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Abstract: Net primary productivity ( NPP) is a key indicator for assessing the quality of forest ecosystems, and its

maximum value (NPP_ ) reflects the potential for forest productivity. Studying vegetation NPP_ is crucial for the rational

max max

utilization of forest resources and sustainable forest management. This study focuses on Larix olgensis A. Henry plantations in
Jilin Province as the research subject. Using the national forest inventory data of permanent plots in Jilin Province, NPP
data extracted by MOD17A3 from 2000 to 2022, and environmental factors (terrain, climate, and soil) , this study applied
correlation analysis, machine learning algorithms, and Shapley additive explanation (SHAP) methods to analyze the driving

factors of NPP, change. Among the four machine learning algorithms, the random forest model ( RF') predicted the NPP

max max
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of L. olgensis plantations with the highest accuracy (R’>= 0.540, RMSE=11.320 ¢C m™~ a™'), followed by the boosted
regression tree model (R*= 0.523), artificial neural network (R*= 0.519), and support vector machine model (R’ =
0.501). The SHAP analysis based on the RF model revealed that the main factors affecting the change in NPP _ were the
annual accumulated temperature above 18°C , total nitrogen, and elevation. The annual accumulated temperature, total
nitrogen content and elevation had a threshold effect on NPP . The NPP  significantly varied when the annual
accumulated temperature above 18°C approached 200°C, the soil total nitrogen content reached 2.0 g/kg, and the elevation
was approximately 800 m above sea level. By using a machine learning model and SHAP analysis to address the complex
nonlinear relationship between NPP__ and the environment, we can better explain the mechanism between NPP  and
environmental predictors. An obvious threshold effect exists between the environmental variables and NPP ., which

provides a basis for evaluating the site quality of L. olgensis plantations.
Key Words; NPP maximum ;Larix olgensis plantation ; machine learning ; SHAP analysis

FEBEEARI L 7= 71 (Net Primary Productivity , NPP ) 48 & (0 9 7 50407 5 ] | 245 A N &6 B AR AL
FEIER A SR FE IS A DL R R T AR R A PR RE AR S RS R R M NPP fok [
(NPP,, ) FRAE ARG, nT LTS R G RUK G, AN 32 F AR I R, RS S WY s bl 2B 7= ik g, B
S A E S BB AR AR, R R A AR K D) 0 E IR R 2 — R SR NPP 1)
S Z N A FH SRR BE VIR | T80 R A AR PV LA SO ST b i R LA R

FEHE NPP W3S A0 S il T AS B X A BE I 2R G i by, I AF R iF oY E A v 7e A M L R 48 MBI
N3G B A5 ) 2 R R X AE g NPP ARMR IR SIVE . Xi 267 R A MOD17A3 NPP B 43 #r T M e
A1 A FHARAEXT NPP 23 [8] S M R 2 ), & 0 4 HOR AR AL & 2 ) NPP 28 (0] 53 e i el 5 R -, 1B
AU ) FE Al R 6 R AR 56 T 9 6 KA T L - R LLIAR % NPP BR 3 [N ik 4708, R IS5 shxd NPP 28k B
RS, Al S S i PRI B A T I | S R A IR XL I NPP 5SS M A S 8
HAR B K RN IR NPP AR LR S dcii, B N TR REE R 0 &8, MLAS 2 2 Bk Ae b PR Z -l
LR 6 2 3 I 22 A St e ELA B S A A L S TR R AL RE i AR S B A R AR B Tz N A
AR A MR A 7= T SR BE IR T A S R IR BE T 75 . Yu 2617 R BUREHLAR MBI LA 33 NPP 7 1 L
AR, T 5P R ARl MOD17A3 NPP AR SE T2 3 B AR A 1 k25 JAE Bk NPP 1
BT T = 5 ORI S, AHOG NPP A A AR Wi J s AR el RS BRI SE 76 NPP 4R IS 1
WLERUR BB ICRET NPP A HS ikt NPP, S WA 2S5 R S8R0 A KT 7 09 SRS B ) & A 1)
W NPP,, 2 Z RIS TSI SR 1T X 2L R F 5 NPP,, A ELR S 2 it A B, HA Ao 40 bl
TRF AL R RN NPP | BOR2 IR R T4 T 3R 4%, B8 T IR A MBI R Bl A 4 T o RO 3R B AR 1k
B ML

