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Figure 1 (Color online) Alternative stable states of the tidal flat system driven by bio-physical feedbacks”®. On the left, under the self-organized
feedbacks, the system evolves to the states with high biomass and heterogeneous habitat. On the right, under the runaway feedbacks, the system evolves
to the states with low biomass and homogeneous bare flat. (a), (b) Saltmarsh-tidal flat system in Chongming Dongtan, Yangtze River Estuary; (c), (d)
mangrove-tidal flat system in Qinzhou Bay, Guangxi; (e), (f) benthic microalgae-tidal flat system in Chongming Dongtan, Yangtze River Estuary
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Figure 2 (Color online) Trajectory of the state of the tidal flat system with the intensity of external disturbance driven by bio-physical feedbacks
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Figure 3 (Color online) Dynamic behavior of a saltmarsh-sediment system. (a) Phase plane representations of the dynamics of a saltmarsh-sediment
system; equilibrium saltmarsh biomass (b) and sediment elevation (c) as a function of bottom shear stress
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Figure 4 (Color online) Dynamic behavior of a diatom-silt feedback system. (a) Phase plane representations of the dynamics of a diatom-silt feedback
system; equilibrium diatom content (b) and silt content (c) as a function of bottom shear stress
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Figure 5 (Color online) Tidal flat geomorphologies driven by self-organization processes. (a) Saltmarsh patch, photoed on the north bank of the
Yellow River Estuary; (b) saltmarsh cliff, photoed on the Chongming Dongtan, Yangtze River Estuary; (c) microalgae pattern, photoed on the
Chongming Dongtan, Yangtze River Estuary; (d) self-organization process of biological patterns in tidal flats

MR FIROAS SR, NG TR AREAE A B A R,
PR N A G, /KIS o) A, e g,
Rk, TS TR KR, IR AR S5 3
T E B A KT ) BEERSE 2 [ I T 1E B ist iAE
VRSN S, AR S A S b U s i, 1=
bR, BEAS T ERTR AR AR R TR, AT AR T 6
S it

XFFIRVM b2 A IR P A = o 2
W, ERTHATZ S BRI BEIR (151 5(b)). U] —LLfF 5
W, RIBESAIE MR -1 LT T L 7
ASLE IS B A SN B g R e —
LEREFEIN N, R IMBESEER TR B RHIE, — B AR A
B, MHGLZA SRR IEHEX 5 25 S BT
HRAE, RUICLATE, $hTRRTZ0R SAnTk foth A 2E4R
TR G e T s B SR AR R, {5
BEIR BT IR AR T B B K D 8l T3 R B 9 19 15 S0
P BRIV AR S SR SR 11 A i il e
e i ki — (U O SR, T 1e) o — MR ok Ao, ERTR &
FHI, ARG YR Z 18] 1 1E [ S A 16 il —
MEE IR R A 7, WETAA T, T Vi — U B e
W TR AR, IERCBWE T $hiA AT 0N 2
7 SR R AR ZE BTN A G xR TR T
s PRV RN AF PSR AU, AT IGRIEHIZE T, nlg

KA R SRR, SEm SRR E TR ™ T A= ik,
TR BELR D, (R R — BB R AR 5, ARk
HABRFTURR R ok P DR 23 145 AR T BT Sk R F 2 ke
iR, HA YBESRANA BT B B R TR AR KB, Frgk iR
Ao tE Lk

BT TR, van de KoppelZ AR T 4k
ERVE L BEYOE WS ALY B 48U R —GRRIR, AR
IR AR GURR B S 3 TR ) A= Wy i Ui o 5 | S 1 55 U7
N 7 B R A AR AL, I, YRR S AR A
W ABRAEH T DU SR ok, SRRy
RS A . BERIET DL S IR IR A R e

oS, S, a
o _Imil_z:]_emQ57§“ﬁSx
b 0S
_ds—b_i_})xasx, (43)
oP. P S, oS
o :r[l—z]cﬂxg—dg—dpgg. (4b)

