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Abstract: This study examined the seasonal dynamics of ecological health and the related microbial mechanisms in shallow lakes of arid
irrigation areas, taking Lake Mingcui (Yinchuan) as the study site. Water samples were collected in spring, summer, autumn, and winter.
Water quality physicochemical parameters were measured, and metagenomic data were obtained. A seasonally adaptable Microbial Index
of Biotic Integrity (M-IBI) evaluation method was established, and its correlations with the Water Quality Index (WQI) and functional
genes in carbon, nitrogen, phosphorus, and sulfur cycles were analyzed. Reference sites and impaired sites were identified by combining
the Water Quality Index (WQI) results with in-situ habitat conditions. After indicator screening, five core indicators were selected to build

an evaluation system that can effectively distinguish ecosystem health status across the four seasons. The results showed that the lake
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ecosystem health status was mostly suboptimal in summer, followed by autumn, while spring and winter had relatively poor health
conditions, with spring slightly worse than winter. Spatially, open-water areas and reed wetlands had better health levels, while enclosed
water bodies and water inflow points had poorer health status. The WQI and M-IBI were significantly positively correlated in winter and
negatively correlated in summer, indicating a complementary relationship between the two indices. Functional gene correlation analysis
verified the scientific validity of the M-IBI at the molecular level. The M-IBI established in this study can provide methodological
references and practical support for ecological health assessment of lakes in the irrigation areas of the northwest Yellow River basin.
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AR T REAMEX . BTN 660 hm? , “FH7KIR 1.2 m, E/KELH 416>10* m3, i X AR 45 2K 24 A
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Fig.1 Study area location and the distribution of sampling sites
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Tab.1 The relative weights (Pi) and the normalization factors (Ci) of parameters

_ AR JH—{L 5 T(Ci)

" (Pi) 100 90 80 70 60 50 40 30 20 10 0

pH 1 7 7~8 8~85 85~9 6.5~7 6~9.55~10 4~11 3~12 2~13 1-~14
DO/(mg/L) 4 >75 >7 >65 >6 >5 >4 >35 >3 >2 <l <1
NH3-N/(mg/L) 3 <0.01 <0.05 <01 <02 <03 <04 <05 <0.75 <1 <125 >1.25
CODcr/(mg/L) 3 <I5 <20 <25 <30 <35 <40 <45 <50 <60 <80 >80
TP/(mg/L) 4 <0.01 <0.02 <0.05 <0.1 <0.15 <0.2<0.25 <0.3 <0.35 <04 >04
TN/(mg/L) 4 <02 <03 <05 <075 <1 <12 <15 <17 <2 <25 >25
Chl-a/(ng/L) 3 <15 <20 <25 <30 <35 <40 <45 <50 <60 <80 >80
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Fig.2 Seasonal water quality evaluation results of sampling points (a: spring; b: summer; c: autumn; d: winter)
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Tab.2 Comparison of water quality parameters between reference and impaired sites

IKIAEFR 2% HoAth i SRR BEM
pH 7.9440.31 7.7840.26 7.9020.39 0.729
DO(mg/L) 7.9543.36 7.1542.96 7.24452 0.612
NH3-N(mg/L) 0.19:0.08 0.2340.12 0.1940.10 0.943
TP(mg/L) 0.02:9.01 0.0340.02 0.0640.13 0.236
TN(mg/L) 0.3740.27 0.46:40.31 0.6520.50 <0.05*
CODg/(mg/L) 17.4549.23 18.22411.13 266141957 0.101
Chl-a(ug/L) 7.7625 54 9.1346.61 7.5546.72 0.926
waQl 80.3747.51 78.4848.43 73.3247.51 <0.05*

MRONZEFRE, P<0.05. 2% (AL C. D B) T AOKmIFEX, FUTE#EGRE, ZAFGETIED, 25
OBy Hy 3 KO e FfErs (B) « AUKE ()« Bl (KD BFUEX (H) , SZ2RMERK. FRifS s BUK s sz
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Fig.3 Alpha diversity index of microbial communities in each season

