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Fig.1 Location map of survey stations of the coastal waters

in the Yellow River estuary
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Tab.1 Candidate biological indicators
el TR dahn (FSi%= -9 X 4 e

Parameter category Candidate indicators Meaning of candidate indicators Response to disturbance
RV ZHENE TRIERY AR S M TRIFAE Y R PR S TFE
Community diversity ik BEYIFIEL M2 FESE B B TR
TR B AR ZFEMEAREEL MO TRIFHEHI 1Y) Shannon-Wiener $54X THE
TRIFAAI S S EEHR R M0 TFUAEYINY Pielou ¥15) EEHE4L TR
TR F W AR R M1 TR Y Margalef 5 FEHREL TR

TR IESA B R K M12

TR Simpson 84X TR

Ay I THIFHEY) 2% B (ind /L)MS TR Y A P 35 7t
Community species Pk 9 3 (ind /L)M6 TS I T 2K A 4 2 LTt
abundance
ﬁfgﬂjfgﬁ - FESEUIFICET A H M3 Tk B TRl S G PR A Y R Y TR
Community uniformity [EE: e
LS AL L M4 B TR R B S R e T T B A B 2 L LB
TR EH 0 1 M7 EWET TR B o SR A 43 H TR
FHRERL BE L M8 R TS B SRk e TR 2 1L EF
=LA E L M13 B = U2 B2 W H T L EF

BEEFER 2 NMER(r1=0.9), Zia b E R+
1 ~(Maxted et al, 2000), 23R ATHE HEHI 3T 2 i
5 P-IBL PP HR bR iR R A% 048 H5 -
1.34 &35 EP-IBIHAAASKA K AR
T8 P-IBI {H (3R 4, 2019; 5K254%, 2021), DA&HX
OB BRTE 4B RAE S 7 A 95%8] 5% B A (E
AR, ARPEFE BrxF TP A ma i 7 =R A R 7
R 1 N = e e [ D e £ 7 8 0 NI T A O (<
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% Karr S5(1986) 1B 5% , K4 8 T0] 111 30 2 Vg g e PP
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Tab.2 The delineation standard for ecological status grade

i H Item

4B Score range

(0~0.25)IBIE

(0.25~0.50)IBIE

(0.50~0.75)IBIE (0.75~1.00)IBIE =IBIE

REHY Status grade 2= Very poor 2% Poor — ¥ Fair K Good I Excellent
* 3 BETEMNIRE
Tab.3 Health evaluation criteria
RPN 255 4B CEL
T H Item
58~60 48~52 40~44 24~34 12~22
@ HERAS Health status FiAH Ideal {@# 5 Healthy — 8 Fair 7 Poor 2% Very poor
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S 2
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K, N MBEAMERE, 0 R FRROMEE, S AFR
BB, ARQBYIT R RAUN X 535 B85 FIZ 5,

P18 Pielou 347 B 48 Bl A X(3) -
2 ZERE5H5H
2.1 FiHFEYFEARL

3 YCRFEILUE VR 4 1] 73 A, Hob, R
#: 1 ](Bacillariophyta) {# i FE ) Fh 2 i Z2 (3L 60 F), 5
BMRE 82.19%; W ¥ [] (Pyrrophyta) I Vi 18 9
10 Flr, AN 13.70%; 43511 (Chlorophyta)
%€ #f 42 3 1] (Chrysophyta) 77 U FE 4 435 8 2 FpAN
1Rl AR 2.74%H01 1.37%, Fh2EEURZTY
AR, 5 H PRI RSB AR, g 43 %, 7 H
12 H PRI RIS 50 Bl 3 YORBEHRESET]
FhRB 4wt iste, LLo12 AFkEZ@7 M, HiZ
H BRI 94% ; SR ) RN E $E 4 3 1 BAE
SAMTRH, 50 1 FGEE 4).

