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a b s t r a c t 

Recent years, the hydrological connectivity has gained popularity in various research fields, however, its 

definition and threshold effects at a system scale have not received adequate attention. The current re- 

search proposes a promising framework to refine the concept of surface hydrological connectivity by 

combining hydrodynamic modeling experiments, threshold effects and geostatistical connectivity anal- 

ysis, exemplified by the flood-pulse-influenced Poyang Lake floodplain system (China). To enhance the 

inherent linkage between hydrological connectivity and eco-environments, total connectivity (TC), gen- 

eral connectivity (GC), and effective connectivity (EC) were proposed to refine the metrics of hydrological 

connectivity. The results show that substantial differences between the three connectivity metrics are ob- 

served for all target directions, demonstrating that the joint role of water depth and flow velocity may 

produce more dynamic and complex influences on EC than the other two metrics of TC and GC. To- 

pographically, the connectivity objects/areas within the flood pulse system reveal that the floodplain is 

a more sensitive area than the lake’s main flow channels under different connectivity conditions. The 

modelling experimental studies show that variations in water depth thresholds are more likely to have a 

strong effect on connectivity for the dry, rising, and falling limbs, rather than the flooding period, while 

the flow velocity may exert an opposite threshold effect. The lake-floodplain system is characterized by 

a dynamic threshold behavior, with seasonally varying water depth and velocity thresholds. This study 

highlights the importance of redefined connectivity concept for facilitating scientific communication by 

combining hydrodynamic thresholds and offering recommendations for future connectivity assessments 

using our proposed metrics of TC, GC, and EC. 

© 2021 Elsevier Ltd. All rights reserved. 
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In recent years, floodplain systems have gained consider- 

ble attention in fields like hydrology, ecology, and environment 

 Funk et al., 2019 ; Karpack et al., 2020 ). They are regarded as the

ost important natural regions and frequently function as signif- 

cantly valuable and productive hotspots on earth ( Bonnet et al., 

008 ; de Resende et al., 2019 ). Floodplain connectivity has been 

 renewed interest for interpreting transport mechanisms of the 

onstituent materials ( Li et al., 2019a ; Park, 2020 ). Building upon 
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cological theory, hydrological connectivity refers to the water 

nd water-mediated exchanges (e.g., sediment, energy, and organ- 

sms) between rivers or lakes and their floodplains, as well as be- 

ween heterogeneous regions within floodplains ( Bracken et al., 

013 ; Saco et al., 2020 ). Therefore, the hydrologically dynamic 

nd complex floodplains, and hence their processes and functions, 

an be understood and evaluated using hydrological connectivity 

 Yang and Chu, 2013 ; Singh and Sinha, 2019 ; Tan et al., 2019 ). 

While the concept of hydrological connectivity has been de- 

eloped and widely used in many investigations, there is little 

greement on its definition and metric method ( Antoine et al., 

009 ; Rinderer et al., 2018 ). During the past few years, two 

elevant and complementary concepts, structural and functional 

onnectivity, have been adopted to represent the degree and 

ynamics of hydrological connectivity in spatiotemporal scales 
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Fig. 1. Schematic diagram illustrating influences of the water depth and water flow on the hydrological connectivity and ecological indicators. 
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 Saco et al., 2020 ). The combined role of physical topography (e.g., 

hannel bed and bank elevation) and hydrological pulses deter- 

ines water exchanges and spatial pathways within the flood- 

lain ( Trigg et al., 2013 ; Liu et al., 2020 ). Additionally, the flood

ulse concept shows that the floodplain heterogeneity is mainly 

ttributable to the shifting water sources and dynamic flow path- 

ays ( Junk et al., 1989 ; Trigg et al., 2013 ). Given the above back-

round, hydrological connectivity in recent work has been assessed 

sing graph theory, percolation theory, pattern analysis, and spatial 

tatistics (e.g., Yang and Chu, 2013 ; Deng et al., 2018 ; Shao et al.,

020 ) based on the results of field measurements or numerical 

odels ( Kupfer et al., 2015 ; Yeo et al., 2019 ), waterbody extent 

rom remote sensing products ( Tan et al., 2019 ; Liu et al., 2020 ;

ark, 2020 ), and physical or chemical transport ( Casanova et al., 

009 ; Fazi et al., 2018 ; Granados et al., 2020 ). 

Although many approaches such as field measurements and re- 

ote sensing techniques provide directly information (e.g., water 

evel, water coverage) for identifying connectivity conditions be- 

ween different waterbodies, they have difficulty providing suffi- 

ient data about the spatiotemporal distributions of water depth 

nd flow velocity. Water depth and flow velocity are generally 

iewed as the two most important factors in floodplain con- 

ectivity, particularly for various kinds of ecological indicators 

 USEPA, 2015 ). Generally, the irregularity and remoteness of the 

ajority of floodplains lead to independent localized hydrologi- 

al units such as surface depressions, river channels, and topo- 

raphic barriers ( Khaki and Awange, 2019 ; Liu et al., 2020 ), cre-

ting heterogeneous water depth and flow velocity distributions 

hat directly affect hydrological connectivity. In general, dynamics 

n water depth may exert a significant role in influencing fishes, 
2 
ollusc communities, and waterbirds ( Reckendorfer et al., 2006 ; 