AR TR AR b Ml XN T3 MRS 32 ZE R AP 22—, 4300l o MR 2R BRI B R & R & 1Y 8. 209% Al
5.60%"" XFARM A PRI AE AR S R GRS B EEAE A, A SCLLE AR K % MR (Larix olgensis A.
Henry ) MCARFFEXT 42, 36T NPP, SARAS & HUOIE IR T | 38 1S5 550805 , AR S AT ML g > AR
Shapley JINPEfERESETT 5, M NPP, FIEAEE R - 22 (8] 19 ¢ /AR, #5578 52 1 1 95 A Ak NPP 19 32 1A
o, LAY B 9 P A TR AR KW 0 RS 5 A SRR AR

1 HREHER

T ML 121°38'—131°19'E ,40°50'—46°19'N, Jg& Aty KBl v 2 WA, P02 B A A 2, 24
AESER S IRAE - 2—6°C 22 [a] AR [ 7K R 500—600 mm, HESH I 2522 S0 ) M3l 25 B [ PR AL w4,
PURH A5 P v DU ALARAOARAE, SR RS q fE A + DRGSRt RRHESE . BMEIREE R Z
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R FEAE T A0 AR AR AR L XA AR A L e B b X, A A LD AL ((Pinus koraiensis ) . 5 #2 ( Picea
asperata)) K [ 7% M #5  45 T 5 ( Pinus sylvestris var. mongolica) . 5% 1t Bk ( Quercus mongolica ) . F1 ¥ ( Betula
platyphylla) JK MM ( Fraxinus mandshurica) SABEHK ( Juglans madshurica) FAz Y ( Populus L.) 2L RS IX [
SEFEHL ST AT DL 1,

125° 130°E

45°N

0 50 100 200 km
o

40°
40°

125° 130°E

E1 #HRREEHEMSH

Fig.1 Distribution of permanent plots in the study area
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NPP %4 3 95 T 35 [ B % i 25 i K J5) M 3 ( https://urs. earthdata. nasa. gov/) #& fit () 2000—2022 4F
MOD17A3 NPP %4, 25 [8] 53 HER A 500 m, B [E] 53 #E% K 1 a, {fi ] MODIS Reprojection Tool ( MRT) T.E. X144
P b AT DR ORI B0 SR AR s IR L TR AT X R S BRI 1 4 BT 45 21 2000—2022 4F NPP [ Hif [i1]
FEHIENR , T 3R45 2000—2022 4E[A] NPP, Bils . FI AR M 28 45 B AR AR P B NPP |, B 110 32 R 4G A 2 2
FLFE M ERARE D T 20 BRAGKEHL , 3t 262 Be[E EAEHD ; L NPP, Ay F AR5 5 ) FAE 22 IR0 I 5 S 1, 75 2
252 YA SO g s

GBI R AR [ WK X AR Climate AP HERT LUK 39 28 245 B 5 T B B 13 37 A 3l IX Y8 Bl A9 <
R ARG B AR b 2 5 R A AR A 16 A, B b R S IR 7 R iZ B M 7 2000—2022 4T ] £
SR EE

T EEARE A SoilGrid 4 BR I EIHLE (https : //www.soilgrids.org/ ) , 55 [A] 53 FEF K 250 m, £ 7% PHES T3
i 2R APERE RS 1D TR R, AP NPP, KRR TSR R 1 R,

http ; //www.ecologica.cn



4930 JAE = 45 4

R1 EHEEHRAIHANPP HRBETE

Table 1 Environmental variables for NPP of larch plantations in Jilin Province

I R iE2E (B IR R KT )

