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Theoretical progress of
groundwater chemical evolution
based on Tothian theory:

A review

Hongzhi Dong and Zongjun Gao*

College of Earth Science and Engineering, Shandong University of Science and Technology,
Qingdao, China

Toéthian theory refers to the gravity driven groundwater flow system (GFS)
theory represented by Toth, which mainly expounds the driving and
distribution law of groundwater. The establishment and development of this
theory not only deepened people’'s understanding of the driving and
distribution law of groundwater, but also greatly promoted the study of
groundwater chemical evolution (GCE). Modern GCE research is mostly
based on Tothian theory, characterized by combining with advanced
scientific and technological means. Based on the clue of time, this paper is
divided into two parts. The first part mainly summarizes the establishment and
development of Toéthian theory, including the exploration of groundwater
driving force and distribution form by hydrogeologists before Tothian theory,
and the enrichment, development and application of Tothian theory by
geologists after its establishment. The second part mainly combs the main
theories and application progress of GCE mechanism research, including the
main theories and findings of GCE research before the emergence of Tothian
theory, as well as the research progresses of GCE after the emergence of
Tothian theory. With the flow of groundwater in GFS, groundwater undergoes
continuous chemical evolution, which eventually leads to the transformation of
hydrochemical types and the gradual increase of total dissolved solids (TDS).
The distribution of GFS and GCE complement each other. The distribution of
GFS directly determines the model of GCE, and the results of GCE also play a
certain role in the distribution of GFS. GCE mainly includes dissolution,
precipitation, cation exchange and adsorption, which is affected by the
physical and chemical conditions of permeable media, organic matter
content and microorganisms. GCE has the characteristics of universality,
sustainability and diversity. With the increasing global population and the
progresses of science and technology, the impact of human life, industrial
and agricultural production on groundwater is deepening. The aggravation of
pollution directly changes the chemical compositions of groundwater,
resulting in changes of the law of GCE.
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Tothian theory, groundwater chemical evolution, groundwater flow system, gravity
driven, human factor
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Introduction

Groundwater, a complex solution containing more than 80
elements, is an important geological force, which is widely
involved in geological processes such as karst, sedimentation,
diagenesis, metamorphism and mineralization (Zhang et al,
2018). Driven by gravity, density difference and heat,
groundwater continuously reacts with the surrounding
environment to complete the transportation and distribution
of materials and energy, and its chemical properties continue to
evolve (Toth, 2009; Jiang et al., 2011; Zhang et al., 2015; Luan
et al.,, 2017; Zhang et al.,, 2018; Meng, 2021; Zhao et al., 2021).
According to Tothian theory, the distribution pattern of gravity
driven GFS is mainly controlled by the terrain. Regional GFS has
multi-level nested systems, i.e., local-GFS, intermediate-GFS and
regional-GFS. It is recognized that regional-GFS is the reason for
the diversity of geological processes (Toth, 1999; Jiang et al,
2010; Judit and Toth, 2015; Jia et al.,, 2020). The discovery of
Tothian theory makes people master the general law of GFS. The
combination of Toéthian theory and groundwater evolution
research greatly promotes the study of GCE, which makes it
possible to reveal the general law of GCE.

The long-term circulation makes the main components of
groundwater controlled by the stratum. Under natural
conditions, the main anions are bicarbonate (HCO3), sulfate
(SO27), chloride ion (CI”) and carbonate (CO%"), and the main
cations are calcium (Ca®" n), magnesium (Mg”"), sodium (Na*)
and potassium (K" (Liang et al., 2012; Ren et al., 2014; Zhou
et al,, 2014; Zhang et al., 2018; Gao et al., 2020; Jia et al., 2020).
Combined with the theory of GFS, the TDS of groundwater
generally increases from the recharge area (RA) to the discharge
area (DA), and the hydrochemical types often show horizontal
zoning, gradually transforming from HCO; — Ca** - M g** to S
03 - M g*" .Ca*", and eventually evolve to CI —Na* (Hao et al,,
2020; Wang et al., 2021a; Zhao et al., 2021). In some areas with
special geological environment, the chemical evolution of
groundwater deviates from the general law. For example, due
to the different geological backgrounds of each region, the
phenomenon of element process in groundwater in some areas
leads to various endemic diseases, such as Sri Lanka, India, the
United States and China (Gao et al., 2014; Kaur et al,, 2019;
Imbulana et al., 2020).

With the gradual expansion of the impact of human
activities on nature, human activities continue to change the
surrounding environment of groundwater, leading to obvious
man-made interference characteristics in the chemical evolution
of groundwater, resulting in obvious changes in the chemical
components of groundwater. Such as nitrate (NOj3) is added to
the main ions in groundwater, the content of heavy metals in
groundwater in some areas exceeds the background values,
arsenic plumbum pollution is spread worldwide, and the
change of chemical compositions of groundwater poses a
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threat to human health to a certain extent (Gao et al., 2014a;
Nan et al., 2008; Sinha and Prasad, 2020; Paolalsiam and Mohan,
2021; Wang et al., 2021b; Xiao et al., 2021; Gao et al.,, 2022). In
addition, with the development of industry and the growth of
population, the natural recharge of groundwater is insufficient to
meet people’s increasing demand for groundwater, the natural
balance of groundwater is broken, and overexploitation leads to
a series of problems such as land subsidence, ground fissures,
land collapse, seawater intrusion and other problems (Zhang
and Zhang, 2019).

Although the research on the chemical evolution of
groundwater combined with Tothian theory has achieved rich
results which were widely recognized, the distribution law and
chemical evolution law of groundwater have changed
significantly under the influence of human activities. In the
context of today’s industrial revolution, combined with To6thian
theory and human activities, mining the new laws of
groundwater distribution and GCE under the influence of
human activities can deepen our understanding of the
diversity of geological processes, explain the chemical change
process of groundwater more comprehensively and objectively,
and better reveal the interaction relationship between
groundwater and environment.

This paper fully integrates the relevant literatures, aiming at
tracing the development and reform of the theory, focusing on
combing the typical literature that can reflect the process of
theoretical development, and analyzing the development of GCE
theory and the main ways of GCE.

Establishment and development of
Tothian theory

Tothian theory is the theory of gravity driven GFS firstly
proposed by Jozsef Toth, a Canadian hydrogeologist. Once
published, it has been widely concerned. After the
improvement and development of many hydrogeologists, it
plays a leading role in hydrogeology. The theory was initially
called “Groundwater multi-level nesting theory” (Toth, 1963),
and later evolved into “Gravity driven groundwater flow system
theory” (Toth, 2009). Finally, it was summarized as Tothian
theory in his article “The evolutionary concepts and practical
utilization of the Tothian Theory of regional groundwater flow”,
published in 2016 (Toth, 2016). This section mainly reviews the
theoretical establishment and development of Tothian theory.

Establishment of Tothian theory

The GFS theory proposed by Toéthian comes from a large
number of previous scientific researches. The main classical
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groundwater researches before Tothian theory are shown in
Table 1. In 1738, Daniel Bernoulli discovered the “Bernoulli
theorem”, which had been widely used in hydraulic research. It
was defined as that the total head of groundwater is the sum of
its position head, pressure head and velocity head, and
groundwater always flows from the position with high total
head to the place with low total head (Maranzoni, 2020). In
1856, French hydraulic scientist Darcy found that the seepage
velocity is directly proportional to the power of hydraulic
gradient based on the concept of head, which is called Darcy’s
Law (Darcy, 1857). In 1885, Chamberlin pointed out that the
topographic elevation difference provided a driving force for
groundwater flow (Chamberlin, 1885). King put forward the
concept of gravity driven groundwater in 1899 (Figure 1A)
(Cederstrom, 1946; Gao et al., 2014b), and Fourmarier
proposed the concept of multistage GFS in 1939 (Figure 1b)
(Zhang et al., 2015). Meinzer, Meinzer and Wenzel respectively
discovered the three-dimensional properties of groundwater
overflow and hydraulic gradient in 1936 and 1940 (Meinzer,
1936; Meinzer and Wenzel, 1940). Hubbert (1940) found that
the driving force of groundwater was the negative value of the
first derivative of fluid potential through Darcy’s law, and drew
an approximate flow model of homogeneous permeable medium
between gas-water interface potential source and valley potential
sink - inter River block network flow diagram (Figure 1C)
(Hubbert, 1940). In 1962, Toth found the defects of Hubbert
flow model in the actual hydrogeological work. Combined with
the general relationship between piezometric tube surface and
terrain in the same well depth in the same rock unit, he applied
Laplace equation to solve the drainage problems of simple basin
(Toth, 1962). After continuous correction and improvement, he

TABLE 1 Main classical theories on groundwater before Tothian theory.

10.3389/fmars.2022.972426

finally put forward the theory of “Nested multistage flow system”
in 1963 (Figure 1D) (Toth, 1963). Toth believed that under the
control of specific physical, geographical and geological
conditions, the groundwater in the basin presented a multi-
level flow mode (composed of local-GFS, intermediate-GFS and
regional -GFS). In each GFS, from the supply source to the
discharge sink, the flow changes from downward movement to
horizontal movement, and then upward movement (Toth, 1962;
Toth, 1963; Zhang et al., 2018).

Development of Tothian theory

Since 1961, Toth has been committed to the research of GFS
and continuously promoted Tothian theory. The improvement
of GFS and its environmental effects are shown in Figure 2. In
2009, Toth systematically combed his scientific researches of
nearly half a century and published the book “Graphic Systems
of Ground Water Flow” (Toth, 2009). During this period, Toth’s
achievements in gravity driven GES could be briefly summarized
as follows: (1) the main driving force of groundwater is gravity.
The gravity penetration theory is proposed to expand the
application scope of GFS theory from homogeneous small
basins to heterogeneous large basins (Toth, 1978; Toth, 1979;
Toth, 19805 Toth, 1995); (2) Reveal the role of GFS in material
transport, hydrochemical evolution and thermal evolution
(Toth, 1966a; Toth, 1984; Toth, 1996); (3) It is considered that
groundwater is an ubiquitous geological agent and the main
reason for geological diversity (Toth, 1971; Toth, 1999; Toth,
2016); (4) It promotes the application of GFS theory in practical
work (Toth, 1966b; Toth, 1977; Toth and Corbet, 1986).

Year Author Mine theory (References)
(Country)
1738 Bernouli ~ Bernoulli’s theorem: The hydraulic head of groundwater is the sum of its position head, pressure head and velocity head and groundwater
(Switzerland) always flow from the position where the hydraulic head is high to the place where the hydraulic head is low (Maranzoni, 2020).
1856 Darcy Darcy’s Law: The seepage velocity is directly proportional to the power of hydraulic gradient (Darcy, 1857).
(France)
1885 Chamberlin  The topographic elevation difference provides the driving force of groundwater flow.
(America)
1899 King Concept of gravity driven groundwater flow (Cederstrom, 1946; Gao et al., 2014b).
(America)
1936&1940  Meinzer ~ Water in rocks tends to move from positions of high to low pressure, both along and across the strata;
(America)  Proposed that the hydraulic gradient has three-dimensional properties (Meinzer, 1936; Meinzer and Wenzel, 1940).
1939 Fourmarier ~ Proposed the concept of multistage GFS (Zhang et al., 2015).
(France)
1940 Hubbert ~ Mapped the flow net of massif between two rivers;
(Canada)  Proposed the concept of fluid potential and the driving force of groundwater is the negative value of the first derivative of fluid potential
(Hubbert, 1940).
1961 Farvolden  General relationship between piezometric surface with topography in wells of same depth within the same rock unit (Toth, 1962).
(Canada)
1963 Toth Groundwater flow pattern: The piezometric surface approximately the topography and several GFSs may be superimposed on one another
(Canada) (Toth, 1962; Toth, 1963).

Frontiers in Marine Science

frontiersin.org


https://doi.org/10.3389/fmars.2022.972426
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Dong and Gao

10.3389/fmars.2022.972426

Potential distribution on the surface
of the theoretical flow region

groundwatertable  groundwater flow line potentiometriccontour  surface water watertable limit Valley bottom elevation

Region of local system of groundwater flow

Boundary between flow systems of different order

/

Region of intermediate system of groundwater flow

Boundary between flow systems of similar order Region of regional system of groundwater flow

FIGURE 1

The evolution diagram of Téthian Theory (A) The cross-section drawn of the gravity-driven groundwater flow by King in 1899; (B) A pattern of
complex flow in unconfined aquifer by Fourmarier in 1939; (C) The groundwater flow net diagram of rivers block by Hubbert in 1940; (D) The
use of upper head boundary for linear function and sine function superimposed conditions to conduct simulated groundwater flow field by

Toth in 1963.
Hydraulic heads:
~ water table R recharge area -Ah  subhydrostatic $ b xerophyte vegetation
equipotential line D colddischargearea h  hydrostatic ¥ phreatophyte vegetation
— streamline lukewarm discharge area +Ah superhydrostatic ) halophyte vegetation
"®  coldspring D thermal discharge area Redox diti R d depend,
lukewarm spring -AT negative temperatureanomaly ~ Eh oxidizing o ccosystem
@ thermalspring +AT positivetemp omaly Eh duci R traces above accumulation
o saline precipi lation zone W sufaceerosion - tandslide
FIGURE 2

Natural conditions and phenomena due to environmental agency of flowing groundwater in drainage basin (modified after Toth, 1999 and Toth, 2016).
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In addition to Toth himself, other hydrogeological scholars
have made continuous exploration based on Tothian theory, which
played an important role in the enrichment, development and
promotion of the theory. Among them, the representative figures
are Freeze and Witherspoon, Maclay, Jay, Schwartz, Engelen, Allen,
Zijl, etc. Freeze and Witherspoon (1966;1967) extended the
application scope of Tothian theory from special cases to general
cases through numerical methods, and explored the influence of
water level and permeability coefficient on groundwater flow mode
(Freeze and Witherspoon, 1966; Freeze and Witherspoon, 1967).
Maclay and Winter (1967) combined To6thian theory with the study
of GCE. They found that the relative concentration of major ions in
groundwater changed regularly from RA to DA. They believed that
the combination of Tothian theory and hydrochemical research
could make people better understand the relationship between
water quality and groundwater movement (Maclay and Winter,
1967). Lehr was one of early hydrogeological experts to carry out the
indoor observation experiment of GFS. He used plexiglass to build a
transparent box filled with sand and resin materials, simulated
sandstone to build a hydraulic model, and clearly observed two
main phenomena in the movement of groundwater: First,
groundwater always moves from high head to low head and the
second is the characteristics of layered movement of groundwater
(Lehr, 1968). Schwartz and Domenico (1973) put forward the
conceptual model of solute transport in GFS in combination with
Tothian theory, and summarized the law of groundwater evolution
involved in the processes of groundwater flow (Schwartz and
Domenico, 1973). Engelen and Jones (1986) participated in the
compilation of the book “Developments in the Analysis of Ground
Water Flow Systems” published by the International Association of
Hydrological Sciences (Engelen and Jones, 1986). Later, Engelen
and Kloosterman (1996) presided over the compilation of the book
“Introduction to flow systems”. The publication of these two books
not only affirms Téthian theory, but also extends Tothian theory to
a wider world to a great extent (Engelen and Kloosterman, 1996). In
1993, Allen et al. explored the movement law of groundwater in
convergent aquifer, and the main conclusions obtained are basically
the same as Tothian theory, which further confirms the applicability
of Tothian theory (Allen T. Hjelmfelt and Pi, 1993). Zijl (1999)
explored the temporal and spatial problems of GFS theory and
found that Tothian theory was also very useful in analyzing the time
and space of GFS and their relationship (Zijl, 1999). Jiang et al.
(2010) found that due to the attenuation of hydraulic conductivity
and porosity depth, the renewal and aging of groundwater in the
basin exist at the same time (Jiang et al.,, 2010). Toth (2016) combed
the development of groundwater flow evolution theory and believed
that the current GFS had broken the traditional concept of aquifer,
and most of the current GFS were non-confined cross stratum flow
systems (Toth, 2016). Zhang et al. (2020a) found that the change of
salinity in groundwater DA would change the position of stagnation
point in GFS, thus changing the migration law of groundwater flow
(Zhang et al,, 2020a). With the maturity of GFS theory, people
actively apply Tothian theory to practical hydrogeological work. For

Frontiers in Marine Science

10.3389/fmars.2022.972426

example, people in countries such as Canada, the United States,
China and Japan have widely used GFS theory in hydrogeological
survey and mapping, water source and sewage discharge site
selection, ecosystem protection and so on; and fruitful theoretical
and practical results were achieved (Cloutier et al., 2006; Palmer
et al., 2006; Han et al., 2009; Toth, 2009; Lei et al., 2012; Zhang et al,,
2015; Ono et al,, 2019). By means of isotopes, it was found that there
was not only a recharge relationship between surface water and
groundwater, but also a GFS at the bottom of the ocean (Krall et al,,
2017; Xu et al., 2018b; Danish et al., 2020). This discovery further
promoted the application of GFS to a broader world.

In China, Tothian theory has also been widely concerned
and applied. Chen introduced Tothian theory into China (Chen,
1987). Wang briefly reviewed the development of Tothian theory
in the Book “Fundamentals of Hydrogeology” and fully affirmed
the significance of Tothian theory in the history of hydrogeology
(Wang, 1995). Later, the book “Fundamentals of Hydrogeology”
compiled by Zhang et al. fully drew lessons from Té6thian theory
(Zhang et al., 2018). The book of Zhang et al. also includes the
multi-level GFS observed by Liang through the GFS
demonstrator (Liang et al, 2010). Based on Tothian theory,
Jiang et al. (2009; 2011; 2012b) explored the relationship
between permeability coefficient and depth, the distribution
law of stagnation points in GFS, the spatial division
characteristics of groundwater age, etc. It was found that the
permeability coefficient in regional GFS decreased exponentially
with the increasing depth, which would affect the distribution of
stagnation points (Jiang et al., 2009; Jiang et al., 2011; Jiang et al.,
2012b). Gao et al. (2013; 2014b; 2014c) successfully observed the
multistage distribution of GFS, the refraction of groundwater in
aquifers with different permeabilities and the driving of heat to
groundwater through simple sand trough experiment (Gao,
2013; Gao et al., 2014b; Gao et al, 2014c). In 2015, Zhang
et al. translated and published Toth’s book “Gravitational
Systems of Groundwater Flow”, which greatly improved the
systematic dissemination of Tothian theory in China (Zhang
et al,, 2015). Zhao et al. (2008) and Zhang et al. (2017)
respectively investigated the GFS in Ordos Basin and they
found that the regional - GFS was consistent with the GFS of
Tothian theory, which provides an excellent example for the
research of Tothian theory and is of great value to the research
and practical application of Tothian theory (Zhao et al., 2008;
Zhang et al., 2017). Wang et al. (2017) proposed three-
dimensional groundwater circulation units and combined
these units into a three-dimensional GFS to obtain the fine
structure characteristics of groundwater circulation (Wang et
al, 2017).

Tothian theory breaks through the concept of aquifer and
makes people realize that there is no absolute water resisting
body (layer) in nature. In the huge structural unit (groundwater
aquifer system or hydrogeological unit), driven by the potential
energy given by the terrain of the RA and the energy difference
between it and the discharge point (place), the continuously
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moving groundwater flow runs in all directions of releasing
energy, with low resistance and smooth flow speed. The gradient
of potential energy reduction is large and so is the energy release,
and vice versa (Gao et al., 2014b; Toth, 1970; Toth, 1978; Winter
et al., 1998; Li and Hao, 1999; Toth, 1999; Toth, 2009; Liang
et al, 2010; Jiang et al, 2011; Wang et al., 2011; Jiang et al,,
2012a; Liang et al., 2013). If we combine the concept of GFS with
hydrochemical methods, we can better understand the
relationship between groundwater quality and movement, and
better study the mechanism of GCE.

Chemical evolution of groundwater

Theoretical progress of groundwater
chemical evolution

The theoretical study of GCE can be divided into two stages
according to the establishment of Tothian theory. The first stage
is the study of GCE independent from Tothian theory before
1963; The second stage is the study of GCE combined with
Tothian theory after 1963.

Before the emergence of Tothian theory, the research on the
chemical evolution of groundwater was generally limited to the
aquifer, but a series of remarkable achievements were still made.
For example, as early as the 1860s, geochemists established the
basic principle of thermodynamic equilibrium that could be used
to distinguish the types of natural water bodies (Glynn and
Plummer, 2005). Early scientists believed that groundwater was
partially balanced, and pH and redox conditions could reflect the
ionic composition, mineral reaction and water stability of water
(Korzhinskii, 1936; Krumbein and Garrels, 1952). There are
many chemical classification methods for groundwater. In 1934,
Schukarev took six main components in water as the basis of
classification and proposed the classification method of natural
water chemical analysis data, which is the most widely used
classification method at present (Zhang and Zhang, 2019). In
order to more conveniently represent the chemical types and
characteristics of groundwater, Piper three-line diagram (1944)
and Durov diagram (1948) appeared one after another. These
two hydrochemical diagrams are still widely used in today’s
hydrochemical research. Chadha (1999) proposed a rectangular
chart that could be directly classified by Excel based on the above
two hydrochemical charts (Chadha, 1999). The replacement
order of cations is basically determined. Magnesium is (Mg>" )
preferentially replaced in water containing calcium (Ca*" ) and
Mg** The order of relative replaceability of cations in clay is as
follows: LiJ'>Na+>H+>K+>Mg2+>Ca2+ (Kelly, 1934; Ross, 1943).
Cederstrom (1946) established a groundwater chemical model
with the concept of aquifer (Cederstrom, 1946). It was found
that the mineralization of groundwater in different aquifers
decreased with the increase of depth. At the same time,
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combined with the sampling and analysis data, the
groundwater near the coastal plain was divided into four zones
from west to east: descending zone, hard water zone, soft water
zone and high chlorine zone (Cederstrom, 1946). Back et al.
(1960) proposed the concept of hydrochemical facies based on
aquifer system to describe the main ions in groundwater. It was
found that in shallow sediments of the North Atlantic coastal
plain, the distribution ofHCO; was wider thanSOﬁ' and CI,
whereas NaCl was dominant in deeper sediments (Back, 1960;
Back and Hanshaw, 1971b). In the 1950s, the study of
groundwater isotopes began to show clues. Munnich and
Vogel (1959) used the C method to determine the age of
groundwater (Munnich and Vogel, 1959). Craig (1961)
established the global atmospheric precipitation linear
equation 6D=86'°0+10 to trace the source of groundwater
(Craig, 1961). During this period, great progress were made in
the theoretical research of GCE and many of them are still used
today. However, the research on GCE is still limited, and the
exploration of GCE law in different stages is insufficient.

The emergence of Tothian theory has greatly promoted the
development of GCE. For example, Maclay and Winter (1967)
found that the evolution sequence of main hydrochemical types
of groundwater from RA to runoff area to DA: HCO; —
HCO; + SO} — SO} — SO¥ + ClI- — CI” + SO¥ — CI
(Maclay and Winter, 1967). Based on To6thian Theory, Schwartz
and Domenico (1973) proposed a conceptual model of solute
transport in GFS, which could be defined as: the substance enters
the GFS in the RA, then completes the transportation and
distribution, and finally discharges in the DA; The chemical
and biological effects continuously modify the dissolved
substance throughout the process (as shown in Figure 3)
(Schwartz and Domenico, 1973). Thorstenson put forward the
concept of redox and its application in geochemistry; Then the
sequence of redox reactions in GFS began to be studied
(Thorstenson, 1984). Wang (1995) clearly distinguished the
two concepts of aquifer system and GFS in his research,
within which an ideal model diagram was proposed based on
the hydrochemical evolution of GFS (as shown in Figure 4)
(Wang, 1995). Due to the rapid development of computer
technology, hydrogeochemical simulation based on GFS
originated in the 1960s developed continuously, which played
an important role in revealing the chemical evolution of
groundwater. For example, the granite model proposed by
Garrels and Mackenzi (1967) laid the foundation for
hydrogeochemical simulation (Garrels and Mackenzie, 1967).
In 1971, Back and Hanshaw (1971a) pointed out that the
application of the basic principle of irreversible
thermodynamics in GFS provided a theoretical basis for the
construction of GCE and head distribution prediction model
(Back and Hanshaw, 1971a). With the improvement of
calculation level, PHREEQC began to be widely used in mass
balance calculation based on hydrogen and oxygen in 1990
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Conceptualization of mass transfer in regional groundwater flow (from Schwartz 1973)

(Wolery et al,, 1990). The technology of computer greatly
promoted the research of GCE theory, and provided a new
research tool for this theoretical research. In particular, the
emergence of hydrochemical simulation promoted the
hydrochemical research from summarizing the current
situations and laws to predicting gradually.
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distance, shallow burial and short-time runoff, and its
hydrochemical type remains unchanged in bicarbonate type,
mostly fresh water with low TDS. However, the groundwater in
the regional GFS needs to go through runoff with long distance,
deep burial and long time, and the hydrochemical type of
groundwater gradually evolves. For example, the
transformation from HCO; type to SO}~ type and then to CI”
type mainly goes through certain evolution paths (as shown in
Figure 5) (Li, 1991; Liang et al., 1991; To6th, 1999; Chen et al.,
20105 Liu et al., 2010; Jiang, 2013).

The chemical types of groundwater change with time, and
vary from place to place. It is generally considered that
groundwater experiences such actions as ion alternating
adsorption, precipitation and dissolution of salt substances,
microorganisms such as desulfurization bacteria and nitrifying
bacteria participate in the action, and groundwater undergoes
redox reaction, etc. (Gao et al., 2019; Chen et al., 2020a; Gao
et al., 2020; Xia et al., 2020). The main evolution form of cations
in groundwater are shown in Figure 6. In the RA, atmospheric
precipitation enters the GFS through the aeration zone. In this
process, leaching first occurs. Ca*t, Mg2+, Na* in soil or rock are
dissolved into groundwater. Due to the low content of CO, in the
RA and high content of TDS in atmospheric precipitation in the
RA, the dissolution of Ca®*, Mg2+ in this period is greater than
Na®. In the runoff area, with the migration of groundwater, TDS
continues to increase and the content of CO, decreases, along
with the decrease of the solubility of Ca®" and Mg, and the
solubility of Na* changes little. At the same time, Ca**. and Mg>"
in groundwater exchange and adsorb with Na" in surrounding
geological bodies, so that the content of Ca** and Mg in
groundwater in the runoff area can either be greater or smaller
than Na®. The TDS of groundwater in the DA continues to
increase, the water pressure decreases during the discharge
process, Ca** and Mg>" precipitate, and Na* continues to
dissolve. Finally, the Na" content in groundwar is greater than
Ca** and Mngr (Ren et al., 2014; Wang, 1995; Zhang et al., 2015).

The evolution form of anions in GFS can be shown in
Figure 7. In the local GFS, the groundwater actively
participating in the modern water cycle is discharged to the
surface through short-distance, shallow burial and short-time
runoff, and its hydrochemical type remains unchanged in HCO3

10.3389/fmars.2022.972426

type, characterized by low TDS of most fresh water. However,
the groundwater in the regional GFS needs to go through long-
distance, deep burial and long-time runoff, and the
hydrochemical type of groundwater gradually evolves from HC
05 type to SO} type and then to CI” type (Wang, 1995; Ren
et al, 2014; Zhang et al., 2018). When the RA is dominated by
limestone and dolomite, the main chemical reactions are (Zhang
et al., 2018):

® CaCO; +H,0 + CO, — 2HCOj + Ca?*

® MgCO; + H,0 + CO, — 2HCO; + Mg**

>

When the RA is dominated by albite and calciclase, the main
chemical reactions are:

® Na,ALSi O, +2CO, + 3H,0

— 2HCOj; +2Na* + H,ALSi,O, + 4Si0,

@ CaO - AL, 0; - 2Si0, + 2CO, + 3H,0
— 2HCO; + Ca** + H,ALSi, O
Main chemical reactions in RA:

® CaSO, -2H,0 — Ca* + SO +2H,0

® FeS, +70, +2H,0
— 2FeSO, + 4H" + 2805~ (oxidation environment)
Main chemical reactions in the DA:

® SO +2C+2H,0

— H,S + 2HCO;3 (reducing environment)

New theories and methods of
groundwater chemical evolution

In the current situation of increasingly serious water
pollution caused by the development of industry and

Cr

FIGURE 5
Three paths of groundwater chemical evolution
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FIGURE 6
Schematic diagram of cation evolution in groundwater flow system.

agriculture, the traditional groundwater theories are facing
enormous challenges. Therefore, new theories and wider
research range related to groundwater arise. Due to the rapid
development of computer level, the innovation of new testing
methods like isotopic methods, the hydrogeochemical analysis
has become more and more convenient and effective.

New theories of groundwater chemical
evolution

(1) The reverse cation exchange mechanism has been
gradually revealed. Monsoon climate (Kumar et al., 2009),
environmental pollution (Reddy et al., 2012; Guma et al,
2021), water acidification (Zaidi et al., 2015), seawater
intrusion (Chen et al., 2020b; Roy and Zahid, 2021) and other
problems may become the trigger mechanism of the reverse
cation exchange process. Through leaching experiment, David
and Dimitrios (2002) found that when the soil leaching time
reached 15-100h, reverse cation exchange occurred (David and
Dimitrios, 2002). Reverse cation exchange can reduce the
content of Ca’* and increase the content of Na® in
groundwater (Askri, 2015), which can be expressed as: Ca’
T(Mg®")-water+2Na"—clay=2Na*~water+Ca®*(Mg>*)—clay
(Chen et al., 2020b).

(2) The content of NO;3 in groundwater increased
significantly, and the traditional GCE theory encountered new
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challenges. Since the mid-20th century, nitrogen fertilizer has
been widely used in agricultural production, resulting in the
continuous increase of NO3/CI” content in groundwater in
agricultural areas (Abascal et al., 2021) and affecting
hydrochemical types (Xu et al, 2018a). In some areas, nitric
acid water has appeared (Zhou and Zhu, 2014). The entry of
NOj3 into groundwater triggered a series of chemical reactions
(Mahagqi et al, 2021), which changed the original chemical
evolution of groundwater to a great extent (Zaryab et al., 2022;
Zhang et al., 2022). For example, the nitrate could be eliminated
from nitrate-polluted groundwater by this chemical reaction: 5
CH,0 + 4 NOj = 2N, + 4HCO3 + CO,+3H,0 (Mahaqi et al,,
2021). There is a strong correlation between NO; and CI, and
denitrification occurs when the ratio of NO3/CI™ decreases
(Rezaei et al.,, 2017; Su et al., 2020). NO; content was
negatively correlated with pH and Mn>*, and positively
correlated with ORP (Oxidation-Reduction Potential) (Cong
et al,, 2021; Gomez et al., 2002). Nitrogen cycle will affect the
migration and transformation of arsenic (As) and iron (Fe) (Gao
et al., 2021b; Smith et al.,, 2017)

(3) The atmosphere is providing more CI” for groundwater,
resulting in significant changes in the hydrochemical type. CI” in
groundwater mainly comes from precipitation and salt
dissolution (Zhang et al, 2018). With the growth of runoff
path, CI” in groundwater gradually occupies a dominant
position (He et al, 2011). As mentioned above, most of the
groundwater in the vadose zone is HCOj type r and CI type in

frontiersin.org


https://doi.org/10.3389/fmars.2022.972426
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Dong and Gao

Oxidizing

Recharge area

HCO; +SO* +CL’

CL’
— 50!
— HCO;
-
o
S
® o
=
> The main anion is HCO; :
S | Major chemical reactions
D2R®

Runoffarea

10.3389/fmars.2022.972426

Reducing

Discharge area

The main anionis CL’

© Major chemical reactions :

The main anion is SO} : @
Major chemical reactions :

Groundwater flow direction

FIGURE 7
Schematic diagram of anion evolution in groundwater flow system.

the DA. However, with the intensification of industrial pollution,
the concentration of CI” in the atmosphere increases due to the
massive emission or discharge of chlorinated compounds, and
the CI” supplied to the groundwater through rainfall continues
to increase, which makes the groundwater in the vadose zone in
some areas only present a CI” type. For example, it’s found that
CI” of the groundwater in vadose zones in some valleys may
come from the atmosphere rather than geological bodies
(Gardner et al,, 2020). In some coastal areas, the initial type of
groundwater may also show CI~ type due to the influence of
seawater aerosol (Gao et al., 2017).

(4) The research on the migration and transformation
mechanism of heavy metals in groundwater has attracted more
and more attention. With the rapid development of urbanization
and industrialization, there are many forms of heavy metal
pollution worldwide. The migration and transformation
mechanism of heavy metals in groundwater have attracted
extensive attention (Adimalla, 2019). For example, in recent
years, scientists have found that the increase of CI~
concentration is conducive to the migration of Mn** | and
seawater intrusion can promote the release of Mn*" from
rocks to groundwater and enrich Mn>' in groundwater
(Russak et al., 2016; Gao et al., 2021a). Fe and Mn>* ions can
form complexes with other anions in groundwater to increase
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the dissolution of As (Zhang et al., 2020b). Natural colloids are
conducive to the diffusion of heavy metal ions (Cai et al., 2016),
and low pH conditions are more conducive to the dissolution of
heavy metals (Jacques et al., 2008).

New methods of groundwater chemical
evolution

(1) More isotopes and isotope models are involved in the
study of hydrochemical evolution.

In addition to the traditional *C, *H and '%0O isotopes
widely used in groundwater traceability analysis (Craig,
1961; Zhang et al., 2006), isotopes such as 3264, 37 Ar, ®Kr,
87Sr, 2°Ra and ***Rn are gaining more and more popularity
in terms of groundwater source and age analysis (Knies et al.,
2000; Bauer et al., 2001; Krall et al., 2017; Danish et al., 2020;
Seltzer et al., 2021), which makes the research on GCE more
diversified. Isotope mixing model and Bayesian mixing
model are also widely used in the identification of
pollutants and the calculation of pollutant contribution
rate (Zhang et al.,, 2022).

(2) Groundwater simulation is gradually moving towards
artificial intelligence based on big data.
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The traditional hydrogeochemical software such as
MINTEQA2, WATEQ, Netpath, EQ3/6 and PHREEQC/QE
are constantly upgraded (Zhang and Zhang, 2019), and the
functions of groundwater flow numerical simulation software
such as GMS, MODFLOW and FEFLOW are more and more
perfect (Li et al., 2021; Liu et al, 2022a). Neural network
learning, deep learning and machine learning based on big
data have been widely applied to solve the problem of high-
dimensional uncertain GCE (Mo, 2019; El Bilali et al., 2021). For
example, Liu et al. (2022) explored the low-temperature
hydrogeological process of frozen soil environment through
three-dimensional numerical simulation (Liu et al., 2022b).
Meanwhile, it is a significant trend that big data models were
employed to study the groundwater pollution. Podgorski and
Berg created a global prediction map of groundwater arsenic
exceeding 10 mg/L using a random forest machine-learning
model based on geospatial environmental parameters and more
than 50,000 aggregated data points of measured groundwater
arsenic concentration (Podgorski and Berg, 2020). Keesari et al.
studied big data and environmental sustainability based
integrated framework for isotope hydrology applications in
India (Keesari et al., 2021). Correa et al. proposed and
Embedded Edge-processing IoT-based Water Quality
Monitoring system for the sake of proper decision-making
(Correa et al, 2022). Wang et al. applied more than 4600
water samples for the artificial neural network to predict
genesis, occurrence and distribution of high iodine
groundwater in China (Wang et al, 2022). Using the similar
method to Wang et al. (2022), Cao et al. predicted geogenic
groundwater fluoride contamination throughout China (Cao
et al, 2022). Xiong et al. (2022) applied machine learning to
optimize the groundwater pollution monitoring network (Xiong
et al,, 2022). Tt is also noted that geological big data sharing
service has received great attention from the governments. For
example, the British Geological Survey, supported by the British
government, is the first country to build the geological database
and they are at the forefront of sharing data worldwide through a
comprehensive system in this decade (Normile, 2019; Wen et al.,
2021). In China, the Chinese Geological Survey also shows the
sharing attitude by developing and opening a geological database
called “GeoCloud”, within which a wealth of groundwater data
was accessible (Lei et al., 2021). By sharing the groundwater
database between different regions, hydrologists can use different
types of databases from similar geological background for
reference and achieve comparative results of GFS and GCE
(Normile, 2019).

In short summary, implementation of big-data methodology
in terms of isotope hydrology, water pollution and
environmental sustainability has drawn more and more
attention. The connected and sharing geological database
throughout China or other regions in the world makes it more
convenient to carry out big-data based groundwater research.
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Conclusion

From Darcy’s Law (1856) to GFS theory (1963), then to
Tothian theory (2016), scientists have been exploring the flow
law of water for more than 160 years and will continue to do so.
In the more than 50 years since the establishment of GFS force
theory to finally become Tothian theory, its connotation has
been gradually enriched through the continuous development,
enrichment and practice of many hydrogeologists. Tothian
theory mainly covers the distribution and driving mechanism
of GFS, the transmission and distribution of matter and energy
by GFS, the interaction between groundwater and environment,
and the environment associated phenomena brought by
groundwater. Tothian theory is a milestone in the history of
hydrogeology, which breaks the concept of aquifer and promotes
the development of hydrogeology from small-scale
homogeneous basin to large-scale heterogeneous basin. As a
universal geological agent, the environmental effect of
groundwater is gradually accepted by people. With the
progresses of science and technology, the research scopes of
GFS have been extended from the original saturated zone to the
non-saturated zone, realizing the leap from two-dimensional
space to three-dimensional space, and describing the structural
characteristics of GFS more finely.

The research on the mechanism of GCE based on GFS
theory and Tothian theory have promoted each other and
grown together in the past 50 years. People have mastered
some general laws of GCE, such as: (1) the replacement order
of cations in the process of cation exchange adsorption, (2) the
main water rock reactions and the main hydrochemical types in
the RA, runoff area and DA under different geological
backgrounds, (3) horizontal zoning of GCE. (4) in GFS,
groundwater TDS generally increases from RA to DA, (5)
sources of groundwater in GFSs in different regions, (6)
location and sequence of redox reaction. With the expansion
of the research scopes of GFS to the unsaturated zone, soil
microorganisms and CO, have become a research hotspot in the
study of GCE. The maturity of traditional isotopic methods and
the addition of new isotopes have greatly improved the reliability
of the research conclusion of hydrochemical evolution. The
maturity of hydrochemical evolution software and the
application of neural network learning and deep learning have
solved the high-dimensional uncertainty problem.

With the deepening of theoretical research, more and more
scientists are aware of the interaction between the distribution of
GFS and GCE. The theoretical problems of GFS and the research
of GCE are interdependent and inseparable. In order to better
deal with the problems of GFS distribution change, GCE
environment change and groundwater pollution caused by the
further intensification of human transformation of nature in the
21st century, it is also a difficult problem for hydrogeologists to
comprehensively use the scientific research results of Tothian
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theory and GCE mechanism to promote the harmonious
coexistence between man and nature.
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Coastal regions are highly vulnerable to the impacts of human activities, land
cover change, sea level rise (SLR), and climate extremes. In this study, we
attempt to address this issue by simulating the spatial interactions among
natural hazards, ever-increasing human activities, and social vulnerability in the
south coast of the Bohai Sea, China. It is found that the activities occurring on
land, especially within coastal environments, such as agricultural pond and
ports, and those in the ocean (tide and residual current) both impose disaster
risks on the marine environment. In 2020, 25.2% of the total study area is highly
vulnerable, which is 21% larger than that in 1997. The socially vulnerable areas
are mainly distributed in the southeast coast of the Laizhou Bay. These areas
should be strengthened to reduce and prevent the storm surge and flood
disasters. Ultimately, we emphasize the urgent needs to implement effective
policy measures for reducing tomorrow's risks from natural hazards.

KEYWORDS

coastal vulnerability index, reclamation, hazards, hydrodynamic environment,
coastline change

1 Introduction

The south coast of the Bohai Sea (SCBHS) is an important region of mariculture and
salt pan in China (Shi et al., 2022). In recent years, due to their special locations and
unique natural resources, the artificial landscape areas in the coastal regions have been
expending, and consequently, their landscape patterns have been remarkably changed
(Zhu et al., 2018). Other than the land-based sources, the marine construction boom
driven by the expansions of coastal cities, increasing population and economic
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development including the constructions built in the marine
environment with a wide range of purposes (ports and dams of
aquaculture) also contributes to the changes in coastline and
hydrodynamics, and causes natural disasters (SLR, storm surge
and typhoons) (Arkema et al.,, 2013; Jiang et al., 2021; Huang
et al., 2022). The natural disasters in the SCBHS mostly result
from storm surges. The catastrophic storms in the Bohai Sea
usually occur in summer and autumn, on an average frequency
of once every 4 years, and smaller storms happen on the average
frequency of 1-2 times a year, yet which have caused inestimable
losses (Feng et al., 2018; Jiang et al., 2022). In particular, the
coastal regions of the Bohai Bay and Laizhou Bay have
undergone several severe storm disasters. The mean rate of
SLR in the Bohai Sea was 3.8 mmyr™" between 1993 and 2015
(Peng and Han, 2013). Therefore, it is essential to analyze the
coastal vulnerability to human activities.

The quantification of coastal vulnerability index (CVI) has
been extensively studied and well developed in the past several
years. Koroglu investigated effects of the specific hydro-
geomorphological condition ranges in the CVI model
parameter (Koroglu et al,, 2019). Sajjad coupled the human and
natural systems to highlight the necessity of reclamation in
coastal conservation (Sajjad et al., 2018). However, reclamation
changes the coastline and subsequently alters the hydrodynamics.
Therefore, it becomes a key driving force of increasing the CVI
caused by the changes of tidal residual currents, yet is neglected in
previously produced scenarios (Jin et al., 2016). So far, very few
models map the relative vulnerability of a coastal area to erosion
and inundation from the perspective of land-sea coordination
with the urban development characteristics of the region taken
into consideration. It is our goal to fill this gap with a coastal
vulnerability model.

Among the various impacts of SLR, city waterlogging and
storms are the most devastating ones that can cause significant
losses of lives and properties in the coastal regions (Koks et al.,
2015). The original CVI model does not include the unique socio-
economic and demographic characteristics, such as gender, age,
income, access to education and health services of the region. In
addition, the traditional approaches generally examine the
impacts of a single natural hazard, while overlooking the
relationships/interactions between multiple hazards and human
activities. The concept of social vulnerability index (SoVI)
proposed by Sodhi is defined as “the propensity across different
population segments to be affected by natural hazards and other
shocks” (Sodhi, 2016). It can help to identify the critical locations
where disaster risks should be prioritized in the regional policy.

Herein, we conducted a comprehensive survey on reclamation,
landscape type, hydrodynamic condition, urbanization, coastline
change, and protection-development status of the SCBHS. The
nature hazard susceptibility of the region was examined using a
CVI model that included the changes in coastline and
hydrodynamics caused by reclamation. The urban sprawl and
reclamation activities were detected by remote sensing. The SoVI
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of the region was assessed with a composite index tailored for the
case-study area. Finally, the spatial interaction between the CVI
and SoVI was studied. Based on the results, we attempt to provide
a guidance for the regulation of human activities which can
facilitate the coastal management in the nearshore waters and
promote the sustainable development of the area.

2 Materials and methods

2.1 Study area

The study area is a semi-enclosed area located from 37°N to
38.5°N and from 117.5°E to 121°E with 615 km long coastline
from the south of the Binzhou Port to the Longkou Qimu Corner.
The area is surrounded by land in the west and south, including
the sea area from the Yellow River estuary to the Laizhou Bay and
the corresponding coastal area (Figure 1). Coastal area is defined
as a 20 km wide area along the coastline based on the definition of
coastal zone in the Wetland Convention (Nature, International
Union for Conservation of, and Natural Resources and Ramsar
Convention Bureau, 1984). The study area runs across five cities
including Binzhou City, Dongying City, Weifang City, Qingdao
City and Yantai City in Shandong Province, China with a total
regional GDP of 2327.7 billion RMB and a total population of 31.4
million (Shandong Statistical Yearbook, 2021).

2.2 Coastal vulnerability index

The CVI model proposed by Gornitz (1990) can assess the
coastal vulnerability to SLR, particularly due to erosion and/or
inundation. The model ranks the exposure index of each point of
the coastline at a specified interval, but does not directly value any
ecosystem service, such as coastal zone and coastal wetland (Gornitz
et al., 1997; Hammar and Thieler, 2001). It is known that the
characteristics of a given coastline result from the interactions
among geomorphology, SLR, wave height, tidal range, and storm
frequencies. The relative magnitudes of these variables change from
place to place, which induces nonuniform responses of the coastline
to SLR. Therefore, we attempt to establish a coastal vulnerability
model under anthropogenic impacts, aiming to cover the
deficiencies of the conventional model.

The CVI under the human activity framework involves the
coastal assessment that quantifies the coastal vulnerability using
remote sensing and satellite altimeter observation data. The
conceptual framework is shown in Figure 2A. The traditional
human activities on land, such as agricultural production and
urban development, alter the natural landscapes and increase
artificial landscapes (Yang et al., 2021). The ocean-based human
activities, such as reclamation and mariculture, directly affect
marine habitats. By incorporating the human activity responses
into the CVI model, the parameters are determined as detailed in
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FIGURE 1
Location and topography of study area.

Figure 2B. The CVI is then calculated using a spatial representation
of the bio-geophysical variables including geomorphology, SLR,
coastal slope, regional elevation, coastline change, significant wave
height and tidal range. The obtained CVIs are ranked from very low
exposure (rank=1) to very high exposure (rank=7) based on the
combination of the user- and model- defined criteria by the method
of Gornitz (Gornitz et al., 1997; Hammar and Thieler, 2001). The
score ranges and ranking are summarized in Table 1 (Koroglu et al.,
2019; Wang et al, 2021). The calculation using a spatial
representation of the bio-geophysical variables was referred to the
InVEST User’s Guide (https://naturalcapitalproject.stanford.edu/).
The adjustments of major parameters are shown in Figure 2B.

2.2.1 Geomorphology

Geomorphology refers to the geomorphological features
resistant to erosion. Rocky cliffs play a vital role in reducing
the impacts of coastal hazards. They are less prone to erosion

than beaches and deltas. Different coastline geomorphologies are
ranked by the method of Hammar and Thieler, 2001. Since we
will further assess the coastline in the study area by remote
sensing (See 2.3.1), two more coastline geomorphologies, dams
of aquaculture and salt, are included in this index based on the

remote sensing images.

2.2.2 Coastal slope and regional elevation

Coastal slope and regional elevation are the indexes
evaluating the relative risks of inundation. For the gently
sloping coasts, any rise in sea level would inundate a large
extent of land. The coastal slope and elevation data of the study
area are downloaded from http://www.gscloud.cn.

2.2.3 Coastline change
Reclamation activities for industrial and agricultural
developments expand the land area and change the coastline
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TABLE 1 Evaluation system of CVI.

Indexes/score

Very Low/0.2 Low/0.4
I,: Geomorphology 0} ®
I,: regional elevation (m) >30 21-30
I5: coastal slope (%) >12 8-12
1,: Coastline change(m/yr) 0 0-5
Is: Sea level change(mm/yr) <0 0-1.0
Is: Mean wave height(m) <1.1 1.1-2.0
I;: Mean tidal range(m) >6.0 4.1-6.0

10.3389/fmars.2022.1015781

Ranking of CVI

Moderate/0.6 High/0.8 Very High/1

@ ® ®

11-20 6-10 0-5

4-8 2-4 0-2

5-10 10-20 >20

1.1-20 2.1-4.0 >4.0

2.0-2.25 2.25-2.6 >2.6

2.0-4.0 1.0-1.9 <1.0

@, Rock, high cliff, and seawall; @, Medium cliffs, rugged coasts, bulkheads, and small seawall (dam of aquaculture and salt); @, Low cliffs, glacier drifting, alluvial plains, revetments, and
stone walls; @, Estuary wetland and lagoon; and ®, Barrier beach, beach, tidal flat, farmland, and delta.

position. In the CVI model, coastline change is also an index for
assessing the potential impacts of natural hazards (Koroglu et al.,
2019). The change rate of coastline position is calculated using
the ArcMap extension module and Digital Shoreline Analysis
System (DSAS). DSAS generates a landward baseline from which
orthogonal transects are cast at 3-km intervals. The intercepts
between the transects and coastline are recorded to calculate the
annual change rates (Thieler et al., 2009). A total of 205 change
rates, each corresponding to a DSAS transect, are obtained.

2.2.4 Mean wave height

The data of wind and wave was obtained by reanalysis of the
six-year (2005-2010) WAVEWATCH III model HINDCAST
from NOAA (Gornitz, 19905 Sajjad et al., 2018).

2.2.5 Tidal range

To estimate the spatial variation range of tide in the SCBHS,
multi-mission satellite observations from the TOPEX/Poseidon
were assimilated into a 2-D tidal model by the adjoint method
(Lu and Zhang, 2006). The assimilation process can be
summarized as follows.

1) Land-sea grid construction
The land-sea grid is constructed by the following steps:

Step 1. A 2-dimensional (2D) hydrodynamic model with the
medium resolution square meshes (2°x2’ grid,
approximately 30 m) fitting the coastline is constructed
using the Arakawa C grid.

Step 2. By comparing the current geographic distribution data
of land-sea from the National Earth System Science Data
Center (http://www.geodata.cn/data) and those of different
years, the shrinkage or expansion of coastline is processed.

Step 3. The ETOPO1 bathymetric data are matched to the
grids and the values of the rest nodes are interpolated.
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Step 4. The coastline in each grid versus water depth are
matched, and the grids are divided based on the dryness and
wetness to obtain the control field of sea-land distribution.

2) Tidal modeling with adjoint method

The distributions of the M, tidal constituent in the SCBHS in
1985, 1997, 2010 and 2020 are simulated by combining the T/P
observation data. The numerical schemes for the forward model
and the adjoint model are given in the Appendix Al and A2. The
coastline changes caused by reclamation and the corresponding
hydrodynamic changes (tide level and velocity) are also included
in the tidal model.

3) Model configuration

The 2-D tidal model covers the area of SCBHS from 37°N
to 38.5°N and from 117.5°E to 121°E with the spatial resolution
of 1/12°x1/12°. The gridded topography is adopted from
ETOPO1. The maximum water depth of the study area is 85
m. The topography is gridded with the Arakawa C grid, where
the water level is put at the grid center and the two velocity
components are defined to be perpendicular to the edges of
the grid.

The closed boundary conditions for our model are zero flow
normal to the coast. That is, i - i = 0 for the grid points at closed
boundary, where 1 is the outward unit vector and u = (u,v) is the
velocity vector. The Beijing standard time (referred to the
meridian of 120°E) is adopted throughout this study.

Along the open boundaries, the water elevation of the M,
tide at the jth time step is given as (), , = gy + [a; cos (wjAt) +
by sin (wjAt)], where (m;,n;) stands for the grid points at the open
boundaries, w is the frequency of the M, constituent, and a;, b,
are the Fourier coefficients. The open boundary conditions of
water elevation are obtained by assimilating the T/P data using
the adjoint method, and are fixed in all experiments
(He et al., 2004).
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4) Model validation

The reliability of the assimilation was evaluated by testing
the harmonic constants using amplitude difference, phase
difference and vector difference as the evaluation criteria. The
vector difference can be expressed as:
A= [(Hacos g, — Hycos gd)2+(Hasin g —Hy sin gd)z]l/2
(6]

The evaluation results are listed in Table 2.The simulation
results are validated with the observation data of the 59 tide
gauge stations. The mean absolute errors (MAEs) between the
simulated and measured amplitudes, phases and vectors are less
than 3.1 cm, 5.3° and 4.4 cm, respectively. The root mean square
errors (RMSEs) between the simulated and measured
amplitudes, phases and vectors are smaller than 3.6 cm, 7.1°,
and 5.1 cm, respectively. The MAEs and RMSEs of the three
parameters meet the requirements, and thus the model is valid
(Cheng et al., 2007; Pan et al., 2021).

2.2.6 SLR

A polygonal vector that can describe a unified range of sea
level change is needed to characterize SLR. In this work, it is
assumed that the eustatic sea-level in China is similar to the global
SLR projected by IPCC in the 5th assessment report (IPCC, 2013).

2.2.7 Calculation of CVI
The CVI of the i-th section in the coastal wetland ecosystem
is then calculated with Eq. (2).

CVI=\TL+L+L+L+++ )

where “I” is the exposure rank of each variable.

2.2.8 Spatial visualization of CVI

The obtained CVIs are visualized by the GIS analysis method
and equal interval breakpoint method with the vulnerability
ranks of very low (0-1.39), low (1.40-2.79), medium (2.80-4.19),
high (4.20-5.59) and very high (5.60-7.0). The amplified risks of
natural hazards can lead to life-threatening storm surge and
flooding and destruction of ports, villages, roads and other
coastal infrastructures, which alarms the low-lying of SCBHS.

TABLE 2 The comparison of the calculated and measured.

10.3389/fmars.2022.1015781

To accommodate spatial heterogeneity, the visualization is
extended 20 km inland from the edge of the coastline.

2.3 Human activity intensity

HAI refers to the degree of disturbance of an area affected by
human activities (Wen, 1998; Xu et al, 2015). At present, the
quantification of HAI based on the comprehensive indexes and
land-use change has become the most widely used method with
its advantages of simplicity and universal (Feng et al., 2017; Liu
et al, 2018). In this study, HAI is calculated with the areas and
influence coefficients of different types of land within a specific
region to evaluate the disturbance of human activities to the
nature (Chi et al., 2017; Chi et al., 2018a).

2.3.1 Remote sensing data processing

Landsat products of 1985, 1997, 2010, and 2020 (cloud cover: 0-
5.46, resolution: 30 mx30 m) were obtained from the Geospatial
Data Cloud site (http://www.gscloud.cn). Based on the remote
sensing images, the landscapes in the study area are classified as
natural landscape or artificial landscape. Wetland vegetation, tidal
flats, bare lands, and water areas are natural landscapes. Farmland,
aquaculture pond, saltern, and building land are considered as
artificial landscapes (Sun et al., 2016; Chi et al., 2018a). The
information of the remote sensing images (Table A1) and specific
interpretation signs of different land cover types (Table A2) can be
found in the Supplementary Material.

The verification method of remote sensing data: accurate
control of landscape types is through corresponding Google
Earth map with a resolution< 1 m, a total of 2145 validation sites
(one site is set every 4 km) are selected, the contrast between our
land cover types and the Google Earth map is conducted using
an error matrix, the overall accuracy is 92.1%, which achieves a
good performance (Chi et al., 2018b).

2.3.2 Spatial visualization of HAI

To characterize the spatial heterogeneity of HAI in the study
area, the impact intensity of different types of landscape are
estimated. The maximum impact intensity is applied to the
center of the landscape. Each type of landscape is assigned with a

AD (cm) PD (°) VD (cm)
MAE RMSE MAE RMSE MAE RMSE
1985 2.9 3.2 4.4 7.1 40 48
1997 3.1 3.4 53 7.7 3.9 45
2010 3.0 3.0 45 5.8 4.0 4.4
2020 3.1 36 45 5.0 4.4 5.1

AD, amplitude difference; PD, phase difference; VD, vector difference; MAE, mean absolute error; and RMSE, root mean square error.
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human impact value, 1 for building area, 0.4 for saltern and
aquaculture pond, and 1 for farmland (Chi et al., 2018b).

The spline function can interpolate points onto a grid
surface by the 2D minimum curvature spline method to form
a smooth surface passing exactly through the input points (Shi
et al, 2020). Herein, the evaluation indexes are spatially
interpolated. HAI is ranked from low vulnerability (0-0.33),
medium vulnerability (0.34-0.66) to high (>0.67) vulnerability
and visualized by the equal interval breakpoint method and the
GIS analysis method.

2.4 Social vulnerability index

SoVI emphasizes the different burdens of disaster losses
within and between places (Chen et al., 2014). It has been well
recognized, and can be adapted to other different contexts
(Boruff and Cutter, 2007; Holand and Lujala, 2013). The most
frequently used SoVI methods are based on composite indicators
(Boruff and Cutter, 2007). This paper aims to provide the
empirical analysis of the spatial distribution of SoVI and its
underlying social, economic, and political causes in SCBHS
region at the local scale.

2.4.1 SoVI identification

The rapid economic development and population growth
have caused more natural hazards in the SCBHS (Feng et al.,
2018). With the focus on assessing the social vulnerability and
responses of coastal cities to natural hazards, we identified 7
secondary indexes from the most recent Statistical Bulletin of
Shandong Province and placed them into three first level indexes,
e.g., population, informatization level, and social security
(Table 3). The population index is composed of two variables.
Young children (under 14 years old) and older adults (over 60
years old) are commonly regarded as the most vulnerable
members of the population. The urban areas with higher
population densities are more challenging in evacuation after a
disaster. The informatization level index is composed of two
variables, e.g., the number of mobile telephone subscribers and
the number of broadband internet subscribers, that reflect the
accessibility to disaster information for timely rescue. The lack of
access to these services indicates a lower capability of hazard
warning. The social security index is composed of three
secondary indexes. The lack of access to basic social security
services, such as health institutions and hospitals, may
compromise the health and safety of the local population
(Siagian et al.,, 2013; Mesta et al., 2022).

Given the unique local characteristics of the study area, we
only chose the 7 variables from those leveraged by Mesta et al.
(2022) for further analysis. The study area has undergone rapid
urbanization and substantial economic growth since the Chinese
economic reform. The nine-year compulsory education has been
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TABLE 3 Evaluation system of SoVI.

First level Second level indexes

indexes

Population Ig: Percentage of population under age 14 and over age 60
Iy: Population density f(cap/km?)

Informatization I,: Average number of mobile telephone subscribers per

level person

I;;: Average number of internet broad band subscribers
per person

Social security I,,: Average number of participated in social insurance

per person
I,5: Number of health institutions per square kilometers

I,4: Number of hospitals beds per square kilometers

The indicators may be positive or negative, depending on their properties. The greater the
positive indicators, the higher the SoVI. The negative indicators are the opposite. I and Iy
are positive. I, I3, I12, I;3 and I;4 can be negative.

implemented since 2006, which provides basic safety education
and training for all minors. Therefore, the economy and
education indexes are excluded, but the indexes of health
institutions and hospital beds proposed by Holand and Lujala
(2013) are included in our study.

Previous studies suggest that social vulnerability remains in a
stable state over time. Zhou et al. (2019) reported that only 18%
of counties in China underwent significant increases/decreases
in social vulnerability in the past 30 years. However, the
potential changes in social vulnerability can occur gradually
due to the influences of population changes, such as aging and
family planning policy, or take place almost instantaneously
owing to typhoon and flood disasters that cause casualties, losses
of constructions, and decreases in crop land. These changes are
ongoing, which makes it more difficult to measure and quantify
social vulnerability. Therefore, this paper excludes the effects of
potential changes in indexes.

2.4.2 Calculation of SoVI

Each index value (I,,,) is normalized into the score range of
0-1.0, where the minimum index value (min,,) is 0 and the
maximum index value (max,,) is 1. Max,, and Min,, are the
maximum value and minimum value, respectively, of indicator I
within each administrative unit. The normalized value (NV,) is
calculated with the equations below.

NV,, = max,, - I,,/max,, - min,, (is the positive indicator)
(3)

NV,, = I, - min,,/max,, — min,, (is the negative indicator)
(4)

The score of each index is defined as the arithmetic mean of
the corresponding NV, values. The overall SoVI is obtained as
the weighted average of each of the first level indexes, i.e.:
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SoVI = Iy + 1o +110+I11 +112 + 13+ 1y
2 2 3

)/3 (5)

2.4.3 Spatial visualization of SoVI

The obtained SoVIs were then ranked from low vulnerability
(rank=0) to high vulnerability (rank=1) and visualized by the
equal interval breakpoint method and the GIS analysis method.

3 Results
3.1 Coastal vulnerability index

3.1.1 Evaluation results of sub-indexes
3.1.1.1 Changes in reclamation and change rate

Figure 3A shows the three development stages of
reclamation in the SCBHS which have resulted in 1139.5
km? increase in the cumulative reclamation area. During the
study period, reclamation activities mainly occurred on the
north coast of the Yellow River estuary (36.5%) and the south
coast of the Laizhou Bay (28.0%). The activities caused the
mean net coastline movement of 184.8 m/yr (median, 73 m/
yr). Most coastline movements were distributed on the north
coast of the Yellow River and the south coast of the Laizhou
Bay, with the mean net values of 344.8 m/yr and 263.2 m/yr,
respectively. 81.3% of the SCBHS coastline mapped in 2020 is
within 0-140.4 m from their positions in 1985, and more
than 52.3% of coastline expands more than 1 km to the
sea (Figures 3B-D). In particular, the reclamation in 1985-
1997 is much more aggressive than those in other periods, and
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the reclaimed lands are mainly used for agriculture
and mariculture.

3.1.1.2 Changes in hydrodynamics

In the past 35 years, the coastline in SCBHS has already
undergone significant spatial-temporal changes. Marine
constructions, such as ports and wharves, rapidly bulge along
the coast and extend toward the ocean. In addition, a ginormous
amount of sediment from the loess region has formed a mega-
delta in the Yellow River Estuary (Figures 4A-D).

Figure 4 shows the co-tidal charts in 1985, 1997, 2001, and
2020. The M, tidal constituent was stable in 1985, and only slight
movements were observed on the amphidromic points, but its
amplitude increased in 1997, 2010 and 2020 as the coastline
changed (Figures 4A-D). It is worth noting that, compared with
that in 1985, the amplitude of the M, tidal constituent in the
north of the Yellow River Estuary increased by 14-20 ¢cm in 2020,
equivalent to the 14-20 cm rise of seabed (Figures 4E-G).

3.1.2 Spatial-temporal changes in CVI

From 1997 to 2020, the high-intensity urban construction,
reclamation and the corresponding hydrodynamic changes led
to the rapid natural habitat loss and significantly increased the
coastal vulnerability. In particular, the very high vulnerability
area increased by 3.6-folds in 2010 (Figure 5D). The CVI on the
coast is 1.1 (very low vulnerability) in 1997, 3.4 (medium
vulnerability) in 2010, and 4.1 (medium vulnerability) in 2020
(Figures 5A-C). In terms of spatial distribution, most locations
in the central of less elevated wetland plains, especially the
western area of the SCBHS, show very low or low
vulnerabilities. In contrast, the vulnerabilities of many artificial
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FIGURE 3

Spatial distribution of reclamation activities (A) and coastline change rates determined by DSAS from 1985 to 1997 (B), 2010 (C) and 2022 (D).
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Amplitudes and phases of M, tidal constituents in 1985 (A), 1997 (B), 2010 (C) and 2020 (D). Solid black lines represent the phase (°), and dotted
black lines denote the amplitude (cm). (E-G) show the changes in M2 tidal constituents during these three periods. Solid black lines represent
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landscapes, mostly in the southeastern areas of the SCBHS, are
high or very high.

The spatial distribution of CVI in 2020 reveals that 35.8% of the
study area with the total area of 3082 km? is moderately vulnerable,
and the highly vulnerable areas with the CVI values of 4.1-6.0
account for 11.4% of the total area. These highly vulnerable areas are
mainly distributed along the eastern coastline of the Laizhou Bay.

Frontiers in Marine Science

3.2 Spatial-temporal changes in HAI

3.2.1 Natural landscape degradation

Figures 6, 7 summarize the spatial and temporal distributions
and area changes of artificial landscape in the SCBHS during
1985-2020. The artificial landscape area including saltern,
aquaculture ponds and building land increased from 504 km*
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FIGURE 5

Temporal-spatial distribution of CVI in 1997 (A), 2010 (B), and 2020 (C), and the area proportions of different ranks of CVI visualized by the equal
interval breakpoint method with red, orange, yellow, light green, and green representing very high vulnerability, high vulnerability, medium

vulnerability, low vulnerability and very low vulnerability (D).

(6% of the total area) to 2647 km? (31% of the total area) in the 35
years. The changing trends of the areas of different types of
artificial landscapes are different. The total building land area
showed an obvious increasing trend, especially an increase of 17%
from 1997 to 2010, due to the rapid urbanization. The areas of
aquaculture pond and salt pan consistently increased by 5% and
11%, respectively, from 1985 to 2020. On the contrary, the areas of
farmland, wetland land and tidal flat consistently decreased by
16%, 6% and 11%, respectively.

3.2.2 Spatial-temporal changes of HAI

The spatial distributions of HAI in SCBHS during different
periods of time are obtained by the spatial analysis in GIS. It is
found that the HAI of SCBHS in 2020 is highly intense with the
average value of 0.74, and its spatial change is dramatic. From
1985 to 2020, the total area of moderate and high vulnerabilities
increased from 935 km? (11% of the total area) to 1532 km?
(18% of the total area) and the high HAI areas were mainly
distributed in the western and central regions (Figure 8). The
HALI of urban expansion is 0.92 in Yantai City, 0.70 in Weifang
City, 0.85 in Qingdao City, 0.58 in Dongying City, and 0.46 in
Binzhou City. From 1985 to 1997, building land experienced the
highest annual growth rate of 7.6% during the three periods,
showing a very high HAIL The comparison of the spatial
distribution maps of CVI and HAI suggests that the increases
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in artificial landscape area cause the rise of HAI to 0.78, and 77%
of artificial landscape area show high or very high CVIs.

3.3 SoVI

The SoVIs of the 5 cities involved in the study area are then
calculated with the socio-economic data. (Figures 9) shows the
distribution of SoVI and those of the 7 second level indexes over
the five cities. The overall SoVI of the study area in 2020 is 0.49,
suggesting that the area is moderately vulnerable. The SoVI of
Weifang City is the highest with the value of 0.84 and that of
Dongying City is the lowest (0.32). Yantai City is ranked the
second highest with the SoVI of 0.51, followed closely by
Binzhou City (0.41) and Qingdao City (0.40). The score of
each secondary index is calculated with the normalization Eq.
(5). Weifang City is scored the highest in health institution and
the number of telephone subscribers, which explains its high
vulnerability. The index sores of Dongying City are low in
population under age 14 and over age 60, hospitals beds, and
number of mobile telephone subscribers, suggesting its low
vulnerability, which is consistent with its low SoVI. The
relatively high SoVT of Yantai City can be attributed to its high
scores in the indexes of population density and number of
telephone subscribers.
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3.4 Overall assessment

The CVI and SoVTI of the entire study area in 2020 are 4.1
and 0.49, respectively, with distinct spatial heterogeneity, which
both are classified as moderate vulnerability. The overall HAI is
determined to be 0.74, suggesting that the area is highly
vulnerable. In terms of the specific regions, the CVI of Yantai
City is the highest and the SoVI of Weifang City is the highest.
Both cities show very high HAIs. Figure 5, Figure 8 and Figure 9
summarize the spatial-temporal changes in the CVI, HAI and
SoVI of SCBHS. In the spatial scale, the CVI values along most
parts of the coastline are low, except for the western coastline of
the Laizhou Bay that is the most vulnerable to the impact of
natural hazard. Yantai City shows the highest score of SoVI,
which is highly vulnerable to coastal flooding.