ennion and Manny, 2014 ; Liu et al., 2020 ), flow velocity is prone

o affect sediment transport, organic matter, and water quality 

rends ( Jager et al., 2012 ; Giblin et al., 2014 ), while the joint role of

he two is expected to control the most ecological goals. Although 

revious studies have highlighted the importance and implications 

f connectivity for the analysis of floodplain settings and as a po- 

ential tool for planning and management strategies, they do not 

rovide sufficient knowledge regarding the individual or joint in- 

uence of water depth and flow velocity on hydrological connec- 

ivity from a systemic perspective. A conceptual schematic diagram 

f the hydrological connectivity and the associated relationships 

etween the water depth, flow velocity and ecological indicators 

s provided in Fig. 1 . To the best of our knowledge, hydrological 

onnectivity has a more significant implication for ecology and en- 

ironment fields by considering the water depth and flow veloc- 

ty (referred to as the “later stage”) than the pure hydrology that 

ocuses on the water extent information (referred to as the “ini- 

ial stage”). Consequently, the concept of hydrological connectivity 

hould be refined or redefined to improve its usefulness for eco- 

ogical and environmental studies. 

Hydrological connectivity is an emerging property of systems 

hat is changing in both its prevalent structural features and its 

hort-response functional elements ( Saco et al., 2020 ). The re- 

ponse of systems and the detection of threshold behavior are 

aramount in floodplains and wetlands where the transitions to 

egraded conditions are tightly related to changes in hydrologi- 

al connectivity ( Turnbull et al., 2008 ; Moreno-delas Heras et al., 

012 ). More importantly, early detection of threshold signals may 

revent a transition to more rapid degradation ( Saco et al., 2018 ). 
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Fig. 2. (a) Topographic map, major inflow rivers, and gauging stations in the Poyang Lake catchment; (b) a close-up of the lake’s floodplain feature; and (c) conceptual 

diagram illustrating the lake-floodplains response to different hydrological pulses. 
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owever, threshold behaviors of floodplain systems have not been 

requently identified as an important factor in analyzing the nature 

f hydrological connectivity ( Phillips et al., 2011 ; Liu et al., 2020 ).

dditionally, there is no widely accepted definition of surface hy- 

rological connectivity regarding the connection and disconnection 

hresholds ( Restrepo A et al., 2020 ). Consequently, investigating the 

ystem thresholds and the corresponding threshold dynamics has 

ractical implications for healthy floodplain functions. 

Due to considerable concern for various water resource, ecolog- 

cal, and environmental goals in floodplains ( Karpack et al., 2020 ), 

t is vital to improve the understanding regarding threshold effects 

f water depth and flow velocity on hydrological connectivity in 

ood pulse systems, as this area has not received the same degree 

f attention as hydrodynamic processes. Different from previous 

ork, this study also intends to refine the concept of hydrologi- 

al connectivity and seeks to bridge the gaps between connectivity 

nd the related ecological and environmental processes. The spe- 

ific objectives of this paper are to: (1) improve the understand- 

ng of spatiotemporal variations in floodplain hydrodynamics and 

ydrological connectivity by combining a 2D hydrodynamic model 
3 
nd geostatistical analysis; (2) combine water depth and flow ve- 

ocity thresholds to propose new metrics of hydrological connec- 

ivity by considering ecological and environmental goals; and (3) 

ssess the influences of threshold changes on floodplain hydrolog- 

cal connectivity and the associated eco-environmental indicators 

sing a series of modeling experiments. 

. Study area 

Poyang Lake-floodplain system is located at the southern bank 

f the middle reaches of the Yangtze River in northern Jiangxi 

rovince. Poyang Lake has a typical subtropical monsoon climate 

 Hu et al., 2007 ). In the Yangtze River catchment, Poyang Lake 

s considered a distinctive flood-pulse-influenced system that sus- 

ains free connection with its inflow rivers ( Zhang et al., 2014 ; 

i et al., 2020a ). The lake receives five major river inflows from 

 catchment area of 1.62 × 10 5 km 

2 and subsequently discharges 

o the downstream Yangtze River ( Fig. 2 ). Lake water balance 

hows that about 91.2% of yearly inflows are from river discharges 

rom the catchment, lake discharges to the Yangtze River occupies 
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Fig. 3. Major methodology and procedure used in this study. Q ( t )-time-varying discharges, H ( t )-time-varying water levels, TC-total connectivity, GC-general connectivity, 

EC-effective connectivity, threshold h -water depth threshold, threshold v -flow velocity threshold, wet = 1, and dry = 0. N-S (north-south), W-E (west-east), NE-SW, and NW-SE 

represent different directions for connectivity analysis. 
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round 86.9% of the total outflow ( Li et al., 2020a ). The floodplain

reas of ~20 0 0 km 

2 are almost fully connected to the main lake

uring the flooding season, but become isolated or partly connec- 

ion during the dry season ( Li et al., 2019b ; Tan et al., 2019 ), due

o the flood pulses from both the catchment rivers and the lake in- 

ndation ( Wei et al., 2020 ). Generally, the water depth exhibits an 

ncreasing trend from the floodplains to the flow channels varied 

rom < 6 m to ~30 m, and the water velocities vary from < 0.1 to

 1.0 m/s ( Li et al., 2017 ). The flushing ability of the lake-floodplain

ystem is characterized by spatial varying residence times in the 

ange of ~20-300 days ( Li et al., 2016 ). 

