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Abstract: Landscape characters in estuarine regions generally controlled by tidal regimes and human activities like road construction. In
this work, tidal channels and road construction in the Yellow River Delta (YRD) were extracted by visual interpretation methods so as to
decipher impacts of tidal channel development and road construction on landscape patch change during 1989-2016. Spatial distribution
history of three wetlands, which covered by Phragmites australis (freshwater marsh, FM), Suaeda salsa (salt marsh, SM), and mudflats
(MD) were also established. Results indicated that tidal channel, number, frequency, and fractal dimension were all the maximum in
2003, and the minimum in 1998, respectively. Road length, number, and density showed increasing trend during 1989-2016. MD were
the predominant landscape type, followed by FM and SM during 1989-2016. Principal component analysis implied two extracted fac-
tors, F1 and F2, which could represent 91.93% of the total variations. F1 mainly proxied tidal channel development, while F2 repre-
sented road construction. A multiple linear regression analysis showed positive effects of both F1 and F2 on FM patch numbers and
negative impacts on SM patch areaes with R* values of 0.416 and 0.599, respectively. Tidal channels were negatively related to MD
patch numbers, while roads were positively related to that. In any case, road construction showed larger impacts on landscape type
shifting than that of tidal channel development in the YRD.
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1 Introduction

Tidal channels are controlled by interactions between
reiver flow and tides (Yin, 1997), and are unique
geomorphologic components in delta regions. They
usually serve as important pathways of matter, energy
and information exchanges between ocean and land
(Teal, 1962). Tidal channels are ecotones where fresh
Tidal channel
connectivity mirrors hydrologic connectivity patterns to

and salt water meet each other.

some extend in estuary areas (Naiman et al., 1993).
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Tidal channels with complex but good connectivity
could favor organism colonization and diffusion.
Maintainging hydrologic connectivity in fluent is
essential for stabilizing population of biota communities,
improving ecological resistance to external disturbances,
and promoting ecological sustainability (Paillex et al.,
2009; Obolewski, 2011; Isbell et al., 2015). Tidal
channels shape water flow pathway by their distribution
patterns, spatial-temporal changes, and geometric
structure characteristics, and thereby govern, at least

partly, nutrient bioavailability, sedimentation, and biota
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colonization and propagation in estuaries (Wolaver et
al., 1985; Chrzanowski and Spurrier, 1987; Spurrier and
Kjerfve, 1988; Zhao et al., 2010). Hydrological regimes
greatly regulate the stability, biodiversity and ecological
functions of coastal wetlands, and have vital impacts on
sustainable development and utilization of resources
from estuarine delta (Lerberg et al., 2000; Mallin and
Lewitus, 2004). Tidal flats are usually characterized by
lots of tidal channels in spatial. Wetland vegetation dif-
fusion and colonization are closely related to geometric
features of tidal channels. Vegetation propagule migrate
with water to where tidal channel occurrence, and
thereby, hydrologic connectivity of tidal channel is vital
to vegetation succession in coastal wetlands (Luo et al.,
2018). Salt-marsh vegetation growth could increase tidal
channel curvature and then affect its connectivity
(Kearney and Fagherazzi, 2016). In the Yancheng
coastal wetland, tidal channels accelerate Spartina
alterniflora (SA) expansion landwards to where occu-
pied by salt marsh (SM) initially (Hou et al., 2014). SA
expansion rates depend on tidal channel development
because its propagule is dispersed by tides (Hou et al.,
2014). In the Jiuduansha wetland, when grade of tidal
channels changed to the first-order from the fourth-order,
native plant species were gradually replaced by SA
(Chen et al., 2011). Road construction also has impor-
tant impacts on vegetation shift and wetland ecological
functions. Road construction could leds to wetland
fragmentation (Qin, 2012), not only cause areas loss but
also alter predominant vegetation species (Wang, 2008).

The Yellow River Delta (YRD) is one of the youngest
wetlands in China but has been suffering increasing
anthropogenic and natural pressure. Road construction
for oil exploitation has shown deleterious effects on
coastal wetlands by fragmenting wetlands to samll
isolated patches. Animal migration and plant diffusion
are greatly restriced by low habitat connectivity caused
by road construction. Meanwhile, soil accretion in
estuarine are governed sediment discharge from the
river and regulated by tidal scour. A 44-year data record
measured by Lijin Hydraulic Station on the Yellow
River showed increasing sediment concentrations but
decreasging river discharge into the delta since 1970s
(Li et al., 1998). More sediment but fewer discharge
input has greatly affected wetland development and
changed shorelines in the YRD. The YRD coastline has
changed frequentely and rapidly from 1992 to 2014,

