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Fig. 1 Framework of the "watershed system simulation-scenario optimization" methodology
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Fig. 2 Overall design of the watershed modeling framework of Spatially Explicit Integrated Modeling System (SEIMS)
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Fig. 3 Integrated watershed management scheme for soil and water conservation in different water erosion regions

in China and the schematic diagram of boundary adjustments of slope position units
based on fuzzy slope positions along a hillslope
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Fig. 4 Proposed framework for optimizing the implementation plan of best management practices (BMPs),

considering stepwise investment and BMP's time-varying effectiveness
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Fig. 5 Overall design of participatory watershed planning system for multistage implementation plans

of the best management practices (BMPs) under stepwise investment
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Fig. 7 The Youwuzhen watershed in Changting county, Fujian province
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and slope position units applying dynamic boundary adjusting strategies
6.5 E [R5 R I FF1 BMP B T3 2 Y BMP SEHER Fr AL 40 S236
s PSR E N b — /N5 TR S 4 vk i — A BMP %5 8] A7 Jmy 7 2880 50 7% 1
(F19a), #E—2 R0 % o W BA s M BMP B ARRL 25 09 /i (55 4717) 4T BMP SZ)ifi %

LML, AT T 4XF HUSEES,  PPAL 20 B B 98 R BMP B A8 %0 75 % 10 £ S it i 2
2, D 43Fr Be 9 R[5 € BMP &L 25 (STEP+FIXED); @ — Y48 5 Rl 5 1Y

a. ¥ERE (E:A BMP 5% b. 44 HLASSEEG IR AU B AL Pareto fR4E
#4&) STEP+FIXED-HH
6.5 -_ Lap——
A ﬂ
6.0F A A% STEP+FIXED-MM ONE-2+FIXED
O ONE+VARY
5.5 STEP+FIXED-LL @ STEP+VARY
A STEP+FIXED
A ONE+FIXED

TR F(%)
S

) BB I bt m
L] = .0t
« i O AL 40r g‘ ONE-2+VARY
. SR
Mzﬁjﬁ -{E&ﬁﬁiﬁﬁ 3 5 GgTEP 2 1 1 1 J
ST AR 150 151 152 153 154 155 156
G BMPg‘gﬁﬁj}gﬁ%@ﬁ—% ProtEIE — 4R IS BE (T 0)
S8 ES HALE H54E
=Ty
7 2 : b =3
. v 1@ ﬁﬂ §o73 g
-ﬁﬁﬁﬁﬁ 0 500m 0 500 0 500 m 0 500m
W Z TR " Al
BEJTIT) 88.40 69.82 33.07 10.83 12.80
WezE (J7I0) 0.00 0.00 6.92 12.21 14.56

{E: STEP: 73 BE 9t s ONE-n: 85 n AFfRAT— UM s FIXED : [B1 € BMP i s VARY : 48 BMP Al 5
LL: A NPV A 2 (it 70 % s MM : thi—H s HH : 1 —
K19 25 B Bt o R 2858 i 1) BMP S B2k B I A o L S 45
Fig. 9 Results of the four comparative experiments for BMP roadmaps considering stepwise investments and

time-varying BMP effectiveness



70 i B 2E 79 4

BMP%{%5 (ONE+FIXED); B 7B # fiintZ2E BMP#i#5 (STEP+VARY); @ —ikik:
BGE A2 BMP A% (ONE+VARY ).