. Materials and methods 

This work used a two-dimensional (2D) hydrodynamic model 

o represent the hydrodynamic behaviors of the flood-pulse in- 

uenced Poyang Lake (see Section 3.2 ). The validated model and 

ts simulation results in combination with the threshold definition 

ere used to identify the water spatiotemporal pattern. The geo- 

tatistical analysis was subsequently applied to the binary raster 

ata to investigate the responses of surface hydrological connec- 

ivity (see Section 3.3 ) and allowed to further explore the thresh- 

ld effects on connectivity conditions (see Section 3.4 ). The ma- 

or methodology in this study regarding the hydrodynamic model- 

ng, threshold definition, and connectivity calculation is presented 

n Fig. 3 . 
4 
.1. Data collection and purpose 

.1.1. Hydrological and meteorological data 

The daily hydrological and meteorological data were collected 

or the purpose of driving and validating the floodplain hydrody- 

amic model of Poyang Lake during 2018. Daily discharges at the 

our main river gauging stations and two tributary stations were 

dopted to reflect the five major rivers from the lake’s catchment 

 Fig. 2 a). Lake water levels and outflow hydrographs at the five 

auging stations were used to represent the spatial responses of 

he lake during 2018 ( Fig. 2 b). The bathymetry map surveyed in 

010 (1:10,0 0 0) was used to depict the physical topography of 

he lake-floodplain system ( Fig. 2 b). Spatial flow velocities were 

sed to reproduce the flow field of Poyang Lake, based on Acoustic 

oppler Current Profile (ADCP) measurements in August, 2018 (see 

ection 4.1 ). Meteorological parameters (time-series precipitation, 

vaporation, wind speed, and wind direction) obtained from the 

ake gauging stations were selected to represent the atmospheric 

onditions of the floodplain system. 

.1.2. Water quality data, waterbird population and fish distributions 

In order to explore the importance and implications of the 

roposed connectivity metrics, this study used water quality pa- 

ameters, waterbird and fish as proxy indicators of the eco- 

nvironments in the Poyang Lake floodplain system. A total of 144 

ertically integrated water samples were collected within consecu- 
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ive days during 10-15 July 2019. The locations of sampling sites 

iffer in space to cover different lake regions (see Section 4.5 ). 

or a comprehensive analysis, the popular trophic state index (TSI; 

arlson, 1977 ) was calculated and used to present the condi- 

ion of the lake ecosystem, based on the total dissolved nitro- 

en (TN), total dissolved phosphorous (TP), Chlorophyll a (Chl- 

 ), chemical oxygen demand (COD Mn ) concentrations, and Secchi 

isk depth. The analysis method of these parameters is same to 

i et al., 2019a . Waterbird population distributions were obtained 

rom Huang et al. (2018) , and fish distribution map was derived 

rom the Atlas of Poyang Lake (1993) . In order to analyze and ex- 

lain the implications of different connectivity metrics proposed 

y this study, these data obtained in 2019 were presumed to rep- 

esent the conditions in 2018. 

.2. Floodplain hydrodynamic model 

The present study used a two-dimensional (2D) MIKE 21 model 

o investigate the floodplain hydrological and hydrodynamic behav- 

ors of Poyang Lake. The modelling work of Poyang Lake involved 

everal major aspects. The model domain is about 3,124 km 

2 and 

he element sizes varied from 70 m to 1,500 m to capture the lake- 

oodplain inundation dynamics ( Fig. 2 ). Therefore, a total of 20,450 

riangular elements were generated to perform the floodplain hy- 

rodynamic simulation ( Fig. 3 ). The time-varying catchment in- 

ows (five large rivers) were used as the lake upstream boundary 

onditions ( Q ( t ); Fig. 2 ), the Hukou water level observations (lake

utlet) were used as the lower boundary condition ( H ( t ); Fig. 3 ).

he model also used precipitation, evaporation, and wind fields 

o reflect the influences of meteorological conditions on the lake 

ydrodynamics ( Fig. 3 ). The Smagorinsky factor of eddy viscosity 

 C s = 0.28) and Manning numbers ( M = 10-59 m 

1/3 /s) were used to

epresent heterogeneous bed roughness for the lake flow chan- 

els and the floodplains (e.g., vegetation area, mudflat, and perma- 

ent waterbody) of the flood pulse system ( Li et al., 2020b ). The

odel adopted the depth rule h drying (0.005 m) < h flooding (0.05 

) < h wetting (0.1 m) to capture the wetting and drying cycle in 

he floodplain system ( DHI, 2014 ; Li et al., 2014 ). To maintain the

arget Courant-Friedrich-Levy number of 1.0, the minimum and the 

aximum time step were set to 0.1 s and 3600 s, respectively. 

Extensive validation and applications in many previous studies 

ave been conducted for the hydrodynamic model of the Poyang 

ake-floodplain system (e.g., Li et al., 2014 ; Li et al., 2017 , 2019a , b ,

020a , b ). Therefore, a brief description regarding the theoretical 

asis and other model aspects of the MIKE 21 is given in this sec- 

ion. In this study, the floodplain hydrodynamic model of the lake 

as further validated using water level and flow velocity observa- 

ions during 2018. The determination coefficient ( R 2 ), root-mean- 

quare error ( RMSE ), and Nash-Sutcliffe coefficient ( E ns ) were used 

o quantify the goodness of fit and to assess the model’s perfor- 

ance. 

.3. Geostatistical connectivity analysis 

We used geostatistical connectivity metrics to quantify and 

haracterize the surface hydrological connectivity of the Poyang 

ake-floodplains. The geostatistical method is effective for inves- 

igating the transport pathway, connection, or isolation between 

ifferent surface water elements ( Trigg et al., 2013 ). Generally, 

onnectivity analysis adopts binary data to analyze the surface 

ater connectivity and the associated spatial patterns of con- 

ected components ( Fig. 3 ). This method has the capacity to de- 

cribe spatiotemporal patterns and quantify thresholds and transi- 

ions in large systems by identifying the subtle differences in the 

ata fields ( Michaelides and Chappell, 2009 ). The geostatistical ap- 

roach is multi-point connectivity statistics that quantify the prob- 
5 
bility of any connected cells and corresponding connected mag- 

itude for binary state patterns of hydrological systems ( Pardo- 

guzquiza and Dowd, 2003 ). 