which were mainly influenced by the flow path of the
Yellow River and human activity (Wang, 2019). During
19732013, wetland areas in the YRD have reduced by
683.12 km® and the trend of loss continues now (Zhu et
al., 2018). Besides area loss, tidal channel development
in the YRD has been greatly affected by natural and
anthropogenic disturbances. Previous work carried out
in the YRD often concerned with spatial-temporal dy-
namics of tidal channels (Sun et al., 2001; Huang and
Fan, 2004; Yu et al., 2018), or impacts of roads on
vegetation changes. In fact, vegetation changes in the
YRD are regulated by both tidal channel and roads to-
gether. However, there is still little information available
on this point, and this has greatly restricted our knowl-
edge on community succession of coastal wetland in the
YRD.

In this study, spatial-temporal dynamic changes and
of tidal channels and roads were studied 1989-2016 in
the YRD. Their morphological feathers were also mir-
rored by some parameters including length, density,
number, frequency, curvature, fractal dimension and
network indices like network roundness (a), node con-
nection rate () and connectivity (y). Three marsh types,
freshwater marsh (FM) covered by Phragmites aus-
tralis, salt marsh (SM) covered by Suaeda salsa, and
mudflats (MD) without vegetations, were extracted by
visual interpretation method. It is aimed to decipher
effects of tidal channel development and road construc-
tion on landscape patch change of these three wetlands
over the past 27 yr, and then to provide scientific basis
for guiding wetland restoration in the YRD.

2 Materials and Methods

2.1 Study area

The YRD locates at the entry of the Yellow River in the
northeast of the Dongying City, Shandong Province,
China (Fig. 1). It spans to Bohai in north, to Laizhou
Bay in south. It reaches the Song Chunrong ditch to the
south, extends about 30 km to the north (end of the tidal
flat), meets the sea to the east, and uses the internal
boundary of the tidal flat in 1989 as the boundary in the
west. The Yellow River was diverted due to the imple-
mentation of the Qing 8 Project in August 1996 (Wang
et al., 2016), which performed by the Yellow River
Conservancy Commission of the Ministry of Water Re-
sources in 1996 and resulted in the shift of Yellow
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a.The change of coastline and the Yellow River Delta

b.Study area selection

Fig. 1 Location of the study area coastline changes in the Yellow River Delta during 1989-2016. Three regions were divided in the

Yellow River Delta according to main stream location and durative swing areas of the Yellow River, which were the unchanging north

region ( I ), the unchanging south region (II) and the changing region (III)

River’s route. This had caused sedimentation decreasing
in the original estuary and increasing in the new estuary,
and coastlines changed greatly (Gu et al, 2000)
(Fig.1a). Based on the Yellow River estuary shifting
location, the study area is further divided into the
northern region of the river (the unchanging North: ),
the southern region of the river (the unchanging South:
IT) and the variable region of the estuary (the changing
region: III) (Fig.1b) for the subsequent discussion.

2.2 Materials

Based on seven remote SPOT images during 1989-2016
(Table 1), tidal channels, roads and wetlands (FM, SM
and MD) were extracted by visual interpretation with
ArcGIS10.3 software. Spatial and temporal resolution of
SPOT images is 20 m % 20 m and 26 d, respectively.
Data of 2016 from Landsat 8 OLI (operational land
imager) images were transformed to produce a spatial
resolution of 20 m x 20 m using the Gram-Schmidt al-
gorithm to fuse the multispectral band sensing image
(30 m x 30 m) and high resolution spatial panchromatic
image (15 m x 15 m). Considering that acquisition time

of SPOT images does not match plant growth period,
TM/ETM/OLI images from the end of August to the
beginning of October (http://earthexplorer.usgs.gov/),
with a resolution of 30 m x 30 m and 16 d, were used to
obtain landscape type information. By ENVI5.3 soft-
ware, all images were pre-processed by conducting ra-
diation calibration and FLAASH atmospheric correction
and followed by geometric correction using remote
sensing image in 2016 as the reference (root mean
square (RMS) < 1).

Information of normalized difference vegetation index
(NDVI) was extracted according to pervious work (Zhao,
2003). Tidal channels, roads and wetlands (FM, SM, MD)
were extracted by visual interpretation in ArcGIS10.3
software environment from 1989 to 2016 (Fig. 2). Indices
were calculated using polyline data of tidal channels and
roads (Table 2). Buffer zones were created to reveal im-
pacts of tidal channels and roads on wetland fragmenta-
tion in the YRD. In June, 2018, field investigation was
performed to test the accuracy of visual interpretation
results. Interpretation accuracy was estimated to be over
70%, which was acceptable.