e Sl FEARAR A AR L:<¥ v ..
. . . . ) Mean + Standard deviation
Variable type Basic variable Variable code Unit . .
(or Levels of a categorical variable)
FRAMG =N
Maximum vegetation R A= 5 NPP . gCm™2a’! 616.06+85.64
productivity
Hi P R 2 13 Elevation m 600.79+289.15
Topographic factor (Db (2) ARALHE (3) A (4) ARrgdk
0] Aspect — (5) ¥k (6) Vumdk (7) Vs (8) Padbk
(9) eI
Wi sition - (DA (2) B3 (3) Wi (4) T (5)
pos WA (6)F
W Slope ° 9.74+7.48
= ,:-m; (=N
RER AR MAT € 4355131
Climatic variable
MWMT 21.35+1.69
EL st /v i> :El
it/ v L H9 MCMT B -15.72+0.85
AR H 2 TD C 37.07+1.48
EIRE K B MAP mm 748.02+110.49
TSR E i AHM — 19.78+3.89
DD18 243.27+99.67
, .
18 AL/ TAERR DD_18 B 5132.91+372.85
0°C DI AE AR DD_0 C 1446.36+141.89
5C LA LARRRE DD5 C 2029.04+297.77
A -LIPN NFFD d 177.97+11.49
= N3 k% =
n i SAZKET AMES o mm 75.05+27.30
& K
. EXT 33.02+1.34
N B SR
AT 30 AR A S e /R EMT < 0115136
WA LT A X 2K A Eref — 703.85+40.14
WA LR TR 435 R CMD — 136.54£51.53
+ A B A+ R bdod kg/dm3 1.34+0.04
il variabl "
Soil variable TR BB efvo em?/100em’ 21.55+4.52
sand 31.61+5.78
A 5T b ( - EHLARAL AR ) slit — 44.00+4.22
clay 24.37+3.36
L3 pH pH — 6.81+0.26
FH B -3 4 i CEC cmol/kg 23.65+0.26
A PR soc o/kg 24.62+£5.96
2R TN o/kg 1.71+0.41
A HLER % 0CD kg/ dm? 15.52+2.09
EEp IR 0cs t/hm? 63.17+8.81
. (113) WE kA3 (1SOHTEE L (162) A L
Y T — o
L ype (167) B+ (186) KLk +
TR ST cm 41.99+10.38
A SR R HT cm 4.25+3.41
AV R LT cm 3.35+2.14

NPP, . AEHF R 77 J1 5 KAE Maximum vegetation net primary productivity ; elevation ; 4K elevation ; Aspect ; 3% 1] Slope aspect ; position ; 31V

max

Slope position; Slope : i slope; MAT ; 4F#4Jif Mean annual temperature; MWMT : 5 H 47l Mean warmest month temperature; MCMT ; 534 H )1
Mean coldest month temperature ; TD ; 5 5% 5% 8 H i 2% Temperature difference between MWMT and MCMT ; MAP ; 4E 44 47K ft Mean annual precipitation
AHM 2 HFEEL Annual heat: moisture index; DD_18:18°C LA N 4EFE Degree-days below 18°C ;DD18:18°C Lk _L4EFHE Degree-days above 18°C ;DD_
0:0°C LA F4ERUR Degree-days below 0°C ; DD5:5°C BL_F4EFR Degree-days above 5°C ; NFFD : LRI KHL Number of frost-free days; PAS: Fif—4F8 A
F4E 7 A IREE %K & Precipitation as snow between August in previous year and July in current year; EXT 813 30 4F i i 55 2 ¥ Extreme
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maximum temperature over 30 years; EMT. j#i it 30 4F (% 4% 3 5% fIL I & Extreme minimum temperature over 30 years; Eref: M5 4% FL K 7 AH X 25 &
Hargreaves reference evaporation; CMD ; B3 4% FL K3 7K 4375 Bt Hargreaves climatic moisture deficit;bdod : 4l 447 %% B Fine soil grain density ; cfvo; {15k
R F3%L Gravel volume fraction ; sand : W0 7 f5 Sand content ;silt: By 7+ Silt content ; clay ; ZK0 2 5 Clay content; pH : 3% pH Soil pH ; CEC; BHES
T2k Cation exchange capacity ; SOC : £ HLE# & 5 Soil organic carbon content; TN ; 42 %&, Total nitrogen; OCD; 45 HLE% %5 B Organic carbon density;
OCS: A HLEkA# A Organic carbon stock ; Type : T35 Soil type; ST: +-3EJFRE Soil thickness; HT: i 58 JiU ) &£ Humus thickness ; LT : Ali 5 9 - JRE B2