X(da)yr, SNV R LT 1 i 1) OB AR AL
S AR 1R RIR VDV, FES, = OXbVIAIR A
FKAA L o TES, = KA A 5/IMAO, K 5 R . 26
IR I B A TRVP R0k, AR Ik S AR 2 eIk
A B KA oI R AR 5% 2 B TN DS, 2

463



M % h & 2023528 He8k H5H

alRSE, (x) /KIS AR U1 g, 7R TH i g —
A RAEL, A il — M 2 B/ IMEO. 25355
TURBR SR A TR R I, IR AR ik 52 20U
0S/oxFI KA HIRAE. BEAh, ST RS A 4R ik AR T,
ST o AL B A 2 P T i, oAb ERE
@by, PO ERTHRAY) A= Wi 1 Bl T 1) B A
AL, SRS AR A K, BB R
REFOR, PN RR, K WA, I/MEY)
Kb sz BIGURE LRSI, B RctaE. S5 fAMiER2
TURRAY) L SRIRTESET, dRAET 2. G5 A A3 5
PERPORBIR S BURYIIET:, ZUUIE oS/ ox i 52
Wi, 3 BEHEOR, FET- MR, dp A 4.

PERIERS 1 1A T I AT BER I S A 7 i
P2, IR BBESIE M S R e TR Eh TR AHY)
(AR P B IR B DUARSBRE A3 nimi g . Bk 1 R TR 5
RTINS AH AR AL, BEIRBETIE Wit 2 251
FEOBRPLB AR, S RYD AN A s IR AT 5
RIAMELIR TR, BERTCIE . R R &
FE R HPGRAE AL T rp AEsim By, [ ARTIB R 5
A HABE PRI BER AT

3.2 kR A A412WRE) PR SUEEYFIE

WRAEF T, e -2 H B A ol e 2 55 1) v |
FIBRIK 3 b 22 5t B0 1% 06 [0 B8 P61 (51 5(c)). %o BT
FI VT LKA == VG T SR (i Ti] 11 3 M ERE 11 1) i A
WE & B, B R GO AR . R Dl
(50~70 ng/g. 25~32 kPa)lH i =y T Hb(18~25 pg/g-
5~10 kPa)™ " BIFFTIAN, KL B SV 1 A JE AP
AR et sl 1 U EOK S i B Z [ e AN R RUBE B
o A2 1) [ 8T A0 RS A K2 IBEPS,
Hn e vb kL B 4 2R A 1 IR NI U RS EEE T, A
M98 55 7K it AR Bl VR, A a2 Jm 35 i Ui s Ui v i
PP [y, AR BRIV R R A SRR, X
(A KA (R R, PR I R A e AR U S P v
FEJRER/NRUEE A AR S R B YRR R e
K 2 JE R U A, TERLEUK, W TR 2
EPS, fififix—7 & 1A EE Fe b 3 o gz ih, &
W MUK, BEAIRAEE LB, S S5, K
S A2 18] B 2T R w3 s MR e AR 7 ) e
VOURER, sk R Gk e, AT ARG YREEA R
s Y,

Weerman % A POVE 5 S6TE R R BE RS i .

464

Perb. KR AR EAE Y O RE, BE R TN
JEEAT MR BE ] [ ZH AU, ZhangZ5 AP TE ISR 1 %
J& T Yk

%_It) _ r[1 f%}DfECWLﬂ]D, (5a)
%_fzgmfs[E(l—D)nLEmm]wLAVzS, (5b)
aa_VtV: W, —F(W—8)+V [K(W)W-S)V W]. (5¢)

