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Study on development directions and objectives of secondary Quercus acutissima
forest based on tree species regeneration characteristics and growth processes

models
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Abstract: In the central Loess Plateau of China, a comprehensive study was conducted on secondary forests dominated by
Quercus acutissima to analyze the developmental patterns of regeneration from seedlings to saplings and eventually to mature
trees. The research aimed to construct a growth model for these trees and explore the direction and objectives of community
development. The findings revealed that the Quercus acutissima secondary forest exhibits a complete natural regeneration
sequence, capable of self-sustaining renewal. This regeneration process is influenced by eight key habitat factors, which
explain between 48.0% and 96.0% of the observed variability. Notably, seedling mortality was highest during the initial
stages (I—II) , with survival rates significantly improved under conditions of high canopy closure and on slopes with cooler,

wetter microclimates, which provide a more favorable environment for seedling establishment. As the forest progresses from
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seedlings to saplings and then to mature trees, the importance values of Q. acutissima and Pinus tabulaeformis increase
markedly. Specifically, the importance value of Q. acutissima rises from 57.70% to 62.20% , while that of P. tabulaeformis
increases from 8.22% to 10.80%. This trend indicates a clear competitive advantage of these two species over others in the
community, suggesting a developmental trajectory toward a mixed coniferous-broadleaf forest dominated by Q. acutissima and
P. tabulaeformis. Consequently, any assisted management strategies should be designed to support and enhance this natural
progression. The study identified the Richards model as the optimal growth model for Q. acutissima. According to this
model, trees reaches its quantitative maturity at approximately 150 years, with predicted target values for diameter at breast
height (DBH), height, and volume being 45.00 cm, 17.5 m, and 1.1569 m’, respectively. The growth process of
Q. acutisstima was further divided into six distinct stages: 1—18 years (initial growth phase), 19—46 years (rapid growth
phase) , 47—100 years ( stable growth phase), 101—150 years ( near-maturity phase), 151—204 years ( maturity
phase), and = 205 years (over-maturity phase ). This detailed stage-based classification addresses the limitations of
traditional methods that rely on fixed age classes (e.g., 20-year intervals) for categorizing secondary oak forests, providing
a more nuanced understanding of their growth dynamics. The results of this study offer valuable insights for guiding
management decisions related to secondary oak forests. By understanding the natural regeneration patterns and growth stages
of Q. acutisstima, forest managers can develop targeted strategies to enhance forest productivity. These findings are
particularly relevant for the Loess Plateau, where secondary forests play a critical role in ecological restoration and
sustainable land management. Moreover, the principles derived from this research can be applied to similar ecosystems,
where secondary forest regeneration is a key component of broader conservation and restoration efforts. In summary, this
study underscores the importance of recognizing and supporting the natural regeneration processes of (). acutissima secondary
forests. By leveraging the insights provided by the Richards growth model and the detailed stage-based classification of
growth phases, forest managers can make informed decisions that align with the ecological trajectory of these forests,

ultimately promoting their long-term sustainability and ecological function.

Key Words: oak forest; natural regeneration; thinning; important value; growth regularity
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Fig.1 Geographic location of study area
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Table 1 Overview of the sample plots in the study area of Q. acutissima forests

i fobr Y b7 o i 2 5iH - WA < o Bl 22
Ttem Indicators Mean values Ttem Indicators Mean valuez
Standard deviation Standard deviation
IR B WeEE/(°) 1545 e 4 E i R/ (g/cm’) 1.17+0.07
Topographic situation 3 [f] 0.42+0.39 Soil characteristics pH {if 7.58+0.41
1B4H/m 1612.42+21.58 AL % 1.15+0.33
MRIFFFAE M5 B/ em 10.4+3.1 AL/ % 1.96+0.52
Forest stand B/ m 13.242.7 SRR/ (g/ke) 2.17£0.70
characteristics K942/ cm 17.37£1.55 WA S/ (mg/kg)  81.61+20.08
SR/ (m/hm?)  130.87 £24.15 LR/ (g/kg) 0.59+0.12
fEills 0.7£0.1 MO E R/ (mg/kg)  5.70=1.7
AR/ (g/ke) 14.31£1.21
B AE/ (mg/kg)  164.91+48.35
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AEATR TN PREARMESL L2 2) o AT A FAE K TR S BRE 2E 520 I ik AT A AR AR e i
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Table 2 Statistical overview of trees used for analysis