Litter thickness

22 Wk
2.2.1 ARHEiiik

Sy kit G 22 T AR OB o JL5 X6 RONRG BE B, XF NPP 5 PR A a2 )R AT A Sk S i Ry 22
IYHT, AT BR TUASHRAE , 3 A7 AL RE 1 ARBIF T4 LA R0 00 47 A8 H 0 e T4 A8 0 (o7 By L+
AL Ay 2250 T E AT A R e SRR NPP A i 3 S A AR i W T SRR o B SRS NPP,
KRBT 0.2 HEA BN, 85 DL 0.6 10 BIA, B BRI 5T H F Z A X R BOKTF
0.6/ 48 5t
222 Hlawe I piR

AHIF 5 16 25 B AL AR ARAR AL (RF) | S 35 i ALY (SVM) | 36 58 [m] U5 A 45528 ( BRT) AT T 4l 28 ) 4%
(ANN) 4 FhHLEF 2 > 05 B b AT 945 A AR NPP | BT (R AG | B () S 50008 B S At Al ot R 1 710 5
P RIS A TINS5 (o A% 48 2215 ( Grid search ) X REEUHEAT IS | 35 FFH 47 28 I IE SR AN 4
R PERE

RF'™ BB G0 (0 43 2 R0 B A ( CART) & J 1 Sk , ) 22 AR b SR g 10 B 1 20 T 12, LA e 1 A RS TR
B ZALRE IR S A A S, RF AR Bootstrap B SRAEJT B A2 A AN R I 280 8 4k, I A4 7
B A PR ; e A BE LR B9 FRAE 5 rP 6 B R AR b (8 S e A8 B A T A4 30 AR P e 4R
5E CART JERM AL H ntree #E17 R Z N, T TF-HRAG MIAR Y (1) S A S0 mry

SVM'® J& 07 F )12 B W B LA 27 o) B 22—, TR K30 140 8 S v e A () a0 S R fy s 1, O
W AR LR B e Ry T 40 B 2R PR B, 1T FH T A LA SR [ 0 e T R R AR R R £k L 20K S B
FZRNAR 1) B A SRS A SR e Bt U 1 22 30 X pR B A% pR A, 8 3 I S N 2R AR cost , gamma FT degree
X 3 S EER L E LA R,

BRT'' & —Fh I F A i B Bk . %5 2%t CART (4R T, il i & A CART AT (boosting)
LRI 2 B B R T a8 ) B YA S i A BRT YN 2R 5 AW 3 5L (shrinkage ) | 7]
AR BEAYE i (n.trees ) FIRT TR EE (interaction. depth ) % 0CHES AL, LIIA BRI ALY H Y

ANN"JE—Fh Z B A Y 20 3 A ROTTH AT R A2 | BeU 2 A s Z AR, T 38 i A 6 Y 2 ok
FEA NS 2 R B G R X N O R 7E I ZRopi 2 4% T A R AT AR AL, W 2 AR ELR (2-
normalization ) | /N5 KAREAL (Min-Max normalization ) & , A5 A8 FH 5 /NS5 AR WEAR A BT A3 A HEAL 5 1Y)
BARTELE[ 0,1 ] 2], 15 B ) 2 00T BRECA Sigmoid PR, P B2 size BEE N 1—16 , AT SEI8 R4 1l Ky
{0,0.05,0.1,0.3} H-38 i3 ;2 &N Gz DL AR AR Fe (A5
223 BIRLENFE bR

