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Structural Equation Modeling for Establishing the
Multipurpose Hydrologic Indicators
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ABSTRACT

The variability of the natural flow regime has a significant influence on the river
ecosystems. By examining the relationships between stream ecosystems, water quality,
and hydrologic characteristics, we can understand the preference of different organisms to
flow regimes. The development of the multipurpose hydrological indicators is quite
important to the management of ecological flow. By using principal component analysis
and structural equation modeling, we select the hydrological indicators that could express
the significance of hydro-climate, water quality and fish species diversity. Then the logistic
regression analysis model is used to examine the relation between fish and hydrologic
indicators by using fish's present conditions. The structural equation modeling provides
examination of a set of relationships between one or more independent variables and one
or more dependent variables, so the modeler could explicitly capture the unreliability of
measurement in the model, which in theory alows the structural relations between latent
variables to be accurately estimated.

In this study, the structural equation model is used to build five water quality models
and one biodiversity modd. The water quaity mode examines the causdity of hydrologic
indicators and River Pollution Index, which expresses the relationship between the
hydrological indicators and water quality condition, and the biodiversity model examines
the causdlity of hydrological indicators and Shannon Index, which expresses the relationship
between hydrological indicators and biodiversity. By analyzing water quality and biodi-
versity models, a suite of hydrological indicators representing multiple characteristics can be
obtained. The multipurpose hydrological indicators selected from this research can not
only provide the specific hydrologic and water quality information that fish requires, but
also can provide the guidance for water resources authorities to achieve the goa of
ecological restoration.

Keywords: Natura Flow Regime, Stream Ecology, Eco-hydrological Indicator, Principal
Component Analysis, Structural Equation Modeling, Logistic Regression
Analysis, Biodiversity.
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iftiE(flow regime) ] I3 B il 2 1~ R RF 22
LA R KSR BRI (natural flow
regime) 5 R 52 AR BT 12 B 2Rk (L
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I (Poff et al., 1997) « REFLREHY AR A RERA
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EPHER IR R N & SR YIRE R S - A1
B ARG M o A B R P H 2 -
TR 2 A REAR B I & A AR R B 4 (Suen and
Eheart, 2006) -

K FRIEAE R R AR REH B R E A M 21
Bft5E > W LA P B AR REAERE 2 Ak SO EOR r
R Tl 2 R IR R ~ BV B A Bk M 2 K ST b
Filtk - BA ML & ARKE TR RIS
it o IR TEE 2 EAS PR D (Hawkes
et al., 1986) ~ 5 H i & %k (Horwitz, 1978) ~
ik 2 FHI(Bunn et al., 1986) ~ R KSAA(G
#f(Cushing et al., 1983) ~ F it & FHiE i
(Haines et al., 1988)  ifi & Bt /K 4EF 73 i B
R IEE A5 (McMahon et al., 1992) » HifiH
W2 (PRI 5% E KE ARG 5 7 A IR A TR = 7k
SCHERRE » SR 20 BT T TR K S TB
(Poff and Ward, 1989; Poff and Allan, 1995; Richter
et al., 1996, 1997) o

Richter et al. (1996) ¢ 7k >C & 1k 5 1%
(Indicators of Hydrologic Alteration, IHA)ZE
NFHE A BB R TG B AT 5 > 5 FH DL
B IR~ BEAS  JEIR SO L AR KR I R
R 32 MK SCHIE AR R BURF AR FR K SR B
18 e I 32 fE/KSCHERRIER (L 13K B T /K
HAIK A ~ B A RE RS B B A
REE | - Richter et al. (1997)ifi#¢ Hi L E %
(Range of Variability Approach, RVA) » [NMHEE &
T RSO BL A AR RS A 2 Bl - 2
BT TR BRA R - BRI 32 {8k scdk

SIEIEAGTMEIT T TE R ~ IRFfi] ~ BAAS ~ FEI B
b2 2 SOBRE S - DU )13 & A2 B KR 3% ft
PRI > DU R B REDR B /K MR B i 2
BRI L

Olden and Poff (2003){¢ 13 & & #HSCE
o FH 171 KRR - FIARICERAEAEY) &
BRI R - MF 4238 % 5% 420 {i &
SEEEHELT 30T o BFSE E A SEREAC N E BUKSCE
Al HEIE EBAERK SR KSR > 18
IR A B RATHERLERE U2 : Makh e
TRESE— (B EAS A 0 IHA Z 32 (i ay DU
& LTSRS R AR 3 2 K SCE R » 1 HEFZ)
SIS TLAE K SCHEREER » ] DUR BT E 1
ITHEROK ST I BAFHI2

