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River deltas are formed by the interaction of connecting water and sediment, and they are
among the most economically and ecologically valuable ecosystems on Earth. Because of
their special locations, together with direct and indirect human interference, river deltas are
expected to be more vulnerable and fragmented. The increasing fragmentation of deltas is
largely due to longitudinal hydrological connectivity disruption caused by human activities.
However, the dynamics of longitudinal connectivity are unknown, especially in the Yellow
River Delta (YRD), which has been subjected to heavy reclamation in recent years. In this
study, we divided the whole YRD into three subregions, the erosion zone, the oilfield zone
and the deposition zone, and then we used indicators to explore the spatiotemporal
variation in hydrological connectivity on the whole scale and on the zonal scale of the delta
during 1984-2018 in the YRD. We found that the variation in longitudinal hydrological
connectivity was closely related to the geometry of the tidal channel networks, and that the
changes in longitudinal hydrological connectivity varied with research scales. A weak
increasing trend of connectivity was found on the whole scale of the delta during the past
three decades. A decreasing trend of connectivity was found in both the erosion zone and
the oilfield zone. In the deposition zone, however, the connectivity degree was enhanced.
Furthermore, we also identified the key impaired area and relatively stable area of
hydrological connectivity in the YRD and implied that the key impaired area may be a
priority restoration zone of the impaired hydrological connectivity zone. Our study provides
useful scientific guidance for the subsequent restoration of damaged wetlands.

Keywords: longitudinal connectivity, structural connection, tidal channel networks, spatiotemporal change,
coastal wetlands
1 INTRODUCTION

River deltas are one of the most important and vulnerable regions on Earth (Kirwan and Megonigal,
2013; Nienhuis et al., 2020). On the one hand, they are diverse ecosystems that provide valuable
ecological services for flood protection, carbon sequestration and biodiversity (Hoitink et al., 2020;
Van de Giesen, 2020). Millions of migratory birds fly via river deltas to the Arctic for breeding (Gu
et al., 2021). On the other hand, they contain a great deal of natural resources, such as oil and gas
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that greatly stimulate the local economy, and house
approximately 40% of the global population (Firth et al., 2016).
The concentration of population and the artificial structures
obstruct the longitudinal dynamics of hydrological connectivity
that control the material exchange and energy transportation
between estuaries and tidal zones. The impaired hydrological
connectivity induced river deltas to become increasingly fragile
and fragmented (Strain et al., 2018), and gravely jeopardized
deltaic ecosystem function and sustainability (Hoitink et al.,
2020). Understanding the longitudinal dynamics of
hydrological connectivity in river deltas is essential for our
comprehension of the degeneration mechanism and ecological
functions of deltaic ecosystems for restoration and protection
(Jaramillo et al., 2018).

Hydrological connectivity refers to the transfer of water,
sediment, nutrients and organisms within or between the
elements of the hydrologic cycle (Pringle, 2001; Bracken et al.,
2013). It is useful for understanding the surface process that
governs landscape formation and evolution (Sendrowski and
Passalacqua, 2017; Wright et al., 2018). Generally, it includes
three features: structural connectivity, functional connectivity
and process connectivity (Ruddell and Kumar, 2009;
Passalacqua, 2017; Sendrowski and Passalacqua, 2017).
Structural connectivity refers to the spatial continuity or
physical links of landscape units, such as lakes, rivers and
other wetland waterbodies; functional connectivity refers to the
material flow generated in those physical links or landscape
units, including connected water, nutrients or sediment transfer
among those landscape units (Wainwright et al., 2011; Bracken
et al., 2013). Process connectivity refers to the flow of
information from a physical driver (e.g. discharge, tides) to its
outward manifestation (e.g. water levels) (Larsen et al., 2012;
Sendrowski and Passalacqua, 2017). These three features of
hydrological connectivity are tightly interwoven (Lopez-
Vicente et al., 2017; Wohl et al., 2018) because structural
connectivity controls the pathway of functional connectivity,
and functional connectivity modifies the structural connectivity
by series of interactions between hydrodynamics and sediment
for a long time (Wainwright et al., 2011; Keesstra et al., 2018). As
a result, there exists a feedback mechanism between the
structural connectivity and functional connectivity (Poeppl
et al., 2017). Meanwhile, process connectivity is affected by
both structural connectivity and functional connectivity
(Sendrowski and Passalacqua, 2017). In the spatial dimension,
hydrological connectivity has three dimensions: longitudinal
connectivity (from the headwater of a river to its estuary, or
from the headwater of a tidal channel to its outlet), lateral
connectivity (from river channel to its floodplain) and vertical
connectivity (from surfacewater to groundwater) (Pringle, 2001;
Singh et al., 2021). In recent years, research on the dynamics of
longitudinal connectivity has become heated because the
construction of dams or artificial structures obstructs the
connectivity between upstream and downstream reaches
(Castello and Macedo, 2016).

