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Abstract Monthl) datasets-of ecological indicators from 2010 to 2020 in Qhahe Reservoir, Tianmuhu, China, were examined to reveal the long-term variations in water
ecological Security and its driving factors. The results of Secchi disk depth (SD ) measurements revealed significantly spatial variation (P <0.05 ) within the reservoir. The
highest SD was recorded in the downstream-linked reservoir, and the lowest SD was recorded in the upstream tributaries. In contrast, the values of other water ecological
indicators were higher in the upstream tributaries than in the transition region and the downstream-linked reservoir area. In summer and autumn, the SD was low, while the
concentrations of total phosphorous( TP) , chlorophyll a( Chl-a), the permanganate index, and cyanobacterial hiomass (BM, ) were high. During the thermal stratification
period from May to September, the concentrations of 2-methylisoborneol (MIB) and Chl-a were highest at a depth of 4 m, while diatom hiomass( BM, ) and BM_ reached their
maximum at depths of 2 m and 0. 5 m, respectively. Therefore, spatial and temporal variations should be fully considered when evaluating aquatic ecological security. Focusing
on spring and summer, when the risk of water ecological security was high, Chl-a combined with SD and MIB along with their correlation with other water quality indexes, was
used to evaluate and optimize the ecological security of Shahe Reservoir. The evaluation results showed that the aquatic ecological security of the reservoir was excellent over the
last 10 years; however, annual fluctuations have heen large and the evaluation scores were spatially variable. While seasonal sampling strategies focusing on three layers depths
are economical and reliable for lake regions with thermal stratification, our results indicate that tailored monitoring may be required to determine the aquatic ecological security
of lakes and reservoirs. In Shahe Reservoir, the decrease in the SD and the increase in MIB caused by high TP and algal blooms were the most important drivers of ecological
service function in the reservoir. Furthermore, hydrometeorological factors may also play important roles in the aquatic ecological security of reservoirs.

Key words: reservoir; drinking water source; aquatic ecology; safety evaluation; indicators; chlorophyll a(Chl-a)
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Fig. 1 Sampling sites for water quality analysis in Shahe Reservoir
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Fig. 2 Spatial-temporal variations in aquatic ecologlcal indicators in Shahe Reservoir
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Fig. 3 Vertical distribution of aquatic ecological parameters in Shahe Reservoir
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Table 1  Relationships between chlorophyll a and water ecological indexes in different seasons in Shahe Reservoir

7 [71 J51 J7 t R P n

F Chl-a=14.79 xSD %8 0.21 <0.01 202

H7 Chl-a =25.71 xSD~*# 0.39 <0.01 207

B Chl-a = 14. 84 xSD ~*%7 0.10 <0.01 203

X% Chl-a =6.23 x SD ~%4 0.07 <0.01 194

HE Chl-a =5. 81¢% 07 MIB 0.91 <0.01 17

H Chl-a =0. 28 x MIB +25. 14 0.02 >0. 1 22

E Chl-a= —1.08 x MIB + 14. 74 0.95 >0. 1 3

& Chl-a =7. 39¢% 18> MIB 0. 44 >0. 1 13

HZ% Chl-a =12. 38 x kAR b 154 - 20. 68 0.59 <0.01 201

E= Chl-a =6. 74 x [FHRFRERAEEL +3. 72 0.15 <0.01 207

€= Chl-a=8. 69 x FihMRELTEEL - 8. 43 0.27 <0.01 204

X7 Chl-a =2. 25 x HfRERERIEEL +0. 13 0. 06 <0.01 201

HE lg(Chl-a) =0.38 x1g(DO) +0. 57 0. 00 <0.01 199

e lg(Chl-a) =1.02 x1g(DO) +0. 39 0.10 - ' <0.01 : 206"'

e lg( Chl-a) =1.17 x1g(DO) +0.03"" 0.05 <001 "292" -

&2 lg(Chl-a) = —2.02 x lg(DO) +2. 78" 0.03 {3 1<0,01 Ass#?

