55 45 55 2 1 S & 7 i Vol.45,No.2
20254F 1 H ACTA ECOLOGICA SINICA Jan.,2025

DOI:; 10.20103/j.stxb.202402040310

AEIB U2 TRIIDT Bt PSR KB 1r T2 MG - L SR AR MR 95 4 K RE 70 2 1R B b RS A i —— AT i 2 R 4 4 e e Jal o 01 2
244 ,2025,45(2) :911-922.

Yu E X, Liu SR, Zhang M F, Hou Y P, Sun M R, Deng S Y.Development of spatial upscaling models for stand-to-watershed forest litter water holding

capacity : a case study in the Manzizhuang watershed in Baotianman, Henan Province.Acta Ecologica Sinica,2025,45(2) :911-922.

HWa-REARBEYF KENTEARE LHEZER
¥ 3E
—— L g R T U A 1

B xRN GREASE ARG FE INER FFFS

1 ISR R R AL A FF ST S5 o AL R BF T BE M AR 55 (1 SRR BESEBR A5 100091
2 VT R AR A5 R GE B SRR O BRI R 474365

3 WTRHIAE VIR SRS 7B LAD 611731

4 RIS LA (RATTRRE ) KRS S VIV 1V

TE AR VR WK RE R AR A SR SCIT TS YR N 22— ARG RTAIT 52 22 B "R AE AR oMo RUBE . g A 52 0
B b A U S s () RURE — B A AR SO RS M A 22— o AR I 3L TR SRR IR Bl T B R A s S ], e T
ARGV A R T W 5 K AP S | 20545 8 SRR AR AN RS o 2L ol L 19 S50 AR 95 ) AR B 35 PR g A2 08 7 0 445 7K R T AR -t SR
J3E LAY , S AN BE AR v R K B S s T Je o A5 R L (1) U8 v )R B R AR I 5 3B s AR5 047 A AR
b HE R HC, TAVE R A A S AR M DAY B AR  REAOG, Heh B LR TS ) E R K B
KB IR T o BEAE B RR LB 0% SR 100% , I8 9 )2 e R AR/ e R 2502 38 1 ) 25 4 7 59.2 il 55.6% ( P<
0.05) o (2) HIBESHRFE R T3 | ABLRHIAR 5 HUIS , I8 9 900 i R /K S R 802 3 RUE e R L5 DL 35 4R T R 4
% F] 0.918 1 0.857 BRI FUMALR & 2T (3) M4SN B eI AE T A5 R | Rtk 7 4~ 2 R R /K i A 042 38 By
SR 17.69 17.13t/hm® , L5 B 8 95 4 B XA K e s o s WAL R AR AU P A A B R R (4) TSR R A |
NDVI fie RAR M R 224134 M A= ) B B/ N B AR o7 LU sy (9 DX Y 1 2 Rk RE D TS, R4 2Rl Dy bl 3 11 o 2
MR B U I PR AR AR 8 A BRI P B2 AR

RERIA) KRR TR s BUN AR ; P 0 s oIk 5 NBE LA 2

Development of spatial upscaling models for stand-to-watershed forest litter water
holding capacity: a case study in the Manzizhuang watershed in Baotianman,

Henan Province
YU Enxu'?, LIU Shirong"* ", ZHANG Mingfang’, HOU Yiping*, SUN Meirong', DENG Shiyu’

1 Key Laboratory of Forest Ecology and Environment of National Forestry and Grassland Administration, Ecology and Nature Conservation Institute, Chinese
Academy of Forestry, Beijing 100091, China

2 Baotianman Forest Ecosystem Research Station, Nanyang 474365, China

3 School of Resources and Environment, University of Electronic Science and Technology of China, Chengdu 611731, China

4 Department of Earth, Environmental and Geographic Sciences, University of British Columbia ( Okanagan), 1177 Research Road, Kelowna, British