In river deltas, longitudinal hydrological connectivity based
on tidal channel networks controls the frequency and degree of
Frontiers in Marine Science | www.frontiersin.org 2
nourishing intertidal zones with sediment and nutrients (Hiatt
and Passalacqua, 2015; Tejedor et al., 2016). The health and
service functions of intertidal ecosystems are closely linked to the
longitudinal dynamics of hydrological connectivity. Research has
shown that the amount of deltaic wetland loss was attributed to
the obstruction of hydrological connectivity between estuaries
and the interior (Xie et al., 2020a). Therefore, assessing the
longitudinal dynamics of hydrological connectivity is helpful
for understanding the degradation mechanism and restoration
potential of river delta systems (Larsen et al., 2012). In recent
years, several methods have been developed to evaluate
hydrological connectivity (Singh and Sinha, 2018; Tejedor
et al., 2018; Wright et al., 2018; Liu et al., 2020). Among these
methods, network analysis based on graph theory has been
applied and validated. It is a widely used approach for
hydrological connectivity research in delta systems (Tejedor
et al., 2015; Passalacqua, 2017; Dong et al., 2020). Based on
graph theory, hydrological connectivity is considered as a
network constituted by a series of nodes and links (Heckmann
et al., 2015). These links can represent the magnitude and
direction of fluxes between nodes (Pearson et al., 2020).
Information related to nodes and links can be summarized
into an adjacency matrix, and element of adjacency matrix
represents the presence or absence of a link between two
nodes, respectively. We can also weight the adjacency matrix,
named the weighted adjacency matrix, and the weights indicate
the strength of connectivity (Tejedor et al., 2015). More
information about the introduction of graph theory can be
found in the paper published by Newman (2003).

The tidal channel network, a ubiquitous geomorphic
landscape in river deltas, is an important pathway of
hydrological connectivity between estuaries and interiors
(Kearney and Fagherazzi, 2016). However, under the double
drivers of sea level rise and anthropogenic activities, the
geometry of the tidal channel network has changed
significantly (Jarriel et al., 2020). This phenomenon is
particularly prominent in the Yellow River Delta (YRD), the
largest delta in China (Xie et al., 2020b; Gong et al., 2021).
Research has shown that reclamation is the key factor that
controls the evolutionary pattern of tidal channel networks
(Chen et al., 2020; Liu et al., 2020). When the proportion of
reclamation exceeds a certain threshold, the count, length and
fractal dimension of tidal networks decrease sharply, and the
developmental paradigms of channel networks shift from
complexity to simplification (Xie et al., 2020b). Another
example in the Yangtze River Delta, which influenced by
large-scale reclamation showed that tidal networks
experienced an obvious trend of degradation and extinction,
and the fractal dimension of tidal creek networks decreased
from 1.26 to 1.13 (Shi et al., 2016). Nevertheless, information
about how the longitudinal dynamics of hydrological
connectivity vary with the morphology of tidal channel
networks is unknown. Although research on the connectivity
of tidal channel networks in the YRD has published, these
studies revealed regional information about connectivity (Yu
et al., 2018; Li et al., 2020), in particular, they have not identified
May 2022 | Volume 9 | Article 899671
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the key areas of changing hydrological connectivity, and the
spatiotemporal variation in critical nodes and key pathways of
hydrological connectivity are unclear. Therefore, we analysed
the longitudinal variation in hydrological connectivity on a
landscape scale, discerned the critically impaired zones and
acquired integrated information of hydrological connectivity in
the YRD.