2.2 P-IBlI &R

221 HKBEHT B ARQITENEY £
FEVEFREUOR T 3 (7 AKRT 258 REEu 1 E NS R
M, RAE TR DGR S L 7 AR 12 A
TEWEA Y RN S IR (R 5). 456K 1 ATl
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2 B8 5 A0 AR 7E B A 1 IR, 7 3 A A R 3k
M, 12 AU 1 AS B S AESEN T, HAby
AR TEANE D DAL K I8 .
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Tab.4 The phytoplankton composition in the various seasons

K [R] fEEET] Sib- I ZRBED] TE RG] &t
Sampling time Bacillariophyta Pyrrophyta Chlorophyta Chrysophyta Total number
5 7 May 33 8 1 1 43
7 H July 41 7 1 1 50
12 ] December 47 3 / / 50
411 Total number 60 10 2 1 73
®5 ARAKMSRR
Tab.5 Reference sites in May, July and December
5 H Item 51 71 12 /1

208 15 Reference sites S14, S19, S20, S26

S3, S5, S6, S9, S11

S5, 823, 824, S27, 529, S30

222 F| R H 5 R 4l A 2 Tl %) ) S s o

5H, M1, M3. M4, M5. M6. M7 Fll M8 % 7 M
VEFE bR 10 2 ISR 32 0 S A e A E S H— A ik
B4 H A, 2R AR X T R R 2 N A LRI 1Q<2), T LASI
B, Hfth 6 MELFES M2, M9, M10, M11, MI2
M MI3 AT =208 2). 7H, M7, M8 &

SMZIE W IQ ¥ 3, HHNRWHEEE, TU
SR, FAHFEFRF, M1, M2, M3. M9, MI10.

M11, MI12 Fl M13 % 8 MEikiEbril 1Q=2( 3),

MTREAH. 12 A, M5, M6. M8. M9, MI10.

MI11. M12 Fl M13 4§ 8 e brifh 2R (E 4), #FA
FHME T o



F2M A TR IR A ) e R e Y BT 00 RV A A A R I 97
£
A=
g 14 A S7 M2 iﬁ s40f B M9 B 1ot © M10
2 ° 8 &g -
ﬁ:§12_ ﬁ330. == f\ggo.S'
& o O =
2810 N g D& 06f
n [ 75 04r1
% g g0 ﬂ%
g9 g% 256 %gm_ %
s . , 50 , S5 FE ool . 568
SRR AR = SRR ZHA ZHE A
Reference sites Damaged sites A Reference sites Damaged sites Reference sitesDamaged sites
o o
2 5 8
Q =]
- b MIl g € 10} E M2 nf 100fF Mi3
] o Q | —_— &S
?ﬁg 20 ! mg =g s
ﬂ-‘:’ | ggo.é- %gg
St ° o g
23 =730l 55
g ol g xes
e - BEO02) s7 Bs8 40!
B2 L S6+ S5 g g
g 05 . . s 0t . is2 g . :
SRR 2R = e FZHUR E§ SR A
Reference sites Damaged sites Reference sites Damaged sites E Reference sites Damaged sites
K2 5 A0 IS iAW HE R A 2 B 2 B R i AR 2 R
Fig.2 Box diagram of biological indicators at reference sites and damaged sites
after preliminary screening in May
Q
§§20 A M —EIS-B M2 REg 10 c M3
g }2 €355 s 2 90
&3 s %S5
SE 4 &g 13 o & 80
e S 2 - =
ﬁau ? %EIO- sg.g o
Ea 10 He s ql %g%
e 8 . . 2 & 60 . .
& SR B = ZHA A EJigs U
Reference sites Damaged sites Reference sites Damaged sites Reference sites Damaged sites
= 5 L
m g D MO ®E 10tE M10 ®E o5t F S6 Mil
i‘—-‘ 5 3.0 — §E ot B -S]\E v o
$# & 525 me 08 = 2
%8 s " g 20
N = £ 20 TE o6 g ==
& 2 515 R g #e 15
W g .0 ] 0.4 RS
4z 10 & EE 10
mg 0.5 &5 02 g
52 0 . . T 0 s ; %2 05 . .
% SIS FHA z B BB £ BRA BN
Reference sites Damaged sites Reference sites Damaged sites Reference sites Damaged sites
R
ﬁ . 104G M12 KR EploofH M13
ﬁgéﬂs - @g§90
. + O
@E 2 06 2 80
=55 04 Es58 10
E 5 é 02 *K o
& = g Rag 60 —
5 0 TEE s
S S =55 SHE BB