Columbia V1V 1V7, Canada

BE4A . BEEE SV ARSI H (2021 YFD2200405) ; E %K H 44823475 H (31930078)
I B #7.2024-02-04; ™ & tH R B #A . 2024-10- 11
# WIRAER Corresponding author. E-mail ; liusr@ caf.ac.cn

http ://www.ecologica.cn



912 xR 45 4

Abstract: Water holding capacity of forest litter is an important topic for forest eco-hydrology. Yet, most studies on forest
litter water holding capacity are performed at plot or stand scales. There remains a lack of effective methods to extrapolate
the forest water holding capacity from the plot or stand scale to larger spatial scale, e.g., watershed scale. By use of field
sampling and experimental data on the water holding capacities of different types of forest stands and tree species
composition along with remote sensing data e.g., vegetation index in the Manzizhuang watershed in Baotianman, this study
established the spatial upscaling models based on forest vegetation structures (e.g., vegetation index and the proportions of
different tree species) and environmental factors, and then applied the models to evaluate water holding capacity of forest
litter and its spatial pattern at a watershed scale. We found that (1) The maximum water holding capacity of forest litter is
significantly related to slope, tree height and the proportion of Quercus while the effective storage capacity is closely related
to the average annual aboveground biomass and the proportion of Quercus. (2) The proportion of Quercus is a key factor for
the water holding capacity of forest litter. The maximum water holding capacity and the effective storage capacity
significantly increased by 59.2 and 55.6% ( P<0.05), respectively, when the proportion of Quercus increased from 0 to
100%. Introducing the proportion of Quercus greatly promote the performance of the upscaling models of maximum water
holding capacity and effective storage capacity forest litter with higher R* values of 0.918 and 0.875, respectively, and lower
values of stand deviation (SD) , root mean square error (RMSE) and mean absolute error (MAE). (3) According to the
upscaling results, the average values of maximum water holding capacity and effective storage capacity of forest litter were
17.69 and 17.13 t/hm®, respectively in Manzizhuang watershed. The areas with higher litter maximum water holding
capacity were in the centre of the watershed, while greater litter effective storage capacity areas were located in the north
and south of the watershed. (5) In terms of terrain and vegetation conditions, areas with greater litter water holding capacity
were mostly featured with lower elevations and annual average aboveground biomass, higher maximum NDVI and the
proportion of Quercus and flatter slopes. This study can provide scientific supports for forestry sectors to develop adaptive

management measures for managing forest-water nexus.

Key Words: water conservation; Quercus aliena var. acutiserrata; litter; water holding capacity ; upscaling model
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Fig.1 Manzizhuang watershed and sampling plot positions
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Fig.2 Research design
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RIRTE YR FE KA (Vhm? ) s M ORI E R (vhm? ) 5 RO AR B K (%) 5 G,y I 3% Py fif
(vhm?) ;R HIEWABIEE R (%) 0, HTEYAREEE 7 (Vhm?)
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Table 1 Basic imformation of different forest types

Mo B Mg

HAl Fu ey %13 ez Weray . . W IS FA] £
T Forest t Elevation/ Slope/(°) A . Stand density/ Diameter at Tree heieht/ C densit
ypes orest types evation/m  Slope, spec (B /bm?) breast height/cm ree height/m anopy density
1062 27.23 15.96
HRO.4 RR 1413 8.22 2 0.75
’ FH (0, 1062) (0, 27.23) (0, 15.96)
1075 24.33 15.52
HR1.3 RH 1357 11.99 § 0.80
’ i (292, 783) (22.44,26.22)  (14.44, 16.60)
1175 21.76 16.02
HR2.2 H 1 A ES 77
et R 393 8.40 HI (575, 600) (22.02, 21.50)  (16.52. 15.52) 0
1108 21.82 15.34
HR3:1 RH 1360 15.16 ik 0.78
’ B (833, 275) (21.77, 21.87)  (15.64, 15.04)
1100 28.72 17.62
HR4. HH 137 13.32 { 77
R4.0 370 33 s (1100, 0) (28.72, 0) (17.62, 0) 0