4 Discussion

4.1 CVI model validation

The natural hazard susceptibility of SCBHS is characterized
by a comparative spatial assessment of the regional response to
coastal hazards using a modified CVI model that integrates the
changes in reclamation activities, coastline and hydrodynamics
between 1985 and 2020. The modeling reveals that the M,
amplitude constituent in the northern coast of Yellow River

10.3389/fmars.2022.1015781

Estuary increased by 20 cm-40 cm, consistent with the results of
previous studies (Pelling et al, 2013). The increases in M,
amplitude constituent mostly occur around the coastline, and
thus are directly related to mean tidal range (I,). In addition, the
CVI assessment results of the studied area are compared with the
coastal natural hazard index under current sea level scenario
published by Sajjad et al. (2018) over the same period. Sajjad
et al. predicated that the eastern coast region of the Laizhou Bay
would meet the high-risk criteria by 2020. Their simulated CVI
values in the SCBHS are also similar to our modeling results,
except that their predicated values of the northern coast of
Yellow River Estuary are generally greater possibly due to
insufficient evaluation of the numerical tidal model.

4.2 Interactions among HAI, CVI
and SoVI

The recent severe storm surges and occurrence of extensive
floods that cause numerous casualties and significant economic
losses in the SCBHS have reignited the need to understand the risks
resulting from the intersection of vulnerable populations and
marine hazards (Wang et al, 2018). It has been evidenced that
the populations with higher social vulnerabilities, such as low-
income and less support from social security and communication
technology (insurance, mobile phone and internet),
disproportionally suffer from the impacts of natural hazards.
Therefore, our study includes these indexes to portray the
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FIGURE 9

Social vulnerability score per index in 2020: (A) lg: percentage of people under age 14 and over age 60; (B) lg: population density; (C) l;o:
average number of mobile telephone subscribers per people; (D) ly;: average number of internet broad band subscribers per people; (E) 1,:
average number of participated in social insurance per people; (F) l;3: number of health institutions per square kilometers; (G) l34: number of

hospitals beds per square kilometers; and (H) SoVI.
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dynamic representation of risks from natural hazards that affect
local social vulnerability.

The CVI modeling indicates that the CVI of SCBHS has
been increasing from 1985 to 2020, and the increasing trend is
related to the HAI in the area. With the acceleration of human
activities, such as industrialization and urbanization, large areas
of natural wetlands are occupied by aquaculture pond, saltern,
and building land in the south coast of the Laizhou Bay, which
destructs natural habitats and results in the higher CVIs. Natural
habitats, such as marshes, coastal dunes, and so on, play a vital
role in resisting the impacts of coastal hazards that erode
shorelines and harm coastal communities. Low revetments and
seawalls are classified as highly vulnerable as they have limited
abilities in preventing inundation and may fail during extreme
events (Gornitz, 1990).

The second influencing factor to be considered is storm surge in
the area. Studies have confirmed the significant inter-decadal
variations of storm in the Bohai Sea, and the extreme storm surge
events have been intensifying since 2010 (Feng et al.,, 2018). The
visualization of the spatial distributions of HAI and SoVT facilitates
the identification of the critical areas where disaster risks tend to
increase drastically, and potential hazard events are likely to occur
in the future. It is found in our study that the building land area in
the north coast of Yantai City has dramatically expanded, and its
exposure to storm surge risk has been increasing, which challenges
the habitat stability of the surrounding areas.

The coastal region is a complex area with land-ocean
interactions. Changes in coastline and artificial reclamation, as
well as coastal landscape, can intensify marine hazards. The
relationships of coastal land, offshore areas, and the ocean should
be considered in the coastal vulnerability assessment, and it is
necessary to study the human activities, natural processes, and
social-economic aspects as one system. Attentions should be
particularly paid to the coastal development regulation in disaster
risk management and control. Understanding and identifying the
populations vulnerable to natural hazard risks can improve future
mitigation measures and reduce potential impacts of
natural disasters.

4.3 Implications for coastal management

By providing a relative ranking of coastal areas in terms of CVI,
the outcome of this study can be used by the coastal managers to
define and prioritize risk management and adaptation measures.
First, banning destructive economic activities and coastal
development can improve the restoration of coastal natural
habitats in the SCBHS. Second, man-made engineering structures,
such as sea dikes, breakwaters, and spur dams, should be
constructed along the western coast of the Laizhou Bay. For the
CVI assessment model, dams are undoubtedly stronger for
the resistance to marine hazards than rocks and high cliffs. Third,
the coastal projects should be regulated to cause minimum changes
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in tidal regime and thus lower flood risk. Importantly, the most
stringent management and control measures should be
implemented on reclamation projects in the future.

By providing a relative ranking of coastal areas in terms of
the SoV1, the outcome of this study can be used by the coastal
managers to understand the underlying social, economic, and
political context, and consequently address the factors that
increase risk and vulnerability of the area. Based on the
regional assessment, special attentions should be paid to the
most vulnerable study units including Yantai City and Weifang
City, as well as the identification of the driven indexes of the
social vulnerability. By gradually bridging the gap between rural
and urban areas in income, social and medical service levels,
overall societal vulnerability is likely to be reduced (Chen
et al., 2014).

5 Conclusion

Our study has made the following contributions: 1) An
InVEST coastal vulnerability model including the influences of
human activities is put forward; 2) the changes in coastline and
hydrodynamics caused by reclamations are integrated into the
model. 3) The spatial interactions between natural hazards and
social vulnerability in the south coast of Bohai Sea are revealed.

The comprehensive evaluation of the vulnerability of SCBHS
suggests that: 1) Coastal reclamation changes the coastline
position and alters marine hydrodynamics, which influences
the CVI; 2) The rapid coastal urbanization increases the artificial
landscape area and causes high HAIs, which results in
irreversible natural-hazard risks and thus increases the CVI; 3)
The spatial distributions of HAI and SoVT obtained in this study
can help to identify the critical locations where natural hazards
related disasters likely occur and potentially cause great losses in
the future.
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The bay area is a crucial land—sea junction zone containing essential urban
clusters while receiving extremely complex internal and external disturbances
that challenge more on its resilience management. However, a sound
management tool based on the bay area’s resilience is widely lacking due to
the difficulty of unifying resilience indicators and quantifying resilience
relationships between regions. This paper tries to establish a comprehensive
resilience index for coastal bays from four major resilience-related dimensions,
namely, physical structure, social development, ecological environment, and
hazards, and applies it into the three major developed bay areas in China. A
coupling coordination degree model was used to further reveal the resilience
development and its internal coordination by temporal and spatial differences.
The results show that the index could clearly reveal the resilience changes from
the year 2000 to 2020 of the three bays with the common key drivers of
socioeconomic development. It also explains the resilience changes among
three bay areas through analyzing synergistic and conflict relationships
between the four sub-resilience systems.

KEYWORDS

bay area, resilience, sustainable development, spatial and temporal assessment,
ecological economic equilibrium

1 Introduction

Resilience is the ability of a system to adapt, overcome external disturbances,
maintain its own stability, and restore its own function through a series of processes
such as “resistance, absorption, repair, enhancement, and learning” (Adger et al., 2005).
Resource depletion and potential environmental damage have triggered considerable
concern about introducing resilience theory into regional management framework to
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achieve sustainable development (Brand, 2009; Yang et al,
2018). The resilience concept is permeating policymaking, for
example, the National Science & Technology Council (NSTC) of
the US published the “Opportunities and Actions for Ocean
Science and Technology 2022-2028,” which encouraged the
development of key elements for building resilient coastal
communities, such as knowledge, technology, and capital
(NSTC, 2022). Moreover, China has included the concept of
urban resilience in the 14th Five-Year Plan and outline of long-
term goals for 2035. However, even if increasing academic
research and debates have discussed resilience management
from multiple perspectives, there still a lack of comprehensive
general discussions on evaluation strategies in this new and
growing field (Li et al., 2020; Liu et al., 2022). A critical but
largely inadequate need for resilience management is scientific
information (Brown and Williams, 2015). Thus, government
occupies the primary position in promoting resilience
development systemically through public policies. For practical
policy guidance, understanding the overall character of the
systemic resilience based on quantifying interactions of impact
factors within the system would facilitate better results
(Nathwani et al., 2019). Since resilient development of the
coastal zone requires consideration of the nexus between the
land and sea, it is difficult to process in coastal areas.

The degree of resilience in land-sea intersection areas
remains poorly understood, as the difficulty on unraveling
interaction relationships between coastal community
development and marine ecosystem changes. Nevertheless,
coastal cities, especially in bay areas, are, in many cases, global
economic centers (e.g., manufacturing, technology, trade, and
finance) where the massive population aggregation and speeding
up of industrialization make them vulnerable in facing complex
disturbances from both the land and sea areas (Gao et al., 2022).
For example, Bohai Bay, Yangtze river Delta, and Pearl River
Delta of Chinese important bay areas and other international
bay areas, e.g., the Tokyo Bay, San Francisco Bay, and New York
Bay, are in a dilemma between economic growth and ecological
degradation. In particular, the coastal urban ecosystem is
vulnerable to disturbance (Nathwani et al.,, 2019). Thus,
improving the resilience of the bay area has become a critical
way to pursue sustainable development and tackle multi-risks
(Sellberg et al., 2018; Jozaei et al., 2020; Wang et al., 2021).
Among the existing literatures about urban resilience,
conceptual studies have received more attention than
analytical studies. Resilience is an important attribute to
describe the dynamics of urban social-ecological system (SES),
which has been studied in many fields from different
perspectives (Adger et al., 2005; Folke et al., 2010). The Land-
Ocean Interactions in the Coastal Zone (LOICZ) project
constructed the framework of resilience and transformation on
urban coasts (Ramesh et al., 2015), while contemporary studies
have not devoted enough concern to the resilience assessment of
the bay area ecosystem (Adger et al., 2005; Nathwani et al., 2019;
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Biyiikozkan et al, 2022). An integrated vision of resilience
evaluation suggests quantifying the dynamics and interactive
relationships among various factors within the system to identify
holistic properties of resilient systems. Otherwise, as is the case
with most studies, qualitative or quantitative evaluation of the
integrated resilience generally does not capture the breadth and
depth of resilient evolution (Gari et al., 2015; Angeler and Allen,
20165 Liang and Li, 2020). Moreover, one issue that stands out in
these studies is that they mostly focus on one risk, one disaster,
or one region, which makes results lack comparability and
universality (Diaz-Sarachaga and Jato-Espino, 2020; Kasmalkar
et al,, 2020; Li et al., 2021). In consequence, it is necessary to
develop a comprehensive and informative resilience assessment
framework tailored to the characteristics of the bay area and help
formulate strategies in these areas to respond positively to crisis
that might occur in the future.

The understanding of how changing patterns of resilience in
the bay area is related to the broader dimensions of
socioeconomic and environmental development is thus far
largely unresolved. Here, we addressed these knowledge gaps
by estimating the temporal and spatial variation in resilience of
typical bay areas of China and then relating these resilience
changes to human stressors and socioeconomic status. By
subdividing the structure, impact, and process of resilience in
the bay area system, the study innovatively constructed a
resilience framework including the internal resilience structure
and the external resilience of the bay area, and a total of 15
indicators were selected. Subsequently, we took the Bohai Bay,
Hangzhou Bay, and Pearl River Delta as research objects, applied
the framework to measure the resilience dynamic in the region,
and analyzed differences in the development of resilience levels
between regions by means of spatial and temporal variability
analysis. Furthermore, coupling coordination degree model
(CCDM) is often used to analyze the relationship between
economic and ecological open systems with coupled
characteristics (Jia et al., 2008, Zhang and Mo, 2014, Luo et al,,
2021). Thus, the coupling coordination degree model (CCDM),
correlation analysis, and significance test were used to illustrate
the variation of resilience in the bay area through analyzing
synergistic and conflict relationships between internal-
resilience-related attributes. In a continuous changing world,
this work can be used to explore enabling conditions for
resilience building and guide effective policy and actions for
promoting sustainable development of the bay area.

2 Methods
2.1 Study areas
We chose the three major bays as study areas, namely, Bohai

Bay, Hangzhou Bay, and the Pearl River Delta from the north
coast to the south coast of China, which ensured regional
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representativeness. They have been experiencing rapid economic
development in the recent 30 years, accounting for 15.6% of the
2020 gross national product (GNP), and thus represented a high
level and intensity of economic activities and dense urban
development. As the epitome of many coastal cities in China,
they have been already struggling with coastal ecosystem
degradation, inadequate urban infrastructure and services, and
so on, which may in turn restrict the resilient development of
bays (Gao et al., 2013). Therefore, bays are especially sensitive to
threats due to high population density and resource
consumption but are capable of coping with resilient threats as
an important engine for ocean economic development. The dual
characteristics of high economic development level and high
marine ecological stress in Chinese coastal areas are the
motivation to study the resilience of Chinese bays. The
locations and socioeconomic information are shown in
Figure 1. Among them, Bohai Bay covers Qinhuangdao,
Tangshan, Tianjin, Cangzhou, and Binzhou; Hangzhou Bay
covers Shanghai, Jiaxing, Hangzhou, and Ningbo; and the

wwnn
2
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Pearl River Delta covers Shenzhen, Dongguan, Guangzhou,
Zhongshan, and Zhuhai.

2.2 Index construction

Frameworks play an important role in analyzing social-
ecological systems (Joerin et al., 2014), which provide shared
concepts and variables that enable comparison across multiple
cases. Some studies have proposed the conceptual framework of
urban resilience (Galderisi, 2014; Ribeiro and Gonalves, 2019;
Zhang et al., 2020), most of which reflect the ability of urban
systems to resist, recover, adapt, or transform in the face of a
series of disturbances. The adaptive cycle, a central mechanism
of resilience theory, characterizes the dynamics of social-
ecological systems (Yan and Tang, 2020). As a complex
adaptive system in the bay area, current studies have focused
strongly on a single subsystem and the single threats affecting
that subsystem (Kuenzer et al., 2020). Therefore, to better make a
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reasonable and valid assessment of the resilience of the bay,
we instantiated the complex framework of multiple subsystems
(Figure 2) to reveal the changes in resilience resulting from
the spatial and temporal variability of the three major bay area
in China. The interactions between the internal attributes of
coastal zone resilience were further explored. In light of the
conceptual framework, specific indicators were selected based on
previous studies (Zheng et al., 2018; da Silva et al., 2019; Oke
et al., 2020), field survey, and adaptive resilience theory (Lak
et al., 2020; Wardekker et al., 2020) (Table 1). Fifteen indicators
in the index were extracted from the bay areas’ status of urban
economy and social and coastal ecological environment. Thus,
the evaluation index system of bay areas’ resilience was
composed of four sub-resilience systems: physical space
resilience, social development resilience, ecology resilience, and
disasters resilience.

2.3 Mathematical processing

2.3.1 Assessment of bay area resilience

Due to the inconsistency of the units of the indicators in the
resilience assessment framework, it is necessary to first
standardize the original indicator data across multiple regions
using the range method according to the effect direction of
indicators on bay areas’ resilience.

- N,jfmin{N,‘j} .
NZJ mux{NU}—min{Ni,-} lf + (1)

max{N; }-N; .
where Nj; refers to the specific value of the j indicator in the
iy, year.

The entropy method is an objective weighting method
widely used in evaluating environmental time series data
(Delgado and Romero, 2016) that is calculated according to
the degree of variation in the data series. The advantage of the
entropy method in multidimensional comprehensive evaluation
is that it is more objective, avoiding the influence of human
factors in subjective evaluation (Zhang et al., 2011). Compared
with the analytic hierarchy process (AHP), principal component
analysis (PCA), and other subjective weighting methods, this
method is more objective and convenient (Lin et al., 2022).
Therefore, it was applied to give weight to the bay area resilience
index system. In this study, the weights of indicators determined
by entropy method were calculated by Equations (2-4):

o ©))

¢ =—kX> L1 p; - In(py) (3)
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W =—

! 2}11(1 -¢)
where Nj; indicates the normalized data of Equation (1), and ¢;
and wj are the entropy value and the calculated weight of each

indicator, respectively. In Equation (3), k = —1—, which is used

n)
to make sure that the logarithm has meaning.
Ultimately, the quantifying results of resilience through

standardized values and weights of indicators are:

Ry =X 5N; - w )

2.3.2 Correlation analysis

In order to better explore the interactions between the internal
attributes of coastal zone resilience, this paper adopts the method of
calculating Pearson’s coefficient to determine the degree of correlation
between two factors. This paper also used the one-way ANOVA
method for significance testing of indicators in different bays.

Overall correlation coefficients p for the two factors X, Y are
as follows:

E[(X — uy)(Y = pay)]

_cov(X,Y)

X,y = =
P Ox Oy

(6)

Pearson correlation coefficient r:

S (X = X)(Y; - Y)
VLG - XL S - V)

where r can also be estimated by (X;,Y;)

r=

1

2 (XK =X\ [(Y;-Y)
”‘12i:1< Ox )( Oy )

2.3.3 The coupling coordination degree model
The coupling coordination degree model (CCDM) were

(8)

r =

employed to analyze the coupling coordination relationship
among the four sub-resilience systems in the three bay areas of
China. According to the ecological coupling evaluation model
(Li et al.,, 2019), the formulas were given as follows.

D=(CxT)" )

where D represents the coupling coordination degree, D[0,1];
C denotes the coupling degree, C€[0,1]; and T represents the
integrated evaluation index of the four sub-resilience (physics,
social economy, ecology, and disaster). The closer the D value is
to 1, the better is the coordination relationship, anssd the closer
the D value is to 0, the worse is the coordination relationship. In
the study, the criteria for classifying the coupling coordination
level are determined according to the distribution function (Liao,
1996).
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The conceptual framework of resilience assessment. The resilience system consists of four sub-resilience systems, namely, physical space,
social development, ecology, and disasters, and the sub-resilience system of disasters may act negative impacts on the overall coastal resilience
while the other three sub-resilience systems form the basic resilience with multiple internal properties of the coastal bay areas.

. RXSXEXD
=\ R+s+E+D)/a" (10)

where R, S, E, and D denote the calculation result of the physics,
social economy, ecology, and disaster sub-resilience,
respectively.

T =oR+ S+ yE+ 0D (11)

where 0, B, v, and § represent their contribution. In the study,
it is assumed that «=f=y=8=1/4 , considering that the core of
bay area’s resilience is coordination.

2.4 Data sources

The index data of social development status was obtained
from the National Bureau of Statistics, the China City Statistical
Yearbook, and the statistical yearbooks/bulletins of various
provinces and cities. Environmental data came from the
Bulletin on the State of China’s Marine Ecological
Environment and the Environmental Protection Bulletin of
various provinces and cities. Disaster data came from China
Marine Disaster Bulletin, China Sea Level Bulletin, and Marine

Disaster Bulletin of various provinces and cities. Physical space

TABLE 1 Indicators for assessing the resilience of the bay area.

Theme

Bay area resilience

Sub-resilience system

Physical Space Resources

Social Development

Ecology

Disasters

Indicators Symbols Unit Direction
Sea area R; km? +
Shoreline length R, km +
Proportion of natural coastline R; % +
Population S Million people +
GDP S, CNY billion +
Science and Technology Expenditure S CNY million +
Total Mileage of Highways Sy km +
Green Coverage Ss ha +
Water quality E, % +
Phytoplankton Diversity E, +
Zooplankton Diversity E; +
Benthic Diversity E, +
Number of Storm Surge D, Count -
Number of Algal Bloom D, Count -
Sea-level rise D; millimeter -

The direction of the “+” indicates that the larger the indicator value is, the better the performance of resilience will be, while the “~” indicates that the larger the index value is, the worse the

performance of resilience will be.
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resource data came from the literature (Zhang et al., 2016; Sun
et al., 2017; Li, 2020; Peng et al., 2020). Although very little data
were missing, a nearest neighbor interpolation method was used
to fit the data when needed to ensure the data continuity. More
information about the data sources could be found in Table 2.

3 Results

3.1 The spatiotemporal evolution of
bays’ resilience and sub-resilience
over 21 years

As shown in Figure 3, the resilience in Bohai Bay (BHB),
Hangzhou Bay (HZB), and the Pearl River Delta (PRD)
presented positive improvement overall with slight fluctuation
over 21 years, mainly due to the positive growth of the social
development sub-resilience. The highest growth rate of resilience
was in HZB where resilience level raised from 0.32 in 2000 to
0.72 in 2020, an increase of approximately 127.61%, followed by
the PRD with value of +110.35% and BHB with value of
+46.16%. This indicated that the development level of
resilience in BHB lagged behind that in other two bays.
Among them, troughs occurred in 2005, 2005, and 2010 for
the PRD, HZB, and PRD, respectively. The time nodes coincided
with the frequent emergence of marine disaster in China, which
largely affected resilience growth (Figure 4). It was worth noting
that ecological resilience in all the study areas fluctuated greatly
and remained at a low level during the observation years.

Regarding physical space resources resilience, the resilient
level in BHB was relatively stable and increased slightly, and the
resilience level dropped first then grew and ultimately dropped

10.3389/fmars.2022.982263

in HZB, and the resilient level dropped first then grew and
ultimately grew in PRD. The resilient level of physical space
resources developed in a differentiated manner among different
regions, which resulted from local disparities in socioeconomic
status, policies, technology, and so on. The resilient level of social
development showed a rapid upward trend in the three
bay areas.

3.2 Interaction relationship of properties
within resilience

Figure 5 demonstrates how all factors affecting the resilience
level interacted. The result shows that the resilient change in
BHB was significantly positively correlated with those of in HZB
(R=0.56, p<0.01), followed by those of in PRD (R=0.36, p<0.01).
For BHB, we found that the disasters sub-resilience trend was
significantly positively correlated with the social development
sub-resilience trend (R=0.12, p<0.0001) and was significantly
negative correlated with the ecology sub-resilience trend
(R=-0.19, p<0.0001), followed by those of the physical
resources sub-resilience (R=-0.16, p<0.0001). For HZB, the
social development sub-resilience trend was significantly
positively correlated with sub-resilience of physical resource
(R=0.33, p<0.01) and ecology trends (R=0.087, p<0.0001) and
was significantly negative correlated with the disaster sub-
resilience trend (R=-0.14, p<0.01). For PRD, the sub-resilience
trend of physical resource was significantly positive correlated
with that of social development (R=0.7, p<0.001) and was
significantly negative correlated with that of the ecology trend
(R=-0.52, p<0.05). Physical space resources have a very obvious
positive correlation with social development, which were the two

TABLE 2 Data sources of the indicators for assessing the resilience of the bay area.

Indicators Data source

R, Zhang et al., 2016; Sun et al., 2017; Peng et al,, 2020; Li, 2020

Ry

Ry

S Statistical Yearbook of Guangdong/Zhejiang/Hebei/Shandong (2001-2021), Statistical Bulletins of Tianjin/Shanghai (2000-2020)
S, The China City Statistical Yearbook (2001-2021)

S3 The China City Statistical Yearbook (2001-2021)

Sa Statistical Yearbook of Guangdong/Zhejiang/Hebei/Shandong (2001-2021), Statistical Bulletins of Tianjin/Shanghai (2000-2020)
Ss The China City Statistical Yearbook (2001-2021)

E, Bulletin on the State of China’s Marine Ecological Environment (2006-2020), Marine Environmental Quality Bulletin of Guangdong (2001-2005)
E,

E3

E4

D, China Marine Disaster Bulletin (2006-2020)

D2

D; China sea level Bulletin (2000-2020)
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sub-resilience systems with the strongest correlation found in
this study.

3.3 Coupling and coordinated
development between sub-resilience

The spatiotemporal evolution of the coupling coordination
level is shown in Figure 6. The coupling coordinated level of the
three bay areas increased slightly in the long term, and the
overall growth gradient was between grades 1 and 2. Up to 2019,
the coupling coordination level of the three bay areas was still
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imbalanced, which regional social, ecological, and
environmental coordination developments in Chinese bay
areas affecting integrated resilience growth. In the past 20
years, the spatiotemporal evolution characteristics of the
coupling coordinated level in the three bay areas are different.
The coupling coordinated level of BHB fluctuated greatly, and
the degree of coordinated development reached the highest
around 2009, showing a trend of fluctuation improvement.
The coupling coordinated levels of HZB and PRD have shown
a stable upward trend since 2001. The worst level of coupling
coordination was observed in BHB compared with other regions.
In summary, the coupling coordination level within resilience
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Line chart of resilience value for bays from 2000 to 2020. Different color indicates the four sub-resilience systems within the resilient system of
bays. The ecological sub-resilience system has maintained a low level in the three bay areas, while the social development sub-resilience
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**p<0.01, ***p<0.001, and ****p<0.0001). The correlations among the four sub-resilience systems show significant spatial heterogeneity in

Chinese bay areas.

for the bay areas was not optimistic, and the coordinated
development of the four sub-resilience among regions
was biased.

4 Discussions

4.1 Resilience assessment for
coastal bays

It is an essential effort in the field of sustainable development
to explore quantifying the resilience of the bay area and
analyzing the synergistic and conflict relationships among sub-
resilience systems. In this study, an assessment framework of
resilience in the bay area was constructed, including four
sub-resilience systems: physical space resilience, social
development resilience, ecology resilience, and disasters
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resilience, and a total of 15 indicators were selected. Our
results show that the indicator system in the study can be used
to clarify the evolution of resilience in the bay area. As we all
know, constructing the indicator system and quantifying the
comprehensive score have been a mature method used in
scientific research (Davies and Tonts, 2010; Meerow et al.,
2016; Zhang, 2016). The resilience assessment in coastal areas
mainly achieves the purpose of quantification by constructing
the evaluation indicators system, selecting the corresponding
mathematical method, and establishing the operation model. At
present, the construction of resilience assessment indicator
system mainly considers the comprehensive performance of
resilience in coastal social-ecological systems under multiple
disturbances of human and nature (Joerin et al., 2014; Lam et al.,
2015). The indicator system generally covers multiple
dimensions such as ecology, society, economy, infrastructure,
and policy, which has been applied in the resilience assessment
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Coupling coordinated level of the three bay areas during 2001-2019. The coupling coordination level in the three bay areas is overall imbalance,
but they show a trend of fluctuation improvement. The coordinated development of PRD and HZB in south China is better than that of BHB in

north China.

of coastal areas such as Shenzhen (Liang and Li, 2020) in China
and Saudi Arabia (Alshehri et al., 2015).

In our study, we first standardized the original data of each
indicator, then used entropy method to determine the weight of
each indicator, and finally carried out Pearson correlation test
and calculate coupling coordination level. The concept of
entropy first appeared in thermodynamics, developed by
Rudolph Clausius in 1865, as a way of describing the disorder
of a system. In the information theory, entropy is a measure of
the uncertainty associated with a random variable (Zhang et al.,
2011). Therefore, in the entropy method, the greater the change
range, the higher the index weight, which makes the system
score more different. In other similar studies, PCA and AHP are
also important methods for assigning index weights. At the same
time, some scholars use DPSIR, ENA, and other methods to
analyze the direct and indirect environmental interactions
among economic components, which provides a framework
for the investigation of the function, resilience, and dynamics
of an ecosystem (Xu et al., 2018; Nathwani et al., 2019).
Compared with subjective weight determination methods such
as AHP, the entropy method is more objective and accurate and
can better explain the obtained results (Prachee et al., 2005; Lee
and Philip, 2013). This method can modify the obtained weight
and has high adaptability. Nevertheless, the method determines
the weight of the indicator according to the variation degree of
the indicator, ignoring its importance degree (Tomson and
Danny, 2021). Therefore, when the indicator value changes
suddenly or not much, the weights given by it may be far from
the reality. To sum up, the entropy weight method can provide
basis for multidimensional comprehensive evaluation and avoid
the influence of human factors in subjective evaluation; we
finally adopt this method (Zhou et al, 2021; Huang and
Ling, 2018).

The selection of indicators directly affects the final results.
In this paper, a total of 15 indicators are selected and clustered
into four sub-resilience systems to represent the physical space
resources, social development, ecology, and disasters in the bay
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area. In view of the special geographical conditions of the bay
area, we comprehensively consider the coupling of land and sea,
focus on the changes in the coastal zone, and take into account
the conditions of land and sea. Although there are few studies on
the resilience in bay areas at present, based on similar studies, we
believe that the percent of attainment days meeting excellent air
quality standard, renewable resource recycling rate (Liang et al.,
2020), urbanization rate, total economic losses due to marine
disasters (Nathwani et al., 2019), dumping amounts of dredged
materials in unit sea area (Gao et al., 2022), and other indicators
can be further defined. Due to the limit of data, we failed to
collect these data. If relevant data can be obtained and analyzed,
the research results will be more convincing.

4.2 Spatial heterogeneity and internal
interconnections of coastal resilience

The ecological sub-resilience at a low level revealed great
vulnerability for marine ecosystem to answer the threats of
environmental risks and disasters, which may be attributed to
serious environmental problems under sustained high economic
growth and prosperity. Nevertheless, social development sub-
resilience currently became the key driver in bay areas to
promote overall resilience even though the overall ecological
resilience was low. There was not enough evidence to show that
social development sub-resilience would have a significant
negative impact on ecological sub-resilience system. Our
results showed that there were significant differences in the
sub-resilience systems of the three bay areas. There are two
main reasons for spatial heterogeneity: physical geographical
conditions and different patterns of development in the three
bay areas. Different from HZB and PRD, BHB is not conducive
to the diffusion of pollutants objectively because there is no river
with large runoff into the sea and the ocean current activity is not
active, resulting in the water exchange time being longer. It may
lead to the easier correlation between marine disasters
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(especially algal bloom) and human activities. From the time
scale, the regional development patterns can be summarized as
four stages of prepare, absorb, recover, and adapt (Linkov et al,,
2014; Liang and Li, 2020). Different development patterns in the
three bay areas also make their resilience have different
characteristics. Comparing the results of resilience trends in
the study with previous studies, BHB and HZB are more likely to
be in the recover stage, while PRD may have evolved into the
adapt stage. Therefore, PRD has stronger resilience than BHB
and HZB. Greater resilience is also the next evolution trend of
BHB and HZB.

At present, there have been several studies on the resilience
of HZB and PRD (Xiao et al., 2019a; Bi et al., 2020; Liang and Li,
2020), but the research on the relationship among sub-resilience
in the bay areas is widely lacking. During our study period, the
social economy in the PRD developed rapidly, but due to the
negative effects caused by the pressure of socioeconomic system,
pressure on marine ecological of the area has not been reversed
in recent 20 years. Most cities are in the stage that socioeconomic
development and marine ecological damage coexist (Gao et al.,
2022). Although abundant financial resources supported marine
ecological restoration projects, the improvement of ecological
environment often lagged behind the restoration effect of
physical space. Ignoring the role of the ocean and the impact
of global climate change will lead to significant deviation in the
sustainability assessment of coastal cities or regions (Li et al.,
2021). For HZB, the regional ecosystem health status continued
to degrade at city scale in 2001-2013, and this decline spread to
the surrounding areas from Shanghai and Jiaxing (Xiao et al,
2019a; Xiao et al., 2019b). Only from 2001 to 2013, the resilience
in HZB did not show an improvement trend, but after 2013,
HZB began to improve significantly. To a large extent, the
increasing governance capacity given by the social
development to environmental issues promoted improvements
in regional marine physical resources and ecology sub-resilience,
and serious marine disasters produced the negative impact on
social development sub-resilience. Studies on BHB found that
islands are most sensitive to stressors from inland activities and
coastline development (Shen et al., 2016), but there is lack of
overall analysis for this bay area. Although disasters sub-
resilience had a certain destructive effect on the sub-resilience
of physical space resources and ecology, it had a certain
promoting effect on the sub-resilience of social development
through facilitating the construction of urban infrastructure.
Urban resilience levels in the Beijing-Tianjin-Hebei region
(BTH) have shown an upward trend with slight fluctuation
between 1998 and 2019, and the differences between cities have
gradually decreased (Liu et al., 2022), which also confirmed with
the results of our research.

Meanwhile, few studies involve quantitative analysis of
the interaction relationship within resilience. From the
comprehensive performance of coupling coordinated level, the
coordinated development of PRD and HZB (in southern China)
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was better than that of BHB (in northern China), which was also
consistent with the existing research conclusion (Fan et al,
2019). Although the disaster sub-resilience level was high,
serious environmental pollution and low level of economic
development led to the low level of coordinated development.
In HZB and PRD, where ocean economy was developing rapidly,
the sub-resilience of ecology and physical space resources was
slightly improved, benefiting from the implementation of
marine ecological protection strategy. This made their internal
resilience more coordinated than that of BHB. However, it is not
optimistic that economic development and urbanization process
are exerting strong pressures on the ecological security system,
which makes it in a passive and restrained position in Chinese
coastal cities (Nathwani et al, 2019; Gao et al, 2022). In
addition, coastal cities have efficiency disaster response, which
could decrease the negative impact in case marine disasters
occur. The conclusions of these studies are mutually confirmed
with the results of this paper, which further enhances the
credibility of our study. In summary, owing to the complex
influence of multiple sub-resilience factors, the study could
provide some implications and help urban managers to
develop an integrated vision to better understand resilience.

5 Conclusions

This paper proposed a sound resilience index system for the
bay areas by considering both the internal resilience structure and
the external disturbances and has been validated through the
practical assessment in three major bay areas in China from 2000
to 2020. The resilience indicator system effectively evaluated the
temporal and spatial variation of resilience level in the bay areas. It
also revealed the resilience level changes among three bay areas
and the interaction relationships between the four sub-resilience
systems. Base on the results, the resilience level in BHB, HZB, and
PRD presented positive improvement overall with slight
fluctuation during the study period, and the social development
was the key driver factor. In the three bay areas, the interaction
relationship between sub-resilience systems obviously showed
regional heterogeneity, which could be explained by regional
development patterns. Moreover, what was not so optimistic
was that the coupling coordination level in the three bay areas
remained imbalanced for long term even though it has increased
slightly. Furthermore, we innovatively connected the resilience
changes to human stressors and socioeconomic status, which was
of great significance to explore enabling conditions for resilience
building and guide effective policy and actions for promoting
sustainable development in the bay area.

It should be noted that coastal resilience as a core ability for
maintaining coastal health and sustainability is of great
importance but is very challenging understand and manage.
Our study is an early trial to quantify the resilience, the connections
with coastal ecosystem health are still unclear, and the proposed
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index system is still lacking of some key indicators due to the
unavailability, e.g., marine food web information and coastal
hydrological attributes. More research efforts including theoretical
and practical investigations should be invested both for research
institutes and coastal government to explore, uncover, and regulate
the coastal resilience for promoting coastal sustainability.
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Governments and non-governmental organizations have widely recognized
tidal wetland restoration as a sustainable instrument to lessen the threat of
climate change, which is reflected by the expansion of the spatial scale of
coastal restoration projects. However, approaches to large-scale spatial
planning of tidal wetland restoration remain sparse. Previous studies on site
selection for restoration planning have focused on the potential supply of
ecosystem services (ES) or restoration feasibility with less emphasis on the
mitigation of the status of regional ES supply and demand mismatches. We
developed a five-step workflow based on systematic conservation planning to
identify priority areas for tidal wetland restoration and applied it to the coastal
reclaimed areas of Shanghai, China. With this workflow, we analyzed the
changes in spatial distribution and the potential ecosystem services supply
and restoration costs of priority areas between the two different scenarios of ES
demand ignored and ES demand considered. Results showed that the potential
restorable areas only accounted for 31.4% (425.2 km?) of the original reclaimed
area because of other land use demands (e.g., permanent basic farmland
conservation). We extracted 50% of the potential restorable areas as priority
areas based on Aichi Target 15. Compared with the ES demand-ignored
scenario, the ES demand scenario resulted in a substantial increase in the
priority areas of Baoshan District (~177%) and Pudong New Area (~15%) and a
small decrease in Chongming District (~4%). No significant change in the
potential ES supply for all priority areas was observed between the two
scenarios. However, the total restoration cost of the ES demand scenario is
10% higher than that of the ES demand-ignored scenario. Our study highlights
the importance of considering the status of regional ES supply and demand
(mis)matches in large-scale spatial planning for tidal wetland restoration.

KEYWORDS

tidal wetland, priority areas, ecological restoration, systematic conservation planning,
reclaimed area, Shanghai, ecosystem service, supply and demand
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1 Introduction

Coastal lowlands are frequently exposed to climate change-
related risks (e.g., storm flooding), which evokes the need to
explore new solutions for maintaining human well-being
(Temmerman et al., 2013; Pittman et al., 2022). Healthy tidal
wetlands can provide various valuable ecosystem services (ES) in
a sustainable manner (e.g., coastal protection service; Liquete
et al.,, 2013a; Temmerman and Kirwan, 2015; Zhu et al., 2020).
Thus, restoring degraded tidal wetlands to strengthen the
resilience of coastal zones has been well recognized by
scientists in recent decades (Temmerman and Kirwan, 2015;
Perillo et al., 2019). The spatial extent of coastal restoration
projects has also gradually expanded recently (Gilby et al., 2021).
Given that not all degraded tidal wetlands can be restored
because of limited resources (e.g., the target area for
restoration plans is often fixed; WWE, 2020), restoration
actions must be prioritized in space (Wiens and Hobbs, 2015).
To date, approaches for identifying priority areas for tidal
wetland restoration at large spatial scales are still lacking
(Adame et al., 2014; Liu et al., 2016; Gilby et al., 2021).

Target-based planning focuses on two types of conservation
resource allocation problems: meeting the targets with the least
cost (the minimum-set approach) and maximizing the number of
targets met with a given resource (maximum coverage approach)
(Moilanen, 2007). Systematic conservation planning (SCP), a
typical target-based planning method, is widely considered the
most influential paradigm for designing a protected area
network (Kukkala and Moilanen, 2013). This method is
composed of six stages: (1) collecting biodiversity data for the
planning area, (2) setting conservation targets for the planning
area, (3) assessing the conservation effectiveness of existing
protected areas, (4) identifying additional protected areas, (5)
implementing conservation actions, and (6) maintaining and
monitoring protected areas (Margules and Pressey, 2000). Using
the site selection algorithms (e.g., simulated annealing of
MARXAN) of SCP to identify priority areas has more
advantages than using scoring methods or expert opinions
(McBride et al., 2010), such as reducing socio-economic
investment and improving the connectivity of priority areas.
Therefore, the SCP has been increasingly used to identify
restoration priority areas for different ecosystems since 2006
(Crossman and Bryan, 2006; Qu et al., 2019; Costa et al., 2021;
Gilby et al., 2021).

Studies applying SCP to the spatial planning of coastal
ecosystem restoration have been conducted (e.g., Adame et al,,
2014; Gilby et al,, 2021), but they deserve improvement in at
least two aspects. First, few studies have incorporated social and
economic costs into the spatial planning of coastal restoration
actions (Pittman et al., 2022; Su et al, 2022). For example,
Adame et al. (2014) used a uniform indicator to represent the
cost of hydrological restoration and afforestation. However, in
practice, the cost of restoring the same ecosystem often varies
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considerably from site to site (Bayraktarov et al., 2016).
Furthermore, Strassburg et al. (2020) confirmed that the cost-
effectiveness of priority areas can be significantly improved by
introducing a reduction in restoration costs as a key criterion for
optimization. Therefore, mapping the spatial variation of costs
and incorporating it into spatial optimization are two essential
steps for identifying priority restoration areas, especially
considering that economic feasibility is often the decisive
factor in determining whether a restoration action can be
implemented on the ground (Primack, 2010; Brancalion
et al., 2019).

Second, previous studies used the biophysical supply of ES to
represent restoration benefits (Strassburg et al., 2019; Strassburg
et al,, 2020) while ignoring that the supply of ES is not a good
surrogate for the demand in many situations (Burkhard et al.,
2012; Zhao et al,, 2018; Cui et al., 2019). ES supply represents
what is potentially available from ecosystem processes and
functions, while ES demand represents the amount of ES
consumed or expected to be obtained by human society
(Villamagna et al., 2013; Peng et al., 2017). For example, the
supply of carbon sequestration service is often quantified with
the net primary productivity of natural ecosystems, while the
demand for carbon sequestration service is expressed with the
carbon dioxide emitted by socioeconomic systems (Shi et al,
2020). Currently, one of the important targets of ecological
restoration is to improve human well-being (Gann et al,, 2019;
Peng et al., 2020). The maintenance of human well-being usually
depends on the degree of coordination between ES supply and
demand (Burkhard et al., 2012; Liquete et al., 2013b). Thus, the
regional context of the degree of coordination between ES supply
and demand serves as another important basis for guiding
restoration action (Shi et al., 2020; Wang et al., 2021a).
However, only a few studies have addressed the mitigation of
regional ES supply and demand mismatches as an essential
target of restoration planning (Costa et al., 2021; Goyette et al.,
2021). A recent study by Costa et al. (2021) proved that ES
demand should be integrated into forest landscape restoration to
enhance local human well-being. However, Costa et al. (2021)
did not examine the changes in restoration costs when
improving the representativeness of ES demand in the priority
area network. To the best of our knowledge, approaches for
optimizing the allocation of restoration resources that
simultaneously combine the status of regional ES supply-
demand (mis)matches and restoration costs remain rare
(Goyette et al., 2021).

China is one of the world’s largest resource countries in
coastal wetlands (Perillo et al., 2019), but the country lost 58% of
its coastal wetlands from 1950 to 2014 (Sun et al., 2015). Since
2000, China has gradually increased its investment in conserving
coastal wetlands to reverse this situation (Sun et al., 2015; Liu
et al,, 2016; Wang et al,, 2021b). China’s central government
issued the “Master Plan for the Protection and Restoration of
Important National Ecosystems (MPPRINE) (2021-2035)” in
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early June 2020 to promote ecological security and sustainability
(Guan et al,, 2021). In this plan, coastal ecological conservation
and restoration are listed as one of the nine major national
projects (Guan et al., 2021). MPPRINE has proposed general
goals for restoration projects of different shore sections along the
Chinese coast, such as improving the habitat quality of rare and
endangered wildlife in the Yangtze River Estuary (Guan et al,
2021). MPPRINE does not provide site-selection methods to
guide the deployment of ecological restoration projects. Soon
after, China’s central government approved a national standard
of Regulation Compiling Implementation Plan of Ecological
Conservation and Restoration Project of Territorial Space (TD/
T 1068-2022) to strengthen the top-level design of protection
and restoration of multiple ecosystems in territorial space
(http://gi.mnr.gov.cn/202207/t20220711_2742011.html).
However, this document does not provide detailed information
on the basis of site selection of coastal restoration projects (e.g.,
indicators for representing the restoration feasibility of
hydrological connectivity). Therefore, the development of a
systematic workflow and defensible indicators to guide the
implementation of tidal wetland restoration planning is
urgently needed (Liu et al., 2016).

In this study, we developed a framework for identifying
priority areas for tidal wetland restoration and considered the
reclaimed area of Shanghai coast as a case study. Our framework
includes five steps: (1) removal of unsuitable restoration areas
for delineating the planning area, (2) analysis of the status of
regional ES supply and demand (mis)matches, (3) estimation of
the potential ES supply to represent restoration benefits of the
planning area, (4) construction of a concept model for
quantifying restoration costs, and (5) identification of
restoration priority areas based on the optimization algorithm
of SCP. With this framework, we tested whether the
introduction of regional ES supply and demand (mis)matches
would significantly shift the spatial distribution of priority
restoration areas and increase restoration costs. The results of
this study would have important implications for optimizing
spatial planning for coastal ecosystem restoration.

2 Materials and methods

2.1 Study area

The loss of tidal wetlands in Shanghai has been largely
caused by coastal reclamation over the past 60 years (Wei
et al, 2010; Lin et al, 2021). The remaining tidal wetlands
cover a total area of 614 km?, most of which are concentrated on
Chongming Island and Jiuduansha Shoal (Cai et al., 2014;
Figure 1). Annual average temperature, amount of
precipitation, evaporation, and sunlight hours of Shanghai are
17.7°C, 1597.1 mm, 1027.9 mm, and 1668.6 h, respectively
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(SMSB and SONBS, 2017). The average and maximum tidal
range are 2.67 and 4.62 m along Shanghai Coast, respectively
(Zhang, 2015). The surface water salinity (> 1%o) in the north
east of Chongming Island and the north bank of Hangzhou Bay
is higher than that (< 0.45%o) along the coast of Baoshan District
and part of southern Chongming Island (Zhang, 2015). The
sediment types of Shanghai’s tidal wetlands are mainly sandy silt
and silty sand (Wei et al., 2010). Common vegetation types of
Shanghai’s tidal wetlands are Phragmites australis, Cyperaceae
Juss., and Spartina alterniflora (Cai et al., 2014).

In this study, we focused on the reclamation area of Shanghai
between the 1950s and 2020, including the northern part of
Chongming Island, which belongs to the Jiangsu Province
(Figure 1). Five administrative districts can be found along the
Shanghai coast: Jinshan District, Fengxian District, Pudong New
Area, Baoshan District, and Chongming District (Figure 1; SMSB
and SONBS, 2017). Chongming District consists of three islands:
Changxing Island, Hengsha Island, and Chongming Island
(Figure 1). In the Shanghai Master Plan (2017-2035), the
Shanghai Municipal People’s Government proposed the target of
keeping the total amount of wetland resources unchanged
(SUPLRAB, 2018). However, previous studies have shown that
Shanghai’s tidal wetlands cannot be recovered to their historical
maximum area through natural sedimentation, especially under the
impacts of sediment declination, sea level rise, and coastal erosion
(Ge et al., 2016; Luan et al,, 2021). To promote the implementation
of the Shanghai Master Plan (2017-2035), it is necessary to
implement tidal wetland restoration in the reclaimed areas
(SUPLRAB, 2018).

2.2 Overview of the framework

Based on the first four stages of the SCP paradigm (Margules
and Pressey, 2000), we developed a five-step workflow to identify
priority areas for tidal wetland restoration (Figure 2). The first
step was to extract potential restorable areas from the reclaimed
tidal wetlands. Multiple raster layers used for spatial
prioritization were then produced through steps 2-4. In step 2,
the status of regional ES supply and demand (mis)matches was
assessed using the benefit transfer method and by analyzing the
status of socioeconomic development. We calculated the ratio of
ES demand to supply for each township. If this ratio is greater
than one, then the ES in the township is in short supply. The
potential benefits of the restored wetlands were estimated by
combining the recovery rate, degree of land degradation, and ES
value. Restoration costs were quantified by combining socio-
economic costs and ecological feasibility. Finally, we input these
layers into the SCP software and identified the priority areas for
restoration under the two scenarios. In our workflow, steps 1-3
refer to stage 1 of the SCP, and steps 4-5 refer to stages 2 and 4 of
the SCP.
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FIGURE 1

Map of the reclaimed area along Shanghai Coast between the 1950s and 2020. Inset shows the location of the study area in China (Left).

2.2.1 Extraction of the potential
restorable areas

Ecological protection and restoration often face strong
competition with other land-use demands such as coastal
urbanization, food production, and low-carbon energy
development (e.g., solar farms; Seddon, 2022). Therefore, we first
eliminated reclaimed tidal wetlands that could not be restored for
non-ecological reasons. Reclaimed areas from the 1950s to 2020 are
regarded as degraded areas for tidal wetlands (Lin et al., 2021), which
were digitized from the Shanghai Urban Geology (Wei et al., 2010)
and Google Earth images. With reference to a previous study
(Strassburg et al,, 2019), we first excluded impervious surfaces

(e.g., built-up land and roads) from the reclaimed area.
Subsequently, several land use types used for social and economic
development were erased from the map of reclaimed areas, including
permanent basic farmland, urban drinking water sources, and
advanced manufacturing bases. These land-use types are
commonly known as “masks” in conservation planning (Groves,
2003). Among them, permanent basic farmland is determined in
accordance with land use planning and is permanently protected
and not allowed to be occupied for other uses, which has been
implemented as a national policy for food security in China (Chen
et al,, 2017). Impervious surfaces were obtained from GlobeLand30
(V2020) (available at http://www.globallandcover.com/). The
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FIGURE 2

Workflow for identifying priority areas for tidal wetland restoration. w,, represents the weight of the restoration cost n used for assessing the

total restoration costs.
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remaining “masks” were digitized based on the Atlas of the Shanghai
Master Plan (2017-2035) (available at https://www.shanghai.gov.cn/
nw42806/index.html).

2.2.2 Quantifying the spatial mismatch of ES
supply and demand

We mapped ES supply and demand at the town scale
according to Shi et al. (2020) to ensure a comparison of the
results of different studies at the same spatial resolution. The
economic value per unit area of ES was used to express the ES
supply capacity of each town, which was calculated using the
following equation:

TESV = E;LIW,‘ X ESV, (1)

where TESV represents the ES value per unit of each town in
2007$/ha/yr (same hereafter), w; is the area proportion of ecosystem
i in the whole town, and ESV; is the ES value per unit area of
ecosystem i. The composition data of the different ecosystems in
each town were extracted from Globeland30 (V2020). We used the
vector files of Shanghai’s dike in 2020 to divide “wetland” in
Globeland30 (V2020) into two ecosystem types, namely, inland
and tidal wetland. The ES values per unit area of different ecosystems
were retrieved from a global database provided by Costanza et al.
(2014). This database is one of the few that includes marine and
terrestrial ES value data.

As recommended by previous studies (Peng et al., 2017;
Zhao et al., 2018; Shou et al., 2020), we mapped ES demand by
combining indicators representing land use intensity and socio-
economic development:

DI, = BAP; x 1g(PD;) x 1g(GDP;) ©)

where DI, is the ES demand index of town i, BAP; is the area
proportion of built-up land in the town i, PD; is population
density of town i in individuals/ha, and GDP; is the value per
unit area of gross domestic product (commonly as GDP) of town
i in CNY/ha. Population density and GDP data were derived
from the 2017 statistical yearbook of each district.

We used the ES demand-supply ratio index ( DSR;
hereinafter) to quantify the proximity between ES supply and
demand. DSR can be calculated using the following equation:

Di+1

DSRi =51
1

(©)

where S; and D; are the ES supply and demand index of town
i, respectively, using the min-max normalization method. The
ES supply and demand of the town are more imbalanced when
the DSR; value is higher.

2.2.3 Assessing benefits for tidal
wetland restoration

In this study, we assumed that the potential ES supply of
fully restored wetlands is consistent with global averages. The
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functional restoration of degraded tidal wetlands often takes a
long time, ranging from 20 to 30 years (Bayraktarov et al., 2016).
A global meta-analysis showed that the average annual recovery
rate of degraded tidal wetlands is approximately 4% per year
(Jones et al,, 2018). The recovery rate of ecosystem properties is
closely related to the degree of degradation before restoration
(Ghazoul and Chazdon, 2017). Thus, we adjusted the recovery
rate of different land cover types in potentially restorable areas
according to their degree of degradation. Thus, the potential ES
supply of tidal wetland restoration at the end of a pre-specified
time can be calculated using the following equation:

RBLC; = 0.04 x ¢; x T x TWESV (4)

where RBLC; represents the value per unit area of the
potential ES supply of land cover type i at the end of year T,
when it is used for restoration. In this study, we set T to 10 years
according to the post-2020 outcome goals. ¢; is the coefficient
used to adjust the recovery rate of land cover type i, which
indicates the difference in the average degree of degradation for
all land cover types in the reclaimed area. We used the ES value
of each land cover type to represent the degree of degradation
according to the concept of land degradation (IPBES, 2018).
Thus, ¢; can be calculated using the following equation:

_ESV;

“Esv ©

Ci

where ESV; is the ES value per unit area of land cover type i
and ESV is the average ES value per unit area for all land cover
types in the potential restorable area.

2.2.4 Quantification of restoration costs

Restoration costs include opportunity costs, direct costs,
contingency costs, transaction costs, external costs, and time
lags (Wang et al., 2021a). Previous studies have used various
indicators to represent monetary restoration costs, such as
anthropogenic pressure (Qu et al., 2019; Goyette et al., 2021)
and ecological restoration feasibility (Orsi and Geneletti, 2010).
Considering that the available data on costs are often limited
(Wang et al,, 2022), we built a conceptual model for estimating
restoration costs, which can be expressed by the following
equation:

RC = w, x NOC + w, x NDC (6)

where RC is the restoration cost. NOC and NDC are the
standardized indicators (based on the min-max normalization
method) for opportunity cost and direct cost, respectively. w;
and w, are the weights of NOC and NDC , respectively. In this
study, both values were set to 0.5 in this study. Opportunity costs
were represented by the housing prices of different districts in
2016, which were derived from Shanghai’s statistical yearbook
(SMSB and SONBS, 2017).
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The direct costs of restoration include investment in
hydrological restoration, revegetation, sediment replenishment,
raw material, and others (Wang et al., 2021a). Therefore, we
assumed that direct costs were related to ecological feasibility. In
this study, we propose the following equation to measure the

DC = /][, RE; @)

where DC is the indicator for direct cost, and RF; is the
normalized indicator for restoration feasibility i with the min-

direct costs:

max normalization method. Based on previous studies and the
availability of data (Widis et al., 2015; Liu et al,, 2021), five key
factors were adopted to assess restoration feasibility (Table 1).
The methods and data sources for these indicators are listed in
Table 1. The spatial extent of the tidal range and SSC data was
restricted to offshore water. Therefore, we first divided the study
area into multiple drainage basins using the hydrology tools of
ArcGIS 10.2.1. The GEBCO_2021 Grid (with a spatial resolution
of 15”; available at https://www.gebco.net/) was used to depict
the drainage basins. Then, the average tidal range and SSC of the
drainage basins intersected with coastal water were extracted
from their original layers (Table 2) with the spatial analyst tools
of ArcGIS 10.2.1. Finally, we assigned the values of the drainage
basins intersecting with coastal water to those intersecting with
or near the reclaimed area according to Tobler’s first law of
geography (Tobler, 1970).

2.2.5 Identifying priority areas for tidal
wetland restoration

Zonation can produce a priority scoring map by repeatedly
calculating the importance values of all pixels across the
planning region and excluding the pixels that have the lowest
value until all pixels are excluded (Moilanen, 2007). Accordingly,
the impacts of newly added features on the spatial distribution of
priority ranking can be flexibly assessed. The additive benefit
function (ABF) of Zonation was selected to address the spatial

10.3389/fmars.2022.1019619

prioritization problem (Moilanen, 2007). The grid size of the
three layers was resampled to 100 m x 100 m to ensure
consistency with the units of the ES value.

In this study, two scenarios were designed to determine the
impact of regional ES supply and demand (mis)matches on the
distribution of priority areas. The first was “ES demand-ignored”
scenario. In particular, the potential ES supply and restoration
cost layers were inputted into Zonation 4.0. An edge removal
function was used to improve the connectivity of the priority
area network. The second scenario was the “ES demand”
scenario. In particular, all three layers (potential ES supply,
restoration costs, and ES demand-supply ratio) were inputted
into the Zonation software and run under the same settings as in
the first scenario. Referring to the methods of Costa et al. (2021),
we extracted priority areas for tidal wetland restoration
according to Aichi Biodiversity Target 15, which proposed the
restoration of at least 15% of degraded ecosystems (IPBES,
2018). The potentially restorable areas may be much smaller
than the original reclaimed areas. Thus, the threshold used for
extracting priority areas should be modified according to
potential restorable area ratio (Threshold = 0.15/potential
restorable area ratio).

2.3 Statistical analysis

Kendall correlations were used to analyze the spatial
association among the potential supply of ES, restoration costs,
and the ES demand-supply ratio to explain the spatial
characteristics of priority areas in different scenarios. The
degree of spatial overlap of the priority areas generated from
the two scenarios was evaluated. We then quantified the
difference in priority areas for the different districts between
the two scenarios. Changes in potential ES supply and
restoration costs between the two scenarios were also
calculated to analyze the impacts of incorporating the regional
context of ES supply and demand into restoration planning.

TABLE 1 Indicators for assessing the ecological restoration feasibility in reclaimed area.

Indicator types Methods Data sources

Tidal range Inverse distance weighted interpolation Bao and Zhu, 2017.

Suspended sediment Quantitative remote sensing retrieval based on Landsat8 ~ Landsat8 images were downloaded from USGS web (available at: https://

concentration (SSC) OLI images (Pan and Guo, 2020). earthexplorer.usgs.gov/)

Distance from river Euclidean distance 1:250,000 basic geographic information data of Shanghai provided by the
National Earth System Science Data Center

Distance from road Euclidean distance 1:250,000 basic geographic information data of Shanghai provided by the
National Earth System Science Data Center

Distance from settlements Euclidean distance 1:250,000 basic geographic information data of Shanghai provided by the
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3 Results

3.1 Spatial distribution of the potential
restorable areas

From the 1950s to 2020, 1353 km? of tidal wetlands and
coastal water along the Shanghai coast were reclaimed, among
which 68.6% of the original reclaimed area was unsuitable for
tidal wetland restoration because it had been converted into
built-up land or other types for socio-economic development.
The remaining 31.4% (425.2 km?®) of the reclaimed area was
considered suitable for ecological restoration (Figure 3), referred
to as the potential restorable area hereinafter. Approximately
93.3% of the potential restorable areas were distributed in
Pudong New Area and Chongming District (Figures 3A, B).
Only 1.5% of the potential restorable areas were distributed in
the Baoshan and Jinshan districts (Figures 3A, B). In terms of the
proportion of different land cover types, cropland accounted for
the largest proportion (72.3%) of the potential restorable areas,
followed by water (15.2%), and inland wetlands (9.3%)
(Figure 3C). Based on the method described in Section 2.2.5,
we set the threshold for extracting priority areas to 50%.

3.2 Spatial relationships among
restoration benefits, costs, and ES
demand-supply ratio

The results showed that the ES demand-supply ratio in most
potential restorable areas of Chongming District was lower than

10.3389/fmars.2022.1019619

that of the other four districts (Figure 4A). Potential restorable
areas with high ES demand-supply ratios were mainly
distributed along the northeast coast of the Pudong New Area
(Figure 4A). The estimation results showed that most potentially
restorable areas had low ES values (Figure 4B). Only a few
patches could provide high ES values after 10 years, such as the
patches along the coast of the Jinshan District (Figure 4B).
Restoration costs in Chongming District were significantly
lower than those in the other districts (Figure 4C). The results
of the Kendall correlation showed that the ES demand-supply
ratio was significantly negatively correlated with the restoration
costs (Figure 5, p < 0.05). The potential ES supply was
insignificantly correlated with the ES demand-supply ratio
and restoration costs (Figure 5, p > 0.05).

3.3 Spatial distribution of priority areas in
different scenarios

The spatial distribution of the two priority ranking maps for
the tidal wetlands varied greatly (Figure 6). The priority ranking
of the northwest coast of Chongming Island in the ES demand
scenario was lower than in the ES demand-ignored scenario
(Figure 6C). In contrast, the priority ranking of many potential
restorable areas in the central Pudong New Area was raised in
the ES demand scenario compared with that in the ES demand-
ignored scenario (Figure 6C). Among the five administrative
districts, Fengxian and Chongming districts demonstrated
declining performance in priority ranking, the two had average
declines of 0.01 and 0.05, respectively (Figure 6C). The potential
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FIGURE 3

Spatial distribution of the potential restorable areas (A). The two pie charts were used to present the proportion of potential restorable areas
contained in different districts (B) and the land cover composition of potential restorable areas (C), respectively.
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TABLE 2 Priority areas of each district under different scenarios (unit: ha).

Districts ES demand-ignored
Jinshan 429 (2.2%)
Fengxian 607 (3.2%)

Pudong New Area 3,516 (18.3%)
13 (0.07%)

14,690 (76.3%)

Baoshan

Chongming

restorable areas of Baoshan District had the largest increase in
priority ranking, on average (Figure 6C).

The total priority areas that we extracted accounted for
approximately 45% of the potential restorable area instead of
50% (Table 2). This is because Zonation software requires all
raster data to have the same number of rows and columns.
However, the spatial resolution and format of the original data
were different, which caused information loss during the data
preparation. The overlapping area between the two scenarios
accounted for 85% of the total priority areas. The priority
areas of Chongming District in the ES demand scenario
decreased by 3.9% compared with that in the ES demand-
ignored scenario (Figure 7A and Table 2). For example,
compared with the ES demand-ignored scenario, a larger
number of potential restorable areas on eastern Chongming
Island did not exist in the priority area network (Figure 7A).
Conversely, many potential restorable patches along the coast
of Baoshan District and the northern Pudong New Area were
identified as priority areas for tidal wetland restoration only
when combining the status of regional ES supply and demand
(mis)matches (Figures 7B, C). For example, we found
that restoration priority areas in Baoshan District increased
by 1.8 times compared with the ES demand-ignored
scenario (Table 2).

10.3389/fmars.2022.1019619

ES demand Ratio
438 (2.3%) 2.0%
607 (3.2%) 0

4,051 (21.0%) 15.2%
36 (0.2%) 176.9%

14,121 (73.3%) -3.9%

3.4 Comparison of restoration benefits
and costs between the two scenarios

Compared to the ES demand-ignored scenario, the total
potential ES supply and restoration costs increased by 0.34% and
10%, respectively (Figure 8). Of the five administrative districts,
only Chongming District showed a decrease in potential ES
supply (2.3%) but an increase in restoration costs (3.0%) when
accounting for the ES demand-supply ratio index (Figure 8).
The change trend of the potential ES supply and restoration
costs in the remaining four districts was consistent with that of
the priority areas between the two scenarios. For example, the
potential ES supply and restoration costs of Baoshan District
increased by 57.6% and 161.1%, respectively, under the ES
demand scenario (Figure 8).

4 Discussion

4.1 Availability of the potential
restorable areas

Less than one-third of the original reclamation areas were
potentially available for tidal wetland restoration along the
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FIGURE 4

Spatial characteristics of ES demand—supply ratio (A), potential ES supply (B), and restoration costs (C). In (C), higher grid values correspond to

lower restoration costs in reality.
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FIGURE 5

Potential ES supply

Restoration costs

ES demand-supply ratio

10.3389/fmars.2022.1019619

Correlation among the potential ES supply, restoration costs and ES demand—supply ratio. The size of the square represents the absolute value

of the correlation coefficient. * means p < 0.05.

Shanghai coast. This result demonstrates that previous studies
may have overestimated the amount of land resources available
for restoration because of the low availability of spatial data on
the needs and interests of all relevant stakeholders (e.g., Qu et al.,
2019; Strassburg et al., 2020). Excluding these specific land-use

types from reclaimed areas is an essential step in the process of

restoration planning. Many tidal wetlands are transformed to
provide valuable services that cannot be offered by natural
ecosystems, such as transport services provided by Shanghai

Pudong International Airport and freshwater supply services
provided by Qingcaosha Reservoir of Changxing Island (Chen
et al., 2007). Similar projects are also being conducted abroad,
such as the Eko Atlantic City project in Africa (Martin-Anton

et al,, 2016). Therefore, incorporating detailed information on
competing land use demands into decision making by building a

mechanism such as participatory land

use planning is necessary

to promote the benefits of ecological restoration (Gann

et al., 2019).

4.2 Significance of incorporating ES
demand-supply ratio index into

restoration planning

In this study, trade-offs among the ES demand-supply ratio,
potential ES supply, and restoration cost were mitigated using
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Spatial distribution of restoration priority ranking of potential restorable areas under ES demand-ignored (A) and ES demand scenario (B). (C)
shows changes in the priority ranking between the two scenarios.
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Spatial distribution of priority areas for tidal wetland restoration under different scenarios (A). (B) and (C) show the spatial distribution of priority
areas along the coast of Baoshan District and the northern Pudong New Area, respectively

the ABF of Zonation. The ranking rule of the ABF is
characterized by considering the overall high value for all the
abovementioned features in a given planning unit instead of one
feature that has the highest value. For this reason, we could
explain why only considering the potential supply of ES and
restoration costs would result in priority areas being
concentrated in Chongming District (Figure 4A). Specifically,
recent studies have shown that ES supply was lower than human
demand in Baoshan District and the central Pudong New Area
due to anthropogenic impacts (e.g., huge demand for land
resources on industrial, residential, and commercial
development; Chen et al., 2019; Jiang et al,, 2020; Shi et al,
2020). The restoration costs in the two districts were much
higher than those in Chongming District, which can be
attributed to the high opportunity costs represented by local
high housing prices (SMSB and SONBS, 2017). Given that the

spatial distribution of potential ES supply was relatively
homogeneous (Figure 4B), potential ES supply was not
correlated with either the ES demand-supply ratio or
restoration costs in this study. Thus, considering only the
potential supply of ES and restoration costs would result in
priority areas concentrated in districts with low economic
development but relatively healthy ecosystems (e.g.,
Chongming District) (Figure 4A). Therefore, regional
disparities in human well-being cannot be reduced by
implementing ecological restoration projects.

The overlapping areas accounted for 85% of the priority
areas in the two scenarios. However, the status of regional ES
supply and demand (mis)matches cannot be neglected in
restoration planning. Such a high proportion might have been
caused by the high threshold for extracting priority areas in this
study. In practice, the target of restoring 15% of degraded land is
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unlikely to be approved by the local government because of the
scarcity of land resources in Shanghai (Chen et al, 2007).
Discrepancies in the ranking score of many patches between
the two scenarios were significant (Figure 6C), which means that
patches with high ES demand-supply ratios but low restoration
benefits or high restoration costs will be excluded from the
priority area network as the threshold declines. For example,
Wang et al. (2018) found that land subsidence exacerbates the
threat of storm flooding to administrative districts with high
housing prices (e.g., Baoshan District and northern Pudong New
Area), which implies that coastal protection needs to be
strengthened in these places. Restoring reclaimed tidal
wetlands can attenuate wave energy, provide additional water
storage, and improve the resilience of densely populated areas to
flood risks (Temmerman and Kirwan, 2015). Coincidentally,
parts of the local restorable areas only under the ES demand
scenario could be included in the priority area network
(Figures 7B, C). Future studies can design a scientific target for
tidal wetland restoration based on the concept of ‘no net loss’
(He, 2019). For example, the total restoration area can be
determined using the changes in the tidal wetland area over a
certain period as a reference.

We used a conservative multiplier to calculate the benefits of
restoration projects, which may have resulted in a low benefit-to-cost
ratio in the first 10 years. However, a global meta-analysis found that
the net benefits of restoration projects will ultimately outweigh the
costs of that within a timeframe of approximately 70 years (Stewart-
Sinclair et al.,, 2021). The case of the Yingwuzhou wetland restoration
(located on the coast of Jinshan District) shows that the project
investment can be recovered within 18 years according to the cost—
benefit calculation of ES (Wu et al., 2020). Recent evidence also
suggests that people are more inclined to pay for ES, which directly
benefits them (Liu, 2020). Thus, tidal wetland restoration is worth
implementing when ES is in high demand, even if restoration costs
are high.