()b, DIGGRIEMIREAEYE. IR AL
TG R e 12 B AR R AR, Ho, SRR
WA KA, MUGRIRM R R AR, S5 h
IR MR R SE T R, o, B
IR LR A Y o, Jevb Ry ROR MR, It
PRV VAR I A IO AE TR R R, wERK
B, g RRIEWIREEAE T R IR B R R AB — 2 Y 7KL g
. by, SRRV ITTIREE. TS5l
L £8 BYIN T BT oY 37 S s SRTIE AR U S ey SPUk £9)
WA R M R, HR, B AR R MR
R, SRS A IR 30U A h E AR IS DR AT TD M
Y R R, o, AR R, VS
iR Yerb iy K(Soyrh, wkFAKAL IrESh
SR RTI /A VeSS 3t RRLl 37 S = ) S e SR -
iR KSR, PAERHPKR, S5 A5 =Tt ik
IS R A KFEMERR B shid fe, Hob, Vil
HIRBERBEET KT S, KWK GER AL HE
B R AK AL

BRI ERGRLILL T REVR DR A I Jevbid iR
LK P e R S A R R S 2 T AU ) A
JEBEEI S 6). 1Ak, SEE AR, JEnE Ek
Wil A ALV I BEE 2 2 MR, — B
R, EFHK, WHAIEAEL. FPAMEIEA,
IRV fole e JRE 1] 1477 2 T A A 5 DR Sl 3 3 5
(10 F R IR R, ISR, B TR
oA, AASUWERTT B HTIE G BEE IR T,
JEA S e B g o, R el R A )
P HIE X FEEM GCEE, I el 38 AR AT
BRI, EWIRCE STV KB e A LU R
BATRE, BERLR TR

4 HwHER
RV BN T A R I



S
1.5
15
F1.0
10
0.5 5
= 0.0 0

15

10

5

0

B 6 IRt s 1] [ A1 BE B ZS ST, DIRRIE L 1 ik (g/m); STV TTRRS IE (em); WARFRIK Bz (em)

Figure 6 Simulated spatial pattern of microalgae in tidal flats™ . D represents diatom biomass (g/m°); S represents sediment elevation (cm); W

represents water level (cm)

A7 R B WK 80 T Jevbis 3 Y M AR,
75— 77 T B R A R3S S Mk TEAE RSV
BWRVER . R, Y- AR HPE B R SRR
ASSEALTT . MEAL, HREA Y A R Y B ERE Y A 41
U AR AT LU A A= Py SR, R A5 1 0 2R S
A RRERHABURAE . sl e
TG00 £k TR AR - P V0 S i i 1] SRBLSR 3l T (14930 77
o R AR AP ol - e v B At 1) SRR S T (49 8h )
FAROMRI, “EBMAIMECE RS Hh, S
RIE: EY-YP RS T, BEE TR AR ST U1 ) 5
5, ERVAAB-TRTD R GENRI ok - e id R GE A7 7E RS
BRALE, RGBSR, WU IR
RERLNRAY R R IRBEAIRES. Z5RE
WAE: ERIEMR- Y RS, &
GUEAT IR MR, A SRR Rz, R
I AR B AR, B R MERE HE R

XoF A - B L U AR AT E AR T —E Y
PERE, EI e 2R G0 A 17 BRI LA S AR W R A s
SORNE, A VFZ RIS R — PR

(1) s 30 e 22 0 J2= T ) S S P . B
Xt 1N A - 0 B A5 AR 5 i A AT A RS S
A, AU BT ST i B AR R B SRSy

VRPN

PSS T RGNS XSV E T MRS iR Ae
AR ISR XTREK S . PEVSARI . FREAE LTS
FhFEbR, UL R, R TR A TR AE &
GUIRZS IR bR A ARSI TR] RO RS, S By B
I A SRR 2 KA.

(2) Gy PhEIAH ELAE R R AR -y B 5t
TERRAIRIAT . B A - B e A AT
DL —A= Yo 32, InERiRAE . JRMIROE . SR ShY)
5, (AP 2 (A S HAT S 2 AR AR EL AR G e,
JIEA S F B IE W e AR VR AR B . R VR OERESSIE
DX ER VAR5 AT 8 2 8] ] REAT 76 ) B A i 4
A= yRh T T Y e - B R Bl e, R
SiR e AR GERRE TE, X — IR EESR .

