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Abstract: Hydrology and vegetation are key components of freshwater wetland landscapes. Changes in water and sediment
regimes of the Yellow River and reduced freshwater input have affected waterbird diversity in the Shandong Yellow River Delta
National Nature Reserve (hereinafter referred to as the "Nature Reserve"). To address this issue, the Nature Reserve has carried out
freshwater wetland ecological water supplementation projects for several consecutive years. These projects have adjusted the extent
of open water and shallow water and optimized the composition of plant communities. However, few quantitative studies have
examined waterbird diversity and its relationship with wetland landscape patterns following such ecological restoration measures.
This study used field survey data of waterbirds, Sentinel-2 satellite remote sensing data, and water level monitoring data collected
in 2023 and 2024. We analyzed the composition and numerical changes of waterbird communities in the wetland restoration area
and quantified the relationships between waterbird diversity and the area of key wetland landscape elements. The results show that
126 waterbird species from 15 families and 7 orders were recorded in the study area. Both species richness and individual
abundance of waterbirds showed significant monthly fluctuations, with peak values occurring in the migratory months of March
and November. During migratory seasons, ducks and shorebirds dominated the species composition, while ducks, cranes, and
storks accounted for most of the individual abundance. In the 10,000-mu wetland restoration area, shallow water (water depth 0—
30 cm) and open water occupied the largest areas. The shallow water area reached its maximum in winter (1888 m?), and the open
water area was relatively larger in spring and autumn (2933 m?). Vegetation area showed a seasonal pattern of summer expansion
and winter contraction, with a 26% increase in 2024 relative to 2023. The abundance of geese and ducks showed unimodal
relationships with the proportions of open water area and vegetation area. Goose abundance peaked when the water-to-vegetation
area ratio was approximately 2:1 (n =44, df =40, p <0.01, R?=0.14; n =44, df =40, p <0.01, R?=0.28). Duck abundance peaked
at a ratio of approximately 1.5:1 (n = 118, df = 114, p < 0.01, R* = 0.02; n = 118, df = 114, p < 0.01, R*> = 0.002). Shorebird
abundance had a significant positive correlation with the proportion of shallow water area (n = 24, df = 22, p < 0.05, R?=0.29)
and a significant negative correlation with the proportion of vegetation area (n = 24, df =22, p <0.05, R?=0.17).

Keywords: Wetland Restoration Area in Yellow River Delta Nature Reserve; Waterbird Diversity; Dynamic Changes; Wetland

Landscape Pattern
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Fig.1 Wetland restoration area in Yellow River Delta Nature Reserve and survey sites of waterbirds
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Fig.2 Overview of Waterbird species in the Wetland Restoration Area of the Yellow River Delta Nature Reserve
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Fig.5 The influence of wetland landscape features on geese, ducks and shorebirds
(a: Geese; b: Ducks; c: Shorebirds)
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Supplementary table 1 Waterbird Survey Record Form (Direct Counting Method)
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Supplementary table 2 Overview of waterbirds

FER% B M%} Anatidae
BB Melanitta
1 B iz v 7 1 Melanitta stejnegeri  Siberian Scoter [LES o fés 10 A -
RSB Tadorna
2 IR Tadorna ferruginea  Ruddy Shelduck 5 24 TS 1-12 A 1-12 A
3 T R Tadorna tadorna Common Shelduck 2% T fa 3 ;{ ’1%'_71 ZHHS 3-7H,11 H
PRYEVERS & Netta
4 Netta rufina pogrerested e O 8 3 -
MR Aythya
5 1 AR 7R Aythya nyroca Ferruginous Duck 525 i fE 1-54,7-18 ! A, 31 0 %H’ 8-
6 AR Aythya ferina Common Pochard 2% b fa t-d )?2’ jf 9o 1-3 )15 8-12
7 P Sk e Aythya fuligula Tufted Duck LLES T fa 3H,10-11 H LA, 121)?% 4R,
8 B Aythya marila Greater Scaup LLES T fa 3H,11-12 H -
9 T Sk iy Aythya baeri Baer's Pochard [LES W fe 12 H 1 H
KWMEE Mergus
10 BENHKIN Mergellus albellus  Smew M apap IR
n Mergus merganser STm" mE xS Ao R