£ Bray-Curtis #5251t AL FR 7 HT (PCoAD 25 A 4 iR« 55— AR (PCL) FIEE - AR4R (PC2)
Iy AR T FEIE S5 K38 ) 38.82%F1 19.63%. AHMIMEZMHT (ANOSIM) 45 %R, R=0.639, P=0.001,
AR FZEN A R S BB R . B KRR S50 22 AR RN, REAR B oA i B
HE; FFE. XZ5B. KENRELEHWERBANE, BREEE5XFENHIMATE - CRERS 5. fE
WNETE, B, KESHLARMEYRESMZERTAE, FASMEAEY: B £AFESHANER
BONEE, PR
2.2.2 WAEMBERLERE WHAXNZEMBEAKFHAEDBTEDREARME 5 iR T2, BIRMKAE
HE AR R B T T2 1T (53.51%) « FRZRETT (18.44%) FIHUATHI1] (12.05%) ; HEZEH
BT (31.35%) . W] (25.66%) AURLZEH ] (22.15%) ; HKFATILHEIT (43.03%)  JRLHI]
(22.21%) FEFETT (14.52%) ; £ NI ] (60.31%) « L E T (17.64%) FHIFTE T (11.33%) .
JEKT L, FEEMHE T EATILE T K420 8 F1 Limnohabitans; & 2= %4 Cyanobium (X
#J8) 1 Synechococcus (EEERIEE) ; FkZ=- 2 Limnohabitans 15 )8 : A RAERE AR 42510
J&. Rhodoferax( (ZL & &) Al Polaromonas (F - MIEJE) -
2.3 REMTEEMEER(M-1B)AE
2.3. L IERAMS A E S NIRAMEMBE SRR MK R, FEIAIRAE S A 3
FERT 15 FIIAIHT 15 (@ AT TUR T (Bl 6) o 7E1 /KT |, RDAL Shff R T RUAE VIR 7 11 41.83%,



RDA2 #hf#tF 7 8.11%; TN.WT.DO.EC.NOs-N 1 Chl-a 5[ 17K 4 Mk o i 2 52 H1 5% (P<0.05).
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Fig.4 Beta diversity analysis of microbial communities in each season

@ 1y Spring Summer Autumn ‘Winter
= =
oA [
08 I = I
g [HE
= I ] Chloroflexota
z06 [ | Thermodesulfobacteriota
3 Ciliophora
: Planctomycetota
= Verrucomicrobiota
g 04 Bacteroidota
= [ cranabacteriota
[ [ Actinomycetota
[ Pseudomonadora

b
iv

0.0!
ABCDEFGHITIIJKABCDEFGHIJKABCDEFGHIITKABCDEFGHTIITK

™, Spring Summer Autumn Winter

4
&

Relative abundance

Poivaucleabacter
Limnohabitans

[ Candidatus_Planktophila

0.0

5 RN IKT @ MR ACT (D)X 5

Fig.5 Relative abundance of microbial phyla (a) and genus (b) in each season



RS T RARIRE R F 5 MAT] . JRRERE 2 MR, #4T T Spearman AHICHES AT (]
Do TTKP L, H&ETE TP 2RZE MG GE W15 EC A Chl-a AR IEAHSG: YRI5 WT AN
Chl-a 2 EZEAMK; WIFEITS TN 2EFIEMX. &KL, Limnohabitans J&5 TN 253 EAHK;
Flavobacterium CGEATEJE) 5 TN Al TP REEFIEMX; AFWES ECHM TN BEF MK, 5WT £
REAMK; BRERS WT # Chl-a 2AREE B, HRGHERRE 7 REMCHMEYER (BRER
BT JBARE FE A 2 RS R R 3L 22 Widgks (R 3) , Tk isbrst TH0 s R . 8 it
FIRIEEFI53HT, Ik AR & 2 PE 7 Tk eAr (B 8) 5 XF Rk 7 THEHRIHEAT Pearson AHICHE BT, 45
HEIR M3, M6 Fll M8 2 [ % BB RHME R T 0.7, S M6 F1 M8 J5, HAIEFRIAAH X REBUIMLT 0.79

(£ 4) . B&EFE M3, M14. M15. M19 I M22 3t 5 845 T-HI % M-1BI F5 5.