(3) KB YA R GAGA ALY 5 AL
LAY KPS A A EAE AT A S Sh
N RERER G K A R A e, B RIS 5 B A i
WAL B Ty BB A T Mo T S, XA SRl T
TR L S AL B (E R R AL RE ) A . AR
DRIME 2R S8 A - B A A AR LB A TR B B Ak
b, JIURE BT B4 A - B B RN TR 35

BRI, 4R i o T B e B 2 8 R A 4 vy T
AEST.

1 Ren M E, Zhang R S, Yang J H. Sedimentation on tidal mud flat in Wanggang area, Jiangsu Province, China (in Chinese). Mar Sci Bull, 1984, 1:
40-54 [{L3e45, BN, W E8. TLH5 Eds R BOmMER I URYE . IBRIE IR, 1984, 1: 40-54]

2 Zhou Y X, Tian B, Huang Y, et al. Degradation of coastal wetland ecosystem in China: Drivers, impacts, and strategies (in Chinese). Bull Chin
Acad Sci, 2016, 31: 1157-1166 [JAI =5, M, #5045, FRENG AT MA S RGER M H XHXTE. hEEEBE BT, 2016, 31: 1157-1166]

3 GuD Q, Zhao X T, Xia D X. A systemic analysis of the environmental pressure factors to the degradation of coastal wetlands in China (in
Chinese). Acta Oceanol Sin, 2003, 1: 78-85 [A7nie, BB, EARXL. W E R IBHLR L I R R LRS00, AR, 2003, 1: 78-85]

4 CuiB S, Xie T, Wang Q, et al. Impact of large-scale reclamation on coastal wetlands and implications for ecological restoration, compensation, and
sustainable exploitation framework (in Chinese). Bull Chin Acad Sci, 2017, 32: 418425 [4E££ 111, G, £, S5 KBV Bl B A 52

465



30 & 2023F2H ¥$68% H5H

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26
27

28

29
30

31

32

33

466

Wi S0 5. AR R EEBE T, 2017, 32: 418-425]

Murray N J, Phinn S R, DeWitt M, et al. The global distribution and trajectory of tidal flats. Nature, 2019, 565: 222-225

Zhang H, Sun T, Cao H, et al. Movement of mud snails affects population dynamics, primary production and landscape heterogeneity in tidal flat
ecosystems. Landsc Ecol, 2021, 36: 3493-3506

Wei H F, Chen Y J, Xia N, et al. Research progress in ecological restoration of degraded tidal flat (in Chinese). Wetl Sci Manag, 2018, 14: 70-73
(B, Meta s, 27, & RARER A B G T k. R 5453, 2018, 14: 70-73]

Hu Z J, Ma Q, Cao H B, et al. A trial study on revegetatlon of the native Scirpus mariqueter population in the coastal wetlands of the Yangtze
Estuary (in Chinese). Ecol Sci, 2016, 35: 1-7 [#g, Dok, EiHK, 8. KILH IR MG A = b BE R R B SCI0F 9T, RSBk,
2016, 35: 1-7]

Cao H, Zhu Z, Balke T, et al. Effects of sediment disturbance regimes on Spartina seedling establishment: Implications for salt marsh creation and
restoration. Limnol Oceanogr, 2018, 63: 647-659

Bouma T J, van Belzen J, Balke T, et al. Identifying knowledge gaps hampering application of intertidal habitats in coastal protection:
Opportunities & steps to take. Coast Eng, 2014, 87: 147-157

Chen H Q, Zhang H B. Ecological restoration in Yancheng coastal wetlands (in Chinese). Trans Oceanol Limnol, 2016, (4): 4349 [Bit 4, 5k1E
TE VLSRRI MR T A A B S, AR, 2016, (4): 43-49]

Zhou Z, Chen L, Lin W B, et al. Advances in biogeomorphology of tidal flat-saltmarsh systems (in Chinese). Adv Water Sci, 2021, 32: 470-484
IR, B, M, 45, SRR A= 9 3h 1 bR I AR B aT k. KB4l 2021, 32: 470-484]