The basic mathematical expression of connectivity function (CF) 

n different directions, including north-south (N-S), west-east (W- 

), NW-SE, and NE-SW, is expressed by ( Journel et al., 20 0 0 ): 

F ( n ; z c ) = Pr 

{ 

n ∏ 

j=1 

I 
(
u j ; z c 

)
= 1 

} 

(1) 

f Z 
(
u j 

)
> z c , I 

(
u j ; z c 

)
= 1 . 0 (2) 

f Z 
(
u j 

)
≤ z c , I 

(
u j ; z c 

)
= 0 (3) 

here n represents the total number of points; � represents the 

roduct operator; u j represents the location; z c is the threshold 

alue; I ( u j ; z c ) represents a connectivity indicator; Pr is the cal-

ulated probability. Here, the connectivity statistic is a probability- 

istance function CF that was produced to express the probability 

r. 

.4. Connectivity definition and threshold scenario 

The individual or combined threshold effects of spatiotempo- 

al water inundation, water depth, and flow velocity distributions 

btained from the hydrodynamic model were used to define dif- 

erent connectivity types, corresponding gridded patterns/wet-dry 

ere used as input for geostatistical connectivity analysis ( Fig. 3 ). 

hree connectivity definitions, namely ‘Total Connectivity’, ‘General 

onnectivity’, and ‘Effective Connectivity’, are discussed in Table 1 . 

ince this study aimed to provide insights into the effects of pro- 

osed connectivity metrics, the general idea was to show the dif- 

erences between the connectivity conditions under the three defi- 

itions based on a representative year of the floodplain system. To 

epresent the significant importance of threshold effect, the recom- 

ended values of water depth threshold ( threshold h = 20 cm) and 

ow velocity threshold ( threshold v = 0.1 m/s) were based on litera- 

ure values from Poyang Lake and other similar areas ( Jager et al., 

012 ; Bennion and Manny, 2014 ; Giblin et al., 2014 ; Liu et al.,

020 ). That is, 20 cm-depth or 0.1 m/s-velocity environments are 

ore likely to create a better connectivity condition that has sig- 

ificant implications for most ecological and environmental goals 

e.g., sediment, organic matter, fish, phytoplankton; see Table 1 ). 

In order to investigate the influence of variations in different 

hresholds (water depth and flow velocity) on hydrological con- 

ectivity, this study uses a series of experimental scenarios by set- 

ing specified threshold values for water depth and flow velocity 

 �h = 10 cm, �v = 0.05 m/s). Consequently, the resulting wet-dry bi- 

ary data were used to calculate the surface hydrological connec- 

ivity in N-S, W-E, NW-SE, and NE-SW directions. Since the general 

dea was to identify the differences between the connectivity con- 

itions under different �h and �v threshold values, the authors 

imit the modeling experiments within the threshold range of wa- 

er depth (0-90 cm) and velocity (0-0.3 m/s), given the difficulties 

n conducting detailed analyses of threshold effect for every small 

ffset value. 

. Results 

.1. Validation of hydrodynamic model 

Observed water levels and flow velocities distributed in the 

oodplain system were used to reproduce the dynamic changes in 

he hydrological behaviors ( Fig. 4 ). The observed and modelled wa- 

er levels at the Xingzi, Duchang, and Kangshan gauging stations 
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Table 1 

Definition of hydrological connectivity considering the individual or combined role of water extent, water depth and flow velocity. 

Name Definition Threshold Explanation 

Total Connectivity (TC) The connectivity analysis is based on 

water extent information, including water 

coverage and no water. 

No threshold. The water extent is similar 

to the inundation data obtained from 

remote sensing products (land and 

water), i.e., neglected water depth ( h ) 

and flow velocity ( v ). 

The concept of TC is widely used in previous 

studies, but can be regarded as a rough and 

total indicator for connectivity analysis. It does 

not have significant implications for most 

ecological goals. 

General Connectivity (GC) The connectivity analysis considers the 

effects of water depth or flow velocity. 

The water depth threshold ( threshold h ) is 

used to separate the input pattern into 

‘wet’ and ‘dry’ (equivalent to threshold v ), 

i.e., eligible and not eligible for 

connection. 

The concept of GC reflects the influence of 

water depth on connectivity conditions. In 

general, it has significant implications for most 

ecological goals. 

Effective Connectivity (EC) The connectivity analysis considers the 

effects of both water depth and flow 

velocity. 

The water depth threshold ( threshold h ) 

and flow velocity threshold ( threshold v ) 

are combined to separate the input 

pattern into ‘wet’ and ‘dry’, i.e., eligible 

and not eligible for connection. 

The concept of EC reflects the combined 

influence of water depth and flow velocity on 

connectivity conditions. It is the most effective 

interpretation of connectivity analysis for most 

ecological goals. 