In this study, we utilized the vector files of annual tidal
channel networks that were extracted from the former studies
(Xie et al., 2020b) to analyze the dynamics of hydrological
connectivity during 1984 to 2018 in the YRD. Here, we mainly
addressed (1) how longitudinal hydrological connectivity varied
during the past 35 years, (2) how the key nodes and links of
hydrological connectivity changed over the past three decades,
and (3) what the critical area of damaged hydrological
connectivity was and how to identify it. Knowing these
answers is important for improving our comprehension of the
changing trend of hydrological connectivity and will contribute
to discerning the prior restoration area of hydrological
connectivity in the YRD.
2 MATERIAL AND METHODS

2.1 Study Area
The YRD is located at the south of Bohai Bay and at the west of
Laizhou Bay, China (Figure 1). It is formed by sediment
deposition carried from the Yellow River into the estuary.
Frontiers in Marine Science | www.frontiersin.org 3
Due to the artificial avulsion of the Yellow River Estuary
from Shenxiangou to Diaokou to Qingbacha, large areas of
new wetlands were created, and a number of tidal channels
were formed. Recently, because of mariculture and oilfield
exploitation, a lot of wetlands have been reclaimed, resulting
in the decline of natural wetlands and biodiversity. Therefore,
the Yellow River Estuary Nature Reserve and the Diaokou River
Nature Reserve were established in 1992 to protect the deltaic
wetlands for maintaining the biodiversity of the ecosystems.
However, the rest of the area outside of the Nature Reserve is
continuously subjected to human influence, and these
anthropogenic activities have a considerable effect on the
evolution of tidal networks (Xie et al., 2020b). For a deep
understanding of the longitudinal variation in hydrological
connectivity, we divided the whole delta into three
subregions: the erosion zone in the north, the oilfield zone in
the northeast and the deposition zone in the south of the YRD.
Then, we explored the spatiotemporal changes in longitudinal
hydrological connectivity on the two scales in the YRD.

2.2 Methods
Based on graph theory, the tidal channel networks were
conceptualized as nodes and links, and then we constructed
the adjacency matrix of nodes and edges according to whether
there was an edge between nodes. The adjacency matrix can store
the information about the nodes and links, and we can apply this
information to explore the longitudinal variation in hydrological
connection in the YRD.
FIGURE 1 | Landsat image (TM5) of the study area in April 8th, 2000 (A represent the whole scale of delta, B–D represent the erosion zone, oilfield zone and
deposition zone respectively).
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2.2.1 Brief Introduction of Graph Theory
A graph (G) is a data structure that comprises a series of nodes and
links (Figure 2). In the tidal channel network, the nodes can be the
vertices of tidal channels or their confluences, and the links can be
the edges of channels. The information about the spatial
relationship of nodes and links can be stored in an adjacency
matrix (A(G)), so the adjacency matrix is a representation of graph
digitization. The element (aij) of A(G) can be given as follows:

aij =
1, if   a   edge   exist   between   i   and   j

0, otherwise

(

Here, the annual tidal channel networks are generalized as graphs,
the vertices and intersectional points of tidal networks are defined
as nodes, and the pathways of tidal channels are defined as links.
Meanwhile, each graph creates an adjacency matrix. Finally, total
35 adjacency matrices were formed.

2.2.2 Connectivity Index Construction
Four descriptive indices are used to characterize the longitudinal
dynamics of hydrological connectivity (Pascual-Hortal and
Saura, 2006), there are as follows:

NC: number of components. A higher NC indicates lower
connectivity.

H : Harary index,H =
1
2o

n
i=1on

j=1, i≠j
1
nlij

where n is the number of nodes in the tidal channel network, and nlij
is the number of links between node i and node j. The higherH is, the
higher the connectivity is.