HRO: 4. 2 I FARREL: B AR AR50 = 0:4 Ratio of Pinus and Quercus trees of (0:4) ; HR1 .3 #EILIAMEE BL I MR BE ST = 1:3 Ratio of Pinus and
Quercus trees of (1:3) ;HR2:2 . 42 ILIAA RS B AR L %L = 2:2 Ratio of Pinus and Quercus trees of (2:2) ;HR3: 1 # IIFAMREC B8 5 MR R B =311
Ratio of Pinus and Quercus trees of (3:1) ;R4 ;0 4 1LIFAEEC: S5 Mt 4% %L = 4:0 Ratio of Pinus and Quercus trees of (4:0); RR . 8t 14 M4 4k
Quercus pure forest; RH ; 845 M A5:-4 L ARVE S Ak Quercus-Pinus mixed forest; HH ; B LLIFASEAK Pinus pure forest ; 32 143 5 %J B ARE H P9 42 L AA FIBL
VMR G A B (AR IS, B HHER) s R P BT 38 R T 1 1E

2.2 JAIEYIRKRE R R

T N A 2 T AR AR T K g 0 1) F s IR 2% RS T BN, R R e 2 )
—H, G, MR 2 8 B L AR IR AR b 1 A A P R SR R A () I A A 8] A 0 B S 0 Al
H I, 2 3B 11 A2 P 95 W0 K e 0 9 B FIAE R R 1 (36 2) |, - 5 V& W 2 S Rk B MR 38042 & e AT
Spearman AHSCHESM AT, G 18 ) 8 35 A0 OC K FH TR 5 W Rk BB ) &5 TB) RUBE e . Bk D BRAE R
Studio 1 2ZHL

®2 EEVHKEHEBEEZWETF

Table 2 Potential impact factors on litter water holding capacity

P73 Factor type 5 T Impact factors
oI ¥ Topographic factors S A LE,
FHBE K F Vegetation factors FVC.T, AGB,,,, .DBH.NDVI . LAI .NDVI P,

S, Wi BE Slope; A, 3 17] Aspect; E, . 4K Elevation; FVC . SRAEHH A4 #4535 B Fraction vegetation coverage during sampling period; T, : 44 5 Tree
height ; AGB,,,,, : Z4FF- ¥y -4 ¥4 Annual average aboveground biomass; DBH ; i§4% Diameter at breast height; NDVI, B —4F & R IT— 1Al ok
54 Maximum normalized vegetation index of the previous year; LAT: RN [ FAHE 4L Leaf area index during sampling period ; NDVI: SRAE# I3 — kA
BFE L Normalized vegetation index during sampling period; Py, : B 15 o Proportion of Quercus

2.3 JAIEYRKAE S A I RUEE b HEASE AR A 5

R BRI TUAY , P mhE BE , AR AEAR OCHE M 4l R 1 Bl i — 2D B 23 BRAE M5 , (i E
A AR P8 T8 )2 B KRR/ R AR A i AR A . SR TR 1/3 A0 UEAE i SE DU 5 Fii e, 15
PRUEZE (SD) FT7 AR 25 (RMSE ) FIRP I 4 X R 2E (MAE ) A1 R RURS B2 I R 22 A fe b . AR 2R ik
IR 5K, SD \RMSE il MAE fie/ N A RIAE N J8VE 1K Be J) 25 R AR | I, L TR S 8000 25
[ 3 A BAEAE ArcGIS H MR 15525 E— 25 A i Sk v ke K g 7 25 [l 43 AR 1
24 SAtorHr

PP 2 J5 2253 M7 ( Analysis of Variance , ANOVA ) T4 35 AN [ A i1 248 U ] Y 400 AR AiE R Sp 7K R 1k s 24 1)
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25 [UHAT LG BOAHER L 4] 5 8 & P e K BRI FE FRIBI O C R . Fil A A2 A R Studio 1
ArcGIS 10.2 SZH

3 ZBRESM

3.1 ARSI P I ARRAE

SRR B IRTE Y R AT 243 2 RN U MR R A 40 R (11.851.15) L (6.79+
0.97) .(5.06+1.29) t/hm> F1(7.60+0.91) t/hm* , 3513 I Ay B3 14 WA AR > B8 AT MR AR -8 LI P TR S8 P (5 PRI ZE MR
SRR (R 3) o VA H AR B /KRARLIEE N 37.89%—43.21% , BLUTHIHER 5 LLE I (0—100% ) , 1759
JZ R Z AL AR 2 PR B N (P<0.05) , 22 AL 5 53 551 0 (6.05+0.02) | (4.42+1.54) F1(14.70+
0.66) t/hm* , 43t |2 B FUE A AL A 3% (P>0.05) .

