J. Lake Sci.(# i6#+5),2027,39(2):000-000
DOI: 10.18307/2027.0224
©2027 by Journal of Lake Sciences

BEIKEINEEF A SRR FHENNER LR : NEULKREIZE
A SN

A2 B2 B L2 B & 123

(1 ZRCRFFIR SIS TSR, &L 230601)

2: BHEAARHASR SBEEARRE (ZBKY) . &L 230601)
(30 2T IR A S H KR L, R ZE 247230)

~

# OE: WHEE BRI RS RGIR L. RE RSN CBEARSRE . ERTK REB M SRR, TR
FHRTEK SRR TR . TP KD R R SR N K, D sk L R B IR AR AR AN S S, 3 SO A I
AR RSB L . 2023 4 6 2024 1F 6 [, EZXEIFRE 7O RIS E TR, ARAS BN MR REHT
filie RIFFLMNK G BRI ALE, RESVIBENFHLKSBENE, BEFONKERESHBEN, VHTFIE R
XK S BETE RS . T AL 4E R B S WG SRS BRI, B A AT M BE AR B B B 48.93%. /K AT AL 1Y
T 53.49% S e M BESLEUE T [8 53.89%: B4 P K BB R0 T 1% 71.31%; B4R SR B N 12.45%. K26
BN SOWAR SRR AT T 2 AR, KSR A R SR THIE R A M K (G FEECRI, RIMER S e BURTHE 2
B TR AR S (G5) ERME, MRS S SBUIR L, MERBE 5 R IEE  & RMzh DR & (G3) Fi
BERRE. UMM (GAMD S HTR I, BEULERE 2 500 GS B AR LA SR WL B 7, KSR AR A Ha 402 IR 3h
K& S REW AN ESRE. FOaNERATITEAE S, BUOE T SK R 4B B A BRI K OS5 RS Mtk
WEAHG SR, R FK S DRI R T SR . AW FT 30 1 Wt A 52 5o 2 oA S S50 A A R Yo A 7K 1 1 o 4
RAT PR L X SR A T M R 18 5 K I A S OR 5 SR 0 S S S R A A

X MAOKE; BREZREME: DhReRh: BHVEE, SRR HEBLY
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Abstract: Wetland restoration serves as a key technical approach to reverse lake ecosystem degradation and recover ecological
functions. Improving hydrological connectivity and optimizing landscape patterns can effectively enhance habitat quality for waterbirds.

Lake Huangpi is a small shallow lake located in the middle and lower reaches of the Yangtze River floodplain. Long-term human
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disturbances, such as aquaculture reclamation, have led to severe landscape fragmentation and ecological degradation in this lake. A
wetland restoration project was carried out in the study area from June 2023 to June 2024, but systematic assessments of its ecological
outcomes are still lacking. From the perspective of waterbird functional groups, this study examined temporal changes in wintering
waterbird communities before and after restoration. It also evaluated how landscape pattern changes influenced waterbird assemblages,
based on landscape composition and configuration data. The results indicated that lake wetland landscape patterns were significantly
improved after restoration. During the early wintering period, total patch density decreased by 48.93%, water area increased by 53.49%,
and the number of mudflat patches dropped by 53.89%. In the mid-wintering period, the number of water patches decreased by 71.31%.
In the late wintering period, the vegetation aggregation index rose by 12.45%. Different waterbird functional groups showed varied
responses to landscape pattern changes. The increased aggregation index of water area positively affected the population of predatory
diving waterbirds (G5). The higher aggregation index of mudflats effectively increased the group size of herbivorous waterbirds (GS5).
In contrast, the improved aggregation index of shallow water led to habitat homogenization and further reduced the population of small
benthivorous waders (G3), which depend on heterogeneous shallow-water patches. Generalized Additive Model (GAM) analysis
revealed that patch density was the key landscape configuration factor driving population dynamics of G5. Water area and aggregation
index were the main factors influencing the distribution of diving waterbirds and large waders. For the restoration of small shallow
lakes, targeted landscape pattern optimization can be achieved through improving hydrological connectivity and implementing staged
water level regulation, thereby meeting the wintering habitat needs of different waterbird functional groups. This study confirms that
constructing heterogeneous habitat mosaics is critical for wintering waterbird conservation in wetland restoration. It also provides
theoretical support and practical guidance for the scientific restoration of wetlands under intensive human disturbance and for waterbird
habitat protection in the middle and lower Yangtze River floodplain.
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Fig. 1 Remote sensing imagery of Lake Huangpi in the study area