AR S TS S % 4 1R (14 3 (L B A Pareto fFAE NI 9b T/, 4»BBE#E%E (STEP)
B B 3 1 AR T V0 R e ONE-1 5t (RIEE— AR — M3 0% ) 1624 0.8%~0.9%, ¥ PH
HYE 74777500, FHRERLGIEAN ONE-2 1f5t (HIEE AEf— ) A
URE20.4%, BRRTL, $RHE75 RS B BeAs B8 (1) BMP S 26 R A0 5 2 AR 5 52
BRI B 2 B BERE ORI 0, AT A SR B i, B — AR B0 B 4 T B A ISt
SEREA BMP 23 [0 A R TGS 5, XA PREERGEE BRA k
6.6 ZABHIEHEXEFITREEMLIELILE

SR IR AR SR A R K 2R G RE S Sl B R S5 AR O S SRR E 4R L YIsE
AT R BMP S 2 ], BETT T —ANASI) A €0 R 25 40 56 3 R i s 2 PR R &) Al 52
U, BN EE . A B E 2 RAR R A SO R g (SR STY) MBS
BB, ARSI, ek IR,

3 A 0 1 ) 25 A OG5 7 25 TE AR R 20 R AR AL 45 SR 3k mt |, rBlRE AT
B, RI5E A SRR AR, 35T 3 RE K Pareto R4, AR B
Flzs AR Z TR 225, HARSS X T IA N J& = 5 ik AR A X sk (1] 10a Hr 2T
HE ), T2 X 88 PR 1 S it B 2 1 T LA T R 2 AR D B R R, R RL R IR 22 R AE () 25
SEMARIL T Pareto fRSERY ZAEM:, PR IRIRIE T 2R &k &

T 77) 55 T T A 285 SO TR R RS A YA IR e SR SRR RE T DI R R, AR
Xb IR R G — I R HES S RTAF AR — R I R IFRE T R 507k AT HAF
5, FEAHE.

(1) BFXF BUA IR AR 2 22 S i i R G . MR CRFIEA R TN R A,
Fe TR R MR AE SR, DU A R 3% B PR A s PERETHAR, i 2 iR R B S 3
GBI A K

(2) BA BMP AL H R AR BMP 25 [ e B S oHE TR BLE A /N s 53 B
2y R E RN, HAsS WC B R A BUE R E 18 A S B s i
JARE, AFFEEPRAPALS, FIXX LA, $RH DA S ICAE y BMP 25 (8] B 50T,
IRt T ARYE A 25 (B AR R A A T BT B sl SR B BMP I AR T ik, Al Ak
BRI AR PR, PR BMP 1 SIS R A A o

(3) EAMILATT 5 BRI ITHE BMP 25 8] 4 J7 7 S8 ] — PSSt Se i, ik o
W B St 14 S PR AR DD S T AT P SE TR I, BEXTIZIDE, B2 AR 2 B Be i e 2y
HACAL BMP SR U HETT i, I RAEE AR AT oK ] I i) STt 2

(4) T ERIFEDTERERINL T 27572 5 X BMP St £ ML 2 48, LI
REARRSE BRI HT X AR AR Ll AP RO IR, A 2 05 Rl s e B A Rt = 5
T BRI 7E

ARSI i AR MR/ N R B SR, Bk TR L B TR R R SE ]
P, AR BLRUERG AiA B A R SRR DTk )T 5« BORRIT BB A R o AR SO
PRI T Ao H) BMP I SO R I k2@ IJ7 5, AE R T AU S R T
TG R | Fro5 B BMP A | FTBE A BMP 45 (] P e SR A BLAR S



13] ZORGE A BT R G SO RORT ARG BRI SR ST 71

a. F = RIS IR KR AL TS 2 i Parctoff 8 (LTAE 1Y 4 = J7 ik R Y X 150)

a5} S HER R ‘ﬂ""" °
431 : "’
4.1+ ‘ *
g‘} 391
£ 31} .
= sl SRR 1
’ o ‘ S 2R
Bl e o SRR o IR BRLE R AR
- o BTSSR IS AL
Sab o fMHUE R R RIS =L
“ 1 1

29 1 1 1 1 1 1 1
146 147 148 149 150 151 152 153 154 155 156
PRSI — R IECTIT)

b. FIBHLR FR G4 B SR i rT AL S A A
RN SR HEBAENETER

D 5% @B E5HE @B BUHNE 8 SFHE M

s 3 e s
SEESFIR SESHBVPRISFIER
. TERE W ETRE WA -O- RitsEE & B SR @ SSHETRNE 6 4&&:1%%4&55; . SRR
B SEERE @ SSHEETRE 2 W SFHRETRE