Reference sites Damaged sites

Reference sites Damaged sites

K3 7 A0 06 e 5 B A W06 b e 2 B ORI 2 B s AR R 1R
Fig.3 Box diagram of biological indicators at reference sites and damaged sites
after preliminary screening in July



98 W B B 9 46 %
~ g S30 S14
 § 100000 A S18 M5 100000} B S18 M6 gopcCc - s17 M8
8 2 80000 M@ 80 000 ;é"gj 0.8
25E 0w 2 60000 WE S 06
= Z 2 40000 £ 5 q000 ZEs o
[%)
£585 20000 S5 £ 20000 S5 m 5 202 28
% ° © - % * [a -~ -
S 0 — 2 0 — ) g o = =
S ZHA SR FZHUR © S FZHR
Reference sites Damaged sites Reference sites Damaged sites Reference sites Damaged sites
® 5
. ]
o g 351D - M9 ﬁ.ﬁ 10} E M10 § 25 F Mi1
o PR 52 05| [ HEE”
{L2E 2 xE wEE 5
28 20 ® e 06 -/
EEE LS g R2e s
RIS =g 04 @
=5 2 1.0 & e 5~
£ 05 . . %2 02 . ; B 1.0 . ;
el ZHA A B SR Brei i ZHA 2P
Reference sites Damaged sites Reference sites Damaged sites Reference sites Damaged sites
2
& G = M12 RELZ 100 H M13
s _ %08 Z8E %
i 58 =29
R Y 5 06 BWgg %
SSg £z8 70
SEE o4 )
Zio I
EBE S S5
% 0.2 . . I g'g 40 . .
' SHE RHE G B S
Reference sites Damaged sites Reference sites Damaged sites
K4 12 A0 00 0L 5 0 A= )48 R 70 2 IR SR 32 30 s i AR 2

Fig.4 Box diagram of biological indicators at reference sites and damaged sites after preliminary screening in December

2.2.3 54T A8 M AT X 1Q=2 By s kg pritt
17 Pearson AHICPEA T, DIMRIELEBAIZ O F8hR T ik
MfE B AN M. ARG IT S R v, 5 A,

M10 435115 M9, M12 i) i 25 = BEAR DG, HBR M10,
8 M9 5 M12, M9 5 MI2 #h & m G, %
2| MO ZEPE PR, HOAARF R RS S 5%
WS AR, I, S5 M12, 1548 M9 6). 7 A,
MI10 43515 M9, M12. MI13 W i A, ER
MI10, {45 M9, M12 Fl M13, M9 43515 M12. M13
W E R AL, HIEF MO YR B, MIER M12,

M13, fRE M9 (£ 7). 12 ]I, M5 5 M6 Wl & =
X, MSEEFEREER, Hit, Mk M6, fR¥ M5,
MI10 7515 M9, M12., M13 # i s A6, i,
S M10, {58 M9, MI12 #il M13, M12, MI13 5
MO % I 3 AR O, ST M9 A B, SR M9,
MHER M12 F1 M13 (3% 8).

ST A A 5 8 A AR U3 3 0 0 B T 43 A R DGk
AT, R ZRAG R O RS P-IBI A O R AR
(3R 9)o & H WAL A8 bR B FNA s AR, 5 H A1
12 J, P-IBI W#.0460rA 4 4>, 7 H P-IBIL (9%

&6 58 6/MMRIEEWIEIRERY Pearson 18X 153

Tab.6 Pearson correlation analysis of six candidate indicators in May

Tt AL A b

Candidate indicators M2 M9 MI0 Ml MI2 MI3
M2 1.000
M9 -0.390" 1.000
M10 -0.532" 0.977" 1.000
Mil -0.088 0.796"" 0.725" 1.000
M12 -0.483" 0.989" 0.988™" 0.749” 1.000
M13 0.217 -0.870"" -0.838™" -0.702"" -0.831"" 1.000

T **RRAE 0.01 ACHCRUIN)_ERZFASE, *H/R7E 0.05 /KFCBUI) BB F MG, TR,
Note: **: Significant at the 0.01 level (2-tailed), *: Significant at the 0.05 level (2-tailed). The same below.
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Tab.7 Pearson correlation analysis of eight candidate indicators in July