R3 TREIGERR, S L L G R & W 1E

Table 3 The forest litter characteristcs of sample plots with varying ratios of Pinus and Quercus

» RIHRZ Lo Bl bR

- BEMEERE | ) , N 5
A L Undecomposed layer Semi-decomposed layer Quercus TRy .

Sample mel' LA ERE Bl Litter density/ . AEE

accumulation/ - He ) . L A5 . LAl 3 Litter natural
plot types ) Accumulation/ ; Accumulation/ ’ Accumulation/ ; (kg/m”) ‘

(v/hm*) ) Proportion/% ) Proportion/% B Proportion/ % water content/ %
(t/hm®) (t/hm*) (t/hm?)

HRO.4 14.70+0.66a 8.70+1.93a 59.13 6.01+1.88a 40.87 14.70+0.66a 100 23.23+2.81a 42.82+3.71a
HRI.3 13.67+2.42a 7.99+0.92a 59.09 5.68+1.95a 40.91 11.29+2.05b 82.60 31.70+8.81a 38.21+0.52b
HR2:2 12.39+1.33a 7.34+0.74ab 59.25 5.06+0.68a 40.75 8.38+1.46¢ 67.42 30.82+2.90a 43.21+1.97a
HR3:1 9.82+0.69h 5.63+0.88hc 57.96 4.18+1.55a 42.04 3.64+0.40d 37.40 26.30+4.23a 37.89+3.19h
HR4:0 8.65+0.64h 4.28+0.39¢ 49.50 4.3740.37a 50.50 Oe 0 28.96+4.19a 42.79+0.98a

ARVNG FHREFOR RIS AR REH I I 2 [ 22 57 .3 (P<0.05 ) ; Bdin b P2 (L pif i

3.2 ARRIZRMRERFEYFKAE S

PRPEYIRK I () I, RSB TR TE W2 R 53 J22 R 53 il J2 de KR K 2t 349 8 50 0 MR A >
RS ILIAIR(FR 4) o Forp AR IR 75 W0 )2 e KK 205 5, 4 193.99% +2.32% ., WA 145 1t Bk L 9]
T 3)  ATE YR KRR KRR 3 (P>0.05) . J7E )2 IR 52 fo R ReK i g 38 ( P<0.01)
PETHIRRE 7 9290 59.2% F1 92.8% ; /3 |2 A5 AL A .25 (P>0.05)

PV & B () Jr T, =R B B TR )2 o3 A 2 IR 20 Al 2 A 808 55 2 AR B R 3 1A AR
MSTRSEMSEEINFAMR (£ 5) . PATEY) 2 R0FE B R IR LA TR A B AR AR BEBE 14 MR L 1]
PBTH(E 4) BB R RAEBEEE R B (P>0.05) . HIEWERNRMRZAREER T E(P<
0.01) , $&E T+ EE /51294 55.6% F1 87.9%

F4 AEFRNEEFZMFFKEFLE
Table 4 The litter water holding capacities of different forests types

Ko IZ N o2 RI i IZ
- N IR W L SR
iR ) bk KRR E . e RHKE FRFKE
PR KRR &R 1, A Maximum water . . Maximum water Maximum water
. . Maximum water . Litter maximum K . . . )
Forest types Litter maximum holding rate of holding capacity of holding capacity of

holding rate of semi- water holding

water holding rate/% decomposed layer/% undecomposed capacity/ (/hm?) semi—decompozsed undecomposzd

layer/ % layer/ (t/hm”) layer/ (t/hm*)

RR 182.34+25.79a 142.72+33.41b 210.54+21.06ab 26.70+2.52a 8.54+2.89a 18.16+3.16a
RH 184.54+10.95a 168.29+11.35a 196.53+13.22h 22.09+4.32ab 8.30+2.15a 13.79+3.05b
HH 193.99+2.32a 168.26+8.03ab 220.80+13.09a 16.77+1.04b 7.35+0.70a 9.42+0.34¢