(The remote sensing interpretation of this figure is based on satellite images acquired on March 26, 2025 )
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Fig. 2 Dynamic patterns of water level fluctuations at Huangpi Lake during the wintering period before and
after wetland restoration (Reference water level datum: Wusong Datum)
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Tab.2 Differences in landscape configuration of Lake Huangpi

during the wintering period before and after wetland restoration (Mean + SE)
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Fig.3 Changes in diversity indices of wintering waterbird in Lake Huangpi Lake before and after wetland

Tab.3 Differences in abundance of wintering waterbird functional groups in Lake Huangpi

*3

restoration (mean + SE)

M2 SR 5 B MK S I RERF 2 25 CPIEEpR D

before and after wetland restoration (Mean + SE)
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83.31 £35.60
2045.25 + 622.25
2633.31 +821.12
294.94 +120.52
8.00 +4.374
12.38 £3.53
61.13+£27.85
622.81 +339.71
963.56 +376.34

1E

4.150
2.581
4.793
1.568
0.201
0.029
0.001
0.505
4.276
0.412
3.994
0.070
0.540
0.037
1.975
0.018
0.092
0.460

Py

0.042*
0.108
0.029*
0.210
0.654
0.865
0.970
0.477
0.039*
0.521
0.046*
0.792
0.462
0.847
0.160
0.895
0.762
0.498
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Fig.4 Differences in functional traits among waterbird functional groups
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Spearman AHIEPENHTR B, BEACHAZK AT X Hh SEWAS F A BB IRBh N, (B5X KSR L EA
BEMK (P>0.05) o Hrh, KASRHEE (R=-0294, P=0.004) . AIEBFHYER (R=-0.446, P<
0.001) . MMM (R=-0.321,P=0.001) . JerEBtsiE (R=-0.494,P<0.001) MAEMH % (M
FUR=-0.492, P<0.001; REEH R=-0.384, P<0.001) LEHEFAME; SRHERER (R=0312,P
=0.002) . KILHE (R=0.321,P=0.001) . KEBEEHE (R=0.408,P<0.001) KEMEAEIEH (R
=0.289, P=0.004) RERF MK HHMFWHTAREMR (P>0.05)

BT GAM BRI R R, WA BERER, BRI 4 8 HUR B HL 35 B2 0638 757K
IReR AR ERW (R4 . G4 5RAKMMS T4 EREEREAMHEIE (P=0.018) (K52 ; G55
BEIPUE B2 BEFAK (P=0.011) (E5b) ; HATIEERE AP SOURE REHW (P>0.05) .

R4 SO E R EOG 7K SRR A R ) S DU TR &5

Tab. 4 Optimal model results for the influence of landscape configuration indices on waterbird communities

AP 5 AR P THE G e ZER? (adid GAM BARMRFE )1 E 73 E AIC
Gl PEH 0.060 0.051 6.70% 1493.69
G2 — — — — 937.38
G3 THERIFEFIHE L 0.112 0.040 5.69% 1157.93
G4 SR 4 T4t 0.018* 0.048 5.80% 1358.77
G5 PEYL S 0.011* 0.057 6.68% 1715.90
G6 — — — — 1821.51

KEIhRERE S A RIR B K R RN, KR EGHRERKBEKIF T (RS . Gl S5KEE
AR (P=0.005) . JRHEA (P<0.001) BAE&MERR, SKEBIEE (P=0.036) . HEHEERAT
¥ (P=0.039) IEAMHI%; G3 H/KTEM (P=0.007) . B&HKE (P=0.001) 5%, SRR (P=
0.049) | R ERE (P=0.025) EAMI; G4 MR HEUR, ZE2MsMARREFREERZm, KhEK
WA (P<0.001) « JEMRHEE (P=0.002) FEMKE, S/KEHHREEAME (P=0.038) , AR
LR R, G5 SRMBAIEHMEF LMK (P =0.012) (B 50 ; G2 G6 R4 R G Rt

