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Development of cone yield models for Pinus koraiensis plantations based on climate-

sensitive factors in Heilongjiang Province

Tong Qianping' Feng Shi' Jin Xingji' Timo Pukkala'? Zuo Zhuang'
(1. College of Forestry, Northeast Forestry University, Harbin 150040, Heilongjiang, China;
2. School of Forest Sciences, University of Eastern Finland, Joensuu 80101, North Karelia, Finland)

Abstract: [Objective] This study aimed to develop a climate-sensitive cone yield model for Pinus
koraiensis plantations, clarify the spatial variation patterns of cone yield across Heilongjiang Province, and
elucidate the climatic response mechanisms governing cone production, thereby providing a scientific basis
for precision management of timber-nut multifunctional Korean pine forests. [Method] Based on cone yield
data from 24 permanent plots of Korean pine plantations in the Linkou Forestry Bureau (2004—2012) and
Mengjiagang Forest Farm (2008, 2013—2023), along with corresponding regional climate data, correlation
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analysis was conducted to identify climate-sensitive periods and key climatic indicators influencing cone
production of Korean pine. A zero-inflated negative binomial mixed-effects model was subsequently
developed to estimate individual-tree cone yield, with year included as a dummy variable, and graphical
analysis was employed to validate the effects of explanatory variables and the reliability of the model.
[Result] (1) The reproductive development of Korean pine cones can be divided into three consecutive
stages: differentiation and overwintering of floral primordia, initiation and overwintering of young cones,
and subsequent cone enlargement leading to physiological maturation. Correlation analysis indicated that site
index, stand basal area, diameter at breast height, mean maximum temperature during the growing season
two years prior, and precipitation in August of the same growing season were the principal factors
influencing individual-tree cone yield. (2) The zero-inflated negative binomial model effectively resolved the
issues of excessive zeros and overdispersion in the cone production data. By including year as a dummy
variable, the model successfully captured interannual variation. After incorporating climatic factors and
random effects at the individual-tree level, the model’s Akaike Information Criterion (AIC) decreased by 94
and the Bayesian Information Criterion (BIC) decreased by 109, indicating enhanced model performance.
Moreover, significant differences were observed in cone production probabilities among mast, poor, and
normal years. [Conclusion] The zero-inflated negative binomial model incorporating year as a dummy
variable provides reliable estimates of individual-tree cone yield in Korean pine plantations. Site index, stand
density, diameter at breast height, mean maximum temperature during the growing season two years prior,
and precipitation in August of the same growing season were identified as the dominant factors influencing
cone production. The proposed model can be integrated with individual-tree diameter growth models to
dynamically predict regional-scale cone yield.

Key words: Korean pine plantation; cone yield model; climatic factor; zero-inflated negative binomial
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Tab.3 The parameter estimation results of the alternative models

. - ZINB_noCL(B%1) ZINB_CL(#%12) Mix Plot(F#13) Mix Tree(F%14) Mix Plot & Tree(F%15)
fl T P flTHE P fl T P AT P T P

e 2.61 <0.001 16.58 0.057 22.73 0.052 2572 <0.05 23.06 <0.05
D1+5 -35.18 <0.001 3447 <0001  -37.02 <0001 -37.36 <0.001 -37.11 <0.001
InG -0.10 <0.01 -0.11  <0.01
SI 0.04 <0.05 0.03 0.097 0.04 <0.05
S2 Tmax 3 —0.67 0.054 091 <0.05 -1.04  <0.05 -0.93 <0.05
M2 PPT 8 0.02  <0.001 0.02 <001 0.02 0.097
Y004 -0.10 0.515 -0.86  <0.001 -0.82  <0.05 -0.85  <0.01 -0.83 <0.05
Y2005 0.52 <0.001 153 <0.001 151 <0.05 156 <0.001 1.55 <0.05
Ya006 -0.21 0.494 251 <0.01 275  <0.05 3.05 <001 2.86 <0.05
Ya007 -0.41 0.097 0.53 0.147 0.35 0.607 0.54 0.367 0.38 0.561
Y008 -0.05 0.394 128  <0.001 146 <001 158 <0.001 1.49 <0.01
Y2009 -1.69 <0.05 0.80 0.423 -5.53 0.930 —4.40 0.921 -5.32 0.928
Y010 -0.28 0.102 2.17 <001 223 <0.05 249  <0.01 231 <0.05