14



12

13

14

15

16

17

18

19

20

21

22

23

24

25

AN gy S
R¥EEJB Cygnus
KKHE

BRI

INREG

YRV S\

HJ& Mareca
TRIBEHY

B4y

FREG

LIS B Sibirionetta
TERE S

BV Spatula
EEMETY

SVELL

)& Anas
TG

eS Ll

SN

Mergus serrator

Cygnus cygnus

Cygnus atratus

Cygnus
columbianus

Cygnus olor

Mareca strepera
Mareca falcata

Mareca penelope

Sibirionetta formosa

Spatula clypeata

Spatula querquedula

Anas zonorhyncha

Anas crecca

Anas platyrhynchos

Red-breasted
Merganser

Whooper Swan
Black Swan

Tundra Swan

Mute Swan

Gadwall
Falcated Duck

Eurasian Wigeon

Baikal Teal

Northern Shoveler

Garganey

Chinese Spot-billed

Duck

Eurasian Teal

Mallard

PN \ES
PN \ES
FNIES

RIGAK

K fa

TfE
TfE
K fe

T fa

T fa
T fa
xS

T fa

T fa
T fa

T fa
T fa
T fa

15

— 4
— 4
— 4

%

—%

12 H

1-4H,10-12
H

2 A

1-3 4,94, 11
-12 A
1-5H,11-12
H

1-4 H,10-12
H
1-5H,10-12
H
1-3H,5H,10
-12 1

10-11 A

2-5H,10-12
H

4H,6 H,11 A

1-12 H

3-5H,10-12
H

1-12 H

2H,4H

1-3H,9A4,11
-12 A

11-12
1-3H8,11-12
H

1-12 H

2-45,9-12
H

2-4H,11-12
H

2-4,10-12
H

3H,11-12

2-4 7,11-12
H

4 H

1-12 H

3-44,11-12
H

1-12 H



26

27

28

29

30

31

32

33

34

35

36

37

38

Br M

E8M8)8 Bucephala
HE

BEE Aix

i

JEJE Anser

i

il

i
S
WS
e
AN

Anas acuta

Bucephala clangula

Aix galericulata

Anser fabalis

Anser cygnoides
Anser indicus
Anser anser
Anser albifrons

Anser erythropus

WEH WA Charadriidae

FEXS8 Vanellus
Rk 27

IR 27
BEHEJR Pluvialis
KA

)8 Charadrius

S

Vanellus vanellus

Vanellus cinereus

Pluvialis squatarola

Charadrius
alexandrinus

Northern Pintail

Common
Goldeneye

Mandarin Duck

Bean Goose

Swan Goose

Bar-headed Goose

Greylag Goose

White-fronted
Goose

Lesser White-
fronted Goose

Northern Lapwing

Grey-headed
Lapwing

Grey Plover

Kentish Plover

MY

R
b S S S S

5l

(EES

(E[EES

(EES

(E[EES

e

K fa

K fe

T fa
K fe
T fa
K fe
56

A

K fa

16

—%

—%

—%
%

1-4H,10-12

11-12 H

11 A

1-37,10-12
H

4 7,10-12

3 A
1-12 H
11 A

3 A
7H,10 H

7H,10 H

3-10 H

1-4J3,11-12
H

11 A

1-4H,6 4,9-
12 H
1-3,11-12
H

1-12 H
11 A
12 #

3-5H,11 A

9H,10 H

10 H

3-5H,8-10



39

40

41

42

43

44

45

46

47

48

49

50

52

53

54

55

BRI
Kol

Charadrius
hiaticula

Charadrius dubius

Charadrius
mongolus
Charadrius
leschenaultii

Charadrius placidus

B E &R Scolopacidae

RI#S B Numenius
)izl
KA

RIS

NI

E#YR Calidris
RIS
KIER
NN
AR
IRV
KA ES
Y

B

Numenius arquata

Numenius
madagascariensis

Numenius phaeopus

Numenius minutus

Calidris alpina
Calidris tenuirostris
Calidris canutus
Calidris ruficollis
Calidris acuminata
Calidris subminuta
Calidris temminckii

Calidris ferruginea

Common  Ringed
Plover

Little Ringed Plover
Lesser Sand Plover

Greater Sand Plover

Long-billed Plover

Eurasian Curlew
Far Eastern Curlew

‘Whimbrel

Little Curlew

Dunlin

Great Knot
Red Knot

Red-necked Stint

Sharp-tailed
Sandpiper

Long-toed Stint
Temminck's Stint

Curlew Sandpiper

(EEES
ILTES
ILTES
(EEES

(E[EEES

(E[EEES
(E[EEES
(E[EEES
(E[EES

(E[EES
(E[EES
(E[EES
(E[EES
(EES
(E[EES
(EES
(EES

K fa
TfE
K fa
T fa

T fa
xS
A

17

%
%

%

%

7H, 9H

7-8,10 H

3-5H, 8-11
H

5H, 8-10 A
8 H

1H,11-12 A

45,6 H,9-12
H

4H7,7-12 H
5H,8-9H

6-8 H,10 H

7-8H
4-5H, 7-10

5H, 8-9H
8-9 A
4-6H, 9H

10 A

5H,9-10 A,
12 A

5H,9H
9 H

4H,9-10 H

4-6 4, 9-11
H

8 H

9 H

9H



56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

e
RS
WAHR Arenaria
A

WEE Actitis
LAY

TABERSR Xenus
MRS

B Tringa
A
AN
Ny

RS

5 S

N TS

PERS

WK R
JEERE)R Limosa

Calidris falcinellus
Calidris alba

Calidris pugnax

Arenaria interpres

Actitis hypoleucos

Xenus cinereus

Tringa ochropus
Tringa totanus
Tringa erythropus
Tringa flavipes
Tringa glareola
Tringa nebularia
Tringa guttifer
Tringa stagnatilis

