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INTRODUCTION

Salt marshes are important ecosystems that
develop on wave-protected shorelines in temper-
ate zones worldwide (Adam 1990). These inter-
tidal ecosystems can sequester carbon (blue
carbon), maintain healthy fisheries, and protect
shorelines. The dynamics of salt marsh commu-
nities are impacted by both top-down (e.g., con-
sumers) and bottom-up (e.g., physical factors)
forces (Kaminsky et al. 2015, Rupprecht et al.
2015, Elschot et al. 2017). Understanding the
responses of salt marshes to these biotic and abi-
otic factors is fundamental for assessing struc-
tural shifts in these coastal ecosystems (Prach
and Walker 2011). A large body of literature has
examined the dynamics of coastal salt marshes
as a function of grazing pressure, drainage con-
ditions, sedimentation accretion, and sea level
rise (Leendertse et al. 1997, Spivak et al. 2007,
He et al. 2015, He and Silliman 2016, Elschot
et al. 2017). Human activities have constituted
different types of disturbances to natural coastal
wetland ecosystems, which can alter plant com-
position and distribution by influencing top-
down and/or bottom-up mechanisms (Crain
et al. 2008, Farina et al. 2016, He and Silliman
2016). Bottom-up and top-down effects can act
together to exert strong control over community
dynamics, while how human activities modify
these interactive forces remains unclear.

Red beach salt marshes, located in coastal
intertidal areas, are dominated by saline seep-
weed Suaeda heteroptera. The seepweed plants
show a red color shortly after germination, con-
tributing to the appearance of beautiful red
beach landscapes from May to December (Jia
et al. 2015). Suaeda is widespread in the tem-
perate salt marshes of East Asia (He et al. 2009,
2012) and is the only native plant that extends
from low marshes to terrestrial borders in
northern China (Cui et al. 2011). It is known
for its high tolerance to salt stress and water-
logging and is competitively subordinate to
perennial plants such as the native reed Phrag-
mites australis (He et al. 2009, 2012). The typical
successional stages of red beach areas mainly
include the following three phases: (1) the
newly formed bared mudflat without vascular
plants, (2) the dominance of S. heteroptera in the

elevated part of the intertidal zones, and (3) the
prevalence of P. australis in the supratidal zone
(Wan et al. 2001).
As typical landscapes in the Liao River Estuary

Wetland (LREW), red beaches provide important
ecological services. The LREW, the world’s sec-
ond largest reed swamp, is the southern feeding
boundary for the wild red-crowned crane (Grus
japonensis), the world’s largest breeding site for
Saunders’ Gull (Larus saundersi), and an impor-
tant stopover site for migrating waterbirds
including 45 protected birds in the East Asian–
Australasian Flyway (Yang and Chen 1995, Tian
et al. 2017). It became a national nature reserve
of China in 1998 and a Ramsar site in 2005
(http://ramsar.org). Suaeda constitutes stunning
red beach landscapes and has significantly con-
tributed to the local economy. In recent years, the
most important local economic driver has
switched from petroleum production to red
beach ecotourism. For example, the total number
of tourists visiting this reserve and its National
Red Beach Scenic Corridor during the National
Day Golden Week (1–7 October) in 2016 was
~0.32 million. The total annual tourism revenue
in 2016 increased by 15.5%. The local govern-
ment has developed red beach ecotourism into a
strategic pillar industry of the economy. The local
government is investing 0.3 billion RMB to
restore 20,000 ha of red beach and other natural
marine ecosystems during the five-year period
from 2016 to 2020 (i.e., the “13th Five-Year Plan”
of China).
The total red beach area in the LREW lost

11,372 ha from 1988 to 2005 and 685 ha from
2005 to 2014, and the remaining area in 2014 was
only 3166 ha (Tian et al. 2017). Land use change
such as urbanization and the development of
agriculture and aquaculture and the construction
of roads and ports for crude oil transportation
and tourism have led to the substantial shrinkage
and fragmentation of the natural wetlands (Tian
et al. 2017). Meanwhile, the degradation of salt
marshes has also led to a substantial loss of the
red beach area in the LREW (Tai et al. 2009,
Wang et al. 2010). The degradation rate of red
beaches to bare mudflat or P. australis communi-
ties has been dramatic (Fig. 1). It remains unclear
how human activities influence the top-down
and bottom-up forces that regulate the
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distribution and succession of these salt marshes
and lead to the degradation of the red beaches.

There was once fundamental disagreement
over whether bottom-up (e.g., nutrient availabil-
ity or sediment elevation change) or top-down
(e.g., predators or trophic cascade effects) forces

predominate in controlling the abundance and
distribution of plant populations and communi-
ties (Hunter and Price 1992, Strong 1992, Flores
and Paula 2002, Silliman et al. 2013, He and Silli-
man 2016). In the early stage, most ecologists
believed that climate and other physical factors,
referred to as bottom-up forces, ultimately con-
trolled the distribution of coastal vegetation
(Odum and Odum 1953, Teal 1962, Tansley
1993). In 1960, Hairston et al. proposed an alter-
native view that consumers, top-down forces,
play a major role in determining key features of
plant-generated ecosystems. Some other studies
also revealed that grazers could control plant
growth and species composition in a variety of
ecosystems such as salt marshes, rocky shores,
coral reefs, and tropical forests (Paine 1980,
Smith 1983, Hay 1984). This top-down vs. bot-
tom-up debate generated tremendous interest in
the field and served as an impetus for ecologists
to search and test for examples of grazer control
and physical factors of plant communities. It is
later recognized that both top-down (e.g., preda-
tors) and bottom-up (e.g., nutrient availability)
driving forces can act in concert with communi-
ties after decades of intense debate (Daleo et al.
2015, Vidal and Murphy 2018). Disentangling the
relative contributions of top-down and bottom-
up forces can help explain the abundance and
patterns of plants. In general, the relative impor-
tance of these two types of mechanisms may be
scale-dependent and vary by spatial or temporal
scale (Strong 1992, Gratton and Denno 2003,
Meserve et al. 2003, Hunt and Mckinnell 2006).
However, few studies have examined the relative
impacts of top-down and bottom-up forces and
how they interacted with each other (Crain et al.
2008, Farina et al. 2016). Whether these two
types of driving factors counteract or have addi-
tive or synergistic effects on ecosystems is poorly
understood.
With the rapid growth and spread of the