(= lg(Chl-a) = -0.42 x1g(TN) +1.03 0.o4 | " <00t ¥y

HE 1g(Chl-a) = ~0.01 leg(TN) +1.% _ 0.00 [ 77 <olor 208~ &

Bk A lg(Chl-a) = -0.30 xlg(TN) +1.10 v = 0.01 [ o, 4 k0. o ] 204 &

% /s, 1g(Chla) = 48><1g(TN) +0! 6;, #,f 0.06 &7 & | w0 g 200 1 ¥
. %= | Is(Chl-a) =0.38 x_l_g(TP_)#l.-JTS . 0.06 | <o0.0l Cr

g5 7 flg(Chl-a) =060 xig(TR) #2431 47 0.20 /i <0.01 %08 ¢
OB “lg(Chl-a) =0.67 x1g(TPY +2.07 [ | 013 & <0.01 204

&% lg( Chl-a) =0. 54 xlg(Tf;) $1.50 [ “ 0.07 i <0.01 | 200
5 ¥3 5| le(GH) =0.36 xIg(BM) +1.21 Jﬁ;yj 0.54 <0.01 " 195

W lg(Chl-a) =0.32 xIg(BM,) +1.23 = 0. 46 <0.01 206

&3 “ lg(Chl-a) =0.41 xIg(BM,) +1. 16 0.38 <0.01 202

LE lg( Chl-a) =0.16 xIg(BM,) +0. 84 0. 06 <0.01 184

e lg( Chl-a) =0.43 x1g(BM,) +0.77 0.33 <0.01 195

HE lg( Chl-a) =0.27 x1g(BM,) +1.19 0.22 <0.01 206

= lg( Chl-a) =0.41 x1g(BM,) +1.05 0.27 <0.01 202

e lg( Chl-a) =0. 35 xlg( BM,,) +0. 68 0.16 <0.01 184

R2 OWAKEKEFTENIERENE

Table 2 Indexes and weights of aquatic ecological assessment in Shahe Reservoir

HrZ2 W HARZ (B ) HRZ(CR) 16452 (D 2)
(AR) B-A R C-B A& D-C
2-H LR IEE (D, -C)) 0.38
K (C,-B,) 0.35 BEWE(D,-C,) 0.47
b {ﬁ%ﬂ(ng‘cl) 0.15
) TR 5 a(D,-C,) 0. 40
- GRS B .
K : (C2-B) BB (Dg-Cy) 0.18
z PR HERARIEEC(D, -C,) 0.28
73 IEHEEAY R (Dg-Cy) 0.65
M1(C,y- .
® AREHI(Cy-By) 02 Tk B AT (D -Cy) 0.35
it fa R o 15 K1 (C,-B,) 0. 60 IR AE R EE (D -Cy ) 1.00
(B,-A) ) BRI (C5-B,)  0.40 JA— AR (D, -Cs ) 1.00
2.5 UPIKIEARA S RO 25 22 57 AN K AR AR RIS A i 4. Bk

2010 ~2019 4FVPMIKEER S ER FTARELR KA, 10 RS RAE S AL KA R R 2R 003 4k
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Fig. 4 Relationships between chlorophyll a and water parameters during spring and summer in Shahe Reservoir
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Table 3 Standard limitation of the D layer index for Shahe Reservoir

TS MIB SD Chl-a /mg- L

Hait /ng-L7! /m /pgeL! DO TN TP ’ %%ﬁéﬁt?‘ai&z BM, BM,, Ry VI
7 <5.00 =2.07 <5.00 =7.50 <0.50 <0.006 <1.69 <0.04 <0.26 <0.20 =0.50
R <10.00 =1.07 <17.04 =6.00 <I1.00 <0.044 <2.81 <l.15 <5.14 <0.60 =0.40
— <18.46 =0.73  <26.00 =5.00 <1.50 =<0.085 <3.64 <3.71 <14.40 <1.00 =0.30
L <24.01 =0.50 <34.32 =3.00 <2.00 =0.131 <4.41 <8.02 <28.35 <1.20 =0.20