B/ em T /m THE em T/ m T /m i A
Diameter range Mean tree height Mean DBH Crown breadth Crown height adjacent woods
5—10 6.6+1.5 7.33£2.15 1.8+0.5 1.7+0.3 5+2
10—15 8.4+2.1 13.08+1.82 3.9+0.9 2.5+0.8 4+2
15—20 12.6+4.4 18.30+1.55 5.2+1.4 4.6x1.1 6+1
20—25 13.7£5.5 22.13+2.03 5.7+1.5 4.7+1.3 5«1
25—30 15.1+6.1 27.41+£1.99 6.4+1.3 5.7+1.7 6x1
30—35 16.3+£6.2 32.05+1.75 7.3x1.6 6.0£1.5 5«1

DBH: 4% Diameter at btrast height
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XFFRBRAE I b 63 AN BRI AR AT I Ay AL Ge it B S p AN SE 19 Bb BRE 1845 #k, Hivh 4 A 1785
B, G 60 Bk FRAHH Tl LB TBT I  BEIA B 11714 R/hm® , BSR4 9% 4 11333 #i/hm , 474
A28 B 2 381 MR/hm*( 36 3) o &0H8, AT WK BN AR B AFETE RA N 3.36% , 58 1 i) Shannon-Wiener 1§
HEAE) T 1.80, Simpson F5%0°M 0.69
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Table 3 Regeneration seedling diversity in Q. acutissima community

mH TR L/ e Shannon-Wiener 35 4{ Simpson F8 %X
Item Seedling density/ ( X 10*£%/hm?) Species richness Shannon-Wiener index Simpson index
AR Diversity index 1.17+0.36 6+4 1.80+0.53 0.69+0.27

FERE BB AR KR B R AN R 2 s  AE SR e AR R E AR Th TR A o P R RS 3 B
ST P 7 A X IO PR o R ARG e 1T B A B R A A R R AR, YA B T 19 A
AR X B B B4 S B R = B e/, (A B R RIS 2 AP, X — B R IR, 1 A K R v KR4
TR BEHT B S R U AR 2 5 A LA 0 AR ARL , BE i 1 R 2 B AR AT A B, L0 A T 2 5 Y
B« )7 R I BAES AW Bl A —d Ze W SO i o0 A, BA Se B Ry 4 . BRI, 26 1 B B iy B v
WK, BT 8851 Mk/hm’; 55 11 By B B BT v %5 B W KR T B, X BA A7 1784 BR/hm®, JE T & ik
79.84% ;55 TII—VIIT ¥ B, B8 1 2 5 1) T Rl B8 AT T 92, V- 34 %5 14 Ok 172 Bk /hm® BT R Ak F 25.00% 5
36.36% U E 2 0] 55 1IX X B B SR i A T340 % R 22 Bk /hm® Gt A2 16 324 = K 80.00% .,
2.2 JWRAREETR SUHTRAE A AE B 1 OC R

A A S HT I ZE S (3R 4) TR BER PS8 R Rl ) AR A2 R B 1n) | A Al 7 it D SOk
O3 F-IRE 4 AP W RZm , HO B BT 22 R AR S 0 R LU B AE 47.3%—90.5% 2 (8], TS BE B i 4% )
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Fig.2 Species density and abundance at various stages of regeneration seedling in Q. acutissima community
1:0cm < H<30cm;11:30cm < H<60cm; I11;60cm < H<90cm; IV :90cm < H<120cm; V; 120em < H< 150c¢m; VI; 150em < H< 180cm; VII; 180cm < H<
210em; VIIL:210em < H<240cm; 1V : 240em < H<270cm;; X : 270cm < H<300cm

A E R HOT R A A N TR R B SC R AR A A . HRT A A KR e 2 3 8 R AR N 1 A 25
EAEHT, BAEA R AR B B, A A B 1A R 22 57, I S [N 7 (9 kB L 1)k T 48.0%0—96.0% T [
{EAR R MR BRI A iR i P 2 5 R Z M —1, ES 58 TR AR AT 4 A
[l BBt o
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Table 4 Stepwise regression relationships between regeneration characteristics and habitat factors in Q. acutissima community