Gong Z, Chen X D, Zhou Z, et al. The roles of biological factors in coastal sediment transport: A review (in Chinese). Chin Sci Bull, 2021, 66: 53—
62 [ZREY, WRARib, AR, &5 AWV I R TR DS S . Rlafadl, 2021, 66: 53-62]

Schuerch M, Spencer T, Temmerman S, et al. Future response of global coastal wetlands to sea-level rise. Nature, 2018, 561: 231-234
Temmerman S, Kirwan M L. Building land with a rising sea. Science, 2015, 349: 588-589

Zhan L C, Ma F Y, Chen J S, et al. Relationship between water salinity and vegetation distribution in the Tiaozini reclamation area (in Chinese).
Adv Water Sci, 2021, 32: 127-138 [/&¥ 1%, D5, BRdb, &, 4TI R KOKESHE S 156 5. KBREJER, 2021, 32: 127-138]
Levine J M, Brewer J S, Bertness M D. Nutrients, competition and plant zonation in a New England salt marsh. J Ecol, 1998, 86: 285-292
Shi B W, Yang S L, Luo X X, et al. A wave attenuation over the transitional zone of mudflat and salt marsh—A case study in the eastern
Chongming on the Changjiang Delta (in Chinese). Acta Oceanol Sin, 2010, 32: 174—178 [SAAE, 1L, B 1k, 45, SR BOGRE-SLTE S JEs
TR TR A LI 58— LAV 0 SRR AR WE R 451, W24, 2010, 32: 174-178]

Shi Z, Yang S L, Miao X. Coastal saltmarsh sediment processes: A field experimental study (in Chinese). J Sediment Res, 1998, 4: 30-37 [Ff4#, 1%
e, 22 iR R R SR, JEIMIIR, 1998, 4: 30-37]

Ji X Q, He Q, Liu H, et al. Preliminary study on hydrodynamics and sediment processes in Chongming Dongtan (in Chinese). J Sediment Res,
2010, 1: 46-57 [ &R, M7, XL, 5. SHHIZRMEK G R MHT. JerbiFSE, 2010, 1: 46-57]

Wang C, Wang Q, Meire D, et al. Biogeomorphic feedback between plant growth and flooding causes alternative stable states in an experimental
floodplain. Adv Water Resour, 2016, 93: 223-235

Kirwan M L, Murray A B. A coupled geomorphic and ecological model of tidal marsh evolution. Proc Natl Acad Sci USA, 2007, 104: 6118-6122
Kirwan M L, Temmerman S, Skeehan E E, et al. Overestimation of marsh vulnerability to sea level rise. Nat Clim Chang, 2016, 6: 253-260
Carter N. A comparative study of the algal flora of two salt-marshes. Part 1. J Ecol, 1932, 20: 34-370

Riethmiiller R, Heineke M, Kiihl H, et al. Chlorophyll a concentration as an index of sediment surface stabilisation by microphytobenthos? Cont
Shelf Res, 2000, 20: 1351-1372

Decho A W. Microbial biofilms in intertidal systems: An overview. Cont Shelf Res, 2000, 20: 10-11

Widdows J, Blauw A, Heip C, et al. Role of physical and biological processes in sediment dynamics of a tidal flat in westerschelde estuary, SW
Netherlands. Mar Ecol Prog Ser, 2004, 274: 41-56

Le Hir P, Monbet Y, Orvain F. Sediment erodability in sediment transport modelling: Can we account for biota effects? Cont Shelf Res, 2007, 27:
1116-1142

Mariotti G, Fagherazzi S. Modeling the effect of tides and waves on benthic biofilms. J Geophys Res-Biogeosci, 2014, 117: G04010

Chen X D, Zhang C K, Paterson D M, et al. Hindered erosion: The biological mediation of noncohesive sediment behavior. Water Resour Res,
2017, 53: 47874801

Paterson D M. Biological mediation of sediment erodibility: Ecology and physical dynamics. In: Cohesive Sediments: 4th Nearshore and Estuarine
Cohesive Sediment Transport Conference, 1997. 215-229