LCP : Landscape coincidence probability, LCP =oNC
i=1

ci
Al

� �2

where NC is the number of components, ci is the total component
attribution, andAl is the maximum landscape attribution. The higher
the LCP is, the better the longitudinal hydrological connectivity is.

IIC : Integral index of connectivity, IIC =
on

i=1on
j=1

ai·aj
1+nlij

A2
l

,
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where n is the number of nodes in the tidal channel network, ai and
aj are the attributes of node i and node j, respectively. nlij is the
number of links between node i and node j, and Al is the maximum
landscape attribution. A higher IIC corresponds to a higher
longitudinal hydrological connectivity.

We used dIn and dIl to describe the importance of nodes and
links, respectively. Their calculation process is as follows:

dIn %ð Þ or dIl %ð Þð Þ = 100 ·
I − Iremove

I

where I is the total connectivity when the original nodes (or
links) exist in the tidal channel network, and Iremove is the rest of
the total connectivity when a single node or link in the tidal
channel network is removed. A higher dIn (dIl) indicates that this
node or link plays a greater role in maintaining the connectivity
of the tidal channel network (Baranyi et al., 2011). Here, we used
these two indices to identify the key impaired area of
hydrological connectivity.
3 RESULTS

3.1 Longitudinal Dynamics of Hydrological
Connectivity in the YRD
3.1.1 Geometric Variation in the Tidal Channel
Networks During 1984-2018
We used the variation of nodes and links as the agency of
geometric changes in the tidal channel networks. The variation
in nodes showed similar trends with links variation on the whole
scale and the zonal scale, but the variation in nodes or links
showed different trends at different scales (Figure 3). On the
whole scale of the delta, the trends of nodes and links have
showed different phase features in the past three decades. Before
2000, they showed an increasing trend, and they showed
decreasing trend after 2000. Compared to 1984, the number of
nodes and links net increased by approximately 85% in 2000. On
the zonal scale, the number of nodes and links in the deposition
zone represented a net increasing trend; however, a net
decreasing trend was found in both the erosion zone and the
oilfield zone.
FIGURE 2 | Sketch of a graph and its adjacency matrix.
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3.1.2 Variation in Longitudinal Connectivity Indices
During 1984-2018
The index of NC has showed a slight declining trend on the whole
delta scale during the past three decades, indicating that the degree
of connectivity increased weakly. Meanwhile, the indices of H,
LCP and IIC showed similar trends on the whole scale of the delta.
Before 2000, they increased rapidly over time, indicating that the
longitudinal hydrological connectivity in the YRD increased
rapidly before 2000. After 2000, the three connectivity indices
decreased, indicating that the degree of connectivity declined from
2000 to 2018. On the zonal scale, the four indices in the erosion
zone showed a trend similar to that on the whole scale, indicating
that longitudinal hydrological connectivity in the erosion zone
restricted the improvement of the integral connectivity degree on
the whole delta. The NC in the erosion zone showed a weakly
increasing trend, indicating that a declining tendency of
connectivity was found in the erosion zone. This result can be
verified with the other three indices: the H, LCP and IIC indices
which declined overall during 1984-2018, although an increasing
trend was found before 2000. In the oilfield zone, the connectivity
indices were almost close to 0, indicating that this zone had a very
low connectivity degree (Figure 4).

To identify the relationship between the geometry of the tidal
channel networks and the longitudinal hydrological connectivity,
we chose one of the connectivity index (IIC) and explored the link
between node count and IIC. As showed in Figure 5, the significant
positive correlation was found between the number of node and the
IIC. The minimum value of fitted coefficient was also greater than
0.85, indicating that there existed a significant lineal relationship
between the geometry of the tidal channel networks and the
connectivity. The degree of longitudinal connectivity increased
with the node count, indicating that the tidal channel networks
with less number of nodes had lower connectivity degree.