4.3 Applications for restoration planning

Regional ecosystem health deteriorates as the mismatch
between ES demand and supply increases (Villamagna et al,
2013; Pan et al, 2021). Thus, restoration actions should be
prioritized in areas with serious deficits in ES supply and
demand to truly improve local human-being (Peng et al,
2020). In other words, if the information on regional supply
and demand mismatches is ignored for spatial prioritization, it
may lead to an increase in the overall potential ES supply only,
but without the improvement in human well-being. Using our
framework for implementing restoration projects can avoid this
situation by addressing the trade-offs among the need to
improve human well-being, the potential ES supply obtained
from tidal wetland restoration, and restoration costs. In
particular, our framework can guide the specific
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implementation of large-scale restoration projects such as
China’s “MPPRINE (2021-2035)”. Many studies have
quantified the spatial relationship between ES supply and
demand to support environmental management in the
Shanghai or Yangtze River Delta (e.g., Chen et al., 2019; Shi
et al,, 2020). However, they do not propose explicit spatial
strategies to guide the deployment of restoration projects. For
example, Shi et al. (2020) only recommended that priority areas
for restoration should be placed in the central and suburbs of
Shanghai City based on the analysis of ES flow. Priority areas
identified by our framework not only provide essential ES to
nearby people but are also highly cost-effective when they are
implemented on the ground.

Our workflow has potential as a useful tool for informing
restoration planning of other coastal ecosystems (e.g.,
mangroves and seagrass) by scientists and policymakers. First,
most of the data and indicators used in this study also serve as an
ecological and economic basis for the site selection of mangrove
planting (e.g., tidal range; Worthington and Spalding, 2018).
Second, the flexibility of our workflow allows the adjustment of
indicators to adapt to different regional contexts. For instance,
housing prices can be replaced by income from farming or
aquaculture to represent the opportunity costs in tropical areas.

4.4 Refining the framework

Our framework has several limitations that should be
addressed in the future. First, spatial (mis)matches of ES
supply and demand were not assessed in a one-to-one manner
because of the lack of unified methods for mapping ES demand
(Zhao et al., 2018). Spatial mapping of ES demand is particularly
scarce in coastal ES studies (Sole and Ariza, 2019). Second, the
restoration cost equation can be further refined when the cost
information on restoration engineering is available. For instance,
external costs were ignored in this study because of the difficulty
in defining the scope of the impact of external costs (Wang et al.,
2021a). Finally, we used the global average recovery rate as the
unique parameter of the reference system to estimate the
potential ES supply, while ignoring the spatial heterogeneity of
the environmental context. Future studies can build a reference
ecosystem using the integrated database method, that is, a
method derived from big data analysis (Pang et al., 2020).

5 Conclusions

In this study, a five-step framework was established to rank the
spatial priorities of tidal wetland restoration. Compared with
previous studies, we integrated the status of regional ES supply
and demand (mis)matches into spatial prioritization to effectively
improve human well-being through ecological restoration. We
found that ignoring the comprehensive needs of socio-economic
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development (e.g., using reclaimed land to develop cutting-edge
technology) can lead to the overestimation of potential restorable
areas. The results showed that many potential restorable areas (e.g.,
the coast of Baoshan District and northern Pudong New Area)
with a high demand for improving human well-being will be
excluded from the priority area network unless the ES demand-
supply ratio index is incorporated into spatial prioritization.
Increasing the proportion of priority areas in districts with high
ES demand-supply ratios increased the total restoration costs (up
to 10%) and potential ES supply (approximately 0.3%) at the same
time. This result was caused by the low spatial association between
the status of regional ES supply and the demand matching degree
before restoration and the potential ES supply thereafter. Overall,
we advocate that information on the status of regional ES supply
and demand (mis)matches should be incorporated into spatial
planning to ensure the availability of restoration benefits to those
who truly need them.
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Invasion by smooth cordgrass (Spartina alterniflora Loisel) has greatly impacted
the intertidal ecosystems of China. Worldwide, chemical control is the most
widely used method to control Spartina species, but it has not been widely
implemented along the Chinese coast due to concerns about the potential
impacts of herbicide residues on the environment and organisms.
Macrobenthos, both natural and cultured on intertidal mudflats, is an
important seafood resource, so human food safety is a particular concern.
Here we tested the effectiveness of imazapyr (an imidazolinone herbicide
inhibiting the synthesis of branched-chain amino acids) in controlling S.
alterniflora from August 2020 to June 2021 on the Jiangsu Coast, an area
severely impacted by S. alterniflora. We used two different concentrations of
the herbicide and monitored the density of S. alterniflora seedlings and flower
spikelets, the effects of herbicide use on macrobenthos, and residues in
organisms and the environment at different times post-application. Ten
months after application, imazapyr had killed all plants and within 30 days it
inhibited the two reproductive processes of germination and flowering; there
were no significant differences between the two concentrations used.
Imazapyr residues were detected in the environment for up to 14 days post-
application, but at very low concentrations and exponentially decreased with
time. No residues were found in any macrobenthos. Imazapyr use did not result
in a reduction of macrobenthos density. We conclude that the herbicide
imazapyr effectively removes S. alterniflora with little collateral damage to
other organisms and the environment. However, in view of the relatively small
scale of our trials and the great extent of S. alterniflora in many sites in China,
we recommend that larger scale field trails be conducted to assess any
potential adverse effects when imazapyr is used at a landscape level.

KEYWORDS

Spartina alterniflora, imazapyr, macrobenthos, Jiangsu coast, intertidal mudflats,
biological invasion

frontiersin.org
61


https://www.frontiersin.org/articles/10.3389/fmars.2022.1054402/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1054402/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1054402/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1054402/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.1054402&domain=pdf&date_stamp=2022-12-15
mailto:jbshi@bnu.edu.cn
mailto:hebo.peng@outlook.com
https://doi.org/10.3389/fmars.2022.1054402
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.1054402
https://www.frontiersin.org/journals/marine-science

Peng et al.

1 Introduction

Human activities, both deliberate and accidental, have
brought a long list of species from their places of origin to the
far corners of the world. Some of them have become invasive,
displacing local species and dominating communities (Seebens
et al,, 2015; Early et al., 2016). Cordgrasses (Spartina spp.) are
perennial C4 grasses that are important ecosystem engineers in
their native ecosystems, modifying, maintaining and/or creating
habitats (Strong and Ayres, 2013). Because of their capacity to
dissipate wave action, thus protecting dikes, reducing erosion
and trapping sediments, various Spartina taxa have been
introduced to coastal areas worldwide, frequently resulting in
serious ecological problems (Li et al., 2009; Strong and Ayres,
2013; Meng et al, 2020). The world’s largest invasion of S.
alterniflora is in China (Strong and Ayres, 2013), where it is now
found in all coastal provinces; in 2019 it covered 67,532 hectares
and is still increasing (Gu et al., 2021). The most severely
impacted region is the coast of Jiangsu Province and Shanghai
(Gu et al., 2021). In China S. alterniflora has resulted in serious
negative impacts on local biodiversity, fisheries, aquaculture and
ecosystem functioning (Chen et al., 2004; Chen et al., 2009; Ju
et al., 2017; Zhang et al., 2019a; Jackson et al., 2021). As a result,
effective treatments to control or remove S. alterniflora have
been sought (Ju et al., 2017).

Worldwide, coastal managers have tried various methods to
control or remove Spartina including physical removal,
biological treatment and treatment with herbicides. These
methods vary in terms of effectiveness, cost and potential
adverse effects (Roberts and Pullin, 2008; Table 1). Physical
removal includes burning, hand pulling, smothering by covering
with plastic, mowing, waterlogging, and tilling, but always with
limited success (Roberts and Pullin, 2008; Xie et al., 2019).
Physical methods are costly and destroy the physical structure
of underlying sediments and, when impoundments are
constructed, result in the loss of intertidal habitat (Yuan et al.,
2011; Xie et al,, 2019). Biological control, e.g., using the plant
hopper Prokelisia marginata (Grevstad et al., 2003), has yet to be
demonstrated as an effective method of biological control of S.
alterniflora and potentially may exacerbate problems by
selecting for resistant genotypes (Garcia-Rossi et al.,, 2003).
Herbicides are the most widely used method worldwide for
controlling Spartina species (Roberts and Pullin 2006) because
they are highly efficient, low cost, fast-acting, with small impacts
on the physical characteristics of the habitat, and potentially
with limited impacts on other organisms.

Among the numerous herbicides used to control Spartina,
glyphosate, imazapyr, fluazifop-p, haloxyfop, clethodim, and
glufosinate have been used with success (Patten, 2002; Roberts
and Pullin 2008; Knott et al., 2013; Liang et al., 2020), imazapyr
and haloxyfop are the most widely used (Roberts and Pullin
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2006; Liang et al., 2020; Mo et al., 2021). Each of these herbicides
has advantages and disadvantages (reviewed in Table 1). In
China, haloxyfop has been used to control Spartina for more
than 10 years, especially in Shanghai, which is one of the coastal
areas most heavily invaded by Spartina (Liang et al., 2020).
Imazapyr is among the most tested and used herbicides
worldwide for Spartina control (Patten, 2002; Roberts and
Pullin 2008), however it has been used only once in China, but
not in the most heavily invaded area, and no assessment of
potential impacts on macrozoobenthos were made (Mo
et al., 2021).

Macrobenthic animals play core roles in coastal wetland
food webs both as primary and secondary consumers and as
food for higher trophic level consumers such as fish and birds
(Herman et al., 1999; Rakhimberdiev et al., 2018; Zhang et al,,
2019b). Macrobenthos also influence the physicochemical
processes in sediments through bioturbation (van der Zee
et al., 2012; Adamek and Marsalek, 2013; Donadi et al., 2013;
Donadi et al.,, 2014). Because of their generally limited mobility
and sensitivity to environmental changes, macrobenthic species
can serve as environmental indicator organisms (Bianchelli et al.,
2018). Along China’s coasts, macrobenthos (especially bivalves)
are important economic products; most intertidal flats along the
Chinese coast are occupied by mollusc aquaculture, and cultured
species dominate the macrobenthic communities (Peng et al.,
2021) affecting the survival of other organisms in the ecosystem
(Piersma et al., 2016). Since macrobenthos is important as
seafood for humans (Li et al., 2011), smooth cordgrass in
China usually has been subject to physical control rather than
the use of herbicides (Ju et al., 2017) due to concerns about
possible contamination. However, the extent of Spartina
invasion in China is now such that herbicides are the only
effective method of control in most areas, but there is a need to
ensure they have no adverse ecological effects.

Imazapyr is an imidazolinone herbicide with excellent
herbicidal activity against a broad range of plants, including
terrestrial annual and perennial grasses and broadleaved herbs,
woody species, and riparian and emergent aquatic species
(USEPA, 2006). Its mechanism of action is to inhibit the
synthesis of branched-chain amino acids (WSSA, 2014).
Imazapyr possesses a low sorption capacity, high water
solubility, and high persistence in soils (WSSA, 2014), and has
been proved to present no risk to or toxic effects on local aquatic
organisms, birds and insects (Fisher, 2003; USEPA, 2006). This
study was designed to test the effectiveness of, and assess the
impact on macrobenthos of, imazapyr used to control smooth
cordgrass. To explore the effectiveness of imazapyr for the
removal of smooth cordgrass, and to study the effects of
herbicide residues in the environment and macrobenthos, we
used controlled field experiments and monitored the residues of
herbicides in macrobenthos, sediment and water.
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TABLE1 The efficiency, advantages and disadvantages of various methods of controlling or removing Spartina species.

Methods
1.Physical removal (Roberts and Pullin, 2008; Xie et al., 2019)

Efficiency

Burning Low Lowest cost

Hand pulling Low Environment- and habitat-friendly

Plastic covers Medium Effective in combination with mowing for low vegetation
Mowing Low Removes the above-ground part quickly

Waterlogging High Completely removed if undertaken properly

Tilling Medium Completely removed by deep tilling

2.Biological treatment (Grevstad et al., 2003; Hinz et al., 2019)

Insects or Medium

plant diseases

Advantages

May be environment- and habitat- friendly when organisms are properly screened

Disadvantages

1.Short exposure time of the intertidal area
2.Wet vegetation in the intertidal zone
3.Regrows quickly

1.Deep rhizomes
2.High cost

1.Tide will frequently damage the plastic covers
2.Potential plastic pollution

1.Does not remove rhizomes
2.Re-grows very quickly
3.Compaction of substrate

1.Need to build dykes

2.Change the intertidal area into ponds
3.Very difficult to revert to intertidal
4.Very high cost

1.Very high cost

2.Deeply disturbed sediments
3.Destroys the whole habitat
4.Rhizomes may regenerate

1.Potential new biological invasion
2.Time costly in preparation and testing
3.High cost

4.May select for resistant genotypes

3.Chemical herbicides (Patten, 2002; USEPA, 2006; Durkin, 2014; Liang et al., 2020; Zhao et al., 2020)

Glyphosate 50%-90% 1.Fast acting

2.A half-life of 33 hrs

Imazapyr > 90% 1.High efficiency

2.Low usage amount

3.A half-life of 3-5 days, rapid photolysis in water

4.Formulation can be mixed with salt water

Fluazifop-p > 90% 1.Low usage amount
2.Specific to monocotyledons

3.a half-life of a few days

Haloxyfop > 90% 1.High efficiency.

2.Fast acting

3.A half-life of a few hours in seawater
4.Low usage amount

5.Specific to monocotyledons

Clethodim 68% 1.Low usage amount

2.A half-life of 1-3 days
3.Specific to monocotyledons

Glufosinate > 90% 1.Medium acting rate

2.Low usage amount

2 Methods and materials

2.1 Study area

This study was conducted at Dongtai Estuary (Figure 1),
within the ‘experimental zone’ of the Yancheng National Rare
Birds Nature Reserve (YNRBNR), located on the coast of Jiangsu
Province, China (N 32.95° E 120.92°) (Ma et al., 2009). On the
border between the northern subtropical zone and the southern
warm temperate zone, it has four distinct seasons with cold
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1.Low efficiency
2.Herbicide residues

1.Herbicide residues
2.Broad-spectrum herbicide

1.Stable in water, hard to decompose
2.Herbicide residues

1.Herbicide residues

1.Low efficiency
2.Herbicide residues

1.A half-life of 25 days
2.Herbicide residues

winters and hot summers, and light but abundant precipitation
(average precipitation is 1000 mm, Huang et al., 2015).
YNRBNR is a key staging site for hundreds of thousands of
waterbirds along the East Asian-Australasian Flyway (EAAF),
and was listed as a World Heritage Site in 2019
(UNESCO, 2019).

Spartina alterniflora was first planted in Jiangsu in 1982
(Chung, 2006), since when it has rapidly invaded open mudflats
(Gu et al., 2021), resulting in the loss of habitat for migrating
birds (Ju et al,, 2017). The experiments took place in the
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Study area in Jiangsu Province, China. Red plots are those treated with a high concentration of imazapyr, green plots are those treated with a
low concentration of imazapyr, and blue plots show the untreated control plots.

southern area of YNRBNR, where S. alterniflora has taken over
all of the shoreline and extends up to 1.5 km or more offshore.

2.2 Plot setting and experiment
treatment

Nine plots adjacent to the seawall were selected, each being
50 m x 200 m in size (1 ha in area). The tides submerged the
plots for one (neap tide) to four (spring tide) hours during the
high tide almost every day in August, but in September the plots
did not submerge during the neap tide.

The plots received three treatments of imazapyr herbicide
(Polaris, Nufarm Americas Inc.) (Table 2): high concentration

group (10%), low concentration group (5%), and the control group

TABLE 2 The concentrations and composition of the imazapyr mixture.

Treatments
Hi

ish 20 L/ha 7L
concentration
Low concentration 40 L/ha 7L
Control group \ \

which was not sprayed, with three replicates for each treatment
(Figure 1). The minimum distance between sprayed plots was 20 m,
and the minimum distance between the control and sprayed groups
was 50 m to minimize the potential effect of spray drift on the control
group. We used the same dose of Polaris (7L/ha) in both the high
and low concentration plots, which was recommended by the
herbicide manufacturer and previous researchers in the United
States (Patten, 2002), the difference in concentration being due to
the amount of water mixed; the application rate was twice as much
using the low concentration mix (Table 2). We did this to test
whether the application of more spray volume may lead to increased
runoff (loss) of Polaris to the ground/water, which may have an
impact on uptake by S. alterniflora.

The spraying of imazapyr was conducted on 13 August 2020
(Table 3); a sunny day with a neap tide, and wind speed < 4 m/s;

Herbicide application Imazapyr Polaris® * Freshwater Red Swift® adjuvant ® Active ingredientconcentration
128 L 021L 10%

326 L 04L 5%

\ \

*Imazapyr Polaris® produced by Nufarm Americas Inc., the active ingredient of imazapyr is 28.7%.

"Red Swift® is produced by Shenzhen Yu Yuan Technology Co. Ltd.
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TABLE 3 The overall view of the sampling.

10.3389/fmars.2022.1054402

Sampling items

Stages Sampling date

Environment (water/soil) Spartina alterniflora Macrozoobenthos
Day 0 2020-08-11 NS Collected NS
Day 0 2020-08-12 NS NS Collected
Processing 2020-08-13 Spray treatment
Day 1 2020-08-14 Collected NS NS
Day 7 2020-08-20 Collected NS NS
Day 14 2020-08-27 Collected NS NS
Day 15 2020-08-28 NS NS Collected
Day 21 2020-09-03 Collected NS NS
Day 30 2020-09-12 Collected NS Collected
Day 31 2020-09-13 NS Collected NS
Day 61 2020-10-13 NS Collected NS
Day 300 2021-06-09 NS Collected Collected

NS, not sampled.

water only submerged the lower parts of the stems of plants in
our plots for 1 hour over a single tide which occurred 10 hours
after spraying, thus ensuring that neither tide nor rain washed off
the imazapyr shortly after spraying. Agricultural drones (D]I
Agras T20) were used for spraying. To ensure effective spraying
and prevent wastage, we set fixed computerized GPS tracks,
flying at a height of 2.5 - 4 m above ground level (~1.5m above S.
alterniflora) with a spraying range (the width of the area sprayed
by each drone track) of 3.6 m.

2.3 Monitoring methods

The monitoring was conducted from 11 August 2020 to 9
June 2021. S. alterniflora and macrobenthos were measured both
before and after spraying. Imazapyr residues were measured 5
times within 31 days after spraying (Table 2).

2.3.1 Plant

In each plot, 5 subplots (1m x 1m each) selected randomly at
a distance of 20 m from adjacent subplots were sampled. We cut
off all plants above the ground in each subplot and checked
whether they were dead or alive, and counted the number of
living S. alterniflora stems. No other plant species were found in
our study plots. We randomly selected ten S. alterniflora plants
in each subplot and measured the height (measured from the
base of the plant (above ground) to the tip of the stems), leaf
length and leaf width (of the longest leaf of the selected plant),
stem diameter (at the thickest part of the selected plant), and the
length of the flower spikelet.

S. alterniflora propagates sexually via seeds and also
asexually by tillers and rhizomes (Patten, 2002). To
understand the effect of imazapyr on the reproduction of S.
alterniflora, we monitored seedlings and spikelets to assess the
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effects of imazapyr on reproduction. We identified all
S. alterniflora plants which were <5 cm tall as ‘seedlings’
(although these could include new growth from tillers and
rhizomes), taller shoots were noted as ‘stems’. Spikelet length
was only measured after the plant was eared. Plant monitoring
was carried out 2 days before treatment, and 31, 61, and 300 days
after treatment (Table 3).

2.3.2 Macrozoobenthos

In each plot, three sampling sites were randomly selected
with a distance of at least 50m from each other, and a sediment
core (surface area 0.019 m?) was taken to a depth of 20 cm and
washed over a 0.5 mm sieve (Peng et al,, 2021). The sieved
macrozoobenthos were stored frozen (-18°C) prior to analysis.
In the laboratory, macrozoobenthos were identified to species
level using a dissecting microscope and counted (Peng et al.,
2021). Macrozoobenthos monitoring was carried out 2 days
before treatment, and 15, 31, 300 days after treatment (Table 2).

2.3.3 Residues of imazapyr

Samples for testing imazapyr residues were collected from 6
treated plots (3 high and 3 low concentration plots) and one
untreated plot. In each plot, four sampling sites were selected
with three being in vegetated areas and one in bare ground (with
a size > 4m®). At each vegetated sample site, three benthic species
(the gastropods Cerithideopsis largillierti and Assiminea
latericea, and the crab Helice latimera) were collected by hand
from the surface. Because these three species live on cordgrass or
on the soil surface, they are more likely to be exposed to
herbicides; furthermore, all three species feed on S.
alterniflora, which makes them more likely to accumulate
herbicides. At least 30g wet weight flesh for each species was
collected at each sampling site, to enable sufficient flesh to be
sampled for analysis. In areas of bare ground only one species,
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Cerithideopsis largillierti, was found. Approximately 10 g of soil
was collected using a small shovel from the surface and at a
depth of 5 cm, respectively and stored in sealed ziplock bags for
measuring herbicide residues. Additionally, two 50ml water
samples were collected from channels or shallows in the plots
and saved in 50-ml centrifuge tube. All benthos, soil, and water
samples were stored in a freezer (-18°C) within 12 hours of
collection. Residue sampling was carried out on 1, 7, 14, 21, 30
days after treatment (Table 3).

2.4 Determination of the imazapyr
residues in sediments and
benthic organisms

2.4.1 Pretreatment of samples

For sediment samples, 1g of sediment was weighed and
transferred into a 5.0-ml brown centrifuge tube, and then 2.0 ml
of ammonium acetate solution (2.0 mM) was added and vortexed
for 5 min, after which the mixture was treated with ultrasonic power
of 100W for 15 min on an ice bath. Then, the samples were
centrifuged at 10000 g for 10 min to collect the supernatant,
followed by filtration through 0.45 um hydrophilic filter. For
benthic organisms, 1g of flesh pooled from several animals was
put into a 10-ml tube, followed by the addition of 2.0 ml
ammonium acetate solution (2.0 mM). Then, the samples were
fully homogenized using a hand-held tissue homogenizer, after
which 1.0 ml of the homogenate was transferred into a 4.0-ml
centrifuge tube, and 2.0 ml of trichloroacetic acid (12.0%, w/w) was
added to precipitate proteins in the solution. After vortex treatment
for 5 minutes, the mixture was subjected to ultrasonic treatment for
15 minutes on an ice bath, followed by centrifugation (10000 g) for
10 minutes at 4°C. Finally, the supernatant was collected for
determination after filtration through 0.45 um hydrophilic filter.

2.4.2 UPLC-ESI-MSn determination
of imazapyr

UPLC-ESI-MSn analyses were carried out using an Agilent
1260 Infinity II LC system coupled with a QTRAP® 5500 system
(AB, USA). Analytical separation was carried out at 30°C on a
ZORBAX RRHD SB-C18 column (2.1 mm id x 50 mm, 1.8 um).
Isocratic gradient elution was performed with a mixture of 94%
ammonium acetate solution and 6% acetonitrile. The flow rate
was kept at 0.3 mL/min, and 3.0 pL of each sample solution was
injected in each run. Multiple reaction monitoring (MRM) was
used for detecting transitions in a positive ionization mode. The
operating parameters were set as follows: electrospray source;
spray voltage, 4000 V; source temperature, 350°C; nebulizing
gas, 15 psi; heating gas, 55 psi; curtain gas, 12 psi; gas flow rate
11L/min. The quantitative ion-pair was selected as 262.1/117.1,
and external calibration curves of imazapyr were established
with ten concentrations ranging from 0.0144 to 144 ng/mL. The
calibration curve was linear over the entire concentration range
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and the Pearson’s correlation coefficient (r) was more than 0.99.
The limit of detection (LOD) and limit of quantification (LOQ)
of the imazapyr ranged from 0.0014 to 0.042 ng/mL. Analyst
1.6.1 software (Applied Biosystems, MDS Sciex, Canada) was
used to run the above analysis.

2.5 Data analysis

Tukey’s HSD test was used to compare the difference among
the groups at different times, including the density of plant, plant
height, leaf length, leaf width, stem diameter, the density of
seedlings and spikelet, and length of spikelet. Tukey’s HSD test
was used to compare the difference in the density and number of
species of macrobenthos among the groups at different times. To
compare the residues of imazapyr in the surface soil, deep soil,
water and macrobenthos among groups in different stages,
Tukey’s HSD test was used separately. For the density of
macrozoobenthos in June 2021, because the snail A. latericea
falls to the ground when S. alterniflora dies, we compared the
density of A. latericea in three treated groups by paired t-test; we
further compared the density of all macrozoobenthos excluding
A. latericea to remove the effect of their falling down with the
dead plants. p < 0.05 indicates a significant difference. All
statistical analyses were made using RStudio 1.4 for Windows.

3 Results
3.1 Plants

Only S. alterniflora was recorded in the nine plots we
monitored; no other plants were found. Before treatment, the
overall density of S. alterniflora stems across the plots was 113 +
27 m™ (n = 45), and there were no differences among the plots
(p>0.05 in all cases. Figure 2A). Plant densities measured 31 days
and 61 days after treatment did not change significantly for each
of the three groups (Figure 2A, all p > 0.05). After 300 days post-
treatment (the second growing season of our study), stem
density of the untreated group increased significantly to 180 +
15), but all plants in the high and low
concentration treatment groups were dead (Figure 2A). Before
treatment, the height of S. alterniflora was 140.4 + 31.0 cm
(n=448), with no differences among the three groups (p>0.05 in
all cases. Figure 2D). After treatment, the heights of S.
alterniflora measured on Day 31 and Day 61 did not change

19 stems m> (n =

in either the high (p=0.55) or low concentration group (p=0.18),
and all plants in these two groups were dead after 300 days
(Figure 2D). In contrast, the plant height increased significantly
in the untreated control group during the first two months after
treatment (p<0.001), but decreased to the lowest level measured
300 days after treatment, the second growing season of our study
as the stems died naturally over winter (Figure 2D).
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Days after treatment

Plant densities and features of S. alterniflora in different treatment groups at different times. (A) Density of S. alterniflora. (B) Density of seedlings.
(C) Density of flower spikelet. (D) Height of S. alterniflora. (E) Length of flower spikelet. (F) Length of leaves. (G) Width of leaves. (H) Diameter of
stem. The different lowercase letters indicate significant differences between groups (p < 0.05). Red symbols and lines show plots treated with a
high concentration of imazapyr, green symbols and lines show low concentration plots, blue symbols and lines show untreated control plots.

The average length of leaves was 74.0 £ 12.7 cm (n=448)
before treatment, with no differences among groups (p<0.05 in
all cases. Figure 2F). After treatment, the leaf length in both high
and low concentration plots decreased slightly by Day 31, but
significantly by Day 61, and no leaf was found on Day 300 when
all plants were dead (Figure 2F). In contrast, the leaf length in the
untreated plots did not change much after 31 days, but had
decreased greatly after 300 days (p<0.001. Figure 2F) as the
stems died naturally overwinter. The width of leaves was on
average 11.9 + 2.4 mm (n=448) before treatment and there was
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no difference between groups (p<0.05 in all cases. Figure 2G). In
high concentration plots, the leaf width did not change by Day
31 and Day 61 (p=0.20), and no leaves were left by Day 300 when
all plants were dead. In low concentration plots, the leaf width
did not change by Day 31, but increased by Day 61 with an
overall increasing trend during this period (p=0.02, Figure 2G).
In untreated plots, the leaf width increased as measured on Day
31, and then decreased to the lowest level as measured on Day
300 in the next year (p<0.001). The stem diameter was 7.9 +
1.5 mm (n=146) before treatment and no differences were
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Species number and density of macrobenthos under different
treatments at different times. (A) Overview of the composition of
macrobenthos, different colors show the different species, the
length of bar indicates the density of each species. (B) Species
number and (C) density of macrobenthos in different treatments
at different times, the different lowercase letters indicate
significant differences between groups (p < 0.05). Red symbols
and lines show high concentration plots, green symbols and
lines show low concentration plots, blue symbols and lines show
untreated control plots.

detected between groups (p>0.05 in all cases. Figure 2H). The
stem diameters in both high and low concentration plots
decreased within 61 days after spraying (p<0.001). In
untreated plots, the stem diameter also decreased within 61
days after spraying (p<0.001), but it increased to a similar level
after 300 days to that measured at Day 0 (Figure 2H).
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The density of seedlings of S. alterniflora was 50 + 12 stems
m™ (n=45) before treatment, and not significantly different
among the three groups (p>0.05 in all cases). After treatment,
the densities of seedlings decreased to a very low level on Day 31
and even to zero on Day 61 in both high (p<0.001) and low
concentration plots (p<0.001) (Figure 2B). In contrast, the
seedling density in untreated plots increased significantly on
Day 31 and Day 61 (p<0.001), but was recorded as ‘zero’ on Day
300 in the following June because all stems were taller than 5 cm.
Because the experiment started before flowering, no spikelet was
recorded in all three groups before the treatment. After
treatment, no spikelet was found in either the high or the low
concentration plots during the whole experiment. However, the
density and length of the spikelet in untreated plots increased
significantly after 31 days and 61 days (p<0.001. Figures 2C, E),
and was zero 300 days later in the following June before the next
flowering season.

3.2 Macrobenthos

Nine benthic species were found from 2020 to 2021 in the
study plots (Figure 3A). The most abundant species were the
gastropods Cerithideopsis largillierti (average density 131
individuals m™?), followed by Assiminea latericea (96 individuals
m?), the nereid polychaete Tylorrhynchus heterochaetus (39
individuals m™), the crab Chiromantes haematocheir (14
individuals m™), the bivalve Glauconome chinensis (10
individuals m™), the crab Ilyoplax pingi (1 individual m?), the
gastropod Nerita yoldii (1 individual m™), and the crab Uca
arcuata (1 individual m™). Before treatment, the mean number
of species of macrobenthos was 2.6 + 0.7 species/plot (n = 27);
there were no differences between high concentration, low
concentration and untreated plots (p > 0.05, Figure 3B).

After treatment, the species number of macrobenthos
remained relatively stable in the high (p>0.05) and low
concentration (p>0.05) plots across all study stages Figure 3B.
The species number of macrobenthos in the untreated plots did
not change significantly after 31 and 61 days (p>0.05), but it had
decreased to 1.9 * 1.1 species/plot (n = 9) when measured on Day
300 in June 2021 Figure 3B. The average density of macrobenthos
126 individuals m™ (n=27) before
treatment, and there were no differences among the three groups
(p>0.05). After treatment, the densities of macrobenthos in all
three groups were similar when measured on Day 31 (p>0.05) and
Day 61 (p>0.05), but the density in the high concentration group
was significantly higher than those in the untreated plots when
measured on Day 300 (p<0.05, Figure 3C). This is because the

across all 9 plots was 287 +

density difference of A. latericea among groups, where densities of
A. latericea in untreated plots were significantly lower than treated
plots (all p < 0.05). When excluding A. latericea, the densities of
macrozoobenthos among the three treatments showed no
differences on Day 300 (all p > 0.05).
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3.3 Imazapyr residues

Samples from four kinds of environmental materials (i.e.,
surface soil, deep soil, water and macrobenthos) were tested for
imazapyr residues. No imazapyr residues were detected in any
macrobenthos sample collected from the treated and untreated
plots (Figure 4). Imazapyr residues were detected in the surface
and deep (5cm) soil samples from both the high concentration
and low concentration plots, however the concentration of
residues decreased exponentially with time until Day 21 after
which no residue was detected in any soil sample (Figure 4).

The concentration of the residues was higher in the surface
soil than in the deep soil as measured at the same time for both
high concentration and low concentration plots, but the residues
remained in the soil longer in the high concentration plots than
in the low concentration plots (Figure 4). No residue was
detected in the soil beyond Day 14 in the low concentration
plots, but beyond Day 21 in the high concentration plots,
although at very low concentrations (0.08+ 0.21 pg/kg for
surface soil and 0.06 + 0.14 pg/kg for deep soil). For the
untreated plots, the residue was found in one out of three
surface samples at an average concentration of 0.11 + 0.18 g/
kg (n = 3) on Day 1 only, and not detected after Day
7 (Figure 4A).

No imazapyr residue was detected in the water samples from
the high concentration plots on Day 1, but was detected from
one out of three samples at an average concentration of 19.01 +
32.93 ug/Kg (n = 3) on Day 7, and no imazapyr residue was

10.3389/fmars.2022.1054402

found on or beyond Day 14. For the low concentration plots,
imazapyr residues were found in two out of three samples at
268.37 + 464.29 ug/kg (n=3) on Day I, but was not recorded in
the following sampling. The residues were detected in the water
samples from the untreated plots at 560.57 pg/kg (n = 1) on Day
1, but thereafter was not detected (Figure 4C).

4 Discussion

4.1 The efficiency of imazapyr herbicide
in killing Spartina alterniflora

All S. alterniflora was dead within 10 months of spraying in
both high and low concentration plots. In addition, both asexual
and sexual reproduction were effectively prevented in the
treatment groups, and no new plants were produced in the
following summer. The high control efficiency was consistent
with other reported results (Roberts and Pullin, 2008; Mo et al.,
2021), confirming that imazapyr can effectively inhibit the
tillering and flowering of S. alterniflora, as well as the growth
of plants, and eventually kill all the plants.

This study showed that there was no significant change in
the density of living S. alterniflora (average height of 1.5 m) as
measured within 61 days after spraying. In contrast, more than
95% of ‘seedlings’ (<5 ¢cm in our study) were dead by 30 days
post-spraying, and all were dead after 61 days. In a study in
Fujian Province, southern China, half of the S. alterniflora was
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dead 30 days after spraying, and more than 90% of the plants
were dead by 60 days (Mo et al, 2021), even though the
concentration (5.7%) of active ingredient (imazapyr) was lower
than the high concentration treatment in our study (10%).
Although S. alterniflora on the Jiangsu Coast took longer to
die completely than elsewhere (Patten, 2002; Mo et al., 2021), the
final efficiency using imazapyr was nearly 100% in our sampling
subsamples, and more than 95% in the entire treated plots
(Figure 5). Imazapyr effectively inhibits both sexual and
asexual reproduction of S. alterniflora, so the plants are unable
to complete generation turnover, and also can kill the mature,
tall plant, so it is possible to use imazapyr to completely remove
all the invasive S. alterniflora.

When using similar or higher doses of imazapyr, it took
longer to kill S. alterniflora in Jiangsu than in Fujian. This may
be related to the fact that the stems of S. alterniflora along the
Jiangsu coast are 3 times higher than those in Fujian;
furthermore, we sprayed at a time when the plants were
nearing flowering (August), whereas in Fujian, Mo et al.
(2021) sprayed during the active growing period (May), and it
is recognized that a higher-concentration of herbicide and
longer-acting time is required to kill mature plants (DNR, 2012).

We found no differences in any of the metrics of S. alterniflora
that we monitored between the high and low concentration
treatment groups across the study period, and there were also
no significant differences in macrobenthos density and imazapyr
residues. This suggests that mixing different amounts of water
does not affect the absorption of imazapyr by S. alterniflora and
the environmental impacts of imazapyr. As a result, we
recommend using the high concentration of imazapyr (10%) to
remove S. alterniflora, because this reduces the amount of drone
flying time needed to apply it, which will therefor reduce costs.

4.2 Residues of imazapyr in the
environment

The highest herbicide residues were detected in water
samples from channels and shallows. Surprisingly, these
herbicide residues were found in the untreated plot on Day 1
after spraying. However, on Day 7, no imazapyr residues were
found in the water of the low concentration and untreated plots,
while only a very low amount was detected in the high
concentration plots where none was detected on Day 1. No
residues were detected two weeks later, or subsequently. All plots
were subject to tidal inundation for 1-4 h every day in August,
which will have washed imazapyr from the plants while the high
tidal range ~5m (Kang et al., 2015) will have resulted in strong
tidal flushing. Since the half-life of imazapyr in water averages 3-
5 days (USEPA, 2006), it is likely that any imazapyr flowing
elsewhere decomposed quickly. It is possible that the detection of
imazapyr residue in water samples of the untreated plots on Day
1 resulted from spray-drift, but we think that this is unlikely as
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spraying was done on a calm day and there was no evidence of S.
alterniflora mortality in the control plots.

We found imazapyr residues in the sediments (both surface
soil and deep (5cm) soil) of the treatment plots, with higher
residues in the high concentration plots than in the low
concentration plots; none was found in the control plots. The
concentration of residues decreased exponentially with time
until only a very low level was detected in high concentration
plots and none in low concentration plots in the second week,
and no residues were detected in the third week or thereafter. In
view of the fact that imazapyr is stable to hydrolysis, aerobic and
anaerobic soil degradation (USEPA, 2006), this suggests that
residues were washed from the sediment by tidal movement.
Thus, imazapyr residues did not accumulate in the sediments of
the intertidal area. For these reasons, we also recommend that
spraying should be done during the neap tides such that the tide
only submerges the plants and tidalflats for a short period,
thereby ensuring that plants have enough time to absorb the
herbicide, while also allowing tidal flushing of herbicide residues.

The imazapyr residues found in the deep soil may be due to the
effects of tidal water. The plots were covered by tides one (neap tide)
to four (spring tide) hours per day in August, and the water might
carry the residues from the surface layer to the deeper layers. It is
also possible that the residues flowed into the deeper soils with the
water during our sampling.

4.3 Effects of imazapyr use
on macrozoobenthos

Organisms other than the target plants have been the most
important indicators to assess the safety of herbicides (Rani et al.,
2021). A previous study using herbicides to control S. alterniflora
along the Chinese coast suggested that the use of haloxyfop-r-
methyl or glyphosate herbicide may lead to a short-term decline
in crab density (Qiao et al., 2019), but the authors did not
investigate whether this may have resulted from direct effects
or indirect effects such as the death of S. alterniflora affecting
habitat structure and/or food resources. Whilst this could be
taken as suggesting that herbicides may affect the biomass of
benthic fauna and thus potentially the yield of the human
seafood, the U.S. Environmental Protection Agency determined
that for imazapyr ‘there are no risks of concern to terrestrial
birds, mammals, and bees, or to aquatic invertebrates and fish’
(USEPA, 2006), and Sheng et al. (2014) using haloxyfop, and
Zhao et al. (2020) using haloxyfop, detected no adverse effects on
macrozoobenthos and meiofauna respectively. We did not detect
imazapyr residues in any macrobenthos samples throughout the
study period, whether snails or crabs, the most abundant species
in the study area. These two groups of benthic animals are active
in plants and on the surface soil, feeding on plant debris and the
plants themselves (Wang et al., 2014), and thus may be more
vulnerable to exposure to herbicides than macrobenthos in the
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Day 31 a

Day 61

FIGURE 5

The effectiveness of imazapyr herbicide on S. alterniflora. (A) The changes of S. alterniflora in one treated plot (plot 2 in b) from day 0 to day
300 after treatment. (B) The overview of treatment effectiveness, photos were taken after treatment for 14 months, a typhoon had cleared away
the dead vegetation. Red letters and plots show high concentrations plots, green letters and plots show low concentrations, and blue plots
show the untreated plots.
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mudflats, however our results suggest that imazapyr did not
accumulate in macrobenthos.

There were no differences in macrobenthos density when .
alterniflora density was similar during the first 61 days following
spraying among the three treatments, but by June 2021 (300 days
post-spraying) A. latericea was significantly more abundant in the
treatment plots where all plants had died. Because A. latericea
prefers to attach itself to the stems and leaves of S. alterniflora
(Wang et al, 2014), it may be that A. latericea scattered to the
ground surface after the dead S. alterniflora collapsed. We sampled
the macrobenthos mainly from the surface to 20 cm deep sediment,
and did not survey the macrobenthos on the plants, which may
have caused the density of A. latericea to be significantly higher in
treated plots than in untreated plots on Day 300.

The densities of macrozoobenthos 300 days post-spraying
did not differ significantly among the three treated groups when
A. latericea was excluded the from the analysis. This supports the
contention that the herbicide itself may not affect the survival of
macrobenthos directly, because it does not accumulate
in macrobenthos.

Previous toxicological studies have proven that imazapyr has
little toxicity effect on mammals, birds, fish and aquatic
invertebrates and it is considered to be non-toxic to them
when it is used as instructed (USEPA, 2006). Additionally, the
short half-life of imazapyr in water (3-5 days) (USEPA, 2006)
and strong tidal flushing along much of China’s Yellow Sea
coast, indicate that the toxicity risk of imazapyr to benthic
animals in the intertidal area is very low. In view of the
importance of China’s intertidal areas for seafood production
future studies should further assess imazapyr levels in
commercially important species to ensure their safety for
consumption - currently the USA has a safety level for
imazapyr of >1.0 ppm for fish and > 0.1 ppm for shellfish
(Department of Health and Human Services, 2022) and
Germany has a limit of 0.1 ppm (De Witte et al., 2022).

5 Conclusion

The present study demonstrates that the herbicide
imazapyr results in a high mortality of S. alterniflora with
low ecological risk if applied strictly in accordance with the
product instructions, however further study may still be
needed in the future to confirm its safety with respect to
commercial seafood. The application of imazapyr thus seems a
rather benign option for the control of S. alterniflora in China
and the use of plant protection drones provides a practical
method for future large-scale operations. However, as
imazapyr is a broad-spectrum herbicide, it needs to be used
with caution in coastal wetlands where native salt marsh
plants and mangroves also occur. Indeed, as S. alterniflora
now occupies more than 60,000 ha in China, the amount of
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herbicides required for eradication will be very high. We
recommend that larger scale field tests be conducted to
examine the environmental impacts of the wider application
of imazapyr.
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The functional groups and the ecological health of a constructed oyster reef were
investigated during April 2016 to October 2017 in the Yangtze estuary. The data of
the long-term monitoring program (14 years) confirmed the feasibility of creating
an artificial oyster reef in Yangtze estuary. One or two functional groups were
absent from moderate salinity conditions (5.17% - 8.73%), while macrobenthos
functional group species richness, abundance, and biomass were greatest under
high salinity conditions. The feeding evenness index (jrp) showed that 14 years after
construction, the ecosystem health of the artificial oyster reefs were good or high,
and was better under high salinity conditions. Ecological health was lower under
moderate levels of salinity, possibly due to the absence of some functional groups.
Redundancy analysis indicated ecosystem health was associated with changes in
salinity and substrate factors. Our study confirmed artificial oyster reef
construction is feasible and has a positive effect on estuarine ecosystem health.

KEYWORDS

functional group, macrobenthos, Yangtze estuary, oyster reef, ecological restoration

1 Introduction

Estuaries are highly productive, yet threatened ecological systems that deliver a range
of ecosystem services and benefits to human society. However, the health of many
estuaries is under threat from high levels of anthropogenic activities and pollution
associated with the dense human populations that occur in these regions (Adger et al., 2005).
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For example, sediment and organic material deposited by rivers in
estuaries include nutrients, heavy metals, microplastics, and
other contaminants (Chen et al., 2012; Han et al., 2017; Xu
et al., 2018) that have led to biodiversity loss and reduced
ecological resilience in estuarine environments (Lotze et al,
2006; Liu et al., 2018a).

The recognition of the essential role of estuaries for humans
and other organisms has led to the initiation of ecological
restoration programs (Lotze et al.,, 2006), where rehabilitation
or construction oyster reefs represent an effective estuarine
restoration technique. The biological structure formed by a
large number of oysters is called an oyster reef, which is an
important coastal habitat, because they provide many ecological
services and bring multiple ecological benefits (Grabowski et al.,
2022), such as water purification through water filtration and the
removal of phytoplankton and heavy metals, and habitat
provisioning through creation of three-dimensional habitats
for macrobenthos and fish (Breitburg et al., 2000; Coen and
Luckenbach, 2000; Grabowski and Peterson, 2007; Thomsen
et al, 2007; La Peyre et al, 2014; Liu et al., 2018b). Thus,
construction of oyster reefs has been increasingly used for
shoreline protection and ecological restoration (La Peyre et al.,
2014; Chakraborty, 2016; Walles et al., 2016).

The Yangtze Estuary is the largest in Asia and is one of the
most globally important ecotones (Chen et al., 2012) that
provides vital ecological services, including breeding grounds
for aquatic organisms and stopover and overwintering sites for
millions of migratory birds (Xu and Zhao, 2005). However, it is
affected by rising sea-level and anthropogenic pressures that
have culminated over centuries of overexploitation, reclamation,
and pollution (He et al., 2011; Kirwan and Megonigal, 2013; Liu
et al., 2016b; Yu et al., 2018); consequently, eutrophication and
reduction in biodiversity have led to a deterioration in the
ecological health of the Yangtze Estuary (Chai et al., 2006;
Chen et al, 2012; Huang et al,, 2021; Huang et al., 2022). In
response, an oyster reef restoration project was initiated in the
region (Quan et al., 2009), based on previous studies that showed
the construction of artificial oyster reefs in the Yangtze River
estuary was feasible and effective in the restoration of the
ecosystem (Quan et al, 2009; Quan et al, 2012; Lv et al,
2016a; Liu et al., 2018b).

It is likely that artificial and restored oyster reefs may be
affected by human activities and pollution, such as over-fishing
of the nursery beds and oil contamination, therefore, monitoring
of such restoration schemes is crucial for their success.
Macrobenthos represents a vital component of oyster reefs,
and are ideal indicators for use in ecosystem health
monitoring schemes due to their limited mobility, ease of
collection, and high sensitivity (Borja et al., 2000; Borja et al.,
2003; Gamito and Furtado, 2009; Liu et al., 2019); however,
studies of oyster reefs have tended to focus on taxonomic
macrobenthos community structure, abundance, biomass,
diversity, and ecosystem health (Quan et al., 2009; Quan et al,,
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2012; Lv et al, 2016a; Liu et al, 2018b) that may be more
appropriate in the evaluation of biodiversity rather than
ecosystem health (Cummins et al., 2005; Peng et al, 2013).
Macrobenthos functional groups represent taxa that have similar
ecological characteristics, so assessment of their responses to
environmental change is more meaningful than that of
individuals or taxonomic families, because it provides a more
accurate indication of ecosystem-level responses to ecological
perturbations (Yang et al., 2017).

Ecological restoration may trigger the emergence of novel
functional groups and turnover of existing functional groups (Lv
et al,, 2018). Previous studies of the Yangtze Estuary oyster reef
have quantified biological resources, including macrobenthos and
nektons, macrobenthic taxonomic diversity and ecological health
(Quan et al., 2007; Quan et al., 2009; Quan et al., 2012; Lv et al.,
2016a; Liu et al., 2018b); however, assessment of macrobenthos
functional groups remains lacking. Here, we identified
macrobenthos functional groups to assess the ecological status
of the artificial oyster reef in the Yangtze estuary. Specifically, the
objectives were to (1) assess the composition and abundance of
macrobenthos functional groups; (2) measure long-term variation
in macrobenthos functional group composition; (3) test the
relationship between macrobenthos functional groups and
environmental variables; and, (4) use macrobenthos functional
groups to assess ecosystem health.

2 Materials and methods
2.1 Study site

The Yangtze estuary (29°30'N-32°00'N, 121°00"E-124°00’
E) artificial intertidal oyster reef (c. 260 ha) was constructed in
2004 in the north passage of the southern Yangtze River channel
(Figures 1A, B), and comprises two dikes (south and north) with
19 groins (S1-S9 in the south dike and N1-N10 in the north
dike). The north dike (total length: 48 km) is located along the
southern margin of Hengsha Island, and the south dike (total
length: 49.2 km) is located along the northern edge of
Jiuduansha National Nature Reserve. The artificial reef is
vaulted in cross-section (Figure 1C).

2.2 Sampling

Macrobenthos were sampled in April and September 2016,
and in August and October 2017 from three paired sites (N = 6)
at the two dikes along an increasing salinity gradient, where
salinity at sites S2 and N2 was 0.43 + 0.03 and 0.43 + 0.04,
respectively, S5 and N6 was 6.55 + 1.38 and 7.86 *+ 0.87,
respectively, and S8 and N9 was 16.43 + 0.34 and 15.50 +
1.09, respectively. At low spring tide from three site (high, mid,
and low tidal zones), four quantitative samples of macrobenthos
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MLW

Study site locations. (A) Yangtze River estuary, China; (B) Sampling sites on the artificial intertidal oyster reef; (C) Schematic drawing of the
sampling transect and cross-section of the artificial reef; (D) No organisms were recorded from the low-salinity sites (S2 and N2).

(25 x 25 cm) were collected from each site (Quan et al., 2009),
where the high tidal zone was located on the crest of the reef, the
mid zone was on the flank, and the low zone was at the reef base.
In addition, as many qualitative samples as possible were
collected from an area of 25.0 m* from the sampling center.
Samples were immediately sieved (1.0-mm mesh) and the
collected macrobenthos were preserved in 75% alcohol prior to
subsequent identification at the laboratory to the lowest possible
taxonomic level; individuals were counted and weighed to the
nearest 0.01g wet weight. No organisms were recorded from
both quantitative and qualitative investigations from the low
salinity sites (S2 and N2) (Figure 1D).

Water temperature (WT), salinity (SAL), pH, and dissolved
oxygen (DO) at the sampling sites were measured using a HQ
40D multi-parameter water quality meter (Hach, Loveland,

Frontiers in Marine Science

77

Colorado, USA). The abundance of oyster (OA) and barnacles
(BA) were defined as the substrate variables of the oyster reef.

2.3 Long-term variation in
functional groups

Including the 2016 and 2017 data collected, changes over a 14-
year period in the macrobenthic functional groups were integrated
in an analysis of dynamics from 2004 to 2017. Historical data points
(2004-2014) were obtained from the literature, namely for
September 2004, August 2005, August and November 2007, April
and July 2008, May and September 2009, April and November
2011, July and October 2012, August and October 2013, August and
October 2014 (Quan et al., 2009; Quan et al., 2012; Lv et al., 2016a).
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2.4 Macrobenthos functional groups and
trophic levels

We defined five macrobenthos functional groups according
to feeding strategy (Zhu and Lu, 2003; Peng et al., 2013; Yang
et al., 2017) that comprised planktivore (Pl) herbivore (He);
predator (Pr); omnivore (O); and, detritivore (D). From these,
we defined four trophic levels (Figure 2), where the first level
comprised primary producers (we did not survey this group), the
second level comprised primary consumers (P1, He, and D), the
third level comprised omnivore secondary consumers of levels I
and II, while the fourth level comprised predatory (Pr)
secondary consumers of levels II and IIIL.

2.5 Statistical analysis

We used CLUSTER (hierarchical clustering) and NMDS
(two-dimensional nonmetric multidimensional scaling) in
PRIMER v5.0 to test the degree of similarity of the
macrobenthic functional groups (Clarke and Gorley, 2001).
Macrobenthos functional group data were fourth-root
transformed to calculate the community similarity according
to the Bray-Curtis similarity index, and similarity analysis
(ANOSIM 2-way) was used to test for tidal zone and site
differences in the abundance of macrobenthos functional groups.

Detrended correspondence analysis determined linear
redundancy analysis (RDA) was more appropriate than a unimodal
analysis (maximum gradient length of the axes<3) to describe the
effects of environmental variables on macrobenthos functional group
abundance. With the exception of pH, environmental data were log10
(x+1) transformed prior to analysis.

10.3389/fmars.2022.1059353

A feeding evenness index (jpp) was used to assess the
ecological health status of the macrobenthos trophic levels,
following the methodology reported by (Gamito and Furtado,
2009):

(1)

where H’is the Shannon-Wiener index and # is the number

Jjrp = H}D/Logzn

of trophic groups. Ecosystem health was determined as low (jrp
=<0.20), poor (jrp = 0.20-0.40), moderate (jrp = 0.40-0.60), good
(jep = 0.60-0.80), and high (jrp = >0.80) (Gamito et al., 2012).

Two-way ANOVA, with post-hoc Turkey test, was used to test
the effects of site and tidal zone on macrobenthos species richness
and abundance, and biomass of macrobenthos functional group at
P< 0.05. When assumptions of homogeneity of variances were not
met, data were fourth-root transformed; if variances remained non-
homogenous, we applied the Scheirer-Ray-Hare extension of the
Kruskal-Wallis test. Associations between environmental variables
and macrobenthos were tested using correlation analysis at P< 0.05.
Analyses were performed using SPSS statistics 19.0 and presented
data are means + SEM.

3 Results

3.1 Temporal variation in functional
group structure

The species composition of the macrobenthos functional
groups varied between 2004 and 2017, where total number of
species increased immediately after reef creation, before it declined
in 2008, and then peaked in 2011 (36 species); species richness
remained stable from 2012 to 2017 (Figure 3). The number of

FIGURE 2

Frontiers in Marine Science

Trophic levels and food web of the microbenthic community, redrawn from Li et al. (2007).
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functional groups increased with restoration time, from three in
2004 (O, He, and Pl) to five from 2009 onwards (Figure 3).

3.2 Study site and tidal zone variations in
macrobenthos community

We identified three and four macrobenthos functional groups at
the moderate salinity sites N6 and S5, respectively (Figure 4 and
Table 1), and five groups at both high salinity sites (S8 and N9)
during 2016-2017. O and He groups comprised higher numbers of
species at the high salinity sites (S8 and N9) than at the moderate-
salinity (S5 and N6) sites (P< 0.05, Table 2). There were more species
in the O group in the low intertidal zone, but fewer in the mid zone;
species richness varied among the three tidal zones (P< 0.05, Table 2).

3.3 Functional group abundance
and biomass

Abundance of C, O, and He and biomass of C were higher in
high-salinity (N9 and S8) sites than in the moderate salinity sites (N5
and S6) (P<0.05, Tables 3-6), and there was no effect of tidal zone on
abundance and biomass of the five functional groups (Tables 5, 6).

3.4 Functional group community
structure

Cluster analysis revealed similarities and differences in
macrobenthos functional groups among sites and tidal zones,

40 -

N w
o o
L L

Species number
=

10.3389/fmars.2022.1059353

where there were three clusters comprising S8-L, S8-M, N9-L,
S5-M, S8-H, N9-H, and N9-M; S5-H; and, N6-H, N6-M, and
N6-L (Figure 5A). The nMDS analysis results were consistent
with the cluster analysis, with a stress value = 0.08 indicating the
results were reliable (Figure 5B). There were site differences in
macrobenthos functional groups (ANOSIM 2 Global R = 0.719;
P =0.029); however, there were no tidal zone differences (Global
R =0.167; P = 0.34).

3.5 Ecological health

We found that jrp, values for the macrobenthos functional groups
were<0.8 in the moderate salinity sites (S5 and N6), indicating
ecological health was good, and >0.8 in the high salinity sites (S8
and N9), indicating high quality ecological health (Figure 6).

3.6 Relationship between macrobenthic
functional group abundance and
environmental variables

Monte Carlo tests for the first and all Redundancy analysis
(RDA) canonical axes were significant (P = 0.004), indicating
these parameters may be important in explaining the
composition of the macrobenthos functional groups. The first
axis explained 62.4% of total variation in the functional group
data and all canonical axes accounted for 72.3% of the variance
in the functional group abundance-environment relationship.
Functional groups were correlated with environmental variables:
groups O, P, D, and He were positively correlated with barnacle

2004 2005 2007 2008 2009 2011 2012 2013 2014 2016 2017
HEE Pr mm D mam O =N He wWm A

FIGURE 3

Long-term variation in macrobenthos functional group species richness. Pr, predator; D, detritivore; O, omnivore; He, herbivore; and

PL, planktivore.
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FIGURE 4
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Average functional group species richness. Pr, predator; D, detritivore; O, omnivore; He, herbivore; and P|, planktivore.

TABLE 1 Macrobenthos collected from the artificial intertidal oyster reef.

Sites Tidal zone Functionalgroup Reference
Coelenterata
Haliplanella sp. S5S8N6N9 HML (@] (Cai, 2015)
Sipuncula
Phascolosoma esculenta S8N9 HML D (Cai, 2015)
Annelida
Perinereis aibuhitensis S5S8N6N9 HML [¢] (Zheng and Fan, 1986)
Neanthes japonica S5S8N6N9 HML (¢} (Ye, 2010)
Dentinephtys glabra S8N6N9 HML Pr
Perinnereis nuntia S8 L (@]
Hydroides ezoensis S8N9 H PI
Mollusca
Nerita yoldi S5S8N6N9 HML O
Littorina brevicula S8N9 HML He (Bao et al., 2008)
Littorinopsis intermedia S8N6N9 HML Ph
Pyrene bella S8N6N9 HML He
Purpura clavigera S8N9 HML Pr
Rapana bezoar S8N9 HML Pr
Potamocorbula amurensis S5N9 HML PI (Lv et al., 2013)
Musculus senhousia S8N9 HML PI (Liu et al., 2016a)
Modiolus flavidus S8N9 HL PI (Li et al., 2014)
Vignadula atrata S8N9 HML Pl

(Continued)
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TABLE 1 Continued

10.3389/fmars.2022.1059353

Sites Tidal zone Functionalgroup Reference
Barbatia bistrigata S8N9 HML Pl
Unkonwn species (GASTROPODA) N6 L He
Arthropoda
Corophium acherusicum S5N6 L He (Chen, 2001)
Metopograpsus quadridentatus S5S8N6N9 HML He (Zhang et al., 2017)
Macromedaeus distinguendus S5S8N9 HML Pr
Eriocheir leptognathus S588 HM Pr
Scylla serrata N9 M Pr (Yuan et al., 2002)
Pinnotheres sinensis N6 H (¢]
Alpheus japonicus S8 H Pr (Zhang et al., 2017)
Gnorimosphaeroma rayi S558N6N9 HML Pr
Cleantioides annaandalei S8 HML He
Eohaustorius cheliferus S5S8N6N9 HML [¢] (Zhu and Lu, 2003)
Chordata
Liciogobius guttatus S5S8N9 ML Pl (Li et al., 2014)
Echinodermata
Amphiura vadicola S8 L D (Li et al., 2013)
No organisms were recorded from the low-salinity sites (S2 and N2) Pr, predator; D, detritivore; O, omnivore; He, herbivore; Pl, planktivore. H, high; M, middle; and L, Low tidal zone.

abundance, oyster abundance, salinity, and temperature, and
negatively correlated with pH, whereas group C was negatively
correlated with dissolved oxygen (Figure 7).

Discussion

Restored and artificial oyster reefs play a vital role in improving
the ecological health status of estuarine environments, because they
improve water quality and provide a three-dimensional structure
that may be colonized by macrobenthos and fish (Breitburg et al,
2000; Thomsen et al, 2007). In the first year (2004) since its
creation, the artificial oyster reef in the Yangtze estuary was found

to have become host to three functional groups (comprising five
species) of macrobenthos; the species richness of the functional
groups rapidly increased with time, with the exception of 2008,
before it peaked in 2011 and remained stable from 2012. This
increase in functional group species richness occurred after oyster
abundance had stabilized (2011) (Liu et al., 2018b) and prior to the
increase in macrobenthos taxonomic diversity that occurred from
2012 to 2016-2017 (Liu et al, 2018b). These results support
previous studies that have indicated the oyster reefs in the
Yangtze Estuary be develop into self-sustaining systems (Walles
et al,, 2016; Liu et al., 2018b).

Water salinity is a key factor that affects the distribution of
macrobenthos in estuarine habitats (Holland et al., 1987; Liu

TABLE 2 Study site and tidal zone effects on macrobenthic functional group species richness during 2016-2017.

Functional group Tidal zone

ForH
C 3 5.870 0.12 2 0.168 0.92
D 3 0.609 0.89 2 0.429 0.81
o 3 10.329 <0.001 2 4212 0.023
Ph 3 16.546 <0.001 2 0.873 0.427
Pl 3 6.045 0.11 2 0472 0.79
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TABLE 3 Abundance of macrobenthos functional groups in the constructed intertidal oyster reef in Yangtze River Estuary during 2016-2017.

Pr 346.0 + 140.2 249.0 + 116.2 501.0 + 165.2 263.0 £103.2 348.0 + 89.9 40.0 £ 26.8 164.5 + 126.8 168.0 + 73.8 652.0 + 146.3 491.0 + 126.9 2470+ 70
D 0.0 +0.0 0.0 £0.0 0.0 £0.0 1.0+1.0 3.0+ 1.0 0.0 £0.0 0.0 +0.0 0.0 £0.0 1.0+1.0 0.0 £0.0 3.0+3.0
o 83.0 £ 36.5 180.0 + 66.4 342.0 + 15.8 171.0 £ 57.3 180.0 + 21.3 7.0+ 5.7 209.0 £ 70.8 368.0 +73.2 355.0 + 56.4 258.0 + 88.9 329.0 £ 50.8
He 3.0+3.0 120 £ 7.1 166.0 +29.5 53.0 + 24.6 282.0 + 59.8 110 £7.5 13.0 £5.5 19.0 + 10.4 75.0 + 32.3 57.0 + 26.0 74.0 + 33.1
Pl 10+ 1.0 150 +5.0 122.0 + 62 89.0 + 36.1 1320+ 140 | 0000 0.0+ 0.0 0.0+ 00 61.0 + 36.1 42.0 £247 76.0 + 44.2
H, high tidal zones; M, mid tidal zones; L, low tidal zones.

TABLE 4 Biomass of macrobenthic functional groups in the constructed intertidal oyster reef in Yangtze River Estuary during 2016-2017.

et al, 2018a), where species richness, abundance, and biomass
increase with increase in salinity (Yuan et al., 2002). In this
study, the increase in salinity (from S5 and N6 to S8 and N9)
resulted in an increase in species richness, abundance, and
biomass of macrobenthic functional group (P< 0.05; Figure 7),
indicating salinity affects the distribution of macrobenthos
functional groups in the artificial Yangtze Estuary oyster reefs.
Adaptation to salinity varies among species (Yuan et al., 2002);
for example, Phascolosoma esculenta, which was only collected

Pr 21+1.1 38+12 — 28.7 £+ 15.6 22.6 +15.3 89.3 +45.2 253 £20.5 174 + 134 15+15 82+40 6.1 +34 8+57
D 0.0 £0.0 0.0 £0.0 - 0.0 £0.0 0.0 + 0.0 0.1+0.0 0.0 £0.0 0.0 +0.0 0.0 £0.0 0.0 £0.0 0.0 £0.0 0.0 £0.0
o 9.1+52 235+ 131 — 383 + 153 42,5 + 189 193 £ 54 119 £ 5.6 53.3 £ 29.6 54.2 + 33.6 1159 + 16.2 755+ 64 72.5+5.0
He 02+02 1.3+1.0 — 8.6 +45 82+39 16.1 £ 9.5 13.6 £ 7.9 7.4 +40 03+03 21+1.0 09+03 21+1.0
Pl 0.1 £0.1 19+07 — 6.1+32 89+33 21.8+6.2 11.3 £ 8.0 89+£53 0.0 0.0 1.1 £0.8 08 +0.5 1.1+07
H, high tidal zones; M, mid tidal zones; L, low tidal zones.

from the high salinity sites (S8 and N9), belongs to the D
functional group, and has a survival salinity of 5-30 %o, with a
salinity range for embryo development of 17.10-30.15 %o (Jin
et al, 2011). We found that functional group D, whose main
species comprise polychaetes and Sipuncula that are sensitive to
fluctuations in environmental conditions (Dauvin and Ruellet,
2007; Cai, 2015), was absent from the moderate salinity study
sites (S5 and N6). There are marked seasonal changes in natural
environmental variables, such as salinity and dissolved oxygen,

TABLE 5 Effect of study site and tidal zone on macrobenthos functional group abundance in the constructed intertidal oyster reef in Yangtze
River Estuary during 2016-2017.

Tidal zone
ForH
Pr 3 4814 0.007 2 1.388 0.264
D 3 0.582 0.9 2 0.449 0.8
o 3 3.817 0.019 2 1.554 0.227
He 3 12.491 <0.001 2 1278 0.292
Pl 3 7.221 0.07 2 0.0989 0.95
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TABLE 6 Effect of study site and tidal zone on macrobenthos functional group biomass in the constructed intertidal oyster reef in Yangtze River
Estuary during 2016-2017.

Tidal zone
ForH
Pr 3 2.998 0.045 2 0.016 0.984
D 3 0.42 0.94 2 0.044 0.98
o 3 4304 0.23 2 0.124 0.94
He 3 2.565 0.46 2 0.068 0.97
Pl 3 2.567 0.46 2 0.157 0.92

and tidal conditions in the area where study sites S5 and N6 were
located: it is possible that mud trapped at the bottom of the
oyster reef is removed by tidal action, resulting in a lack of food
source required by functional group D.

Salinity not only influences estuarine macrobenthos
distribution patterns, but also affects growth and survival of
oysters (Hulathduwa and Brown, 2006; Liu et al., 2018b). Effects
of salinity on oyster size and abundance vary with region,
therefore oyster substrate of the artificial reefs is likely to
similarly vary with region, and may lead to diverse distribution
patterns of macrobenthos functional groups. Our RDA confirmed
that salinity, barnacle abundance, and oyster abundance (substrate
parameters) were the main factors that influenced the distribution
of macrobenthos functional groups in the Yangtze River estuary
artificial oyster reefs (Figure 7). Although there were differences in
growth and abundance of oysters between regions and at different
tidal zones within a region, there was no difference in
macrobenthos functional group species richness, abundance or
biomass, with the exception of species richness of group D among
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FIGURE 5

the tidal zones. These results indicate that while there are
differences in substrate habitat with salinity and among tidal
zones within a salinity range, the distribution pattern of
macrobenthos functional groups varies with salinity, but not
with different tidal zone, such that tidal zone and associated
effects on substrate elicit little effect on the artificial oyster reef
macrobenthic functional groups in the Yangtze Estuary. This
finding is inconsistent with those of other local natural habitats,
such as Jiuduansha and Quanzhou Bay (Zhu and Lu, 2003; Zhuo
etal., 2014), possibly because the habitat of artificially constructed
oyster reef lacks diversity. We suggest enrichment and
diversification of artificial oyster reef habitats may improve the
recruitment of functional group types to increase biodiversity and
ecosystem stability.