A B O 5 B (2004) R 32 I 7k S dfe s
FERR(HA)RFFAE T [ B AR & ~ B ~ AR
FEIRE s B AR SO » DU ) 137 5 52 1
T BRI AR 2 AT RE PR A 0 R B T 2 B
SRR - A B B F & (2005) 735 32 I K
SCOUEFR AR 7K SO A BB — R K
ok (overall degree of hydrologic alteration) »
DR AKFI G 1K IR TR 2 > FE ik
IKAEAFMEAE KRR i s - i HLLLZ A3
)22 T 158 281 2 a5t 3R [T g S0 1 K Sl B i 2 8 i
7INELR K R B A0 () 7R 8 i e R 8 S SR

B RIS — 1 DIR £ SR 98 7k S
TR ARG A (EBE R tHeEC
FEHEA H — 2K S HR R 2R 258 HE AN AL B2
REHRHEL > m] DUEE BARE I FE R RBAE 52 /K A
HEYITC TR IR > T E SRR BN A
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(P HIER BT © $REAT /K SR RE B AR 155 B B
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BRI 26 BRI 2 K SCHRAR » SEREIF K SRR e
JEIZER - w7 R {(structural equation
modeling, SEM)=E 2] DU A RER B R Z 738 £
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IKSCHEIREA A REAAR I BRRIE © Bt - F5 M[el
it 7> fr il (logistic regression model )T » 7
SRR S AR Vi B BRI » W] DORIS R 2
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K EA R R FEYRE - MER] 7%
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T > LB K SCRIGE 5 — R PR L H = R
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SCHIE LB 20 DL E 2B &R - 1R

Richter et al. (1997). 2 fift 7 » f 1 S RE U Fe B i
iz K SCRE - AR 20 DL EZIRE
BRL > A RESETI TR UERERE - TTAT 2R
ZIKSCERR AR -

A DUE = fEe RN LAGG # 2 2 - H2 A 12
(K SCHIEERF BB » 73RS =15 ~ Paii ~ L 2F ~
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R IS BREII T 255 31 HLUKE
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22 KEBHZRES

A FE T PR A B G 2 55— (e b ZH B
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UERLERE b SRR D R 2 YN 5
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FRHE R HiREE R - K IHA SRR
32 (AR IREE SR R AR K U R TR DL = 7K
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H RS 2 B ERHE IR > AR i
FEPIRE B MK ~ KB IR ~ iR
YR ~ BRI ~ THER I TR
WK > LR B8 FE 4 B L B S AT
DIEFEEE R - A8 % 7 R 2 s IS 7L
fE 20 EAPIEREEIEEE A k] o R RIR
VRS 5 VT 13T 1 R S M R ~ KTk
JES A A ) L R AR A B 7K A (RGBS S Ak R
f—HEIZ B - 1983) ~ KM ISk 13
R AE G Z BT (RBHE K B IR — B E
B > 1994) ~ IR AR TIFCFEROR A F IR
& » 1993) ~ S )1/ E R L BT 58 (£
IR > 2002)%: o

FES R AT E R T 65 R AEhE
T L2 K R T /0T - #E5HH 65 fRIR KA
FEAE AR 2 A PG 2t B S > R4
SRS FE AR B e BRI R oM 2 FER A

= MRS ERRAER

31 ERPD

TR AT EA B L SR 2R B
BELRE A BRI 2 & - FHFSATRFE T
FRHT 32 flfl IHA ZKSCHEAEE » K2 (Pt SRS
SEM R AT o [RIHfs A 2 B o M e 1 T 1

{este 2 T » $HAURAE 12 {EA Sl 2
32 {lE AR ey » BRI EE B AR
—E LBk 5 et 2 B EOKSCIRHIR » 5
FIFI B 2k SCHata i SEM R -

Olden and Poff (2003)fi HHak 2Rtk
Felt - ZREH LRI AT E 32 {6 IHA K SCHEHR
o SEH D AH{E KSR A I TE D -
TP FEIRA )7 2B DL = Bl i 2 R (R
PR LR K/ MERHBUERERIAT I 2 F 3 B - 2R
TR 73 LR/ N DA FE B A 2% =E e frg o [
R A B R 2K IERIAS EEBIRAN - Ho
BRATTAR -

B ERAHRL AR = 2x10 ()