7 >24.01 <0.50 >34.32 =2.00 >2.00 >0.131 <4.41 >8.02 >28.35 >1.20 <0.20
R4 DAKEZRRERMKESRERKA
Table 4 Water ecological security status of each sampling site in Shahe Reservoir

e b e SD Chl-a /mg-1L~! s

AR /m /ug-L! DO TN TP ‘ %%ﬁ@?m‘é*ﬂ BM, BM,, R i
TM10 0.79 26.28 10.04 1.48 0.059 3.59 2.47 6.98 61.6 R4f
TMO09 0.75 26.56 10. 40 1.15 0.051 3.26 2.43 4.61 63.3 R4F
TMO8 0.94 23.46 10.05 1.44 0.043 3.22 2.29 6.78 66.2 RLAf
T™MO7 1.21 18.74 9.82 1.39 0.038 3.03 2.33 5.76 70.8 R4r
TMO6 1.26 18.52 9.94 1.29 0.036 2.88 2.16 5.17 70.8 'Eﬂ
TMO04 1.37 17.09 10.05 1.25 0.031 2.92 2.34 | 5.27 708 .__‘__r"ﬁﬁ}_ ‘
TMO2 1.42 16.10 9.66 1.23 . 0.032 2.84 2.40 5.22 74,005 [ill}}
TMO1 1.50 15.62 9.83 1.26 ; =.0.030 2.86 2.31 5.44 74.0 “,n‘“'lu 51155

-

HLRT TMOL B £ 2010 ~ 2019 ép*'iz@yjéi;ﬁ“m
\»,/ﬂ;ﬁ(je’%ﬁé)%ké a2 R 5 Pl 10-
A VDT K R T (TMO1 ) 7K A= 25 ZedztR ﬁéﬁiﬁn

{H&m{alﬁ‘l%&k FeEiasy 877 %Hjﬂfao,la

f \
%5 A FJ7kF"‘TMO} R 2010 ~ 2019 fﬁ@ﬁ*iﬁré&,ﬁ”

! 4 _..‘.

BG4 J0,201277F 19169. 4 4. 3 3R 2012
TP I BM, i’J;ﬁ!J 10 42 [ 19 J5c 5 (1 ( 48000 0
0.037 mg- L il 4. 22Jrng 4, ﬁa\ﬂum?’rﬁﬂw'.

o

~ =
f % Table 5 Annual water &cological securlly status of TMO1 in Shahe Reserveir from 2010 to 2019

r Gl ‘ /mgel, ) ' B Ay
4%.} ; ?E P e =3 = ¥ i@éﬁ?@ﬁ}ﬁﬁl B B RV NDVI Zif&f34r 4k
2010 © /1.33 11.87 10.17 2.00 0.030 3.01 2.05 7.64 0.33  0.52 77.9 R4f
2011 1.33 15.15 9.21 1.03 0.035 2.57 2.80 3.24 0.53  0.42 81.0 %7
2012 1.29 17.91 9.27 1.14 0.037 3.11 4.22 7.70 0.22 — 69.4 R4f
2013 2.35 4.50 8.81 1.23 0.018 2.32 0.11 1.11 0.40 — 87.7 7
2014 1.33 18.12 9.07 0.98 0.025 3.25 2.41 9.63 0.44  0.67 74.3 R4f
2015 1.88 9.04 9.67 1.72 0.027 2.45 1.30 6.83 0.16 0.48 80.4 75
2016 1.34 18.51 9.99 1.36 0.035 3.16 3.24 3.56 0.21  0.62 74.9 RAf
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1) “ =" FIRAR PRI L

TMO1 # 55 A1 TMO6 # 1, 43 i A57 T 7K P 1177 X
3 I X, AS YOI Y 2019 4E 9 H & 2020 4E 8 A
HATR], P S KR EE A3 500 11 m 110 m 245 . AR
JKERES WS I B3 (SL 219-2013 ) M) vl s | % Tk
KT 10 m RAEA, 74533 JZ2(KIEF 0.5 m, /K
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Table 6 Water ecological security status of TMO1 and TMO6 under different stratification schemes

. MIB Chl-a /mg-L ! y .