In general, healthy environments contain most types of
feeding guild, whereas degraded environments tend to be
dominated by a few trophic groups, with others absent
(Gamito and Furtado, 2009; Peng et al., 2013). In this study,
we found one or two groups were absent from the moderate

Stress: .08
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(A) Cluster and (B) non-metric multidimensional scaling (NMDS) ordinations of the macrobenthos functional groups.
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Ecological health status.

salinity study sites (S5 and N6), where they included functional
groups that play an important role in estuarine food web
nutrient cycling and energy flow. For example, Pl is the main
source of nutrition for predators and omnivores, and plays an
important role in controlling the growth of plankton, such as
cyanobacteria (Figure 2). The absence of this functional group
from the moderate salinity study sites indicates compromised
ecological health, as supported by our results for jep, and
previous results for AMBI, M-AMBI, and ABC curve (Liu

et al., 2018b). Our ANOSIM 2 analysis showed site differences
in ecological health, where it was better in the high salinity study
sites. These results indicate that 14 years after construction, the
habitat status of the artificial oyster reefs in the Yangtze Estuary
was good or high, and was better under high salinity conditions
(S8 and N9) than under moderate salinity (S5 and N6). Long-
term artificial oyster reef monitoring confirms the feasibility of
artificial oyster reef construction in the Yangtze estuary, and can
be applied to estuarine areas or tidal flats within the same salinity

Qe
C—
BA
Qe
-1.0

FIGURE 7

1.0

Redundancy analysis ordination of the macrobenthos functional groups and environmental variables (@S5, @S8, @N6, and QNO9).
DO, dissolved oxygen; WT, water temperature; SAL, water salinity; BA, barnacle abundance; and OA, oyster abundance.
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range, such as east shoal of Nanhui, which are mainly affected by
reclamation (Liu et al., 2018a). Coupled with the complex habitat
of natural intertidal zone, it is inevitably more conducive to the
ecological restoration of artificial oyster reef in these areas.

We found that macrobenthos functional group structure was
more heterogeneous under high salinity conditions (S8 and N9)
than under moderate levels of salinity (S5 and N6). Substrate
parameters and environmental variables, such as dissolved
oxygen, pH, temperature, and salinity, were similar between S5
and N6, and S8 and N9. However, functional group species
richness, abundance, and biomass, and jrp of the southern dike
(S5 and S8) was higher than in the north dike (N6 and N9), possibly
due to site conditions. The southern region of the oyster reef in the
Yangtze Estuary is proximate to the ecologically protected
Jiuduansha Nature Reserve (Zhang et al, 2018) that may affect
the structure and ecological environment of macrobenthos (Lv
et al,, 2016b). In contrast, the lack of such protection measures in
the north dike may render the oyster and macrobenthos in this area
susceptible to human activities, such as overfishing. Therefore, we
suggest the establishment of a nature reserve to protect this
important oyster reef habitat in the Yangtze estuary.

In summary, artificial oyster reef was feasibility and has
positive effect on the ecological health in the Yangtze estuary.
Further, the ecological health was worse in medium salinity than
high salinity, may due to the absence of functional groups. The
release of species of absent functional group can be taken in the
medium salinity region. The artificial oyster reef may be disturbed
by human activities, thus a nature reserve should be established to
protect this important habitat in the Yangtze estuary.
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Spatiotemporal variations of
tidal flat landscape patterns and
driving forces in the Yangtze
River Delta, China

Shuo Cheng, Xu Zeng, Zihan Wang, Cong Zeng
and Ling Cao*

School of Oceanography, Shanghai Jiao Tong University, Shanghai, China

As a crucial coastal wetland habitat in the transition zone between land and sea,
global tidal flats have severely declined by 16% over the last two decades under
the dual threats of intense human activities and climate change. The Yangtze
River Delta of China, the largest estuary in the western Pacific Ocean, has
abundant mudflat resources and a dense human population. It also has some of
the most prominent conflicts between economic development and ecological
conservation. The current lack of understanding of landscape patterns and
influencing factors of the Yangtze River Delta mudflats has severely hampered
the region’s ecological conservation and restoration efforts. Based on Landsat
time-series images, this study generated a 30-m spatial resolution map of
mudflats in the Yangtze River Delta, which shrank by 47% during 1990-2020,
with a higher density of mudflat loss in Yancheng and Nantong cities of the
Jiangsu province and Hangzhou, Shaoxing, and Ningbo cities of the Zhejiang
province. Landscape indices, such as the patch density of tidal flats, have
gradually changed since 2000, with most of them showing significant changes
in 2010. Mudflats in Lianyungang, northwestern Yancheng, Nanhui, Jiaxing, and
Hangzhou showed sharp negative changes in landscape characteristics.
Natural and anthropogenic factors had synergistic effects on the above
changes in mudflat landscape patterns in the Yangtze River Delta. Mudflat
landscape features were mainly influenced by population growth, economic
development, reclamation, sediment discharge, and air temperature. Based on
the evolving characteristics of mudflat landscape patterns, we recommend
improving mudflat landscape management and planning by strengthening
mudflat policies, laws, and regulations, developing countermeasures against
threats from major stressors, and enhancing the effectiveness of nature
reserves for mudflat protection.
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1 Introduction

Coastal wetlands, including coastal vegetation areas and tidal
flats, are transition zones between marine and terrestrial
ecosystems (Wang et al., 2020; Song et al.,, 2021). Tidal flats
are an essential part of highly productive coastal zones, which
contain abundant mineral, biological, and marine resources (Hill
et al,, 2021). They provide essential biodiversity maintenance
services, serving as energy supply stations for water birds and
spawning and nursery grounds for fish and invertebrates
(Murray et al., 2014; Ghosh et al,, 2016; Jackson et al., 2021).
Meanwhile, tidal flats also play an essential role in storm
protection, shoreline stabilization, nutrient cycling, as well as
carbon storage and sequestration (Barbier et al., 2011; Spalding
et al.,, 2014; Jin et al., 2017; Li et al., 2020b; Lin et al., 2020).
However, tidal flats are one of the most vulnerable ecosystems
along the coast, under intense pressure from human interference
and natural disturbances (Rodriguez et al., 2017; Murray et al.,
2022). A worldwide crisis of tidal flat degradation has taken
place, with tidal flats falling by 16% globally over the past 20
years (Murray et al., 2019; Lin et al., 2020). Understanding the
spatial and temporal changes in tidal landscapes and their
drivers is critical for tidal flat conservation (Zahran et al,
2006; Ma et al., 2014; Larson, 2015).

With their dynamic processes, tidal flats are relatively
independent ecosystems, but they also depend on surrounding
landscapes for the exchange of materials and energy (Mitsch,
1994). Patterns of tidal landscapes refer to the quantity,
attributes, geospatial distribution, type conversion, and
connectivity of tidal resources, and are related to the resistance
to disturbance, resilience, stability, and biodiversity of tidal
ecosystems (Zhang et al., 2017; Yang et al., 2021; Zhang et al,,
2021). The landscape pattern of tidal flats is constantly changing
and evolving. As the expression of dynamic changes in tidal flats,
landscape pattern evolution is a comprehensive spatial
representation, indicating not only the changing extent of tidal
flats and changes in landscape types but also changes in their
evolutionary rates and ecological functions (Kahara et al., 2009;
Bai et al.,, 2013). The landscape pattern evolution of tidal flats
reflects a combination of different ecological progress and
human activities acting upon the tidal flats (Cao, 2008; Huang
et al, 2012). Thus, landscape pattern analysis can help
understand the rules and mechanisms needed for the
conservation of tidal flats.

On the southeastern coast of China, the Yangtze River Delta
(YRD) is an ecologically important area with extensive tidal flats
(Han and Ma, 2021; Zhang et al., 2022). The YRD is also one of
China’s most developed regions, subjected to rapid urbanization
and stressed by human activities (Du et al.,, 2016; Sun et al,
2016). The YRD is, therefore, essential for the sustainable
development of regional ecology and economics. Tidal flats in
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the YRD are crucial for biodiversity conservation, acting as
critical habitats for birds migrating between East Asia and
Australia (Jackson et al., 2021). However, due to a
combination of natural environmental succession and human
activities, the tidal flats in the YRD have experienced a noticeable
degradation (Wang et al., 2021b). Given the YRD’s strategic
position in China, tracking landscape dynamics and identifying
the corresponding drivers of tidal flat changes are of great
importance for the conservation of tidal flats and the
sustainability of coastal development.

Changes in tidal flats and their driving factors have received
increasing attention in recent years (Chen et al., 2016; Li et al,,
2020b; Wang et al, 2021b). Globally, the distribution and
trajectory of tidal flats have been mapped using satellite
images and machine-learning technology (Murray et al., 2019).
The drivers of tidal flats dynamics mainly include anthropogenic
disturbance through coastal development projects (e.g., road
construction), which leads to tidal flat degradation and
reduction of biodiversity (Reimer et al.,, 2015). Within China,
reclamation of coastal wetlands for urban construction and
agriculture in the Yellow River Delta has been shown to have
destructive effects on coastal ecosystems (Murray et al., 2014).
Over the past three decades, the driving forces of tidal flat
evolution have included factors such as river sand transport
and afforestation (Wang et al., 2021b). Studies focusing on the
YRD examined the trend of tidal flats in the Yangtze estuary and
their extent and classification, and also assessed the potential
impacts of various estuarine projects such as land reclamation
and sedimentation on mudflats (Chen et al., 2016; Zhang et al,,
2019; Li et al., 2020b). It concluded that land reclamation and
coastal development were the major drivers of tidal flat loss in
the YRD (Wang et al., 2020). However, few studies have
examined the landscape pattern dynamics of the YRD tidal
flats, implying a lack of information on variations of the tidal
flats’ landscape patterns and their causal responses to driving
factors. By analyzing the landscape patterns of the tidal flats and
their drivers over time, we can gain insight into the environment
of the YRD and how to develop guidelines for protecting and
assessing tidal flats.

In this study, we combined the latest remote sensing and
ecological datasets, integrating remote sensing (RS), geographic
information system (GIS), landscape dynamic analysis,
landscape pattern metrics, and mathematical statistics, in an
attempt to (1) determine the distribution of tidal flats between
1990 and 2020 by remote sensing cloud computing; (2)
investigate the evolutionary processes of landscape patterns of
the YRD tidal flats and quantitatively identify the drivers. Our
research aims to improve our understanding of the landscape
patterns of tidal flats and explore possible pathways for
improved conservation measures that will ultimately help
achieve sustainable development in the YRD region.
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2 Materials and methods

2.1 Study area

This study determined the geographic location of coastal
tidal flats based on existing definitions of tidal flats (Murray
etal, 2019; Zhang et al., 2019; Wang et al., 2020). In accordance
with the concept of intertidal zones as stated in the
Comprehensive Survey of China’s Coastal Zones and Tideland
Resources, and considering the topography and coastal type of
the YRD, we delineated a remote sensing monitoring area for the
coastal tidal flats as the zone extending 10 km from land to sea,
from using the Open Street Map (OSM) as a benchmark (29°N-
35°N, 119°E-23°E) (Figure 1). Hangzhou Bay is the natural line
of distinction between the northern and southern coastal
wetlands of China (Sun et al, 2016; Zhang et al., 2019).
Therefore, the boundary of this study extended from
Hangzhou Bay of Zhejiang Province to Lianyungang in
Jiangsu Province, where tidal flats are abundant, and most
coast types are silty. This study area is the most rapidly
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FIGURE 1

Geographical location map of the study area. YRD: Yangtze River
Delta, including Shanghai, Jiangsu, Zhejiang, and Anhui provinces.
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urbanizing region in China, accompanied by rapid population
growth and economic development (Haas and Ban, 2014). An
estimated 225 million people reside in the YRD region,
contributing about one-quarter of China’s GDP (Wei, 2020).
Industrialization in the YRD has progressed rapidly over the past
two decades, and the development of the maritime industry in
particular has made the region the largest and fastest location for
port construction in China (Zhao et al,, 2021; Lu et al., 2022).
Thus, the study area represents a focal area of global change and
human activities.

2.2 Tidal flat mapping

This study used remote sensing images generated by the
Google Earth Engine (GEE) (https://earthengine.google.com)
cloud computing platform to map the YRD tidal flats. For
remote sensing mapping of the tidal flats in the target years
(1990, 2000, 2010, and 2020), we selected time-series images for
each target year and the year before and after it. Landsat
TM/ETM+/OLI images were first retrieved and then pre-
processed for cloud removal, shadow masking, and mosaicking
through the GEE algorithm. The cloud removal was performed
using the mask function (FMask), and the recognition results
were recorded in the QA band (Foga et al., 2017). Along with
spectral information from remote sensing images, NDVI, EVI,
LSWI, mNDWI, and ETOPO1 topographic bathymetry data
were selected as signature variables in this study, while
supervised classification was performed using the Random
Forest algorithm on the GEE platform (Pal, 2005).

Based on the historical images from Google Earth Pro,
random samples for supervised classification were derived by
visual interpretation. We classified the study area following a
review of the Guidelines for the Classification of Land Use for
Land Use Spatial Survey, Planning, and Use Control as well as the
available studies (Fan et al., 2013; Murray et al., 2019; Zhang
etal, 2019; Wang et al,, 2020). In total, there were five categories
identified in this study: tidal flats (TF), seawater (SW), coastal
vegetation zones (CV), farmland and forestry land (FL), and
construction land (CL). For the final map of coastal tidal flats,
the supervised classification results were post-processed
according to spatial topological relationships. We first filtered
the classification results using plural filtering and then smoothed
out the irregular edges by boundary cleaning. Due to spectral
overlap, there was a mixed classification of tidal flats and other
feature types. Consequently, patches that were incorrectly
categorized as not conforming to the spatial distribution of
tidal flats were removed (e.g., patches located within the
artificial shoreline). We applied overall accuracy (OA) and
Kappa coefficient (K) in the confusion matrix for classification
accuracy assessment in GEE (Lewis and Brown, 2001). OA refers
to the ratio between the number of correctly classified pixels and
the total number of pixels. K reflects the confusion matrix
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balance, which is generally used in consistency tests and
contributes to overall classification accuracy (Cohen, 1960).

2.3 Kernel density analysis

To investigate the overall spatial pattern of tidal flat
landscapes in the YRD, kernel density analysis was used to
represent the evolution of tidal flat landscapes over time. Based
on kernel density estimation (KDE), the kernel density analysis
assumes that geographical events can occur anywhere in space
with varying probabilities (Seaman and Powell, 1996). Points
with dense clusters have a higher probability of events than those
with sparse clusters (Bonnier et al., 2019). Tidal flats have been
experiencing constant variation in their spatial pattern in the
YRD for many decades. In addition to changing in size,
distribution characteristics of tidal flats landscape may also
have changed. The formula for Kernel density calculation is as
follows:

n _ .

) = 3k (55 w

where f,,(x) is the estimated value of kernel density for tidal
flat evolution, n is the observation numbers, k is the kernel
function, X-X; is the distance from the estimated point to the
sample position, and & is the smoothing parameter. In this study,
spatial distribution information on changes of the tidal flat area
between 1990 and 2020 was first obtained by overlaying tidal flat
maps. Next, kernel density in ArcGIS was used to estimate the
nuclear density of the tidal flat change for each point, using
patch area as a weighting metric. In addition, the KDE result was
graded according to Jenks’ (natural breaks) method to determine
the three classes of loss and gain for tidal flats (Jiang et al., 2018;
Yuan et al,, 2019).

2.4 Landscape transfer matrix

A transfer matrix describes the changes in different
landscape types within a certain period, which reveals the rules
of landscape pattern evolution (Foody, 2002). In this study, the
transfer matrix was applied to clarify the quantity of shifts
between tidal flats and other landscape types at each phase.
The formula for the transfer matrix is:

P11 P12 -+ Pin
e .
pnl an pnn

Where P;; is the area of each land use type, i and j represent
the types of landscapes before and after the transfer, respectively,
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and 7 is the total number of landscape types before and after the
transformation. We used the transfer matrix to reveal the
outflow and inflow of the YRD tidal flat area.

2.5 Landscape index calculation

Landscape index changes have been commonly used to analyze
the dynamic evolution of landscape patterns (Chen et al., 2022). A
landscape index is the result of highly concentrated information
about landscape patterns. In addition, a landscape pattern index has
important ecological significance since it specifies the characteristics
of ecosystem landscape elements. Different sizes, shapes, types,
numbers, and spatial configurations of landscape elements reflect
the quality of landscape functions and ecological processes
throughout the region. Tidal flats in the study area were studied
using landscape indices selected from the classes at the YRD to
quantify the variation process and characterize the functions of the
tidal flat system. The following seven landscape pattern indices were
selected for this study: largest patch index (LPI), patch density
(PD), mean patch area distribution (MPS), mean shape index
(SHAPE_MN), area-weighted mean patch fractal dimension
(FRAC_AM), patch cohesion index (COHESION), and splitting
index (SPLIT) (Table S1). The LPI values indicate the abundance of
tidal flats across the entire landscape. PD values represent the
density of tidal flat patches and reflect the heterogeneity of the
landscape within a unit area. MPS reflects the average condition of
the tidal flats patch. The SHAPE _MN is an indication of the
complexity of the tidal flat landscape. Because they express the
influence of human activities on a landscape pattern, the
FRAC_AM values of natural landscapes with less interference are
higher than the values for disturbed landscapes (Li et al., 2020a).
COHESION refers to the connectivity between tidal flats within a
YRD, while SPLIT represents the degree of separation.

2.6 Driving factor analysis

Both anthropogenic and natural factors can drive tidal flat
variations. Tidal flats are often considered potential areas for
urban development. Therefore, urban development activities like
reclamation significantly affect tidal flats (Jackson et al., 2021).
There has been a substantial economic benefit to the region from
aquaculture, which also occupies tidal flats (Ma et al., 2014).
Factors such as population and GDP are also closely associated
with the development of tidal flats (Murray et al., 2014; Wang
et al,, 2021b). Likewise, natural factors play an important role in
influencing tidal flat landscapes. Tidal flats are formed and
changed primarily by sediment carried by incoming rivers, so
sediment plays a crucial role in their evolution (Bi et al., 2014;
Chen et al.,, 2016). There is also evidence that sea-level rise has a
significant effect on tidal flats (Zhao et al., 2020). Temperature
and precipitation also have an impact on the landscape patterns
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of tidal flats (Wang et al., 2021b). A total of eight potential
factors were selected to analyze the evolution of YRD’s tidal flat
landscape: population (POP), gross domestic product (GDP),
urban area (UA), aquaculture area (ACA), sediment discharge
(Sediment), sea-level rate (SL), annual precipitation (Prcp), and
annual average air temperature (Tavg) (Table S2).

To investigate the motives for tidal flat evolution, landscape
pattern characteristics of the flats were associated with potential
driving factors using correlation analysis. Correlation coefficients
were used to investigate the extent and direction of each
influencing factor that drove tidal flat dynamics (Humphreys et al,,
2019). Further analysis of the driving factors influencing tidal flat
landscape patterns was conducted using principal component
analysis (PCA). In principal component analysis (PCA), multiple
indices are merged into one composite index, or several
comprehensive indices are constructed to reduce the dimensionality
of a large dataset. To concentrate on potential drivers of tidal flat
dynamics, redundant variables (closely related variables) can be
eliminated in PCA. For this study, principal components were
selected based on the eigenvalue being greater than one and the
cumulative contribution rate exceeding 85% (Fang et al., 2017).

3 Results

Following classification and post-processing, maps of YRD
coastal tidal flats were produced at 30 m resolution for four
different time periods: 1990, 2000, 2010, and 2020 (Figure 2). We
evaluated tidal flat mapping results in the YRD using the OA and
K. The study showed that the average OA was 94.40%, and the
average K was 0.93. In 1990, 2000, 2010, and 2020, the OA was
96.75%, 96.21%, 92.35% and 92.27%, with K of 0.96, 0.95, 0.90,
and 0.90, respectively.

120°E

10.3389/fmars.2022.1086775

3.1 Characteristics of spatial
pattern dynamics

Area changes of the YRD tidal flats are illustrated in Figure 3.
The YRD’s tidal flats have decreased significantly over the past three
decades, from 4231 km® in 1990 to 2236 km® in 2020, a 47%
reduction (Figure 3A). During the period 1990 to 2000, the area of
tidal flats decreased by 24%. This was the most dramatic decline
during the study period, with an average annual decrease of 100
km?. Since then, the Chinese government has enacted more
management measures and nature reserves to protect coastal
wetlands. Therefore, tidal flat loss in the YRD slowed down over
the next decade, decreasing by 439 km®. In the period 2010 to 2020,
the YRD lost 20% of its tidal flats. Based on the KDE results, tidal
flats change zones were classified into three levels (class I, class I,
and class IIT). The two classes with high tidal flat loss in the YRD,
classes II and III, occurred mainly in Yancheng and Nantong of
Jiangsu, but also in Hangzhou, Shaoxing, and Ningbo in Zhejiang,
along with sporadic distribution in Shanghai (Figure 3B). The map
of the kernel density distribution of tidal flat gains shows that classes
I and IIT with high density occurred mainly in the radial sand
ridges of Yancheng in Jiangsu and of Jiuduansha and Nanhui in
Shanghai, with scattered occurrence in Zhejiang (Figure 3C). There
was a more significant loss of tidal flats in the YRD than a gain. The
regions with a high kernel density of tidal flat loss had a greater
geographic spread than regions with low kernel density.

Inflows and turnovers of tidal flats from 1990 to 2020 were
examined using the landscape transfer matrix (Figure 4). Tidal flat
influx increased and then decreased from 1990 to 2020. Over the
first three periods (1990, 2000, and 2010), seawater replenishment
of tidal flats accounted for 94.54%, 97.83%, and 95.52%,
respectively, of the total inflow to tidal flats. Seawater was the
major outflow from tidal flats. As an overall result of conversions
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Distribution of tidal flat dynamics in the study area. (A) Tidal flat area changes. (B) Kernel density analysis of tidal flat losses from 1990 to 2000.

(C) Kernel density analysis of tidal flat gains from 1990 to 2000.

between seawater areas and tidal flats, the tidal flat area increased by
91 km” between 1990 and 2020. Tidal flats were largely outflowing
during the study period due to urban construction, which was the
main cause of the decrease in tidal flat area. There was a notable
conversion of tidal flats to construction land in 1990 and 2000, with
593 km? and 693 km? of tidal flats being converted to construction
land, respectively. After 2010, comprehensive environmental
regulations and laws were enacted, and reclamation projects were
tightened (Chen et al., 2016; Zhao et al., 2020; Wang et al,, 2021b).
The National Marine Function Zoning Plan (2011-2020) published
in 2012 strengthened reclamation management and rationalized the
reclamation scale (Liu et al., 2018). Therefore, the conversion from
tidal flats to construction land moderated slightly after 2010. The

conversion between tidal flats and construction land accounted for
66% of the area decrease of tidal flats throughout the study period.
The conversion of tidal flats to coastal vegetation zones, farmland,
and forests did not show significant changes from 1990 to 2020. The
loss of tidal flat area has partly been attributed to the conversion of
tidal flats to coastal vegetation zones (16.62%) and the conversion of
tidal flats to farmlands and forests (9.51%)).

3.2 Characteristics of landscape
morphology changes

The landscape metrics at the class level for the YRD tidal
flats have changed over the last three decades (Figure 5). Tidal
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FIGURE 5

Landscape characteristics (normalized) of tidal flats from 1990 to
2020 (LPI, largest patch index; PD, patch density; MPS, mean
patch area distribution; SHAPE_MN, mean shape index;
FRAC_AM, area-weighted mean patch fractal dimension;
COHESION, patch cohesion index; SPLIT, splitting index).

flat dominance was indicated by the LPI values for the entire
landscape, whereas the LPI values for the YRD tidal flats have
decreased over the past thirty years. In particular, the LPI value
decreased dramatically (from 0.72 to 0.1) after 2000. The MPS
value declined steadily between 1990 and 2020, reflecting the
average interannual degradation conditions for the YRD tidal
flats. According to the falling PD values of the YRD, tidal flats of
the unit area decreased by 0.86 following the year 2000. The
decrease in MPS and PD values indicated a fragmentation of the
tidal flat patches. There was a slight fluctuation in the
SHAPE_MN value between 1990 and 2010, then it decreased
during the last decade. The fluctuation in SHAPE_MN suggested
that the shape of the tidal flats was constantly changing. As
reflected by FRAC_AM indexes that increased and then
dramatically decreased, the tidal flats were unstable and
susceptible to human activity. The SPLIT value rose 0.89
during the period 2000-2020, denoting that the spatial
dispersion of the tidal flats intensified. COHESION decreased
by 0.81 simultaneously, showing that the physical connectivity of
tidal flat patches in the YRD decreased.

Based on the landscape index for 2020 (Figure 6), it was
clear that the distribution characteristics differed spatially.
Tidal flats with high LPI and MPS values can be found
mainly in southeast Yancheng and northwest Nantong of
Jiangsu, clustered here with high patch densities. The mean
patch areas were also high among the tidal flats of Shaoxing
and Ningbo in Zhejiang. However, the tidal flats in
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Lianyungang and northwest Yancheng were even more
fragmented, with low LPI, MPS, and PD values. Ningbo’s
eastern region has the highest SHANPE_MN value, showing
a relatively complex shape for tidal flats. Tidal flats in
Lianyungang and northwest Yancheng showed low
COHESION and FRAC_AM values and high SPLIT values,
indicating poor spatial connectivity and a high degree of
disturbance and dispersal. The southeast Yancheng and the
northwest Nantong had a few scattered patches of tidal flats
with good physical connectivity, which were high in
COHESION values and low in SPLIT values. In Zhejiang
province, Jiaxing, and Hangzhou cities had low LPI values,
low COHESION values, and high SPLIT values. These results
indicated low dominance of tidal flats, as well as a scattered
distribution and poor connectivity. Shanghai’s tidal flats
ranked most frequently in the middle of the landscape index
results. Notably, the SPLIT values of the Shanghai tidal flats
were high, and LPI and COHESION values were low,
particularly in Nanhui, where the tidal flats were widely
dispersed and lacked dominance and connectivity.

3.3 Driving factor analysis

Both human and natural factors influenced the YRD’s tidal
flat landscape (Figure S1). The population of the study area has
grown by 37.6% since 1990. The urban area in 2020 has already
exceeded ten times that of 1990. As of 2020, the region’s GDP
was over 20 trillion yuan. With high growth in aquaculture, the
aquaculture area in 2000 became 2,034 km?. There has been a
decrease in the annual sediment discharge recorded at the
Datong station. The annual precipitation value fluctuated
during the study period, with the lowest value in 2010. An
upward trend in mean yearly temperature was observable in the
study area. The rate of sea level rise in the Yangtze River Delta
was as low as 1.4 mm/year in 1990 and peaked at 3.3 mm/year in
2020, with an upward trend.

Relevant analysis was conducted to investigate the correlation
between anthropogenic and natural factors affecting tidal flat
landscape changes (Figure 7A). The correlations between
features of the tidal flat landscape and four human factors
ranged from -0.99 to 0.99, whereas the correlations with natural
factors ranged from —0.16 to 1. Significant correlations were found
between population and four landscape features and between
GDP and one landscape characteristic. The UA was significantly
relevant to three landscape indices (p< 0.05). For natural factors,
sediment discharge affected three landscape characteristics
positively, with annual precipitation related to one feature and
average yearly temperature related to five features (p< 0.05).
Sediment discharge and mean annual temperature were each
significantly related to one tidal flat landscape feature (p< 0.01).
Based on the PCA analysis, a contribution of 81.12% was
attributed to the first principal component, followed by a
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contribution of 11.03% (Figure 7B). The driving factors with high
load values of the first principal component were, in order, POP,
GDP, UA, Tavg, and Sediment.

4 Discussion

The time-series distribution maps of the YRD tidal flats were
generated by the random forest algorithm on the GEE platform
for four decadal periods from 1990 to 2020. Integrating methods
such as KDE, land transfer matrix, landscape index, and
correlation analysis were used to examine the evolution of
landscape patterns and response factors in the study area. In
the YRD, tidal flat area decreased during the study period, along
with decreased landscape dominance, intensification of
fragmentation, decrease in connectivity, and a more dispersed
distribution. Both artificial and natural factors influence the
landscape features of tidal flats. Quantifying the changes in the
landscape and the factors driving those changes in the YRD tidal
flats could provide a reference for further tidal flat conservation

and management.

4.1 Reliability and uncertainty
of tidal flat mapping

We mapped the tidal flats of the YRD using Landsat images
and the GEE platform with a spatial resolution of 30 m. For all
four decadal periods between 1990 and 2020, the overall accuracy
of the tidal flats maps was greater than 90% and the Kappa
coefficients were all greater than 0.9, indicating relatively stable
classification accuracy throughout the study period. Further
validation was provided by comparing our tidal flat map with
published maps with the same spatial resolution. There was a
strong correlation between our map of the tidal flats and Murray’s
research, with R” of 0.83 and a slope of 1.22 (Figure S2) (Murray
etal, 2019). Regarding the spatial distribution of the two tidal flat
maps in 2010, our map corresponded well with Murray’s, which
was larger in extent and also included parts of supratidal flats.
Overall, the tidal flat mapping conducted in this study was
accurate and reliable. There are, however, some inaccuracies
inherent in the classification of satellite images. Landsat images
provide only partial information on the full tidal range, and
satellites are usually unable to observe extreme low and high
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tides (Dhanjal-Adams et al, 2016; Sagar et al.,, 2017). Remote
sensing data with a low spatial resolution may also contribute to
lower classification accuracy (Dang et al., 2021). Although the
image fusion technique used in our study can improve
classification accuracy, the medium resolution (30 m) Landsat
images used may exacerbate the mixing of classes with similar
spectral characteristics.

4.2 Evolution trends of tidal
flats in the YRD

The YRD coast is primarily a silty coast with vast tidal flats.
The tidal flats in the YRD decreased continuously during the
study period from 1990 to 2020 (Wang et al, 2020). The
dramatic reduction in tidal flats in the YRD occurred mainly
in two time periods, 1990-2000 and 2010-2020. Geographically,
the losses of tidal flats in the YRD were concentrated in
Yancheng and Nantong of Jiangsu, as well as in Hangzhou,
Shaoxing, and Ningbo of Zhejiang. The high-density areas of
tidal flat gains occurred primarily at Radiation Sand Ridge in
Yancheng of Jiangsu and in Jiuduansha and Nanhui of Shanghai.
It is crucial to manage and protect tidal flats that suffer from
frequent dynamics with high kernel density. There was a
significant interconversion of seawater and tidal flats due to
deposition and erosion (Murray et al, 2015). Throughout the
study area, the main reason for the reduction in tide flats was the
conversion of tidal flats to construction land. There was also a
conversion between coastal vegetated zones and tidal flats.
Particularly, the invasion of cordgrass (Spartina alterniflora)
has had a significant impact on the coastal zone, resulting in
changes to tidal flat landscapes (Mao et al., 2019; Jackson et al.,
2021). In recent years, Spartina alterniflora has invaded and
encroached rapidly on tidal flats in Shanghai and Jiangsu
(Huang and Zhang, 2007; Zhu et al., 2022). With the
implementation of the Spartina alterniflora management
projects, its threat to mudflats has gradually moderated (Liu
etal,, 2020). With regard to the morphological characteristics of
the tidal flats’ landscape, the landscape index changed gradually
between 2000 and 2020, with most of the indexes showing
significant changes in 2010. According to the results of
landscape index analysis, tidal flats in Lianyungang, northwest
Yancheng, Nanhui, Jiaxing, and Hangzhou require attention in

terms of management and protection.

4.3 Potential driving forces of tidal flat
dynamics in the YRD

Characteristics of the tidal flat ecosystem can be directly
affected by human activities within a relatively short period.
Over the past three decades, the population and economy of the
study area have grown rapidly, thereby increasing human-land
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conflicts. A series of large reclamation projects have been carried
out in the YRD since the 1980s, resulting in the loss of vast
coastal tidal flats (Ma et al., 2014; Wang et al., 2014; Chen et al,
2016). Through reclamation, the tidal flats were converted into
construction land for ports, terminals, transportation, and
industry (Zhao et al.,, 2020). Consequently, the urban area in
the YRD expanded significantly between 1990 and 2020.
Although offshore aquaculture brings economic benefits to the
YRD, it has also resulted in continued encroachment on tidal
flats along the coast (Ma et al.,, 2014). As humans continually
transform the land for socioeconomic objectives, substantial
ecological impacts occur (Sun et al, 2015). Urban expansion
in the YRD may contribute significantly to climate change due to
the heat island effect (Yang et al., 2017). Aquaculture may
negatively affect regional water quality since it contributes to
the eutrophication of water bodies (Li et al.,, 2021; Wang et al,,
2021a). Based on the correlation and PCA analysis, four human
factors (i.e., population, GDP, urban area, aquaculture area)
were strongly correlated with the characteristics changes of the
tidal flat landscape. In response to urbanization, the YRD tidal
flats have been shrinking. Urbanization-induced reclamation is
the primary cause of the shrinkage. Furthermore, tidal flats have
been encroached upon irregularly by human activities, which has
adversely affected their original spatial distribution. There has
been significant disruption of tidal flats in the YRD due to
human activities, resulting in a fragmented, dispersed, and less
integrated landscape.

Natural factors have also influenced the development of the
YRD’s tidal flats. In terms of climatic factors, temperature and
precipitation were important variables affecting the YRD tidal
flat ecosystem. A warming temperature without increased
precipitation will intensify wetland evaporation, reducing the
tidal flat area (Harley et al., 2006). Temperatures in the study
area increased gradually from 1990 to 2020, while rainfall
fluctuated within a small range. There was a significant
correlation between tidal flat area and mean annual
temperature in the YRD, but no significant correlation with
mean annual rainfall. As a region sensitive to global change, the
YRD has also experienced sea-level rise due to global warming
(Cazenave and Cozannet, 2014; Moftakhari et al., 2017). The
coastal seawall defense capacity of the YRD has been reduced by
sea-level rise, and coastal erosion has increased, causing tidal flat
loss (Gong et al., 2012; Wang et al.,, 2012; Kuang et al., 2014).
Coastal tidal flat development is driven by sediment
transportation and accumulation by rivers and tides. Sediment
deposition and the hydrodynamic environment contribute to
tidal flat dynamics due to “loss and gain” (Dyer et al., 2000; Xing
et al,, 2012). With increasing evaporation and water engineering
projects, sedimentation in the YRD has weakened, leading to a
slowdown in coastal tidal flat development (Zhao et al., 2017; Li
et al,, 2020b). There was a significant correlation between
sediment discharge and characteristics of tidal flats in the YRD
from 1990 to 2020, indicating that higher sediment discharges
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lead to a larger area of tidal flats. Tidal flat morphology and other
natural factors, however, had a weak relationship. During the
continuous urbanization process, human activities have greatly
affected the landscape of the tidal flats (Jiang et al., 2015).

4.4 Recommendations for improving the
conservation of the YRD tidal flats

Policies, laws, and regulations provide the basis for the
management of tidal flats. Since the 1990s, China has taken a
series of measures to manage coastal wetlands, which have
played a role in protecting coastal tidal flats (Table S3). The
dynamic changes analysis of the tidal flats showed that the
reduction of the tidal flats has moderated after 2000.
Nonetheless, rapid economic development and the growing
reliance of human activities on tidal flats have negatively
affected the remaining tidal flats (Jiang et al., 2015; Wei et al,,
2015). The YRD tidal flats are still experiencing declines in
quantity and landscape quality. Tidal flats are not covered by any
national laws or administrative regulations in China. Only local
rules are in place. Local government regulations for managing
tidal flats are more concerned with resource management than
environmental protection. Tidal flats have also been considered
a wasteland and the principal source of resource extraction
(Zhao et al., 2020). The general public has not yet fully
understood the ecological function and value of tidal flats. A
strict, science-based, and effective policy, legislative, and
regulatory framework will be required for tidal flat protection
(Sun et al., 2015). Existing legislation that governs coastal tidal
flat management should be improved, and new policies, laws,
and regulations should be adopted. Furthermore, local
governments should ensure that their policies, laws, and
regulations for tidal flat management take into account the
ecological environment and need for the protection of tidal flats.

Both natural and human factors have influenced tidal flat
landscape evolution. Tidal flat dynamics in the YRD were closely
correlated with sediments, temperature, sea level, and human
activities. The protection and management of tidal flats can be
improved by exploring effective measures to address the main
threats. Tidal flats form primarily from sediment carried by rivers
into the sea. Due to various evaporation and water engineering
projects, sedimentation in the study area decreased, resulting in
the loss of tidal flats (Zhao et al., 2017; Li et al., 2020b). Providing
artificial silt and sand nourishment can enhance the protection of
tidal flats (Deltacommissie, 2008). Sea-level rise has been triggered
by rising temperatures, resulting in threats to the integrity and
stability of tidal flats (Morris et al., 2002). The YRD should
implement a long-term monitoring system and set up an early
warning system to prevent damage to tidal flats (Leorri et al,
2013). There are also nature-based solutions for coastal
management that can be used to adapt to SLR (Schuerch et al,
2018). Restoration of degraded coastal wetlands is a nature-based
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solution that can help strengthen coastal protection caused by SLR
and associated extreme events (Kim, 2010; Narayan et al., 2016).
Besides restoring existing habitats, it is also possible to use hybrid
designs, such as natural habitats combined with built
infrastructure, providing coastal protection against SLR (Sutton-
Grier et al., 2015; Moller, 2019). Human activities such as high
intensity development and frequent reclamation have significantly
contributed to the loss of tidal flats (Mai and Bartholoma, 2000).
The reclamation of tidal flats should be reduced in the future, with
a goal of maintaining them within their natural proliferation rate
(Hodoki and Murakami, 2006). Moreover, a “red line” could be
defined for tidal flats, and reclamation prohibited in the “red line”
area to effectively limit the negative impact of human activities on
the landscape (Sun et al., 2015).

The establishment of nature reserves may contribute to the
conservation of tidal flats (Hill et al., 2021). Nine nature reserves
exist in the study area (Figure 8). There were areas within nature
reserves with frequent tidal flat dynamics (Zone I) based on KDE
results. Landscape index analysis showed a reduction in the tidal
flats’ integrity, connectivity, and stability between 1990 and 2020.
Geographically, it was evident that the landscape index had
changed negatively in some regions (Zone II) not covered by
nature reserves. Although natural reserves exist, the degradation
of their tidal flats cannot be prevented, which may be because
natural factors have caused tidal flats to move outside current
reserves, or the reserves were unable to effectively manage them
(Carranza et al,, 2014; Murray et al,, 2019). Reserves in the study
area are managed by different departments at a local level, leading
to conflicting management goals (Dhanjal-Adams et al,, 2016;
Zeng et al., 2022). It might be possible to consolidate overlapping
reserves and manage them under one department. In Jiangsu and
Shanghai, the tidal flats would benefit from combining the
jurisdictions of their reserves and coordinating the management.
In addition, expanding existing reserves could enhance the
connectivity and integrity of the landscape within the various

I Nature Reserve (1983 MOEP)

1986 SFA)

(1998 SFA)

34°N
&

2000 MOEP)

32°N

1 Nature Reserves

cal-level Nature Reserves

Hangzhou

30°N
%

120°E 124°E 126°E 128°E

FIGURE 8

Distribution of nature reserves within the study area (Department
of Nature Reserves at the local level: MOEP, Ministry of
Environmental Protection; SOA, State Oceanic Administration;
MOA, Ministry of Agriculture; SFA, State Forestry Administration).
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functional zones (Watson et al, 2014). As Yancheng National
Reserve extends north-south, it could encompass wetland areas
meeting international standards, such as the Ganyu, Dongtai, and
Rudong tidal flats (Paulson Institute, 2016). Due to the lack of
nature reserves covering tidal flats in Nanhui, Jiaxing, and
Hangzhou, new protected areas need to be established to
mitigate adverse effects. Finally, nature reserves do not forbid
human activities, so their establishment may slow the loss of tidal
flats but will not stop it. Consequently, adequate buffer zones
should be maintained between human activities and tidal flat
protection areas to alleviate anthropogenic impacts.

5 Conclusion

It has been observed that tidal flats in the YRD have been
degraded from 1990 to 2020, as evidenced by shrinking size,
increased fragmentation and disturbance, as well as reduced
dominance and connectivity across the tidal flat landscape.
Yancheng and Nantong of Jiangsu, Hangzhou, Shaoxing, Ningbo
of Zhejiang, and Jiuduansha and Nanhui of Shanghai were found to
have high densities of tidal flat dynamics. It is worth mentioning
that Lianyungang, northwestern Yancheng, Nanhui, Jiaxing, and
Hangzhou have experienced a considerable negative change in their
tidal flat landscape. In the YRD tidal flats, variations in landscape
characteristics have been driven by various factors such as
population, economy, reclamation, climate change, sea-level rise,
and sedimentation. Future actions should include three aspects of
tidal flat management and protection: strengthening policies, laws,
and regulations related to tidal flat protection, preparing measures
to counteract threats to tidal flat landscapes, and improving the
efficiency of nature reserves to reduce tidal flat degradation.
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Coastal wetlands, the major component of coastal ecotones with indispensable
ecosystem services, are threatened by anthropogenic disturbance, resulting in
continuous loss of ecosystem functions. Coastal wetland restoration can be
implemented to deter the ecosystem losses; however, it is unclear whether it
could provide appropriate habitat for the birds using on coastal ecotones. Here, we
utilize a newly restored wetland as an example to investigate the impacts of coastal
restoration on bird diversity, and test the hypothesis - if a reasonable habitat pattern is
created, more birds will be attracted, thereby helping decision-makers develop
efficient and sustainable coastal restoration strategies. We used Fragstats for
landscape pattern analysis, and derived the variability in different habitat patterns by
independent sample T-test and Mann-Whitney U test. The results suggested that the
restored wetland exhibited a positive effect on attracting birds, with a total of 70
species, 35 families, and 15 orders of birds being recorded over a three-year period
after restoration. Passeriformes are the main species, and accounted for 52.8% of bird
species. Additionally, waterbird species, i.e., Ciconiiformes and Anseriformes,
accounted for 24.67% of the total number of species. The number of bird species
in the wetlands increased annually, especially during the overwintering and the
breeding period. Furthermore, the results of this study indicate that water-centered
mosaic-type habitat consisting of a relatively low degree of separation and high patch
connectivity was beneficial to attracting different types of birds. The number of bird
species, density, bird biodiversity index, evenness index, and dominance index for
mosaic-type habitats were all higher than those for even habitat pattern with
independent patches and sharp boundaries. In particular, the mosaic-type habitat
attracted migratory waterbirds such as Anas zonorhyncha, Aix galericulata, Mareca
penelope, Hydrophasianus chirurgus, Emberiza pallasi, Xenus cinereus, and Spatula
querquedula, which expanded the range of birds attracted by coastal restoration
projects. This study illustrated that coastal wetland restoration combined with a
creation of water-centered mosaic-type habitat attracted more birds and could
provide a reference for the restoration of degraded ecosystems in coastal zones.

KEYWORDS

coastal wetlands, ecological restoration, bird diversity, habitat pattern,
landscape separation
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1 Introduction

As a buffer zone that connects and intersects terrestrial and
marine systems, coastal wetlands are one of the most valuable
ecosystems in the world due to their unique structure and
biogeochemical cycle processes. Coastal wetlands are the major
component of coastal ecotones and provide areas with high
biodiversity and important habitats for plant and animal
communities, especially birds (Amano et al., 2010). In recent years,
due to the impact of natural and anthropogenic disturbances, such as
sea level rise and coastal reclamation, coastal wetlands have been
increasingly threatened (Jiang et al., 2015), resulting in the continuous
destruction of wetland structures and the degradation of ecosystem
functions (Wang et al., 2012; Yang et al., 2020). Therefore, coastal
wetland restoration has become a hot topic in international ecological
research, and many non-governmental and governmental
organizations have elevated habitat restoration to be a primary
method for wetland conservation (Renzi et al., 2019). Coastal
wetland restoration is usually implemented to combat ecosystem
losses with the goal of establishing self-sustaining coastal wetlands,
that may be a set of specific objectives (e.g., presence of particular
species, plant cover, biomass, etc.) or functional equivalency with
natural habitats (Borja et al., 2010). However, many restored wetlands
fail to completely achieve the restoration targets in a timely manner
(Borja et al.,, 2010). Wetlands diversity through restoration can take
decades which can limit the ecosystem services they provide,
especially the restoration of biodiversity (Das, 2017). So we need to
improve wetland restoration eficiency and implement restoration
designs that support the rapid creation of natural, high functioning
wetlands (Renzi et al., 2019).

Birds, active components of wetland ecosystems, are sensitive to
environmental changes, and they are therefore frequently used as
indicators in various ecological studies and are often considered a
good surrogate of biodiversity in a particular area (Alexandrino et al.,
2016). Wetland bird community composition and species numbers
are important indicators for monitoring and evaluating the
effectiveness of coastal restoration. Comparing changes in wetland
bird populations enhances our knowledge of the ecological value of a
restored coastal wetland system (Hughes et al, 2018). Restored
wetlands and natural wetlands differ in their ability to perform
basic functions (improving water quality, reducing food damage,
and supporting food webs), but all provide habitats for plants and
animals (Borja et al., 2010). Some endangered birds also choose to
restore wetlands as alternatives to natural habitats (Chen et al., 2012).
Some recent studies have argued that restored or artificial wetlands
compensate for wetland losses and are valuable for waterbird
conservation, and indicated that wetland creation may be the best
alternative when restoration is not possible due to irreversible damage
to former wetlands. Some studies have emphasized the importance of
restored wetlands for waterbirds (Sripanomyom et al,, 2011;
Marquez-Ferrando et al., 2014) and suggested that restored
wetlands promote bird diversity to a level similar to that in natural
wetlands (Desrochers et al., 2008; Bantilan-Smith et al., 2009). The
construction of artificially restored wetlands has increased the
diversity of coastal habitats, attracting waterbirds to roost or escape
environmental stresses (Piersma et al., 2017) and increasing species
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diversity. The use of coastal restoration projects for wetland
restoration and habitat function enhancement has become an
important method to protect coastal bird habitats (Cooke and
Suski, 2008). The relationships between the distribution of most
waterbirds and habitat characteristics, were in agreement with the
birds’ ecological requirements. For instance, the shorebirds are
significantly concentrated in the mudflat wetlands (Clemens et al,
2014; Murray and Fuller, 2015). The wintering ducks and coots
clearly preferred the water area next to the wastelands cover and
avoided dry forest cover (Ma et al, 2010). In China, a study of
restoration project in Dianchi Lake suggested that distinct habitat
requirements of different waterbird groups, indicating different types
of restoration and arrangements should be implemented. Although
there are mounting evidences that habitats characteristics are the
important driver for the waterbird assemblages, the mechanisms
behind habitat patches and wetland bird diversity at landscape
scales still need explore (Angelini et al., 2015). On the other hand,
habitat patterns are the basis for maintaining bird diversity, as
different habitat patterns have different effects on attracting birds
(Ma et al., 2010). Studies have shown that birds have certain
preferences for different habitats. Their distribution and habits will
be affected by the factors such as waters, aquatic plants and beaches in
wetlands (Guan et al., 2015). Different habitat patch structures show
the current status and potential trends of the habitat quality in the
coastal wetland, while there are differences in water birds for their
needs and adaptability (Dias et al, 2013). Therefore, whether the
distribution and diversity of bird communities will be affected by
coastal restoration measures and wetland habitat patterns is also a key
issue that should be further explored in coastal restoration projects.

Hangzhou Bay is an important stopover site for migratory
waterbirds on the East Asia-Australasia Flyway (EAAF). Since
2016, coastal restoration projects have been launched on the north
shore of Hangzhou Bay with the goal of recovering salt marshes and
improving ecosystem services. After the implementation of coastal
restoration projects, the ecosystem service value of the coastal zone
was significantly enhanced, and the restored wetlands provided
good habitat conditions and abundant food resources for various
types of organisms (Chen et al., 2020). To assess whether coastal
restoration projects have played an important role in attracting
birds, our team has been observing and recording the dynamics of
bird populations in these restored wetlands since 2018. By
comparing the differences in wetland bird diversity under different
habitat patterns, we sought to reveal the habitat selection tendency
of birds, thereby providing practical experience and references for
future coastal restorations.

2 Materials and methods

2.1 Study area

The Yingwuzhou wetland is located in Jinshan District in
Shanghai, China (N30°42'26.73", E121°20'04.15"), and covers a
total area of 23.2 ha. It was originally a silty muddy tidal flat
formed by sediment accumulation in the estuary. Under the
combined effect of anthropogenic disturbance and natural erosion,
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the ecosystem functions of the coastal wetland have degraded, with
wildlife habitats being lost. In order to restore the coastal wetland
ecosystem and salt marsh landscape, comprehensive coastal
restoration projects have been carried out to build a diverse coastal
wetland and recover the ecosystem functions in the coastal zone since
2016, that adopted technologies such as beach protection, wetland
water purification, native plant planting, and tidal hydrodynamics
regulation (Figure 1).

2.2 Habitat pattern construction

The purpose of the Yingwuzhou wetland restoration was to
remediate the degraded coastal wetland with the help of the
ecological engineering measures and to restore the structural,
functional, and biological characteristics of the wetland. Therefore,
it is necessary to comprehensively consider the diversified habitats of
salt marsh plants, plankton, fish and birds in wetlands and
reconstruct habitat patches, as well as landscape elements such as
water, reeds, woodlands, grasslands, and roads, in coastal restoration
projects. Considering the comprehensive relationship between
wetland habitat and ecological function, we constructed two typical
wetland habitat patterns in the core wetland (Figure 2).

Habitat pattern A is located in the northern site of the
Yingwuzhou wetland and consists consisted of four core units:
“Ecological pond I, surface flow wetland, ecological pond II, and
salt marsh restoration area”, forming a combined ecological
restoration and purification system. This site restored water quality
by combining the water system regulation with the purification
function of wetland plants (mainly reeds). The ecological pond I
was arranged with plants floating islands and submerged plants. The
surface flow wetland was mainly planted with Phragmites communis
and Typha latifolia. The ecological pond II was automatically
controlled to provide tidal water flow for salt marsh restoration
area. The salt marsh restoration area was composed of several
shallow ponds and tidal ditches, and the area was mainly planted
with Phragmites communis and Scirpus mariqueter. The roads in
Habitat Pattern A divided the water area and reed community into
scattered patches with relatively uniform spacing. These patches were
independent of each other, with clear boundaries and regular edges,
presenting an even habitat pattern.

10.3389/fmars.2023.1081827

Habitat Pattern B is located in the south of the wetland, and it is
the main area designed for attracting wetland bird, which is formed of
a series of habitat patches with the central water as the core. The edges
of each patch were linked to generate a composite mosaic-type
habitat. Engineering measures were taken to build deep pits,
shallow ponds, shoals, plant islands and hills to form diversified
wetland hydrological and habitat conditions at this site, and
diversified patches such as woodlands, grasslands and reeds were
arranged around the water to provide habitat for wetland animals of
different trophic levels. A sandy beach and a pebble beach were
constructed at the intersection of land and water. Phragmites
communis and Scirpus mariqueter were planted. The two habitat
patterns are connected by a small streamway that acted as the
ecological corridor connecting them together (Table 1).

2.3 Bird survey

The survey period was from January 2018 to August 2021. The
bird surveys were conducted in the middle of each month (the survey
was not conducted from January 2020 to July 2020 due to the
pandemic) and were performed along a fixed route through the
core area of the wetland. At 08:00-10:00 on each survey day, three
people moving at a normal walking speed (1.0-1.5 km/h), used
binoculars (8*42 mm) and long-focal-length cameras to observe
and take photos of the birds within the range of the wetland. The
species, number, and area in which the birds were observed were
recorded, and the activities of the birds and habitat conditions were
noted. Birds of China (Liu and Chen, 2021) and A Checklist on the
Classification and Distribution of the Birds of China (Zheng, 2017)
were referenced for the identification of bird species.

2.4 Data analysis

2.4.1 Landscape pattern analysis

The remote sensing images of the study area were obtained by
using Google Earth Pro. The images were registered and geometrically
corrected in ArcMap 10.2 and then converted into a raster map (grid
resolution 1 m*1 m) for export as soon as a vector map of the habitat
patch was generated using manual interpretation. After
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FIGURE 2
The diagram of Habitat Pattern A and Habitat Pattern B in the wetland.

10.3389/fmars.2023.1081827

Habitat Pattern B

interpretation, the landscape pattern index was analyzed in Fragstats
4.2. The landscape level was analyzed by selecting five indices: total
landscape area (TA, hm?), which represents the total area of the
landscape; landscape sprawl index (CONTAG, %), which represents
the aggregation degree or extension trend of different patch types in
the landscape; landscape splitting index (SPLIT), which represents the
degree of separation of the different patches in the landscape to
evaluate the landscape shape and fragmentation in the study area; and
Shannon’s Diversity Index (SHDI) and Shannon evenness index
(SHEI), which can reflect the heterogeneity of landscape. The
meaning and calculation method of the 5 landscape pattern indicies
are detailed in the Fragstats 4.2 instructions (Wu et al., 2021).

TABLE 1 Location of the Study Area and Habitat Pattern Zoning.

Habitat Pattern A

Habitat

2.4.2 Bird data analysis

We used the Berger-Parker dominance index (D) to determine
the degree of bird dominance. Specifically, D > 0.05 represents
dominant species, 0.005 < D < 0.05 represents common species,
and D < 0.005 indicates rare and/or accidental species. We calculate
the bird density of each habitat according to the number of birds in
different habitat areas (hm?). Besides, we estimated bird diversity
using Shannon-Wiener diversity index (H’), Pielou evenness index
(), Simpson dominance index (D) and Gleason index (G’). These
four indices reflect richness (H’), evenness (J°), dominance (D’) and
within-habitat diversity (G) dimension of bird diversity and thus
provide complementary information.

. Surface . Salt marsh Habitat Pattern B
Ecological Ecological :
Pattem pon?j I fl pong I restoration
wetland area
Total area
9.58 6.21
(hm?)
h
Water dept 1525 01 1525 0.1 1525
(m)
Reed area 0.52 0.81 0.52 0.81 0.52
(hm?) . . . . .
Grasslands
2 0.58 0.33 0.51 0.64 2.95
area (hm?)
woodlands
2 0.30 0.14 0 0.34 11.88
area (hm”)
Wat
aterarea 0.16 0 0.16 0 0.16
(hm”)
Floating
X 3 0 3 0 3
island
Each patch latively independent, and different patches had
. ac ,Pa chwas re-a 1vey independent, and ditierent patches fia A large area of water was the core patch, and the surrounding woodlands, grasslands
Habitat obvious boundaries. The waters and reeds were scattered and . .
_ . ) K and other patches were mosaicked. The edges of different patches were nested and
characteristics distributed in series through roads and water systems to form an . .
> interlaced with each other.
even distribution pattern.

The reeds were primarily wetland areas covered (full coverage or patchy coverage) by reed-based aquatic plants.
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The data statistical analysis and mapping were completed by
using SPSS 26.0, Excel and GraphPad Prism, and the normal
distribution was tested by Shapiro-Wilk test. The species and
number of birds in different habitats were tested by independent
sample T-test under the condition of normal distribution, but the
Mann-Whitney U test was used for the nonnormal distribution.

3 Results and discussion

3.1 Effect of coastal wetland restoration on
bird attraction

A total of 70 species of birds belonging to 35 families and 15
orders (Table 2) were recorded in the study area within 3 years.
Among them, there was 1 China’s first-class key protected bird
(Emberiza aureola) and 6 China’s second-class key protected birds
(Aix galericulata, Paradoxornis heudei, Falco tinnunculus, Falco
subbuteo, Pandion haliaetus, and Hydrophasianus chirurgus); there
was 1 (Emberiza aureola) critically endangered species (CR) on the
International Union for Conservation of Nature (IUCN) Red List
(TUCN, 2020) and 2 near-threatened species (NT) (Paradoxornis
heudei and Anas falcata). Members of Passeriformes were the main
species, accounting for approximately 52.8% of the wetland birds.
This order was dominant because the coastal restoration project has
created near-natural ecological zones in the Yingwuzhou wetland,
consisting of ponds, salt marshes, grasslands and woodlands that
provide various types of terrestrial habitat for birds to forage, rest and
escape from predators. Among the non-Passeriformes species, the
number of waterbird species was relatively high, including members
of the Ciconiiformes (Jacanidae, Charadriidae, Scolopacidae, and
Laridae), Anseriformes (only Anatidae), and Ciconiiformes (only
Ardeidae), each with six species, accounting for 9.6% of the total

TABLE 2 Composition of different bird taxa in the Yingwuzhou wetland.

10.3389/fmars.2023.1081827

number of species recorded. There were seven dominant species of
wetland birds, i.e., Remiz consobrinus, D=0.135; Gallinula chloropus,
D=0.084; Acridotheres cristatellus, D=0.080; Tachybaptus ruficollis,
D=0.065; Sturnus cineraceus, D=0.065; Passer montanus, D=0.058;
and Hirundo rustica, D=0.057. In addition, there were 15 common
species and 51 rare and accidental species were observed in the
restored wetland.

In 2018, 33 species of birds were observed in the wetland,
consisting of 22 species of resident birds, seven species of
wintering migratory birds, and four species of summering
migratory birds. In 2019, 41 species of birds were observed in
the wetland, consisting of 24 species of resident birds, 12 species of
wintering migratory birds, three species of summering migratory
birds, and two species of passing birds. Sixty-one species of birds
were observed in the wetland from September 2020 to August
2021, consisting of 31 resident birds, 18 wintering migratory birds,
8 summering migratory birds, and 4 passing birds (Figure 3, left).
The number of wetland bird species during the overwintering
period and the breeding period exhibited an increasing trend
annually (Figure 3, right). Since 2018, the cumulative number of
wetland bird species has increased linearly (Figure 3, bottom).
Compared with 2018, 13 new species were added in 2019. The
newly added birds were mainly winter migratory birds (seven
species), including Mareca falcata, Aix galericulata, and Emberiza
pallasi. There were 20 new species of wetland birds recorded from
September 2020 to August 2021, primarily resident birds and
wintering migratory birds. There were nine species of resident
birds, including Ardeola bacchus and Phasianus colchicus, and
seven species of wintering migratory birds, including
Chroicocephalus ridibundus and Mareca penelope. In addition,
four species of summering migratory birds, including
Hydrophasianus chirurgus and Vanellus cinereus, and four
species of passing birds, including Xenus cinereus, were added.

Order Family Genus Species Percentage (%)
Columbiformes 1 2 2 2.74
Podicipediformes 1 1 1 1.37
Suliformes 1 1 1 1.37
Cuculiformes 1 1 1 1.37
Ciconiiformes 1 5 6 8.22
Gruiformes 1 3 3 4.11
Coraciiformes 1 1 1 1.37
Passeriformes 18 25 37 52.79
Anseriformes 1 1 6 8.22
Falconiformes 1 1 2 2.74
Charadriiformes 4 4 6 8.22
Galliformes 1 1 1 1.37
Accipitriformes 1 1 1 1.37
Bucerotiformes 1 1 1 1.37
Apodiformes 1 1 1 1.37
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FIGURE 3
Changes in bird species number.

(Left: residential types; Right: bird species in the migration period;
Bottom: monthly changes of bird number)

3.2 Effect of the wetland habitat structure
on bird diversity

Increasing attractiveness to birds mainly depends on wetland
restoration measures, habitat structure, and management mode
(Jackson et al., 2019). The landscape characteristics of wetlands also
influence bird ecological processes such as habitat dependencies,
foraging, and distribution (Lee and Carroll, 2014). Over the 3 years,
a total of 1,737 birds of 53 species were recorded in Habitat Pattern A,
and a total of 1,510 birds of 55 species were recorded in Habitat
Pattern B (Table 3). However, no significant differences were found in

TABLE 3 The records of bird diversity during the research.

Habitat Pattern

Bird richness index

the number of birds between the two habitats (Z=-2.005, P=0.64) by
using the Mann-Whitney U test, and the density of birds in Habitat
Pattern A was far lower than that in Habitat Pattern B.

In addition, the diversity of bird species under the different
habitat patterns was different, and the evenness index and
dominance index of Habitat Pattern B over the years were all
greater than those of Habitat Pattern A. The Gleason Diversity
Index and Shannon-Wiener Diversity Index were significantly
higher in Habitat B than in Habitat A (Figure 4). The above results
indicated that the bird species diversity of Habitat Pattern B was
relatively high.

Figure 5 shows that the number of resident bird species in Habitat
Pattern A was slightly higher than that in Habitat Pattern B, primarily
because the area of Habitat Pattern A was larger and the reeds and
sparse forests provided more habitats for resident birds such as

Bird diversity index

Species Individuals Density J
01/2018-12/2018 Habitat A 26 623 66.6 2547 0.782 0.873
Habitat B 22 356 57.8 2647 0.856 0912
01/2019-12/2019 Habitat A 26 410 439 2583 0.793 0.896
Habitat B 31 456 74.0 2746 0.800 0.900
09/2020-08/2021 Habitat A 45 677 724 2924 0.768 0.923
Habitat B 45 653 106.0 3.019 0.793 0.929
Total Habitat A 52 1737 182.3 2911 0.733 0916
Habitat B 55 1510 245.1 3.055 0.762 0933
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FIGURE 4
Variability of different diversity indices in different habitat patterns (*P < 0.05)

Passeriformes. The number of migratory bird species in Habitat
Pattern B was higher than that in Habitat Pattern A, and the total
number of bird species in Habitat Pattern B was higher than that in
Habitat Pattern A regardless of the period (overwintering period or
breeding period). As shown in Table 4, there were 37 bird species in
both habitats and 15 bird species endemic to Habitat Pattern A,
primarily Passeriformes (nine species). There were 18 species
endemic to Habitat Pattern B, primarily Anseriformes and
Charadriiformes, which mainly inhabit open waters.

Table 5 shows that the area in Habitat Pattern B was only two-
thirds of that in Habitat Pattern A, but Habitat Pattern B had a higher
CONTAG value and a lower degree of landscape SPLIT than Habitat
Pattern A, indicating that the water-centered mosaic-type habitat
patches in this area had good connectivity and low separation. Habitat
Pattern B has a complex habitat structure and diversified patches,
such as large areas of water, woodlands, grasslands, reeds and other
patches were nested and interlaced to form a large wetland composite
habitat, which is conducive to attracting different types of birds. On
the other hand, high connectivity between habitat patches is
important for the safe dispersal of individuals, providing them with
optimal foraging and mating conditions. The SHDI index and SHEI
index of Habitat Pattern A were higher than those of Habitat Pattern
B, indicating that Habitat Pattern A had abundant land use, with
numerous patches and an even distribution of different patch types in
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w
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~
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FIGURE 5

Changes in bird residential types and bird species during the migration season in different habitats.
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the wetland, a high degree of habitat fragmentation and a lack of
dominant patches.

4 Discussion

4.1 Coastal restoration projects provide
good habitat for birds and effectively
increase the abundance of wetland birds

In recent years, coastal restoration projects have been conducted
worldwide to restore degraded ecosystems and improve the ecological
service functions of coastal zones (Chen et al., 2012). The results of
bird observations at the Yingwuzhou wetland suggested that the
number of bird species has increased after restoration.
Approximately 70 species of birds in 35 families were observed over
3 years, including some key protected species. The dominant birds
were Passeriformes (over 50%), which inhabited reeds and
woodlands. This order was dominant because the coastal
restoration project created near-nature ecotones in the Yingwuzhou
wetland, composed of ponds, salt marshes, grasslands, and
woodlands, providing various types of terrestrial habitats for
Passeriformes in which to forage, rest, and escape from predators
(Hughes et al., 2018).
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TABLE 4 The records of bird species numbers in different habitat pattern.

Habitat Pattern

Resident Birds

10.3389/fmars.2023.1081827

Number of species

Winter Migratory Summer Migratory

Passing Birds

Species only observed in Habitat A 15 7 3 2 3
Species only observed in Habitat B 18 3 8 4 3
Species observed in both habitats 37 24 10 4 0

The results of field investigation suggested that the number of
wetland bird species increased yearly after restoration. The
proportion of resident bird species was close to 50% of the wetland
bird species, significantly different from that of the surrounding
coastal mudflat wetlands, where the species are primarily migratory
waterbirds such as Anatidae, Charadriiformes, and Ardeidae (Chen
et al,, 2012). The restored wetland habitats were more suitable for
resident birds, because they consisted of a large area of water, reeds,
woodlands, and grasses, with much higher heterogeneity than the
nearby tidal flat wetlands or artificial wetlands (fishponds and rice
fields) (Giosa et al., 2018). For instance, Gallinula chloropus and
Tachybaptus ruficollis were observedbreeding and brooding on the
floating islands, and Paradoxornis heudei, which exclusively inhabited
reed patches.

Since 2019, more migratory birds have entered the wetland from
surrounding waters and mudflats to overwinter or breed, such as
Fulica atra, Anas zonorhyncha and Egretta garzetta, et al. The newly
added bird species were mainly members of the Charadriiformes and
Anatidae, indicating that in addition to providing a suitable habitat
for resident birds, the wetland is becoming more attractive to
migratory birds. The main reason is that Yingwuzhou wetland
created a certain water area with high connectivity and complex
shapes, and has diversified tidal flat features composed of open water,
pebble beach and vegetation through regulating water level through
tidal flow, which provide a suitable habitat for migratory birds such as
Anas zonorhyncha, Bubulcus coromandus, and Fulica atra.

The number of birds observed during the overwintering period
and the breeding period increased annually, indicating that the
wetland gradually attracted more migratory birds. There were more
waterbird species observed during the overwintering period than
during the breeding period. In particular, from October to
November, a large number of wintering waterbirds moved into the
wetland, while from December to January of the following year,
Anatidae entered the wetland from adjacent waters, resulting in a
significant increase in wintering waterbirds, including Xenus cinereus,
Chroicocephalus ridibundus, Mareca penelope, Anas crecca, and
Spatula querquedula. Bird species richness in different period which
may be related to breeding demand, food availability and suitable
foraging areas. Birds tend to be highly mobile in winter, moving to the
suitable wetlands in response to factors such as cold weather and
changes in water levels and in food resources (Zhang et al., 2022).

TABLE 5 Analysis of wetland habitat landscape patterns.