B ESEEN  ElESHER. s LIil)\ B SR

64

'S
8

RESWA(57T)

RBESKA(G7T)

| eEEMAE)

FEI10 i = FIRE A O R A P A i 75 3 1) Pareto fif 8 ORI 22 G 46 B SR A T ALAK 20 BT S 1
Fig. 10 Pareto solutions of the three optimization rounds launched by three stakeholder groups and

the client-side graphical user interface of the watershed planning system

N BR TARSERAL AT TS, b TR SRALHE) RO, A4 4R SEIMS Al R Y i
T BB . BMP 28 SRR R, U&KIﬂ{ﬁﬁﬁ{éﬁﬁﬁﬁmf‘ﬁﬁ%{ﬂ?@#
WALFFF A SR 9 2 51 BMP A SEOUA T ik -5 A ol AR A AL A AN &
TE 2 Sebri G s - esh et “BHl—Iue” JInk SEARE R



72 i B 2E 79 4

5 % 3k (References)

[1] Fu Bojie. Geography: From knowledge, science to decision making support. Acta Geographica Sinica, 2017, 72(11):
1923-1932. [fHAAAS. M= AN B2= 100, B4, 2017, 72(11): 1923-1932.]

[2] Zhu Axing, Zhu Liangjun, Shi Yaxing, et al. Integrated watershed modeling and scenario analysis: A new paradigm for
integrated study of physical geography? Progress in Geography, 2019, 38(8): 1111-1122. [ZRBi 24, R B, S0V A, 45
ARG A B SFR T AL G U AL R EIERE, 2019, 38(8): 1111-1122]

[3] Arabi M, Govindaraju R S, Hantush M M. Cost-effective allocation of watershed management practices using a genetic
algorithm. Water Resources Research, 2006, 42(10): W10429. DOI: 10.1029/2006WR004931.

[4] Meng Fande, Geng Runzhe, Ou Yang, et al. A review for evaluating the effectiveness of BMPs to mitigate non-point
source pollution from agriculture. Acta Ecologica Sinica, 2013, 33(5): 1357-1366. [ JUIE, FKIAHT, BRI, 55, el B
TP TR OFTEIERE. A2 25740, 2013, 33(5): 1357-1366.]

[5] Srivastava P, Hamlett J M, Robillard P D, et al. Watershed optimization of best management practices using AnnAGNPS
and a genetic algorithm. Water Resources Research, 2002, 38(3): 1021. DOI: 10.1029/2001 WR000365.

[6] David O, Ascough I J C, Lloyd W, et al. A software engineering perspective on environmental modeling framework
design: The object modeling system. Environmental Modelling & Software, 2013, 39: 201-213.

[7] Kneis D. A lightweight framework for rapid development of object-based hydrological model engines. Environmental
Modelling & Software, 2015, 68: 110-121.

[8] Craig J R, Brown G, Chlumsky R, et al. Flexible watershed simulation with the Raven hydrological modelling
framework. Environmental Modelling & Software, 2020, 129: 104728. DOI: 10.1016/j.envsoft.2020.104728.

[9] Fenicia F, Kavetski D, Savenije H H G. Elements of a flexible approach for conceptual hydrological modeling: 1.
Motivation and theoretical development. Water Resources Research, 2011, 47(11): W11510. DOI: 10.1029/
2010WR010174.

[10] Gao H K, Hrachowitz M, Fenicia F, et al. Testing the realism of a topography-driven model (FLEX-Topo) in the nested
catchments of the Upper Heihe, China. Hydrology and Earth System Sciences, 2014, 18(5): 1895-1915.

[11] Liu Junzhi, Zhu Axing, Qin Chengzhi, et al. Parallel computing of watershed process simulation guided by geographical
laws. Journal of Geo-information Science, 2015, 17(5): 506-514. [XI 7553, AP 24, ZE Kk, 45, 15 FAL AT It del o
BT AR SRR, Huek{5 B RIA2440, 2015, 17(5): 506-514.]