A+ R R R
A ¢ R

32 iEEsiEEN

—{ETERE IR TR (SEM 1) - B kE
7 A5 2 (measurement model) B2 i 5 xC
(structural model) i & {73 » Fif & (748 BBl R E
BT RYE M ALRAR -t & AR E S H 2
IR AR (BRNESE - 2007) © [@] 3-1 £ SEM &2
& o H R Vo~ Vo B Vs 23 [F— (B E
SIH(FOMEE TR I 1
T SRR Vi Vs B Ve I 32 51 A —(EVETE R IH (Fo)
(IR EE RS — R R R =, o R EVETE
I 7 [ B TR SR R (R rMBGE% » DABE [ S BE R 3
oo [JE s R R 2 e — AR o B
ATBTEREIE Foo LG Fo RN T % D
BEAt > By ~Es B Vi ~Vs FTZ 2R THEEL 53 -

16 SEM E > G B R 2R -
ke U R T v A A A A 2 (] Rt 1R
fBeas R > R 5m a8 1 K1 34 347 (confirmatory factor
analysis) » [KE I Ay 202 1 RE H 1R F#5E
f#(factorial structure) Bl &R o E—F i » B
BERHEEE HEE — EEH RIS T
(path analysis)fi =, » AT L% S lml BRIk & sk &t
SRR RS FRIBAR - BE L 43R —{ SEM



Structure model
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Measurement model 1

Measurement model 2

31 SEM ERE

5 T (B R R R BT A
RER) DA e R RN R
ST RS PRI LS B B
oo

(B ERHR » SEM s BRSOl 55
BRI » B 7 7S SEM AT LI s 2 el
RO R BRSO
HATE - (AT SR S e
SRS » [FII 3 LS A L R I
g+ {ER SEM Bt o SEETIRIRR T EA
BRI 21 » ST LR B et I
HORERAT > I > SEM ORI  BRAERII S
SRR T - 2 (ERBTE
kB SFTAE IR O T AR L 1
2 IR R A L (LR SEM St »
BRI ORI T T - (LR AT
SR TR L5t I L — R PG AR

33 BSHIOERDH

# 5 W[l (logistic regression) RHADURR M 1]
B o [BIER TS il — (s B — (s %
(R A 2 FEIIRAGR ORI — Ak Bl i
A B [ A 1) AR - (RS 1
BT RS SRS OB SO - R R H
FUE (A0 R E B )RS o Fi) P 2 5 [
Bt 02 T A 28 37— {18 A K 8 R R A e 17
TSR > T HAEE A L SRR T
% I FE 20 L S £ A 8 B S A P
% o 4 p R KR LI - EZRFH x

IS - Bl p B x ZBRGRUTT -

ef

p=1+e—f(x) .................................... (2)

—InP_
f(x)—lnl_p
=B+ X+ XK+ + B X

N2 RS g > B OERRE - K
BRZE X 2 IEE -

34 FEZIER
3.4.1 ASCHREE(IHA)

AHFERR I Z K SCHEIEES Richter et al. (1996)
etttz 32 HKSCHEEE(IHA) - BlS THA JK3CH5
R BEETS PEAMHEZ M fEILER
T — D RIRDL » TIAHFZER 1 7 S L3R
B > R RF(E 1HA ARG T — (8 5k -
M LATR °
3.4.2 175 HFEHE(RPY)

RPI ZKE2H AR - ELFEAR 8
VRIEIRE R A - SRR K B 2 H
M - W EMEBAFTAKE BT - LR A
R s E A AR B e N B
b o GHEARAMK(AFR -



31 IHA KIEZERSE

@R BB IHA ARIE
1 |HEAZAE 2 A Z AT M A (L)
FHSHIEZ F FRNLIBAEFHME 1-day min
FRKX1IBAEFHME 1-day max
FRNIBAEFHM 3-day min
£ FZRIBAETHME 3-day max
FRNTRHAREFHMA 7-day min
2 ERKRTRAAELHM 7-day max
#7030 BAEFHM 30-day min
#R K30 BAEFHM 30-day max
£ 90 BATTHHE 90-day min
FRK0BATTHE 90-day max
FRANTRAREFHEHFFHAZT A Base flow
3 AR 3% AE 2 A A K1 BARTHELNH Date max
FRA 1B ARFE AN Date min
B BARRE XA R B BEBEALAZAETIREK Hi pulse #
4 HEBEERATZREK Lo pulse#
R o E S Hi pulseL
KR F T 3t uF Lo pulseL
REZILZ ARG ERAR REFHHRE Riserate
5 REFHBRS F Fall rate
FFRETHERK Reversals
207 3. EBFH G SR R - sEIE %
R VRS B 5 AR E N (R A AT 4
: BRI ETEA LG
H# s
f; 107 S I (=R TN (=) NS (5)
> s MR
N i