Fang H W, Zhao H M, He G J, et al. Experiment of particles’ morphology variation after biofilm growth on sediment (in Chinese). J Hydraul Eng,
2011, 42: 30-35 [Jr£LT, XD, fafFEIal, S5, Jeb vk (K AL W AT 5 R AL I AT 7. K FI“#4, 2011, 42: 30-35]

Lumborg U, Andersen T J, Pejrup M. The effect of hydrobia ulvae and microphytobenthos on cohesive sediment dynamics on an intertidal mudflat


https://doi.org/10.1038/s41586-018-0805-8
https://doi.org/10.1007/s10980-021-01322-7
https://doi.org/10.1002/lno.10657
https://doi.org/10.1016/j.coastaleng.2013.11.014
https://doi.org/10.1360/TB-2020-0291
https://doi.org/10.1038/s41586-018-0476-5
https://doi.org/10.1126/science.aac8312
https://doi.org/10.1046/j.1365-2745.1998.00253.x
https://doi.org/10.1016/j.advwatres.2015.07.003
https://doi.org/10.1073/pnas.0700958104
https://doi.org/10.1038/nclimate2909
https://doi.org/10.1016/S0278-4343(00)00027-3
https://doi.org/10.1016/S0278-4343(00)00027-3
https://doi.org/10.3354/meps274041
https://doi.org/10.1002/2016WR020105

34
35
36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51
52

53

54

55

56

57

58

59

60

described by means of numerical modelling. Estuar Coast Shelf Sci, 2006, 68: 208-220

Scheffer M, Carpenter S, Foley J A, et al. Catastrophic shifts in ecosystems. Nature, 2001, 413: 591-596

Scheffer M, Carpenter S R. Catastrophic regime shifts in ecosystems: Linking theory to observation. Trends Ecol Evol, 2003, 18: 648-656
Cao H, Zhu Z, Belzen J V, et al. Salt marsh establishment in poorly consolidated muddy systems: Effects of surface drainage, elevation, and plant
age. Ecosphere, 2021, 12: e03755

Lei Y D, Yan H Y, Zhong C Y, et al. Regime shift recorded by sediments from the Futian mangrove ecosystem in the Shenzhen Bay (in Chinese).
Acta Ecol Sin, 2020, 40: 8539-8548 [{Hizik, HeMs T, #EdL, 5. UIRYiC S8 R TIIVE L ML S R RS HAE. A 752E1), 2020, 40:
8539-8548]

He Q. Biotic interactions and ecosystem dynamics under global change: From theory to application (in Chinese). Chin J Plant Ecol, 2021, 45:
1075-1093 [Biak. AW EAE SRR T R4S R G ohZs: NBELSRIN H. A4 S24], 2021, 45: 1075-1093]

Wang Y P, Gao S, Zhang R S. Geomorphic dynamic response of salt marsh tidal channel system (in Chinese). Chin Sci Bull, 1998, 43: 2315-2320
CENEF, 59T, SRBI. 1EEhTR -8 R TR S B I . BHEEAR, 1998, 43: 2315-2320]

Hu Z, van Belzen J, van der Wal D, et al. Windows of opportunity for salt marsh vegetation establishment on bare tidal flats: The importance of
temporal and spatial variability in hydrodynamic forcing. J Geophys Res Biogeosci, 2015, 120: 1450-1469

Ge Z M, Wang H, Cao H B, et al. Responses of eastern Chinese coastal salt marshes to sea-level rise combined with vegetative and sedimentary
processes. Sci Rep, 2016, 6: 28466

Cao H B, Ge Z M, Zhu Z C, et al. The expansion pattern of saltmarshes at Chongming Dongtan and its underlying mechanism (in Chinese). Acta
Ecol Sin, 2014, 34: 3943-3952 Wi 0K, BIRNY, BLIRE, 5F. S2URNERIR IR Bk Jm MOTE L. A2352441, 2014, 34: 3943-3952]
van de Koppel J, van der Wal D, Bakker J P, et al. Self-organization and vegetation collapse in salt marsh ecosystems. Am Natist, 2005, 165: E1—
El12