[12] LiulJ Z, Zhu A X, Qin C Z, et al. A two-level parallelization method for distributed hydrological models. Environmental
Modelling & Software, 2016, 80: 175-184.

[13] Yalew S, van Griensven A, Ray N, et al. Distributed computation of large scale SWAT models on the grid.
Environmental Modelling & Software, 2013, 41: 223-230.

[14] Wang H, Fu X D, Wang G Q, et al. A common parallel computing framework for modeling hydrological processes of
river basins. Parallel Computing, 2011, 37(6): 302-315.

[15] Wang H, Fu X D, Wang Y J, et al. A high-performance temporal-spatial discretization method for the parallel computing
of river basins. Computers & Geosciences, 2013, 58: 62-68.

[16] Vivoni E R, Mascaro G, Mniszewski S, et al. Real-world hydrologic assessment of a fully-distributed hydrological
model in a parallel computing environment. Journal of Hydrology, 2011, 409(1/2): 483-496.

[17] Zhu L J, LiuJ Z, Qin C Z, et al. A modular and parallelized watershed modeling framework. Environmental Modelling
& Software, 2019, 122: 104526. DOI: 10.1016/j.envsoft.2019.104526.

[18] LiuJ Z, Zhu A X, Liu Y B et al. A layered approach to parallel computing for spatially distributed hydrological
modeling. Environmental Modelling & Software, 2014, 51: 221-227.

[19] Bieger K, Arnold J G, Rathjens H, et al. Introduction to SWAT+, a completely restructured version of the soil and water
assessment tool. Journal of the American Water Resources Association, 2017, 53(1): 115-130.

[20] Band L E, Tague C L, Brun S E, et al. Modelling watersheds as spatial object hierarchies: Structure and dynamics.
Transactions in GIS, 2000, 4(3): 181-196.

[21] Liu Y B, Gebremeskel S, de Smedt F, et al. Predicting storm runoff from different landuse classes using a geographical
information system-based distributed model. Hydrological Processes, 2006, 20(3): 533-548.

[22] Armold J G, Srinivasan R, Muttiah R S, et al. Large area hydrologic modeling and assessment Part I: Model

development. Journal of the American Water Resources Association, 1988, 34(1): 73-89.



1] ZORGE A BT R G SO RORT ARG BRI SR ST 73

[23] De Roo A P J, Wesseling C G, Ritsema C J. LISEM: A single-event physically based hydrological and soil erosion
model for drainage basins (I): Theory, input and output. Hydrological Processes, 1996, 10(8): 1107-1117.

[24] Wigmosta M S, Nijssen B, Storck P, et al. The distributed hydrology soil vegetation model//Singh V P, Frevert D K.
Mathematical Models of Small Watershed Hydrology and Applications. Littleton: Water Resources Publications LLC,
2002: 7-42.

[25] Tague C L, Band L E. RHESSys: Regional hydro-ecologic simulation system: An object oriented approach to spatially
distributed modeling of carbon, water, and nutrient cycling. Earth Interactions, 2004, 8(19): 1-42.

[26] Cai Qiangguo, Zhu Axing, Bi Huaxing, et al. Paradigms for Integrated Soil and Water Conservation over Main Water
Erosions in China. Beijing: China Water Power Press, 2012. [4%5& [E, JRFT 24, Befe s 45 & 2 2Kl X K £ 7 g
SEATRPE SR Jbnt: o EUKRDK LT R, 2012.]

[27] Zhu L J, Qin C Z, Zhu A X. Spatial optimization of watershed best management practice scenarios based on boundary-
adaptive configuration units. Progress in Physical Geography: Earth and Environment, 2021, 45(2): 207-227.

[28] Zhu L J, Qin C Z, Zhu A X, et al. Effects of different spatial configuration units for spatial optimization of watershed
best management practice scenarios. Water, 2019, 11(2): 262. DOI: 10.3390/w11020262.