4.2 Habitats with a low degree of separation
and high patch connectivity have a more
positive impact on bird diversity

The location of the coastal wetlands affected the variation in bird
populations, and the interaction between habitat patches also
increased uncertainty regarding habitat selection by birds (Kleijn
et al., 2014). Studies have shown that the quality of wetland habitats
and the areas of core patches exert a positive impact on bird diversity,
and that wetlands with high bird diversity generally have larger
woodlands and open waters (Chapman and Reich, 2006) which
were the main characteristics of Habitat Pattern B and might had a
more positive impact on attracting birds. In addition, the degree of
habitat patch separation has an important impact on bird diversity
and has a negative effect on species evenness (Chen et al., 2012). There
were heterogeneous small patches in Habitat Pattern B. For instance,
the woodlands and reeds were scattered around a large area of water,
and the floating islands covered the central water area. Therefore, the
patches have a mosaic-type layout, and the habitat structure in this
area is more complex, which could provide stepping-stones and
reduce interspecific competition for birds within the patches.
Furthermore, the tidal flat patches in Habitat Pattern B were
affected by the movement of outside water and characteristics of
patch patterns (uneven distribution and complex edge shape), which
are conducive to the restoration of hydrological fluctuations and
support for bird feeding and habitation. This condition should be the
reason why Pattern B could attract Anas zonorhyncha, Mareca
penelope, Hydrophasianus chirurgus, Xenus cinereus, Spatula
querquedula and other migratory waterbirds from the nearby
waters. The patch types in Habitat Pattern A were mainly waters
and reeds, were clearly separated and evenly distributed, which low
heterogeneity might impede the distribution of birds to a certain
extent and reduce the number of bird species. In addition, the
vegetation in Habitat Pattern A is dominated by large areas of
grasslands and reeds, with relatively little woodland, so the
vegetation biomass is relatively low, and the interior areas of the
habitat are more exposed to the disturbance, which affects the bird
diversity. Therefore, the total number of bird species observed in
Habitat Pattern A, as well as the endemic species, density, and bird
diversity index, were lower. Compared with Habitat Pattern A,

Habitat pattern TA (hm?) CONTAG (%) SPLIT SHDI SHEI

Habitat Pattern A 9.35 47.60 21.77 1.58 0.88

Habitat Pattern B 6.16 56.39 7.13 1.37 057
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Habitat Pattern B has more woodland patches scattered in groups in
addition to water and reeds, which can be used as ecological stepping-
stones to avoid the exposure of birds. The rich vegetation layers and
stable community structure increase the spatial heterogeneity and
improve the vegetation biomass in this area, providing birds with
complex survival opportunities for foraging, nesting, and avoiding
natural enemies (McCain, 2009).

Birds’ preference for wetlands is influenced by a complex of
characteristics such as water chemistry, aquatic vegetation, and
physical features (Patra et al., 2011). The study showed that the
inorganic nitrogen, reactive phosphate and suspended solids in the
water of the Yingwuzhou wetland were reduced after purification
from Habitat Pattern A into Habitat Pattern B (Chen et al., 2020)
which might also lead birds to choose Habitat Pattern B with better
water quality as their habitat. However, the effectiveness of wetland
water quality characteristics on bird diversity has yet to be confirmed
by in-depth studies based on actual data. In addition, the disturbance
could have a relatively large impact on wetland bird diversity. In most
areas of Habitat Pattern B, visitors are not allowed to enter daily to
minimize the anthropogenic disturbance to the greatest extent. Under
normal circumstances, visitor’s activities in Habitat Pattern A would
be relatively frequent and the disturbance would be greater. However,
as the construction of the wetland had just been completed, and due
to the epidemic in recent years, there had been few visitors. Therefore,
we did not pay special attention to the effect of disturbance on the
habitat selection of birds in this study. However, the increase of
visitors and the surrounding construction in the future will inevitably
have an impact on the diversity of wetland birds. How to reduce the
disturbance to help wetland waterbirds conservation is the focus of
wetland management.

4.3 Lessons from the Yingwuzhou wetland
for coastal ecological restoration projects

Coastal wetlands provide key ecosystems for many species with
important ecological and economic functions, including food web
support, nutrient cycling, and stable habitat (Minello et al., 2003).
However, only approximately 10% of biodiversity studies manipulate
the diversity of ecological restoration projects with the aid of
purposeful design (Hughes et al, 2018). The main purpose of
coastal wetland restoration is rarely to protect important biological
species, and most biodiversity assessments only focus on the
rationality of ecological restoration interventions (Fitzgerald et al.,
2021). Moreover, bird diversity research in ecological restoration
projects is less than research on microorganisms, fish, etc.
(Mahoney et al., 2021).

The studies showed that bird communities are related to the
landscape heterogeneity of wetlands, and the richness & abundance of
bird species are closely related to the use of patches in wetland
landscapes. On the scale of wetland habitat, the structure and
characteristics will also directly or indirectly affect the utilization of
wetlands by bird, thereby affecting the structure of bird communities.
Compared with the Eastern Chongming Tidal Flat and the Hangzhou
Bay National Wetland Park around Shanghai (Lv et al., 2011; Cao et
al.,, 2018), the scope of the Yingwuzhou wetland is relatively smaller
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and the range of the wetland habitat is relatively narrower, so the
results of bird species and individual number are lower than those of
the above wetlands. However, the bird diversity index of the
Yingwuzhou wetland is relatively higher, and the biological
maintenance value per unit area of wetland is higher than that of
other surrounding coastal wetlands (Wu et al., 2021), indicating that
the ecological restoration project of the Yingwuzhou wetland has
improved the bird diversity in this region. The results of this study
indicated that the two typical habitat patterns in the Yingwuzhou
wetland both had high bird diversity. In particular, water-centered
mosaic-type habitats consisting of a relatively low degree of
separation and high patch connectivity had more positive impacts
on bird diversity. The heterogeneity of mosaic-type habitat could
provide high habitat structural diversity, thereby offering more places
for birds to feed, hide, roost, and nest and producing more positive
effects on the number, and evenness of wetland bird species. The
results provide important information for understanding relationship
between bird diversity and habitat patterns in a smaller landscape
scale, and we can gain experience from the bird diversity studies of the
Yingwuzhou wetland, and further provide “guidance” for the
implementation of similar coastal ecological restoration projects.

The bird observation in the Yingwuzhou wetland lasted for 3
years. However, the lack of long-term experiments and comparative
analysis in a larger environmental range may led to an underestimate
of the intensity of the biodiversity effect. Therefore, it is very
important to carry out long-term bird diversity observations with
restoration projects and analyze the impact of wetland habitat
patterns on bird diversity on a larger terrestrial-marine spatial scale,
the results of which will help improve the understanding of the
effectiveness of coastal wetland biodiversity restoration. In addition,
wetland vegetation biomass, water quality, and other factors would
affect bird diversity, which we also need to focus on in
further research.

5 Conclusions

The coastal ecological restoration project in the Yingwuzhou
wetland explicitly incorporated the habitat requirements of various
birds by creating a mosaic of inter-connected habitat patches. The
comprehensive restoration of wetland ecosystem provides a
appropriate habitat for birds. The restored wetland has exhibited a
positive effect on attracting birds, with 70 species of birds recorded
over a three-year period. Passeriformes are the main species,
accounting for 52.8% of wetland bird species, while waterbird
species accounted for 24.67% of bird species. The number of bird
species in the wetlands increased annually, especially during the
overwintering and the breeding period. The water-centered mosaic-
type habitat was located in the south of the wetland with a relatively
low degree of separation and high patch connectivity, which are
beneficial to attracting different types of birds. The number of bird
species, density, bird biodiversity index, evenness index, and
dominance index were all higher than those of the even habitat
pattern with independent patches. The practice provided important
information for understanding the relationship between bird diversity
and restored wetland habitat patterns.
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Introduction: Major bays worldwide have been disturbed by human pressures to
varying degrees in recent years, resulting in many ecological and environmental
issues. Maintaining the health of the bay ecosystem has national and international
significances, as it enhances the environmental regulation function and resource
development value of the region. This study aims to examine the evolution trend and
regulatory mechanism of ecosystem health in Laizhou Bay (LZB), China.

Methods: A comprehensive DPSIR-based indicator framework is established,
comprising 40 representative indicators of the natural environment status,
ecological service function, and social values of the LZB ecosystem. The
subjective and objective integrated weighting method is applied to determine the
indicator weight. The Ecosystem Health Index is then calculated to assess the LZB
ecosystem health from 1980 to 2019 and key influencing factors are identified
through the scenario analysis.

Results: The results show that the health status of the LZB ecosystem has fluctuated
and then increased overall over the past 40 years, with a fairly healthy state in the
1980s, an unhealthy state in 2005, and then a rebound to a subhealthy state. The key
factors affecting the LZB ecosystem health are mostly pressure items, with land-
based pollution, particularly agricultural non-point source pollution, having a more
significant impact than reclamations.

Discussion: Reasonable recommendations are finally put forward on improving the
ecosystem health in the study area, including refining the legislation and integrated
mechanism related to regional management, building a coordinated land-sea
governance system and exploring new technologies for integrated marine
management. This study fills the knowledge gap of ecosystem health assessment
for the entire LZB in such a long-time scale, and the research outcomes are
expected to provide scientific references and guidance for decision-making and
social-economic sustainable development in LZB and other bays.

KEYWORDS

marine ecosystem health assessment, DPSIR-based indicator framework, evolution
trend, key influencing factors, Laizhou Bay
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1 Introduction

Bays are a vital resource for human survival and a crucial support
for the sustainable development of marine economy and society. In
recent years, with the increased utilization of resources and the rapid
growth of marine economy, the major bays in the world have been
subject to various human pressures (Lyu et al., 2022; Yu et al., 2022).
This leads to the saturation of environmental carrying capacity and a
serious decline in the health of the bay ecosystem. Now it has been
widely recognized that maintaining the health of the bay ecosystem is
conducive to enhancing the environmental regulation function and
resource development value of the region (Borja et al., 2016; Padua
et al., 2023).

Marine ecosystems are composed of abundant biological
communities in seawater and marine environment, with functions of
energy flow, material circulation and information transmission. As the
largest ecosystem in the biosphere, they play an important role in
regulating the global climate and maintaining the water cycle and
carbon cycle in the biosphere (Editorial Committee of Biological
Volume in General Editorial Committee of China Agricultural
Encyclopedia, 1991). The term “marine ecosystem health” was
initiated in 1990s by Leppard and Munawar (1992). A healthy
marine ecosystem is considered to be “a living organism” with
sustainable productivity and metabolic vitality, internal structure
maintenance ability, self-control and maintenance, threat-response
and resilience capability, etc. (Epstein, 1999; First Institute of
Oceanography, State Oceanic Administration, 2007; Shi et al., 2010).
In addition to these characteristics, the marine ecosystem’s function of
providing sustainable services for human society is also emphasized
(Wiegand et al., 2010; Costanza, 2012; Halpern et al., 2012; Borja et al.,
2016). Human activities have a profound impact on the health of the
marine ecosystem, which can produce direct or cumulative effects and
lead to the deterioration of the marine ecosystem (Epstein et al., 1994;
Rombouts et al., 2013; Lyu et al,, 2022; Yu et al,, 2022).

Various methods have been applied to assess the marine ecosystem
health, such as the Ocean Health Index (OHI), the bio-evaluation
method, the indicator framework method and others. For example,
based on 10 representative indicators and the utilization of assessment
area, OHI has been used to effectively quantify the degree of variation
in marine ecosystem health (Halpern et al., 2012). It provides a new
idea and method for China’s research and management practice in this
field (e.g., Xu, 2012; Zheng and You, 2013; Wu and Chen, 2019). The
core aspect of bio-evaluation method is to select specific species that
can reflect the ecosystem health within a certain range. The health of
the ecosystem in the study area can be determined through the
physiological state of the selected species directly or by calculating
relevant biological indices or mapping based on it indirectly (Quan and
Zhu, 2011). The bio-evaluation methods mainly include the indicator
species method (e.g., Kennedy and Jacoby, 1999; Wells et al.,, 2004;
Mallory et al., 2006; Vassallo et al., 2006; Whitfield and Harrison, 2008;
Zhao et al, 2015; Aguirre-Rubi et al, 2018), the biological index
method (e.g. Borja et al, 2003; Cai, 2003; Sun, 2013; Baek et al,
2014; Zhao et al., 2015; Zhang and Zhao, 2018), the graphic analysis
method (e.g., Gray, 1981; Warwick, 1986; Zhang, 2005; Tang et al.,
2006), etc.
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The indicator framework method is based on the selection of
appropriate evaluation indicators, the clarification of indicator weights,
and the determination of appropriate evaluation criteria (Quan and
Zhu, 2011). The indicator framework can systematically illustrate the
evolution process of the ecosystem as well as fully reflect its complexity
of structure and function, which is helpful for assessing the health
status of the regional ecosystem in a comprehensive matter. The
Pressure-State-Response (PSR) model, jointly developed by the
Organization for Economic Co-operation and Development (OECD)
and the United Nations Environment Programme (UNEP), is one of
the most widely used conceptual framework and report tools (OECD,
1993; Hammond, 1995; UNEP, 2006). The PSR model answers the
following three questions: what happened, why it happened and how
humans should respond. Pressure indicators (P) describe human
activities that can affect the marine ecosystem, representing the
pressures caused by human activities on the environment. State
indicators (S) reflect the ecosystem’s response on human activities,
representing the status of environmental qualities and natural
resources. Response indicators (R) refer to social actions to
environmental and ecological problems (OECD, 1993; OECD, 2003;
UNEP, 2006).

The PSR model has been modified to form the Driver-Pressure-
State-Impact-Response (DPSIR) model (see Section 3.2) by the
UNEP and the European Environment Agency (EEA) (EEA, 2005;
Ramos et al.,, 2007), which has been applied to the studies of
evaluating the sustainable development of marine economy, marine
ecological security, sustainable utilization of resources and marine
ecosystem health, etc. (e.g., Xu and Ma, 2017; Chen and Chen, 2021;
Ma and Sun, 2021). The PSR/DPSIR models provide the basis for
many other frameworks and pathways for the indicator development
and are used worldwide (Wu et al., 2017). Furthermore, the PSR
model considers both ecological and social connotations of marine
ecosystems; while the DPSIR model formulates the coupling
relationship between human activities and ecosystems in a more
intuitive and effective way. Thus, in this study, the DPSIR model is
accepted as the fundamental direction for the indicator establishment
and ecosystem health assessment.

Laizhou Bay (LZB) is one of the three major bays in the Bohai Sea
and the largest bay in Shandong Province, China (Wang et al,, 2021).
Since the 1980s, the rapid development of marine economy in LZB has
been driven by its geographical location advantages, resources and
environment endowment (Li et al., 2014). Now LZB has become a
high-quality development strategic location for Shandong Province to
promote the construction of a strong marine province. However, due to
its dense population distribution and diverse human activities, there are
many environmental and ecological problems, and the ecosystem
health of this region is not optimistic. Therefore, it is of great
importance to identify the evolution trend of its ecological
environment and the key factors that affect the health of the
LZB ecosystem.

So far, a few studies have been conducted on the ecosystem health
assessment of LZB and its internal waters and adjacent sea areas, as
summarized in Table 1. It can be seen that the study periods of existing
studies are relatively short, which could not sufficiently illustrate the
dynamic changes of LZB ecosystem health. In addition, the majority of
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current studies have adopted the Analytic Hierarchy Process (AHP) as
the weighting method which is relatively subjective and have ignored
the use of objective methods such as the Entropy method. Few studies
have considered the impact of human activities on the ecosystem and
the social values of marine ecosystem. Currently, there is a lack of long-
time-scale research on the assessment of ecosystem health covering
both the watershed and sea area of LZB. Therefore, this paper aims to
fill this knowledge gap by investigating the ecosystem health
assessment and environmental management strategies of LZB.

This paper is arranged as follows: in Section 2, the study area will be
briefly introduced and main anthropogenic pressures and their impacts
on LZB will be analyzed; a comprehensive and supportive indicator
framework incorporating natural environment, ecological service
function and social values will be presented in Section 3; a weighting
procedure combining subjective and objective methods will be
conducted to determine the index weight, and data and assessment
method will also be described in this section; Section 4 will provide
results and discussion on the LZB ecosystem health assessment
through the calculation of Ecosystem Health Index (EHI); key factors
of anthropogenic influence will be identified and the impacts of single
and composite factors on the LZB ecosystem health be explored
through the scenario analysis subsequently; countermeasures and
suggestions on how to improve the LZB ecosystem health will be
given in Section 5; and Section 6 offers conclusions of this study.

2 Study area

The study area consists of both sea and land areas, as shown in
Figure 1. The sea study area covers the entire LZB (36°25'~37°45'N,

10.3389/fmars.2023.1115896

118°17'~120°45'E), including the Yellow River estuary in the west of
the bay, which is a typical semi-enclosed bay with a coast length of
319.06 km and bay area of 6966.93 km” (Li et al, 2007; Zhao et al,,
2016). The basin of rivers discharged into LZB covers a total of 51
counties (districts and county-level cities) belonging to 14 prefecture-
level cities in Shandong Province, which are taken as the land
study area.

The water-depth in LZB is less than 10 m on average, with a
maximum of about 18 m. The bay is dominated by semidiurnal tides,
with an average tidal range is 0.92~1.43 m. There are over 10 rivers
discharged into the bay such as the Yellow River, the Xiaoqing River,
the Weihe River and so on. The Xiaoging River, with a length of
240 km, is the second longest river (secondary to the Yellow River)
draining into LZB. Since the 1970s, the industrialization progress along
the Xiaoqing River has altered the river functions from flood, irrigation
and shipping to sewage discharge. The annual runoff of Xiaoqing River
is much smaller than that of the Yellow River; however, it carries a large
amount of pollutants (e.g., nutrients, organic pollutants, and heavy
metals) into the sea. That is one of the main reasons for the substantial
degeneration of water quality in LZB (Ma et al, 2004; Shandong
Academy for Environmental Planning, 2018).

According to the statistics, in 2019, the population and gross
domestic product (GDP) in the study area accounted for 35.9% and
34.4% of Shandong Province respectively. The population growth and
economic development already generated severe ecological and
environmental issues in LZB, including pollution, eutrophication,
habitat destruction, decline of marine ecological services and
potential marine hazard risk, which lead to increased pressures on
the health of the bay ecosystem. This would in turn impose rigid
constraints on the sustainable development of economy, society,
resources and environment in coastal zones surrounding LZB.

TABLE 1 Summary of existing studies on ecosystem health assessment in Laizhou Bay.

Assessment method

Study area and period

Indicator selection method

Weighting = Assessment

Consideration of social
values and ecosystem Reference
service function (Yes/No)

method results
Analytic
Hierarchy Comprehensive Yang et al.
West of Laizhou Bay, May 2002 Structure-Function Inds N
est of Laizhou Bay, May ructure-Function Index Process Index Method o (2003)
(AHP)
Laizhou Bay, May and August 2004 In accordance with the Guidance for the Assessment of Coastal Marine No Xie (2009)
and 2006 Ecosystem Health
Laizhou Bay and its adjacent sea
, Al t 2009, M d . L. Zhang
areas, Augus ay an Biological index method — — No s
Semptember 2010, May and August (2013)
2011
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Laizhou Bay, May, August, Octorber, 1° e‘v uation me‘ o -(m Alca or . Zhang et al.
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December 2011 i i (2013)
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Comprehensive Li et al.
Laizhou Bay, 2009 — AHP Y
alzhou Bay Index Method e (2015)
Yellow River Estuary, October 1991 PSR model AHP Comprehensive Yes Niu et al.
and 2013 Index Method (2017)
C hensi S t al.
Laizhou Bay, 2014-2016 Structure-Function Index AHP OMmprehensive No ong €t &
Index Method (2017)
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FIGURE 1
The map of the study area.

3 Data and methods
3.1 Data sources

Due to the instability of Shandong Province’s administrative
divisions and the difficulty of collecting statistical material prior to
China’s Opening Policy in the late 1970s, as well as the human
pressures on LZB since 1990, this paper chooses 1980~2019 as the
research scale. Nine years (ie, 1980, 1985, 1990, 1995, 2000, 2005,
2010, 2015 and 2019) are selected for analysis with a time interval of
five years, except for the last interval which is four years due to the
impact of COVID-19 on statistical work.

Relevant data and information are all obtained from secondary
data sources, including bulletins (e.g., China River Sediment Bulletin,
Bulletin of China Marine Ecological Environment Status, Bulletin of
China Offshore Environmental Quality, Bulletin of China Marine
Disaster, Bulletin of Ecological Environment Status of Shandong
Province, Bulletin of Marine Environmental Quality of Shandong
Province, Bulletin of Marine Environment Status of North China Sea
Region, Bulletin of Marine Disaster of North China Sea Region),
yearbooks (e.g., China Statistical Yearbook On Environment, China
Country Statistical Yearbook, Shandong Statistical Yearbook, statistical
yearbooks of related cities), monitoring stations, literatures (e.g., Gao
and Zhang, 1996; Wang, 2000; Zhao and Kong, 2000; Ma et al., 2002;
Hao et al,, 2005; Jiang et al., 2005; Li et al., 2006; Zhang et al., 2006;
Zhao et al., 2010; Lin et al., 2013; Ma et al., 2015; Zhou et al,, 2015; Jiang
et al., 2018; Song et al., 2018; Wei et al,, 2018; Xin et al., 2019; Huang
et al, 2021), monographs (e.g., Shandong Association for Science and
Technology, 1991; Tian et al., 1996; Zhang et al., 2003; He et al., 2009;
Liu et al, 2010; Xu et al, 2013; Project Team of “Research on
Monitoring and Controlling Technology of Economic Activities
Around Bohai Sea Based on Environmental Carrying Capacity”,
2016; Yu et al., 2016; Zhang and Hu, 2019; Ye et al, 2021),
dissertations (e.g., Zhang, 2013; Yang, 2018), reports (e.g., Technical
Report on the Study of Spatial and Temporal Distribution
Characteristics and Variation Trend of Pollution in Shandong
Coastal Sea Areas), official websites (e.g., Ministry of Natural
Resources of the People’s Republic of China, Ministry of Ecology
and Environment of the People’s Republic of China, Tidal Table on the
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China Maritime Service webpage; Department of Ecology and
Environment of Shandong Province) and other kinds of statistical
data (e.g., Shandong Cencus Data 1990). The analogy and interpolation
methods are used to supplement the data missing at the initial and
middle time periods for each indicator, respectively.

3.2 Establishment of the
indicator framework

In order to explore the internal logic of land-sea coupling in LZB, a
DPSIR conceptual model is adopted for the establishment of the
indicator framework, taking into account previous research outcomes
related to the assessment of marine ecosystem health and specific
features of the study area. Figure 2 illustrates the closed feedback loop
structure of the DPSIR model, which provides a clear logic and
comprehensive explanations of the internal causal relationship
between socio-economic development and ecosystem evolution.

To assess the health of the LZB marine ecosystem, an indicator
framework is developed based on economic and social value
related factors of the land area, and environmental characteristics
and ecosystem service function related factors of the sea area.
Principles such as policy consistency, representativeness, simplicity,
understandability, data accessibility, information precision, data-
computing readiness and communication convenience, have been
considered while selecting indicators (Wu et al., 2017).

The indicator framework is divided into target layer, criterion layer
and indicator layer (Table 2). The target layer is Laizhou Bay Ecosystem
Health Index. According to the classification criteria of DPSIR model,
the criterion layer contains five dimensions: driving force (D); pressure
(P); state (S); impact (I); and response (R). The indicator layer covers 40
indicators affecting the ecosystem health of LZB.

Driving force
Population, economic
and social development,
{ndustrial structure, etc,

Response
Policies and regulations,

Pressure

ease

terrestrial pollution,

gnvironmental load, etc protection, management

efficiency, etc.

oy
), éﬁe

)
C)
%

State
Ecological environment

quality,
structure and function,
ete.

promote o
environment

deterioration, frequent
marine disasters, etc.

FIGURE 2
The DPSIR conceptual model for the ecosystem health assessment
indicator framework in Laizhou Bay.
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TABLE 2 The indicator framework for the ecosystem health assessment in Laizhou Bay.

10.3389/fmars.2023.1115896

Criterion o e .
Target layer layer Description of criterion layer Indicator layer
Total population (D1) 10 capita
RMB100:
GDP per capita (D2) " Tnn/
10" capita
Value-added of primary industry (D3) RMB100mn
Potential cause of changes in the bay ecosystem health
Driving (Fundamentally induced ecological and environmental Value-added of secondary industry (D4) RMB100mn
force (D) pressures via driving the population growth, socio-
economic development and industrial structure layout) Value-added of tertiary industry (D5) RMB100mn
Proportion of primary industry (D6) %
Proportion of secondary industry (D7) %
Proportion of tertiary industry (D8) %
Marine catch (P1) t
Discharge of total nitrogen (TN) from ¢
mariculture (P2)
Discharge of TN from livestock and poultry ¢
breeding (P3)
Amount of agricultural chemical fertilizer ¢
entering the sea (P4)
Amount of pesticides entering the sea (P5) t
Disturbance and stress of human activities and natural
processes on the bay ecosystem (Influenced by the driving
Pressure (P) force dimension; revealing the direct causes of damage to .\
the bay ecosystem; reflecting the intensity of human Industrial wastewater discharge (P6) 10"t
Laizhou Bay Ecosystem dema1‘1ds for resourc'es fro'm the bay ecosystem; further Domestic sewage discharge (P7) 10t
Health Index changing the state dimension)
Annual runoff of the Yellow River (P8) 10% m*/a
Annual sediment discharge of the Yellow s
. 10° t/a
River (P9)
Dissolved inorganic nitrogen (DIN) flux of 10" t/a
the Yellow River (P10)
Annual runoff of the Xiaoqing River (P11) 10® m%/a
Chemical Oxygen Demand (COD) flux of ta
the Xiaoqing River (P12)
Reclamation area (P13) km?
Natural wetland area (S1) km?
Maximum tidal range (S2) cm
Phytoplankton biodiversity (S3)* —
Salinity (S4) %0
Reflecting the actual situation of habitat quality and Water temperature (S5) o
ecosystem structure and function in the bay (The changes
State (S) of hydrodynamics, water quality and biological Dissolved oxygen (DO) (S6) mg/L
community caused by the pressure dimension which
promote the occurrence of influence) COD (87) mg/L
pH (S8) —
Chlorophyll a (S9) ug/L
DIN (S10) mg/L
Active phosphate (PO4-P) (S11) mg/L
(Continued)
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TABLE 2 Continued

10.3389/fmars.2023.1115896

Criterion o L :
Target layer layer Description of criterion layer Indicator layer
Occurrence area of red tide in coastal waters Km?
an
Maximum offshore distance of sea ice outer 1
The feedback effect of the state of the bay on human line (12) nmie
Impact (I) health, social economy and ecosystem (Inducing the
occurrence of the response dimension) Proportion of sea area below Class I sea "
water quality standard (I3)
Ratio of nitrogen and phosphorus (N/P)
14)
Centralized treatment rate of sewage %
treatment plant (R1) ?
Response Protection and management measures to deal with the Perfection of relev'ant P OIiCi: 5, laws and —
(R)p destruction of ecological balance (Conversely relieving the regulations (R2)
pressure, acting on the state and improving the impact) Retention rate of natural coastline (R3) %
Proportion of marine nature/special reserves %
(marine parks) (R4) ?

*Phytoplankton biodiversity (S3) is expressed by the Shannon Wener Diversity Index (H’ Index) (Zhao et al., 2015); "The score of R2 within each time interval is calculated based on the given
values in light of the ranks of legal effect of relevant policies and regulations (i.e., the value for laws is given as 7; administrative regulations as 6; local administrative regulations as 5; departmental

rules and regulations as 4; local government and department rules and regulations as 3; departmental normative documents as 2; and local normative and work documents as 1).

3.3 Indicator standardization and weighting

After building the indicator framework, the positive processing and
standardization should be conducted for the indicators. According to
Ye (2003), there are four types of indicators classified during the
positive processing based on the indicator attribute: (1) maximum-style
indicator, also called benefit-style indicator, denoting that the larger the
value the better; (2) minimum-style indicator, also called cost-style
indicator, denoting that the smaller the value the better; (3)
intermediate-style indicator, denoting that the closer the value is to a
specific value the better; and (4) interval-style indicator, denoting that it
is better if the value falls within an optimal range. The deviation
standardization is achieved through the dimensionless processing for
the indicators.

The comprehensive weighting method, combining with the
subjective AHP (Saaty, 1977) and objective Entropy Weight Method
(EWM) (Dong, 2019), is used to determine the indicator weight, in
order to understand the contribution rate of different indicators to the
health evolution of LZB ecosystem. This method effectively eliminates
subjectivity and uncertainty of assessment and improves the rationality
of indicator weighting. An expert indicator ranking procedure was
conducted following the AHP method, expecting to highlight indicator
priorities. A total of 21 experts, selected based on their knowledge and
experience of marine management, ecosystem health assessment and
the study area, were invited to conduct the indicator ranking process.

Through reasonably integrating subjective and objective weights,
the comprehensive weight W; of each indicator is calculated according
to Liu et al., (2015):

Wi=W/(1-¢)+We (=1, 2, ..., m) (1)

where e; is the information entropy of the jth indicator; and m denotes
the indicator ( m=40).
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3.4 Assessment method and criteria

The Ecosystem Health Index (EHI) is calculated by the weighted
summation of standardized indicator data, with a higher value
indicating a higher health degree (Lu et al., 2013):

m n
EHI = 33 (ZW)(i=1,2,..,mj = 1,2,...,m) ©)
j=1i=1

where 2,-]» is standardized indicator data; W; is the comprehensive
weight the jth indicator; # and m denotes the number of time interval
and indicator, respectively ( #=9 ; and m=40 ).

As given in Table 3, the assessment criteria are divided into five
levels, namely, morbid, unhealthy, subhealthy, fairly healthy and

healthy (e.g., Lu et al., 2013; Wu and Chen, 2019).

4 Results and discussion
4.1 Assessment of LZB ecosystem health

According to Section 3.3, the results of positive processing and
deviation standardization of indicators are presented in Tables A1, A2,
respectively; the results of indicator weighting are presented in
Table A3 (Supplementary Material). Figure 3 illustrates the
proportion of integrated indicator weight value of criterion layer and
comparison of integrated weight values of each indicator. It can be seen
that the pressure dimension has the highest proportion of weight,
followed by the state, driving force, response and impact dimensions.
Of the top 10 indicators, six belong to the pressure dimension,
indicating that multiple pressure sources from land and bay
environment are the primary factors affecting the LZB
ecosystem health.
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According to Section 3.4, the EHI value are calculated and the
health degree of each year can be obtained accordingly, so as to
determine the evolution trend of LZB ecosystem health in the past
40 years. Table 4 shows that the highest EHI value (0.6359) was
observed in 1985, indicating a fairly healthy state; the lowest value
(0.3813) was observed in 2005, indicating an unhealthy state, which is
consistent with the results of Xie (2009). Additionally, the EHI value in
1980 was the second highest, and the rest of the years were in a
subhealthy status, which is also in agreement with previous studies
(Song et al,, 2017).

The evolution trend of EHI value from 1980 to 2019 is shown in
Figure 4A. It can be seen that the overall health status of LZB ecosystem
has demonstrated a phased feature with a trend of first fluctuating and
then continuously rising. China initiated the Openings Policy since the
1980s, when economic development just started. The LZB ecological
environment can be treated as a baseline without pollution, thus its
ecosystem health was good in the 1980s. However, in the 1990s, the
environmental status of the bay was not optimistic due to multivariate
and composite pressures along the coast (e.g. reclamation, land-based
pollution, marine aquaculture, and overfishing), resulting in the
continuous deterioration of LZB ecosystem health. After reaching the
lowest value in 2005, the EHI recovered to a certain extent, indicating
that the comprehensive environmental improvement of LZB was well
implemented at this stage (Li et al., 2020).

4.2 DPSIR analysis

As the health status of LZB ecosystem is jointly determined by the
variation trend of indicators at each criterion layer, this section will
discuss the evolution trends of sub-index in criterion layers and their
motivations (Figure 5).

(1) Driving force

With the rapid and high-quality development of marine economy
in LZB in recent 40 years (Li et al., 2014), the driving force index
presents a fluctuating and rising trend as a whole. According to
Figure 3, indicators such as total population (D1) and GDP per
capita (D2) play a leading role in the driving force layer. This
indicates the population growth and socio-economic development in
the land areas surrounding LZB are likely to cause ecological and
environmental pressures and impact the ecosystem health, as described
in Section 2.

(2) Pressure

Following the positive processing of indicators, a higher pressure
index represents a lower pressure. The pressure index has been

TABLE 3 Classification of EHI levels in Laizhou Bay.

10.3389/fmars.2023.1115896

dominant from 1980 to 2005. During this period, it had a slight
downward trend between 1980 and 1990, followed by a sharp decrease
until reaching the minimum value in 2005 and a subsequent slow
rebound. Indicators such as discharge of TN from livestock and poultry
breeding (P3), marine catch (P1), DIN flux of the Yellow River (P10),
COD flux of the Xiaoging River (P12) and annual runoff of the
Xiaoqing River (P11) all reached relatively low or lowest values in
2005 (Table A2). This suggests that non-point source pollution from
agricultural, animal husbandry and fishery production activities in the
land areas surrounding LZB were likely major contributors to the bay’s
ecosystem health, particularly in 2005.

On one hand, the implementation of a summer fishing
moratorium in the Bohai Sea since 1995 has increased the
amount of fishery resources in the Bohai Sea, resulting in a peak
marine catch in LZB in 2005. However, the strong fishing volume
has not been able to prevent the decline of fishery resources, leading
to a decrease in marine catch in LZB after 2005 (Hu et al., 2020). On
the other hand, the Yellow River and Xiaoqing River basins, which
are densely populated and contain numerous chemical industry
zones, are two of the main pollution sources in LZB (Zhang et al.,
2022). Industrial wastewater and domestic sewage, carrying large
amounts of nutrients into the sea (Section 2; Shandong Academy
for Environmental Planning, 2018; Li et al., 2020), have great impact
on the distribution and structure of nutrients in the seawater
(Strokal et al., 2017). For example, as reported by the Bulletin of
Marine Environmental Quality of Shandong Province, 87% of the
23 sections in the Xiaoging River basin, had a Class IV water quality
(Sea Water Quality Standard of China) or worse in 2019. Excessive
use of nitrogen fertilizer in agricultural production has also
contributed to the pollutant flux into the sea. For example, the
fertilizer consumption in Shandong Province increased by over
three times between the 1980s and the 1990s (Xiong and Weng,
2015). These factors have caused water eutrophication, altered the
nutrient structure and biodiversity of the sea area, and ultimately
led to the deterioration of ecosystem health in LZB (Wang et al.,
2021; Zhang et al.,, 2022).

(3) State

The state index of LZB ecosystem has exhibited a fluctuating
evolution trend, with higher values in the 1980s and 2010s and the
lowest value in 2005. The DIN concentration (S10) reached the highest
value in 2005 (Figure 4B), which is in agreement with the findings of
Zhang et al. (2022). This can be attributed to the increased nutrient flux
from rivers and the reduction of sea area due to reclamations before
2005 (Ding et al.,, 2018; Xu et al,, 2021). Zhang et al. (2022) also found
the riverine inputs are the primary contributor to the increase of DIN

Health level EHI range Health degree
5 (0.0, 0.2) Morbid
4 [0.2, 0.4) Unhealthy
3 [0.4, 0.6) Subhealthy
2 [0.6, 0.8) Fairly healthy
1 [0.8, 1.0] Healthy

Frontiers in Marine Science

119

frontiersin.org


https://doi.org/10.3389/fmars.2023.1115896
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Wu et al. 10.3389/fmars.2023.1115896
A
B Driving force il Pressure State [l Impact [ll Response
0.05
B W Driving force
W Pressure
0.04 4 State
P
] W Impact
S W Response
= 0034
2
]
=
B 0.02
£
&
2
]
" 0.01 4
R4 P4 P13 P7 P6 D1 P2 D2 I3 P3 DS P1 14 P10 I1 SIOP12S1 P5S11D4 S2 89 R2 D3 D8 D7 P8 R3 S3 D6 P9 S7 S6 RIPI1 12 S4 S5 S8
Indicator
FIGURE 3

The indicator framework of ecosystem health assessment in Laizhou Bay: (A) the proportion of integrated indicator weight value of criterion layer;

and (B) comparison of integrated weight values of each indicator.

concentration. Subsequently, the implementation of pollution control
and environmental protection surrounding LZB have led to a decrease
in nutrient concentration (Feng et al., 1999; Zhang et al., 2022).

(4) Impact

The impact index of LZB ecosystem has a certain degree of
uncertainty and contingency, yet its overall downward trend with
fluctuation has resulted in an increasing negative impact on the
ecosystem health. After 2010, the impact index rebounded mainly
due to the cold current weather. As reported by the Bulletin of China
Marine Disaster, in 2010, the most severe sea ice disaster occurred in
LZB in the past 40 years.

(5) Response

Overall, the response index of LZB ecosystem has presented an
upward trend with fluctuation and the growth rate during 2005~2010
has been particularly rapid. This is mainly due to the indicator
“proportion of marine nature/special reserves (marine parks)” (R4),

which has the highest weight in the indicator framework and is the
key factor affecting the ecosystem health (Section 4.3). The
establishment of the first national marine reserve in LZB, the
Dongying Yellow River Estuary Ecological National Marine Special
Reserve, in November 2008 has contributed to the rise of the response
index. This indicates an increased awareness of marine protection
and improved abilities to prevent and respond to marine pollution,
marine disasters and other events, ultimately demonstrating the
stable and sound development of LZB ecosystem.

4.3 ldentification of key factors on EHI

For the past 40 years, the key factors affecting the health of LZB
ecosystem can be distinguished according to the weight value of each
indicator (Section 4.1.2). As shown in Figure 3, the integrated indicator

TABLE 4 Ecosystem Health Index (EHI) and health degree of the ecosystem health in Laizhou Bay.

Year Driving force (D) Pressure (P) State (S) Impact (I) Response (R) EHI Health degree
1980 0.0893 0.2921 0.1291 0.0830 0.0199 0.6134 Fairly healthy
1985 0.0911 0.2905 0.1298 0.0935 0.0310 0.6359 Fairly healthy
1990 0.0771 0.2888 0.0954 0.0620 0.0258 0.5491 Subhealthy
1995 0.0837 0.2186 0.1090 0.0832 0.0283 0.5228 Subhealthy
2000 0.0930 0.1713 0.0851 0.0647 0.0235 04376 Subhealthy
2005 0.0803 0.1227 0.0792 0.0632 0.0360 0.3813 Unhealthy
2010 0.0895 0.1244 0.1234 0.0325 0.0886 0.4585 Subhealthy
2015 0.1157 0.1260 0.1216 0.0537 0.0881 0.5053 Subhealthy
2019 0.1391 0.1410 0.1362 0.0557 0.0880 0.5599 Subhealthy
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(A) The evolution trend of EHI value and (B) the DIN concentration in Laizhou Bay from 1980 to 2019.

weight of both pressure and state layers has exceeded 50%, with the
weight of pressure layer exceeding one-third of the total weight. This
indicates that the key influencing factors are mostly indicators in the
two criterion layers. Among all 40 indicators, R4 in the response layer
has the highest weight, which may be attributed to the small
information entropy of indicator data.

In the pressure layer, indicators with high weight include amount
of agricultural chemical fertilizer entering the sea (P4), reclamation area
(P13), domestic sewage discharge (P7) and industrial wastewater
discharge (P6), etc. This suggests that the ecological and socio-
economic damage caused by land-based sewage discharge and
reclamation has severely restricted the healthy development of LZB
ecosystem. For example, land-based sewage discharge is the main
source of pollution in the Bohai Sea, accounting for approximately 90%
of the total pollution (Zhang et al., 2007). Therefore, this section adopts
the limit thought method to conduct a scenario analysis. It is assumed
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FIGURE 5
The evolution trends of sub-index in criterion layers for the

ecosystem health assessment in Laizhou Bay.
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to remove one single key factors such as reclamation and different types
of land-based sewage discharge (e.g., agricultural and productions,
residents’ daily life) as well as the combined effect of these two kinds of
anthropogenic pressures. Thus, the variation degree and trend of EHI
value can be observed, in order to explore the direction of efforts to
improve the LZB ecosystem health in the future.

The scenario simulation results (Figure 6) illustrate that the EHI
value of removing the combined effect of reclamation and land-based
sewage discharge is the highest. Different from the trend of original
index, its highest value appeared in 2019 which was fairly healthy, and
the removal of combined key factors has a more significant impact over
time. The lowest values of seven broken lines in Figure 6 all appeared in
2005, while all simulated scenarios were in a subhealthy status in that
year except for the original index. As illustrated in Table 5, the health
status of LZB ecosystem after removing the composite effect was
improved in 2015 and 2019 which was fairly healthy, indicating that
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—A— Excluding P6
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FIGURE 6
Scenario analysis of ecosystem health in Laizhou Bay.
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reducing the intensity of human pressures can effectively alleviate the
LZB ecosystem health. In terms of the effects of removing single key
factor, the highest EHI values appeared while removing “amount of
agricultural chemical fertilizer entering the sea” (P4) from 1985 to 2015
and “reclamation area” (P13) in 2019, respectively.

Reclamation in the Bohai Sea has been halted since 2017, yet the
impacts of reclaimed areas on the hydrodynamic, water environment
and ecosystem factors of the bay are irreversible, such as changes in
landforms, reduced environmental and tidal capacities, occupation of
biological habitats and accelerated coastal erosion (Choi et al., 2010;
Park et al,, 2014). For example, from 1968 to 2015, the natural wetland
and intertidal area of LZB was reduced by 17.2% and 56.1%,
respectively; from 2003 to 2013, the LZB water area was reduced by
7.38% and the average tidal volume by 5.75% due to the reclamation
(Xu et al, 2021). Thus, the sea area should be restored by returning
farmland and dikes to the sea and dismantling abandoned aquaculture
ponds, etc; the hydrodynamic environment of LZB should be
improved by dredging key waterways and bay crest, etc.

Meanwhile, the main agricultural production areas in northern
Shandong are distributed along the LZB coast (Project Team of
“Research on Monitoring and Controlling Technology of Economic
Activities Around Bohai Sea Based on Environmental Carrying
Capacity”, 2016). As stated above, agricultural chemical fertilizers
infiltrate into the surface or underground through surface runoff and
leaching and eventually enter the bay, affecting its ecological
environment. Since 2015, the Ministry of Agriculture (now as the
Ministry of Agriculture and Rural Areas) of the People’s Republic of
China has made great efforts to promote rational and scientific
fertilization and achieved optimistic results to some extent.
Additionally, the LZB region has a solid industrial foundation (see
Section 5.2 in detail). However, industrial production is accompanied
by pollutant discharge, particularly the compact industrial layout and
concentrated wastewater discharge around the Xiaoqing River basin,
which pollutes the LZB ecological environment (Section 2; Wang et al.,
2021). With the continuous improvement of urbanization level in the
LZB area, the domestic sewage discharge has been gradually increasing
in recent years (Zhang et al., 2022). Therefore, measures should be
taken to explore scientific methods to reduce discharges of land-based
pollutants. A long-term mechanism for economic and ecological
assessment of environmental damage caused by land-based pollution
should be established. These measures are beneficial in reducing the
amount of land-based pollutants entering the sea and improving the
LZB ecosystem health.

5 Recommendations for improving
LZB ecosystem health

Although the healthy status of LZB ecosystem has become
increasingly obvious in recent years, the disturbance and stress
suffered by the bay still exist and the health level (EHI) is still
lower than the historical situation. Therefore, based on the above
assessment results and the situation of study area, this section will put
forward specific countermeasures and suggestions for improving the
LZB ecosystem health. The following recommendations are expected
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to achieve the sustainable development of regional economy and
ecological environment in a coordinated way.

5.1 Refining regional management of LZB
ecosystem health

(1) Perfecting the legislation related to regional management

It is evident from the evolution trend of R2 (Section 4.1) that the
legal system construction based on the LZB ecosystem health presents
certain phased characteristics, which is closely related to its health
status. The introduction of policies and regulations has been
beneficial in improving the efficiency of ecological pollution
control, while the intensification of environmental pollution has
also, to some extent, driven the construction of a legal system. In
China, relevant laws concerning land and sea ecological protection
and governance have been established. However, there is still a lack of
a basic law that comprehensively guides integrated marine
management from the perspective of land and sea coordination.
Furthermore, the majority of existing relevant provisions are
scattered in policies and regulations with lower legal effect (e.g.,
administrative regulations, and departmental rules) (Section 3.2)
which can hinder departmental collaboration and resource
allocation, thus affecting the effectiveness of marine management.
Taking into account the strong regional characteristics of the
generation of environmental pressure, the features of aquatic
ecology and the rigid demand for resource utilization, relying solely
on laws and regulations within the national management scope for
ecological governance is insufficient. The Law on Special Measures for
Seto Naikai Environmental Protection of Japan is a good example of
how to address this issue. Therefore, China can draw lessons from the
experience of other countries to refine relevant law making of
regional management. For example, special laws for specific regions
(e.g., the Bohai Sea, Laizhou Bay or the Xiaoging River) can be
formulated, establishing strategic objectives, responsibility subjects,
and regulatory requirements for governance of regional ecosystem.
The strictest mechanism and most rigorous rule of law should be
adhered to in order to maintain the LZB ecosystem health.

(2) Improving the integrated mechanism of regional management

The management of sea and land areas in LZB is generally based
on the division of administrative ownership (Section 2). This can lead
to fragmentation and unclear rights and responsibilities among
multiple local administrative departments, making it difficult to
achieve the high-level coordinated decision-making management.
Thus, this paper suggests the establishment of an integrated and
coordinated organization to guide the management, strengthen the
overall planning, coordination and communication among
administrative departments, and improve the regional management
integration mechanism of LZB.

Extreme weather events, such as heavy rainfall, can have significant
cumulative impacts on the ecological environment of coastal waters, as
evidenced by the influx of large amounts of fresh water and nutrients
(Walker et al., 2021). Human activities can further exacerbate the risks
posed by these extreme weather events, necessitating the exploration of
an integrated mechanism for managing the cumulative impacts of
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TABLE 5 Summary of ecosystem health level corresponding to EHI obtained by removing the key factors of pressure layer in Laizhou Bay.

Year Qriginal Excluding Excluding Excluding Excluding Excluding P6, P7, Excluding P13, P6, P7,
index P13 P6 P7 P4
1980 F F F F F F F
1985 F F F F F F F
1990 S S S S S S S
1995 S S S S S S S
2000 S S S S S S S
2005 U s S S S S S
2010 S S S S S S S
2015 S S S S S F F
2019 S S S S S F F

“F” denotes “Fairly healthy”, “S” denotes “Subhealthy” and “U” denotes “Unhealthy”, respectively.

human activities and extreme weather processes on the environment
and ecosystem in the LZB area, supported by long-term observation.

5.2 Building a coordinated land-sea
governance system

To strengthen the linkage between land and sea areas in LZB, it is
essential to consider the socio-economic and ecological functions of
these two spatial domains as an organic entirety. The specific layout
ways can be summarized as follows.

(1) Source-based Pollution Control

Based on the results of assessment (Section 4.1) and key factor
identification (Section 4.3), the regulation and control of pollution
sources should be prioritized. For example, a comprehensive
consideration of LZB resources and environmental carrying
capacity should be taken into account when establishing an
environmental permit constraint mechanism; rewards and
punishments should be provided accordingly. The utilization
efficiency and management (e.g., utilization type, proportion,
method and intensity) of fertilizer and pesticide should be
strengthened and improved. Cleaner production technology
should be promoted; production evaluation standards and
audit should be improved. Additionally, the pollutant diffusion
pathway should be changed. All sewage outlets into the sea should
be investigated, recorded and renovated (Wang et al., 2021);
wastewater treatment plants and pipe networks should be built,
modified or expanded; and the sewage treatment process should be
improved if necessary. The quality of cultivated land and farming
methods should be improved; intensive and large-scale livestock
and poultry breeding models should be established. Ponds and
wetlands should be rehabilitated and the aquaculture scale be
controlled. These measures should assist in controlling the total
amount of pollutants and enhancing the management efficiency of
joint prevention and control of land and sea pollution.

(2) Industrial structure adjustment and layout optimization

From the indicator weight results (Section 4.1), it can be seen that
the structures of three types of industries in the LZB area do not
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directly affect its ecosystem health. However, influenced by factors
such as natural environment, social background, industrial
foundation and national policy guidance, the adjustment of
industrial structure and layout will regulate the resource allocation,
thus indirectly promoting the evolution trend of the LZB ecosystem
health. As shown in Figure 7, in the past 40 years, the industrial
structure of the LZB area has gradually changed from “secondary-
primary-tertiary” to “secondary-tertiary-primary” and finally
presented a preliminary “tertiary-secondary-primary” pattern.

As the predominant industry for a long period in the LZB area, the
cumulative effect of environmental pollution caused by the industrial
production cannot be ignored (Section 4.1). Consequently, the LZB
area should optimize the structure of secondary industry and accelerate
the process of new industrialization according to the principles of
market demand guidance, scientific and technological conditions,
regional coordinated development, pillar industry orientation,
comprehensive benefits and sustainable development, etc. The
tertiary industry should be the strategic focus of deepening the
adjustment of industrial structure and modern competitive service
industries should be vigorously developed (e.g., biotechnology,
environmental monitoring, transportation, port logistics and eco-
tourism). The transformation and upgrading of traditional marine
industries should be promoted (e.g., marine chemical industry, marine
mineral resources exploitation and marine fishery); new growth aspects
for the development of marine innovative and service-oriented high-
tech industries should be created (e.g., marine engineering equipment,
marine biomedicine, seawater desalination and comprehensive
utilization, and marine new energy).

(3) Promoting protection and restoration of the bay habitat

The highest weight of the R4 indicator (Section 4) implies that the
protection and restoration of habitats is essential for the recovery of the
LZB ecosystem health. To this end, a range of countermeasures can be
implemented to protect and restore fragile and sensitive bay habitats,
such as establishing marine reserves, strictly adhering to ecological
protection red lines, strengthening the supervision of important
ecological functional areas, implementing the siltation promotion
and shoal reinforcement projects, and enhancing the coastal
environment renovation. These measures would be beneficial for the
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FIGURE 7
Industrial structure variations in the Laizhou Bay Area from 1980 to 2019.

sustainable development of marine resources and the construction of
marine ecological civilization.

(4) Strengthening the capacity of marine spatial governance

According to the analysis in Section 4.3, reclamation is one of the
key factors affecting the LZB ecosystem health. Therefore, the dynamic
management of coastline use should be strengthened, the exploitation
and utilization of coastal and island spatial resources should be strictly
controlled, and the retention rate of natural coastline should be
improved. The sea area functions should be clarified to meet the
requirements for marine spatial planning under the new round of
territorial spatial planning system in China (Xinhua News Agency,
2019). Additionally, the three fundamental systems regulated by the
Law of the People’s Republic of China on the Administration of the Use
of Sea Areas (i.e, management of sea area ownership, sea area use
demonstration, paid use of sea area system) should be further refined to
achieve the synchronous improvement of social function values and
ecological benefits in LZB.

5.3 Exploring new technologies for
integrated marine management

In view of the assessment results and analysis in Section 4, the
comprehensive governance of LZB necessitates scientific and
technological innovation to address numerous issues at hand.

(1) Strengthening environmental monitoring and supervision
mechanism

The environmental monitoring and emergency response capacity-
building systems and a dynamic monitoring mechanism for coastal
ecological environment based on the land and sea coordination should
be established in the LZB region. Additionally, the risk prevention and
control system for major marine environmental risk sources and
environmental sensitive factors should be improved; the capability of
marine observation and ecological early warning should be
strengthened. Moreover, the integrated law-enforcement system for
LZB should be refined with clearer responsibilities at all administrative
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levels and all kinds of illegal marine development activities must be
punished resolutely.

(2) Promoting marine science and technology innovation capability

Shandong Province is a leader in marine science and technology in
China, with advantages in promoting marine scientific and
technological innovation. For example, it has nearly 50% of China’s
marine science and technology talents, more than 50 marine scientific
research and teaching institutions, and over 230 marine science and
technology platforms above provincial level (China Shandong
Network, 2020). However, the transformation mechanism of
scientific and technological achievements specific for the entire sea
area of LZB is relatively weak; the allocation of scientific research
resources is inadequate; the strategic support for marine science and
technology is still insufficient. These issues impede the construction of a
scientific and technological innovation system, which is not conducive
to the healthy development of the bay ecosystem. Thus, for the LZB
area, an integrated innovation platform of “Industry-University-
Research” for marine science and technology should be gradually
built and the transformation of scientific and technological
achievements be steadily promoted. Additionally, an information
resources sharing mechanism should be established to avoid the data
fragmentation and strengthen the data management. Furthermore, the
construction of “Smart Ocean” should be carried out in depth, using
advanced technical means such as artificial intelligence, big data and
cloud computing to achieve the marine informatization.

6 Conclusions

The effective maintenance and management of ecosystem health
and its balanced operation are essential for the sustainable development
of human society and economy. This study established a DPSIR-based
assessment indicator framework and quantitatively assessed the status
and evolution trend of LZB ecosystem health from 1980 to 2019. The
key factors affecting the health of LZB ecosystem were identified, and
the influential effects of single and composite factors were simulated.
Based on this, specific regulation strategies and management
recommendations were put forward.

Over the past 40 years, the LZB ecosystem has been in a subhealthy
status for a long period of time, with a healthy state demonstrated in
the 1980s. Subsequently, due to the compound effect of multiple
human pressures and imperfect management policies, the health
status of the LZB ecosystem deteriorated and reached an unhealthy
state in 2005. With the improvement of public awareness of
environmental protection and the implementation of ecological
renovation, its health status has rebounded, showing a subhealthy state.

The key factors affecting the health of the LZB ecosystem are
mostly pressure indicators, including the amount of agricultural
chemical fertilizer entering the sea, reclamation area, the discharge of
domestic sewage and industrial wastewater, etc. The scenario analysis
indicates that land-based pollutant discharge, particularly agricultural
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non-point source pollution, has a more significant impact than the
construction of reclamation projects. Consequently, eliminating the
impacts of the above indicators will help to improve and restore the
LZB ecosystem health.

This study is an initial attempt to develop a comprehensive
indicator framework incorporating “physical-chemical-biological-
social” coupling factors for the assessment of ecosystem health in
LZB. The research outcomes provide theoretical basis and practical
guidance for the reasonable management of LZB ecosystem, and may
also serve as references for the ecosystem health assessment of other
bays if necessary.

It should be noted that some indicators are difficult to quantify due
to data availability and temporal continuity limitations. Thus, they are
not included in the indicator framework (e.g., seawater intrusion area,
marine oil spill area, fish biomass, sediment quality, the proportion of
capital investment for marine environmental protection in GDP, public
participation, etc.). Additionally, the LZB area is divided by many
administrative regions, making it difficult to carry out unified statistics.
The average values of selected 51 counties (districts and county-level
cities) in 14 cities of Shandong Province (Section 2) are used as the data
of land area indicators; however, the responsibility sharing of each
region for the health evolution of LZB ecosystem has not been
considered yet. These issues are expected to be addressed in
future research.
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With the capacity to reduce wave energy and trap sediment, Scirpus mariqueter
has become an important native species of annual grass for ecology restoration
at the Yangtze Estuary in eastern China. Due to seasonal variances of biophysical
characteristics, S. mariqueter usually bends and breaks in winter, resulting in
flattened stems that may reduce its wave attenuation capacity. To investigate the
effects of vegetation flattening on wave attenuation, a set of flume experiments
were conducted for flattened and standing vegetation under different wave
conditions. The model vegetation was designed to represent the wilted S.
mariqueter collected in winter with dynamic similarity. Results showed that the
wave damping coefficient for flattened vegetation () was 33.6%-72.4% of that
for standing vegetation (fs) with the same vegetation length. Both Br and Ss
increased with wave height but decreased with water depth. A wave attenuation
indicator (WA/) was defined to generate empirical formulas for Bs and B as well as
their ratio B¢/fs. The empirical formulas were then applied to modify the existing
standing vegetation-based wave attenuation model for flattened vegetation and
performed successfully. Understanding the wave attenuation characteristics of
flattened vegetation is essential for the management of ecological restoration
and coastal protection.

KEYWORDS

Scirpus mariqueter, wave attenuation, flattened vegetation, wave attenuation indicator,
flume experiment, natural coastal protection, empirical model

1 Introduction

Saltmarshes play a key role in coastal ecosystems by providing habitats to numerous
species (e.g., birds, fish, etc.), cycling nutrients, trapping sediment, and sequestering carbon
(Chmura et al., 2003; Sousa et al., 2010; Barbier et al., 2011; Chen et al., 2018). Saltmarshes
can also serve as a buffer for storm surges and waves (Jadhav et al., 2013; Anderson and
Smith, 2014; Moller et al., 2014; Maza et al., 2015; Christie et al., 2018; Garzon et al., 2019;
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Maza et al,, 2022). With these features, saltmarshes have been widely
identified as one of the most important components in nature-
based solutions for coastal protection, which are more ecological
and sustainable than conventional hard engineering structures
(Temmerman et al., 2013).

The most common saltmarshes along the shoreline of the
Yangtze Estuary in China include Scirpus mariqueter (Figure 1B),
Phragmites australis (Figure 1B), and Spartina alterniflora
(Figure 1B). The change of the percentages of different plant
species in saltmarshes would significantly influence their wave
attenuation capacity and characteristics, due to different land
cover types, positions, and transect lengths (Xue et al., 2021) as
well as different geometrical and mechanical properties (Ysebaert
et al,, 2011). For example, when the coverage of S. mariqueter
increased from 50% to 75% and Spartina alterniflora coverage
decreased from 50% to 25%, the wave attenuation of S.
mariqueter increased by 91% and and that of S. alterniflora
decreased by 43% respectively (Zhao et al., 2023). Therefore,
quantifying the wave attenuation capacity of S. mariqueter is
essential to understand the function of saltmarshes for coastal
protection and resilience.

Wave attenuation by vegetation is mainly dependent on its
geometrical and mechanical properties (e.g.,stem stiffness,
vegetation height, plant population density, meadow length,
standing biomass, age etc.) and wave conditions (wave height,

10.3389/fmars.2023.1106070

wavelength, and water depth)(Bouma et al., 2005; Anderson and
Smith, 2014; Paul et al., 2016; van Veelen et al., 2020; Zhu et al.,
2020b; Zhu et al.,, 2020c; Maza et al,, 2021; Maza et al., 2022).
Currents can also strengthen or waken the wave attenuation by
vegetation (Hu et al., 2014; Maza et al.,, 2015; Losada et al., 2016).
Although the plant density of S. mariqueter was much larger than
that of S. alterniflora (2352 + 355 and 334 * 12 stems/m?), with
thinner and shorter stems, S. mariqueter marshes reduce less wave
height than S. alterniflora (Ysebaert et al., 2011). The wave
attenuation of S. mariqueter is more sensitive to water level
change compared to S. alterniflora, especially under submergence
conditions (Ysebaert et al., 2011; Garzon et al., 2019). Associated
with seasonal variance, the stem diameter and plant density
decrease dramatically in winter, resulting in smaller wave
attenuation, e.g., the field observation in Ge et al. (2018) indicated
that the wave height attenuation by 180 m-width S. mariqueter
dropped by 30% from 80% in summer to 50% in winter.

In winter, S. mariqueter begins to wilt in November and stops
growing. Under the continuous actions of hydrodynamic forces,
wilted stems are easy to bend, break, and even swiped away (Ge
et al,, 2018). The vegetation with a broken stem displays a flattened
posture (Figure 1B). As wilted vegetation cannot recover like in
growing seasons, the vegetation flattening continues through the
whole winter until the aboveground biomass totally disappears at
the end of January. Compared to unbroken vegetation that has a
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flattened and the photo in red solid square showed broken stems in red dashed square.
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standing posture, flattened vegetation with bending stems
experiences a less drag (Vuik et al, 2018). Generally, the wave
attenuation is due to the work of vegetation drag. The drag can be
decomposed into form drag in the stem-normal direction and
friction drag in the stem-tangential direction (Dean and
Dalrymple, 1991; Luhar and Nepf, 2016; Zhu et al., 2020b). For
rigid vegetation without motion, the form drag dominates for
standing vegetation while the friction drag dominates for
flattened vegetation (Vuik et al., 2018). Usually, friction is much
smaller than form drag, such that the flattened vegetation showed a
smaller wave attenuation compared with standing vegetation. Take
Scirpus maritimus as an example, the wave attenuation by flattened
vegetation is 66% of that by standing vegetation (Vuik et al., 2018).
However, for flexible vegetation, both form drag and friction drag
are important due to vegetation motion under wave force (Zhu
et al., 2020b). Therefore, it is challenging to quantify the wave
attenuation by flattened flexible vegetation, leading to a significant
knowledge gap in restoring S. mariqueter for coastal protection,
especially in winter storms.

The objective of this study is to quantify the wave attenuation by
S. mariqueter with flattened flexible stems. The S. mariqueter was
collected in Nanhui, Shanghai, China on Jan 4" 2021. Based on the
measured geometrical and mechanical properties of S. mariqueter,
representative model vegetation with dynamical similarity was used
in the flume experiments to explore the difference between the wave
attenuations by standing and flattened vegetation. The
characteristics of standing and flattened vegetation in different
wave conditions are analyzed. Based on the experimental data, an
empirical formula to quantify the effects of vegetation flattening is
developed and applied to existing wave attenuation models for
flattened vegetation. Finally, the wave attenuation of standing
vegetation, flattened vegetation, and the vertical part of the
flattened vegetation is investigated through a case study under
storm events.

2 Materials and methods
2.1 Sampling of S. mariqueter

The sampling site (30°51'N, 121°55’E) is located at the Nanhui
Foreland salt marshes on the seaward side of a seawall (Figure 1A).

10.3389/fmars.2023.1106070

The area behind the seawall was reclamation area which had been
wetlands before 2001(Tian et al., 2016). This area has a mixed
semidiurnal tide with a mean tide tidal range of 3.2 m and a
maximum tidal range of over 4 m during spring tides (Zhu et al,
2014). The sampling site is submerged in water at high tide and
exposed to air at low tide. With the spreading of the invasive species
S. alterniflora, the native species S. mariqueter has shrunk to a small
region (Figure 1A). To preserve biodiversity and improve the
resilience of the coastal ecosystem, ecological measures are being
conducted to restore S. mariqueter (Yuan et al., 2022). S. mariqueter
is usually observed to start to flatten in December and last until
January at the end of the growing season. We collected S.
mariqueter samples on Jan 4™ 2021 when most S. mariqueter are
flattened. Almost all of the S. mariqueter stems were broken at 10
cm from the base, resulting in flattened stems above the breaking
point (Figure 1B). Three 25 x 25 cm? quadrats of S. mariqueter were
collected for measurements. The measured plant density (N) was
2148 + 414 stems/m?, calculated from the average number of shoots
over the three quadrats. All of the stems were cut from the
base and taken to the lab to measure the geometrical and
mechanical properties.

The stem length (/) was measured from total 30 stems from the
three quadrats with 10 stems for each quadrat. The measured stem
length ranged from 21.4 to 44.3 cm with an average of 34.2 cm. The
cross section of S. mariqueter was triangular and oriented in a
random direction. The height of each side of the cross-section was
measured using a caliper. As the cross-section is close to an
equilateral triangle, the mean height at three sides is defined as
the section height (h;), such that the second moment of area is I =
V/3h?/54. The measured section height ranged from 1.27 to 1.89
mm with an average of 1.56 mm. The elastic modulus (Young’s
modulus, E) was measured with 20 specimens from 20 stems by a
three-point bending test (Vuik et al., 2018). The measured E ranged
from 1.9 to 7.2 GPa with an average of 3.9 GPa. The measured
values are summarized in Table 1 and also compared with the
values in literature.

2.2 Flume experiments

As it is difficult to keep the flattening state and bioactivity of
stems by moving S. mariqueter in the flume, we used dynamically

TABLE 1 The morphological and mechanical properties of S. mariqueter and the representative vegetation model.

study site and | mass density = plant density N elastic flexural rigid- stem section data source
date p [g/cm’] [stems/m?] modulus E ity £/ [N-mm?]  length / height hs
[GPa] [cm] [mm]
Nanhui, China 035 + 0.05 2148 + 414 39+ 13(19 - 303 + 158 (113 - 342+6.5 1.56 + 0.2 (1.27 - this study
2021-01-04 7.2) 676) (21.4 - 44.3) 1.89
Chongming Island, 1016 + 919 1347 +5.52 0.95 + 0.32 Ge et al. (2018)
China 2017-12-29 (5.25 - 16.8)
Chongming Island, 2352 + 355 38+4 22+0.1 Ysebaert et al.
China 2005-09-05 (2011)
0.64 1980 1.739 876 50 1.8 (outer representative
diameter) vegetation model
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similar model vegetation to explore the effects of stem flattening on
wave attenuation. The field measurements of the wave attenuation
by S. mariqueter will be documented in another paper in
preparation, where the plant properties and wave conditions were
measured from May to November 2021 covering the whole growing
season of S. mariqueter. The field measurements included plant
properties and wave data from May to November 2021 across the
growing season of S. mariqueter. To model the vegetation, hollow
polypropylene (PP) tubes with circular cross-section were selected
based on the dynamic similarity. The model was full scale. The
outer diameter of the model stem was 1.8 mm, which was
comparable to the measured section height (1.27-1.89 mm) and
side lengths of S. mariqueter. The wall thickness of the model stem
was 0.4 mm and the elastic modulus was 1.739 GPa, yielding a
flexural rigidity (EI) of 876 N-mm?, which was slightly larger than
the maximum measured value of 676 N-mm? for S. mariqueter. The
EI of the model vegetation is 30% larger than the measured
maximum EI of S. mariqueter. The wave attenuation by the
model vegetation is estimated to be larger than the real S.
mariqueter. However, the effects of EI on wave attenuation
become less sensitive when the vegetation is very flexible. For

10.3389/fmars.2023.1106070

example in Zhu et al. (2021), the wave energy dissipation
decreased by 6.7% when EI decreased by 76%. The mass density
of the model stem was 0.92 g/cm’. As the PP tubes were filled with
air, the effective mass density of PP tube was 0.64 g/cm’, which was
larger than the measured value of 0.35 + 0.05 g/cm’, yielding a
smaller buoyancy. However, according to the theory in Henderson
(2019), the effects of buoyancy on stem motion were much smaller
than stiffness and therefore ignorable. Although there are some
other parameters governing the motion of stems (Zhu et al,, 2021),
these parameters are not as important as the stiffness and buoyancy
for the wave conditions in this study and therefore not discussed in
detail here. The designed vegetation length (/) was 50 cm
(Figures 2A, C), slightly longer than the maximum measurement
of 44.3 cm. To represent flattened vegetation, the model vegetation
was folded at 10 cm above the base (Figures 2B, D), which was
comparable to the folding point at 13.3 + 2.6 cm observed in the
field. To keep the same configuration, the vegetation was folded
towards the direction of wave propagation after finishing the
experiments for standing vegetation. Due to buoyancy, the
horizontal part of the vegetation curves upward at 20° with the
horizontal line (Figure 2D). The model vegetation was installed in

A B
40 cm
50 cm
10 cm
(o]
E

wave maker

\/ = 1.8 m
- >
incident waves meadow Ceeedh
1:10
Y
x=-50m x=0m x=45m
- 80 m .

FIGURE 2

Sketches of (A) standing and (B) flattened vegetation. Photos of the (C) standing and (D) flatten model vegetation in the flume. (E) Experimental
setup for measuring the wave attenuation by vegetation (dimensions are not scaled).
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and evenly distributed on a 5 mm-thick acrylic plate, which was
fixed at the bottom of the flume. There are 4455 stems over 9 acrylic
plates, covering a 4.5 m-long area along the flume (Figure 2E). The
plant density was therefore 1980 stems/m?, similar to the measured
plant density in this study and literature (e.g. Ysebaert et al., 2011;
Ge et al., 2018).