(P>0.05) . ThESHEX KIS AP R ERY, Gl ZEAKBREAGREUET 88~92 X [H{RErEm
K, ik F 96 KU FEHEEMK (B 5¢) 5 G3 ZESIZIBEUAMIEME T, £ KT 96 b £ FREARK
20 (BE5d 5 G4 ZEIERREULD] 87 Mk BNE(E, #8id 97.5 B FU/KIBE I B R4, H 2 BRE Tk

(Bl 5e) o “FHSBRMABEKERMAERE TS RHFZEREAREMRL (P>0.05) , HBRERAE
ZERIIFH.
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Tab.5 Optimal model results for landscape composition influencing waterbird communities

S UL ZHL BT 7K B B 7 A S 1 R e A TR 5

R & AR P P JG e RER? (adid GAM HEARMFERE 1 E 7 E AIC
Gl TKIRBE LA 0.036* 0.456 54.5% 1468.65
KRR AR 3 0.005%*
VEMEAR <0.001%**
=R 32 R 0.004%*
R AR 0.039*
G2 JEMER AR 0.144 0.012 2.25% 937.32
G3 I AR 0.007%* 0.245 33.7% 1152.94
IR EHREL 0.001 %%
VEMEAR 0.049*
VEMEPE P 0.104
TR TRH 0.025%
G4 KR TR <0.001%** 0.479 58.2% 1341.09
KSR H A 0.038*
KRR A R4 <0.001%**
Ve MEDT H S = 0.002%*
T THIAR <0.001%%*
G5 IKIRER AR 0.080 0.103 12.2% 1712.41
MR EIREL 0.012*
G6 — — — — 1821.51
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Fig.5 Relationship between the waterbird functional groups and dominant landscape factors at Lake Huangpi
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Attached Tab. I Implementation parameters of wetland restoration measures for Huangpi Lake

(C3=RIY gt BSR4 B HY
IRALIE A 3T H BV 8.1 m-10.5 m
RS F KR 0.11x10* m?
KRR B 3 5 21 %
TR i 3 T 28.1 km
T T G 5 Y 18.5~1555m
M B2 m R 6 %
Jbil i R TE K 7.1 km
JE I A T FE 10.1~137.5m
LB MG AR 278.6 hm?
HEMH B 28.6 hm?
TR 152.5 hm?
e I A 84.8 hm?
i 8.2 hm?
AKX 1894.9 hm?
HKIX 291.1 hm?

PRI T2 RS S B

Attached Tab. I Average air temperature and total precipitation during two wintering periods

WEH B HF#50 T/°C S PE/K R P/mm
2022 4 10 17 95
2022 4 11 H 14.5 92.2
2022 4 12 3.5 13.5
2023 401 5 62.9
2023 402 6 151.3
2023 403 13.5 27.6
2024 410 J 18 425
2024 4E 11 H 14.5 4.9
2024 4 12 6 40.4
2025 4 01 J 6.5 25.7
2025 4 02 J 7 23.1
2025 403 J 12.5 19.6
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Attached Tab. III Differences in the landscape composition of Huangpi Lake during the wintering period before

and after wetland restoration (Mean + SE)

SO KA A SO AR H b AE L T S 5 PEHE PiH
K3k FURS gL T A /hm? 95.63 £17.20 146.78 + 6.763 0.009+*

BESRHE/A 49.31+5.92 38.25 + 10.04 3.993 0.046*
RERE 89.89 + 1.15 95.22 +0.77 9.786 0.0027*

kA T A/hm? 135.18 £ 17.73 152.83 + 1.114 0.291
BEHE R/ A 40.75 + 8.09 11.69+£2.18 12.063 0.001 %+