Fig. 4. (a) Spatial location of velocity measurements within Poyang Lake (in red dot) and the lake’s floodplains (in blue dot); (b) comparisons between the observed (in 

blue line) and simulated (in red line) water levels at the three lake gauging stations; and (c) scatter plot of the observed and modelled velocity and corresponding linear 

comparison for all the sampling points. 
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b

atched well during the validation procedure ( Fig. 4 b). The statis- 

ics showed that the E ns varied from 0.95 to 0.99, and R 2 ranged

rom 0.97 to 0.99, the values of RMSE were lower than 0.45 m. 

lthough the impact of the complex topography (e.g., the flow 

hannel, shallow floodplains) and model conceptualization (e.g., 

esh size, boundary condition) on generated patterns of hydrody- 

amics can almost be neglected during the flooding water phase, 

light discrepancies between the simulation and the observation 
6 
re found during low lake level seasons ( Fig. 4 b). For the spatial

ow velocity simulations ( Fig. 4 a), the statistics also revealed a 

lose agreement between the modelled and observed points ( R 2 

 0.71; Fig. 4 c). The validation presented in Fig. 4 demonstrates the 

oodplain hydrodynamic model has an overall capability in cap- 

uring the rising, high, falling, and low water phases in the flood- 

ulse-influenced Poyang Lake, building confidence in the applica- 

ility of the modeling experimental studies and scenarios analysis. 
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.2. Spatiotemporal changes in hydrodynamics and connectivity 

onditions 

Spatial and temporal dynamics in the hydrodynamic character- 

stics of the Poyang Lake-floodplains are inextricably linked to sur- 

ace water connectivity. For both water depth and flow velocity, the 

emporal trends show that, in general, the two hydrodynamic forc- 

ngs exhibit a distinct negative relationship throughout the year 

 Fig. 5 a), mainly due to the influence of dynamic hydraulic gradi- 

nt on velocity. On average, low hydrological connectivity can be 

bserved during the dry water phase (e.g., February; mean CF = 

.3), intermediate connectivity tends to occur during the rising and 

alling limbs (e.g., May and October; mean CF = 0.4-0.5), while high 

onnectivity is found during flood phase (e.g., August; mean CF = 

.7). 

Spatial variations of the Poyang Lake hydrodynamic and con- 

ectivity conditions in the dry, rising, flooding, and receding hy- 

rological phases are illustrated in Figs. 5 b-c. The water depth and 

ow velocity show high spatial heterogeneity and varies quite dis- 

inctly within the lake. However, the hydrodynamic behaviors in 

he lake-floodplains exhibit similar characteristics in terms of their 

patial pattern. That is, the lake’s main flow channels and the as- 

ociated extensive floodplains can be recognized across the flood 

ulse system. Geographically, the water depth in the main lake 

ow channels can exceed around 10 m, but the depth within the 

hallow floodplain areas is generally less than 2 m ( Fig. 5 b). Spa-

ially, the flow velocities vary from < 0.1 m/s in the lake’s flood- 

lains to > 0.9 m/s in the main flow channels ( Fig. 5 c). The re-

ult presented in Fig. 5 d reveals the changes in connectivity ob- 

ects/areas between the main flow channels and the lake’s flood- 

lains, as well as between heterogeneous areas within the flood- 

lain, indicating relatively complex connections (in different col- 

rs) throughout the lake-floodplain system. This is the expected 

utcome given that the spatially varying topographic features may 

xert substantial influences on the connectivity condition, partic- 

larly for the dry, rising, and receding phases of the flood-pulse 

ystem ( Fig. 5 d). That is, water depth in the lake flow channels is

uch deeper than that of the surrounding floodplains during dif- 

erent hydrological water phases, and filling-spilling process gener- 

lly extends from lower-lying channels to upper-lying floodplains. 

.3. Comparison of different connectivity metrics 

Connectivity analysis of the Poyang Lake-floodplains generated 

 series of monthly N-S, W-E, NW-SE, and NE-SW CF changes un- 

er TC, GC, and EC conditions ( Fig. 6 ). For all three connectiv-

ty scenarios, the temporal trends show that the CF plots exhibit 

ighly dynamic changes along the distance scale ( x -axis) for the 

our directions. However, the results reveal that, in general, low 

onnectivity is observed during the dry seasons, intermediate con- 

ectivity tends to occur during the rising and receding periods, 

hile high connectivity is found during the flood period ( Figs. 6 a- 

). Under different connectivity types, the CF results indicate that 

he connectivity conditions of TC are distinctly higher than those 

f GC and EC during most times of the year. As expected, the ef- 

ects of water depth and flow velocity thresholds on hydrological 

onnectivity (GC and EC) may produce large differences relative to 

he baseline scenario (TC). The results presented in Fig. 6 indicate 

hat the combined effect of water depth and velocity may generate 

 more complex role on connectivity (EC) than that of the water 

epth alone (GC). On average, it seems that the CF curve is more 

ikely to generate abrupt changes under the EC scenario than the 

ther two connectivity scenarios ( Fig. 7 ). Additionally, it should be 

oted that the CF curves decreased to zero in a more rapid manner 

long the distance scale, especially for the EC scenario ( Figs. 6-7 ). 
7 
In order to explore the influence of TC, GC, and EC scenarios on 

ydrological connectivity, four typical water phases of the Poyang 

ake-floodplains were selected to reflect the connected areas and 

orresponding connected objects/areas ( Fig. 8 a). It is expected that 

he connected areas under GC and EC scenarios are lower than in 

he TC scenario, mainly due to the limitation of water depth and 

ow velocity. Correspondingly, the spatial variations of connected 

bjects/areas show a similar trend to that of the connected ar- 

as for the three connectivity scenarios, as illustrated in Fig. 8 b. 

t can be found that the most notable changes mainly occur in the 

oodplain areas and in some high elevation areas. In addition, the 

ffective connectivity objects/areas (EC) are mainly distributed in 

he lake’s flow channels across the lake’s length (from south to 

orth). In a word, the results presented in Fig. 8 b demonstrate that 

he individual or joint effects of water depth and flow velocity are 

ostly likely to play a dominant role in controlling flow pathways 

nd associated spatial patterns of connectivity objects/areas. 