1.0
10

(a) 15O 1NO) "

o
on

RDA2(5.24%)

9
= Limnohabitanggo i luileobisieszs
zc; Flavobact
2 [Rhodoferax.
E Curvib;
H4 (‘, . o
i 4 Candidatus| Planktophila
i w
Biliophora  yettontbrionota DY
E4 Ad
el
P o
- S
-1.0 RDAI1(41.83%) 1.0 Lo RDA(E7.43%) 10

K6 [](a) A (b) E ATl E e v A 5 A B A5 #H 2% 1) RDA 73 A
Fig. 6 RDA analysis of dominant microbial community distributions associated with environmental factors at the
phylum (a) and genera (b) levels

(@) B . | [ =1 | seudomonadota (b) . . s prankiophita
7 %

Actinomycetota

2 Cranobacteriota

[T

Bl 7 171 () )@ (0) 2 XIS T 5% 1(J8) Y Spearman AH 5 #4 &
Fig. 7 Spearman correlation heat map of phylum(a)and genus(b)levels of environmental factors and
dominant phyla(genus)
2.3.2 M-IBI A2 5 46 5% AR UAE IR O A AZ O PR AR IEAT B TH B (R 6D, BRI KA
S M-IBL AR, SRSk T T AR S RS0 M-IBL AT A R RPN ARIE (R 6) , SRR M-
IBI f# e RPN G R A 9 IR o & RAE AL M-IBI AR FESE R UL W B MR (1] 73 5. A B G FESFER
TR BN MEREY, AESERRW BRI, Hh G A SNER TR, HRTFFIWYERrE—



K AL BALRAER L RKEERAL il Bl AR R A5 2, A R ERC— K, BA YR M

BARHE. Cv Dy Fy Hy AL PUZFEZ A TR (2. BKFD s R %) 59,

AR I R

BMREVRE . I EFFRIER . XFRINREFY, HFEFNANAERE", BTESBREENX
o MEVWANRE, BEEZLFES M-IBIEN 1.64~2.67 (“4rE7~—") , HZ N 1.93~4.38 (“fr7~fi
R, MFEH 2.28~4.26 (“— o~ <R , AZFH 171~2.71 CRE—RD o BETE, EE
FREG R, KERZ, BEEXFMNEE, HPERBETAE.

F 3 MGG T AR B IR L S

Tab.3 Candidate biological parameters for microbial integrity index of Mingcui Lake
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M2 Simpson &4k TR M13 I 5 A3 or S T AR = B A BT
M3 Ace $5% TR M14 Actinobacteriota [ A} 32 TFE
M4 Chaol 5%k N3 M15 Chloroflexota [ J#I%} 3% e
M5 Invsimpson N M16 Bacteroidetes [ JAH =% Tt
M6 Sobs N3 M17 Cyanobacteria [ TAHXT = LT
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Fig.8 Comparison of box diagram of candidate biological parameters between damaged points and reference sites
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Tab.4 Pearson correlation analysis of candidate biological parameters

Ei=gan SEIME PRt 2 M3 M6 M8 M14 M15 M19 M22
M3 39638.69 3575.504 1

M6 39634.45 3574.994 1.000" 1

M8 54.77273 9.065302 .818™ .818™ 1

M14 0.203291 0.053408 519™ 519™ 0.239 1

M15 0.00637 0.007215 632" 632" 545™ 0.218 1

M19 0.055184 0.035915 -397 -397™ -468™ 0.031 -0.232 1

M22 0.018686 0.023519 645™ 645™ 576" 324 530" -553" 1

*RoRFEFTE, P<0.05, **F/RERWEE, P<0.01
£ 5 BV FEARAERAE m P BI040 (%) A IBI AT 431t F A 3K

Tab.5 Distribution of the five parameters at the sampling sites (%) and the IBI scoring formula

