate the value of forest ecological services and
analyzes the contributions and losses of forest managers from the perspective of inputs
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Table 4. The financial net annual value and annual average values of ecological services and
compensation standard of ecological services for various forest types.

The compensation
standard (CSV)

Financial net annual value (Yuanha '-a™") (Yuan-ha"a™")
Ecological

Forest Commercial forest Difference Annual average values of ecological Lower Upper
type forest (FNAV,) (FNAV,.) (AFV) services function (EVA) (Yuanha'-a™") limit limit
| 2,802.86 —507.58 —331044 48,574.25 3,310.44 48,574.25
] 799.20 -436.92 -1,236.12 59,392.84 1,236.12 59,392.84
1] 3,928.51 3,843.69 —84.82 56,846.62 84.82 56,846.62
[\ 1,397.20 107.33 —1,289.87 64111.36 1,289.87 64,111.36
\ 807.76 103.97 -703.79 47,588.58 703.79 47,588.58
Vi 651.74 52459  —1,17633 62,946.97 1,176.33 62,946.97
Vil 847.64 —558.97 —1,406.61 53,623.31 1,406.61 53,623.31
Vil 281.01 -415.76 —696.77 66,928.45 696.77 66,928.45
I1X 347.74 —681.41 -1,029.15 71,445.66 1,029.15 71,445.66
X 1,4064.65 1,4211.30 146.65 51,837.63 0.00 51,690.98
Xl 5247 215.00 16253 33,874.01 0.00 33,711.48
Average 2,361.89 1,396.01 —-965.88 53,602.14 993.99 56,078.23

and outputs (cost and benefit). In different countries and regions, the cost of forest
management and the value of forest ecological services function may be different, but
the application principle of this method is the same, allowing its wide applicability.

The results revealed some contradictions between forest managers and government in
the selection of forest types and the direction of forest management. For example, forest
managers preferred to manage Illicium forests and Shrub forests as ecological forests in
conservation programs due to the better economic benefits. The government prefers for
forest managers to plant more Conifer-broad leaved mixed forests and broad-leaved
mixed forests as ecological forests because they can provide more ecological benefits for
society and the public. Forest managers did not want to manage other forest types as
ecological forests in conservation programs. For the Illicium forest, the economic income
of managers was obtained mainly through fruit picking rather than through timber
harvesting, which was not restricted by the conservation activity. The shrub forest
provides hardly any income to managers if they do not participate in conservation
programs. Managers often lost income for other forest types when managed as ecological
forests in conservation programs, due to the restriction of conservation activities. Thus,
forest managers would prefer to manage most forests as commercial forests, and the
governments prefer more ecological forests.

In order to reconcile these opposing viewpoints, implementation of an ecological com-
pensation policy was necessary (Cuperus, Bakermans, Haes, & Canters, 2001; Fan, Chen, &
Wang, 2019; Grillos, 2017). Government policies can be used to motivate and incentivize
forest managers to participate in voluntary conservation programs and provide compensation
to forest managers of ecological forests (Carlo, 2013; Kalacska et al., 2008; Mufioz-Pina et al.,
2008; Pagiola, 2008; Ruggiero et al., 2019). Many studies indicated that the current forest
ecological compensation standards are relatively low (Lei, Yang, & Liu, 2017; Li, Zhang, &
Zhang, 2018; Sheng et al., 2017; Zhou, Zhou, Liu, & Xia, 2019), and our result appears to be
consistent with these results. Recently, the Chinese government provided an average com-
pensation of about 225 to 600 Yuan per year per hectare for ecological forests in conservation
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programs (Deng, Zheng, Liu, & Liu, 2011). However, according to our results, this compen-
sation standard is insufficient to compensate for the economic loss gap of forest managers.

In this study, the compensation standard for forest ecological services was determined
based on the management characteristics of different forest types, which thus addresses the
willingness and perception of the managers to accept the strategy (Canova et al, 2019;
Lindhjem & Mitani, 2012). A forest can only be used as one of the ecological forests and
commercial forests, so the lower limit of the compensation standard was based on the
principle that a manager would not earn less when they participate in voluntary conservation
programs. This also conforms to the principle that the opportunity cost should be considered
for valuation in PES schemes (Canova et al., 2019; Zhou et al., 2019). The upper limit of the
compensation standard was based on the ecological benefits of different forest types, which
was closely related to the effectiveness of forest management. The financial net annual value
was used to quantify and compare the forest management effect, so the compensation
standard is determined with consideration of the input-output of forest management as
well as the time value of money, which is reasonable and practical (Vodouhe et al., 2016).

The compensation standard established in this study provides a range rather than
a single number. With consideration of the price factor, this provides an important
reference for the staged and dynamic compensation of forest ecological services.
Because of government fiscal restrictions and limited awareness of ecology, it is
impractical and unrealistic to compensate all ecosystem services at a single time, as
that would require a huge compensation fund beyond that affordable by the govern-
ment. Because prices and inputs and outputs can change, the use of a staged ecological
compensation scheme and dynamic compensation method is recommended and
should be tailored to the local economic level and characteristics of each stage of
economic development (Li, Xu, Wang, Ding, & Song, 2018; Li et al., 2018). At an early
stage of economic development, the compensation payment is likely to focus only on
making up for the loss of forest managers, and will not necessarily be high. With
economic development, the payment can give more consideration to the contribution
of managers to ecosystem services.

In addition, the approach of the forest multifunction evaluation and financial net
present value analysis can provide effective means and tools for forest managers to
accurately quantify and compare the management benefit of different forest types and
then supply the data support and theoretical guidance for managers to choose the
most appropriate forest management strategy. The results of this analysis strategy can
serve as the basis for government to formulate other compensation standards and
policies for improved forest ecological benefit.

The functions of forest ecological services are diverse, and their accurate valuation
remains a challenging task, with particular difficulties in setting the upper limit (Li et al,,
2018). As a case study, our study only quantified and evaluated the most common forest
ecological service functions based on the characteristics of the study area. For areas with
additional functions, more specific methods may be needed to quantify physical quantities
and values. In addition, the implementation of a forest multi-functional monitoring
system is generally complicated, and the accuracy of monitoring data will affect the overall
accuracy of forest function evaluation results. Therefore, more accurate, fast, and efficient
access to the forest ecological service data remains an important goal.
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Conclusions

This study provided a scientific approach to the determination of the compensation
standard of forest ecological services for conservation programs, and a case study was
performed in Southwest China. This method was based on the forest multifunction
evaluation and financial net present value analysis and considered not only the difference
of management measures between different forest types, but also the effect of manage-
ment. This approach enables the government to determine the differences in the ecological
services provided by various forest types and the contribution of forest managers to the
ecological environment, and then to formulate a more scientific compensation standard
for conservation programs. The results of this study can provide important insights into
the effectiveness of eco-compensation systems, and present useful implications for design
of ecological conservation policies for more sustainable forestry development.
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