Tringa brevipes

Broad-billed
Sandpiper

Sanderling

Ruff

Ruddy Turnstone

Common Sandpiper

Terek Sandpiper

Green Sandpiper
Common Redshank
Spotted Redshank
Lesser Yellowlegs

Wood Sandpiper

Common
Greenshank

Spotted Greenshank
Marsh Sandpiper

Grey-tailed Tattler

(EEES
ILTES

(EEES

(E[EEES

x

(EEES

(EES
(E[EES
(E[EES
(E[EES
(E[EES
(EES
(E[EES
(EES
(EES
(EES

a[n
TfE
K fa

-
=

K fe

K fe

T fa
T fa
T fa
56
K fe
T fa
Wife
xS
xS

18

7

%

7H

6 H,10 H

10 A

4H,8H

3H,5H,9-10
H

3-7H,9-11
8
7H.,8H
9H,10 A

6-11 1

10 H

5H,10 H
9 H
9 H

9 H

8 H,11 B

3H

4-5H
3-11
10 4
34
1A
3H

4-7H,9-11

H
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71

72

73

74

75

76

77

78

79

80

81

R

BE R PEHS

VW48 Gallinago
KibHE

i R

EHR I

Limosa limosa

Limosa lapponica

Gallinago megala
Gallinago gallinago

Gallinago stenura

BEE RYEFRFE Recurvirostridea

X YEFSJE Recurvirostra

ST

KHEE Himantopus

R S

Recurvirostra
avosetta

Himantopus
himantopus

¥ E WEEF Haematopodidae

Y3%8J8 Haematopus

Wi

WEE EA Laridae

VBEJ& Chlidonias
Sz
IR TG

HENY R Saundersilarus

WIS

Haematopus
ostralegus

Chlidonias
leucopterus

Chlidonias hybrida

Saundersilarus
saundersi

Black-tailed
Godwit

Bar-tailed Godwit

Swinhoe's Snipe
Common Snipe

Pintail Snipe

Pied Avocet

Black-winged Stilt

Eurasian
Opystercatcher

White-winged Tern

Whiskered Tern

Saunders's Gull

(EEES

ILTES

ILTES

(E[EEES

(EES

(E[EEES

(S

(E[EES

-
@

=
=

T fa
K fa

T fa

xS

T fa
xS

6

19

3-10 H

10 H

10 H
5H
7H

2-11 1

3-9H,12 4

2-10 A

6-9 1

5-8H

3-10 H

3-10

4-5H,9H

6-9 /]
6-8J]