3.2 Identification of Critical Impaired Areas
of Longitudinal Connectivity in the YRD
Using node (or link) removal process, we can explore the
importance of nodes and links in maintaining hydrological
connectivity. After calculating the importance of nodes and
Frontiers in Marine Science | www.frontiersin.org 5
links, we applied the Manual Breaks method to classify the
importance of nodes and links into five categories, the
classification maps in 1984, 2001 and 2018 were shown in
Figure 6. Annual classification maps of the importance of
nodes and links were shown in Figures S1, S2, respectively. It
was clearly found that the nodes and links with higher
importance distributed in the erosion zone and deposition
zone in 1984 and 2001; however, this pattern was changed in
2018. The nodes and links of higher importance were only
located in the deposition zone. In 1984, some more important
nodes and links were found in the oilfield zone; nevertheless, in
the following years, they disappeared. The disappearance of these
nodes and links in the erosion zone and oilfield zone indicated
that the nodes and links in these two zones have played a
decreasing role in maintaining longitudinal hydrological
connectivity on the whole scale of the delta over the past
three decades.

Furthermore, we defined the nodes (or links) with the
importance value greater than 0.2 as the key nodes (or links).
The variation of the number of key nodes (links) were showed in
Figure 7. The number of critical nodes (or links) decreased in the
past three decades, compared to the amount in 1984, the number
of key nodes (or links) in 2018 reduced roughly half on the whole
delta. In 2000, the amount of key nodes in the erosion zone
peaked (about 50), however, the key nodes were almost
disappeared in 2018. On the contrary, the amount of key
nodes (or links) in the deposition zone was relatively stable.
There were about 30 key nodes (or links) in each year.

From the variation in the number of key nodes (or links), we
could easily identify the damaged area and dynamic stable area of
longitudinal hydrological connectivity in the YRD. The impaired
zone and dynamic stable area were distributed in the erosion
zone and the deposition zone, respectively. Furthermore, we
found that the critical impaired zone and relatively stable zone of
the longitudinal hydrological connectivity were distributed in
two large tidal channel networks. We extracted them separately
for a better comparison, as plotted in Figure 8. The geometry of
the tidal channel networks in the critical impaired zone changed
considerably between 1984 and 2018, the main change was the
FIGURE 3 | Nodes and links dynamic during 1984-2018 (a represent the whole scale, b, c and d represent erosion zone, oilfield zone and deposition zone respectively).
May 2022 | Volume 9 | Article 899671
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FIGURE 4 | Connectivity indices dynamics in the YRD (a represent the whole scale, b, c and d represent erosion zone, oilfield zone and deposition zone respectively).
FIGURE 5 | The relationship between the geometry of the tidal channel networks and the longitudinal hydrological connectivity (a represent the whole scale, b, c
and d represent erosion zone, oilfield zone and deposition zone respectively).
Frontiers in Marine Science | www.frontiersin.org May 2022 | Volume 9 | Article 8996716
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reduction of branches. In contrast, the branches of the tidal
channel network in the dynamic stable zone did not
change substantially.

To further explore the structure dynamic in two different
states of longitudinal connectivity, we analysed the
spatiotemporal variation in outlet count and the relationship
between the outlets count and importance of links. As showed in
Figure 9, two clearly stages were found in both critical impaired
zone and dynamic stable zone, an increasing stage and a
decreasing stage. However, the number of outlets in the
dynamic stable zone was significantly larger than that in the
critical impaired zone. The index of importance of links can
partly represent the state of longitudinal hydrological
connectivity. We found that there existed a threshold relation
Frontiers in Marine Science | www.frontiersin.org 7
between the outlet count and importance of links. When the
number of outlets reached 70, the importance of links
approached stability. This result provided us a possible method
which we could restore the impaired hydrological connectivity
by adding the number of outlets in the tidal channel networks.
4 DISCUSSION