RETHE 94.33 + 1.03 96.55 + 0.52 3.006 0.083

A5 T A%/hm? 139.06 £ 16.72 141.26 = 0.023 0.880

PEE /A 21.81£3.65 16.69 +2.88 0.856 0.355

RETE 95.13 £ 0.89 95.78 +£0.73 0.115 0.734

Ve e RS g i #/hm? 37.70 £ 4.77 22.42+2.32 5818 0.016*
KRR/ 17325 +21.24 79.88 + 11.99 10.759 0.001%**

RETHE 65.80 +£2.48 69.21 £2.48 0.411 0.522

A i AH/hm? 29.32+4.53 23.01 £ 1.60 0.626 0.429

HERHE/A 40.69 +3.85 36.75 £ 4.96 0.461 0.497

RETE 76.16 + 1.83 81.44 +1.02 4.455 0.035%

A S5 AR /hm? 29.04 +4.19 27.73 £2.63 0.006 0.940

B/ 81.56 +10.27 92.69 + 12.48 0.513 0.474

RETE 69.12 + 1.89 66.19 £2.56 0.818 0.366

izt AT T /hm? 56.63 +£7.42 20.86 +2.57 12.820 < 0.001%**

HERHE/A 144.06 +22.23 63.13 £5.52 11.384 0.001%**

RETHH 70.98 +£2.97 66.16 £2.31 2.161 0.142

AT THR/hm? 25.56 + 3.62 14.21+2.23 4.142 0.042*

PEHC A /A 122.94 + 11.83 154.69 = 3.207 0.073

RETE 58.69 + 1.93 47.76 +3.19 5.460 0.019*

A S T #/hm? 21.95+3.00 21.06 +2.63 0.013 0.910

B/ A 153.19 £22.91 115.38 = 1.154 0.283

RETH 56.62 £2.38 63.44 £ 1.60 4.297 0.038*

E: *RIR0.01 < P <0.05, **FIR 0001 < P < 0.01, ***F /R P < 0.001.

Note: * indicates 0.01 < P < 0.05, ** indicates 0.001 <P < 0.01, *** indicates P < 0.001.
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Attached Tab. IV Area and proportion of different landscape types at the whole-lake scale in Huangpi Lake

(Mean = SE)
A SO A HbAE L T BB E 5
M (hm?) dikt A (hm?) gkt
AT ) K3, 1303.45+5.63 48.66% + 0.21% 1957.38 +38.59 73.07% + 1.44%
e 648.34 % 309.06 24.20% + 11.54% 260.13 +43.79 9.71% + 1.63%
iz 727.90 + 314.56 27.14% + 11.74% 461.38 £ 82.33 17.22% + 3.07%
A KI5, 1876.13 +25.38 70.03% % 0.94% 2090.40 + 98.88 78.03% % 3.69%
TR 446.32 +2.41 16.66% + 0.09% 363.83 + 16.29 13.58% + 0.61%
iz 356.42 +27.67 13.30% + 1.03% 224.90 £ 115.08 8.39% + 4.30%
A5 ) TR 1908.03 + 174.06 71.23% + 6.50% 1915.34 + 67.36 71.50% + 2.51%
ek 438.61 + 115.87 16.37% + 4.33% 443.33 +£79.78 16.55% = 2.98%
iz 33223 +58.21 12.40% + 2.17% 320.07 £ 12.55 11.95% + 0.47%
£V BKSThRERE T LB 2 R
Attached Tab. V Pairwise comparison results of each waterbird functional group
DiaedE 1 igeRE 2 R? F P
Gl G4 0.579 10.997 0.0047*
Gl G2 0.563 11.605 0.004**
Gl G3 0.452 19.765 0.0027*
Gl G5 0.833 49.901 0.004%*
Gl G6 0.465 19.115 0.002**
G4 G2 0.341 3.619 0.026*
G4 G3 0.445 17.607 0.002%*
G4 G5 0.813 34.667 0.012*
G4 G6 0.599 29.847 0.002+*
G2 G3 0.284 9.130 0.002%*
G2 G5 0.894 75.878 0.006%*
G2 G6 0.604 31.986 0.002%*
G3 G5 0.525 26.562 0.002%*
G3 G6 0.470 31.879 0.002%*
G5 G6 0.507 22,611 0.002%*