TEHRRE myEL sl )

Regeneration characteristics Regression models R F P
B % Regeneration density y=451.433 x, -2664.651 x,+10648.811 0.843 18.801 <0.01
Simpson 54X Simpson index y=0.0003 x;—0.042 x,+0.461 0.826 16.617 <0.01
Shannon-Wiener %1 Shannon-Wiener index y=0.001 x;—0.028 x,+0.905 0.905 33.170 <0.01
WM EEE Species richness y=—13.889 x5+11.433 0.473 7.194 <0.05
I y=8550.827 x,+2830.327 0.637 14.066 <0.01
I y=87.712 x4+512.076 0.567 10.488 <0.05
1 y=646.349 x,+43.926 0.928  102.541 <0.01
v y=346.267 x,-28.317 0.960  190.342 <0.01
Vv y=3.765 x3+17.593 x4 +3.544 x,,~103.499 0.952 39.328 <0.01
VI y=-48.078 x,+30.271 x,, +64.078 0.811 15.042 <0.01
VII y=-3.375 x4 +111.751 0.540 9.406 <0.05
VI y=-0.193 x,,+82.181 0.480 7.391 <0.05
X y=-1.956 x,+14.498 x,+36.668 0.819 15.804 <0.01
X y=-1.086 x4 +33.672 0.624 13.262 <0.01

1:0cm < H<30cm; 11 ;30em < H<60cm ; 111 ; 60cm < H<90cm ; IV :90¢m < H< 120cm; V ; 120em < H< 150cm;; VI; 150cm < H< 180cm ; VII ; 180cm < H<
210cm; VIIT;:210em < H<240cm ; 1V : 240cm < H<270cm; X : 270cm < H<300cm; x, : M7 F-3H94% DBH; x, : 4 N Total nitrogen; x5 : 4% Elevation;
x4 :F%L P Available phosphorus; x5 ;3418 Aspect; xq : 4= P Total phosphorus; x, : BRA>ERH BE Crown density; xg : 3 Slope; xy :pH; x,9 : 4= K
Total K; »;, :AHLE Organic matter; x,, : %L K Available K; x5 : 23T Bulk density; R?; J5E R L Coefficient of determination; F; F i1 &

F-statistic

2.3 KRRV B A E EE AT
SR B AN R AR Tl S B G R AN 3 7, b T SERT AR UL, RAR ST v FE A PN B B R OR,
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57.70% ; 21.%%4% ( Rhus punjabensis) Mtk ( Quercus aliena) HFA (Pinus tabuliformis) A5 25Hk (Acer ginnala) VA
1L R BR ( Quercus wutaishanica ) B A S8 8T 1 TE BE(EALTE 7.54%—11.94% 2 [8] | 33X o) & 2 (H A9 2 A5 2 T
AP P RN 38.77% , X0 TAESPRER I I8 SR A i) 2R B OCH S, I ARZ R | RRBR Y
FeAR Y B35 0 3 i A, A S A 62.20% , 2 BT AR)JZRF I ZE Y 5.76—91.47 %, AN Y E
ZL{H(10.80% ) T AR A HLALFE5F =, HUCR AL AR BRAARAR , EE2E 05K 2 T 6.93% H1 4.84% , [F R LAY
PSP TE 7% AS 1T i e () 3 2R B, L AR, LU AE ( Crataegus pinnatifida) | 2B ( Pyrus betulifolia ) . F 3 B
( Fraxinus chinensis) \IL17¥ (Armeniaca sibirica) ¥4 ( Carpinus turczaninowii ) 1138 F ( Malus baccata) \FEH
( Toxicodendron vernicifluum) 1A% ( Populus davidiana) FARE( Betula platyphylla) FIAS5MEE T ARLEREE 4040
OB UL, BT B AR AE 1.60%—2.93% Z (8], 1117 He B Bl 78 SRR A 7 o U o0 A /b B 2 {ELALAE
0.68%—0.93% Z [f] ,

H¥E Important value/%
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R

HH i Seedling species
1=
=
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= o
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Fig.3 Comparison of important values of seedlings and trees