.4. Threshold effect of hydrological connectivity 

When the CF curves exhibit subtle changes over time implies 

hat the system can be characterized by a steady state condition, or 

hat a threshold behavior may affect the hydrological system. In or- 

er to further investigate the threshold effects on surface hydrolog- 

cal connectivity, a series of daily mean CF plots are obtained from 

he designed modeling experiments, as shown in Fig. 9 . The re- 

ults demonstrate that the variations in water depth thresholds ap- 

ear to have a large effect on CF during the dry, rising, and falling 

imbs, opposed to the flooding limb (see the dotted line in Fig. 9 a),

hereas the flow velocity tends to have an opposite threshold ef- 

ect (see the dotted line in Fig. 9 b). The reason can be attributed 

o the negative relationship between the water depth and flow ve- 

ocity (see Fig. 5 a). These previous results imply that the combined 

ffect of water depth and flow velocity thresholds on connectivity 

ay be dynamic and complex (e.g., EC; see Figs. 6-7 ). 

Although there is difficulty in quantifying the threshold val- 

es of water depth and flow velocity, the results tend to show 

hat the threshold effects are more likely to exhibit a temporal 

volution in terms of the line shape of threshold ( Fig. 9 ). That

s, the influence of depth and velocity thresholds on connectiv- 

ty will change along the dry ( threshold h = 10-20 cm, threshold v = 

0-25 cm/s), rising ( threshold h = 50-60 cm, threshold v = 25 cm/s), 

ooding ( threshold h > 80 cm, threshold v = 5-10 cm/s), and receding 

 threshold h = 50-60 cm, threshold v = 20 cm/s) water phases (see the 

otted lines in Fig. 9 ). Additionally, the calculated CFs presented 

n Fig. 10 demonstrate that, on average, the lake-floodplain system 

eems to exhibit an abrupt change the water depth and velocity 

hresholds are around 20 cm and 5 cm/s, respectively (see the yel- 

ow shadow areas). Additionally, different connectivity conditions 

re observed for N-S, W-E, NW-SE, and NE-SW directions, which 

an be explained by the joint influence of spatial varying topo- 

raphic features (e.g., flow channels and depressions) and different 

ydrological pulses (e.g., river inflows and lake inundation). 

.5. Implications of the refined connectivity concept and assessment 

pplications 

This study attempts to use water coverage, water depth, and 

ow velocity to describe the hydrological connectivity and its im- 

lications for eco-environmental research. The distributions of wa- 

er quality parameters, waterbirds and fishes in Poyang Lake were 

elected and used to validate the connectivity metrics of TC, GC, 

nd EC, as illustrated in Fig. 11 a. Although these indicators exhibit 

istinctly heterogeneous distribution, the spatial pattern is highly 

onsistent with the connectivity condition of GC and EC, demon- 

trating that the threshold range of water depth and flow veloc- 
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Fig. 5. (a) Changes in water depth and flow velocity averaged over Xingzi, Duchang, Tangyin, and Kangshan gauging stations with corresponding ±standard errors (in scatter 

plots); and spatial distributions of (b) water depth, (c) flow velocity, and (d) connected object/area during the dry, rising, flooding, and receding water phases. The mean 

connectivity functions (CFs) in (a) were calculated and the different connected objects in (d) were plot with different colors for the four water phases based on the total 

connectivity (TC). Note that the light green color and the blue color in (d) represent the largest connected object/area for the dry and flooding water phases, respectively, and 

the gray color represents the largest connected object/area for both the rising and receding water phases. Other colors (e.g., red, yellow) represent the remaining individual 

objects/areas. 

8 
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Fig. 6. (a)-(d) North-South (N-S), West-East (W-E), NW-SE, and NE-SW connectivity function (CF) plots from January to December under the three connectivity types. 
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ty is critical for connectivity assessment in the system. For exam- 

le, the connectivity objects/areas of EC is most likely to control 

he TSI of the lake, especially for the main flow channels (see 2 ©
n Fig. 11 a). The spatial coincidence of connectivity objects/areas 

ith waterbird, and fish distributions are well reproduced by the 

hanged water depth threshold of GC. Statistical analysis reveals 

hat the refined hydrological connectivity of GC and EC has a close 

elationship with the eco-environmental indicators, as reflected in 

 

2 values of 0.92 and 0.69 for the TSI and the waterbird popula- 

ion, respectively ( p < 0.05; Fig. 11 a). The results present here high-
9 
ight the effectiveness and implications of the refined connectivity 

etrics. 

From the perspective of hydrodynamics, the spatial distribu- 

ions of TN, TP, Chl- a concentrations, and the TSI can be directly 

xplained by the complex depth-velocity relationships (see 1 © 2 © 3 ©
n Fig. 11 b). For most rivers, lakes and wetlands, water depth and 

ow velocity generally exhibit positive relationships that play a cu- 

ulative or equivalent role on connectivity condition, GC can be 

elected to evaluate the connectivity effects on ecosystems, while 

C is an appropriate metric to investigate regions with negative re- 

http://www.baidu.com/link?url=M608C36CsB4-uBNWanLTRJ7cs414OXg4zBYtAcc92duCziM-FE8E6Zk2rr0mJrmjcfPUsNcGzdKTQYdhS7f2SxTRbZiNoNrc_aFa3OOb8tm
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Fig. 7. Mean connectivity function (CF) plots for (a) N-S and W-E, and (b) NW-SE and NE-SW directions under the three connectivity types. 