[29] Shi Yaxing, Zhu Liangjun, Qin Chengzhi, et al. Spatial optimization of watershed best management practices based on
slope position-field units. Journal of Geo-information Science, 2021, 23(4): 564-575. [\l W2, R EH, FRE, 55 3
T AL —Hb PR BT Ui e A B 2 1) O AR 7 122 MBBRAT B 22741, 2021, 23(4): 564-575.]

[30] Yang G X, Best E P H. Spatial optimization of watershed management practices for nitrogen load reduction using a
modeling-optimization framework. Journal of Environmental Management, 2015, 161: 252-260.

[31] Teshager A D, Gassman P W, Secchi S, et al. Modeling agricultural watersheds with the soil and water assessment tool
(SWAT): Calibration and validation with a novel procedure for spatially explicit HRUs. Environmental Management,
2016, 57(4): 894-911.

[32] Arnold J G, Allen P M, Volk M, et al. Assessment of different representations of spatial variability on SWAT model
performance. Transactions of the ASABE, 2010, 53(5): 1433-1443.

[33] Wu H, Zhu A X, Liu J Z, et al. Best management practices optimization at watershed scale: Incorporating spatial
topology among fields. Water Resources Management, 2018, 32(1): 155-177.

[34] Nobre A D, Cuartas L A, Hodnett M, et al. Height above the nearest drainage: A hydrologically relevant new terrain
model. Journal of Hydrology, 2011, 404: 13-29.

[35] Dragut L, Blaschke T. Automated classification of landform elements using object- based image analysis.
Geomorphology, 2006, 81(3/4): 330-344.

[36] MacMillan R A, Pettapiece W W, Nolan S C, et al. A generic procedure for automatically segmenting landforms into
landform elements using DEMs, heuristic rules and fuzzy logic. Fuzzy Sets and Systems, 2000, 113(1): 81-109.

[37] Qin C Z, Zhu A X, Shi X, et al. Quantification of spatial gradation of slope positions. Geomorphology, 2009, 110: 152-
161.

[38] Zhu L J, Zhu A X, Qin C Z, et al. Automatic approach to deriving fuzzy slope positions. Geomorphology, 2018, 304:
173-183.

[39] Qin C Z, Gao H R, Zhu L J, et al. Spatial optimization of watershed best management practices based on slope position
units. Journal of Soil and Water Conservation, 2018, 73(5): 504-517.

[40] Bekele E G, Nicklow J W. Multiobjective management of ecosystem services by integrative watershed modeling and
evolutionary algorithms. Water Resources Research, 2005, 41(10): W10406. DOI: 10.1029/2005WR004090.

[41] HouJ W, Zhu M Y, Wang Y J, et al. Optimal spatial priority scheme of urban LID-BMPs under different investment
periods. Landscape and Urban Planning, 2020, 202: 103858. DOI: 10.1016/j.1andurbplan.2020.103858.

[42] Khan MY, Jain P K. Theory and Problems in Financial Management. New Delhi: Tata McGraw-Hill Education, 1999.

[43] Zizlavsky O. Net present value approach: Method for economic assessment of innovation projects. Procedia - Social
and Behavioral Sciences, 2014, 156: 506-512.

[44] Shen S, Qin C Z, Zhu L J, et al. Optimizing the implementation plan of watershed best management practices with time-
varying effectiveness under stepwise investment. Water Resources Research, 2023, 59(6): ¢2022WR032986. DOI:
10.1029/2022WR032986.

[45] Podolak K, Lowe E, Wolny S, et al. Informing watershed planning and policy in the Truckee River basin through

stakeholder engagement, scenario development, and impact evaluation. Environmental Science & Policy, 2017, 69: 124-



74 Mo B2 AR 794
135.

[46] Vogl A L, Bryant B P, Hunink J E, et al. Valuing investments in sustainable land management in the Upper Tana River
basin, Kenya. Journal of Environmental Management, 2017, 195: 78-91.