4.1 Indices of Longitudinal
Hydrological Connectivity
Longitudinal hydrological connectivity is used to assess the
transport potential of materials or organisms between
FIGURE 6 | Spatial arrangement of importance of nodes and links in 1984, 2001 and 2018 in the YRD.
FIGURE 7 | Variation in the number of keynodes (or links) during 1984-2018 in the YRD (a represent the whole scale, b, c and d represent erosion zone, oilfield
zone and deposition zone respectively).
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landscape units. It can easily be characterized by the nodes and
links with their attribution (Tejedor et al., 2015). Therefore, some
indicators based on nodes and links have been developed to
calculate the hydrological connectivity in river networks or tidal
channel networks, such as the indices of a, b and g (Cui et al.,
2009; Deng et al., 2018; Yu et al., 2018). These indices were much
useful to depict the structural connectivity of river networks, the
higher value of these indicators meant higher connectivity
degree. However, these indices were invalid for assessing
regional connectivity where many uncrossed channel networks
evolve. For example, the range of the index of a is 0 ≤ a ≤ 1, but
in the river delta, its value may be negative. In addition, they
cannot identify the key nodes or links that needed for
Frontiers in Marine Science | www.frontiersin.org 8
maintaining and improving the current status of hydrological
connectivity, and thus, they are not effective indices for
evaluating the integral hydrological connectivity in river
delta systems.

Here, we introduced connectivity indices that were originally
developed in landscape ecology to assess the longitudinal
dynamics of hydrological connectivity in the YRD. These
indices, NC, H, LCP and IIC, can not only analyse the
hydrological connectivity of a single channel network, but also
analyze the regional hydrological connectivity that contains
many uncrossed channel networks. Moreover, these indices
introduce the concept of the importance of nodes and links
and can identify them in the channel networks. Each index (NC,
FIGURE 8 | Critical impaired zone (A) and dynamic stable zone (B) of longitudinal hydrological connectivity in the YRD.
FIGURE 9 | Number of outlets and the relationship between outlets and importance of links in maintaining hydrological connectivity in the YRD (a and b represent
critical impaired zone and stable zone respectively).
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H, LCP and IIC) has a corresponding importance value. In the
present study, we adopted the importance value of the IIC, as it is
an integral index of connectivity that can precisely calculate the
connectivity degree on the whole scale or zonal scale of the delta.
However, the main disadvantage of these indicators is that they
can only reflect the degree of structural connectivity of the tidal
channel networks, which is one of the two types of hydrological
connectivity. Functional connectivity, which is the other
important type of connectivity (Bracken et al., 2013) is equally
important. Therefore, these indicators should be improved to
reflect their functional properties in the future.

4.2 Variation in Longitudinal
Hydrological Connectivity
Recently, a larger number of tidal flats have been reclaimed in
deltas. For example, in the Yangtze River Delta, some tidal flats
have disappeared due to reclamation since 1980 (Zhao et al.,
2020). Another example in the YRD, about 60% of tidal flats were
reclaimed in 2018 (Xie et al., 2020b). The mass disappearance of
tidal flats inevitably changed the spatial arrangement of tidal
channel networks (Xie et al., 2020b), which in turn changed the
longitudinal hydrological connectivity of the channel network. In
the present study, compared to 1984, the number of nodes and
links in 2018 slightly increased on the whole scale of the delta,
although a clear increasing trend and a decreasing trend were
found during this period. This result is because the counts of tidal
channel networks experienced an increasing trend and a
decreasing trend during 1984-2018 (Xie et al., 2020b). The
change in tidal channel networks unavoidably caused the
nodes and links to change. On the zonal scale, the counts of
nodes and links in the erosion zone increased before 2000 and
decreased after 2000, which was mainly due to the complex
development of channel networks before 2000, and the simplistic
evolution of them after 2000. This phenomenon could be verified
by research which showed the fractal dimension of tidal channel
networks increased before 2001 (Huang and Fan, 2004), and
decreased after 2001 (Xie et al., 2020b). The fractal dimension is
one of the most important indicators that can be used as a
measure of the complexity of tidal channel networks (Schwarz
et al., 2016). In the deposition zone, the nodes and links
increased at the initial stage and maintained dynamic stability
in the following stage, which was also closely related to its
geomorphic evolution.