Wang C, Smolders S, Callaghan D P, et al. Identifying hydro-geomorphological conditions for state shifts from bare tidal flats to vegetated tidal
marshes. Remote Sens, 2020, 12: 2316-2337

van de Koppel J, Herman P M J, Thoolen P, et al. Do alternate stable states occur in natural ecosystems? Evidence from a tidal flat. Ecology, 2001,
82: 3449-3461

Turing A. The chemical basis of morphogenesis. Bull Math Biol, 1990, 52: 153-197

Rietkerk M, van de Koppel J. Regular pattern formation in real ecosystems. Trends Ecol Evol, 2008, 23: 169-175

Ge Z P, Liu Q X. More than the sum of its parts: Self-organized patterns and emergent properties of ecosystems (in Chinese). Biodivers Sci, 2020,
28: 14311443 [FIRMG, XUBCS. AT TR 2 AR AR B SR AE. A2 AEE, 2020, 28: 1431-1443]

Dai W Q, Li H, Gong Z, et al. Self-orgamzatlon of salt marsh patches on mudflats: Field evidence using the UAV technique. Estuar Coast Shelf Sci,
2021, 262: 107608

Van Wesenbeeck B K, Van De Koppel J, Herman P M J, et al. Does scale-dependent feedback explain spatial complexity in salt-marsh ecosystems?
Oikos, 2008, 117: 152-159

Gray A J. The ecology of Morecambe Bay. V. The salt marshes of Morecambe Bay. J Appl Ecol, 1972, 9: 207-220

Allen J R L. Evolution of salt-marsh cliffs in muddy and sandy systems: A qualitative comparison of British west-coast estuaries. Earth Surf
Process Landf, 1989, 14: 85-92

Yapp R H, Johns D, Jones O T. The salt marshes of the Dovey estuary. Part 1I. The salt marshes. J Ecol, 1917, 5: 65-103

Dijkema K S. Geography of salt marshes in Europe. Z Geomorphol, 1987, 31: 489—499

Cao H, Zhu Z, Herman P M J, et al. Plant traits determining biogeomorphic landscape dynamics: A study on clonal expansion strategies driving
cliff formation at marsh edges. Limnol Oceanogr, 2021, 66: 3754-3767

Weerman E J, van de Koppel J, Eppinga M B, et al. Spatial self-organization on intertidal mudflats through biophysical stress divergence. Am
Natist, 2010, 176: E15-E32

Zhang H Y, Sun T, Yang W. Short-term environmental flow assessment of a functional estuarine tidal flat ecosystem: A nonlinear ecological
response to flow alteration. Water Resour Res, 2020, 56: €2020WR027084

Shi B, Wang Y P, Wang L H, et al. Great differences in the critical erosion threshold between surface and subsurface sediments: A field
investigation of an intertidal mudflat, Jiangsu, China. Estuar Coast Shelf Sci, 2018, 206: 76-86

Chen Y S. Experiment on biofilm growth of cohesive sediment and effect on adsorption or desorption (in Chinese). Doctor Dissertation. Beijing:
Tsinghua University, 2017 [Bf# (L. A0RSURLIE VA W B A= A< B W b5 e i () S B P9 . (248 S0, dbat: W AEREE, 2017]
Weerman E J, Herman P M J, Van De Koppel J. Top-down control inhibits spatial self-organization of a patterned landscape. Ecology, 2011, 92:
487-495