RRNG FRERIR RIS IR ZE T 2 (8] A9 28 53 .35 (P<0.05) 5 Bt AP I e A i
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Fig.3 The tendencies of litter maximum water holding rates and capacities in different plots with varying Quercus proportions

£5 ARFBMEEAZFYERNEEHE

Table 5 The effective storage capacities of different forest types

o ESR
o A MRS k)2 R RS
MY‘E'%E EWSETy g EWSy eI EN ey ﬁﬁi%:éi el s S
N syt 2 AR R BRALE R AR R . AT R
AR ARFEE R . . . . Effective storage e
. . Effective storage Effective storage Litter effective . . Effective storage
Forest types Litter effective . . capacity of semi- .
rate of semi- rate of undecomposed  storage capacity/ capacity of undecomposed
storage rate/ % ) decomposed layer/ )
decomposed layer/ % layer/ % (t/hm?*) N layer/ (t/hm”)
(t/hm*)
RR 112.17+19.08a 82.17+£23.19b 133.56+14.98a 16.41+2.04a 4.91+1.75a 11.54+2.20a
HR 117.09+10.93a 104.69+9.10a 126.06+13.04a 14.00+2.89ab 5.15+1.32a 8.86+2.18ab
HH 122.10+2.89a 101.06+6.88ab 144.12+12.86a 10.55+0.53b 4.41+0.47a 6.14+0.11b

AR ING T RERIR RIS [ 2 T 22 8] A 28 5 S 35 (P<0.05) 5 Bt - e Am i

ESRIE cWEME o RAMIZE

200 ¢ 30
1ot —~ R2=070 P<0.01
160 ; £ 25 R2=0.68 P<0.01
S ' ) s R=0.11 P=022
o 140 F . ° ° . }
Ea f 120 2 ° T %
at éﬂ $ ' ] #E 5
i g 100“—\.\4\.\_ i
E e gof ¢ ﬁ g
s 8
2 ol R=002 P=0.64 ) -
g R2=0.02 P=0.61 £
40F R=010 P=0.24 2
2t =
0 . L L y
0 25 50 75 100 0 25 50 75 100

Bi AR &5 B Quercus proportion/%

4 TEGEWIRS LR AR EEENENEETETLES
Fig.4 The tendencies of litter effective storage rates and capacities in different plots with varying Quercus proportions
3.3 HEWIFEKRE SR AT
FARAE MR (3 6) , AR YR B IR K A A2 3 i S P RN T 7P e B 5 A ek, o
P72 B R K Y IR R R 2 B AR YR BT 4E R NDVIE VB UG BR o bE I 2 AR OC
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(P<0.05) , M R E00 M -0.504 .0.644 . —0.493 . —0.589 .0.681 F10.861, MW =ZAMEE & HIE F
P g A YR R —4F K NDVI AL EER & e 2 8 A 5 (P<0.05) , 5 R 505 3 - 0.521
0.615.-0.472 .0.602 F1 0.838.

R 6 AEWEIKEE IR SN0 E F X R 5 R (Spearman LFHAAK)

Table 6 Correlation test results between litter water holding indices and impact factors ( Spearman correlation)

RSl R A T P& 2 B KK VYRR R
Factor types Impact factors Litter maximum water holding rate Litter effective storage capacity
B AT S -0.504 ** -0.521""
Topographic factors A, 0.321 0.22

E, 0.644 " 0.615*
i FVC 0.361 0.375
Vegetation factors T, -0.493 " -0.414

AGB,.., -0.589*" -0.472*"

DBH -0.25 -0.311

NDVI - pre 0.681 *** 0.602 **

LAT 0.384 0.399

NDVI 0.264 0.282

Py 0.861*** 0.838 """