Pi 55 | WIS A Bz L

P - #EREDH

4.1 ERR D HTERLEHIRRIEREZ KHEER
34.3 FEEH(SI) Kaiser (1958)#@ HIZEHURF AN 1 2 F M
H L% (Shannon index, SI)EMERFERES: (- W] LIS EIBE 2 AR AL & - Ahffgerh - §8
FRERHES - IEHE LT B ARRER - A TR RIS 1 MR R R R
1B T AR EM —(H RS HATER  TT%AEA - JFRILE R HHEE] 70%(# HZE R
f& o HAEBSE DRI LL G ERS - A SRR ATAER o [ 4-1 R Rty 2 BESIE - 7]

12345067 891001121314151617181920212223242526 272829303132
AT G IR

41 ERIDZFERE

M2 R R - LIg BRI E 23U D RIIE DL 78 PCS 2%
2. BRAWIE e 2 SR AMERIRERS - i HERUERIGELTS 0 NIt R D
LR - HE R - A EH LT Ji U mT 3 B T A8 = sl 1) 2% 1 FE Bk 2
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& 41 KHEBIRBIPGED 2 XCHER(ENPHFTRARETE)

PC1 PC2 PC3 PC4 PC5
3-day min (0.93) Lo pulse# (0.55) Date max (0.46) Hi pulse # (0.54) LopulselL (0.51)
7-day min (0.93) Reversals (0.55)
30-day min (0.93)
7-day max (0.93)
30-day max (0.94)
90-day max (0.96)
& 42 KEZ SEM B PE Factor BURSEREN
7R ALEAE BT B AR RPI
Factor 1 -0.10 -0.03 -0.08 -0.06 -0.21
Factor 2 -0.52 -0.47 0.25 0.46 0.57
Factor 3 0.35 -0.52 -0.04 -0.52 -0.26
Factor 4 -0.06 -0.33 0.27 -0.22 -0.06
Factor 5 0.05 0.04 -0.12 0.05 -0.02
Factor 6 -0.15 0.09 0.10 0.12 0.12
Factor 7 -0.03 0.45 -0.20 0.22 0.17

FEAEEL > ARINFR B R/ MRS AT Bk HE 11 fHK ST
AR - AN 4-1 i - B2 KCTRIERIR R &
faffiEffk Tabachnick and Fidell (2007) #&H .25
FEIEERIEL A L@ LIRS - 1€ PCLEHIAUHE
TSRS AR -

Ry T BRES B 1K Mo B B LU B DU ] fE
HKEE R > IS E R st a2
() 11 {EASCHRER » PRI EAY R AR A - 73
Jl A = S BRI A (7 {1 Factor) -

1. Factor 1 : 3-day min ~ 7-day min ~ 30-day min
E-AN AN VIR PR B 72 i (T ik =e N
i

2. Factor 2 : 7-day max ~ 30-day max
FE TG R ~ i R 2= 1T 5 A 4 2 i B A
KA

3. Factor 3 : 90-day max

PRI R ~ 22 AT 2 M i 7 R
KAE -

. Factor 4 : Hi pulse# ~ Lo pulse#

TR BN ~ YUK~ iR B E M ENE
e

5. Factor 5 : Date max

FRF R AR B R BRI -

6. Factor 6 : Lo pulselL
ForMtKH ~ BERAR TR -

7. Factor 7 : Reversals
Forim BB LR - BRI -

4.2 KEEEYBIRMES SEM B

7K 52U T H ITE S BRET /K SO R R Bk
BIFILZ BB - AR TR 2K B fa i i 1|
1T FEIE(RPI) > RIS TU{E K E 287 AT
SEM 5 » M AIEAEER S ~ AL TEERL
FER A AR U R AR R FENT RPI
20 T RAE SEM 12 F-EAR K SRR R
B KB 2 AR SRR (% - #E I {E KB B2 A
REALR > nTLLIEE T RREI AT RER BRI ~ K
ABnESR  MELEEZ R a8y
ZRMEEML - BB IE EE T REZ RS TS
& G REENEE > BOD fHHIZ T HE
295 AR TR [ i I T RE AZ KRR I
R TG - AR MEIRE K E 275 091E
B T RPHET] DGR ) B8 AZ 75 Y fE
7 4-2 BFEKEZ SEM 1 & Factor {f&
RAGEE - B SR EE AR R BR 2 MR
T i TR EE AR S8 S K B S ST 7K S
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DF =35
1.00
3 1.00
@5y min Jry
@—+{T-day min Jg7—
@ '