A 3 X6 BT B B AT K B A LA, R BRI P A R R A (10.80% ) B T HE B 0 B
{H(8.22%) , ML AR (6.93%) Mithk (4.84% ) AW (2.93% ) 55 AR B 1) F1 LR IA I T H 0307 1 o 8 {E
(5r3M 11.94% 7.63% 9.17% ) ., 7T WAEREE A & JRib A v Jis b A B BB K J 31 oy o B, L VA
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IR A AR [ 94550 (3 5) W], SUA D0 RE fre e (3R 227 O fie /N A8 8 Oy B4 78 ( Richard ) 7 7
HDBH H AV Ay SR U A 3R GA T30 0 - y = 60.0008 x (1—e™**7) M [y =19.9072x (1= ™) M2l y =
1.9867x (1-e ") 2% - AR Se LAY A S0 RS 2R (5% 6) s, PN 55 S DM B =2 1] ) AR X R 22 24 e

BN,

K5 BHRERER

Table 5 Growth models of Q. acutissima trees

W 7 25 Fe AR
] Jo; A5 e - ﬁ*Iﬂf/it R RSS P
Dependent variables Equation form
9% DBH -=60.0008% ( 1 —e~0-0075v ) 11983 0.995 0.0460 <0.01
Y
y=48.6858% ( 1+¢>077470.02290 =1 0.987 1.0621 <0.01
y=51.5989 %2773 *01% 0.917 2.8809 <0.01
i =1 Tree height y=19.9072%( 1—e =) - . . <0.
BTG Tree heigh y (1—e 00232y L1221 0.996 0.0915 0.01
¥=19.3986x ( 1 +¢"6295-00452c ) I 0.972 0.6715 <0.01
= 19.5620x¢ %2608 0 0.986 0.3349 <0.01
Y
¥\ Volume y=1.9867%x(1—e 712" ) =% . . <0.
M Vol y (1- 00150y 27543 0.995 0.0005 0.01
y=1.6865x ( 1+¢>1416-0.02650 ) 1 0.982 0.0043 <0.01
y=1.8366xe 47947 0BT 0.977 0.0012 <0.01

y MR AR B EE AL, DBH, Height or volume of trees;x; BRARAERE Tree age; RSS:5%22F 77 Fl Sum of squares of residual

F6 MEFERKEBHTMAIIRE

Table 6 Relative error of prediction in the growth model of Q. acutissima

L Volume/m? 7 Height/m 42 DBH/cm

Hit B SaM(E MRHE2E BOMGE  SOMME AXHEE B SN MR

Age/a Predicted Measured Relative Predicted Measured Relative Predicted Measured Relative
values values error values values error values values error
5 0.0007 0.0002 0.0005 1.7 1.4 0.3 1.15 0.97 0.18
10 0.0044 0.0009 0.0035 34 2.9 0.5 2.57 2.11 0.46
15 0.0124 0.0023 0.0101 5.0 4.4 0.6 4.09 3.49 0.60
20 0.0254 0.0096 0.0158 6.5 6.1 0.4 5.65 5.25 0.40
25 0.0436 0.0180 0.0256 7.9 7.7 0.2 7.23 7.00 0.23
30 0.0668 0.0321 0.0347 9.2 9.4 -0.2 8.80 8.85 -0.05
35 0.0948 0.0593 0.0355 10.3 10.7 -0.4 10.36 10.56 -0.20
40 0.1273 0.0871 0.0402 11.3 12.0 -0.7 11.90 12.29 -0.39
45 0.1637 0.1133 0.0504 12.2 13.2 -1.0 13.41 14.00 -0.59
50 0.2036 0.1678 0.0358 13.1 13.9 -0.8 14.90 15.36 -0.46
55 0.2465 0.2260 0.0205 13.8 14.2 -0.4 16.36 16.59 -0.23
60 0.2919 0.2790 0.0129 14.4 14.6 -0.2 17.78 17.82 -0.04
65 0.3394 0.3348 0.0046 15.0 15.0 0.0 19.17 19.11 0.06
70 0.3884 0.3884 0.0000 15.6 15.3 0.3 20.52 20.35 0.17
75 0.4387 0.4491 -0.0104 16.0 15.7 0.3 21.84 21.64 0.20