The connectivity indices showed a similar trend with the nodes
and links regardless of research scales except for theNC; this result
was because nodes and links were the structural units of
hydrological connectivity, and these indicators were calculated
based on the relationships between the nodes and links. The
number of nodes and links influenced the degree of hydrological
connectivity. A large number of nodes and links meant a stronger
longitudinal hydrological connectivity (Deng et al., 2018). In the
present study, the degree of longitudinal connectivity showed a
weak increasing trend on the whole delta in the research period,
including a clear increasing period and a significant decreasing
stage. In the former stage, tidal channel networks evolved
complicatedly. Although reclamation had persisted for years, it
Frontiers in Marine Science | www.frontiersin.org 9
did not have a significant influence on the development of channel
networks. In the latter period, reclamation exceeded a certain
proportion and thus caused tidal channel networks to develop
towards the reverse (Xie et al., 2020b). Increasing simplistic
channel networks resulted in a decreasing degree of
connectivity. On the zonal scale, longitudinal hydrological
connectivity in the erosion zone exhibited a net declining trend
during 1984-2018, including an enhanced stage from 1984-2000
and a weakened stage from 2000-2018. These characteristics were
also closely linked to the geomorphologic variation in the channel
network in this area. Li et al. (2020) showed that the degree of
hydrological connectivity in the erosion zone increased
significantly in 2010-2015, which seems to conflict with our
results. This outcome was mainly because the research area in
Li’s paper included only a small part of our erosion zone where the
tidal channel networks evolved naturally due to less human
interference. This result further implied that we should be
cautious about making strong conclusions as different research
scales might result in different outcomes.

4.3 Implication for Deltaic
Wetlands Restoration
River delta wetlands are diverse ecosystems and have become hot
spot regions for both ecological and socioeconomic research
(Van de Giesen, 2020). However, many of the deltaic wetland are
expected to accelerate loss due to anthropogenic activities
(Blackwell et al., 2020), such as in the Mississippi Delta and
Indus Delta (Liviu et al., 2014). The loss of deltaic wetlands is
mainly attributed to the interruption of hydrological connectivity
between tidal flats and tidal creeks. Therefore, hydrological
connectivity repair is widely used for delta wetland restoration.
Nevertheless, not all areas with impaired hydrological
connectivity need to be repaired, as the restoration of
hydrological connections in some areas will not obviously
improve overall ecosystem function, and the cost also needs to
be considered. Similar to the river network systems that exist in
critical source areas (Lane et al., 2009) and critical nodes (Sarker
et al., 2019), tidal channel systems also have critical areas. Thus,
identifying the key damaged area and restoring them may be
more effective for ecosystem functional improvement. In the
present work, we identified the key impaired areas of
longitudinal connectivity and proposed the possible repair
measures. Therefore, we can adopt the approaches and
prioritize the hydrological connectivity restoration of this area
in future repair projects.
5 CONCLUSION

This study was intended to explore the spatiotemporal variation in
longitudinal hydrological connectivity in the YRD. Based on graph
theory, we generalized annual tidal channel networks into nodes
and links and constructed the adjacencymatrices according to their
spatial relationships. The adjacency matrix contained the
information related to nodes and links and could be used to
develop connectivity indices. Four indicators were used to
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analyse the longitudinal connectivity dynamics on the whole scale
of the delta and on the zonal scale of the delta. Our study indicated
that the change in hydrological connectivity varied with scales. On
the whole delta scale, the degree of connectivity showed a weak
increasing trend between 1984 and 2018, containing a clear
increasing stage and a marked declining stage. On the zonal scale
an increased period and a decreased period were found in the
erosion zone and an increased stage and a relatively stable phase
were found in the deposition zone. The variation in longitudinal
hydrological connectivity was closely linked to the morphological
changes in the tidal channel networks. In addition, our study
further identified the key damaged area and the relatively stable
zone of longitudinal connectivity respectively, and proposed the
feasible restoration approach for hydrological connectivity repair.
The discovery of these two critical areas and possible restoration
measure can provides guidance for site selection for future
hydrological connectivity restoration.
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