human population, human activities have intro-
duced new types of disturbances into natural
coastal wetland ecosystems, which can greatly
shape plant composition in both top-down and
bottom-up manners (Farina et al. 2016). A large
body of studies have shown that multiple human
impacts such as warming, eutrophication, and
sea level rise in marine ecosystems can interact
synergistically and exacerbate negative impacts

Fig. 1. Photo gallery for red beach changes at the
Yuanyang ditch within the Liao River Estuary Wetland
from 2013 to 2017. All photographs were taken at the
same place in late July or early August.
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mainly through bottom-up processes (Crain
et al. 2008), while some other studies have
revealed an overwhelming role of top-down
human impacts rather than bottom-up, eutrophi-
cation impacts or their interactions in salt marsh
and seagrass ecosystems (Heck et al. 2000, Baden
et al. 2010, Silliman et al. 2013, He and Silliman
2016). Bottom-up and top-down forces can exert
strong control over community dynamics sepa-
rately or synergistically, while how human activ-
ity modifies those forces remains unclear.

Here, we examined how top-down and bot-
tom-up forces amplified by human activities
accelerated the degradation of the red beach
landscapes in the LREW. We aimed at answering
the following questions: (1) What are the main
drivers of the degradation of red beaches? (2)
What are the relative contributions of these dri-
vers? and (3) Are top-down and bottom-up con-
trols amplified by human activities? We
hypothesize that the increase in sediment accre-
tion rate and grazer population induced by
human activities controlled the establishment,
succession, and degradation of saline seepweed
red beaches. We first examined how sediment
surface elevation, a bottom-up force, influenced
the germination, emergence, and colonization of
saline seepweed with field measurements and a
laboratory experiment. We then examined
whether top-down forces (crab grazing and
trophic cascade effects) controlled the abundance
and distribution of seepweed by conducting a
field survey for crab burrow and density, labora-
tory feeding trials, and waterbird investigations.
Diagnosing the causes of the degradation of red
beaches has implications for understanding the
dynamics of these salt marshes and informing
management practices and restoration efforts.

MATERIALS AND METHODS

Study area
Our study area is located in the southern

LREW (Fig. 2) and has a monsoon climate (Xu
et al. 2009). Annual mean air temperature is
~9.29°C, and there are 170 frost-free days per
year. Mean annual precipitation is 616 mm,
mostly falling between May and September. The
35-yr meteorological record (Data from China
Meteorological Data Sharing Service System,
http://data.cma.cn) shows that air temperature

increased by 0.02°C per year (P < 0.05,
R2 = 0.16) and annual precipitation did not sig-
nificantly change from 1981 to 2016 (P = 0.49,
R2 = 0.01; Appendix S1: Fig. S1). The tides are
irregular semidiurnal, with an average ampli-
tude of 1.91–3.41 m.
The two dominant plant species in the wetland

are Phragmites australis and Suaeda heteroptera. The
vegetated wetlands in LREW can be divided into
three categories: reed pond, coastal wetland, and
island wetland (Fig. 2). Reed ponds are managed
with obstructed waterways to prevent salt water
intrusion, and the reed Phragmites is harvested in
winter for paper production. Roads and dams
constructed for oil industry and transportation
separate reed ponds from coastal wetlands. The
seepweed Suaeda is mainly distributed in coastal
and island wetlands. Boardwalks have been con-
structed on red beaches in coastal wetlands for
tourism (Fig. 2). The more recently formed island
wetland is less influenced by anthropogenic dis-
turbance than coastal wetlands.
We used satellite imagery from Landsat to

quantify the changes of the red beach area.
Images were acquired every two years from 2003
to 2017, with five images (2003, 2005, 2007, 2009,
and 2011) from the Thematic Mapper on Landsat
5 and three images (2013, 2015, and 2017) from
the Operational Land Imager on Landsat 8
(Appendix S1: Table S1). Each image consists of
multiple spectral bands in visible, near-infrared,
and thermal wavelengths. These images were
shown in natural color with seepweed appearing
in red (or pink) and reed in green and were used
to illustrate changes in the spatial extent of seep-
weed and reed cover in our study area from 2003
to 2017 (Fig. 3). The island was still an inlet dom-
inated by seepweed in 2003. With the rapid
expansion of the inlet, the area of seepweed
increased and reached its maximum extent in
2009. Starting in 2011, seepweed cover rapidly
declined and was replaced by reed. By Septem-
ber 2017, the island was dominated by reed, and
seepweed only accounted for a small fraction of
the island’s area and was mainly distributed in
the southernmost portion and the east edge of
the island. The rapid decrease in the red beach
area during the recent seven years exceeded the
normal succession of seepweed.
Rapid sedimentation has occurred in the estu-

ary because of changes in land use and runoff.
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