2.5 JFRERMORAE K AR S B

B 5 S SRR BR MR B 72 () A R R B % - D -2 18 1 R AR (1 4) , ARHEE AR AE K i
PRI RIS (R 7) , AR B A= 72 ] WA 400 53 6 AN B B 1—18 AF R AE KT 19—46 47 i AE
] 47—100 4E R E A KW 101—150 4F A 2d]  151—204 4E7E AR | =205 4RI A a8l KEfe
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HAEIAZE AU B 50 AR A A EHEA T — AN B, IF LA 0S54 300 09 AR KR B e S0 AR A, X 6
AN K BT I ) M A2 78 AR YN : 0—4.63em  4.94—14.31cm , 14.55—28.04cm . 28.26—37.84cm , 37.96—
44.87cmb) fr = 44.98cm, TEREA MR AR D B R R EI K NME” BFE L, s R AFAE K ik F
0.40cm/a, Fz/A 0.08cm/a, F-1 K &4 0.19cm/a,

R RFEMEEEERETFHEARSE
Table 7 Clusteranalysis for ordered samples of DBH growth rhythm of Q. acutissima

pEaT T prTpn
Number of clusters Error function Delineation stage
3 0.8116 1—17 ,18—48 49—259
4 0.5724 1—10,11—19 ,20—47 .47—259
5 0.2325 1—9.10—17 ,18—48 49—149 [150—259
6 0.1306 1—18 ,19—46 ,47—97 98—150 ,151—204 . 205—259

NI 4 BT LA H WA 0 0 A 1 FE B A 0 A ek A A R AR vp A X S B3, B R AR B AR KR
K55 0.29m/a, HE] TR E WAL 2, AR 9 2B K R A 0 ZR AR A KR 0.06m/a, S FREREA
A 2 5 A e A K BEA AL TR S, I HAE K 150 4RI R 2« BT RS, X — 15 00 7E B s 2k Ko
4 ELAAR 2 T B, e KM 5 RMETE 19.9m A4, W A 34 A1 AF 1 it [ RRAEAE < KUNE I I Bh 42
P AE AL T (34—46 4F) XSGR BE U oN 3, X — B0 G s e A i A R 3D SRR AR A S AR
JEZS [ RIT T B TE S, v AL, 3K — B BOR 8 AR MOR BE T FE AR 53 )2 o 98 00 35 b A3 1) St Bt

MUBARABUE K I (] 4) FTLAE Y BRARA AR A AR 4 42 K R 0.0068m®/a, A= 1 ) WA (AR H L AE
95150 4ERTG , ME BARE 4 A4 KR AT LAGA ] 0.0077m/a, WESHEAR A K b BE 7045 6 AEREAR A K R i l8
XK 0.0001m*/a; M FEER 76 A H B 8 AE AR K i, O 0.013m’/a, Ab TR AR K AR , A B 3%
AEAE R IR E R K, HIESE AT 2 5 FRER A B A AR R 2 N, KRZIFESS 150 4R, MR
HEARA R LR 52 A K i A SE AR s B RAR A BER B A 3 — F AT 5 A s A K 78 1 3 i
IRV G IUBS RER A U 1.1569m’

3 Tt

3.1 B AR E A ERRARAE I BB R S A SR T 1)

A7 T8 L o S S R RRASR R A PR, JHC B o B AR AR TR (A R AN A AR RRBR R
wEHT S e BA AARTUIRE S . AT, i T REE AR TR AN SR BV N T A2 P b
AL S TR 4 B ORI S S R R 0.57 BOAR LR EUE Y L SR, AW R R R
BRARTT AR AT e (0 Ay S B B — B, X — BRI (R PR TR T, SN TR vk
AT AN LR E IR R B B FEGE AR N AE SR A () F SR ST ik A ke G i B SR AR
HI, AZERF S35 51 1 S 3 P

ARARRETE 1 ST SRR AR B VAR OG 7 SIS IASRb o (8 DA R 32 5 SRR i 85 B B A G, 85
HBEATEEBR ] 1 2 Al G SRR AR R s ], e i B TR 20 P b o S e AR RV T G
B IAET R IA 80% il ik 7 M A B, I e ) S0 T 3R 2 B85 O IR AT JEE A O s i — 28 103 28 Bl A 73 Hir 45
RN SR B R S MO AR A BE SR o3 2 i A8 5 8 25 GAAR G, TR A P 2 0 {F B 5 0.8 ELMROR P2 Ji 42 R
T 18.40cm HREHL AR | ST I RE A 0 AR [RIARE, MR RRAIE (AR i) i RE ) RO BRI K A 100 B AT 2 3%
SR | AL 0 ST A AR RN 28 (R A3 Y DGR PRI IR 710 FE SRR 38 1) g V4 1) DX R AR AR S
R RE AN 2 R | T ZE B R 3 1 i 1 A1 DX AR, 3k 5 5 A JRE 56 I IR 4 SR — 2
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DAL TE B s R R s R 1