BILAS 27 > BT (% ik 00K R0 3000 8 ) v o D REC(R?) VY7 R R 25 (RMSE ) A XT3 J5 AR R 25
(RRMSE) M- 465152 22 (MAE) )W, R* o RB RS BHs B L& D0 B, R A2 T 1, 0 AR RKE e vy
RMSE .RRMSE Fll MAE A DA 2452 80 T 0 {8 A1 52 B {9 1% 22 , RMSE \RRMSE Fll MAE {E# /)N | B8 A 140 B
pajaSon

He R R=1- ilwi —w/i (y, - 7)? (1)
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BRI s = (15,5 )
HARSEI I HRR 2 « RRMSE=R1\iSE (3)
TR MAE =% [y, -5, (4)

Koy, A i A NPP,, WA (¢C m™ a™") 5y, A5 i DAEHL NPP,, FI{E (¢C m™ a™") 5y BT HEHL
NPP, SLIME A F-2IME (¢C m™ a™") sn AFEHIEL,
2.2.4 T SHAP AYA] fit Btk )5 i

SHAP 23 T 1R iS A R I B 7 1 | T8 3 Shapley 854k 454> A (9B A 728 2 X6F BN ARE A T30 14
IBRTTRR , 54 A 5 T 0 AR 50 AS By 4 45 P AF 1L, Shapley [ AE B8 47 b it B 48 s 4 728 1k SR BR1E 19 T
e

i = Yhae T ) (o0, ) oot (, )+ () (5)

Koy, N ANEEHLE) NPP,, TR ; y,, A FTAREHLE NPP | TS {6 5 x, 5 @ AFEHLE) NPP UL
{8 (x, )« FEHLES j ASFRAE R SHAP {8k S ARHIE A8

3 ZBRESH

3.1 AR

DRAEEA B 5 VKM NPP, 7 22 Hr 3% 2 Jis, A TA B9 £ 322 R (type) 3 7] (aspect ) | 3%
(position) X} NPP_ (MBI E (P>0.05) . HELLIREEAR & 5% b NPP | FHOCHE AT W& 2 Fios, A
SRR T 5], WA I R e AR . RS P R R4 A IR (MCMT) 55 NPP | A SR 1 35 HLAF 56 R %00
T 0.2 5h, Hop B i 57k NPP | #RIXFIR R F K- (P<0.01) , Hirp 5 NPP | AH S fe A U
18°C LU AFBUR (DD18) M R U -0.61 , Fe i 15 2 A I E R AN T 0.6 BY7AE B AR EI R K i (MAP)
IRAZERLERE T 11 ADIEEAR AR NPP, ASEAI 5 AR & 4300 R 18°C DA AR BLIR AR B K i &4
(TN) A BRATEL(cfvo) A HLERAA I (OCS) \pH \FHES F238 it (CEC) (40 T B (bdod ) iR 5
(LT) JEFERIEEE (HT) 14K (elevation) o

£2 NPP,, SHRTETRBUHENNER

Table 2 Analysis of variance between NPP . and categorical environment variables

. iR il
b r | o

Sum of squares df F P
Index Mean square

between classes
F A Soil type 55844.623 4 13961.156 1.932 0.106
B 11] Slope aspect 87688.011 8 10961.001 1.519 0.151
137 Slope position 24456.895 5 4891.379 0.662 0.652

P<0.05 R E, P<0.01 Fmil it #

3.2 R[AIAIL A S B P AS B A

FIH RF . SVM .BRT ,ANN iX 4 Fiflgs2z 2] 0k 36T 11 DN IRBEEMR & 7 75 MR T8 iERa bk NPP | 94
DIALRY 38 URHIEZE 3% 3 frn, ANFEBEELE RPHIRT 0.50, iR 225811t RMSE<12 ¢C m™ a™',
RRMSE<10% ,MAE 7£ 40.2 ¢C m™ a”' DAY, Horp RF FUNRCR efd:, R7 5 0.540, %1 1 ) RMSE \MAE . RRMSE
A5 11.320 ¢C m™ a™' 37.555 ¢C m™ a”' f19.22% ,BRT (R*=0.523,RMSE=11.987 ¢C m > a™") 55 RF I
(P BT, TN 25 S A T 56 ANN T SVM HULE 80 22, R* 43311 0.519 F10.501, BMA I 4 FibLas 2% 2]
ST ) NPP BRI AVECR ARy : RESBRT>ANNSSVM, RF 350554k A B2 5 my , B SE 4 RS e 1
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FIPEINEE Ty, A, 2E 4 RE BERLE S BEADUAT 52 DX it Al L TAR NP, B8 i A I AE 28 | 3947 T fie 8 1
oA
3 ETHEE SRR MRS R (P b 2% )