EELa 5% £ 95% 7> v %1 IS ON: AKX
M3 34261.68 44166.73 44746.46 M3/44166.73
M14 0.11 0.27 0.28 M14/0.27
M15 0.00 0.02 0.02 M15/0.02
M19 0.01 0.10 0.19 (0.19-M19)/(0.19-0.01)
M22 0.00 0.07 0.09 M22/0.07
* 6 HEFTIXIET M-IBI FIIITAAE S R G B AN br vt
Tab.6 Evaluation standard of lake ecosystem health based on M-IBI in the study area
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Fig. 9 M-1BI health grade evaluation results of different seasons in Mingcui Lake(a: spring; b: summer; c:
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autumn; d: winter)
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Fig.10 Linear fitting of M-1BI values and WQI values in different seasons
(a: spring; b: summer; c: autumn; d: winter)

2.5 M-IBl 88 S MEMIRERFRIME X T4

K F Spearman FkAHIE 73 #7 V2R M-1BI 15435 D RESE R W AH S, 93813 Benjamini-Hochberg i (FDR)
S DU Z 58 34T %2 6 EL AR IE, SEfde H 254 A5 M-IBI 235 AR S 1R 20 B BRI h g 3[R (9<0.05)
TR R, R ARBVNHEF, FEAEBIYMERR R DR A, AFREAMEFRIE IR 2~4 /MAH SV SR B )
B, m&HRA 12 MEEERE (B 1D . FF, TAREFES M-IBI FAHCH RIS 525K
(p>0.05), H:H pmoA-amoA (R=0.591, P=0.271) # pstC (R=0.418, P=0.527) S IFM>#ah. B, soxZ
(R=-0.864) 1 relA(R=-0.809) 5 M-IBI & &2 £ #H < (P<0.05), mer (R=0.800) £ & % IEAH 5 (P<0.05) .
#Z, mer (R=0.909) 5 M-IBI £4%EFIEMHIE (P<0.01) , narK (R=-0.745, P=0.060) #1 narG (R=-
0.700) it (P<0.10) . &2 pstC (R=0.927) 5 M-IBI £ E % IEAMHS< (P<0.10) ; relA (R=-
0.736) ELLEZE 7L, mer (R=0.655) REIEHRK.



(a) Spearmanrt  (b)
1.0

soxZ O soxZ @ Spearman r

1.0
nrtD 05 nrtD
ssue 00 ssuc 0.5

yieR O 05 yteR O 0.0
pmoA-amoA O o pmoA-amoA o 05
nark o nark O L0
pstC O I pstC @]
xynB O O o xynB O Ir|
reld O QO o2 reld @ QO o4
narl O 03 narl O O 0.6
narG

O 04 narG O O 08
mer O O 0s mer @

-1.0 05 00 05 1.0 -1.0 -05 00 05 1.0

Spearman r Spearman r
(c) (d)
soxZ O Spearman r soxZ O Spearman r
nrtD O 10 nrtD O 10
SSUC @] 0.5 ssue O 0.5
yteR O 0.0 yieR O 0.0
pmod-amod O 05 pmoA-amoA @) 05
nark O 10 nark O 10
pstC o pstC @
xynB O Irl xynB o Irl
reld O [@RES reld O O o4
narl 8 O 050 narl O O 0.6
narG 0.5 narG O 0.8
mer O mer O O
-1.0 <05 00 05 1.0 -1.0 05 00 05 1.0
Spearman r Spearman r

K 11 M-IBI {H 5 Zhae LR p A ot (a: B2 b: HZ; ¢ B d: 4F; *P<0.05, **P<0.01)
Fig.11 Correlation between M-IBI values and functional genes
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