467


https://doi.org/10.1016/j.ecss.2005.11.039
https://doi.org/10.1038/35098000
https://doi.org/10.1016/j.tree.2003.09.002
https://doi.org/10.17521/cjpe.2020.0055
https://doi.org/10.1002/2014JG002870
https://doi.org/10.1038/srep28466
https://doi.org/10.1086/426602
https://doi.org/10.3390/rs12142316
https://doi.org/10.1890/0012-9658(2001)082[3449:DASSOI]2.0.CO;2
https://doi.org/10.1016/S0092-8240(05)80008-4
https://doi.org/10.1016/j.tree.2007.10.013
https://doi.org/10.17520/biods.2020225
https://doi.org/10.2307/2402057
https://doi.org/10.1002/esp.3290140108
https://doi.org/10.1002/esp.3290140108
https://doi.org/10.2307/2255644
https://doi.org/10.1127/zfg/31/1987/489
https://doi.org/10.1002/lno.11915
https://doi.org/10.1086/652991
https://doi.org/10.1086/652991
https://doi.org/10.1016/j.ecss.2016.11.008
https://doi.org/10.1890/10-0270.1

M % h & 2023528 %68k H5H

Summary for “Wi¥EEY-P B HARHLE 5 R AR LT

Advances in biophysical feedbacks and the resulting stable
states in tidal flat systems
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As an integral part of the coastal wetland system, tidal flats play an important role in maintaining the health of coastal
ecosystems, resisting natural coastal disasters, and blue carbon sequestration. Tidal flats can provide suitable habitats for a
variety of organisms; simultaneously, such organisms mediate hydrodynamic and sediment processes, hence affecting the
geomorphic evolution and stability of tidal flat systems. In recent years, tidal flat systems have faced the comprehensive
impacts of rapid human activities, frequent storm surges, and reduced sediment availabilities, which have aggravated tidal
flat erosion. Severe erosion is accompanied by a critical biomass loss, especially under complex biological-physical
interactions. Tidal flat degradation is often amplified, threatening the stability of tidal flat systems. The ultimate goal of
ecological protection and restoration of tidal flat systems is to establish a self-sustaining method with less artificial
assistance. To date, only a few ecological restoration projects in China have considered the integration of biological and
physical processes in tidal flats. The most important reason is the lack of understanding of the basic laws of natural
construction and operation of the systems. Therefore, understanding and giving way to the self-organization process driven
by the biophysical interactions in tidal flat systems have become an important scientific and technical necessity in the
ecological protection and restoration of tidal flats. First, we summarized the biophysical effects of salt marsh vegetation
and benthic microalgae on the hydrodynamic and sediment movement process of tidal flats. Salt marsh plants and benthic
microalgae change the hydrodynamic and sediment processes through wave dissipation and sediment stabilization.
Conversely, the changing physical conditions affect the growth and development of salt marsh and benthic microalgae.
Second, we qualitatively analyzed the bistability and catastrophic shift of a tidal flat system driven by the salt marsh-
sediment and benthic microalgae-sediment feedback, both containing some similarities and differences. Specifically,
driven by biophysical feedbacks, both the salt marsh- and benthic microalgae-sediment systems have alternative stable
states; with the increased bottom shear stress, both systems shift from a state characterized by high biomass and sediment
deposition to that with low biomass and sediment deposition; the bistable range of the salt marsh-sediment system is wider,
and the system has a greater hysteresis, indicating that once degraded, it is more difficult for the salt marsh system to be
restored to its original state. Third, we discussed the self-organized bio-geomorphic characteristics. The scale-dependent
feedback between organisms and physical environments results in spatial patterns. The self-organized patterns have been
widely found in a tidal flat ecosystem, for example, circular salt marsh clusters, salt marsh cliffs, and patterned mudflats
characterized by the microalgae-covered hummocks alternating with water-filled hollows. Self-organized patterns can
improve the primary productivity and sediment deposition of tidal flats, thereby enhancing the stability of ecosystems,
which is of great significance for the ecosystem function of tidal flats. Finally, this paper proposed the critical scientific
problems that still need to be solved in the future, such as the continuous field observation at the system level, the
regulation of biological interspecific interactions under physical conditions, and the quantitative simulation of catastrophic
shift thresholds in the tidal flat bio-geomorphic system.

tidal flat, salt marsh, benthic microalgae, bio-physical effects, geomorphic evolution, stable state
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