#% P<0.05; *** P<0.01

3.4 FVEYIFIKRE SR E FAERAY

R AH DG 23 BT 45 5L 4 B 25 AH DG 1 PR 5 ) 95 0 2 e KR K et R 28042 38 i R AT 3840 [l 5, 43 3 vy
ZICRNE AR (Jr 20K F - VIF<10, B FARAEAESRZE ) o ARG 1ESIV AR & LU R B V% ) )2 o
RAF/K AR (LMWHC = 56.429-0.842xS, - 1.583xT, ) 15 B R* 4 0.768, .M P<0.01; Ji & ¥ )2 A 302 &
HRE (LESC = 84.775-0.725%AGB,_ ) B R* 4 0.659, W& P<0.01, SIABLEHIEE S L T)5 , M52
e AR AR AR TR (1 i A S S e R A RO B AR o L, R R 0.918, i M P<0.01; S5 W)= A A & it
R (1 A AR it 22 AT Xl AR PR AR o E L Ry 0.857, B EME P<0.01(3R 7) ; & RPAN
MO RS &, SRS ROR By . BB REISUER W] (R 8) , VR W )2 i KA /K SRR SD |
RMSE Hl MAE 4374 4.40 3.66 Fi1 2.47 , 8759 24 3042 & | SD RMSE Fil MAE 43314 1.91 .3.46 Fl
2.84, SD RMSE Fl MAE {3555 /]n | U WA 700 101 0 45 S0 vl & RE R4 i

RT ABEWEKENERES S TR TEE

Table 7 Stepwise multiple linear regression models of litter water holding indices

HAI Type A% Regression model R? P

Y 3 =1 = s e L

@E%E_ﬂiﬂﬂki ) ) LMWHC =40.608-0.466x $,~1.065x T, +6.723xP,, 0.918 0.001
Litter maximum water holding capacity

VAT R A R

VAR A LESC=48.067-0.375% AGB,,,, +5.25xP,, 0.857 0.001

Litter effective storage capacity

LMWHC . 8 7% 4 )2 5 K 3F7K & Litter maximum water holding capacity ; LESC ; THE Y EA R E = Litter effective storage capacity

x8 RAUKEREER

Table 8 Accuracy of Stepwise multiple linear regression models

5 Model SD/(t/hm?) RMSE/ (t/hm?) MAE/ (t/hm?)
P& 2 B KK Litter maximum water holding capacity 4.40 3.66 2.47
TYEYNEA A2 E 7 Litter effective storage capacity 1.91 3.46 2.84

SD :#rifEZ Standard deviation; RMSE ; ) /7 HR% 22 Root mean square error; MAE ; SE-3446 %115 22 Mean absolute error
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Fig.5 Spatial distribution of litter maximum water holding capacity and effective storage capacity in study area
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Fig.6 Spatial distribution of litter water holding capacities in varying terrain and vegetation conditions

NDVI,, 202 : 2022 4F55 K NDVI {H Maximum normalized vegetation index of 2022; AGB, .. : 24 F ¥ I A= ¥) & Annual average aboveground

biomass

http ; //www.ecologica.cn



920 xR 45 4

SIATTEBL (L 6) o SEHIE R, U4k 223 1) A V5 0 15 /K B 0 ARG i, P44 /N T 1537m FI3EE /D
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WEEE BT, ST FAEYEA T 84.94—97.82Mg/hm® (1 X 3 4 74 4 45 7K B J1 %58, 7T e R Sy i 35
PRI 3l A7 70a RIS A AR, 78 THFR L AR T 5E RIS A AR 3 B 5L 35 | U B A ke i 3 A 95 4 /K BE T KRRk
o,

4 itig

4.1 A[FFES BRI JE R 5K fi 2 fE

b HEA9 AR A SR T 5 5 K BE T, BB VMR o7 LI, O 9 100 J2 0 R 20 ik J2 1) e R A5 K A
AR E R RN (P<0.01) , —J7iH, 8754 & AR AR K BE 0 32 e f PRk A 257, A
LA AR, B HR AR 7 ) 8 R 2 g (36 3) |, NG Rl B0 1A AR o LU, vk 20U 7 4 R 1B 35 4R 0T
A 8] V55 W i R AR K i AT R 38 it 2 04 A0 5 — D T, K B SR 1 5 42 o O 9 ) 00 e R ) R
Y5 2 U E BURFAEBE T B K 22 5, B9 DX A 2 I R S AR IR A 28 2 VR 2 DR % A1 Y 0 43 i 2 280 T g
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TR ARG HE R AR - TRV YR K BE 0 RUBE e LR . M R AE D T, 289 A T TR R R
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