The laboratory experiments were conducted in the 80 m-long, 1
m-wide, and 1.8 m-high wave flume at Hohai University in
Nanjing, China. In common condition at Nanhui, the mean water
depth was from 0.58 to 1.13 m, with wave height from 0.06 to 0.15
m and wave period from 0.8 s to 2.8 s (Liu et al., 2021). So the wave
conditions in the present study can represent most wave periods
and wave heights under common conditions. In the present study,
the water depth (h) was from 0.5 m to 0.6 m, such that both
standing and flattened vegetation were completely submerged. Due
to the limitation of flume and wave paddle, the water depth cannot
be over 0.7 m. The regular incident wave height (Hjo) was from 0.05
to 0.15 m. The wave period (T) was from 1.2 to 3 s, yielding
wavelength (A) of 2.05 to 6.4 m, where A=2n/k with k the wave
number. The wave number is determined from the dispersion
relation (27/T)°=gk tanh kh with g the gravitational acceleration
(Dean and Dalrymple, 1991). The meadow length was 4.5 m,
covering 0.7 to 2.2 wavelength. The designed wave conditions are
summarized in Table 2.

The wave height over the meadow was measured by 15 wave
gauges. A reference gauge was placed 50 cm upstream in front of the
leading edge. Other gauges were fixed across the meadow with 10-30
cm intervals depending on the wavelength. The sampling time was 5
min at a rate of 1 kHz, including 100-250 waves. The data were
extracted after 3 mins, when the measured waves are at steady state.
According to Dalrympleet al. (1984), the wave height decays as,

H(x) 1
HIO - 1+ﬁx

ey

where H(x) is the local wave height at x m from the leading edge
(Figure 2A), Hy is the incident wave height at x = 0, and [ is wave
damping coefficient. The wave damping coefficient is fitted based on
the measured wave heights along the meadow using the methods in
Appendix A.
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3 Results
3.1 Wave attenuation

B is more related to wave height which had a wide range in the
experiment. The wave attenuation under different wave conditions
can be more significantly shown with . The measured wave
damping coefficients for both standing vegetation (f8s) and
flattened vegetation (fr) are shown in Table 3. To investigate the
characteristics of the wave attenuation capacity of vegetation in
different wave conditions, 3 was presented as a function of Hy, h,
and A as shown in Figure 3. Obviously, B is smaller than f3s for all
the tested cases with /35 ranged from 33.6% to 72.4%, indicating
that the wave attenuation of flattened vegetation is smaller than that
of standing vegetation. Nevertheless, B varies with wave conditions
in a similar pattern to fs (Figure 3).

As shown in Figure 3A, both s and fr increase with Hp,
indicating that both standing and flattened vegetation can damp
more wave energy in larger waves. However, the wave attenuation
reduces with increasing water depth (Figure 3B). As water depth
rises, the wave orbital velocity decreases, yielding a smaller drag and
therefore reducing wave attenuation. Associated with the water level
rise, the wave energy also moves upward because the wave energy
concentrates near the water surface and decays along water depth.
Consequently, less wave energy is damped by the more deeply
submerged flattened vegetation such that Br drops more
dramatically than S (Figure 3B). For instance in Figure 3B, fs
dropped 16.7% from 0.066 m™" to 0.056 m™' while B dropped
36.8% from 0.038 m™" to 0.024 m™' when the water depth increased
by 20% from 0.5 m to 0.6 m. The wave damping coefficient does not
show a significant change with A in these experiments (Figure 3C).

3.2 Empirical formulas for wave
damping coefficients

Numerous studies have been conducted to quantify the wave
damping coefficient (f3) of standing vegetation based on the formula
in (Dalrymple et al., 1984), which is given by,

TABLE 2 Wave conditions for the flume experiments, where Hyq is incident wave height, h is water depth, T is wave period, 1 is wavelength, k is wave
number, and [ is stem length.

1 0.15 0.5 12 2.05 1 0.30 0.073 1.53
2 0.15 0.5 1.7 3.33 1 0.30 0.045 0.94
3 0.15 0.5 2.2 4.53 1 0.30 0.033 0.69
4 0.1 0.5 2.2 4.53 1 0.20 0.022 0.69
5 0.05 0.5 2.2 4.53 1 0.10 0.011 0.69
6 0.15 0.5 3 6.40 1 0.30 0.023 0.49
7 0.15 0.6 2.2 4.89 0.83 0.25 0.031 0.77
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TABLE 3
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Measurements for the damping coefficients of standing (fs) and flattened (ff) vegetation.

AHs [m] AH [m] BrIm™1  Be/Bs
1 0.15 0.5 1.2 2.05 0.032 0.022 0.060 0.038 0.63
2 0.15 0.5 1.7 3.33 0.032 0.025 0.060 0.043 0.72
3 0.15 0.5 2.2 4.53 0.034 0.022 0.066 0.038 0.57
4 0.10 0.5 22 4.53 0.018 0.012 0.050 0.029 0.59
5 0.05 0.5 22 4.53 0.008 0.003 0.042 0.014 0.34
6 0.15 0.5 3 6.40 0.033 0.023 0.063 0.041 0.65
7 0.15 0.6 2.2 4.89 0.030 0.015 0.056 0.024 0.42

In this table, Hy, is designed incident wave height, AHs and AHp are the reduced wave height over standing and flattened vegetation. h is water depth, T is wave period, k is wavenumber and 1 is

vegetation length.

4 sinh®kl, + 3sinh kI
- 2 CobNH, ; )
B o CpbNH ok (sinh 2kh + 2kh)sinh kh

)

The challenge is to calibrate the bulk drag coefficient Cp, for a
vegetation meadow. Conventionally, Cp, is fitted as a function of
Reynolds number (Re) or Keulegan—Carpenter number (KC) (e.g.,
Mendez and Losada (2004); Anderson and Smith (2014); Hu et al.
(2014); Ozeren et al. (2014); van Veelen et al. (2020)). As Re and KC
do not include vegetation rigidity (EI), these formulas are not
applicable to other vegetation with different flexibilities.

Alternatively, Luhar and Nepf (2016) proposed a technique that
considers the effects of blade flexibility by using effective blade
length (I,), which is defined as the length of a rigid blade that
dissipates the same wave energy as the flexible blade with the
original length (I). The effective blade length is usually fitted as a
function of the Cauchy number (Ca) and the ratio of the blade
length to wave excursion (L) (Luhar and Nepf, 2016; Lei and Nepf,
2019). Zhu et al. (2023) demonstrated that the combination of Cp-
Re relation and effective plant height (EPH) can provide high
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A A flattened
0 | | | | | | 1 | | |
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A
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FIGURE 3

Measured wave damping coefficient (3m™2) as a function of (A) incident wave height (H,o,m), (B) water depth (h,m), and (C) wavelength (1, m). The
results for standing and flattened vegetation are denoted by blue circles and blue triangles, respectively.
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accuracy in predicting wave attenuation in salt marshes. In the
meantime, to avoid the uncertainties in using the formulas of bulk
drag coefficient or effective blade length, Maza et al. (2022)
developed a parameter, hydraulic standing biomass (HSB), to fit
the wave damping coefficient, where HSB is defined as a function of
the meadow mean height, standing biomass, and incident
flow characteristics.

Unlike standing vegetation, flattened vegetation is composed of
two parts: the vertical part and the horizontal part. The vertical part
has no free end and the horizontal part is not clamped. Thus, the
flattened vegetation cannot be simplified as a cantilever beam such
that the CaL-based scaling law for effective blade length (Luhar and
Nepf, 2016; Lei and Nepf, 2019) is not applicable to flattened
vegetation because that CaL-based scaling law is derived from the
static forcing balance between drag and blade stiffness by assuming
the blade is a cantilever beam (Luhar and Nepf, 2016).

As it is challenging to define an effective blade length for
flattened vegetation due to its complicated morphology, we
developed a dimensionless wave attenuation indicator (WAL -) to
formulate 5 and fp, inspired from Maza et al. (2019; 2021; 2022).
The wave attenuation indicator is defined based on the

10.3389/fmars.2023.1106070

characteristics of s and fr with respect to Hj, h, and A and
given by

h htanh kh
Note that the first two terms of the right hand side of equation (3)
reflect wave attenuation in shallow water waves since the wave

WAI = (3)

damping coefficient in shallow water waves is proportional to Hyol/
W? (Dalrymple et al.,, 1984; Zhu et al., 2021).Therefore, we add a
term 1/tanh kh such that WAI can be used for a wider range of wave
conditions. As WAI approaches 0, 3 should be 0. Thus, we use an
exponential form B=aWAI" to generate empirical formulas for the
wave damping coefficients for both standing and flattened
vegetation. The sample size was 7.
The fs has the following relation with WAI,

B = (0.078 + 0.008) WA *-32£010 (4)

with R* = 0.789 and the p-value of 0.008 (Figure 4A). The relation
between fr and WAI is

B = (0.07 +0.02) WAT®8203) (5)

A standing vegetation

0.1
|y = (0.078 4 0.008)z" 24010
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FIGURE 4

Empirical formulas for the wave damping coefficient of (A) standing vegetation (85, m™) and (B) flattened vegetation (B, m™) with respect to WA/

defined in (3). (C) Relation between fr and fBs as a function of WAI.
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with R* = 0.757 and the p-value of 0.011 (Figure 4B). The ratio B/fs
also shows a relation with WAI and given by

Pe _

Bs
with R* = 0.603 and the p-value of 0.04 (Figure 4C). The empirical
formulas (4) and (5) provide a simple way to predict the wave

(0.9+0.2) WAJ0:5£02) ®

attenuation by standing and flattened vegetation. The results are
believed to be applicable to the vegetation species that have similar
dynamics of the model vegetation.

3.3 Wave attenuation model for
flattened vegetation

Most previous research focused on modeling wave attenuation
by standing vegetation (e.g. Dalrymple et al., 1984; Kobayashi et al.,
1993; Mendez and Losada, 2004; Zhu et al., 2020b; Zhu et al., 2022).
Although there are some wave attenuation models for flattened
vegetation (Vuik et al., 2018), or the horizontal part of mangrove
roots (Suzuki et al., 2019), they assumed rigid vegetation without
swaying in waves, and therefore are not applicable for flattened
flexible vegetation. Due to the complicated physic processes
induced by the blade sheltering and interaction from horizontal
stems (Figure 2D), it is difficult to develop a new sophisticated wave
attenuation model, particularly for flattened flexible vegetation. A
simple technique to predict the wave attenuation by flattened
vegetation is modifying an existing wave attenuation model for
standing flexible vegetation by using a factor such as equation (6).
To assess this idea, we selected the newest analytical wave
attenuation model developed by Zhu et al. (2022) for standing
flexible vegetation, which considered drag, inertia force, and the
effects of higher-order blade motions. The inputs of Zhu et al.
(2022) model included hydrodynamic parameters (water depth,
wave height, wave period), plant properties (stem mass density,
stem length, stem rigidity, stem cross-section dimensions, stem
Young’s modulus, canopy density, and meadow length) and
hydrodynamic coefficients. As the model vegetation is a flexible
cylinder, the formulas for drag coefficient and added mass
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FIGURE 5
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coefficient in Hu et al. (2021) were used is study. After obtaining

the damping coefficient for standing vegetation (f3_s), the damping

By

coefficient for flattened vegetation is calculated from fr = s x s

with B¢/fs given by equation (6).

The fitted B by equation (4) and (5) compared with measured 3
and showed good agreement with normalized root mean square
error (NRMSE) of 0.07 and 0.2 for standing and flattened
vegetation, respectively (Figure 5A), where the normalization is
based on the average of measured 3. Additionally, the calculated Bis
compared with measured [ in Figure 5B. For standing vegetation,
the calculated damping coefficient from the model in Zhu et al.
(2022) showed a small NRMSE of 0.31 (Figure 5B), which is larger
than that of fitted B with NRMSE = 0.07 (Figure 5A). The calculated
B overestimated by 16% (calculated from the slope of the linear
fitting in Figure 5B). For flattened vegetation, the calculated 8 has a
NRMSE of 0.46 (Figure 5B), which is larger than fitted B with
NRMSE= 0.20 (Figure 5A). The calculated f3 for flattened vegetation
is overestimated by 10% (Figure 5B). It should be noted that if the
calculated f for standing vegetation is not overestimated with a
slope of 1, the slope for the corresponding S for flattened vegetation
would be 1.1*¥1/1.16 = 0.95, indicating that the [ for flattened
vegetation may be underestimated by 5%. This is also acceptable for
engineering application, indicating the success of modifying the
existing standing vegetation-based wave attenuation model for
flattened vegetation.

3.4 Case study under storm
wave conditions

To explore the wave attenuation potential of flattened
vegetation under extreme water depth and wave height during
storms, a case study was performed based on the observed wave
conditions in a storm at Nanhui shore, Shanghai. The wave
conditions were measured from Sept. 10 to 17 in 2021. Two
TWR-2050 (RBR cooperation, Canada) wave sensors were
deployed at marsh edge (s1) and 35 m inside the vegetation (s2).
The wave data at s1 was used in the present study. The storm closed
to Shanghai with the shortest distance 116 km in East China Sea and
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0.1
y=(1.10+0.19)z
0.08 9 R? =0.38
A
0.06 2
A o
0.04 e
0.02 A o standing (NRMSE=0.31)
4 flattened (NRMSE=0.46)
0
0 0.05 0.1

Measured 3 [m™!]

(A) Comparison between measured and fitted wave damping coefficients (f). (B) Comparison between measured and calculated . The results for
standing and flattened vegetation are denoted by blue circles and red triangles, respectively.
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wind speed up to 42 m/s, classified as Severe Typhoon. The peak
wave period (T},) ranged from 3 to 9 s. The maximum depth was
1.43 m and the significant wave height was up to 0.68 m (Li et al,,
2022). The sample size was 104. The wave conditions of the
experiments can cover part of storm conditions. The linear
relation between water depth and wave height is

Hy = (0.39 £0.01)h )

with R* = 0.29 (Figure 6A). The linear relation between wavelength
and wave height is

A = (34.65 £ 0.69)Hg (8)

with R* = 0.75 (Figure 6B). In this preliminary case study, the
vegetation are assumed to have the same properties as the model
vegetation in the experiments, namely, the vegetation length is [ =
50 cm and the flattened vegetation folds at 10 cm above bottom, the
vegetation diameter is b = 1.8 mm, and the plant density is N = 1980
stems/m”. We assumed that we can use the modification factor for
flattened vegetation in equation (6), that was derived for regular
waves, for the irregular waves in the case study using H = H;, and T

10.3389/fmars.2023.1106070

= T,. This seems to be a fair assumption as the significant wave
height is the average of the highest 1 of wave height in a short-term
record that is linked to the mean wave transmission, and the
modification Bg/fs is a relative factor. The water depth is
designed as 0.5 m to 1.5 m such that the vegetation is fully
submerged. With a given water depth, the wave height and
wavelength are calculated from equation 7 and 8, respectively.
The wave damping coefficients for standing vegetation and
flattened vegetation are calculated from the empirical formulas 4
and 5, respectively. The flattened vegetation is composed of two
parts: the vertical unfolded part and the horizontal folded part. To
further understand the wave attenuation by flattened vegetation,
especially the contribution of the folded horizontal part, the wave
damping coefficient by the vertical unfolded part (I, = 10 cm) is also
calculated by using the equation (2). Equation (2) is sensitive to the
bulk drag coefficient Cp. We selected some representative formulas
for cylinder-type vegetation from literature as shown in Table 4.
The results were shown in Figure 6C.

Comparisons between the wave damping coefficient by fully
standing vegetation (f3s), flattened vegetation (f3x), and the vertical
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FIGURE 6

(A) Measured significant wave height (H;) and water depth (h) during September 10 to 17 in 2021 at Nanhui shore (Li et al., 2022). (B) Relation
between wave length and wave height. (C) Comparisons between the wave damping coefficient by fully standing vegetation (solid blue line),
flattened vegetation (solid red line), and the 10 cm vertical unfolded part of the flattened vegetation (dashed and dotted lines). The (f) by standing
vegetation and flattened vegetation were calculated based on the empirical formulas (4) and (5), respectively. The B by the 10 cm vertical unfolded
part of the flattened vegetation was calculated by the formula (2) in Dalrymple et al. (1984) with the bulkdrag coefficient for rigid cylinder-type

vegetation (dashed lines) and flexible cylinder-type vegetation (dotted lines).
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TABLE 4 Formulas of the bulk drag coefficient (Cp) for the wave attenuation by standing cylinder-type vegetation.

reference formula material Young’s modulus plant density submerged
(MPa) (stems/m?) ratio (I/h)
Anderson and Smith 0.76 +(744.2/ 533<Re<2296 XLPO 172.4 200, 400 0.78-1.36
(2014) Re) 7
Hu et al. (2014) 1.04+(730/Re) 300<Re<4700 wooden rods - 62-556 0.72-1.44
1.37
Ozeren et al. (2014) 1.36 + (5.316/ 5<Kc<40 rigid cylinder - 623 0.886-1.24
KC) 2.07
Maoller et al. (2014) 6 + (305.5/Re) 16.8<Re<1040 Puccinellia maritima 111.6 + 66.3 2696.3 + 49 + 23 0.35
0977 Elymus athericus 1963.8
Garzon et al. (2019) 0.205 + (1329/ 500<1750 S.alterniflora - 344 + 80 0.43-0.96
Re) !
van Veelen et al. (81/KC) % 53<KC<133 bamboo dowels 2917 1111 0.5-1
(2020)
Yin et al. (2022) (150.5/KC) 50<KC<310 polyurethane 160 1012 0.5-0.71
0.5952

Re is Reynolds number and KC is Keulegan-Carpenter number.

unfolded part of the flattened vegetation (f3y) under storm events
are shown in Figure 6C. During the storm, the wave height and
wavelength increase as the storm comes associated with increasing
water depth (storm surge). With increasing water depth, all the
wave damping coefficients fs, By, and Py decrease indicating that
the wave attenuation capacity decreases as the storm strengthens.
The wave attenuation by flattened vegetation drops quicker as water
depth increases. As expected, fs.fp-By, indicating that standing
vegetation provides the largest wave attenuation. As the vegetation
breaks to be flattening, the wave attenuation decreases. However,
the wave attenuation by flattened vegetation is larger than that by
only the vertical part of the flattened vegetation, indicating that the
horizontal part of the flattened vegetation also plays a significant
role in wave attenuation and contributes to wave attenuation.

4 Discussion

Flattening of S. mariqueter is very common in winter due to its
wilting and intensified storms and waves in winter. On one hand,
the flattening stems construct a ‘shelter’ to prevent the resuspension
of sediment and therefore enhance their ability to stabilize
sediment. On the other hand, the flattening of S. mariqueter
reduces its wave attenuation capacity remarkably and therefore
increases the risk of sediment erosion and the vulnerability of
sheltered species. The reduction of wave attenuation is more
dramatic in high water levels such as high tides and storm surges
since the wave attenuation indicator WAI is inversely proportional
to h* in equation (3). The reduction of wave attenuation also makes
more stems behind the leading stems exposed to large wave
conditions, which will affect the establishment and restoration of
S. mariqueter (Schwarz et al., 2011; Zhao et al, 2021) and its
ecological services. To improve the coastal ecosystem services,
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especially with flattened S. mariqueter, it is important to take
measures to compensate for the reduction of wave attenuation,
e.g., installing wooden defense (Van Cuong et al,, 2015; Dao et al,,
2018), bamboo fences (Dao et al., 2021; Mai Van et al., 2021),
floating vegetation offshore (Zhu et al., 2020a),or other nature-
based coastal structures on the offshore site.

As the vegetation flattening has shown significant effects on
wave attenuation, it is essential to quantify the effects of vegetation
flattening on wave attenuation for the restoration of S. mariqueter
and coastal protection and management. The developed empirical
formulas (4-6) as well as the modification of the existing standing
vegetation-based wave attenuation model for flattened vegetation
(Section 3) presented good performance to predict wave attenuation
for tested model conditions, which can be applied in the restoration
of S. mariqueter and coastal management. The formulas are also
easy to implement into large-scale models such as SWAN (Booij
et al, 1999), XBeach (Roelvink et al, 2009) and TOMAWAC
(http://www.opentelemac.org/) to analyze the influences of
flattening-induced reduction of wave attenuation on sediment
transport, shoreline changes, and regional ecosystem services. In
practice, the flattened vegetation maybe considered as bottom
roughness and using a wave friction factor to describe the effects
of vegetation on wave decay. But the formulas are developed with
limited data, which limited its application to other conditions with
different wave and vegetation parameters. The transform between
the wave damping coefficient and wave friction factor is shown in
Appendix B.

As a first step to quantify the wave attenuation by flattened
flexible vegetation, this study focused on the ‘bulk’ wave attenuation
under different wave conditions. To explore the detailed
mechanisms for wave attenuation, it is essential to understand the
motion and drag of flattened flexible vegetation, which is more
challenging due to the vegetation interaction and sheltering since
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the flattened vegetation are overlapped (Figures 1B, 2D). Our next
step is to investigate the drag of flattened flexible vegetation with
different overlaps, which will be used to further analyze the effects of
overlaps on vegetation sheltering and wave attenuation. In addition,
the folding/breaking point determines the lengths of the erect part
(dominated by normal drag) and flattened part (dominated by
friction drag) and therefore influences the wave attenuation, which
needs fully understanding. Due to technical limitations, we used
circular cylinders to mimic S. mariqueter. Although dynamical
similarities were considered, there may still be uncertainties. To
solve the issues in flume experiments, future work will focus on field
observations for real S. mariqueter. In the field, the percentage of
flattened vegetation in a marsh decreases from seaward to
landward, resulting mixing of flattened and standing vegetation,
whose wave attenuation is also worth further studies.

5 Conclusion

In this study, the wave attenuation of flattened S. mariqueter
was investigated using flume experiments with dynamically similar
model vegetation. The results showed that the wave attenuation of
flattened vegetation is smaller than that of standing vegetation.
However, wave attenuation characteristics of flattened vegetation
showed a similar pattern with standing vegetation: the wave
damping coefficient (f3) increased with wave height but decreased
with water depth. Based on the wave attenuation characteristics, a
wave attenuation indicator WAI was defined to generate empirical
formulas for g and fr as well as their ratio Bz/fBr. The empirical
formulas were applied to modify the existing standing vegetation-
based wave attenuation model for flattened vegetation and
performed very well. A case study showed that the wave
attenuation of both standing and flattened vegetation decreases
when the storm approaches associated with increasing water depth
by storm surge. The wave attenuation by flattened vegetation is
larger than that by only the vertical part of the flattened vegetation,
indicating that the horizontal folded stems also contribute
significantly to the wave attenuation. Precisely quantifying the
wave attenuation of flattened vegetation is essential for the
restoration of S. mariqueter and coastal protection and
management. Future work will focus on the field observation of
wave attenuation by S. mariqueter under storm events.
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Appendix A. Methods to fit the wave
damping coefficient B with wave
reflection

According to Dalrymple et al. (1984), the wave height decays as,

Hx) 1 1
Hyp 1+Bx  1+kpHpx

(A1)

where H(x) is the local wave height at x m from the leading edge
(Figure 2A), Hyo is the incident wave height at x = 0. 3 was expressed
as, B=kpHjo, where kp, is wave decay coefficient.

The wave reflection is less than 10% in this flume. Due to wave
reflection, the wave height oscillated along the vegetation meadow
(Figure Al). Assuming the reflected wave height decays at the same
wave decay coefficient kp, as the incident wave, the local wave height
over the vegetation is expressed as Zhu et al. (2021),

— Hjy 2 Hy, 2 Hjy Hpy,
H@) =\ (G i) + (G, @)+ 2 Tohytor Ty, @, 08 (2kx +8),
0- v 0 v

(A2)

where Hy,, is the reflective wave height by beach at the end of
the flume, which induced fluctuation of wave height as shown in
(Figure Al). Phase lag ¢ means phase lag of wave propagation.
Thus, kp, Hgy, and e can be fitted from equation (A2) with given
Hjy and H(x) along the meadow. In this study, the nonlinear
regression model ‘fitnlm’ in MATLAB R2022a was used to fit
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FIGURE Al

Measured (magenta asterisks for that without vegetation and blue
circles for that with vegetation) and fitted (solid lines) wave heights
(H) normalized by the incident wave height (H,o) along the
vegetation regions for Case 7. The calculated incident wave height
decay with fitted H,o and kp is denoted by dashed lines. The
magenta lines are for the case without vegetation while the blue
lines are for the case with vegetation. The horizontal distance is
normalized by the canopy length as x/L,.
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these variables. To remove the effects of the bottom roughness
and wall friction from the flume, the wave decay coefficient (kpy)
from the empty flume under the same wave condition was
subtracted from the measured wave decay coefficient (kpwv),
such that the wave decay coefficient by only vegetation is

kp = kpwv = kpw (A3)

With fitted kp, the wave damping coefficient 3 can be obtained
from

B = kpHyq (A4)

Appendix B. Wave friction factor (f,,)
due to vegetation

Under storm and large water depth, the vegetation was deeply
submerged and serves strengthening the bottom roughness.
According to Madsen et al. (1988), the bottom stress (7,) due to
vegetation can be expressed as

1
T, = 5wa”b|“h\ (B1)

where f,, is wave friction factor and u,=0.5@/sinh kh is the near-
bottom maximum orbital velocity. Thus the wave height decay can
be obtained from the energy equation

d0Ec, 1 (T
9x S TA Tbubdt (B2)
Solving equation B2 yields
H 1
S B
HIO 1+ Bx ( 3)
with the wave damping coefficient (f3) given by
4f,, KH
ﬁ _ f 10 (B 4)

" 37 sinh kh(2kh + sinh 2kh)

Note that the factor 4 in the first term on the right side of
equation (B4) is 1 in equation (18) in (Dalrymple et al., 1984) and
equation (9.41) in Dean and Dalrymple (1991) because they defined
the bottom stress as 7, = ¢ pf,,u|14| (equation 9.15 in Dean and
Dalrymple (1991), which is 4 of our definition 7, =4 pf, 1|1
(B1). Therefore, with given wave damping coefficient (f3), the wave
friction factor can be obtained by solving equation (B4), which
yields

3
f, = 4—:;sinh Kh(2kh + sinh 2kk) -5-

10

(B5)
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Saltmarshes are valued as key buffering ecosystems against global climate
change and sea level rise. However, the knowledge deficit regarding links
between colonization of saltmarsh fringes by plants and mud cracking in the
lateral dimension considerably limits our understanding of marsh resilience.
Here, the role of mud cracks in colonization by saltmarsh plants was
investigated. A combination of field experiments, remote sensing, and
experimental results revealed that: (1) potential mud cracking zones were
formed at the seaward edge of saltmarshes under the influence of tide-
induced wetting—drying cycles, where mud cracks were extensively distributed
and colonized by new seedlings. (2) The seedling density in the mud cracks was
higher than that in the patches, and seedlings in the mud cracks sprouted earlier
than those in the patches. The results implied that mud cracking enhanced
colonization by saltmarsh plants, rather than being a water stressor. (3) The two
main ecological functions of mud cracks in saltmarsh colonization were acting as
"seed traps” and “seedling growth promoters.” (4) Mud cracking could be a key
factor influencing saltmarsh resilience, especially by promoting the colonization
and dispersal of saltmarsh plants. Rapid colonization of potential zones with mud
cracks could occur as soon as seeds are available. Our results could facilitate the
development of appropriate saltmarsh rehabilitation strategies.

KEYWORDS

mud cracks, colonization, tidal regime, saltmarsh, restoration

1 Introduction

Coastal wetlands such as saltmarshes are among the most valuable and productive
ecosystems on the globe (Costanza et al., 1997), which perform key ecosystem functions
such as wave attenuation (Bouma et al., 2010; Moller et al., 2014), shoreline stabilization
(Temmerman et al., 2013; Bouma et al., 2014), carbon sequestration, nutrient retention (Li
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et al,, 2014), and biodiversity conservation (Costanza et al., 2014;
Kelleway et al., 2017). Thus, saltmarshes are crucial ecosystems that
naturally buffer the effects of global climate change and sea level rise
(SLR) (Duarte et al., 2013; Zhu et al, 2020). However, several
saltmarshes are extensively eroded at the edges (Deegan et al., 2012;
Silliman et al., 2012; Leonardi et al., 2016), and vegetation recovery
forms the Achilles’ heel of saltmarsh resilience to SLR (Zhu et al.,
2020). Consequently, effective and rapid efforts to restore vegetation
at saltmarsh edges are essential.

The most notable characteristic of saltmarshes is the alternating
wetting-drying periods with semimonthly inundation-exposure
cycles, which leave the areas with high elevation and weak tides
not submerged in seawater except during the spring tides.
Consequently, extensive mud cracks have occurred on intertidal
mudflats (Han, 2017). Elevation and tidal regime are two principle
factors affecting mud cracking processes. Coastal wetlands in many
areas are gradually expanding due to sediment-induced vertical
accretion, such as in the Oosterschelde estuary in the Netherlands
(Ma et al., 2014) and Yangtze River estuary (Yang et al., 2003; Ge
etal, 2015a). As these are elevated features relative to the low-lying
bare mudflats, saltmarshes are no longer subjected to inundation
during each tide, but they become exposed to desiccation and
evaporation, which are strongly associated with semilunar tidal
cycles (Gardel et al., 2009). According to Fiot and Gratiot (2006),
mud cracks appear if desiccation and evaporation processes last
sufficiently at a given elevation (>2.6 m above hydrographic zero),
and five consecutive days of emersion (CDOE) are sufficient for
mud cracking to occur. Moreover, elevation-induced wetting-
drying cycles vary considerably at the highest and seaward edges
of a saltmarsh, which modifies the physical characteristics of mud
surfaces in different ways. The study sites in Chongming Dongtan
wetland still exhibit healed cracks that are a manifestation of
previous wetting—drying cycles in the low-lying saltmarsh.
Wetting cycles caused by tides do not shift cracks but heal them,

10.3389/fmars.2023.1081353

thereby leaving scars on the mud surface (Figure 1B). Previous
studies have only investigated the mud cracking process and factors
influencing the process, such as moisture conditions, confining
pressures (Morris et al., 1992; Mitchell, 1993), pore water pressure
or suction (Fredlund and Rahardjo, 1993; Yesiller et al., 2000), and
meteorological parameters (Gardel et al., 2009); however, ecological
roles, such as the trapping of floating propagules during the
formation of mud cracks, remain unknown.

Mud cracks, which are affected by wetting-drying cycles
induced by tides, are widely distributed in coastal wetlands,
especially at saltmarsh edges. Mud cracks have previously been
considered water stress indicators that reflect desiccation, which is
potentially harmful to plant growth (Clarke and Myerscough, 1993;
McKee et al., 2004). However, the conclusion has raised concerns
among researchers. Fiot and Gratiot (2006) demonstrated that
colonization of mudflats by vegetation was caused by mud
dewatering and consolidation, which were dependent on the local
topography (Anthony et al, 2008), including tide submersion
frequency and wetting-drying cycles on intertidal mudflats.
Gardel et al. (2009) also suggested that mud cracks are a key
factor influencing mangrove resilience. In addition, vegetation
recovery in tidal mudflats adjacent to a saltmarsh edge is essential
for revegetation in relation to SLR (Zhu et al., 2020). Extensive mud
cracks at the highest and seaward edge affect microtopography, as
well as plant colonization and growth. The zones at the saltmarsh
edges are substantially influenced by wave-induced erosion
dynamics on tidal flats (Leonardi and Fagherazzi, 2014; Bouma
etal, 2016; Wang et al., 2017), resulting in cliff erosion or seedling
dislodgement. Therefore, the interplay between mud surface
microtopography and the colonization of saltmarsh edges by
plant seedlings should be investigated (Xie et al.,, 2019). Current
studies on mud cracks have only focused on mud bar colonization
and associated processes (Fiot and Gratiot, 2006; Gardel et al., 2009;
Proisy et al., 2009). The knowledge deficit regarding links between

A
121°45E 1220 121°59E
2
CZOIIg]I) .
ng 'y
z anq
4’(,% Yangtze River
H
engsp, Islang
&
a;‘ Shangha1 -’i"du,gn Sh " Scirpus mariqueter
0al == Scawall
= Temporary hard structure
] 10 km 0 500 m
| S— L |
FIGURE 1

Study area and field site. (A) Location of the Chongming Dongtan wetland and distribution of S. mariqueter. (B1) Extensive formation of mud cracks
on mud surfaces at the saltmarsh edge. (B2) Mature seeds and seed retention on mud surfaces and cracks in August 2021. (B3) Healed scars of mud
cracks as an indicator of previous wetting—drying cycles on bare mudflats and S. mariqueter seeds trapped in mud cracks. (B4, B5) Seedlings in mud

cracks and patches.
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colonization of saltmarsh fringes by plants and mud cracking in the
lateral dimension substantially limits our understanding of marsh
resilience to SLR.

To comprehensively elucidate the spatial synchronization of
desiccation and propagule availability, there is a need for additional
insights into the temporal synchronization of mud crack formation
and seed availability. Therefore, the aim of this study was to
investigate the mud cracking process and its ecological function
in the establishment of saltmarsh plants. Our results revealed that
mud cracks in coastal wetlands were not a stressor for plant activity,
although they were a vital factor in the dispersal and colonization of
saltmarsh fringes by plants. Furthermore, our study contributed to
the promotion of vegetation establishment in mud crack zones in
future saltmarsh restoration activities.

2 Materials and methods
2.1 Study site and field experiments

The study site was located at the east headland of Chongming
Island (31°25'-31°38'N, 121°50'-122°05'E; Figure 1A), which is a
part of the Chongming Dongtan National Nature Reserve and the
largest alluvial island (total area of 1,267 km®) in the Yangtze
Estuary, China (Zhao et al, 2019). The climate is subtropical
monsoon, with an annual average temperature of 15.5 and being
located on an intertidal mudflat, which is influenced by irregular
semidiurnal tides and two maximum and minimum tides (15-day
intervals) occurring monthly. The maximum and average tide
heights range from 4.62 to 595 m and from 1.96 to 3.08 m,
respectively (Ge et al., 2008; Li et al., 2014; Jiang et al., 2022).
Under normal weather conditions, the mean current velocity in the
saltmarsh is approximately 0.1 m s, while that in the low-lying
mudflats is 0.3 m s~" (Yang et al., 2020).

Our field investigation began in August 2021. The study area
was in a low-lying saltmarsh, where the dominant pioneer plant
species, Scirpus mariqueter, has colonized under frequent wetting—
drying cycles. Narrow areas of mud cracks were distributed along
the seaward edge of the saltmarsh, and extensive mud cracks were
observed in the inner saltmarsh, where tidal flat elevation was
relatively high (Figure 1). The saltmarsh plants are dispersed in a
northwest and seaward direction owing to suitable elevation and
hydrodynamics (Jiang et al., 2022). Propagules can be easily washed
away at sites exposed to waves due to strong hydrodynamics.
However, numerous mature seeds and new seedlings were
observed in the mud cracks (Figures 1BI1, B3, B5). To compare
the differences in seedling densities between mud cracks and
patches, 10 sample squares (50 cm X 50 cm) were randomly
selected, and parameters such as plant density and the number of
mud cracks and patches were recorded.

2.2 Tidal regime and water levels

To determine the effects of the tidal regime on mud cracking
and plant establishment, we obtained tidal data between April and
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August 2021. Tide information was obtained from Sheshan station
and tide tables published by the National Marine Data and
Information Service (http://www.nmdis.gov.cn).

In this study, low-cloud Sentinel-2 remote sensing images from
January to August 2021 were selected. The binary system of
Sentinel-2A and Sentinel-2B guarantees a revisit period of five
days and a spatial resolution of up to 10 m in the visible near-
infrared band. Therefore, the high spatiotemporal resolution
overcomes the adverse effects of cloudiness in estuarine and
coastal regions to a certain extent and considerably enhances
data availability.

The images (level 2A) used in this study, which covered seven
periods, were downloaded from the European Space Agency (http://
scihub.copernicus.eu/dhus/#/home); that is, the images were
subjected to geometric and atmospheric (bottom-of-atmosphere
reflectance) corrections. After the initial cropping of images, the
water levels at the moment the satellite transited the study area were
extracted based on a visual interpretation of each period. Based on
the tidal level data obtained from Sheshan station (approximately
20 km east of Chongming Dongtan), the water levels were assumed
to be the contour lines, and their elevation was the tidal height at the
corresponding time (Fan et al., 2018). Because the multi-period
images covered different tidal conditions, the highest and lowest
water levels were considered the highest and lowest tide levels,
respectively. The area between the highest and lowest tide levels was
the potential mud cracking zone affected by wetting-drying cycles
from periodic tides.

2.3 Manipulative experiments

2.3.1 Seed collection and experimental setup

Manipulative experiments were conducted to elucidate the
phenomenon that mud cracks at the seaward edge promote
colonization by S. mariqueter (Figure 2). Mature S. mariqueter
seeds were randomly collected, and the mud used for the
experiment was dug up in the Chongming Dongtan wetland in
August 2021 (Figure 1A). All seeds were air-dried in the laboratory
until absolutely dry (Xiao et al., 2016). The mud was transported to
the laboratory and transferred into high-density polyethylene
containers (65 cm x 41 cm X 15.5 cm, Figure 2). The properties
of mud samples collected from the study site are presented in
Table 1. Nine repeated treatments were set up, and 4,300 seeds (seed
density of approximately 1.6 seeds/cm?) were evenly buried at a
depth of 10 cm from the bottom of each container and covered with
3 cm of mud (Figure 2).

To avoid disturbance, all containers were placed at a fixed
location until the experiment ended. The experiment was
conducted for 1 month (August 2021) at an average daily
temperature of 28°C. To simulate the effects of the tidal regime
on mud crack formation and plant colonization, immersion-
emersion cycles were conducted by draining seawater at 6:00 am
and adding seawater at 18:00 pm for the first two days. Afterward,
sediment moisture was used to maintain plant survival until day 15,
and the procedure was repeated again.
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Manipulative control experiment and schematic representation of the experimental setup.

2.3.2 Dynamic monitoring of mud cracks and
plant growth

Mud cracking and seedling growth were dynamically monitored
using a camera throughout the experimental period. The camera
was kept at a fixed height for orthophotography at each monitored
time (Figure 2). The number of CDOE, which is the probability of
mud cracks occurring at a given elevation (Fiot and Gratiot, 2006),
was recorded daily until no new cracks appeared. The number of
mud cracks was computed based on new mud crack pixels
appearing between two successive images. The crack intensity
factor (CIF) was introduced as a descriptor of crack surficial
dimensions (Miller et al., 1998; Yesiller et al., 2000; Gardel et al.,
2009). CIF is defined as the ratio of crack area (Ac) to the total
surface area (At) of a dry soil mass. In this study, CIF was used to
quantify the number of mud cracks at the study site. Individual
seedlings were also counted after germinating.

2.4 Data analysis

All statistical analyses were performed using IBM SPSS
Statistics 23.0 (IBM Corporation, Armonk, NY, USA) and

TABLE 1 Properties of mud used in the study.

bulk density (g/m’) 1.34 £ 0.10
pH 8.40 +0.10
salinity (ppt) 0.89 +0.18
conductivity (mS/m?) 1790 + 469
median particle diameter (um) 26.61 +5.76
TN (g/kg) 039 +0.11
TC (g/kg) 11.55 + 0.81

Frontiers in Marine Science

OriginPro 2021 (OriginLab Corporation, Northampton, MA,
USA). A one-way ANOVA was used to test for significant
differences in seedling densities between mud cracks and patches.
The level of statistical significance was set at p <0.05.
Additionally, we monitored and recorded the evolution of mud
cracks and seedling germination and growth during the
experimental period using a camera. Parameters such as the
lengths and areas of mud cracks and individual seedlings were
analyzed using ArcGIS 10.7.1 (ESRI Inc., Redlands, CA, USA).

3 Results
3.1 Variations in tidal regimes

Tidal regimes influenced the alternating wetting-drying cycles
on the mud surfaces, which potentially affected the distribution of
mud cracks and the colonization of tidal flats by saltmarsh plants.
The variations in tidal heights between April and August 2021 at
Chongming Dongtan wetland were not significant, and the average
tidal heights in April and August 2021 were 2.2 + 0.9 m and 2.47 +
0.9 m (0.54-3.99 m and 0.59-4.5 m), respectively (Figure 3A). The
average interval of daily high tide was 11 h and low tide was 5.2 h. In
addition, tidal water levels were computed according to tidal
regimes at the Chongming Dongtan wetland from January to
August 2021 (Figure 3B). The results showed that the waterline
ranged from the seaward edge of the low-lying saltmarsh to the bare
mudflats. Furthermore, the tidal occurrence zones, that is, from
spring tide (high tide) to neap tide (low tide), coincided with the
mud cracking zones in the low-lying saltmarsh, which were
considered potential mud cracking zones as well as an ecological
zone for plant dispersal and colonization (Figure 3B). The potential
mud cracking zone was a dynamic area determined by the tidal flat
elevation and tidal regime.
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3.2 Plant distribution between mud cracks
and patches in the study site

According to our findings from the field survey, the mud cracks
were irregularly distributed in polygons or lines on the tidal flats,
and individual plants disproportionately colonized the mud cracks
and patches. The results showed that most individual seedlings in
the patches were established near mud cracks (Figure 4A). In
addition, the number of seedlings in the mud cracks was
significantly higher than that in the patches (p <0.01), and the
mean seedling densities in the mud cracks and patches were 291 +
13.91 individuals/m® and 196 + 7.92 individuals/m?,
respectively (Figure 4B).

3.3 Mud crack formation and colonization
by plants under laboratory conditions

3.3.1 Mud crack formation

Figure 5 illustrates the evolution of mud cracks during the
experimental period, derived from mud crack images captured by
the camera. The results showed that mud crack formation
progressed gradually on the mud surface at the beginning of the
first wetting—drying cycle and then developed rapidly after three
days (Figure 5). Two mud cracks appeared on the mud surface on
the second CDOE (Figure 5A), and a new crack appeared on the
third CDOE (Figure 5B). The mud cracks were linearly distributed
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in the containers before new cracks appeared. The number of new
mud cracks increased significantly, and the mud cracks gradually
transformed into regular polygonal shapes on the fifth CDOE
(Figure 5C). The mud cracks completely exhibited polygonal
shapes (i.e., quadrilateral) on the seventh CDOE and formed a
basic network of mud cracks (Figure 5D). No new mud cracks
appeared after the seventh CDOE. Generally, all mud cracks in each
container were formed within a period of 5-7 days (CDOE), and
their formation decreased after the fifth CDOE, with no significant
differences observed in subsequent wetting—drying cycles.

3.3.2 Plant colonization between mud cracks
and patches
3.3.2.1 Plant colonization process

According to our results, seedlings emerged from the mud
cracks into the patches (Figure 6), which is consistent with field
observations. Seedlings colonized the mud cracks after the seventh
CDOE (Figure 6B). Moreover, seedlings in the mud cracks
germinated earlier than those in the patches (Figures 6A, B).
“Seedling circles” based on the morphology of the mud cracks
were left on the mud surface at the end of the experimental period,
with the seedlings densely distributed in the mud cracks and
sparsely distributed in the patches (Figures 6C, D). The number
of individual seedlings in the mud cracks (453 seedlings) was higher
than that in the patches (311 seedlings) and accounted for 59.3% of
the total seedlings in each container.
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Tidal heights and tidal regimes in the Chongming Dongtan wetland. (A) Variations in tidal heights in April 2021 (a) and August 2021 (b); NT, MT, and
ST are neap tide, middle tide, and spring tide, respectively. (B) Variations in tidal regimes from January to August 2021. The zone between water
levels is defined as the potential mud cracking zone and a potential ecological restoration zone for plant dispersal and colonization.
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FIGURE 4

Distribution of S. mariqueter in mud cracks and patches in the study site. (A) An illustration of the distribution patterns of individual plants, and mud
cracks: green dots are plants and black lines are mud cracks. (B) Bar graphs showing plant densities in the mud cracks and patches.

3.3.2.2 Variations in plant densities between mud cracks
and patches

The one-month-long experimental results revealed that the
average germination rate of S. mariqueter was approximately
23%. Detailed information on seedling properties, such as
seedling heights, is presented in Table 2. Mud cracks evolved into
irregular polygonal or linear cracks. The average length and width
of mud cracks were 2.84 + 0.31 m and 0.5 + 0.37 cm, respectively.
Generally, 15 + 3 patches were developed in each container
(Figure 7 and Table 2).

mud cracks patches

3.3.2.3 Variations in seedling density per unit area of mud
cracks and patches

Individual seedlings in mud cracks and patches were compared
per unit area (cm?) to assess the effects of mud cracks on saltmarsh
colonization (Figure 8). Our results revealed that the total area of
mud cracks was significantly smaller than that of patches; however,
the mud cracks had more seedlings per unit area than the patches,
which contributed to the successful colonization by the seedlings.
For example, the length and area of mud cracks in sample 3 were
276.2 cm and 137.0 cm?, respectively, and the CIF value at the end
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FIGURE 5

Evolution of mud cracks during the experimental period. (A) Mud cracks at the end of the second CDOE, (B) at the end of the third CDOE, (C) at the
end of the fifth CDOE, (D) and at the end of the seventh CDOE. CDOE is consecutive days of emersion.
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of the experiment was 5.1%. Similarly, the seedling density in the
mud cracks was 3.31 individuals/cm? and 0.12 individuals/cm?* in
the patches. The number of seedlings in the mud cracks accounted
for 59.3% of the total seedling count in 5.1% of the area in sample
3 (Figure 8).

Specific details regarding variations in seedling densities
between mud cracks and patches are presented in Table 3.
Generally, the number of individual seedlings in mud cracks (3.4
individuals/cm®) was higher than that in patches (0.2 individuals/
cm?). The CIF data are presented in Table 3. Although the mean
CIF value was 5.3%, it accounted for 48% of the total number of
individual seedlings, indicating that mud cracks promote
seedling colonization.

4 Discussion
4.1 Mud crack formation

The present study contributed to the work of Fiot and Gratiot
(2006), which investigated the probabilities of mud cracking and
confirmed the vital role of mud cracks in promoting S. mariqueter
propagule establishment. According to our results, the mud
cracking zones, which are determined by water levels, were
mainly located at low-lying saltmarsh edges. Below such zones,

10.3389/fmars.2023.1081353

the mud remained soft because frequent inundations prevented
extensive dewatering. The establishment of propagules in the
zones is difficult because they are easily resuspended by tidal
currents (Figure 3). Some studies have investigated mud crack
occurrence on mudflats, such as at an elevation of 2.67 m above
hydrographic zero (Clarke and Myerscough, 1993; Fiot and
Gratiot, 2006; Proisy et al., 2009); however, the ecological
functions of mud cracks have not been investigated. Therefore,
future field restoration efforts should focus on critical zones
under elevation-tidal interrelationships to determine the
precise areas for mud cracking, such as the mean water level,
mean high water level, and mean neap tide high water level on
coastal wetlands, to precisely delineate the potential zones for
plant colonization.

In the controlled experiment, the mud cracks were well-formed
within a short period; mud cracks emerged on the second CDOE
and became stable on the seventh CDOE (CDOE was
approximately 7 d). This observation was consistent with the
results of a previous laboratory experiment on different soils
showing a short and intensive mud crack formation episode
during drying after a wetting event (Yesiller et al., 2000).
Moreover, our finding was consistent with the results of a field
experiment conducted during the 2008 equinoctial spring tide in
French Guiana, where mud cracks formed within 1.5 days (Gardel
et al,, 2009). However, the present study only considered the mud
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FIGURE 6

An illustration of the seedling colonization process. (A) Formation of mud cracks and patches. (B) Gradual colonization of mudflats along the mud
cracks by individual seedlings. (C) Individual seedlings in mud cracks and patches. Green dots represent seedlings in the patches, and blue dots
represent seedlings in the mud cracks. (D) A “seedling circle” formed at the end of the experimental period.
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TABLE 2 Properties of plants and mud cracks.

Parameter Mean + SD

height (cm) 9.34 + 0.80
root length (cm) 223 +0.21
stem diameter (cm) 0.92 + 0.06
root number 5.57 £ 0.79
cracks width (cm) 0.50 + 0.37

10.3389/fmars.2023.1081353

cracking process based on CDOE and mud crack morphology, such
as crack length and width. We did not consider their depth, as it
cannot be estimated from photographs.

Factors influencing tidal flats, such as abiotic and biotic
processes, enhance mud cracking. Previous studies have shown
that wetting-drying cycles enhance mud crack formation (Yesiller
et al, 2000; Gardel et al.,, 2009). The first drying episode causes
shrinkage, which structurally rearranges soil particles and
potentially breaks soil particle bonds, thereby weakening the soil
(Young, 2012). The subsequent wetting cycle is believed to further
weaken and soften the soil and reduce cohesion through water
supply. Therefore, a new drying cycle substantially activates the
mud cracking process at the weakest part of the soil, where cohesion
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FIGURE 7

A comparison of seedling distribution in mud cracks and patches during the experimental period. (A) Distribution of mud cracks and seedlings in
nine parallel samples (1 - 9), blue dots represent individual seedlings in mud cracks, whereas green dots represent seedlings in patches. (B) A

comparison of seedling number in mud cracks and patches.
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FIGURE 8

Variations in seedling densities between mud cracks and patches. The area marked in red represents one square unit (1 cm?). The image is from

parallel sample 3.

is low (Gardel et al,, 2009). In addition, biological activities
(bioturbation by burrowing and root penetration) increase the
drainage capacity of soils, and they considerably enhance
desiccation and mud crack formation (Gardel et al., 2009). Other
processes, such as desiccation and shrinkage, freezing and thawing,
and syneresis, also influence the development of mud cracks
(Yesiller et al., 2000).

Further studies involving the technical measurement of mud
cracks are required. Our study was restricted to small areas and
could not be repeated at the same site due to difficulties in accessing
such soft, muddy, and flooded environments (Proisy et al., 2009).
According to Lefebvre et al. (2004), elevation profiles of several
hectometers are the most that can be feasibly achieved during a
ground survey. Rosso et al. (2006) and Anthony et al. (2008)
demonstrated that emerging remote sensing techniques based on
lidar (light detection and ranging) may be beneficial for studying
intertidal muddy habitats. Moreover, future studies should focus on
enhancing our understanding of the relationship between
seasonality and the mud cracking process, as well as the role of
neap and spring tides in field consolidation processes. The present
study recommends interdisciplinary gap-bridging involving

sedimentology, geomorphology, hydrology, saltmarsh ecology,
and remote sensing.

4.2 Influence of mud cracking zones on
saltmarsh colonization

Our results revealed that mud cracking varied with water level
and was often accompanied by the establishment of saltmarsh plants.
A previous study has shown that a specific functional range for the
growth of the genus Avicennia in French Guiana is between mean
water level and mean high water level (Proisy et al., 2009), which is
like the intertidal range for Avicennia marina in southeastern
Australia (Clarke and Myerscough, 1993). Notably, the extensive
mud cracks observed in this study occurred in such intertidal areas.
The present study has demonstrated that the outline of mud cracking
zones, located at intertidal zones, can act as an indicator for.
Therefore, such coastal wetland zones require restoration and more
precise and long-term monitoring, considering their key ecological
functions. In addition, owing to the disturbances associated with
hydrodynamics caused by waves and currents, it is imperative to

TABLE 3 Variations in seedling densities between mud cracks and patches in the nine experimental containers.

crack patch ratio of individuals in cracks
ind/cm? ind/cm? (crack/total)%
1 42 262 0.10 52.52
2 5.0 3.75 0.24 4552
3 5.1 331 0.12 59.29
4 53 412 033 4126
5 62 372 027 47.56
6 5.4 242 020 4091
7 59 3.26 0.22 48.38
8 52 2.97 0.17 49.52
9 5.1 451 0.24 50.37
mean + SD 53+ 0.56 341 +0.68 0.21 + 0.07 48.37 + 5.67
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understand the influence of sediment dynamics on the formation and
stabilization of mud cracks and on saltmarsh plant establishment.
Quantifying the total area covered by mud cracks in saltmarshes is
essential for determining the role of mud cracks in saltmarsh
plant establishment.

4.3 Ecological functions of mud cracks
in saltmarshes

Saltmarsh colonization and dispersal cannot increase rapidly on
a large scale without the influence of a typical and visible event that
strongly enhances seed trapping. We speculate that it is not a single
biological event but rather a physical event associated with the mud
surface, such as extensive mud cracking. The main ecological
functions of mud cracks in saltmarsh colonization are as follows:

(1) Mud cracks act as “seed traps.” The number of seeds, floating
rate, and germination rate are crucial for saltmarsh plant
establishment and dispersal. S. mariqueter establishment and
dispersal are fast in summer, with high seed density (8,400 seeds/
m?), a high floating rate (up to 80%), and a low germination rate
(28%), being observed (Jiang et al., 2022). The high number of seeds
produced ensures survival in each reproductive period (Delgado et al.,
2001). Furthermore, the open mud cracks acted as cages for floating
saltmarsh plant seeds, especially under weak hydrodynamic
conditions. The soaked S. mariqueter seeds were washed away in
August 2021, transported by tides, and then randomly trapped in
mud cracks. Notably, the high germination rate of S. mariqueter seeds
(seven days) and two days for anchorage in summer considerably
favor seedling establishment (Jiang et al., 2022). This confirmed the
rapid and transient process between seed germination and mud
cracking (approximately 7 d). Finally, a large amount of suspended
sediment carried by weak tides gradually settled and was retained in
mud cracks on tidal flats due to the interaction between sediment
viscosity and burial, thereby making it more difficult for seeds trapped
in mud cracks to be washed away or easily resuspended. The mud
cracks filled with fine sediment particles exhibited multiple linear
crack scars on the tidal flat surfaces (Figure 1B). The Chongming
Dongtan saltmarsh exhibited continuous sedimentation from April
to October, and the accumulated accretion exceeded 20 cm (Li and
Yang, 2007). Therefore, the geomorphology of tidal flats changed
gradually, which facilitated seed burial.

Our study showed that seedling densities in the mud cracks
were significantly higher than those in the patches in field
observations, which was consistent with laboratory results. The
results obtained in the laboratory could be because the seeds were
fixed without hydrodynamic transportation and sediment burial. In
addition, mud cracks lost their function as seed traps.

(2) Mud cracks acted as “seedling growth promoters.” The
network formed by mud cracks influenced water content and water
circulation in the tidal sediment. Mud cracks functioned like well-
developed miniature tidal creeks on tidal surfaces: at high tide, mud
cracks became a channel of seawater and were rapidly filled with
seawater, whereas at ebb tide, seawater on tidal flats flowed into the
mud cracks and was gradually drained. The phenomenon was vital
for saltmarsh plant growth as it provided sufficient water during the
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early growth stage, especially for young root development. In
addition, it alleviated stress caused by waterlogging due to the
morphology of low tidal zones, such as pits. For example, the
sprouted young seedlings can die due to the exposure of roots to
hypoxic conditions caused by prolonged flooding. Therefore, mud
cracks can create pathways for seawater transportation on tidal flats
and substantially increase the hydraulic conductivity of sediments
(Yesiller et al., 2000), which promotes water uptake by plants during
the early growth stages. Furthermore, local sediment properties,
such as mud compaction and pore water, vary considerably with
mud cracking (Fiot and Gratiot, 2006). Mud cracks alter the oxygen
content of sediment, increase aeration, and in turn enhanced
respiration in saltmarsh plants. Saltmarsh plants consume oxygen
and release carbon dioxide during respiration, resulting in a low
oxygen content in sediment. Numerous mud cracks in tidal flats
allow oxygen to penetrate the sediment from the atmosphere and
allow continuous release of carbon dioxide from the sediment into
the atmosphere, which in turn enhances the total respiration of
saltmarsh plants. The traits of S. mariqueter (plant height, root
length, and root diameter) in mud cracks and patches were
significantly different (Table 2). Mud cracks increase nutrient
availability in tidal flat sediments. Both organic and mineral
nutrients in sediments must be decomposed by soil
microorganisms before they are absorbed and used by plants.
Insufficient oxygen in sediments, or anaerobic status, reduces
microbial activity, especially for aerobic microorganisms, and
inhibits complete organic matter decomposition and the release
of soil nutrients (Marschner, 2021). The occurrence of mud cracks
improved the oxygen status of the saltmarsh, thereby increasing
microbial activity due to sufficient oxygen, which in turn,
decomposed organic matter and released large quantities of soil
nutrients, as well as improving the content and utilization of
nutrients required for plant growth.

The seedling density in the mud cracks at the study site was
significantly higher than that in patches, which was consistent with
the results of manipulative experiments (CIF = 5.3%). Mud cracks
accounted for approximately 48.37% of the total seed germination
in 5.3% of the study area (Figure 8 and Table 3). The high density of
seedlings that colonized the mud cracks formed a “seedling circle”
or “seedling lines” (Figures 6D, 7), which may protect seedlings in
the patches in the field from hydrodynamic disturbances,
dislodgement, or uprooting.

A strong correlation has been observed between seedling
recruitment and mud cracking (Gardel et al., 2009; Proisy et al.,
2009). A previous field study revealed that the trapping of Avicennia
germinans propagules in ephemeral mud cracks accounted for 95%
of the sprouting on the coastal fringe. Desiccation was identified as a
major mechanism of colonization by the species (Fiot and Gratiot,
2006). According to Proisy et al. (2009), nearly instantaneous
mangrove germination over tens of hectares was observed in
repeated testing at the same sites. Mud cracks may be sighted
across colonized areas whenever seedlings emerge. Similarly,
patches of S. mariqueter were established simultaneously at the
saltmarsh edges within a short period (Jiang et al., 2022), where
mud cracking occurred. Nevertheless, the mechanisms associated
with the ecological role of mud cracks in saltmarsh colonization
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remain unclear. Therefore, future studies should focus on aspects
such as seed arrival, seed availability, and seed retention rates. In
addition, they should focus variation on propagule dispersal
between flooding and dewatering periods.

4.4 Implications for saltmarsh restoration

It is likely that a future pioneer saltmarsh restoration could
benefit from the undetermined role of mud cracks highlighted in
our study. Suitable restoration measures should be adopted based on
the different tidal zones or elevations of saltmarshes. For example, by
marking patches ready to be colonized in low-lying saltmarshes, mud
cracks can be directly targeted as restoration zones, where the chances
of successful replanting are the highest. An efficient approach is
sowing large quantities of seeds in mud crack zones during the ebb
(neap) tide to promote seed germination. Mud cracks in high-lying
saltmarshes may not be conducive to high-water-demanding plants
due to desiccation induced by high elevation. Therefore, plants with
considerable water-tolerance capacities, such as Phragmites australis,
could be suitable for such areas.

5 Conclusion

Mud cracks are often considered stressors for plant growth,
which may be different in saltmarsh ecosystems. This study
demonstrated that mud cracks facilitated colonization by
saltmarsh plants. Our key findings were as follows: (1) Mud
cracks were easily formed in the narrow zone from the seaward
edge of the saltmarsh to the bare mudflats owing to tide-induced
wetting—drying cycles, and young seedlings colonized thereafter. (2)
The seedling density in the mud cracks was higher than that in the
patches; mud cracks were formed within seven days (CDOE:
approximately 7 d), and no significant changes were observed in
subsequent wetting-drying cycles; seedlings in the mud cracks
sprouted earlier than those in the patches. (3) The mud cracks
acted as “seed traps” and “seedling growth promoters” for saltmarsh
colonization. The results suggest that mud cracks in coastal
wetlands can considerably enhance colonization by saltmarsh
plants. Our results could facilitate the development of appropriate
saltmarsh rehabilitation strategies and enhance our understanding
of the interaction between topography and vegetation from the
perspective of mud cracks in saltmarshes.
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In line with the global trend, the Ria de Aveiro coastal lagoon is subjected to multiple
Cco-occurring pressures threatening vital benefits flowing from nature to people. The
main objective of this research was to assess the status of habitats important for
ecosystem services in the Ria de Aveiro by identifying vulnerable areas to
anthropogenic threats. The pressures from seven relevant human activities
(recreation, services, aquaculture, agriculture, commercial development,
unintended impacts from management, and invasive alien species) were analysed
based on their spatiotemporal distribution (exposure) and impact over the EUNIS
habitats (EUNIS codes A2.2, A2.22 — sand flats and beaches; A2.3 — mud flats; A2.61
— seagrasses; A2.5, A2.53C, A2.535, A2.545, A2.554 — salt marshes; and, X10 -
‘Bocage,” a landscape of small-hedged fields) in seven distinct landscape units. A
prospective scenario, co-developed for the year 2030, was evaluated using a map-
based risk assessment tool and brought forward the near-term vulnerability of the
seagrass biotope. The highest risks posed to intertidal habitats (mud flats and salt
marshes) were driven mainly by environmental management activities that support
critical socio-economic sectors. Our methodology evaluated plausible threats to
habitats in the near term, established baseline knowledge for the adaptive
management process in Ria de Aveiro Natura 2000 site, and showcased how
future assessments can inform the operationalization of ecosystem-based
management as new information becomes available.

KEYWORDS

natural capital, habitat risk assessment, InVEST, ecosystem-based management,
coastal planning

1 Introduction

Human-driven global changes threaten the integrity of coastal areas and the provision
of ecosystem services (ES). Coastal socio-ecological systems worldwide evidence
vulnerability to climate change, namely through mean sea level rise, flooding and storms
extreme events, coastal erosion, salinization, and wetland loss and fragmentation (e.g.,
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Cazenave and Cozannet, 2014). Due to their natural capital
richness, these shoreline areas have been desirable for many
sectoral activities for centuries (e.g., tourism, recreation, fishing,
aquaculture, agriculture, shipping and transportation, industrial
activities) being currently densely populated and under multiple
pressures (Neumann et al, 2015). One of the major challenges
nowadays is to increase resilience to climate change by promoting
sustainable development, targeting social, environmental, and
economic objectives, and mitigating the risks that affect the
supply of ES. Ecosystem-based management (EBM) combines
science-based knowledge from different fields of research with
local knowledge (Rockmann et al., 2015) and integrate the
concept of adaptive management (Webb et al, 2017). Several
definitions of EBM are available in the literature, many
conceptual (e.g., Long et al, 2015). Our study will follow the
operational description by Delacamara et al. (2020): “EBM can be
understood as any management or policy option intended to
restore, enhance and/or protect the resilience of the ecosystem”.
Some relevant examples of the operationalization of the concept are
found in Australia’s Great Barrier Reef, often given as a reference
for a comprehensive EBM (McCook et al., 2010); the Yellow Sea
Large Marine Ecosystems, as an example of a global effort to
implement EBM from economically developing countries
(Sherman, 2014); large marine ecosystems in Alaska, to provide
indicators to inform about the management of marine resources
(Zador et al., 2017); the Western Mediterranean, to explore
participatory research methods (Gomez and Maynou, 2021).

The operationalization of management options, is often
supported by modelling tools, such as the InVEST (Integrated
Valuation of Ecosystem Services and Trade-offs; https://
naturalcapitalproject.stanford.edu/software/invest), an open-source
software for analysing how changes in ecosystems are likely to
affect the flow of benefits to people. The InVEST model calculates
the cumulative risk posed to habitats by human activities in two
dimensions: exposure (degree to which a habitat experiences a
pressure produced by human activities, given the effectiveness of
management practices), and consequence (sensitivity of the habitat to
the effects of the pressure). InVEST also explores consequences for
the delivery of ES and is designed to inform decisions about natural
resources management. Relevant studies have applied InVEST to
estimate the cumulative risk to habitats combined with vulnerability
indexes at different coastal areas, such as the United States of America
(Wyatt et al,, 2017), South Korea (Chung et al., 2015), Belize (Arkema
etal, 2014), or France (Cabral et al., 2015). In Portugal, Willaert et al.
(2019) applied InVEST in a coastal region north of Lisbon, and Caro
et al. (2020) in the Mondego estuary.

Ria de Aveiro coastal lagoon (Western Atlantic coast of Portugal)
is a Long-Term Socio-Ecological Research (LTsER) platform that
gathered a high-resolution and robust data set at the local scale
during the last decade, supported by national and EU projects
involving natural and social scientists, and the active participation
of stakeholders (e.g, LAGOONS (FP7), AQUACROSS (H2020),
BioPradaRia (MAR2020/EMFF). This data set is paramount to
operationalizing the EBM concept. Ria de Aveiro is classified under
Natura 2000 and lays between marine and terrestrial domain, where
anthropogenic pressures and natural areas overlap in space and time,
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being a complex area in terms of environmental management (e.g.,
Lillebo et al., 2015; O’Higgins et al., 2019; Lillebo et al., 2020).

The primary objective of this work is to identify opportunities
for EBM by showing how the InVEST tool can be applied to
improve adaptive management. Specifically, how future scenarios
for the year 2030, co-developed with stakeholders, could be
validated with the InVEST tool, combining the Habitat Risk
Assessment model (hereafter INVEST HRA tool) with the spatial
explicit supply of ES. The previous projects that enabled the socio-
ecologic data set addressed the integrated management of water
resources from catchment to coast in the context of climate change
(Lillebo et al., 2015), the management of seagrass biotope and
restoration actions to mitigate the bioturbation pressure by non-
indigenous species (Costa et al., 2022) and the EBM for aquatic
biodiversity and ES across EU policies (Lago et al., 2019)
complemented with ecological data gathered as part of the LTsER
platform monitoring. The year 2030 was chosen because it
corresponds to different EU policy and strategy revision cycles, as
well as the target year for the United Nations Sustainable
Development Goals to which the European Green Deal
contributes; and 2021-2030 is the United Nations Decade for
Ecosystems Restoration aiming at preventing, halting, and
reversing the degradation of ecosystems worldwide.

To address the main objective and showcase Ria de Aveiro Natura
2000, three stepwise research questions were identified: i) Which
landscape units and respective habitats are most at risk and where? i)
Which human activities pose the greatest risk in the near term (2030)?
ili) What management options might minimise the risk? And iv) How
might future delivery of ES in a Natura 2000 site be compromised?
Our methodology evaluated plausible threats to habitats in the near-
term, established baseline knowledge for the adaptive management
process in Ria de Aveiro Natura 2000 site, and showcased how future
assessments can inform the operationalization of ecosystem-based
management as new information becomes available.