[47] Shen S, Qin C Z, Zhu L J, et al. From scenario to roadmap: Design and evaluation of a web- based participatory
watershed planning system for optimizing multistage implementation plans of management practices under stepwise
investment. Journal of Environmental Management, 2023, 342: 118280. DOI: 10.1016/j.jenvman.2023.118280.

[48] Chen Zhibiao, Chen Zhiqiang, Yue Hui. Comprehensive Research on Soil and Water Conservation in Granite Red Soil
Region: A case study of Zhuxi watershed, Changting county, Fujian province. Beijing: Science Press, 2013. [R5 1%,
AR, T, AL B A LI R I DK T AR ER G I FT: DA KT T AR N . bt B G, 2013.]

[49] Saxton K E, Rawls W J. Soil water characteristic estimates by texture and organic matter for hydrologic solutions. Soil
Science Society of America Journal, 2006, 70(5): 1569-1578.

[50] Arnold J G, Kiniry J R, Srinivasan R, et al. Soil and water assessment tool input/output documentation version 2012.

[51]

[52]

[53]

Texas Water Resources Institute, 2012.

Chen S F, Zha X, Bai Y H, et al. Evaluation of soil erosion vulnerability on the basis of exposure, sensitivity, and
adaptive capacity: A case study in the Zhuxi watershed, Changting, Fujian province, Southern China. CATENA, 2019,
177: 57-69.

Liu Y, Engel B A, Flanagan D C, et al. Modeling framework for representing long- term effectiveness of best
management practices in addressing hydrology and water quality problems: Framework development and demonstration
using a Bayesian method. Journal of Hydrology, 2018, 560: 530-545.

Wang Xueqiang. Comprehensive benefits evaluation of soil erosion control models and establishing the control
paradigm in red soil region [D]. Wuhan: Huazhong Agricultural University, 2008. [ E2#58. 2138 X K -+ i 2 1A P
ARV B IHIR R EE ST [D]. B Aerpfall R, 2008.]



1] ZORGE A BT R G SO RORT ARG BRI SR ST 75

Methods for supporting decision-making of precision watershed
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Abstract: The construction of China's ecological civilization, known as "Beautiful China",
necessitates implementing precision watershed management through scientifically informed
decision-making. This entails optimizing the spatial distribution of watershed best management
practices (the so- called BMP scenario) and proposing multistage implementation plans, or
roadmaps that align with practical requirements based on the overarching vision of
comprehensive watershed management. The "watershed system simulation- scenario optimization"
method framework (the simulation-and-optimization-based framework for short) has demonstrated
considerable potential in recent years. To address challenges arising from practical applications
of'this framework, this study systematically conducted the methodological research: (1) proposing
a novel watershed process modeling framework that strikes a balance between modeling
flexibility and high-performance computing to model and simulate watershed systems efficiently;
(2) introducing slope position units as BMP configuration units and enabling dynamic
boundary adjustments during scenario optimization, effectively incorporating practical
knowledge of watershed management to ensure reasonable outcomes; (3) presenting an
optimization method for determining the implementation orders of BMPs that considers
stepwise investment constraints, thereby recommending feasible roadmaps that meet practical
needs; and (4) designing a user-friendly participatory watershed planning system to facilitate
collaborative decision- making among stakeholders. The effectiveness and practical value of
these new methods, tools, and prototype systems are validated through application cases in a
representative small watershed. This research contributes to advancing precision watershed
management and provides valuable insights for sustainable ecological conservation. The
methods proposed within the simulation- and- optimization- based framework in this study are
universal methods, which means their application does not depend on the specific
implementation, such as the watershed process model, the BMP types considered, the designed
BMP configuration strategy, and so on. Further studies should be conducted not only to deepen
related theory and method research but also to strengthen promotion and application, especially
cooperating with local watershed management agents to provide valuable insights for their
sustainable ecological conservation.
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