Table 1 Basic information of remote sensing images used in the present work

Interpretation Year 1989 1992 1998 2003 2009 2012 2016
Tidal Channels/roads Type SPOT1 SPOT2 SPOT4 SPOT4 SPOT4 SPOT4 OLI
Date 08-08 02-05 04-25 10-18 12-07 05-01 08-26

Landscape types Type ™ ™ ™ ETM+ ETM+ ETM+ OLI
Date 10-03 08-24 09-10 08-31 09-31 08-23 08-26

Notes: SPOT, high-resolution images, SPOT 1 launched February 22, 1986 with 10 panchromatic and 20 meter multispectral picture resolution capability, with-
drawn December 31, 1990; SPOT 2 launched January 22, 1990 and deorbited in July 2009; SPOT 4 launched March 24, 1998. Stopped functioning July, 2013. OLI
is from the operational land imager, TM is from the thematic mapper, and ETM+ is from the enhanced thematic mappter plus
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Fig. 2 Spatial distribution of tidal channels and roads (C&R), landscape types (T) and NDVI (NDVI) in the Yellow River Delta during
1989-2016

2.3 Methods network connectivity, which were tidal channel length,
Different indices of tidal channels and roads were cal- number, density, frequency, curvature, fractal dimension
culated to show their morphological characteristics and  and network connectivity (a, § and y). There were only
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three indices representing road construction due to data
limitation, namely, road length, number and density
(Table 2).

Principal component analysis (PCA) is used to reduce
original multiple variables into fewer principal compo-
nents that describe or explain the multivariate vari-
ance-covariance structure features (Chen, 2011; Xu,
2014). It is an effective dimensionality reduction and
statistical simplification process. A multiple linear re-
gression analysis was used to construct the regression
model. That is to say, each principal component was
used as a new independent variable for model estab-
lishment. All statistical analysis was performed by SPSS
22.0, where P < 0.05 was considered as the threshold
value for significance.

3 Results

3.1 Morphological change of tidal channels

Tidal channel length (L) ranged from 400.752 km (in
2012) to 624.389 km (in 2003), with the average of
474.116 km during 1989-2016. The extreme high value

Table 2 Basic information of different indices

in 2003 was ascribed to the first water and sand regula-
tion project on July 4, 2002. This project was carried out
at the Xiaolangdi and Sanmenxia reservoirs on the upper
and middle Yellow River (Xu et al., 2005). This project
has greatly altered the unreasonable ratios of water to
sediment in the Yellow River, scoured river channels,
and reduced sediment deposition on the estuarine re-
gions (Xu et al., 2005; Jiang et al., 2015). The average
tidal channel density (d) was 1.074 km/km® during
1989-2016, with the maximum and minimum ,1.378
km/km? and 0.814 km/km?, in 1989 and in 2012 respec-
tively (Table 3).

The average number (V) and frequency (f) were 293
and 0.659 per kilometers in the YRD. Both the maxi-
mum and the minimum N, (427 vs. 233) and £(0.911 vs.
0.472) were observed in 2003 and 1998, respectively.
High N, and f in 2003 related to well developed tidal
channels in this period. Besides 2003, N, and f decreased
during 1989-1998 and then fluctuated. N; in 2016 was
larger than that in 1989, which indicated improvement
of tidal channel development in the YRD over the last
30 yr.

Indices Description Symbol Formula Unit Application References
Length — L/L; — km Tidal channels (L) —
/roads (L)
Number — N./N; — per Tidal channels (V) —
/roads(N;)
Density the total length of tidal channels d,/d; d= z L/ A km/km®>  Tidal channels (dy) Marani et al., 2003;
or roads per unit area of tidal /roads (d;) Wu et al., 2013;
flat Shi et al.,, 2016
Frequency number of tidal channels per f f= Z N/A per/km®  Tidal channels Horton, 1945
unit area of tidal flat
Curvature the ratio of tidal channel length c c=L/L — Tidal channels Ichokuand Chorowicz, 1994;
to straight line distance between Wu et al., 2013
its two ends
Fractal the slope of InN(n) and In 1/7, D In N(n) — Tidal channels Sun et al., 2001
Dimension D= ’li%m
Network the ratio of the actual number of o= ( N—V+ 1) / (2V — 5) — Tidal channels Cui et al., 2009;
Connectivity  loops to the maximum number Lietal., 2018
of possible loops Vz3)
the average channel number of B B=NIV — Tidal channels Lu et al., 2008;
connections per node in the Lietal., 2018
network

the ratio of the actual number of y
tidal channels to the maximum
number of possible tidal chan-