2 Materials and methods

2.1 Study area

Ria de Aveiro is a shallow coastal lagoon that comprises the
estuary of the Vouga River (3500 km? of catchment area), having a
single artificial connection to the Atlantic Ocean (1.3 km length, 350
m wide, and 20 m depth). The lagoon has semi-diurnal tides with a
tidal range from 0.6 m (neap tides) to 3.2 m (spring tides); tidal
circulation and wind are the main hydrological forcing functions.
The tidal phase lag is in the order of 6 hours in the upper reaches of
the channels; whilst the water residence time in the lagoon varies
from less than 2 days near the ocean boundary, to more than 1 week
in the upstream channels (Dias et al., 2000). Under the EU Water
Framework Directive (WFD), Ria de Aveiro includes five
transitional water bodies (WB): WB1 (Mira), WB2 (Sao Jacinto-
Espinheiro), WB3 (flhavo), WB4 (Murtosa), WB5 (Ovar). Except
for WB2, which is heavily modified, the others are natural water
bodies. In addition, there are three coastal water bodies (CWB)
(CWB-II-1B; CWB-I-2; CWB-II-2) here grouped as WB7. These,
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together with the ‘Bocage’ landscape that is characterised by small
agriculture fields surrounded by living hedges and a network of
water channels, are defined as the seven landscape units in this
study (Figure 1). The management boundaries of the Ria de Aveiro
Natura 2000 were set within 500 m from the margin, as specified for
the river basin and estuary management plans under the EU Water
Framework Directive. Both Plans aim to establish priorities, rules,
and measures for the integrated management of water resources
and associated ES (Lillebo et al., 2015; Lillebg et al., 2020).

The Ria de Aveiro comprises a variety of biotopes, including
natural to highly modified habitats, such as large areas of intertidal
sand and mud flats, seagrass meadows, salt marshes, open fields,
forests, freshwater lakes, and urban areas. It also comprises the
‘Bocage’ landscape, a human-shaped habitat with water channels
and treelined riparian corridors divided by living hedges for
agriculture and livestock production. ‘Bocage’ landscape is located
at the Baixo Vouga Lagunar (3000 ha), where the Vouga River
meets the lagoon water body. The selected Ria de Aveiro Natura
2000 coastal area is classified as a Special Protection Area of ca. 515
km? from which ca. 40% are considered marine areas and is
classified as a Site of Community Importance. This recognises its
importance to the conservation status of the natural habitats of the
Mediterranean and, to a minor extent, Atlantic biogeographical
regions to which Ria de Aveiro belongs. This coastal area offers a set
of ES with significant associated socio-economic activities of high
economic value. Relevant examples are agriculture and livestock,
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FIGURE 1

Ria de Aveiro and its location in northwest Portugal. The map shows
the water bodies (WB) from the EU Water Framework Directive as
five transitional WB and one group of coastal WBs. These six
together with the terrestrial ‘Bocage’ landscape are defined as
landscape units in this study. They are shown in clockwise order: (1)
Ovar - WBS5, (2) Sdo Jacinto-Espinheiro - WB2, (3) Murtosa - WB4,
(4) Bocage - terrestrial, (5) ilhavo - WB3, (6) Mira - WBL, (7) Coastal -
WB?7.
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industry, traditional activities (e.g., salt production and bait
digging), tourism and recreation (e.g., sailing and surf), maritime
port activity, aquaculture, and commercial fishing, where the Aveiro
region plays an important role in the Portuguese fisheries market
(Lillebe et al., 2015; O’Higgins et al., 2019).

2.2 Data collection

2.2.1 Habitats

Five habitats were identified following the European Nature
Information System (EUNIS) from the European Environmental
Agency (Table 1 and Figure 2). These habitats were mapped in
ArcGIS v10.5 using database from the Long-Term Socio-Ecological
Research (LTsER) Ria de Aveiro platform and Sousa et al., 2017;
Sousa et al., 2019a; Sousa et al., 2019b. They correspond to five Ria
de Aveiro biotopes: (1) sand flats and beaches, (2) mud flats, (3)
seagrasses, (4) salt marshes, and (5) ‘Bocage’ landscape, including
the associated network of water channels.

Sand flats and beaches included littoral shores comprising sandy
and muddy sand with a relatively high degree of wave action. The mud
flats layer focused on littoral mud formed adjacent to salt marshes and
seagrasses. Seagrasses included intertidal Zostera noltei meadows on
littoral sediments adjacent to mud and sand flats (Sousa et al., 2019a;
Sousa et al,, 2019b). The saltmarshes layer covered saltmarshes and
saline reedbeds with additional layers differentiating the low Spartina
maritima (Curtis) Fernald, synonym of Sporobolus maritimus (Curtis)
P.M. Peterson & Saarela, and mid-high (e.g., Halimione portulacoides
(L.) Aellen, synonym of Atriplex portulacoides L., Juncus maritimus
Lam.) zonation. The list of the dominant species considered as salt
marshes layer is provided in Table 1. ‘Bocage’ landscape, including the
associated network of water channels, was placed in the agricultural
land of the Ria de Aveiro. Detailed description of the habitats is
provided in Table 1.

2.2.2 Human activities

Seven types of human activity and the pressures these activities
introduce to habitats were identified and mapped by combining
different sources of information (Supplementary Table 1). The
activity type and pressures were obtained from Borgwardt et al.
(2019). They identified activities from seven case studies, including
Ria de Aveiro. Ria de Aveiro experts/scientific community identified
activities from previous classifications from the European Habitats
Directive, WFD, and Marine Strategy Framework. The activities
were structured under primary activity types according to the
European Commission (EC, 2006). In this study, the selected
seven types of human activity were: (1) tourism and recreation,
(2) services, (3) aquaculture, (4) agriculture and forestry, (5)
commercial development and residential, (6) unintended impacts
from environmental management, and (7) multiple activities linked.
The spatial extent of consequences of these human activities is
provided in Figure 3. Description of the activities and pressures is
provided in Supplementary Table 1.

The activity called unintended impacts from environmental
management refers to the hydrological measures related with socio-
economic and agriculture activities. These were dredging actions to
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maintain the navigability of the lagoon water bodies, considering
both capital and maintenance dredging, extraction, and disposal of
the substrate; and a flood control infrastructure to disable saltwater
intrusion and sea level rise inundation into ‘Bocage’ agricultural
areas, including a flood bank, sea walls, and tidal sluices. The flood
bank is an embankment built in the 1990’s and its extension is
expected by 2030. It was designed to prevent surface saltwater
intrusion from Ria de Aveiro into agriculture fields. Supplementary
Figure 1 showed where the environmental management activities
take place, including dredging and flood control.

To add to the above-identified endogenous pressures, two well-
documented invasive alien species affecting the aquatic transitional
waters ecosystem and the ‘Bocage’ landscape were included as
exogenous pressures. The first corresponds to two lugworm species
(benthic macrofauna) grouped by the genus Arenicola (Arenicola
marina and Arenicola defodiens) and one species of flora, the
pampas grass (Cortaderia selloana). Once an alien species is
established, the way it spreads may be facilitated by other activities,
different from those responsible for the species’ introduction.

2.3 Habitat risk assessment

2.3.1 Terminology

The InVEST HRA tool utilizes an exposure-consequence
framework to assess cumulative risk posed to habitats by the
pressures produced by human activities. For clarity, in this
assessment: ‘Risk’ was measured as ‘exposure’ (probability of an
event happening, i.e., a habitat experiencing pressure from human
activity) concerning its potential ‘consequences’ (or impact, i.e., the

10.3389/fmars.2023.1086135

habitat-specific response to pressures), if the event was to occur.
Habitats at greatest risk were those that were less able to cope with
exposure to pressures produced by human activities.

2.3.2 Cumulative risk calculation

The habitat risk assessment InVEST HRA tool was applied to
calculate habitat risk as a function of the likelihood of the exposure
of each habitat to each pressure, and its consequence, which
depended on the impact of a pressure for each habitat (Arkema
et al., 2014; Sharp et al,, 2018). To assess the risk, two geospatial
layers were combined: EUNIS habitat distribution maps (Figure 1)
and human activity and pressures produced by human activities
(Figures 2, 3). Pressures were used as a proxy of stressors due to the
lack of stressors’ data. Together with exposure (E) and consequence
(C) scores for each habitat-pressure combination, these produced a
cumulative risk map at 50 m spatial resolution using the InVEST
version 3.8.0. 50 meters was determined through sensitivity testing
to be the most appropriate spatial resolution based on the data
quality and availability for Ria de Aveiro. The model computes the
scores through a weighted average of exposure and consequence for
each habitat-pressure interaction (Equation 1). Weighting is
obtained by scoring the data quality and the importance given to
each criterion. The formulas are given by:

S T P

C=

S T i

where e; and ¢; are the scores for the respective exposure or

E= (Eq. 1)

consequence criterion i, d; represents the data quality rating for
criterion i, w; the importance weighting for the criterion, and n the

TABLE 1 Description of the habitats evaluated by this study, with respective occupied areas, in square kilometres, at Ria de Aveiro (Portugal).

Habitats and
EUNIS code

EUNIS description

Sand flats and
Beaches* (15.31 km?)
A2.2, A2.22

Barren or amphipod-dominated mobile sand shores

Mud flats* (29.80 km?)
A23 Associated to polychaetes, bivalves and oligochaetes

Littoral shores, muddy sand, and sand flats with a relatively high degree of wave action.

Littoral and compacted mud formed adjacent to salt marshes and seagrasses, subject to freshwater and brackish/saline water influence.

Seagrasses*# (2.26
km?)
A2.61

Salt marshes* (60.38
km?)

A2.5, A2.53C, A2.535,
A2.554, A2.545

Coastal salt marshes and saline reedbeds
Separated in:

Seagrass beds of Zostera noltei (Hornemann, 1832) on littoral sediments adjacent to mud and sand flats.

Low salt marshes: Spartina maritima (Curtis) Fernald, synonym of Sporobolus maritimus (Curtis, P. M. Peterson & Saarela)
Mid-high salt marshes: e.g., Juncus maritimus Lam., A2.545 - Halimione portulacoides (L.) Aellen, synonym of Atriplex portulacoides L.,
Bolboschoenus maritimus (L.) Palla, Phragmites australis (Cav.) Trin, Sarcocornia perennis (Mill.) A.J. Scott, synonym of Salicornia perennis Mill.

‘Bocage’ and ditches*

(18.02 km?) maize, hay, and rice.

Mosaic landscapes bounded by living hedges including the associated network of water channels. The agrarian plots included the production of

X10 Associated with the biodiversity of the agricultural land of the Ria de Aveiro as it is a suitable habitat for birds of prey, reptiles, amphibians,

fishes, and mammals

* LTsER platform database; # Sousa et al., 2019a, Sousa et al., 2019b.

Habitats correspondence (code) is available from the EUNIS portal (https://eunis.eea.europa.eu/).

A2.5 - Coastal saltmarshes and saline reedbeds.
A2.554 - Spartina.

A2.535 - Juncus maritimus mid-upper saltmarshes.
A2.53C - Marine saline beds of Phragmites australis.
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number of exposure or consequence criteria valued for the habitat-
pressure interaction. As the weights are used to divide the effects,
this means that a factor with large importance should receive a
small value for the weight and vice versa.

For quantifying exposure, we scored four criteria: (1) spatial
and (2) temporal overlap between habitats and pressures, (3)
intensity of pressure, and (4) management strategy effectiveness
for reducing exposure. The model estimates the risk when there is a
spatial overlap between habitats and pressures. Otherwise, the
model assumes there is no risk, hence E = 0 and C = 0. For

10.3389/fmars.2023.1086135

quantifying consequence, we included seven criteria. Three were
sensitivity attributes: (1) change in area, (2) change in structure,
and (3) frequency of disturbance; and four were resilience
attributes: (1) natural mortality, (2) recovery time, (3)
recruitment, and (4) connectivity. The resilience attributes are
habitat (biotic) specific. The description and applied score of
these eleven criteria for exposure and consequence habitat-
pressureinteractions, are shown in Table 2. The maximum
criteria score was of 3, hence all parameters ranged from 1
(lowest risk) to 3 (greatest risk). The scoring was done following

0 25 5Km N | 0 25 5Km
|- A A) | |
rmmm
E)
C)
Aveiro p>
)
— Beaches
Sand flats [ Mud flats
0 1 2Km 1
’ ;\ Py}
A /
¥ (4 v
4
Salt marshes
B Low — Ditches
I Mid-high I Bocage

FIGURE 2

Selected habitats identified in the Ria de Aveiro: (A) beaches and sand flats, (B) mud flats, (C) seagrasses, (D) salt marshes (low and mid-high height)
and (E) '‘Bocage’ with associated ditches. The Aveiro city (red asterisk), counties (dashed line) and the Special Protection Area (black line) are also

shown.
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data sources including field observations, literature review and
expert opinion.

The model also allows assigning weights to score according to
data quality and importance of each criterion (Table 3). In this
study, we used the same criteria weights (moderately important, 2)
with some exceptions when we had data to validate it. For instance,
for seagrass habitat, intensity and management effectiveness criteria
of the pressure related to environmental trade-offs, seen as
unintended impacts from dredging, was scored as 1 because it
was cited as important criteria by stakeholders (Lillebo et al., 2019).
The individual exposure and consequence criteria, along with
scoring for the interaction ratings, data quality and attribute
weights by field site are shown in Table 4. These scoring were
done through expert judgement with working knowledge of the Ria
de Aveiro and marine ecology to rate all possible interactions. The
expert elicitation process was conducted in two stages, followed by a
final round for revision and consistency check. The methodology
followed a process based on iteration and feedback, in which
specific doubts were addressed at all stages by the experts (see
Teixeira et al, 2019 for more information about the expert
elicitation procedure).

As an alternative to assigning a single rating to a criterion that is
then applied to the whole study area, we used the spatially explicit
criteria feature of the InNVEST HRA tool. It allows to indicate spatial

10.3389/fmars.2023.1086135

variation in the habitat-pressure scores as Geographic Information
System layers when there is information on spatial variation in a
human activity which could influence the intensity rating of this
pressure. These spatially explicit criteria are vector or raster layers,
where each vector or raster value may contain a separate rating for a
particular area. For any criteria listed in the criteria scores, instead
of entering a single number for the rating, a path to a Geographic
Information System file may be entered instead, allowing the rating
for that criterion to vary across space. This information of the
pressures categories was produced by previous studies (see Lillebo
et al, 2019 and Borgwardt et al., 2019) and served to characterize
the spatial extent of different pressures such as physical change,
chemical change, and biological disturbance. In this study, the
direct effects of each human activity were translated into spatially
explicit criteria layers of exposure (i.e., intensity, management
effectiveness) and consequence attributes (i.e., change in
structure, recruitment) to characterize the direct effects of these
pressures and the impact on habitat. For example, the dredging
activities to keep the navigability in the lagoon causes unintended
impacts such as increased water velocity due to changes in the
system bathymetry. These changes have a different spatial explicit
impact in the interior and the fringe of the seagrass patches;
therefore, the intensity rate may be higher in the fringe and lower
in the interior.

Tourism &

recreation I Services

Agriculture
& forestry

Commercial

development Environmental

& residential managament

F \

Multiple activities linked to

invasive species
Arenicola sp.

— Cortaderia selloana

FIGURE 3

The spatial extent of consequences of the select human activities (from left to right): tourism and recreation, services, aquaculture, agriculture and
forestry, commercial development and residential, environmental management. Multiple activities linked to invasive species, and affecting selected

habitats are mapped.
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TABLE 2 Scoring and definitions for the exposure and consequence criteria.

Criteria Low risk High risk = Description
O] ©)
Exposure
Spatial <10% of 10-30% of >30% of The percentage of each habitat that overlaps with each pressure. The overlap by grid cells is
overlap habitat habitat habitat calculated by geospatial tools in InVEST.
overlaps overlaps with overlaps
with pressure with
pressure pressure
Temporal Co-occur 0- 4-8 months per | 8-12 months | The duration of time that the habitat and pressure overlap in space.
overlap 4 months year per year
per year
Intensity Low Medium High Exposure is also related to the intensity of a pressure. Example: an increase in dredging intensity will
increase the likelihood of biological and/or physical disturbance pressures to seagrasses.
Management | Very Somewhat Not effective | Effective management can limit the probability of negative impacts of pressures on habitats, thus
effective effective reducing exposure even where and when the pressures interact with habitats.

Consequence - sensitivity

Change in Low loss in Medium loss in = High loss in The percent change in extent of a habitat when exposed to a given pressure. Example: the
area area (<20%) area (20-50%) area (50- construction of a flood bank will determine the loss of salt marshes due to the lack of migration
100%) capacity.
Change in Low loss in Medium loss in | High loss in | The percentage change in structural density of the habitat when exposed to a given pressure.
structure structure structure (20— structure Example: the flood bank will impact the salt marshes community composition due to different
(<20%) 50%) (50-100%) tolerances of the species to salinity and immersion.
Frequency Frequent Intermediate Rare If a habitat is naturally perturbed in a way similar to the pressure, it may be more resistant to
of natural (daily to frequency (annually or | additional stress.
disturbance weekly) (several times less often)
per year)

Consequence - resilience
(habitat specific)

Natural >80% 20-50% 0-20% Habitats with high natural mortality rates are generally more productive and, therefore, more capable

mortality mortality mortality mortality of recovery.

Recovery <1 year 1-10 years >10 year Habitats that reach maturity earlier may be able to recover more quickly from disturbance. Here, we

time are referring to maturity of the habitat as a whole. Example: the seagrass species in Ria de Aveiro are
mostly in a vegetative state, therefore it will need more time to recover than a more mature
community.

Recruitment | Every< 1 Every 1-2 years | Every 2+ Frequent recruitment increases the chance that incoming propagules can re-establish a population in

year years a disturbed area. Example: in Ria de Aveiro, mid-high salt marshes are more established than low

salt marshes and will recruit incoming propagules more often.

Connectivity | High Medium Low Connectivity is relative to the distance a propagule can travel. Example: the vegetative state can be
dispersion dispersion (10- dispersion easily dispersed when close spacing of seagrasses patches occur, increasing the recovery potential by
(>100km) 100km) (<10km) increasing the chance that incoming recruits can re-establish a population in a disturbed area.

TABLE 3 Data quality and criteria weight scores. The data quality scores varied based on the source of information.

Data quality

High quality data (1) Adequate data (2) Limited data (3)
Data validated in the field (e.g., data set from the LTsER Ria de Aveiro platform Data generated through Data not scientifically validated, and therefore
georeferenced from scientific literature, data from the infrastructure Global modelling (e.g., potentially biased (e.g., qualitative data, citizen
Biodiversity Information Facility - GBIF) Copernicus data set) science, expert judgement)

Weight of criteria

Most important (1) Moderately important (2) Less important (3)
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TABLE 4A Rating of consequence criteria (resilience attributes).

Seagrasses Salt marshes Mud flats Beaches ‘Bocage’
Resilience attributes Rating DQ Weight Rating DQ Weight Rating DQ Weight Rating DQ Weight Rating DQ  Weight
recruitment 2 2 2 SEC 2 2 0 2 2 0 2 2 0 2 2
natural mortality 2 2 2 2 2 2 0 2 2 0 2 2 0 2 2
connectivity 2 2 2 2 2 2 1 2 2 1 2 2 0 2 2
recovery time 2 2 2 3 2 2 1 2 2 1 2 2 0 2 2

DQ- Data Quality; SEC- Spatially Explicit Criteria.
Parameters ranged from 1 (lowest risk) to 3 (greatest risk).

TABLE 4B Rating of exposure and consequence (sensitivity) criteria for the cumulative risk calculation given each habitat and human activity.

Environmental
management

Recreation Services Aquaculture Agricultural runoff Development

Invasive species

Buffer (m) 250 250 250 250 0 0
Criteria Rating = DQ Weight Rating DQ @ Weight Rating DQ Weight @ Rating DQ Weight Rating DQ @ Weight Rating DQ @ Weight Rating @DQ  Weight

freq. of disturbance 2 2 2 0 2 2 2 2 2 3 2 2 0 2 2 3 2 2 2 3 2

change in area 2 2 2 0 2 2 1 2 2 3 2 2 0 2 2 2 2 2 3 3 2

change in structure SEC 2 2 0 2 2 1 2 2 3 2 2 0 2 2 SEC 2 2 SEC 3 2
Seagrass

temporal overlap 2 2 2 0 2 2 1 2 2 1 2 2 0 2 2 SEC 2 2 3 3 2

manag. effectiveness 2 2 2 0 2 2 1 2 2 3 2 2 0 2 2 3 2 1 3 3 2

intensity 2 2 2 0 2 2 1 2 2 SEC 2 1 0 2 2 3 2 1 2 3 2

freq. of disturbance 1 2 2 0 2 2 2 2 2 3 2 2 0 2 2 3 2 2 3 2 2
Salt marshes | change in area 1 2 2 0 2 2 1 2 2 2 2 2 0 2 2 2 2 2 1 2 2

change in structure 1 2 2 0 2 2 1 2 2 2 2 2 0 2 2 2 2 2 1 2 2

(Continued)
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TABLE 4B Continued

Environmental

Recreation Services Aquaculture Agricultural runoff Development Invasive species
management
Buffer (m) 250 250 250 250 0
Criteria Rating DQ Weight Rating DQ Weight Rating DQ Weight Ratihg DQ Weight Ratihg DQ Weight Ratihg DQ  Weight Rating DQ = Weight
temporal overlap 1 2 2 0 2 2 1 2 2 1 2 2 0 2 2 SEC 2 3 3 2 2
manag. effectiveness 1 2 2 0 2 2 1 2 2 3 2 2 0 2 2 3 2 2 3 2 2
intensity 1 2 2 0 2 2 1 2 2 SEC 2 3 0 2 2 3 2 2 0 3 2
freq. of disturbance 3 2 2 2 2 2 1 2 2 2 2 2 3 2 2 3 2 2 2 3 2
change in area 3 2 2 1 2 2 1 2 2 1 2 2 2 2 2 3 2 2 2 3 2
change in structure 3 2 2 1 2 2 2 2 2 1 2 2 2 2 2 3 2 2 SEC 3 2
Mud flats
temporal overlap 3 2 2 2 2 2 3 2 2 1 2 2 1 2 2 3 2 2 3 3 2
manag.effectiveness 3 2 2 3 2 2 3 2 2 3 2 2 2 2 2 3 2 2 3 3 2
intensity 3 2 2 1 2 2 1 2 2 2 2 3 0 2 2 3 2 2 3 3 2
freq. of disturbance 3 2 2 2 2 2 1 2 2 0 2 2 3 2 2 3 2 2 0 2 2
change in area 3 2 2 1 2 2 2 2 2 0 2 2 2 2 2 3 2 2 0 2 2
change in structure 3 2 2 1 2 2 2 2 2 0 2 2 2 2 2 3 2 2 SEC 2 3
Beaches
temporal overlap 2 2 2 2 2 2 3 2 2 0 2 2 1 2 2 1 2 2 0 2 2
manag. effectiveness SEC 2 2 3 2 2 3 2 2 0 2 2 2 2 2 3 2 2 0 2 2
intensity 3 3 2 1 2 2 1 2 2 0 2 2 0 2 2 3 2 2 0 2 2
freq. of disturbance 1 2 2 1 2 2 0 2 2 1 2 2 1 2 2 0 2 2 2 3 2
change in area 1 2 2 1 2 2 0 2 2 1 2 2 1 2 2 0 2 2 1 3 2
change in structure 1 2 2 1 2 2 0 2 2 1 2 2 1 2 2 0 2 2 1 3 2
‘Bocage’
temporal overlap 1 2 2 1 2 2 0 2 2 2 2 2 1 2 2 0 2 2 2 3 2
manag. effectiveness 2 2 2 0 2 2 0 2 2 1 2 2 1 2 2 0 2 2 3 3 2
intensity 1 2 2 1 2 2 0 2 2 SEC 2 3 1 2 2 0 2 2 2 3 2

DQ- Data Quality; SEC- Spatially Explicit Criteria; frequency of disturbance and management effectiveness criteria appear with their abbreviation, freq and manag, respectively.
Parameters ranged from 1 (lowest risk) to 3 (highest risk).
Buffer distances by activity are shown.
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Two common methods for measuring environmental risk based
on expert judgement are Euclidean distance and multiplicative
functions. Cumulative impact mapping studies tend to use a
multiplicative approach (Halpern et al., 2008; Selkoe et al., 2009;
Ban et al, 2010), whereas ecosystem risk assessments typically
estimate risk as the Euclidean distance for each habitat-pressure
combination in risk plots (Patrick et al., 2010; Hobday et al., 2011;
Samhouri and Levin, 2012), which leads to a more precautionary
scoring and higher risk (Sharp et al., 2018). Therefore, we selected
Euclidean (straight-line) distance from the origin (minimum score)
to the average of criteria scores for exposure and consequence, to
estimate habitat risk (as in Arkema et al., 2014; Equation 2):

Rij:

0, E=0or C=0
(Eq. 2)

where R;; is the individual risk to habitat i caused by pressure j

{\/ (E-1%+ (C-1?%, E>0and C>0

and E and C are the respective exposure and consequence scores.
Regardless of the risk function selected, if a habitat and a pressure
did not overlap, the tool assumed that E = 0, C = 0, and therefore R
= 0 for the grid cell being evaluated. This is calculated per grid cell
by summing all risk scores for each habitat.

Finally, the InVEST HRA tool incorporates a buffer approach
that spatially estimates of zones of influence, namely, the distance
over which the effects of the pressure spread beyond its actual
footprint in the input pressure map. Thus, the model allows for the
specification of a decay equation, which is how the zone of influence
of a pressure will be applied to risk (it is applied before it enters the
risk equation, Equation 2). For example, roads and their impact
beyond a road’s physical location is represented as a buffer and then
the decay function to account for different levels of exposure for this
buffer. In this study, we applied a linear decay function because the
spatial overlap of each pressure was assumed to be reduced linearly
(degraded habitats over a larger distance) and not exponentially
(degraded to nearby habitats) from the footprint of the pressure to
the furthest extent of its zone of influence (Sharp et al., 2018).

2.4 Ecosystem-service potential: the
supply side

The InVEST HRA tool, apart from assessing the cumulative risk
posed to habitats by human activities, enabled the exploration of
where these pressures might compromise biodiversity and ES. To
obtain data on ES availability, we used the values reported by Lillebo
et al. (2019). Coastal-marine services included the biotic and abiotic
outputs from ecosystems following the Common International
Classification of Ecosystem Services (CICES V5.1 in Haines-
Young and Potschin, 2017) and were aggregated as a list of 10 ES
types for stakeholders’ elicitation purposes. ES were prioritized by
stakeholders’ elicitation. First, a questionnaire was prepared as an
online Google form to be filled in by each participant anonymously
to make pairwise comparisons of the ES to derive a ranking of
criteria for the different stakeholder groups. The scaling method for
ranking ES preferences was based on a Likert-type scale, using a five
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levels bidirectional ordinal scale, with an equivalent number of
negative and positive statements: much less important (1/4); less
important (1/2); equally important (1); more important (2); and
much more important (4). Each participant should qualitatively
rank the importance of each ES against the others (details on the
stakeholders’ elicitation process in Martinez-Lopez et al., 2019). ES
values by stakeholders were published for the provisioning,
regulation and maintenance, and cultural ES divisions
(Supplementary Table 2).

2.5 Habitat-ES vulnerability

The vulnerability score for each cell in the grid is obtained by
multiplying cumulative risk by availability for each cell in the grid:

V=RxA (Equation 3)

where V is the vulnerability, R is the cumulative risk score
measured by the HRA model (see Equation 2), and A the expert
judgement score on availability. The vulnerability score implied that
the highest vulnerability was obtained when a habitat with a high
potential to deliver ES was subject to higher levels of risk. Thus, the
higher the vulnerability score for a given grid cell, the greater the
potential loss of ES in that area (Willaert et al., 2019). We calculated
cumulative vulnerability and individual (V1 - V11) for each of the
10 ES groupings.

3 Results
3.1 Cumulative risk maps

The risk assessment classified the 50 m? results for each habitat
as either low, medium, or high based on the cumulative risk level
(Figure 4). Habitat areas at the highest risk level (relative to their
total area) were seagrasses (25.4%) and beaches and sand flats
(25%), followed by mud flats (23%), ‘Bocage’ (17%) and salt
marshes (7%). Four of the five habitats showed between 50-60%
of their area at medium risk, whereas beaches and sand flats were
only 32%. The habitats with the highest proportion of area in the
lowest risk classification were salt marshes and beaches (both 43%).
Regarding the seven landscape units, Sao Jacinto-Espinheiro WB2,
Mira WBI, and the coastal WB7 experienced the highest habitat
risk levels per unit area (Figures 4A-C). The exposure-consequence
risk plots revealed a significant driver of risk to mud flats,
seagrasses, and salt marshes (Figures 5B-D) from the
environmental management pressures (S4), either existing or to
be implemented by the year 2030. Interventions to maintain critical
economic activities such as shipping and transport are likely to have
unintended impacts to these habitats following dredging activities
(increase in water velocity and in tidal prism in submerged periods
that may experience further coastal squeeze, Martinez-Lopez et al.,
2019). Recreation activities were found to pose higher threats to
beaches and sand flats and mudflats (Figures 5A, B) due to high
intensity of use for water sports, engines of tourist boats, and
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FIGURE 4

Spatially explicit habitat risk assessment outputs, classified as high, medium and low risk. Bar charts show total area (km?) of habitat in each risk
category per landscape units. The habitats are (A) beaches and sand flats, (B) mud flats, (C) seagrasses, D) salt marshes, (E) '‘Bocage'. The landscape
units are the Y axis and their total area are (1) Ovar - WB5: 48.60 km?, (2) S&o Jacinto-Espinheiro - WB2: 95.98 km?, (3) Murtosa - WB4: 15.89 km?,
(4) '‘Bocage’ - terrestrial: 45.14 km?, (5) ilhavo - WB3: 17.06 km?, (6) Mira - WB1: 21.46 km? and (7) Coastal - WB7: 235.97 km?.

fishing. The highest risk posed by the three invasive (alien) species
was identified for seagrasses and mud flats, driven by high habitat
suitability for the invasive (alien) lugworm Arenicola spp. With one
exception, most of the pressures evaluated showed limited to no risk
to the ‘Bocage’ habitat. The invasive plant species, Cortaderia
selloana, showed higher level of exposure driven in part by the
high overlap since it is in this habitat where this species is most
present (Figure 5E and Table 4). Similarly, pressures from the
services sector (i.e., related to ballast water discharge, runoff from
roads and emissions) were found to be of concern in beach and mud
flat habitats due to poor management of marine shipping and
transportation activities (Figure 5A, B; Table 4). Agriculture

Frontiers in Marine Science

pressures posed a substantial risk in salt marshes and seagrasses

because of nutrient runoff in certain channels of the lagoon.

3.2 Vulnerability of ES supply

Provisioning, regulation and maintenance, and cultural services
are depicted as maps in Figure 6. Results showed the highest
potential for the regulation and maintenance category, while the
supply of provisioning services was lower throughout the Ria.
‘Bocage” was cited by stakeholders to supply fewer provisioning
services but was highly valued for regulation and maintenance
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Risk plots showing maximum consequence and exposure scores by habitats (A beaches and sand flats, B mud flats, C seagrasses, D salt marshes, E
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services. This high potential was also attributed to salt marsh and
seagrass habitats. Beaches were also highly valued, especially for
cultural services. Mudflats were the least valued habitat in terms of
the full suite of potential ES in Ria de Aveiro.

The vulnerability maps for the provisioning, regulation and
maintenance, and cultural ES indicated where the stocks of these
potential services are at greatest risk now and into the future. ES
vulnerability hotspots across the three ES divisions were identified
in the northern sections of the landscape (units 2, 5, and 6,
corresponding to the Sdo Jacinto-Espinheiro WB2, flhavo WB3,
and Mira WB1 subareas; Figure 7). The supply of cultural ES was
found to be most vulnerable in beach areas located south of the
lagoon inlet. This was driven by risk from recreational activities
(e.g., tourism boats, water sports) that, paradoxically, both
threaten and support the diverse cultural values that beaches
offer. These beach-going activities relate to physical and mental
health benefits and aesthetic enjoyment. The ‘Bocage’ showed
intermediate vulnerability for cultural services despite being a
highly valued habitat in terms of ES availability. Its vulnerability
was higher for regulating and cultural services than for
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provisioning. Mudflats were also found to be at the intermediate
vulnerability level for the provisioning services, which are
important for the regional food supply through harvesting
activities such as bait digging and shellfish collecting. Regulation
and maintenance services showed higher vulnerability scores in
seagrass habitats than salt marshes, despite high potential in the
latter for this service category.

4 Discussion

This research aimed to produce baseline information for EBM
by evaluating a future development scenario in 2030. The approach
combines a classical risk assessment framework with expert
judgement about the relative availability of ES in a Natura 2000
monitoring site. To this end, habitats, human activities, pressures,
and ES information provided by the stakeholders, government
reports and existing research were combined to evaluate
cumulative impacts spatiotemporally. This multi-step approach
represents a novel application of the InVEST tool, as previous
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FIGURE 6

Ecosystem-service supply maps for the Ria de Aveiro. Values are the cumulative sum of the availability scores obtained from expert valuation on the
identified habitats’ ecosystem services availability in three categories: provisioning, regulation and maintenance, and cultural. Scores were

normalized from O to 1. See Supplementary Table 2 for further detail.

assessments were mainly framed around a single management cycle
or policy objective.

4.1 Extensions of the InVEST HRA

Previous applications of the InVEST HRA leveraged diverse
data sources and even used the tool in combination with other
methodologies, e.g., ES and coastal zone management in Belize
coast (Arkema et al, 2014); marine spatial planning in the
Northeast and Mid-Atlantic Ocean regions in the United States

(Wratt et al., 2017); statistical analysis of ecology and conservation
policies interactions in South Korea coastal area (Chung et al,
2015); InVEST HRA and coastal vulnerability models in Brazil
(Elliff and Kikuchi, 2017); Marxan habitat prioritization software in
California coastal area (Studwell et al., 2021); spatially explicit
criteria based on marine biodiversity habitat suitability maps
(Verutes et al., 2020) or habitat connectivity metrics in Iran
inland (Ghehi et al., 2020). All these approaches confirm the
diversity of options when applying the InVEST HRA tool. In this
study, the InVEST HRA tool was applied to assess the risk that
habitats involving coastal and terrestrial are due to the pressures

0-0,101-02 0,2-03 0,3-05
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05-1
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FIGURE 7

Ecosystem-service vulnerability in the Ria de Aveiro. Maps show the vulnerability scores obtained by multiplying cumulative risk by ecosystem
services availability (normalized from 0 to 1). Each panel shows one of three ES categories.
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produced by human activities, and to identify opportunities for
EBM that can be applied to improve adaptative management. Yet,
there are known limitations regarding the direct comparison of
results because the risk outputs are relative ranks and use a unitless
scoring system. This confirms the tol's baseline characterization,
monitoring, and evaluation utility.

In Europe, Willaert et al. (2019) considered the EBM
perspective and, like Cabral et al. (2015), by assessing the
vulnerability of marine benthic habitats (EUNIS) and their
potential ES to physical, chemical, and biological pressures
identified by the Marine Strategy Framework Directive. Both
studies translated these data into indices that characterize the
vulnerability of these habitats when supplying ES in France and
Portugal, respectively. Further, Caro et al. (2020) analysed the
InVEST HRA and ES abundance data as a resilience descriptor in
a Portuguese estuary. Our approach extended these European
studies by applying the model at the local scale (the Ria de Aveiro
Natura 2000 coastal zone comprises 330 km?) and producing high-
resolution data (outputs at 50 m> grid cell size) to inform EBM
management cycles with a spatiotemporally explicit decision-
support tool.

4.2 Setting the stage for EBM

Building on the initial ES vulnerability assessment in Ria de
Aveiro, the methodology is meant to be replicated as new
information becomes available. To showcase an approach to EBM
in the region that can be guided by an open-source, spatially explicit
risk assessment tool, we followed a stepwise approach to address the
following questions: (1) Which human activities pose the greatest
risk to habitats in the near term (2030)? (2) How might these
pressures compromise the future delivery of ES in a Natura 2000
site? (3) What management options might minimise risks? Below
we summarise the most salient findings during the three steps of our
analytical approach.

Step 1. The human activities that pose significant pressures to
the habitats of Ria de Aveiro by 2030 are primarily driven by
environmental management objectives. These measures are in place
to support economically essential activities such as the dredging of
navigation channels and flood control infrastructure extension, as
detailed in Lillebo et al. (2019) and Martinez-Lopez et al. (2019).
Despite these activities, they all comply with existing environmental
policies and regulations, including monitoring program
requirements for flora, fauna, and water quality. Agriculture
activities also act as pressure due to nutrient runoff to the lagoon
contributing to the nitrogen load, which is usually the limiting
nutrient in brackish/marine aquatic environments This pressure is
most notably in the upper reaches of the lagoon system. This
finding aligns with Lopes et al. (2017), where low freshwater
input into the lagoon and certain oceanic conditions can lead to
exposure from non-point nitrogen sources with current land use
and water management. On a unit-area basis, seagrass habitats were
estimated to have some of the highest risk levels in the study area
(Figure 4C). Caro et al. (2020) also identified seagrasses as habitat at
high risk in the Mondego estuary anticipated impacts on ES, located
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ca. 50 km south of Ria de Aveiro. Both results align with the
downward trend in seagrasses distribution globally (Turschwell
et al,, 2021). The highest cumulative habitat risks were revealed
for three landscape units: the coastal one, the Sdo Jacinto-
Espinheiro, and Mira (bar charts in Figure 4C). In addition to
direct human pressures, beaches and sand flats of the coastal zone
are exposed to storm-induced erosion and, consequently, are at risk
of collapse r’due to overtopping induced by storm waves (Duck and
da Silva, 2012). The Séo Jacinto-Espinheiro water body is primarily
exposed to ecohydrological effects of dredging the inlet that increase
the tidal prism in the entire system, aggravated by the backwaters
(Picado et al., 2010; Azevedo et al., 2013). In these conditions, the
flood bank will inhibit the saltmarshes’ adaptation to changes in the
hydrological regime, because they cannot shift landward,
endangering them due to increasing submergence times
(Martinez-Lopez et al., 2019). Mira Channel is described as a
subsystem: narrow and shallow as an estuary, where bait-digging
activities and oyster production occur (Cunha et al, 2005).
Invasive-alien species of lugworm (Arenicola marina) was first
recorded in Ria de Aveiro in 2009 (Pires et al., 2015) and have
driven seagrass fragmentation, degradation, and loss. The lugworm
distribution (in our study, two lugworm species are grouped by the
genus Arenicola) at Ria de Aveiro has been increasing since then
and, therefore, restoration actions have been implemented to
decrease the pressure due to bioturbation activity of Arenicola spp
and restore fragmented seagrass meadows (Costa et al., 2022).
Step 2. The second step estimates where and to what extent the
future delivery of ES in a Natura 2000 site may be compromised.
The coastal-marine habitats that deliver ES in Ria de Aveiro should
be in a good environmental status to continue supporting the flows
of life- and livelihood-giving services. The EU recognizes the
natural capital stocks of this region through a designation of Sites
of Community Importance, which highlight the need to maintain
and enhance ES in the area. According to our results, regulation and
maintenance services were the most vulnerable service values, while
provisioning services were the least vulnerable. This approach is
based on quantifying ES to represent vulnerability, and recently,
Peng et al. (2023) proposed an indicator-based framework to face
the imbalance in the representation of social and ecological systems.
Spatial planning tools, such as the HRA tool employed in Ria de
Aveiro, can guide habitat protection and restoration efforts to areas
that will safeguard the most vulnerable services. The cumulative risk
maps show spatially the area of the habitats with the highest risk,
which are informative to guide where protection is urgent. This
form of EBM aligns with EU and UN policy targets that aim to
prevent, halt, and reverse the degradation of ecosystems worldwide.
Step 3. The third step identifies management options that are
likely to reduce risk. Initially, we searched for overlap between areas
of high ES availability and the greatest threat to habitats that supply
these services (vulnerability assessment, step 2). Then, we
confirmed which activities drive risk to those habitats and
locations (HRA, step 1). Based on our findings, efforts could be
prioritized to mitigate the unintended impacts of ongoing
environmental management. Unfortunately, many of these
impacts result from indirect effects, meaning they are not
localized to the activity footprint. For example, the flood bank
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extension by 2030 is expected to increase coastal squeeze. This flood
control measure does not violate Portuguese or EU environmental
regulations despite the unintended consequences.

Alternatively, other environmental management activities, such
as the direct effects of dredging, present substantial risk to
proximate seagrass beds (near maximum exposure score in some
areas; Figure 5C, Table 4). Management of dredging has improved
significantly through improved ability to predict the spatial extent,
however, the susceptibility to environmental changes caused by
dredging to seagrasses is not well understood (Erftemeijer and
Lewis, 2006). Given the seagrass biotype’s importance to ES
(regulating and cultural values; Supplementary Table 2),
management interventions should aim to reduce seagrass risks
from dredging and other human pressures. Ultimately, the
unintended impacts from environmental management can be
further monitored and analysed to confirm their status and
update the findings of this vulnerability assessment over the
near term.

4.3 Limitations and assumptions

All models have advantages and disadvantages. When applying
the InVEST HRA tool, the following limitations should be
considered. Caro et al. (2020) highlighted that the HRA misses
detecting the potential increase in vulnerability that comes from
impacts to ES that are highly demanded by beneficiaries and
decreases in susceptibility of those habitats that safeguard more
abundant supplies of natural capital. This is likely due to how the
HRA assumes a priori additive effects of human pressures (Arkema
et al,, 2014). Therefore, a future option to consider synergistic or
antagonistic interactions based on multiple pressures could improve
ecosystem risk assessment (Studwell et al., 2021). Samhouri and
Levin (2012) applied a classic risk-assessment framework to
regional populations of indicator marine species. They found it
helpful to validate the risk scores with alternative sources, such as
extinction thresholds or measures of irreversible harm. Another
potential HRA model limitation relates to data availability, quality,
and uncertainty. Wyatt et al. (2017) raised concerns that the HRA
outputs are conditioned on the choice of habitats, pressures, and the
area of interest and that the approach is built upon a subjective
system (i.e., derived from expert elicitation) for scoring the
exposure and consequence criteria.

Our study overcame many of these limitations by leveraging the
best available information and detailing all sources of information
(see Supplementary Table 1). Similar to the challenges experience
by Cabral et al. (2015), it was difficult to harmonize certain pressure
data sets (e.g., sightings of invasive species) due to disparate
information sources collected at different spatial and temporal
scales. Chung et al. (2015) recommends the use of in-situ field
data to improve the accuracy and reliability of spatial assessments
and establish accurate statistical models. When time and resource
constraints make this impossible, the HRA tool enables scoring of
data quality (d;) based on the source of information and the
confidence in the data accuracy. Knowledge gaps can also be
addressed through variable weights (w;) that impact the
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importance placed on a criterion through a weighted average.
Our approach in Portugal leveraged diverse research methods to
assemble spatially explicit information at the local scale and an
interdisciplinary team with intimate socio-ecological knowledge of
the region to characterize and account for data uncertainty.

While we did not analyse alternative management options in
this study, habitat risk and ES vulnerability outputs provide a future
roadmap for monitoring and evaluation as additional data are
collected about the future 2030 scenario and beyond. With a solid
foundation of expert knowledge and InVEST HRA inputs, this
approach in Ria de Aveiro can be revisited over time to respond to
changes in habitat-pressure interactions that reflect new knowledge
and insights (Wyatt et al., 2017), as is typical with EBM
management cycles. This framework offers a transparent and
generalizable approach that can be applied in most places where
human activities threaten biodiversity and ES.

5 Conclusions

We applied a spatially explicit risk assessment for coastal
habitats due to pressures produced by human activities. It was
combined with expert judgement on the importance of the habitats
delivering ES to establish baseline knowledge for future risk
management to vulnerable ES. The highest levels of risk were
found in seagrasses, salt marshes and mudflat habitats due to the
unintended consequences of existing and proposed environmental
management measures (flood control and dredging) that pose high
risk to the diverse ES they provide. Regulation and maintenance
services were the most vulnerable services, while provisioning
services were the least vulnerable. Over time, and as new
information becomes available, this research sets the stage for
additional assessments that identify changes in the risk estimates
based on alternative scenarios for managing human activities and
their direct effects on critical coastal-marine biotypes. The co-
development of spatial explicit scenarios to characterize human
pressures as drivers of change enables more accurate estimates of ES
vulnerability that can be iteratively refined with robust data and
socio-ecological knowledge. To this end, our demonstration in a
Natura 2000 monitoring site is meant to guide future evaluation and
transparency in support of EBM and its management cycles in Ria
de Aveiro.
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Coastal wetlands provide extensive ecological services for life on Earth but are
facing rapid global disappearance influenced by human activities and climate
change. From 1984 to 2018, approximately 28% of the natural coastal wetlands in
China were lost due to seawater intrusion, reduced sediment acquisition,
urbanization, and reclamation. Tiaozini wetland used to be reclaimed during
2010-2019, and quickly shifted for conservation with less than 3 years. We
analyzed 3 years of top-down eco-governance and bottom-up activities in
Tiaozini, one of the typical wetlands with wise use instead of reclamation.
Collaboration of stakeholders, such as the management company, local
residents, tourists, scientific committees, NGOs, and media, facilitated the wise
use of Tiaozini wetland as a successvie way towards eco-governance, including
public participation and environmental education. Adaptive management,
ecosystem-based management, and natural-based solutions play very
important roles in eco-governance from both bottom-up and top-down
approaches. Results showed that 3-year eco-governance induced great
achievements in both biodiversity conservation and ecotourism development,
which outweighs the 10-year reclamation for coastal wetlands exploitation.

KEYWORDS

coastal wetlands reclamation, wise use, wetlands restoration, biodiversity conservation,
eco-governance, ecotourism, the Tiaozini Wetland

1 Introduction

Coastal wetlands are distributed across all continents, except Antarctica, in low-energy
tidal environments (Campbell et al., 2022) and provide immense ecosystem services for
humanity. However, the long-term and continuing losses of natural wetlands have been
confirmed by previous studies (Davidson, 2014; Davidson and Finlayson, 2018; Wang et al.,
2020, Wang et al., 2021a; Murray et al., 2022), with drivers of drainage (Zuo et al., 2013;
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Watson et al., 2017), eutrophication (Deegan et al., 2012), sediment
availability (Kirwan et al., 2011), sea level rise (Kirwan and
Megonigal, 2013; Spencer et al., 2016) and anthropogenic
pressure (Murray et al.,, 2022) being the main responsible factors.
China’s total coastal wetlands decreased by approximately 28%
from 1984 to 2018, comprising tidal flats (non-vegetated), salt
marshes, and mangrove forests (Wang et al., 2021a), and the
policy on Reclamation of More Lands from the Sea in China
caused 7% of natural coastal wetlands loss from the 1970s to 2007
(Zuo et al,, 2013). Nevertheless, the Blue Bay Remediation Action,
which was issued in May 2016, shifted the coastal development
policy to restoration approaches at the national level. As a result, the
exploitation of coastal wetlands has been halted since then, with a
new focus on rehabilitation and conservation.

The Ramsar Convention on Wetlands was signed by national
governments in Ramsar, Iran, in 1971 as a global measure to stem
the declining state of the world’s wetlands and the implications of
this for resident and migratory wetland species (Gell et al., 2016).
The Ramsar Convention already put forward the fundamental
baseline of the wise use and sustainable development of wetlands
based on ecosystem-based approaches (Finlayson et al., 2011).
What kind of wetland use is wise use? Tiaozini wetland used to
be an experimental zone of Yancheng Biosphere Reserve, which is
also a Ramsar Site and one of the wintering grounds of Red-
crowned cranes in China. The Tiaozini wetland is one of the
typical wetlands undergoing sharp conversion from exploitation
to conservation, receiving real benefits in many prospects, such as

being approved at the 43™

World Heritage Conference as the core
area of China’s Yellow Sea Migratory Birds Habitat (Phase I) on July
5, 2019. As the first intertidal wetland heritage site in China, the
Tiaozini Wetland plays one of the key roles in presenting the
current restoration and protection policy, which reinforces its
biodiversity conservation in contrast to the former reclamation.
With comprehensive eco-governance and the development
pathway of ecotourism, it provides us with a typical example of
wise and sustainable use of wetlands during the shift from wetland
reclamation to conservation.

Till December 2022, there were 1,154 World Heritage sites
globally, with 56 World Heritage sites in China, including 38
cultural heritages, 14 natural heritages, and 4 natural and cultural
heritages (https://whc.unesco.org/en/list/). Thus, since 2019,
Tiaozini has faced a sharp transition from reclamation to
ecological conservation as a World Heritage site. With rapid
economic development, population growth, and land demand in
this century, this wetland has long been considered a potential area
for reclamation. Fortunately, the Tiaozini Wetland, with its
outstanding universal value for biodiversity conservation, survived
the reclamation stage and was transformed into a protected area (Ye
and Sun, 2021; Hu et al.,, 2022).

Based on the published literature, field interviews, and remote
sensing technique, we analyzed the land use changes that happened
due to top-down governance (those established by the government,
including policies both on reclamation and eco-tourism in general)
and bottom-up activities (those established by Tiaozini Scenic Spot
Management Company, market-oriented, mainly about the
planning and implementation of specific objects) in the Tiaozini
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Wetland since 2010. Ecotourism benefits were analyzed with yearly
data in 2021. We aim to report the successful restoration and
development path within three years of ecotourism after 10 years of
reclamation, a shift that can be copied and recommended for
sustainable development in other protected wetlands.

2 Study area and data analysis

2.1 Study area

The Tiaozini Wetland is located on the coast of Yancheng City,
Jiangsu Province (Wang et al., 2022). It is located in the subtropical
monsoon zone, with an average annual temperature of 14 ~15°C
and precipitation of 1,060 mm (Zhan et al., 2021). The wetland
covers contiguous non-vegetated mudflats and salt marshes covered
with Suaeda salsa, Spartina alterniflora, Phragmites australis, etc.
The study area includes the vast mudflats, salt marshes, and the
Tiaozini reclamation area (Figure 1), with a total area of 591.41 km?.
The Tiaozini reclamation area starts from the Liangduo River in the
north and ends at the Fangtang River in the south.

Both the Yangtze River and the Yellow River (1128-1855) used
to join the Yellow China Sea. Huge amounts of sediments fed into
the Yellow Sea, contributing extensive silty and muddy tidal flats
along the Yancheng coast and huge radial sand ridges filed to the
South Yellow Sea. The wetland lies just behind the core of radial
sand ridges with active sediment exchange and noticeable siltation.
Tiaozini once produced an extensive land for reclamation that, due
to sand acquisition, benefited annually from a 100 m width increase
of the intertidal area (Ding et al., 2011; Figure 2). Now, due to its
unique geographical location and food supply with large amounts of
macrobenthos, the Tiaozini Wetland has become an important
stopover, wintering, and breeding ground for millions of migrating
waterbirds on the East Asian-Australasian Flyway (EAAF; Chen
et al, 2015; Wen et al,, 2020; Wang et al., 2021b). It has attracted
some globally critically endangered species, such as the Calidris
pygmaea, which uses the area for more than 2 to 3 months as a
moulting ground (Peng et al., 2017; Cao et al., 2019; Gao et al., 2021;
Hu et al., 2022).

2.2 Data source and data processing

We collected four satellite images of the Tiaozini Wetland,
covering the periods of 2010, 2014, 2018, and 2022 (data source:
EarthExplorer, https://earthexplorer.usgs.gov/). All satellite images
were selected to coincide with the growing season of wetland
vegetation (Suaeda salsa, Phragmites australis, and Spartina
alterniflora) from May to October, at low tide and with less haze,
representing the best available data for the purpose of this study.
However, most of the images from May to October 2018 do not
match the requirements (both low tide and low haze). We selected
the satellite image acquired on 24 December 2018 with a clearer
image. Data details are shown in Table 1.

Satellite images were corrected using on-site positioning as a
reference. According to the distribution of 20 control points on each

frontiersin.org


https://whc.unesco.org/en/list/
https://earthexplorer.usgs.gov/
https://doi.org/10.3389/fmars.2023.1147106
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Liang et al. 10.3389/fmars.2023.1147106
70°0'0"E 95°0'0"E 120°0'0"E 121°0'0"E 121°10'0"E
N
g
=
4
2
\ 0 5 10km |,
e E— £
z s
: F
> o
z o
3
z
::_ 720 Habitat in the Upper
g Part of Intertidal Zone
£
:
g - W z
4 0N U :
H
&
) Eai °
z 3 N Seawater Mudflats Phragmites australis [JJll Roads
: =
E ~
& N Jiangsu ol [0 Brackish water [l Suacda salsa [ Farmland
B River B sportina atterniftora [ Aquaculture ponds
116°0'0"E 120°0'0"E 121°0'0"E 121°10'0"E
FIGURE 1

Map of the location and land use types of the study area, showing the 720 Habitat in the Upper Part of the Intertidal Zone (720 HUPIZ, red dot). 720
means 720 mu (0.48 km?, 1 km? = 1 500 mu, mu is the area unit used in China).

image, quadratic polynomials were applied to the correction
equations. All images were then resampled to a resolution of 30
mx30 m with a root mean square error of <1 pixel. In-situ
verification was conducted in the study area with 95% accuracy.
Based on the interpretation of these four images, landscape-type
data were obtained by supervised classification in ENVI 5.3
software. Overlay analysis was performed in ArcGIS 10.8 software.

In order to learn about the development history and status of
the Tiaozini Wetland, we performed a systematic review of
the literature through CNKI (China National Knowledge
Infrastructure, a Chinese journal full-text database), Web of
Science, Elsevier ScienceDirect, SpringerLink, etc., and carried out
field investigations in December 2021, March 2022, and August
2022. We also conducted oral interviews with over 20 stakeholders
of the Tiaozini Wetland, including management committee officials,
ecological photographers, NGO staff, tourists, and fishermen. The
tourism data were obtained from the Tiaozini Scenic Spot
Management Company and analyzed by Excel.

In April of
2014, the Step
Iwith a total
area of 67.73

September 42010, completed
Jiangsu Province

published “Outline of

Jiangsu Coastal Tidal

November 17,2018,
Yancheng included
Tiaozini in the
nomination list of World

| Natural Heritage Site

3 Results

3.1 Background: land use analysis

In general, the Tiaozini reclamation area was mainly used as
farmland and aquaculture ponds according to its former planning.
The morphology of the intertidal zone changes annually with the
strong influence of storm surges. However, the native vegetation is
distributed from the land to the sea with a gradient effect. For
instance, Suaeda salsa grows mostly in the upper part of the
intertidal zone and only distributes in the northern and southern
parts of the reclamation area after artificial transformation.
Phragmites australis distributes along the man-made seawall road
inside the reclamation area with fresh water supply, while Spartina
alterniflora forms a single dominant vegetation in the middle and
lower parts of the intertidal zone, outside of the road adajacent to
the sea directly. We divided the study area into 10 types based on
land use, including seawater (SW), brackish water (BW), river

As of July 5, 2019, Migratory
Bird Sanctuarics along the
Coastof Yellow Sea-Bohai
Gulf of China (Phase I) had
been declared as a World

| Heritage Site by UNESCO

Tiaozini management
company improved
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development plan

December 14,
2021, Tinozini
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Yancheng City
officially started the.

Yellow Sea Wetland
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19705

2010

FIGURE 2

the Internal Construction Phase |

Under the development model of China’s

and Tiaozin was

In February.
2019, Yancheng.
established a
municipal
wetland park

Since 2020, a series
of wetland restoration
and environmental
remediation activities
were implemented

Tiaozini designed
diverse brand activities
and tourist route.

the Shift Phase

‘Taking advantage of the brand of World Heritage,
Tiozini vigorously developed ecotourism based on

2018 conservation

2022

The milestones, processes, and political context of the Tiaozini development, including four main phases: the Beginning of Reclamation (1970s-2010),
the Reclamation Phase (2010-2014), the Internal Construction Phase (2014-2018), and the Shift Phase (2018-2022).
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TABLE 1 Basic information of chosen remote sensing images.

Acquisition date Path
2010-10-31 119
2014-10-26 119
2018-12-24 119
2022-09-06 119

10.3389/fmars.2023.1147106

Row Data source Resolution (m)
037 Landsat 5 TM 30
037 Landsat 8 OLI 30
037 Landsat 8 OLI 30
037 Landsat 9 OLI-2 30

(RIV), mudflats (MF), Suaeda salsa (SS), Spartina alterniflora (SA),
Phragmites australis (PA), farmland (FL), aquaculture ponds (AP),
and roads (RD).

Figure 3 shows the land use changes in temporal and spatial
scales during 2010-2022. The landscape of Tiaozini has changed
significantly from 2010 to 2022 on the temporal scale (Table 2).
Mudflats, as the dominant natural wetlands, declined from 249.80
km® to 94.67 km” with a 62.11% loss from 2010 to 2022. The land
cover of brackish water, Suaeda salsa, Phragmites australis, and
roads increased significantly during 2010-2014, which is called the
reclamation phase (Figure 2). In 2014, a dike or seawall with a
length of 27.78 km could be clearly identified. The terrestrial part
inside of the seawall was converted to artificial wetlands for
aquaculture and agriculture. During the period spanning from
2014 to 2018, we referred to it as the internal construction phase
(Figure 2). This phase witnessed various companies renting
individual aquaculture ponds. The area of farmland increased by
14.03 km?, aquaculture ponds increased by 16.82 km?, and roads
increased by 7.00 km” in 2018 compared to 2014. Suaeda salsa
covered an area of 4.32 km?, with a reduction of 56.45% since 2014.
Phragmites australis habitat increased to 3.46 km® due to the

construction of ditches within the reclaimed area. From 2018 to
2022, adaptive management for ecotourism and biodiversity
conservation resulted in less landscape change in the reclamation
area and almost no increase in artificial landscapes. We named this
period the shift phase (Figure 2). Spartina alterniflora expanded to
17.58 km? outside the reclamation area in 2022. Besides, Suaeda
salsa decreased by 8.80% and Phragmites australis increased by
3.20% compared to 2018. The most significant shift in the area was
the purchase by the Coastal Development Corporation of use rights
related to 720 habitats in the upper part of the intertidal zone
(Figure 1). Dongtai Coastal Wetland Tourism Resort Economic
Zone Management Committee, which organizes the scenic spot for
ecotourism and conservation, purchased the use rights of the 720
mu artificial wetland for shorebird conservation from the Coastal
Development Corporation in 2020. The event made an outstanding
mark between use rights and ownership of biodiversity
conservation among Tiaozini wetland-owned stakeholders.
Significant changes could be observed in the last 12 years
(Figure 4). In the reclamation phase of 2010-2014, 4.70%, 2.49%,
1.62%, 0.02%, and 1.51% of mudflats were converted to brackish
water, Suaeda salsa, Spartina alterniflora, aquaculture ponds, and

4
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FIGURE 3
Land use changes in Tiaozini from 2010 to 2022.
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TABLE 2 Statistics of land use changes from 2010 to 2022.

10.3389/fmars.2023.1147106

Year 2010 2014 2018 2022
Landscape Area Proportion Area Proportion Area Proportion Proportion
aIse (km?) (%) (km?) (%) (km?) (%) (%)
SW 311.52 52.67 268.47 45.40 283.92 48.01 402.72 68.09
BW 0.00 0.00 14.68 248 7.82 1.32 9.86 1.67
RIV 0.64 0.11 0.64 0.11 0.64 0.11 0.64 0.11
MEF 249.80 42.24 264.57 44.74 221.56 37.46 94.67 16.01
SS 245 0.41 9.92 1.68 4.32 0.73 3.94 0.67
SA 14.34 2.42 14.02 2.37 13.00 2.20 17.58 2.97
PA 0.09 0.01 0.26 0.04 3.46 0.59 3.57 0.60
FL 4.61 0.78 4.39 0.74 18.42 3.11 20.41 345
AP 5.74 0.97 5.72 0.97 22.54 3.81 22.15 3.75
RD 2.24 0.38 8.74 1.48 15.74 2.66 15.88 2.69

roads, respectively. Other landscape types changed less. During the
internal construction phase from 2014 to 2018, the area of brackish
water and mudflats decreased due to internal construction in the
Tiaozini reclamation area. The area of Suaeda salsa marsh changed
with 6.89%, 1.41%, 10.94%, 24.84%, 33.50%, and 12.80% of the area
being transferred to brackish water, mudflats, Phragmites australis,
farmland, aquaculture ponds, and roads, respectively. The area of
Spartina alterniflora marsh was less changed. However, the
Spartina alterniflora community had been moved out of the
reclamation area, which had spread widely on the mudflats
adajacent to the sea dike. Moreover, farmland, aquaculture ponds,
and roads gained more land from brackish water and mudflats in
the reclamation area. The great shift phase of 2018-2022
experienced a sharp conversion for wetlands use and

management. Therefore, the landscape tended to be much more
stable in the reclamation area. The majority of mudflats turned to
seawater, which was impacted by the rising tides. During the 2018-
2022 major shift phase, there was a sharp change in wetland use and
management. Therefore, the landscape in the reclamation area
tended to be much more stable. Most of the tidal flats were
transformed into seawater, which was affected by the rising tides.
Spartina alterniflora spread to 5.81 km? along the intertidal zone. In
particular, the 720 HUPIZ was first designated as permanent habitat
for shorebirds, especially migratory birds in the East Asian-
Australasian Flyway, with artificial water level mitigation and
food supply.

It was observed that mudflats transferred to other land use types
in general. After 2014, when phase I of reclamation was completed,

RIV RIV
] l;l \ = [ BW
MF

MF

SS

SA
PA

FL
AP
RD

2010

FIGURE 4

Land use transition in Tiaozini from 2010 to 2022, drawn according to Table 2. Bolder lines indicate a bigger transfer.

2022
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mudflats outside the seawall were in a state of natural change,
almost free from artificial interference. Therefore, the year 2014 was
the time when the sea dyke was finished. More intertidal mudflats
were converted to Spartina alterniflora marsh with natural
expansion, while other parts inside the reclamation area were
shifted to farmlands, aquaculture ponds, and roads due to
intensive infrastructure construction by the Coastal Development
Corporation. For salt marshes, which include Suaeda salsa, Spartina
alterniflora, and Phragmites australis, the total area increased by
20.74% in 2022 compared to 2018. When the Tiaozini Wetland was
nominated as a World Heritage site in 2018, the large, contiguous
mudflats and high carbon-storage salt marshes of the Tiaozini
Wetland finally survived potential reclamation. Hence, its unique
charm has the opportunity to attract more tourists and also provide
rich ecosystem services for local organisms and biodiversity.

3.2 Top-down eco-governance: rapid
transformation and adaptive management

The reclamation of Tiaozini began in the 1970s with the national
policy of More Land from the Sea (Ding et al., 2011; Wang et al., 2012;
Li et al,, 2016). At the beginning of this century, land resources in
Jiangsu Province became scarce. Reclamation of coastal wetlands
turned to land reserve resources for ports, industrial parks, or
aquaculture ponds with urbanization and industrial development.
In June 2009, Jiangsu Coastal Area Development Plan was approved
by the State Council of the People’s Republic of China. Therefore,
land acquisition from the sea had accelerated since the Provincial
Bureau issued the Outline of Jiangsu Coastal Tidal Flats Reclamation
and Development and Utilization Planning (2010-2020) in 2010
(Zhang et al., 2013; Li et al,, 2015; Xu et al,, 2017; He et al,, 2021).
The outline clearly stated three stages for Jiangsu coastal tidal flats
reclamation, with the objective of acquiring 1800 km? of land in the
radial sand ridges. The Tiaozini Wetland was primarily listed in the
first development stage for 230.67 km? of land reclamation with three
steps. As Figure 3 shows, the project finished Step I of 67.73 km? of
lands from the intertidal zone in 2014, mainly for the usage of
aquaculture and agriculture, covering the interconnecting beach
between Liangduo Estuary and the north side of Fangtang River
sluice (Wang et al,, 2012; Li et al, 2016; Sha and Wang, 2021; Yu
et al., 2022).

During the internal construction phase, the national coastal
development strategy shifted from exploitation to conservation and
restoration. The 18" National Congress of the Communist Party of
China incorporated ecological civilization construction into the
five-sphere Integrated Plan for building socialism with Chinese
characteristics, setting the goal of building a beautiful China. The
congress also made it clear that China should “enhance its capacity
to utilize marine resources, develop marine economy, protect the
marine ecological environment, resolutely safeguard China’s
maritime rights and interests, and build itself into a maritime
power”, marking the construction of marine ecological civilization
being elevated to the height of national strategy (Xu et al., 2016; Ma
et al., 2021; Huo et al., 2022; Lei et al., 2022; Li et al., 2022; Zhang
etal., 2022). Since then, China had made a series of important plans
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for ecological civilization construction at the national level, such as
the Implementation Plan for Marine Ecological Civilization
Construction, Suggestions for Establishing the Marine Ecological
Red Line System, the Wetland Protection and Restoration Scheme,
and the Blue Bay Initiative. As a result, the development model of
the marine economy was shifted as the earlier wetland reclamation
planning was delayed or canceled. China’s coastal restoration has
entered a rapid development stage in recent years with the policy of
ecological civilization construction. There are various projects
focusing on different types of coastal ecosystems, including tidal
flats, mangroves, and sandy beaches in the coastal zone. More than
125 restoration projects are being carried out along the Chinese
coast. (Liu et al., 2016; Chen et al.,, 2019; Li et al., 2022). Thus,
Tiaozini’s Step II reclamation plan was not approved for further
construction, nor was Step III.

In December 2016, Yancheng City proposed the application
procedure for the Yellow Sea Wetland as a World Heritage site.
Tiaozini was included in the nomination list for World Natural
Heritage Site through the joint efforts of the local government, NGOs,
scientific committee, and environmentalists. From then on, the
original reclamation plan was delayed. The local departments
quickly shifted the early former policy to restoration and
implemented adaptive management to tidal wetlands conservation.
The municipal government announced the establishment of Tiaozini
Municipal Wetland Park in February 2019. As of 5 July 2019,
Migratory Bird Sanctuaries along the Coast of Yellow Sea-Bohai
Gulf of China (Phase I) was declared as a World Heritage site by the
United Nations Educational, Scientific and Cultural Organization
(UNESCO), and was also listed as China’s first coastal wetland
natural heritage site. As an important part of the Natural Heritage
Site, the Tiaozini Wetland completely abandoned the previous
reclamation plan and implemented a series of bottom-up activities
to realize top-down eco-governance concepts instead, such as
converting 11.33 km? of fish ponds into wetlands, creating the 720
HUPIZ, and establishing breeding grounds for Larus saundersi.

3.3 Bottom-up activities: comprehensive
conservation and management

Conservation measures and adaptive management strategies were
decided, such as the nature-based planning of landscape and
infrastructure, exhibitions focused on biodiversity conservation,
environmental education, and media dissemination. Ecotourism in
the Tiaozini Wetland developed at the very beginning of the shift phase
in 2019, and in less than four years multiple ecotourism products were
developed to attract tourists. Besides, a comprehensive recreation
center focusing on residents, visitors, and businesses, a sanatorium
and space for conferences are being built so as to provide up-market
service for whoever needs it, with the aim to promote ecotourism
in Tiaozini.