Table 3 Accuracy evaluation of estimation models based on machine learning algorithms ( meanzstandard deviation)

PEA 545 Evaluation index

SEgal

ﬁ:{il SE BB ¥y iR AHXS B T7 kiR 2 SRyt 2
R? RMSE/(gC m™?a™") RRMSE/ % MAE/(gC m™2a™!)

FEHLARHK Random forest ( RF) 0.540+0.164 11.320+3.643 9.22+2.94 37.555+11.722

S H L Support vector machine (SVM) 0.501+0.197 11.689+4.228 9.4413.12 39.292+11.051

18435 [8] I 44 Boosted regression tree ( BRT) 0.523+0.146 11.987£2.363 9.74x1.74 40.190+5.867

N T2 M4 Artificial Neural Network (ANN) 0.51920.158 11.488+3.744 9.29+2.76 39.933+9.388

R*. g R Coefficient of determination; RMSE: #5812 2% Root mean square error; RRMSE: HIX]# 7R i%# Relative root mean squared

error; MAE ; P46 %} 1% 2% Mean absolute error

3.3 LT SHAP {HAY NPP S0 X &
PEH RF SRl | 2256 2 PR s 5 X NPP, | A9 s ZPEHE P AR A, i F] SHAP 34 {EAE A b Ts b

FORNRGL RO BN AR A TTRRARRE 18] 3 DB AR BN NPP, 1B E 20, 4 R R U s i x)

1.00
NPP,ax
MAT
0.75
MWMT
MCMT
0.50
TD
MAP
AHM 0.25
g
Q
& DD 0
2
E =
:E‘ DD5 0 %
% K
= =
=  DD_I8
.
r DD18 025
NFFD
PAS o
EMT
EXT
-0.75
Eref
CMD
-1.00
¥ & £ E o o P
g<225<§d§2‘§§§2§£§
7z 3 = < 8 g & Z = o
Z =
A f3F T Climatic factor
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1.00
NPP,.. | 1
elevation |0.53| 1
slope |-0.03-0.24| 1 0.75
ST 10.01]-0.05]-0.23| 1
2
g HT [0.21]0.22]-0.06/0.01| 1 0.50
8
Q
£ LT 10.3410.24]-0.13/0.03[0.41| 1
<
o
g bdod |-0.43-0.56| 0.2 -0.03/-0.08/-0.13| 1 0.25
E
= CEC |0.43]0.25]-0.03/0.08 | 0.08|0.16|-0.46
4 &
]H!g cfvo |0.57]0.46/0.21-0.09 0.1 [0.23]-0.32 0 %
B K
§ clay -0.09]-0.21/0.19]0.04|-0.12/-0.220.28 =
®
H TN | 0.6 [0.65]-0.22/0.06 0.2 |0.27]-0.63 005
ocD |0.5610.73]-0.27/0.040.17|0.23 |-0.69
pH |-0.4710.65/0.22/0.03 -0.240.27/0.39
-0.50
sand |0.09] 0.2 |-0.13/-0.06{0.01|0.14 -0.38
silt -0.05/-0.10.030.050.08 -0.02| 0.3
-0.75
soc 10.52/0.57]-0.12 -0 [0.13/0.19-0.6
ocs 0.53(0.43]-0.01/0.05/0.17| 0.2 |-0.490.58 0.47|0.13] 0.68 | 0.73 |-0.46-0.19/0.16 | 0.66 | 1
-1.00
» &K K &K © U o > A T T8 =2 O @
Q. n ~ =] > 0= s =
§PSS3ELEFERETEE

NPP,,.x
elevation

A3 FnHb I I F Soil and topographic factors
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