P B A AR AR AR AR A3 2 R P R I 26 AR ARG RS B B AT, th ARS8 S TR 2 TR A R ) A
ARG BT RRARAE VR T AT A BB A N BT T, BB RV R R AR R VR T i se LR R T H e
T, TR 2 A FORE AT R AR AR R, 1T L 240 8 A Eii o B iE T X Rt 78 X R, Hgeit
BT RRAR AR 2 AW, X ERERE AR YRR R R R DUBRER M S 3 0 B e TR S e =X
B R e KR, UL, BRAPRGE N 4 A E RAR -5 A 19 & BEVR 5C , 38 Ao 3 3 A M B[] £
PSRRI E A0 (3 e 5 SE N (1)) 1B 83k ot A
3.2 JRERRAEMOR AR K R K B R

TR VAR A A b 5B S A R A K A B TSR e 2 — % AT 5 ) P JRRASR ik M A 500 g 8 10 e £
AR TN T IRARMOR A K b B o RRAR AR & B o B vl AR A0 4 JRL 2B I B 4 4 6 AN B B
(20a,30a,50a,50a.50a,50a) , X A7 Bl T 5 4 s b RRAR AR A 1 A AR 19 23, kb 1 DA 20 4F [ 58 ¥ 9 ) oy A K
BB AN 2, AT B B HERR AR B TR B I8 B RRBR 09 A K R B, 2B A b N i R Ak s, QA
BIRER AR E B S

B B - SR R AR AR A B A AR 5 BTG 4B B B AT B X A R RIS RR
BRAMRA A2 2R B A% R R 60.00em 2247, (H SR 7R 0 LA 150 4R 2245 A RETR 3] 45.00 em 19 H brif
1, 3K {5 B BRARAR G B S B A R A . AR = R B 2B Bk e i, AR KR AR i AR
B Bt Z 1, I BUE Z B DL AR R T . SE T Y Sr MA AT, B AR i 17.5m (3R A 125
) P B, HLAFARAIE 50 AEARIA AR5k — m B | XX 4E Rk S5 ke 2 R T M RS S A R B B %
B, PR GRS B R R T DG QAT 7R AR U (19—46 2 ) PN 4875 B (1) £k it AT N U8R 45 ) St i 1A v
MR Ah I S XA A TR E T RARMRACH EL, A R AR A KO R B S T A T8
AR R 5 Xt OB U A AR AN T 75 550, 5 1 A S0 P A PR L R AR5 o RAR AR AC b1
FUBCEL A K200 150 4 A BUEE 1.1569m” e A7, 33X — B J12: JRAS A4 B A dee D0 SR AR, o2 H a8 +
e B R BRARAROR 1) HAR A AR

4 #Hig

(1) 38 o IR AR IFRAR AR v Ak TR PR, AN Rl A R B BEAY R I A T 5 B i SR P 9, B A
HTRETT o ARTEEAR AT FEE 218 5 4l v ST 14 2 S B DX 1, v S DA B2 AR 4 B BR 38 1 1) £ 35 2% 7 S R 1 SRR AR
AHTHORT . SRRV HUBTERR b A B S A B I LR AR Dy S A A R RSSO A O 1
Vi SRR S, LR 28 I LA D LRl T

(2) B b R AR ERAR AR B BAYITE 150 a 2, 28 HARMAR B s AAS R 2353 8 45.00 em (17.5 m
11,1569 m’ZiAq o JBRARAE N B g b B HAT FRSR PR R 18 A A A, 2SR SR E 20 4 — AN 4ok 3l o e
41, LAy s S A ST TR, sr 2 BV B AR 22 Wi%EL 20 2,30 2,50 a.50 a,50 a.50 a H2E
KA s T R A s R
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