3-6 H,9 A,11
-12 A



82

83

84

85

86

87

88

89

90

91

92

93

94

FLWYJE Chroicocephalus

AN

YY) Ichthyaetus
XYJ& Larus

S

o R AR I

A I R

i Y

IS )& Sterna
A

EXSJE Hydroprogne

AR ASE AL
NS & Gelchelidon

IS WA R

Chroicocephalus
ridibundus
Chroicocephalus
brunnicephalus

Ichthyaetus relictus

Ichthyaetus
ichthyaetus

Larus crassirostris
Larus cachinnans

Larus schistisagus

Larus vegae

Larus canus

Sternula albifrons

Sterna hirundo

Hydroprogne
Caspia

Gelochelidon
nilotica

B #HEP Glareolidae

Black-headed Gull

Brown-headed Gull

Relict Gull

Pallas's Gull

Black-tailed Gull
Caspian Gull

Slaty-backed Gull
Vega Gull

Mew Gull

Little Tern

Common Tern

Caspian Tern

Common Gull-
billed Tern

IEES

IEES

TfE
K fa

6
T fa

T fa

T fa
K fe

K fe
T fa

xS
T fa

xS

xS

20

—%

2-12 H

8 H

11 A

9-10 A

1-5H,7-12 H
11-12 A

7-8H

1-47,6-7H,
9-12 H

2-4H,6-12 H

5H,7-9H
3-9 4

3-4H,7-10 H

4-10 H

1H,3-12 H

3 H

3-12 H

4H,10 H

1-4H,9-12
H

3-5H, 7-12
H

5H,7-9 4

3-10 A



95

96

97

98

99

100

101

102

103

104

HMAE Glareola

FIPLES

HEE Leucogeranus

FIE

#)8 Grus
SN
IRES

BE BB Rallidae
HKAE Gallinula

KA

B8 Fulica

SE=gi
P8 Rallus
ARG

$BIE BR Ardeidac

iH
BB BB Gruidae
TR JE Antigone

Glareola lactea

Glareola
maldivarum

Antigone vipio

Leucogeranus
leucogeranus

Grus monacha

Grus grus

Grus japonensis

Gallinula chloropus

Fulica atra

Rallus indicus

Small Pratincole

Oriental Pratincole

White-naped Crane

Siberian Crane

Hooded Crane

Common Crane

Red-crowned Crane

Common Moorhen

Common Coot

Eastern Water Rail

ILTES

(EEES

(STLES

(SHLES

(FLES

(SHES

(SHES

(E1ES

TfE
K fa

6

Wefe

A
T fa

56

K fe

T fa

xS

21

-4

—%

—%

—%

—%

9 H

3H,10-12 H

1 H,3 H,11-
12 B

11 A

1-3H,11-12
H

1-3H,6 A,9-
12 A

10 A

1-12 H

12 H

1-3H,12 H

2-37,11-12
H

11-12

1-34,11-12
H

1H,3-5H,7

H,11-12 A

4H,8H

1-12 H



105

106

107

108

109

110

111

112

113

114

115

WRHSJE Botaurus
PN/SIE

¥5)&8 Ixobrychus
i

W% B Nycticorax
R

H¥ )R Egretta

=k 1

W% J& Ardeola
bk

4B %) Bubulcus
T

¥ )& Ardea

¥

PNEE 4

hEE

LR 4

Botaurus stellaris

Ixobrychus sinensis

Nycticorax
nycticorax

Egretta garzetta

Ardeola bacchus

Bubulcus
coromandus

Ardea cinerea
Ardea alba
Ardea intermedia

Ardea purpurea

¥ H BYRl Threskiorothidae

E¥)E Platalea

HEEH

Platalea leucorodia

Eurasian Bittern

Yellow Bittern

Black-crowned
Night-heron

Little Egret

Chinese Pond
Heron

Cattle Egret

Grey Heron
Great Egret
Intermediate Egret

Purple Heron

Eurasian Spoonbill

i3
b

5
B

8
b

8
b

BB
oF

i
b

i
bv I I S

i

K fa

e

K fe

K fe

T fa

K fe

T fa

K fe

K fe
T fa

xS

22

—%

1-11 H

9H, 11 H

5-11 H

1-12 A

9 H

1-12 H
1-12 A
1A
5-11 1

2-7H,10-12
H

1 H,3-6H,12

H

3H,5-9H

2-12 /4

5H

8 H

1-12 A
1H,3-12 8B

5-10

3-12 /4



116

117

118

119

120

121

122

123

124

125

126

A Platalea minor

8 H ¥R} Pelecanidae

5888 Pelecanus

PG Pelecanus crispus

3 Pelecanus
onocrotalus

R H fSESEL Phalacrocoracidae

PS8 )8 Phalacrocorax

e S Phalacrocorax
carbo

B H BH Ciconiidae

)& Ciconia

KT A# Ciconia boyciana

ek Ciconia nigra

BEES H BSESR} Podicipedidae

/NRSREJB Tachybaptus

ot L Tachybaptus
MRS ruficollis
WSRE)E Podiceps
TRERE G Podiceps grisegena

NG Y Podiceps nigricollis
Ll Podiceps auritus
N Podiceps cristatus

Black-faced
Spoonbill

Dalmatian Pelican

Great White Pelican

Great Cormorant

Oriental Stork

Black Stork

Little Grebe

Red-necked Grebe

Black-necked
Grebe

Slavonian Grebe

Great Crested
Grebe

i3
b

PLLILES
PLLILEN

LV iES

(FLES
(=FLES

LLLES

FEIREE
HEREE
FEIREE
HEREE

fE

T fa

T fa

T fa
xS
6
xS

—%

—%
—%

-
—%

-

11 A

2-3J1,5 1,10
-12 A

3H, 1L H

2-12 /

1-12 H

3H, 64, 10-
11 A

2-12 H

4 H,10-12 H

7H

2-12 H

1-12 H
11 A

2-12 H

3H
11-12 4

1H,3-12 A

23
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Supplementary fig.1 Changes in shallow water and water area in various regions from 2023 to 2024

(a: North of the Yellow River Estuary; b: 30,000 mu; c: Dawenliu; d: Dongba Road; e: 50,000 mu; f: 100,000 mu)
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BB b:
Supplementary fig.2 The changes in vegetation area in various regions from 2023 to 2024

(a: North of the Yellow River Estuary; b: 30,000 mu; c: Dawenliu; d: Dongba Road; e: 50,000 mu; f: 100,000 mu)
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