Fig. 8. Influence of TC, GC, and EC scenarios on (a) connected areas and (b) corresponding connected objects for the four water phases of the Poyang Lake-floodplains. 

10 
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Fig. 9. Hydrological connectivity function (CF) in response to different threshold values of (a) water depth and (b) flow velocity. The CF in this figure represents the average 

connectivity for N-S, W-E, NW-SE, and NE-SW directions. The dotted line represents the threshold line and the associated temporal distribution. 

Fig. 10. Mean hydrological connectivity function (CF) in response to different threshold values of (a) water depth and (b) flow velocity. The CF in this figure represents the 

average connectivity during 2018. The yellow shadow area represents an abrupt change in CF curves and the corresponding threshold value. 
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ationships between water depth and flow velocity (compensatory 

ole; Fig. 11 b). The researchers should take caution that the thresh- 

ld value of EC may produce significant influences on the connec- 

ivity and the associated assessment applications, particularly for 

hallow water flow areas (e.g., floodplains). 

. Discussion 

For this study, we provided new insight into the threshold ef- 

ects of key hydrodynamic variables on surface water connectiv- 

ty for the Poyang Lake-floodplains and other similar floodplains 

round the world. Although the current work improves our un- 

erstanding of hydrological connectivity and its causal factors in 

arge flood pulse-influenced systems, connectivity dynamics are 
11 
lso affected by complex hydro-geomorphologic properties, includ- 

ng channelized water flowpaths, overbank processes, and local 

echarge ( Stevaux et al., 2013 ; Restrepo A et al., 2020 ). In large

oodplains, the surface topography and hydrological pulses are 

ominant in different parts of the system, the threshold behaviors 

rom this work may have somewhat different outcomes if other 

oodplain areas are investigated. Therefore, specific studies should 

e conducted to identify individual thresholds for different geo- 

orphic units. 

Knowledge regarding the temporal evolution and the spa- 

ial continuity, as well as the complexity of heterogenous topo- 

raphic features, is a necessity for any restoration effort ( Singh and 

inha, 2019 ). The current hydrodynamic model and spatial analysis 

rovide a combination approach to consider past and present con- 
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Fig. 11. (a) Linkage between distributions of TSI, waterbird, and fish and the refined hydrological connectivity based on visual inspection, contour plot and linear-fitting 

approaches with a determination coefficient R 2 ; (b) schematic diagram showing assessment applications of the refined connectivity metrics. 
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Fig. 12. Generalized diagram illustrating hydrological flowpaths and the associated four dimensions of hydrological connectivity (modified from USEPA, 2015 ). Arrows are 

representative of surface water and groundwater flows occurring throughout the whole catchment. 
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ectivity conditions with intensifying, persistent, and diminishing 

onnectivity potentials. The examination of low and high poten- 

ial connectivity and spatial connected objects/areas in the current 

ork offers an opportunity to perform effective management and 

estoration activities. Therefore, this study may contribute to the 

ethod and the need for a spatiotemporal framework for connec- 

ivity and restoration projects across different landscape elements. 

For the flood pulse-influenced Poyang Lake, this study demon- 

trates that the floodplain and its embedded wetland are sensitive 

reas that are strongly affected by threshold effects of water depth 

nd flow velocity (see Fig. 8 ). Therefore, the current assessment of 

ydrological connectivity should be combined with ecological and 

nvironmental processes. Indeed, several previous attempts have 

een carried out to analyze the relationship between hydrological 

onnectivity and wetland function. For example, field observations 

ave been carried out to explore the effects of hydrological con- 

ectivity on wetland waterbirds of Poyang Lake ( Xia et al., 2016 ). A

eostatistical calculation was applied in hydrodynamic results and 

sed to examine the influence of connectivity on water quality sta- 

us of the lake wetland ( Li et al., 2019a ). More recently, the same

eostatistical method as Li et al. (2019a) was adopted to analyze 

he connectivity dynamics and the associated causal factors for 

he lake’s floodplains based on a series of remote sensing images 

 Tan et al., 2019 ; Liu et al., 2020 ). Although these previous studies

ighlighted the important role of surface hydrological connectivity 

n vegetation types, fishes, migratory waterbirds, and water quality 

tatus of the Poyang Lake-floodplain system, water depth and flow 

elocity were not quantitatively combined to explain the effect of 

ydrological connectivity. The outcomes from the current work in- 

rease our knowledge of previous studies by refining the concept 

f hydrological connectivity and evaluating the influence of water 

epth and flow velocity on connectivity in the threshold-affected 
13 
oodplain. In addition, this study also offers recommendations for 

uture work in which researchers should use more comprehensive 

onnectivity data (e.g., habitat suitability data), assessments and 

easures to facilitate scientific communication and its implication. 