Caﬁjﬁiﬁfﬁors M1 M2 M3 M9 M10 Ml1 M12 M13
Ml 1.000
M2 0.860" 1.000
M3 -0.016 0.487"" 1.000
M9 -0.411" —0.452" ~0.241 1.000
M10 -0.524"  -0.555" -0.257 0.988™" 1.000
Ml11 0.078 -0.022 -0.222 0.717" 0.660"" 1.000
MI2 -0.430" —0.472"  -0.251 0.991" 0.983" 0.659™" 1.000
M13 0.433" 0.502" 0.308 -0.896"  -0.905"  —0.687"  —-0.856" 1.000
%8 12 A 8 MRIELEYIEIREIR Pearson HHXMNTER
Tab.8 Pearson correlation analysis of eight candidate indicators in Dec.
Caﬁfiﬁj‘szors M5 M6 M8 M9 M10 M11 MI12 M13
M5 1.000
M6 1.000™ 1.000
M3 0.051 0.053 1.000
M9 -0.451" —0.452" -0.013 1.000
M10 -0.464"  -0.465" 0.046 0.983" 1.000
M11 -0.441" —0.440" ~0.130 0.530" 0417 1.000
M12 -0.395" -0.396" 0.029 0.985" 0.976" 0.458" 1.000
MI3 0.548" 0.548"  —0.056 —0.940%*  —0.942™  —0.554""  —0.885"" 1.000
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Tab.9 The P-IBI core indicators of the coastal waters in the Yellow River estuary

H 1y Month

.0 F8#8 Core indicators

5 H May
B =AU AR A 70 L (M13)
7 H July
TR R E B AR R (ML)
12 H December

REBYIRPELM2) . IS B R ZREPEIR B (M) . IRUHEY E B RS ML),

TR IR S E(MT) . BEBEYIFPEL(M2) . REBEWIFPECE 7 LE(M3) IR ) B R 2 HEPESR B (M) |

TR UEAR ) 62 (MS) . L S 25 5 b (M8) | TR IIFHE I & AR ZREPEFE B (M) | RIS = 5 EEFR A (M 11)

TRVRA 5 A5 BRI Y B AR 2 RE P BL(MO) FI T e AE
YEEERRBMINTE 3 NHBE RO, B
YR M2)[R S 5 A7 H IO R

224 K35 P-IBIiF 4R SBUNRAICRE AR )
OAEPR BB, 25 F8 bR o018 BN E 15 2 54> 3l 7 1)
P-IBI G, AR AR 00K 0 S R o0 s THE A 2 AN ]
H Ay AR B S5 90  P-IBI RE, PR BT 1 3L R 1
B SIRGL(FE 10), G550 ER, 5 H, 3 Aulifikt
TR, 5 9.68%; 18 Nulifiiib TR %9, 5
58.06%; 6 P ubfiALT“—M 9, 1 19.36%; 44~
UL AL TR 25, 5 12.90%, 7 A, 11 A ubfzkb
T Eg, K 35.48%, AbFe R R — SR G

iR 18 A F 24, 58.07%F01 6.45%. 12 1,
12 NS ALAE T 9%, 5 38.71%; 14 ANubifiib+
CROEG, (7 45.16%; Ab T — B e 25 AR
Bi4y SR 4 DFT 1A, 12.90%F1 3.23%, ik E
IbFeRER L ERsEas, 5 H 214, 7 H 29 4,
12 H 26 1>, 5 H AR ARBOmE 2

5 APEM A IR B S W) o3 A o ANELH Ay, &
s AR RO S R 2SR 5 A, “Piukfi
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Tab.10 The delineation of P-IBI ecology grade for sampling site
AR EG /%) i =3 — i Bz 2
Status grade (stations) Excellent Good Fair Poor Very poor
P-1BI ZMH 51 =3.38(3) 2.54~3.38(18) 1.69~2.54(6) 0.85~1.69(4) 0~0.85
P-IBI score 7H =3.63(11) 2.72~3.63(18) 1.82~2.72(2) 0.91~1.82 0~0.91
12 H =3.15(12) 2.37~3.15(14) 1.58~2.37(4) 0.79~1.58(1) 0~0.79
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Abstract