3.3.1 Supervision and management of the
ecological environment

The Tiaozini management company converted 0.48 km* of
fishponds to wetlands and used it as the 720 HUPIZ to provide a
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habitat for waterbirds by restoring micro-topography, strictly
controlling weed height, and maintaining water quality and water
level. To the north of the wetland restoration area, 1.87 km* of
breeding grounds for Larus saundersi were designated with full-
time guards patrolling 24 hours a day during the breeding season.
Moreover, the company applied a timely intelligent management
system for surveillance, with 317 network cameras for bird
watching, science popularization, research and education.

3.3.2 Nature-based planning of landscape
and infrastructure

Tiaozini successively carried out the project of paving,
widening, landscaping, and installing guardrails on the 45 km-
long coastal road, with the opening of a visitor center, four break
areas, and several parking lots. Tourist attractions such as
“Watching the Sea and Listening to the Tide”, “Habitat at High
Tide Level”, and “Breeding ground of Larus saundersi” were
launched along the seawall. In all, 28 internet-famous sites such
as “Two Halves of Water”, “One-line Tide”, “Wetland Chinese
Red”, “Mirror of the Sky”, and “Tidal Forest” were designed based
on the natural landscapes. And the company set up 26 high-power
telescopes to enhance the visiting experience. At the same time, in
Jianggang, the town near Tiaozini, infrastructure, such as Magnotel,
James Joyce Coffetel, Yucun bar, and Tiaozini seafood restaurant,
was built to provide tourists with accommodation and catering.

3.3.3 Creation of the multi-platform
propaganda position

As the saying goes, “Deeply buried gold cannot shine.”
Although Tiaozini has made some achievements in ecological
restoration, conservation, and infrastructure improvement, laying
a good foundation for ecotourism, there is still a need to attract
more visitors. In addition to promoting the fascinating wetland
scenery and ecological restoration achievements through TV
programs, newspapers, and magazines, the management company
also relies on new media to carry out online live broadcasting and
offline market promotion meetings to promote Tiaozini on
multiple platforms.

3.3.4 Development of diverse ecotourism
products based on natural heritage

Taking advantage of its World Heritage site status, Tiaozini
developed several kinds of nature-based products that both met
visitors’ expectations and enhanced their experience. More than 40
cultural and creative products such as journals, bookmarks, key
rings, jigsaw puzzles, and umbrellas, with coastal wetland elements,
such as Spoon-billed Sandpiper, Saunders’ Gull, mudskipper, and
tide, have been developed. It has become an internet-famous site for
WecChat influencers to take selfies with tourist routes, e.g., “Be Close
to the World Heritage”, “Bird Paradise - Ecological Dongtai”, and
“Coastal Wetland - World Heritage Tour”. Tiaozini organizes
thematic activities such as “Beach Fun”, “Bird Week”, bird
scenery photography contests, wetland triathlons, etc., guiding
tourists to go into the wetland, enjoy the wetland and participate
in protection. Folk performance comes from local fishermen who
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dress in traditional costumes to help visitors learn about the local
fishing culture, such as “Fishing Trumpet”, “Picking Shellfish”,
“Weaving and Mending Nets”, and “Casting nets”. They earn
their living by performing, which also preserves local culture as a
kind of alternative livelihood.

3.3.5 Promoting the construction of a
recreation center

Tiaozini Wetland has two outstanding advantages of “coastal
wetland” and “migratory birds paradise”, which is a perfect place for
recreation and leisure, science popularization, and as a sanatorium.
Focusing on the target audience in the Yangtze River Delta, Tiaozini
plans to build a healthy and livable coastal town in Jianggang, which
would promote the ecotourism industry and help people live a high-
quality green life.

3.4 An example from ecotourism design:
response from annual tourists

3.4.1 Annual tourist arrivals

The Tiaozini Wetland received 266,000 tourists in 2021 (data
source: Tiaozini Scenic Spot Management Company, 2021,
unpublished), with the exception of early August through mid-
September due to closure for facility maintenance. Figure 5 shows
the 2021 daily tourist arrival data. It can be seen that visitation
displayed a perfect peak-forest structure corresponding to national
holidays, such as Tomb Sweeping Day, International Labor Day, the
Dragon Boat Festival, summer vacation, the Mid-Autumn Festival,
and the National Day of October 1%. The regular change of visiting
time in Tiaozini Wetland agreed with most of the famous tourist sites
in China (Sun and Zhou, 2011; Zhang and Sun, 2014; Rong et al.,
2020; Ma et al., 2021), indicating that Tiaozini has become, within 3
years, a healthy scenic spot.

The Tiaozini Wetland is located on the middle east coast of China
with approximately 200 km direct distance to the northeast of the
Yangtze River estuary. This area shows distinct four-season changes of
spring, summer, fall, and winter with the northern subtropical
monsoon climate. Therefore, in the cold season, from January to
March, fewer tourists come to Tianzini, except naturalists and bird
watchers. More tourists come here with daily rising temperatures.
When the weather warms up, the number of tourists begins to increase
and fluctuate. The annual peak season is from the beginning of May to
the end of October, corresponding to the holiday and warm seasons. As
the temperature gradually drops in early November, tourism shifts
from the peak season to the off-season. In addition, the zigzag peaks
could also be clearly described as weekly peaks due to weekend visitors.
Apart from the climate, the data show that tourism in Tiaozini is
connected to people’s working schedules and holiday systems, with
most visitors preferring to travel on weekends and holidays.

It should be mentioned that COVID-19 also posed some
negative impacts on tourist arrivals. However, tourism in Tiaozini
still showed an overall rising trend in 2021, which to some extent
reflected the great achievements based on advisable eco-governance,
development strategies, and remarkable eco-tourism design.
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3.4.2 Monthly tourist arrivals

We took a deep dive into the monthly variation of Tiaozini
ecotourism. The number of tourists in January, April, July, and
November were selected based on the peak-forest structure and oft/
peak seasons, as seen in Figure 5. As shown in Figure 6, the number
of visitors in January was generally low, peaking in the first few days
of the month with fewer than 250 visitors over the New Year’s
holiday. Tomb Sweeping Day (Qingming Festival, in Chinese) is a
traditional holiday dedicated to the memory of deceased relatives,
and most people choose to make a short trip after the memorial
ceremonies. Therefore, Tiaozini received 2,527 tourists on April 4t
as the first peak of the year. The average tourist number was
approximately 400 per day in April. Tourism peak season came
in July and August corresponding to the summer vacation and
graduation season. The number of tourists increased greatly and
there were approximately 2,110 tourist arrivals every day. Besides,
the number of tourists reached the lowest at the end of July due to
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the closure of the scenic spot. In November, the off-season of
Tiaozini tourism began, and the overall number of tourists showed
a downward trend with fluctuation at a low level, approximately 400
per day.

International Labor Day in May and National Day on October
1** are called golden weeks for tourism with 7 days off work in mild
and comfortable seasons in China. Both holidays revealed peaks in
the tourist numbers, with average daily visitors of 6,261 and 8,121,
respectively, of which the highest was over 10,000 per day Figure 7.
After the holidays, the daily amount stabilized at around 500 and
700, respectively, after the golden weeks. These two holiday dates
showed similar characteristics of peak forest structure. It is worth
mentioning that the peak of tourist numbers occurred on May 2™
and October 3" during the Chinese Golden Weeks. It is inferred
that there was a lag effect of 2-3 days in tourist arrivals during the
holidays as travelers had to spend one or two days to reach their
destinations at the beginning or end of the holidays.
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3.4.3 Tourist arrivals on each weekday in 2021

The number of tourists within 7 weekdays indicated when and
how long they would stay in the Tiaozini Wetland. There was a
significant difference between weekdays and weekends according to
the number of weekly tourists. We found that the number of visitors
to Tiaozini on Saturdays and Sundays was much higher than that on
weekdays, accounting for nearly 50% of the tourists in 2021
(Figure 8). Tourist arrivals on Fridays accounted for 10%,
whereas tourists arriving on Mondays accounted for 17%, which
was higher than that of the other four weekdays.

3.5 Stakeholders collaboration, public
participation, and environmental education

Six stakeholders were identified: Tiaozini management company,
local residents, tourists, the scientific committee, NGOs, and the media.
Figure 9 illustrates the relationship between the six stakeholders.
Tiaozini management company is the primary stakeholder with the
use rights of Tiaozini Wetland. It also fulfills its obligations to maintain
infrastructure and manage and develop ecotourism activities.

3.5.1 Local residents
The local coastal residents have the birthright to fish in the sea
and use coastal wetlands for survival and livelihood. Local
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stakeholders are involved in a trade-off between the benefits they
receive from tourism and the loss of their historical rights to
wetland usage. If they perceive the costs of ecotourism to
outweigh the benefits, they will withdraw their support.
Therefore, it is incumbent on a tourism-responsible person to try
to optimize the well-being of local residents whilst minimizing the
costs of tourism development (Sharpley, 2013; Bu et al, 2021).
Accordingly, it is also indispensable to provide alternative
livelihoods and vocational training for the local residents to
increase job opportunities.

In Tiaozini, fishermen are still allowed to engage in productive
activities in the coastal area. However, the Tiaozini management
company also provides more employment opportunities for local
residents. Folk performances related to fishing, clam digging, and
other mudflat production activities are scripted into live shows that
are performed for tourists at festivals or organized tour groups. All
performers come from local communities and used to be fishermen.
Well-paid salaries and respect encourage them to actively
participate in their new jobs and in wetland protection.
Alternative livelihoods, such as folk performers, landscapers,
lifeguards, drivers, and tour guides, provide local people with
various employment opportunities instead of fishing or other
production activities in mudflats. Local people also act as trainees,
regularly receiving the knowledge of public awareness of
environmental protection and biodiversity conservation offered by
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Stakeholders’ collaboration in Tiaozini eco-governance, showing functions of each role.

the Tiaozini management company. The perceived win-win benefits
from ecotourism managers and local stakeholders brought positive
effects in terms of economic development, wetland protection, and
biodiversity conservation.

3.5.2 Scientific committee

The scientific committee plays a very important role in the wise use
of the Tiaozini Wetland, top-down eco-governance, NGO
collaboration, and bottom-up adaptive management related to
ecotourism development and biodiversity conservation. The Tiaozini
Wetland Center offers a laboratory of over 5000 m* for professors and
students from universities and other academic institutions to carry out
research on coastal wetlands. Their original findings related to the
Tiaozini Wetlands mostly provide enlightening and concrete visions to
local officials, which helps them in eco-governance decision-making.
The theoretical guidance that focuses on the identification of key issues
used to serve as an important part of ecotourism management, popular
science, and public education. In turn, the ecotourism and eco-
governance practice in the Tiaozini Wetland has become a realistic
laboratory for coastal wetlands management in China.

3.5.3 Tourists

In general, ecotourism is the business of providing vacations
and related services that do not harm the environment of the visited
area. Economic activities that are environmentally friendly to
nature are part of the low-level demands of ecotourism. In
addition, it is the responsibility of destinations to provide
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ecological education for tourists on natural habitats (Powell and
Ham, 2008; Lee, 2021). Ecotourism in Tiaozini meets the basic
requirements for both environmental protection and economic
development. However, the Tiaozini management company tries
to promote the nature experience for tourists by being deeply
involved in mudflats activities, such as Meretrix meretrix L.
digging, finding macrobenthos, and bird watching. In addition,
the Tiaozini Wetland Committee also tries to educate tourists about
both environmental protection and science propagation. Many
ecotourism products are developed to enhance tourists’
experience of wetland culture, such as clock sites, cultural and
creative products, performances in festivals, commemoration days,
or anniversaries of important events.

3.5.4 NGOs

The Tiaozini Wetland Center develops good collaboration with
many NGOs, such as Shenzhen Mangrove Conservation
Foundation (MCF), Spoon-billed Sandpiper Conservation
Alliance, Friends of Nature (FON), and so on. One of the
missions of NGOs in Tiaozini is to raise public awareness about
biodiversity conservation, especially of some flagship species such as
Eurynorhynchus pygmeus, Platalea minor, Grus japonensis, Calidris
tenuirostris, and Elaphurus davidianus. The NGOs played a very
important role in establishing communication channels through
various talks, meetings, workshops, and conferences, either on
formal or informal occasions. They are actively involved in
ecotourism development plans and provide crucial technical,
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financial, educational, and construction support for Tiaozini
tourism. NGOs also bridged partnerships to undertake specific
conservation projects, helping to organize and empower local
communities and provide financial support (Romero-Brito et al.,
2016; Wondirad et al., 2019).

3.5.5 Media

The media refers to television, radio, newspapers, and magazines,
as well as platforms such as WeChat, Tiktok, and other social media
services. The media plays an irreplaceable role in promoting tourism
sites and in spreading ecotourism knowledge propagation and
environmental education. The Tjaozini management company uses
all the abovementioned media for both biodiversity conservation and
ecotourism development. Its official account on WeChat provides
daily information on the weather, tides, transportation, and available
activities, providing convenience for tourists. On the other hand, both
tourism activities and infrastructure construction in Tiaozini are
under public supervision by the media. The Tiaozini management
company has established good communication with many traditional
media, such as The People’s Daily, China News, and Guangming
Daily. It also launches many programs on China Central Television,
Jiangsu Television, and so on. New media represented by WeChat,
TikTok, Xiaohongshu, and search engines also play an increasingly
important role in publicizing the ecological conservation and tourism
development of Tiaozini. These media also provide ecological
education and popular science to the public, which is not limited
to tourists in Tiaozini, drawing their eyes to this new wetland
attraction site.

4 Discussion

4.1 Wise use of the Tiaozini Wetland

National policy, such as the Five-Year Plan, dominates land use
changes. The land use analysis and top-down eco-governance

10.3389/fmars.2023.1147106

studied in the present research were consistent with the national
policy. Before 2019, the Tiaozini Wetland was on the list for
reclamation, and less attention was paid to maintaining its
“ecological character” and biodiversity conservation. However, the
successful approval of the Tiaozini Wetland as a World Heritage
site stopped the reclamation and converted measures into
conservation in July 2019. Then, ecological restoration and
environmental protection were vigorously promoted by wetland
managers with a top-down eco-governance policy.

To achieve sustainability and the wise use of a natural heritage site,
it is essential to recognize that support and resources from multiple
stakeholders are the most dominant power. The management
company cooperated with scientific committees, NGOs, the media,
and other stakeholders to develop a new sustainable field for the
Tiaozini Wetland, facing the dilemma of sharp conversion from
exploitation to conservation with bottom-up activities for better
accommodating nature-based solutions (Figure 10).

As the primary stakeholder, the Tiaozini management company
adopted diverse approaches to developing ecotourism, including
environment monitoring, nature-based planning of landscape,
infrastructure construction, multi-platform publicity, diverse
cultural and creative production, and recreation center promotion.

Governments often choose ecotourism as a strategy for local
economic growth (Lee, 2021), and this was the case with the
Tiaozini Wetland. Ecotourism has, in some circumstances, made
a significant contribution to sustainable development, but this
requires careful governance, compromise, and effective
stakeholder collaboration and partnerships (Wall, 1997; Song,
2005; Kuang, 2010; Todd et al., 2016; Wondirad et al., 2020;
Salman et al,, 2021; Salman et al.,, 2022). Fortunately, the Tiaozini
Scenic Spot Management Company effectively involved multiple
stakeholders in ecotourism. Tiaozini tourism income reached 26.60
million yuan (approximately US$ 3.85 million with an exchange
rate of 6.91, 11 May 2023) in 2021 even with the negative impacts of
COVID-19. Tiaozini also plays a far-reaching role in science
popularization and education while protecting coastal wetlands,
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FIGURE 10
Conceptual framework of the wise use of the Tiaozini Wetland.
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providing more job opportunities, and improving income for the
local community.

The Convention for Wetlands was signed in 1971 as part of a
global effort to mitigate the loss and degradation of the world’s
wetlands (Gell et al.,, 2016). The Convention is an international
treaty for the conservation and wise use of wetlands. All joining
Parties of the Ramsar Convention commit themselves to work
towards the “three pillars” of the Convention: @ Ensuring the
conservation and wise use of wetlands it has designated as
Wetlands of International Importance; @ Including as far as
possible the wise use of all wetlands in national environmental
planning, and ® Consulting with other Parties about the
implementation of the Convention, especially in regard to
transboundary wetlands, shared water systems, and shared species
(Ramsar Convention Secretariat, 2002). The Convention defines
wise use of wetlands as “their sustainable utilization for the benefit
of humankind in a way compatible with the maintenance of the
natural properties of the ecosystem” and sustainable utilization as
“human use of a wetland so that it may yield the greatest continuous
benefit to present generations while maintaining its potential to
meet the needs and aspirations of future generations”. The Tiaozini
Wetland provides the best example of not only the wise use of
wetlands but also the sustainable utilization of coastal wetlands
development and protection, which could be shared and replicated
in other places.

4.2 Biodiversity conservation

The Yancheng government spent a huge amount of money on
tidal flats reclamation. The original economic input was to keep the
Arable Land Dynamic Balance Policy by acquiring more
“agricultural land” from the sea and compensating for its loss due
to economic development. The local government lost the
opportunity for further industrial development after the sharp
shift in Tiaozini’s management from exploitation to conservation
in 2019. However, the ecological benefits are clearly visible to
marine biodiversity, especially migratory birds in the East Asian
Australian Flyway (EAAF).

In early October 2021, more than 130,000 birds were observed
in the Tiaozini Wetland. The number of bird species reached 410 in
2021, among which 21 species were listed in the first-class, and 71
species in the second-class of national protected animals. For local
shorebirds and migrating birds, the Tiaozini Wetland is located in
the heart of the EAAF and provides a significant amount of
macrobenthos for them as breeding grounds, brooding grounds,
moulting grounds, and stopovers. The EAAF is considered one of
the most important and critically threatened flyways among the
nine flyways. Migratory birds dependent on the Yellow Sea
ecosystem have attracted more international attention than birds
in their regional habitats. As an important part of the Yellow Sea
ecosystem, the Tiaozini Wetland plays a significant role in
biodiversity conservation and large marine ecosystem protection.

The Tiaozini Wetland was rated as a National AAAA (4A) Class
Scenic Spot by the end of 2021. According to China’s standard,
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scenic spots are graded from A (1A) to AAAAA (5A),
corresponding with gradually higher attraction and better travel
experience. Tiaozini’s eco-governance achievements were also
nominated as China’s sample of sustainable development of
natural heritage protection. Therefore, Tiaozini was selected as
the Beautiful Bay Excellent Case in 2021 by the Ministry of
Ecology and Environment of China.

4.3 Further development of ecotourism

Tourist arrivals in Tiaozini showed obvious seasonal
characteristics reaching the peak season from May to October.
During the holidays, the number of tourists increased significantly,
especially during the May Day and the Chinese National Day
holidays, with an obvious peak in the middle of the holidays. In
addition, tourists to the Tiaozini Wetland were mostly composed of
group tours, packaged-student tours, and family tours, mainly from
surrounding areas. The Tiaozini Wetland should continue to
promote coastal ecological restoration, strengthen biodiversity
conservation, and maintain ecotourism development. Given the
seasonal effects, it is essential to develop more ecotourism products
to attract more tourists with various demands in the off-season.

It is worth noting that ecotourism products refer to the
combination of resources, facilities, and services provided to
satisfy tourists’ demands, including physical products, activities,
and services, and incongruous ecotourism products can result in the
failure of the ecotourism industry (Ghorbani et al., 2015; Arsic et al.,
2017; Ab Azis et al, 2018). The UNESCO World Heritage is a
recognized tourism branding tool to promote destinations (Ryan
and Silvanto, 2011), and is used in the case of Tiaozini Wetlands.
The rich biodiversity and amazing natural seascape of the Tiaozini
heritage site were attractive to children and adolescents, with
parents being willing to provide their children with popular
science education through ecotourism in Tiaozini. Thus, the
ecotourism products of Tiaozini, such as visit routes, activities,
and cultural and creative products should be more oriented to
teenagers and have more connection with their knowledge system.

5 Conclusion

The research paper systematically revealed the sharp conversion
from wetlands drainage/reclamation for agriculture, aquaculture,
and industry usage to sustainable utilization, and ecotourism,
towards a wiser use of the Tiaozini Wetland. Under the top-level
design of eco-governance, adaptative management, and bottom-up
activities, Tiaozini management company showed quick action for
ecological issues and cooperated with many stakeholders, realizing
the rapid transformation from tidal flats reclamation to the
sustainable development of ecological environmental protection
and economy. The wise use of the Tiaozini Wetland has further
demonstrated the immense value of marine biodiversity
conservation, especially for those birds migrating through the
EAAF. The Tiaozini management company will insist on the wise
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use of the wetland as a good example to be shared and replicated in
other places around the world.
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Human activities have severely altered the Yangtze River (Changjiang) Estuary’s
pattern, beach-trough shape, and delta in recent decades. Existing research has
studied the sediment “source-sink” relationship between the Yangtze River
mainstream and estuary using gauged suspended sediment data. This method
overestimated the decline in the suspended sediment concentration in the
estuary, as riverbed scouring or deposition have not filtered out amounts
related to sand mining or waterway dredging. This study took the Yangtze
River Basin as the research subject and used spot observed runoff, sediment,
and riverbed topography data gathered between 1980 and 2020 to analyze the
sediment trapping effect of the Three Gorges Reservoir (TGR) and study the
“source-sink” relationship of suspended sediment transport in the middle-lower
reaches of the Yangtze River. The Yangtze Estuary Delta is dominated by
scouring, which shows an increasing trend. During the operation of the TGR
(2003-2020), the suspended sediment load entering the Yangtze Estuary from
the Yangtze River mainstream decreased by 68% compared to the amount prior
to operation commencing (1960-2002). However, studies have found that there
are still large amounts of bottom sand with riverbed load movement
characteristics after the operation of the Three Gorges Project and that
riverbed souring of the downstream dam has increased the degree of
deposition recharge. The amount of sediment in the Yangtze Estuary
decreased between 2003 and 2018 compared with the period 1981 to 2002,
with an annual decrease of 16.9%. The cumulative deposition of the Yichang—
Datong and Datong—Xuliujing reaches from 1981-2002 was 3.13x10® m*® and
1.60x10® m?®, respectively, and cumulative scouring from 2002-2018 was
28.52x10® m*® and 16.01x10® m>. This study concluded that even if the
suspended sediment load entering the estuary decreased significantly after the
operation of the TGR, the riverbed in the middle-lower reaches of the Yangtze
River has gradually transformed from the “sink” of sediment deposition to the
“source” of sediment supply.

KEYWORDS

source-sink effect, sediment transport, riverbed adjustment, estuary delta,
Yangtze estuary
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1 Introduction

Estuary deltas act as a “sink”, holding sediment from upstream
river basins before they flow into the sea. In recent years many
estuary deltas around the world have been shrinking, affected by a
sharp decrease in the amount of sediment supplied by river basins
(Manh et al, 2014) as a result of the construction of upstream
reservoirs and dams, and the implementation of river control
projects (Yang et al., 2011; Manh et al., 2014). Meanwhile, ground
subsidence and rising sea levels have increased the degree of delta
submergence and increased scouring power (Dai et al,, 2018;
Nienhuis et al., 2020; Paszkowski et al., 2021; Schmitt et al.,
2021). Statistics on the connectivity of 1,200x10* km rivers
globally found that only 37% of them flow freely, and 23% flow
into the sea without being uninterrupted, with interruptions mainly
due to waterway dredging and dam construction (Grill et al., 2019).

In recent decades, climate change and human activities have
had a profound impact on the sediment loads and channel
morphology of the Yangtze River in China (Li et al, 2018; Li
et al., 2019; Guo et al.,, 2019; Zhou et al., 2020; Zhou et al., 2021).
Waterway engineering construction and waterway dredging
excavation have changed the shape of the natural shoal and
troughs in the estuary delta (Pan et al., 2012; Dai et al., 2013; Wei
et al,, 2017; Zhao et al,, 2018; Zhu et al., 2019). For example, the
deep-water waterway project in the North Passage of the Yangtze
Estuary prompted the front edge of the estuary to extend to the sea
(Wang et al., 2017). Sediment contains life-nourishing resources for
an estuary delta because it establishes a stable platform for
vegetation growth (Nittrouer and Viparelli, 2014) and acts as a
material source for urban land resource expansion (Zhang
et al., 2018).

The construction of reservoirs and dams in the river basin
blocks the continuous process of material transport from the river
basin to the estuary (Wang et al., 2016), and affects material
exchange and estuary resource sustainability (Liu et al, 2023).
Some dams on small- and medium- sized rivers have been
demolished (East et al., 2015; Warrick et al., 2015; Collins et al.,
2017) to increase the material continuity of the rivers and alleviate
the impact of sediment decrease in the river basin on estuary deltas.
Even though there have been disputes regarding the construction of
dams on rivers with abundant water resources, (Latrubesse et al.,
2017), hydropower is perceived to be a clean energy source, and the
operation of hydropower stations has had a positive effect on
reducing global carbon emissions (Almeida et al., 2019; Bertassoli
et al,, 2021). The “source-sink” relationship of sediment traveling
from the river basin to the estuary has always been a focus of
research (Yang et al., 2015a; Gao et al, 2018; Gao et al.,, 2019).
Existing studies have focused on the “source-sink” relationship of
suspended sediment concentrations (Yang et al., 2014; Yang et al.,
2015b; Yang et al, 2015¢; Guo et al, 2019). River hydrographic
stations have measured suspended sediment concentration, but
have failed to observe the adjustment of riverbed shape and the
sediments on the surface of river channels with load transfer
characteristics. From the perspective of the “source-sink”
relationship of suspended sediment concentration from the river
basin to the estuary, the effect of bottom sand has not often been
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considered, and this has led to an overestimation of the reduction of
suspended sediment concentration in the estuary (Li et al., 2012;
Zou et al., 2012; Jing et al,, 2013; Yang et al., 2014; Yang et al., 2020),
promoting the belief that the scouring of the Yangtze Estuary will
continue or worsen (Luan et al,, 2016; Yang et al,, 2017; Dai et al,,
2018; Luan et al,, 2021; Cheng et al., 2022; Tang et al., 2022; Xu et al.,
2022). After the operation of the TGR, the middle-lower reaches of
the Yangtze River (Xia et al.,, 2016; Zhou et al., 2018; Yang et al,,
2019; Yang et al,, 2021a), the tidal reach (Mei et al., 2021; Xie et al,,
2021), and its South Branch (Wang et al,, 2013; Luan et al,, 2016;
Zhao et al., 2018; Zhu et al., 2019; Guo et al., 2021a) as well as other
areas were all scoured. Some of the fine particles from the riverbed
replenished the suspended sediment and entered the estuary with
the water flow, making estuarine suspended sediment concentration
drops much lower than that in the river basin (Yang et al., 2014;
Yang et al, 2015b). Other coarse sediment particles entered the
estuary in the form of riverbed bottom sand and spread, causing
partial estuary deposition (Guo et al., 2021b). In the calculation of
riverbed scouring, full consideration should be given to sand mining
(Brunier et al., 2014; Anthony et al., 2015; Bendixen et al., 2019; Xu
etal, 2021; Yang et al,, 2021a) and waterway dredging (Mossa and
Chen, 2021; Yang et al., 2021a; Yang et al., 2021b) otherwise the
riverbed scouring intensity is overestimated. Therefore, to
scientifically assess the “source-sink” relationship of sediment
from the Yangtze River Basin and the estuary, the impact of
waterway dredging and land reclamation on riverbed scouring as
well as suspended sediment and sand mining needs to
be considered.

This study took the Yangtze River Basin as the research subject
and used spot observed runoff, sediment, and riverbed topography
data gathered between 1980 and 2020 to analyze the sediment
trapping effect of the TGR and study the “source-sink” relationship
of suspended sediment transport in the middle-lower reaches of the
Yangtze River. Factors including riverbed scouring or deposition,
sand mining, waterway dredging, and shoal reclamation are
considered in this analysis of the impact of the bottom sand
“source-sink” relationship on the estuary and future evolution
trends of the Yangtze Estuary Delta are discussed.

2 Research area

The total length of the Yangtze River is approximately 6,397 km
and its basin size is about 180x10* km? (Figure 1A). The upper
reaches (4,504 km) stretch above Yichang hydrographic station, the
middle reaches (955 km) run from Yichang hydrographic station to
Hukou hydrographic station, and the lower reaches (938 km) run
below Hukou hydrographic station. The TGR was filled and opened
in June 2003, and its impoundment level reached 175 m from 2009-
2020, the total storage capacity is 39.3 billion cubic meters. The
operation of the TGR does not change the total amount of runoff,
but the regulation and storage effect reduce the peak flow and
increase the minimum flow (Zheng, 2016). On the south bank of the
downstream channel of the Three Gorges Dam, Dongting Lake,
Poyang Lake, and the Yangtze River form a complex river-lake
system. The Hanjiang River on the north bank merges into the
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FIGURE 1

Basic information relating to the Yangtze River Basin; (A) Yangtze River Basin; (B) Three Gorges Dam to estuary; (C) Three Gorges Dam; (D) Yangtze
Estuary. XLDD represents Xiluodu Dam, BHTD represents Baihetan Dam, WDDD represents Wudongde Dam, XJBD represents Xiangjiaba Dam, and

GZBD represents Gezhouba Dam.

Yangtze River from Wuhan City (Figures 1A, B). This study takes
the section from the TGD to the Yangtze Estuary, the total length of
the river’s channel is about 1,855 km (Figures 1B, C). Among them,
the Yangtze Estuary has a “three-level branching and four outlets”
river regime pattern, with Qidong shoal, Yiyuansha shoal, Hengsha
shoal, Jiuduansha shoal, Jiangyanansha shoal, Nanhui shoal, and
Deltas (Figure 1D).

3 Data collection, and
analytical methods
3.1 Data collection
The runoff and sediment load data of the Yangtze River
mainstream and tributaries covering the period from 1980-

2020 were collected, and the temporal and spatial
characteristics of runoff and sediment load changes were
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analyzed. The riverbed topography data from Yichang
hydrographic station to Yangtze Estuary in 1981, 2002, 2011,
and 2018 were collected, with a measurement scale of 1:10,000,
the vertical measurement error is less than 1.0 cm, and the
riverbed scouring volume and intensity were analyzed; the
waterway dredging volume, sand mining volume, and land
reclamation data from 1984-2020 were collected to analyze the
impact of human activities on the intensity of riverbed scouring
and bottom sand discharge. The data on the amount of waterway
dredging is formed from statistics of the amount of sediment in
waterway dredging ships year by year from Changjiang Waterway
Bureau. As there is a mixture of water and sediment in the ship,
the ratio between the volume of the ship and the amount of
excavation on the riverbed is 3:1, following the method from
Yang et al. (2021b). The amount of sand mining is the planned
amount (Changjiang Water Resources Commission (CWRC);
2004-2022). Due to the uncertainty of illegal sand mining, the
planned amount of sand mining is used to analyze the influence
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on the riverbed scouring or deposition amount. Research data are
shown in Table 1.

3.2 Analytical methods

3.2.1 Sediment exchange and
“source-sink” relationship

Treating the discharge of the TGR, riverbed souring, tributaries,
and lake exchange as the “source” of sediment and the Yangtze
Estuary as the “sink” of sediment. The processes through which
sediments travel from “source” to “sink” were analyzed, and the
impact of the sediment “source-sink” relationship change on the
estuary was studied.

Starting from Yichang hydrographic station (Syichang), We
considered the influence of Dongting Lake (Spongting Lake)> POyang
Lake (Spoyang Lake)» Hanjiang River (Syapjiang river)> and the inward
import relationship of the interval on the sediment amount and the
amount of sediment scouring or deposition of the riverbed (S)
recharge from Yichang to Datong reaches (Figure 2). Datong
hydrographic station (Spatong) is the last hydrographic station of
the Yangtze River mainstream. The calculation formula of riverbed
recharge suspended sediment from Yichang to Datong reaches is as
follows:

S= SDumng - SPoyangLuke - SHanjingRiver - SDungtingLake - SYichung (1)

TABLE 1 Research data types and sources.

10.3389/fmars.2023.1201533

The sediment quantity of Dongting Lake (Spongting Lake)> into the
Yangtze River mainstream is the difference between Chenglingji
hydrographic station (Schengiing;) and Three Outlets (Stnree Outters)-
The calculation formula is as follows:

SDongtingLuke = SChenglingji - SThree outlets (2)

The Three Outlets at which Dongting Lake diverts sediment
from the Yangtze River are Songzikou (Ssongzikou)s Taipingkou
(STaipingkou)> and Ouchikou (Souchikon). That is, the formula for
calculating the amount of sediment at the three mouths of Dongting
Lake is as follows:

SThree outlets = SSongzikou + STaipingkou + SOuchikou (3)

The hydrographic station where Poyang Lake merges into the
Yangtze River is the Hukou station (Sgrk0,,). Namely:

SPoyungLake = SHukou (4)

The hydrographic station where the Hanjiang River merges into
the Yangtze River is the Huangzhuang station (Spuangzhuang)-
Namely:

SHunjiangRiver = SHuungzhuang (5)

There is no sediment monitoring station in Datong-Xuliujing
reaches. A topographic method should be used to calculate the
suspended sediment recharge in this section. The river sediment test

Data type Period Data characteristics Data source
Runoff and 1980- Mainstream and tributaries of the Yangtze River,
sediment 2020 Dongting Lake, and Poyang Lake
Riverbed 1981~ .
) h 2018 Scale is 1:10,000
opography Changjiang Waterway Bureau, Hydrology Bureau of Changjiang Water Resources
1984 Committee, Changjiang Hydrographic Survey Center
Sand mining Planning sand production
2020
Waterwa 1980~
. Y Amount of channel dredged
dredging 2020
® Hydrographic station Hanjiang River
—» —> Direction of water flow
i i . - Huangzhuang
Yichang Zhicheng Shashi  Jianli Hankou Datong Xuliujing .
.
7
—_ — —»> —T> ——» Yangtze River——p — —_— f
S
=t f 2
2 2 H s
o4 by ™ Luoshan >
3 = = Chenglingji Hukou
g K- H . o
3 = IS) Xiushui River l l Raohe River
Xiangjiang River| Lishui River Xinjiang River
— ) «— «—
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FIGURE 2

Key hydrographic stations and reaches for the calculation of suspended sediment load budget.
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primarily aimed to analyze the suspended sediments, and there was an
unmeasured area at a certain thickness at the bottom. This part of the
sediment has traction load movement characteristics, part of which
exchanges with the riverbed sand in the suspended sediment, and most
of which is transported downstream along the riverbed surface (Wang
et al, 2020; Yang et al, 2021b). The bottom sand exchange was
measured by the bottom-supported system at the Yangtze Estuary
and was concentrated in the deep-water waterway of the North Passage
(Liu et al, 2011). Meanwhile, according to the estimate using the
Rousse formula, the sediment content of the unmeasured area at the
bottom is significantly higher than the suspended sediment
concentration (Wang et al., 2020). At the same time, there is a large
amount of waterway dredging (V,,4), sand mining (Vy,,), and land
reclamation (V},) in the river channels, as well as riverbed scouring or
deposition. The suspended sediment transport balance and the amount
of sediment entering the representative section can be estimated using

the following calculation formula:
Vlr - de (6)

Where V,iverpedsana 18 the amount of sediment replenished

Viiverbed — sand = Votal — Vem —

riverbed scouring; Vr,, is the total amount of riverbed scouring.

3.2.2 Calculation method of riverbed
scouring or deposition

The cross-sectional areas are calculated from the topographic
cross-sections along the river (Figure 3A), and the watercourses
upstream and downstream of the river channels, according to Eq.

(7):

(hij + higj + /hijhig) < b (

3
=0,1,2,3...n)

y i=0,1,23...mj

™

Where i is the number of points at which the elevation of a
transverse of the river is measured; j is the number of rivers profiles;
A; is the cross-sectional area (m”); h;,, h; and h;,, are the water
depths at two consecutive points of a section (m); and b; is the width
at two consecutive points (m).

The volume of the rivers channel V; (Figure 3B) between the up
and downstream sections at the corresponding water level is
calculated according to Eq. (8). Subsequently, the total river
channel volume is obtained via Eq. (8):

10.3389/fmars.2023.1201533

V- (Ajj + Ajjir +/AijAij) X L
] 3
=0,1,2,3...n)

(i=0,1,2 3...mj

(8)

Vi

V=Y (9)

Where V; is the volume of the channel between adjacent
sections (m?), Aj; and A;j,, are the areas of adjacent sections
(m?), and L; is the distance between adjacent sections (m).

Sand mining in the Yangtze River, which increases riverbed
scouring, is mainly used to scour for construction materials. The
sediment from waterway dredging of the Yangtze River channel is
mainly used for reclamation of shoals or land, and will also increase
riverbed scouring after waterway dredging. To facilitate the
comparison between the amount of riverbed scouring or
deposition, the measurement unit of the suspended sediment load
from the river basin, the amount of riverbed scouring or deposition,
the amount of sand mining, and the amount of waterway dredging
are all converted to t/y (tons/year).

4 Results and discussion

4.1 The impact of the TGR's
sediment interception on the
“source-sink” of sediments

In the period between 2003 and 2020, both the sediment inflow
from the Jinshajiang, Minjiang, Yalongjiang, Wujiang, and
Jialingjiang Rivers in the upper reaches of the Yangtze River to
the TGR area and the sediment outflow from the TGR decreased,
from 4.25x10® t/y in 1980-2002 to 1.45x10° t/y, a decrease of 65.9%
(Figure 4A). From 2003 to 2020 sediment inflow to the TGR from
the Jinshajiang, Minjiang, Yalongjiang, Wujiang, and Jialingjiang
Rivers in the upper reaches of the Yangtze River was 26.15x10° t,
the sediment outflow from the reservoir was 6.26x10° t, and the
accumulated sediment in the reservoirs area was 19.89x10° t
(Figure 4B). In other words, the TGR and upstream cascade
reservoir, soil and water conservation, climate change, and sand
mining intercepted 76% of the incoming sediment from the upper
reaches of the Yangtze River Basin (Figure 4C).

FIGURE 3

An anabraching river channel according to (A) areas of the cross-sectional, and (B) river channel capacity calculation models.
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4.2 The source-sink relationship sediment
in the runoff control section of the
middle—lower reaches Yangtze River

4.2.1 Composition of the runoff and sediments in
the middle-lower reaches of the Yangtze River

According to the operation time of Gezhouba Dam, Three
Gorges Dam, and cascade reservoirs in the upper reaches of the
Yangtze River, the study period is divided into 1980-2002, 2003-
2011, and 2012-2020.

Due to the diversion of Dongting Lake, the runoff at Yichang,
Zhicheng, Shashi, and Jianli hydrographic stations decreased, and
the rate of decrease slowed down from upstream to downstream.
Affected by the inflow of Dongting Lake, Hanjiang River, and
Poyang Lake, the runoff at Luoshan, Hankou, and Datong
hydrographic stations increased. In general, the operation of the
TGR and changes in the relationship between rivers and lakes in the
lower reaches of the Yangtze River mainstream has not changed the
characteristics of the runoff and had little impact on the total
amount of runoff. Around 47% of the runoff entering the Yangtze
Estuary from 1980-2020 came from the area above Yichang
hydrographic stations (Figure 5A; Table 2). From 1980-2002, the
amount of sediment at each hydrographic station first decreased
and then increased, and from 2003-2020, it increased along the way
(Figure 5B; Table 2). From 1980 until 2002, 2003-2011, and 2012-
2020, the runoff and sediment of the three mouths of Dongting Lake
all decreased, and the decrease of the sediment was significantly
higher than that of the runoff (Figures 5C; D, Table 3). Both the
runoff and sediments of the Dongting Lake discharged into the
Yangtze River decreased first before increasing, and the amount was
smaller after the TGR went into operation. The runoff of Poyang
Lake discharged into the Yangtze River first decreased and then
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increased, the amount of sediment first increased and then
decreased. Conversely, the amount of runoff and sediment from
the Hanjiang River discharged into the Yangtze River decreased
throughout this time.

In the periods of 1980-2002, 2003-2011, and 2012-2020, the
runoft at the Datong hydrographic station came from Yichang
hydrographic station, Dongting Lake, Hanjiang River, and Poyang
Lake; the confluence proportion was 47-48%, 21-24%, 3-5%, 16—
18%, and 7-10% respectively, indicating that the composition of the
runoff into the Yangtze Estuary before and after the operation of the
TGR was stable (Figure 6A). From 1980-2002, the sediment
amount at Yichang hydrographic station was higher than that at
Datong hydrographic station; the riverbed at Dongting Lake and
from Yichang-Datong reaches were all deposition, only 4% of the
sediments at Datong hydrographic station came from Poyang Lake
and Hanjiang River. From 2002-2011, the sediments at Datong
hydrographic station came from Yichang, Dongting Lake, Hanjiang
River, and Poyang Lake, with proportions of 34%, 4%, 12%, 8%, and
42%, respectively. These proportions changed in the period from
2012-2020 to 17%, 10%, 4%, 7%, and 62%. From 2012-2020
compared with 2003-2011, the proportion of suspended sediment
in Datong hydrographic station in Yichang hydrographic station
decreased by 17%, and the proportion of deposition recharge by
riverbed scouring in Datong hydrographic station increased by
20% (Figure 6B).

4.2.2 Exchange characteristics between
suspended sediment and riverbed sand in the
middle-lower reaches of the Yangtze River

The reach from Yichang-Dabujie (120 km) has a sandy pebble
riverbed, transitioning to a purely sandy riverbed below Dabujie,
with a great riverbed anti-scouring ability. Under the background of
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TABLE 2 Variation of runoff and sediment at the hydrographic station of the Yangtze River mainstream.

Type Hydrographic station ~ Yichang = Zhicheng Shashi Jianli Luoshan = Hankou Jiujiang Datong
1980-2002 4364 4460 4049 3855 6539 7254 7522 9273
2003-2011 3903 4023 3706 3585 5763 6596 6811 8194
Runoff
s 3 2012-2020 4472 4542 4109 3974 6682 7263 7449 9370
(10° m*/y)
2003-2020 4188 4283 3907 3779 6222 6929 7130 8782
Amplitude variation (%) -4.05 -3.98 -3.51 -1.96 -4.84 -4.48 -5.21 -5.30
1980-2002 46278 46877 41026 37565 39326 36143 NA 37696
2003-2011 4884 5956 7012 8461 9630 11273 10263 14329
Sediment
(10* ty) 2012-2020 2104 2474 3421 5216 7258 8061 7828 12468
2003-2020 3494 4215 5217 6838 8444 9667 9046 13398
Amplitude variation (%) -92.45 -91.01 -87.28 -81.80 -78.53 -73.25 NA -64.46

reduced sediment discharge from the TGR, the sediment scouring
of the alluvial riverbed shows good exchange and sorting
characteristics. The main characteristic is that the fine sediment
in the riverbed first compensates for the suspended sediment and
thus causes the riverbed to be in a scouring state, while the relatively
coarse sediment will remain in the riverbed and only start to
transport in a flood period. In the scouring process of the sandy
riverbed in the middle-lower reaches of the Yangtze River, the fine
sediment (d < 0.125 mm) washed by the riverbed surface fed the
suspended sediment, causing an increase in the amount of fine
sediment in the suspended sediment (Figure 7A). Coarse sediment
(d>0.125 mm) was recharged from the reaches between Yichang—
Jianli reaches. The coarse sediment showed an increasing trend
along the rivers from 2003-2021 (Figure 7B), which is also the area
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with the greatest scouring intensity in the riverbed downstream of
the TGR (Yang et al., 2022a; Yang et al,, 2023a; Yang et al., 2023b;
Yang et al,, 2023c). In the reach of the sandy and cobble-riverbed,
due to the small thickness of the sandy overburden of the riverbed,
the scouring of fine sediment in the riverbed is complete at present
(Figure 7C), and the anti-scouring of the riverbed is in a quasi-
equilibrium state due to the significant coarsening of the riverbed.
The median particle size of suspended sediment at the Yichang
hydrographic station during 1987-2002, 2003-2012, and 2013-
2021 was 0.022 mm, 0.005 mm, and 0.009 mm, respectively, and
that at Hankou hydrographic station was 0.018 mm, 0.014 mm, and
0.015mm. At Datong hydrographic station, the values are
0.017 mm, 0.010 mm, and 0.015 mm. The median particle size of
suspended sediment decreases first and then increases (Figure 7D),

191 frontiersin.org


https://doi.org/10.3389/fmars.2023.1201533
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Yang et al.

10.3389/fmars.2023.1201533

TABLE 3 Variation of runoff and sediment at the hydrographic station in the tributaries and lakes of the Yangtze River.

Three outlets Chenglingji Hanjiang River
1980-2002 696 2758 1602 392
2003-2011 475 2229 1324 403
i
Runoff, 2012-2020 520 2735 1696 208
(10° m>/y)
2003-2020 498 2482 1510 350
Amplitude variation (%) -28.49 -9.99 -5.77 -10.58
1980-2002 8804 2851 821 2020
2003-2011 1113 1656 1220 1680
Sediment
4 2012-2020 633 1899 871 465
(10% t/y)
2003-2020 873 1778 1046 1072
Amplitude variation (%) -90.09 -37.65 27.35 -46.92
e e
(a-1) 1980-2002 (a-2)2003-2011 (a-3)2012-2020
mYichang  mDongtinghu Lake  wHanjiang River Poyang Lake  mIntervals produce confluence or small tributaries
10
3% "
8% H
(b-1) 1980-2002 (b-2)2003-2011 (b-3)2012-2020
mYichang  mDongtinghu Lake  wHanjiang River Poyang Lake  mRiverbed
FIGURE 6

Composition of runoff and sediment at the Datong hydrographic station of the Yangtze River. (A) Composition of runoff; (B) Composition of

sediment.

that is, the coarse sediment scoured by the riverbed gradually
recharges the suspended sediment. Therefore, under the
background of riverbed scouring, the sediment on the riverbed
surface near the dam section is significantly coarsened, while the
sediment coarsening phenomenon is not significant when it enters
the sandy riverbed.

4.2.3 Calculation of sediment source-sink
relationships of the Yichang—Datong reaches

After the operation of the TGR, the riverbeds between Yichang-
Zhicheng, Jingjiang (Zhicheng-Chenglingji), Chenglingji-Hankou,
Hankou-Hukou, Hukou-Datong reaches all experienced

Frontiers in Marine Science

cumulative scouring. Since 2012, this scouring intensity has
increased (Figure 8A). The cumulative deposition of the Yichang-
Datong reaches from 1981-2002 was 3.13x10° m’, respectively
(Figure 8B). The cumulative scouring of the Yichang-Datong
reaches from 2002-2018 was 28.52x10® m>. In the periods of
1981-2002, 2003-2011, and 2012-2018, the amounts of
sediments passing through the Datong section of the Yangtze
River Basin decreased. Based on the topographic difference
calculation, the amount of riverbed scouring increased (switching
from deposition to scouring). The amount of scouring after sand
mining and waterway dredging deducted also increased, indicating
a switch from deposition to scouring (Figure 8C). In the 1981-2002,
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2003-2011, and 2012-2018 periods, the amount of suspended
sediment passing through the Datong section were 3.73x10° t/y,
1.43x10° t/y, and 1.22x10° t/y, respectively. From 1981-2002,
2003-2011 and 2012-2018, the riverbed scouring or deposition of
the Yichang-Datong reaches were -0.25 x 10% t/y, 1.98 x 10° t/y,
and 3.45 x 10° t/y, the amount of sand mining was 0.50 x 10° t/y,
0.40 x 10° t/y and 0.40 x 10° t/y, the waterway dredging amount was
0, 40 x10* t/y and 0.13x10® t/y, respectively. The amount that
entered the bottom sediment of the tidal reach of the Yangtze River
through the Datong section was -0.20x10% t/y, (suspended
sediments deposition in the riverbed and no bottom sand
migrated downstream) 0.98x10® t/y, and 2.14x10% t/y,
respectively (Figure 8D). The total amount of suspended and
bottom sand that entered the Datong section was 3.56x10° t/y,
2.41x10° t/y, and 3.36x10® t/y, respectively, which first decreased
and then increased, in the periods 1981-2002, 2003-2011, and
2012-2018, respectively (Figure 8D).

4.3 Effect of riverbed scouring in tidal
reach on estuary “source-sink”

4.3.1 Relationship of suspended sediment
concentration in the tidal reach of the
Yangtze River

Whether the suspended sediment concentration in the Yangtze
Estuary will decrease or not is still under debate (Yang et al., 2014;
Yang et al, 2015b). Most studies believe that the estuarine
suspended sediment concentration will decrease (Li et al., 2012;
Zou et al,, 2012; Jing et al.,, 2013; Yang et al,, 2014; Yang et al,,
2015b), and some even overestimated the reduction in suspended

10.3389/fmars.2023.1201533

sediment (Yao et al,, 2015), as it provides direct evidence of delta
scouring (Luan et al., 2016; Zhu et al,, 2016; Yang et al., 2017; Dai
et al,, 2018; Luan et al,, 2021);, front tidal flat scouring (Wei et al.,
2015) and riverbed scouring (Pan et al., 2012; Dai et al., 2013; Wei
et al, 2017). The suspended sediment concentrations at Xuliujing,
Sheshan, and Hengsha stations did not reduce between 1998 and
2001, which can be attributed to the resuspension effect (Jin et al.,
2006). The suspended sediment concentration in the flood and dry
seasons of 2003 and 2004 did not decrease when compared with
their corresponding annual averages (between 1950 and 2002 at the
Datong hydrographic station) (Zhai, 2006). From 1980-2020, the
runoff at the Xuliujing hydrographic section was equal to that at
Datong hydrographic station (Figure 9A) and was related to the
quasi-balanced runoff at the interval branch (Zhang et al., 2011).
The sediment concentration in the Yangtze Estuary from 1980-
2020 was similar to the value of the Datong hydrographic station,
with a consistent decreasing trend (Figure 9B). In 2002-2011 and
2012-2018, the amount of sediment deposition on the inner edge
was equivalent to the amount of sediment compensation in the
riverbed along the way, indicating in a quasi-balanced state. Due to
the decrease in the amount of sediment from the Yangtze River
mainstream, the degree of unsaturation in the stream flow in the
Datong-Xuliujing reaches increased, increasing the transport
intensity of bottom sediments. Therefore, the sediment entering
the Yangtze Estuary through the Xuliujing section was composed of
suspended sediment in the drainage basin and bottom sand
scouring from the riverbed in the hydrographic section between
Datong and Xuliujing. Comparing 2003-2020 with 1980-2002, the
vertical suspended sediment concentration from outside the
Yangtze Estuary decreased by 21.4% (Figure 9C), which is
consistent with existing research findings (Jing et al., 2013; Yang
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et al, 2014; Yang et al, 2015b). The peak area of horizontal
suspended sediment has been gradually moving to the north and
expanding to the deep-water waterway of the North Passage
(Figure 9D). This is one of the reasons why the North Passage
has required waterway dredging and maintenance in recent years
(Dai et al., 2013; Luan et al., 2016; Luan et al., 2018).

4.3.2 Analysis of transport relationship
between suspended sediment and riverbed
sand in the tidal reach

According to Changjiang Sediment Bulletin (Changjiang Water
Resources Commission (CWRC), 2004-2022), few stations test
riverbed load sediment in the middle-lower reaches of the Yangtze
River, and the amount of riverbed load sediment is much smaller
than that of suspended sediment. In the middle-lower reaches of the
Yangtze River, only the Yichang-Dabujie reaches have a sandy and
cobbly bed with a certain amount of bedload. Below the Dabujie, the
riverbed load sediment of the sandy riverbed is small (Yao et al,
2017), but the development of sediment wave is significant (Zheng
etal, 2022). In July 2021, suspended sediment and bottom sand were
monitored by way of sitting bottom-mounted observation
(Figure 10A), in the straight reach of the Yangtze River tidal reach.
The sediment concentration above the 1.0 m of the riverbed surface
was significantly higher than that below the 1.0 m of the riverbed
surface (Figure 10B), with an average ratio of 2.21 (Figure 10C).
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Under the influence of hydrodynamic environments such as
runoff, tidal currents, water waves, and salt water in the Yangtze
Estuary, the sediment deposited by saltwater action flocculation in
the mouth bar area is fine particles. In the other areas, the surface
sediment of the riverbed is the same as that in the tidal reach (Yan
et al., 2009; Yan et al., 2011; Luo et al., 2012; Chen et al., 2021), and
there is a good relationship between sediment particle changes and
riverbed scouring or deposition (Chen et al., 2021). Therefore, the
sediment from the Yangtze River Basin into the estuarine includes
two parts, fine grained sediment in the river water body and bottom
sand in the riverbed surface. The composition of deposition
sediment in the estuary is different due to the differences in the
hydrodynamic environment.

The high sand-bearing water (bottom sand) in the above 1.0 m
of the riverbed surface links the areas of the suspended sediment
and the areas of riverbed scouring or deposition, with the exchange
of bed sediment between the riverbed and the water body. The grain
size of the sediment in this area is significantly coarser than the
suspended sediment in the water body (Figure 10D). After
the operation of the TGR, the suspended sediment particles in the
estuary were refined (Yang et al,, 2018; Yang et al., 2022b), and
the sediment in the riverbed was slightly coarse (Luo et al., 2012).
The grain size characteristics of sediments in different areas of the
Yangtze Estuary are significantly different. The surface sediment
particles in the mouth groin dam area are fine, and the surface
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sediment particles in the south branch and South channel are the
same as those in the tidal reach (Zhang and Zhao, 2016).

4.3.3 Calculation of sediment source-sink
relationships of the Datong—Xuliujing reaches
After the operation of the TGR, the riverbeds between Datong-
Jiangyin and Jiangyin-Xuliujing reaches all experienced cumulative
scouring. Since 2012, this scouring intensity has increased
(Figure 11A). The cumulative deposition of the Datong—Xuliujing
reaches from 1981-2002 was 1.60x10°% m?, respectively
(Figure 10B). The cumulative scouring of the Datong-Xuliujing
reaches from 2002-2018 was 16.01x10® m?, respectively
(Figure 11B). The total amount of suspended and bottom sand
that entered the Datong section were 3.56x10° t/y, 2.41x10® t/y, and
3.36x10° t/y, respectively, which first decreased and then increased.
In the periods 1981-2002, 2003-2011, and 2012-2018, the total
sediment passing through the Xuliujing section in the upper reaches
of the river basin decreased. Based on topographic difference
calculation, the amount of riverbed scouring increased (switching
from deposition to scouring). The amount of scouring after sand
mining and waterway dredging also increased (switching from
deposition to scouring) (Figure 11C). Suspended sediment
passing through the Xuliujing section in the periods from 1981-
2002, 2003-2011, and 2012-2018 were 3.73x10° tly, 1.43x10° tly,
and 1.22x10° t/y, respectively, showing decreasing trends; the
amount of bottom sand entering the Yangtze Estuary through the
Xuliujing section were -0.61x10° t/y (suspended sediments
deposition in the riverbed and no bottom sand migrated
downstream), 0.89x10° t/y, and 1.51x10°® t/y (Figure 11D). From

10.3389/fmars.2023.1201533

1981-2002, 2003-2011, and 2012-2018, the riverbed scouring or
deposition of the Datong-Xuliujing reaches were —0.11 x 10° t/y,
L.11 x 10° t/y and 1.98 x 10° t/y, the amount of sand mining was
0.50 x 10® t/y, 0.22 x 10° t/y, and 0.37 x 10® t/y, and the waterway
dredging amount was 0, 20 x10* t/y and 0.11x10® t/y, respectively.
The total amount of suspended and bottom sand entering the
Yangtze Estuary was 3.12x10%/y, 2.32x10%/y, and 2.73x10%/y,
respectively, which first decreased and then increased. This study
believes that the total sediment passing through the Datong-
Xuliujing reaches from 2003-2020 did not show a continuous
decreasing trend due to the reduction in suspended sediment
load, while the supply from bottom sand volume exhibited an
increasing trend and the “sink” of sediment scouring or deposition
turned into the “source” of sediment replenishing.

4.4 Contribution of watershed sediment to
the Yangtze Estuary

4.4.1 Distribution of riverbed scouring or
deposition and variation in the shoal rear
of the Yangtze Estuary

The north branch of the Yangtze Estuary was dominated by
deposition between 2002-2018, and the south branch, north channel,
and south channel mainly scouring. The high shoal area of the front
tidal flat mainly experienced deposition, and the front of the delta
mainly experienced scouring (Figures 12A, B). In the Yangtze River
Estuary, the continent body is at the condition of sediment
deposition, which is caused by the “sink” of the sediment after
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Distribution characteristics of riverbed scouring or deposition in the Yangtze Estuary; (A) Terrain in 2002, data from Yu and Zhang (2021); (B) Terrain
in 2018, data from Yu and Zhang (2021); (C) Distribution of riverbed scouring or deposition; (D) Shoal area.

entering the Yangtze Estuary. The waterway area is scouring due to
the regulation of buildings, and the deltas area scouring (Figure 12C).
Simultaneously, all the areas of the front tidal flat increased at first
and then decreased. During 2002-2011, the areas at the water depths
of 0 m, 2 m, and 5 m were 22.12%, 12.67%, and 9.35% respectively,
while during 2011-2018 it became -7.13%, —17.58%, and -14.67%
respectively (Figure 12D). During 2002-2018, the changes of the
areas at the water depths of 0 m were -21.09%, +47.63%, —0.57%,
+35.91%, and -7.23% for Yiyuansha shoal, Chongming shoal,
Hengsha shoal, Jiuduansha shoal, and Nanhui shoal respectively,
with an increased total area of 13.41% (Figure 12D).

4.4.2 Calculation of sediment source-sink
relationships in the Yangtze Estuary

From 1982-2018, both the north and south branches
experienced cumulative scouring, but the total amount of riverbed
sand in the Yangtze Estuary was relatively small, which means that
without considering the impact of riverbed scouring or deposition
in engineering areas such as land reclamation, waterway dredging,
the Yangtze Estuary was in a quasi-balanced state between scouring
or deposition (Figure 13A). The cumulative waterway dredging
volume of the North Passage of the Yangtze Estuary between 1982
and 2018 was 11.07x10® m® (ship volume/topographic
volume=1.30, sediment wet bulk density/dry bulk density=1.65,
converted to a weight of 14.05x10° t) (Figure 13B). During this
period, the land reclamation area of the Yangtze Estuary was 820.57
km?, and the amount of deposition caused by the reclamation was
12.31x10* m® (sediment wet bulk density/dry bulk density=1.65,
and the average thickness of waterway dredging filling was
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calculated as 1.5 m (Figure 13B), and the converted sediment
weight was 20.31x10% t) (Figures 13C, D). The total amount of
suspended and bottom sand entering the estuary area through the
Xuliujing section in the 1982-2002, 2003-2011, and 2012-2018
periods was 3.12x10° t/y, 2.32x10° t/y, and 2.73x10° t/y, a decrease
of 16.9% in 2003-2018 compared with 1984-2002. In the above
periods, after deducting the amount of riverbed scouring or
deposition, land reclamation, and waterway dredging, through
the Yangtze Estuary, the amount of dispersed sediment was
2.82x10° t/y, 1.81x10° t/y, and 1.28x10° t/y, respectively.

4.5 Sediment supplies from the riverbed as
a new source to sustain the Yangtze
Estuary Deltas

Calculated by the measured topographic data of 1958-2015
(The years are 1958, 1978, 1997, 2002, 2007, 2010, 2012, and 2015),
the critical suspended sediment volume for the balance of scouring
or deposition of the front tidal shoals and deltas at the Yangtze
Estuary was calculated as 2.18x10® t/y (Luan et al, 2021). A large
amount of waterway dredging has been carried out in the
construction of the north channel of the Yangtze Estuary deep-
water waterway, and the waterway regulation structures have
interfered with the local geomorphic evolution characteristics,
after deducting the impact of the estuary project from 1997-2010,
the corresponding critical suspended sediment volume was
2.34x10°% t/y (Luan et al, 2021). However, the amount of
sediment at Datong hydrographic station from 2003-2011 was
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significantly lower than before the TGR began to operate, with an
average value of 1.29x10° t/y, which was significantly lower than the
critical amount of sediment for scouring or deposition balance.
Many studies during this period believed that the deltas were
dominated by scouring (Wei et al, 2015; Luan et al., 2016; Zhu
et al,, 2016; Yang et al., 2017; Dai et al., 2018; Luan et al., 2021).
Simultaneously, the construction of dams on the upper reaches of
the Yangtze River and lakes may cause the interruption of sediment
supply to the lower reaches. It is possible that in the near future, the
Yangtze Estuary landform system will experience large-scale
scouring (Dai et al., 2018). Regarding the amount of sediment in
the Yangtze Estuary, when only considering the balance of
suspended sediment exchange, the amount of sediment at Datong
hydrographic station in the 1980s and 2000s was calculated to be
4.51x10° t/y and 1.51x10® t/y, respectively, and the amount of
suspended sediment entering the estuary through Xuliujing section
were 4.06x10% t/y and 1.72x10% t/y respectively, and the amount
entering the deltas area was 3.70x10° t/y and 1.75x10% t/y (Yang
2015a; Xie et al., 2017a). This significantly reduced the
suspended sediment concentration in the estuary, which will
cause the delta area to switch to scouring. Taking human

et al,

activities into account like sand mining and waterway dredging,
through the comprehensive calculation of suspended sediment
transport and riverbed scouring or deposition, the total amount
of suspended and bottom sand in the Yangtze River Basin that
entered the estuary through the Xuliujing section during the 2003-
2011 and 2012-2018 periods were calculated as 2.32x10° t/y and
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2.73x10® t/y, respectively. The riverbed scouring intensity of the
reach from the Yichang-Xuliujing reaches was increasing, which
was beneficial to safeguarding the sediment resources of the Yangtze
Estuary. Recent studies have also proven that Jiuduansha shoal
deposition is, significantly, in its natural state (Wei et al., 2016; Wei
et al,, 2017; Zhao et al., 2018; Zhu et al,, 2019; Zhang et al., 2021).
Meanwhile, in the deposition center of the Yangtze Estuary Delta,
the deposition rate remained at 10 cm/y from 1958-2009 (Dai et al.,
2014): between 1997-2015, only the net scouring depth from 2011-
2013 was 10.76 cm/y, and the net scouring depth was 0.91-3.48 cm/
y in other years (Sun, 2018). In 2021, the amount of river sediment
outside of the Xinliuhesha and Qingcaosha Reservoirs did not
decrease but instead started to increase, representing the first
natural increase in recent years (https://view.inews.qq.com/a/
20211114V02W9E00). In addition, the decrease in the amount of
sediment entering the sea from the Yangtze River has no significant
impact on the landform evolution of Hangzhou Bay, mainly due to
the buffering effect of existing sediment outside the Yangtze Estuary
(Xie et al., 2017b).

Human activities have put tremendous pressure on global rivers
(Best, 2019). The overall water connectivity of the Yangtze River
Basin is still maintained. However, several studies have proposed
that blocking sediment through dams and relative sea level rise will
result in the submersion of the estuary delta and front tidal flats. In
nearly 1,000 deltas around the world, dam construction has led to a
severe reduction of anthropogenic sediment flux (by more than
50%), forcing an annual loss of delta land of about 12 + 3.5 km?. Not
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all estuary deltas lose land resources due to dams (Nienhuis et al.,
2020). For example, the supply of sand from the Mississippi River is
stable and sustainable (Edmonds and Slingerland, 2010; Nittrouer
and Viparelli, 2014), and these sediments can form deltas through
engineering measures capturing sediment from the Mississippi
River. The thickness of the sand layer from the Dabujie section to
the estuary of the Yangtze River is more than 100 m (Cao et al,
2012; Mei et al., 2021). The ancient river channel has a wide range of
lateral swing space, and a large amount of fine-grained sediment
remains (Song et al., 2013). In the future, regardless of whether the
amount of suspended sediment in the Yangtze River Basin
decreases, the riverbed scouring of the Yichang-Xuliujing reaches
will have abundant bottom sand to replenish, and this amount will
show an increasing trend due to the continuous decrease in the
amount of sediment in the river basin, which can guarantee the
amount of sediment entering the Yangtze Estuary from the river
basin. Comprehensive analysis suggests that the Yichang-Datong
and Datong-Xuliujing reaches have gradually transformed from
the condition of sediment deposition to the condition of sediment
scouring, which provide an important sediment source for the
deposition of estuary shoals, and stability of deltas and
land resources.

Although the supply of suspended sediments from the Yangtze
Estuary has been significantly reduced, the amount of bottom sand
in the riverbed is still abundant, with its replenishment capacity and
supply increasing. A comprehensive analysis has shown that even if
the amount of suspended sediment entering the estuary after the
TGR went into operation are significantly reduced, the riverbed will
gradually transform from a “sink” of deposition to a “source” of
sediment supply, which will still provide a rich scouring of
sediments for the Yangtze Estuary. Therefore, the Yangtze
Estuary Delta, front tidal flats, and urban land resources are likely
to be sustained.

5 Conclusions

Since the TGR began operating, the “source-sink” relationship
of sediments from the middle-lower reaches of the Yangtze River
has been significantly adjusted, which has directly affected the
sustainability of the estuary. Based on the analysis of in-situ
observed runoff, sediment load, and riverbed topography from
1981 to 2018, the present study examined the influence of the
adjustment of the Yangtze River sediment “source-sink”
relationship of the Yangtze River Basin on the estuary delta.

The TGR stored 76% of the sediment in the upper reaches of the
Yangtze River and caused a decline of 68-97% in sediment load in
the middle-lower reaches. These sharp declines in sediment supplies
resulted in a decrease of 21.4% in the suspended sediment
concentration in the estuary delta. From 2003-2020, cumulative
river channel scouring occurred in the Yichang-Xuliujing reaches
of the Yangtze River, and the riverbed transformed from being the
“sink” of sediment to the “source” of sediment transport into the
sea. The river basin to the estuary also experienced an adjustment in
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the sediment “source-sink” relationship, which released more
sediment “sources” for those entering the sea. From 2012 to 2018,
the amount of sediment at the Xuliujing section of the upper
reaches of the river mouth exhibited an increasing trend. In the
periods of 1980-2002, 2003-2011, and 2012-2018, the total amount
of suspended and bottom sand entering the delta in the Yangtze
River Basin first decreased and then increased. During 2012-2018,
the total amount of suspended sediment and riverbed sediment
entering the estuary of the Yangtze River Basin was equivalent to
the critical sediment amount of the delta from deposition to
flushing, but the total sediment entering the estuary of the
Yangtze River Basin did not decrease significantly.
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