98

94

>, 7-day max S5 T00
@ 30-day max

1.00
@

419_‘
@ '116 \
@ '

1.00 ‘s

@
1.00 \
AN
@0 Lo pulse L \

1.00

Standardized estimates
& 7 18=46.010
P=.101

{ FACTOR7

4-2 RPl 2 SEM 18T

Fetd ; [@ 4-2 BILL RPI 2 SEM #5012 5l
ZUIE o #2 TR A2 SRR SRR /K S
fetF B 2 BRIV 2 FEBATE I KB R
FrpkiE 2 /K SCHERE B AR )26 R MR HE B (B R FR )
ETAEYIZ M SEM R AAENT - Al
A% R MRV 5 2 KSR » S — 0 Y
HifiZ BEER 2K -

RBEE - HEFER - IRPEMEE R
HIfEEL RPI ) SEM fRHE SR » 7] LIZEHIAE 1HA
(1) 32 {E/K et - B ATRERCBUK B K S
K FEIAG =# Factor » & T ALK SCHERE »
7 HE Factor 2 £ 7-day max ~ 30-day max » K i
J& ~ AT 2 Mimih B A fE > BE A
RAAH RPI FEigHEMHEMEREGEE2H R
4-2) ; Factor 3 5 90-day max » F T2 Rl 2 7
Ut B L s B R R R K AR bR AR
Z A HE R M A 7 Factor 4 £ Hi pulse # Bil

Lopulse# > Ksz M ~ dok - 52288 B
G > BRI AR E R M A = LS
38 LB K STHEIE) =1 Factor SEfTAEM % Bl
W2 AT > BIAE 4-3 A -

FEH /K E B A V) % i SRR S Hk AR =
JkzFgiE > 43 Al 7-day max ~ 30-day max ~ 90-day
max » Pk HI 2RI KSCHRIERES SR SR
HREF TR H A REAY TS T % SEM
RS2 2 ARG SR B I > P8 K SCHEIE 2 22
M T LUT TuE iy 2 &R
1. ARSI B R R

7-day max FRATRE IR ~ SERRIATE AL

(iR i B > 30-day max s AT RE H SRR 2=

BiT3E B2 A i & > 90-day max HIIZE AT RE

Tt R R ] 2 S e B 2 i 32 Bl o A i
2. KETE

ANRIZ AKSCHRARAUR AR FLZ KSR 1% > TERE
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Standardized estimates
+ 7 = 8.993
DF=35

P=.109

4-3 EYSHRMEZ SEM B

JE ~ RN ~ REEFEENFRIREER T > FK
B ~ ST - BR BRSO A
SRR EERN R A E RS -

3. LR
FEH AR 2 AR PR X ] DA B T K SRS
EHYRIT R BR 20 MR I RERRTE » w7 DL T 2
ARES K G %G B B K SRR TR erEH
R O RV -

A FRERBEEE 5%
FH S ASHIF T2 (M 7K SIS £ R 57 458 6l 2 K AR
SHIG - DR H = AR TR /K ST ~ 7K
HELAEY) 2 B ERE S I LU T MR EAA
WILT > BB K ~ KEBRSENREE
Ut 3 {218 AR A S BE AT S o O S P
LR ZBF -

4.3 FESEHTOES

O Etz AE ~ Y% R R BEET
# o AT AR BUK TR E e B vl LR b 2
BIE IR KSR ~ KB BB % %
M Z RIERR: - (HEAYIENE B LIRS
AR AR i AT o RIS R
bR 7 #5 s 5 EL ST 7-day max - 30-day
max ~ 90-day max % = {[f % & = Kk S HeiE el
Yt 2 MR - S R R YL
Bl ERROKHRENEET P60

(s A FHBLRRAR - T DL T A A SRR EAE
AFEASCR R HBUED - hREH e G 8 =
{18 2 2538 38 2 /K SCHE AR A I 1 B = O U
Tl - LIRS KGR ~ ARGEE ~ AR
8% -

AWSERIF 65 MfRTEGEIRR A HBLZ %
JK T T o AT I A - PRESRE K
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