According to previous ecological assessments, most lakes sur- 

ounding the Yangtze River have lost their natural connections, 

nd as such some lakes have disappeared entirely during recent 

ecades ( Zhang et al., 2020 ). Numerous previous studies have been 

onducted to investigate the external connectivity between the 

angtze River and their floodplain lakes (river-lake connectivity) 

uch as Dongting Lake and Poyang Lake (e.g., Zhang et al., 2014 ; 

u et al., 2015 ; Li et al., 2017 ). For example, the lowering level in

he Yangtze River plays a weakening role in enhancing lake out- 

ows into the river, resulting in a reduced lake water level over 

he receding water phase ( Zhang et al., 2014 ). Additionally, ac- 

ording to previous hydrological and environmental assessments, 

he Poyang Lake hydraulic dam linking the lake and the Yangtze 

iver proposed by the Jiangxi Province Government is more likely 

o increase the low lake water levels and alter the flow fields 

 Wang et al., 2015 ). It is noteworthy that the variations in the lake

ydrodynamics may exceed the water depth and velocity thresh- 

ld values, potentially leading to abrupt changes in internal con- 

ectivity (lake-floodplain connectivity). However, previous efforts 

egarding hydrological and ecological conditions and management 

nd policy decisions are often made in the absence of adequate as- 

essments on surface hydrological connectivity. The outcomes from 

his study play a critical role in guiding future strategies for both 

oyang Lake and the Yangtze River, and proposing floodplain be- 

avior management, connectivity dynamics, and associated ecolog- 

cal responses. 

In this study, we focus on the surface water connectivity and 

ts threshold effects on the floodplain system. Hydrological con- 
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ectivity is based on a system-specific concept USEPA, 2015 ). In- 

eed, the concept of connectivity develops from its origin in ecol- 

gy ( Goodwin, 2003 ). During the recent decade, both ecologists 

nd hydrologists have adopted a variety of connectivity definitions 

 Rinderer et al., 2018 ). Generally, hydrological connectivity includes 

ongitudinal (e.g., streamflow and downstream transport), lateral 

e.g., overbank flow and transport from channels to floodplains), 

ertical (e.g., surface-subsurface exchange), and temporal dimen- 

ions (e.g., seasonal cycles) (see Fig. 12 ). Since the surface hydro- 

ogical connectivity analyzed in this study is based on the flood- 

lain hydrodynamic model MIKE 21, we could not provide infor- 

ation regarding subsurface connectivity (e.g., recharge rate, soil 

ater, and groundwater). Previous work in the Poyang Lake flood- 

lains concluded that lake-floodplain groundwater exhibits a sig- 

ificant seasonal exchange and has a strong impact on soil gley- 

zation ( Li et al., 2019c ; Yang et al., 2019 ). Additionally, it is im-

ortant to keep in mind that natural waterbodies (e.g., rivers and 

akes) usually have rather complex and sensitive flow dynamics, 

t is beyond the scope of this study to use velocity directions to 

dentify the variable connectivity conditions. Therefore, the cur- 

ent connectivity method represents an average connectivity condi- 

ion along the N-S, W-E, NE-SW and NW-SE directions, respectively 

see equation (1) -( (3) ). Refining hydrological connectivity through 

 threshold approach, as done in this study, indubitably affects 

ultiple dimensions of connectivity. For example, the refined hy- 

rological connectivity may lead to the partial or fragmental con- 

ectivity condition for most natural rivers, due to the consideration 

f water depth or velocity threshold. Given the above background, 

urther work to evaluate the connectivity in complex environments 

ill focus on the following: (1) incorporate a 2D hydrodynamic 

odel and groundwater flow model to provide a complete descrip- 

ion of the surface flowpaths, soil water movement, and groundwa- 

er flow dynamics; (2) modify the current connectivity algorithm 

r apply novel methods to represent the longitudinal, lateral, and 

ertical directions rather than N-S, W-E, NW-SE, and NE-SW, based 

n river networks and associated flow directions; and (3) develop 

 simplified scheme to provide new insights into the linkage of 

ultiple dimensions/scales of hydrological connectivity and its re- 

ponse to climate change (e.g., abnormal flooding and drying years) 

nd human activities (e.g., dam construction, sedimentation). 

. Conclusions 

The current work aimed to improve the understanding of hy- 

rological connectivity and the threshold effects of hydrodynamics 

n eco-environmental indicators in a large flood-pulse-influenced 

oodplain system, Poyang Lake (China). The results reveal that low 

onnectivity is observed during the dry water phase, intermediate 

onnectivity tends to occur during the rising and receding phases, 

nd high connectivity is found during the flood phase of Poyang 

ake. Spatial changes in connectivity objects/areas indicate that the 

eterogeneous floodplain is a sensitive area of the flood pulse sys- 

em. In order to highlight the inherent linkage between hydrolog- 

cal connectivity and eco-environments, the concepts of total con- 

ectivity (TC), general connectivity (GC), and effective connectiv- 

ty (EC) were proposed and defined based on water inundation, 

ater depth, and flow velocity distributions. The substantial dif- 

erences between the three connectivity types demonstrate that 

he joint influences of water depth and velocity (EC) may pro- 

uce more dynamic and complex roles on connectivity than the 

ther two scenarios (TC and GC). The modelling experiments pro- 

ide new insight into the threshold effects of water depth and flow 

elocity on floodplain hydrological connectivity. The results reveal 

hat, in general, the variations in water depth thresholds may have 

 large effect on connectivity during the dry, rising, and receding 

imbs, rather than the flooding limb, w hile velocity seems to ex- 
14 
rt an opposite threshold role in affecting the wetting and drying 

ycle. The influence of depth and velocity thresholds on connec- 

ivity will change along different water phases of the hydrological 

ulses, indicating a temporal dynamic threshold behavior in flood- 

ulse-influenced systems. Our study highlights the importance of 

edefined connectivity concept for both management applications 

nd providing recommendations for future ecological and environ- 

ental assessments using our proposed metrics of TC, GC, and EC. 
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