I I ~ e AERETEE B En AT e

A 2.51 8.67 10. 00 0.75 0.033 1.95 0.47 3.75 87.0 75

RAW B 2.04 8.05 9.56 0.78 0.033 2.19 0.43 3.17 87.0 i

™ol C 2.02 7.82 9.52 0.78 0.033 2.22 0.45 3.08 87.0 7

A 11.02  24.73 10.08 0.91 0.039 3.09 2.26 7.75 68.0 R4f

et B 11.3 15.91 6.37 0.95 0.037 2.65 1.11 5.66 73.9 R AT

C 10.39 15.09 5.98 0.97 0.036 2.59 0.9 5.71 71.3 Rar

A 9.58  23.9 8.80 0.93 0.037 3.08 1.65 7.44 72.3 R A

™06 4= B 11.46 18.58 6.55 1.02 0.039 2.85 1.36 8.25 64.1 R4f

C 10.86 19.33 6.63 1.01 0.039 2.8 1.64 8.03 66.4 Rar
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i ﬁiﬂ’ﬁ? O [W) A 2020 4F45 H 25 MIB fil SD 5

8 NIl SEE S ER N R ES e R UIE NG T MIB v

Chlya . B55%RRARAEHL . SD A1 DO ﬂ&ﬁﬁ%ﬁﬁi
%5 TP Ii%m%aé% H 5 €hlea B9 AHOGHE
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ﬁiﬁf—r‘&(wsﬁ 044 mg-L""|, Chl-a<17. 04 pg- g;
MIB<10 ng*L "1 SD= 1.07 m). :
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Table 7 Pearson’ correlatlons between MlB SD, and other water-quality indexes

ZYW 4 HF T Do Chl-a TN TP T R AR 4 BM, BM, MIB SD

w7 J MIB 0.62" 0.91* 0.13 0.59* 0. 66 ** 0.07 0. 00 1.00 -0.76**
SD -0.16 -0.64™  -0.32 -0.84* -0.55" -0.01 -0.32  -0.76* 1.00

us MIB 0.69 ** 0.21 0.15 -0.25 0.29 0. 66 -0.39 1.00 -0.31
SD —0.47% -0.59*  -0.43  -0.46" -0.56" -0.31 0.73 -0.31 1. 00

1) " FRRBHEMK(P <0.05), ™ R BFEHI(P <0.01)
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Table 8  Comparison of the index standard limitation using different evaluation methods

AT, BRI KRN R S Chl-a W2
BEIEMIE IR, BSCIE D 38 13 % 5 2T K K
Jo B BTV 5 RA ) e AT A B, W A I I
A A= (L 5 e TR RN BRI AR A 6. R 4
XF 2005 ~2017 AEJELTB A KRN LR a WL MR
R, RIMSER o MBS FRARK AR . Bk
AP BRI R B EACOE R, DL R &
PR K SCRG AR h e 2 A ) A Chl-a Wk
JE R RE I A R 2o i SRR L s ).

MIB
Lk /ng-L’l

Rt

SD/m

DO
/mg-L~!

Chl-a
/pg-L!

N
/mg+L~!

P
/mg-L~!

e et
/mg+L !

BM, BM,

/mg-L'l /mg-L_I

YB

XB

YB XB

GB XB YB

XB

GB XB GB XB GB XB YB XB YB

HF <500 <5.00
KA <10.00 <10.00
—ff <18.46 <20.00
B <24.01 <50.00

=2.07
=1.07
=0.73
=0.50
<0.50

=7.50
=6.00
=5.00
=3.00
=2.00

=2.00
=1.50
=1.00
=0. 50
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=7.50 <5.00 <5.00
=6.00 <17.04 <10.00
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=2.00 >34.327550.00

<0.50
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>2.00
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<0.20
<0.50
<1.00
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<0.006 <0.010
<0.044 <0.025
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<0. 131 <0100
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<2.81 =4.00
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>4.41 <15.00
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<802 <2.5 s,z&fé% £20.0
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1) XB KK K A A5 4 AT AR LA, YB JySCHRT28 TR I, GB b3k SRBE bt OB 3838-2002) xbiirtit /"
Ty ,

HLE XV A ST (TMOT) 45431 5 ~7 H Gl
a WRJIE( Chl-ay ) 5 AR BOKR | HERTRGAIACIAT
B7 (90 Chidagd ¥ 0 442 (1 ~ 6 1) T ACRY
HRLCWT ) A s O R G A (R = 0. A3, HUA G
FEWYR 85 T 5 Chl-a YRFERORISCAE MY

R AR AR TSk e A B

1B, il 4 Chl-a,, 5 4 ~5 A H’\j;’iﬁfﬁéﬁi-g
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Fig. 5 Relationships between the average Chl-a in May to July and hydro-meteorological factors
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