Ecosystem integrity is the foundation of ecosystem health and is popular to quantitatively

analyze ecosystem integrity using the Index of Biotic Integrity (IBI). The IBI was initially used as a water
pollution index and has been widely applied in ecosystem health assessment, particularly in fish, benthos,

and plankton. Phytoplankton is the primary producer in aquatic ecosystems and is sensitive to changes in
environmental factors. The Phytoplanktonic IBI (P-IBI) has been increasingly used in the ecosystem

health assessment of bays, rivers, lakes, and reservoirs. However, no reports are available on applying
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P-IBI in the estuary ecosystem. Based on P-IBI, this study constructed an ecological health assessment
indicator system and built an evaluation criterion in the coastal waters of the Yellow River estuary. To
evaluate the ecological health status, three surveys were conducted on phytoplankton in May, July, and
December of 2020. A total of 31 sampling sites were set up in the study area (119°00'E—119°25'E,
37°20'N-38°05'N), and 73 species of phytoplankton from four phyla were collected, with diatoms being
the major groups and the species number accounting for 82.19%. The reference points and damaged
points were determined according to the Shannon-Wiener diversity index H’, and the sites with H =3
were reference points; the others were damaged points. Considering factors such as ecological
characteristics of the study area, phytoplankton population distribution, and data availability, 13 biological
indicators were selected as candidate indicators. Then, the core indicators of P-IBI in various months were
identified by screening candidate indicators. First, the discriminant ability analysis was used to
preliminarily select the indicators, and their IQ=2 were retained. Second, Pearson correlation analysis
was conducted for these indicators. The P-IBI core indicator system in May, July, and December
contained four, five, and four biological indicators, respectively. The scores of each indicator were
calculated using the ratio method. The 95% or 5% quantile of the core indicators in all sampling sites was
regarded as the best expected value; for indicators which increased with increasing interference, the best
expected value was 5% quantile. Conversely, for indicators which decreased with increasing interference,
the best expected value was 95% quantile. Each indicator score was calculated using a different formula
according to their response to interference. Accumulating all core indicator scores at the same site, the
total P-IBI score for this site was obtained. The 25% quantile of the reference points P-IBI was taken as
IBI-expected, the P-IBI range less than IBI-expected was quartered. The delineation standard for the
ecological status grade was ascertained, and the ecological status level of each site was identified
according to its total P-IBI. The ecological status of each site was marked by using 1, 3, and 5
approximations of value assignment, the marked scores of each site were summed up using the equal
weight method, and standardization was conducted to eliminate the differences caused by various
indicator numbers. The comprehensive evaluation index (CEI) of the coastal waters in the Yellow River
estuary was achieved. The results showed that the ecological status in each site was different and the
spatial distribution was significantly diverse for the three months. In May, a few sites were present with
excellent levels (9.68%), and they were scattered around the mouth of the Yellow River. In July, the
proportion of sites with excellent levels reached 35.48%, and they were mainly located in the estuary of
the Yellow River and Laizhou Bay. In December, the proportion of sites with excellent status was
approximately 38.71%, and they were concentrated in the waters north of the Yellow River estuary. In
general, concerning the stations above “good” ecological level, 21 were present in May; 29, in July; and
26, in December; therefore, the ecological condition was slightly worse in May. P-IBI had a significant
positive correlation with ammonium (NH4-N), a significant negative correlation with nitrate (NO3-N),
phosphate (PO4-P), and dissolved oxygen (DO), and a significant positive correlation with sea surface
temperature (SST). However, no significant correlation was observed between P-IBI and sea surface
salinity (SSS), pH value (pH), nitrite (NO,-N), and silicate (SiOs-Si). The CEI indicated the health status
was “fair” in the coastal waters of the Yellow River estuary in 2020. Selecting reference points and
screening biological parameters were the key steps in constructing the P-IBI indicator system, which
determined the science of the evaluation result and the practicality of regional health management. The
detailed method was offered in this study, and it could provide information for other research projects.
This study provided a reference for the health management and ecological restoration of this water area
and offered data support for the ecological protection and high-quality development of the Yellow River
Basin.
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