e Yaou 0.41 <0.001 0.86  <0.05 0.61 0.398 0.55 0.240 0.64 0.370

R Y012 -1.36 <0.001 0.20 0.768 -5.98 0.871  -1145 0.986 -7.25 0.923
Yao13 0.11 <0.05 198  <0.001 2.16  <0.01 237 <0.001 2.22 <0.01
Yaou4 0.94 <0.001 261 <0.001 273 <0.001 289 <0.001 2.79 <0.001
Ya01s 0.04 0.602 075  <0.0l 0.84 <0.05 0.95 <001 0.86 <0.05
Yao16 0.04 0.455 227  <0.001 237  <0.05 258 <0.001 2.45 <0.01
Yaor7 0.06 0.305 144  <0.001 145 <001 1.60  <0.001 1.49 <0.01
Yao1s 0.60 <0.001 140 <0.001 151  <0.001 1.62  <0.001 1.54 <0.001
Ya019 0.39 <0.001 0.87  <0.05 115 <0.05 127 <001 1.16 <0.05
Yaoo 0.68 <0.001 134  <0.001 1.60  <0.001 171 <0.001 1.62 <0.001
Ya01 —0.04 0.409 -1.99  <0.001 -1.96 <0.05 -2.07  <0.001 -2.02 <0.05
Yooz 031 <0.001 -1.58  <0.001 -1.49 0.092 -1.60  <0.01 -1.54 0.075
Overdisp. (r) 1.823 1.828 3.840 3.690 3.700
1 0.112 0.110
iy 0.176 0.133
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Tab.3 (continued)

ZINB_noCL(HEA!1) ZINB_CL(}72)

Mix Plot(F£743) Mix Tree(#£74) Mix Plot & Tree(#:%45)

A P fliHE P i vH{E P fliiHE P fliHE P
e -267  <0.001 2.87 0.111 3.41 0.061 3.69  <0.05 3.76 <0.05
ﬁ 7857 <0.001 7778 <0001 7847 <0001 8195  <0.001 78.61 <0.001
M2_PPT 8 -0.04 <001 -0.04 <001 ~0.04  <0.001 ~0.04 <0.001
Yao04 -0.78 <001 0.26 0.549 0.48 0.198 047 0.221 0.54 0.158
Y2005 -269  <0.001 ~453 <0001  —438 <0001 465  <0.001 -4.55 <0.001
Y206 159 <0001  -157 0.149  -1.75 0131  -198 <005 ~1.89 0.115
Ya007 0.81 <0.01 -0.09 0822  —004 0927 0.3 0.741 -0.06 0.903
Yao0s -023 <005 ~203 <0001  -210 <0001  -223  <0.01 -2.20 <0.001
Y2009 200 <001 -0.32 0.758 010 0923  —0.06 0.945 0.01 0.989
Yaoto -0.02 0937 261 <001 266 <00l  -289  <0.01 -2.81 <0.01
Yaon -222  <0.001 -399 <0001  -388 <0001 —412  <0.001 -4.05 <0.001
ey Y0 0.78 0.054  —0.02 0.967 0.43 0344 036 0.350 0.43 0.366

Yao13 -049  <0.001 -269 <0001  -283 <000l  -300  <0.001 -2.98 <0.001
Yaoia -246 <0001 474 <0001  —483 <0001 -512  <0.001 -5.10 <0.001
Yaois 135 <0.001 084  <0.001 0.75  <0.001 076  <0.001 0.77 <0.001
Yaois 017 <005 295 <00l -318 <001  -339  <0.001 -3.36 <0.01
Yao17 022 <005 -148 <001 ~1.60 <001 -1.72 <0.001 ~1.69 <0.01
Yaois -103 <0001  -168 <0001  -178 <0001 -187  <0.001 -1.85 <0.001
Yao19 -139  <0.001 -097 <0001  —089 <0001  —092  <0.001 -0.92 <0.001
Yanzo -153 <0001  -177 <0001  -181 <0001 -1.89  <0.001 -1.88 <0.001
Yaa1 023 <00l 361 <0.001 3.84  <0.001 408  <0.001 4.07 <0.001
Yo -152  <0.001 1.64 0.109 197 0057 212 <005 2.13 <0.05
1 0.223 0223
1y 0.472 0.421

W AIC 72 860 72835 72701 72741 72 604

fgbr  BIC 73212 73209 73067 73 100 72 994

¥: ZINB_noCL AL &A% B T I B IZIK 6t — U, ZINB_CLY A, & SR T B B AK 1 — TR AL ; Mix Ploty2& T ZINB_CLA4 & ¥l &
FEHL R T B IR 5 BUSAR AL Mix Tree 3 T-ZINB_CLA G & BEAR TR T IR & BUMAR AL Mix Plot & Tree 3T ZINB_CLAY 2 (114 & FE Al
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