V=3)
nels

7=N/Np =N/3(V-2) —

Tidal channels Cook, 2002;

Xiaetal., 2017

Notes: L is the length of tidal channels (t) or roads (r); 4 is the area of tidal flats; N is the number of tidal channels (t) or roads (r); L' is straight line distance be-
tween tidal channels’ two ends; N(n) is the number of non-empty boxes that completely cover the entire figure using the same small box; n is the same side length
of the box; ¥ is the number of nodes; Npax is the maximum number of possible tidal channels
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Table 3 Results of different index of tidal channels in the Yellow River Delta

Year L (km) N d; (km/km?) F (per/km?) c D o p y

1989 500.580 276 1.378 0.760 1.141 1.047 0.068 1.131 0.380
1992 532.872 249 1.301 0.608 1.160 1.040 0.054 1.102 0.371
1998 428.147 233 0.868 0.472 1.130 1.037 0.124 1.239 0.418
2003 624.389 427 1.332 0.911 1.128 1.079 0.025 1.047 0.351
2009 411.224 272 0.871 0.576 1.147 1.044 0.143 1.277 0.430
2012 400.752 274 0.814 0.556 1.136 1.045 0.144 1.280 0.431
2016 420.850 321 0.957 0.730 1.140 1.057 0.135 1.264 0.425

Notes: Ly, My, dy, f; ¢ and D are the length, number, density, frequency, curvature and fractal dimension of tidal channels, respectively; o, £ and y stands for network

connectivity of tidal channels

Tidal channel curvature (c¢) in the YRD changed little
with small wvariance, 0.000118, during 1989-2016,
which meant relatively stable small varied tidal channel
development. Fractal characteristics (D) can mirror de-
velopment degrees of tidal channels (Cui et al., 2001).
During 1989-2016, D values always exceeded 1 in the
YRD, with maximum and the minimum D value of
1.079 in 2003 and 1.037 in 1998, respectively. Tidal
channels in 2003 were characterized by the most com-
plex evolution and abnormally increasing branches,
which was attributed to the first water and sand regula-
tion project in 2002. It is generally believed that fractal
dimensions of drainage systems are higher in the
mountainous region than those in the lowland plain
(Angeles et al., 2004). Low D values in the YRD might
largely relate to the broad and gentle topography here.

The average a value was 0.099 in the YRD, which
was relatively small. It indicated that the tidal channel
network was mostly unidirectional water flow with a
simple structure characterized by loop numbers, high
linear connections and few ring connections (Wang,
2009). The average S value was 1.191 in the YRD. Low
f implies low connectivity between nodes, and the con-
nection path may be relatively weak with poor network
connection ability (Wang, 2009). The y of the YRD was
0.351 in 2003,
approximately tree-like structure. This meant well de-
veloped tidal channel network in 2003, which was also

close to 1/3, and showed an

consistent with results extracted from the remote sens-
ing image in 2003.

3.2 Morphological change of roads

Three indices were employed to describe morphological
change of roads (Table 4). The length (L,), number (V;)
and density (d;) of roads had been increasing during

1989-2016, which implied increasing human impacts
here in recent years. In the YRD, L, increased to
186.284 km in 2016 from 48.536 km in 1989 with an
increasing rate of 5.102 km/a, and d, increased to 0.422
km/km? in 2016 from 0.132 km/km? in 1989.

3.3 Changes of main landscape types

Three wetland types in the YRD were extracted by vis-
ual interpretation based on Landsat remote sensing im-
ages during 1989-2016 (Table 5). In terms of areas, MD

Table 4 Results of different indices of roads in the Yellow River
Delta during 1989-2016

Year L, (km) N; (per) d (km/km?)
1989 48.536 17 0.132
1992 57.404 15 0.137
1998 111.989 24 0.227
2003 159.052 36 0.337
2009 171.622 42 0.363
2012 161.015 39 0.321
2016 186.294 51 0.422

Notes: L, N; and d, are the length, number and density of roads, respectively

Table 5 Area and number of main landscape types in the Yellow
River Delta during 1989-2016

Year FM SM MD

Pa (%) Np Pa (%) Np Pa (%) Np
1989 24.03 85 13.38 62 52.00 103
1992 17.51 53 8.92 59 62.37 132
1998 9.83 46 7.64 86 73.36 103
2003 10.81 74 2.23 44 66.14 203
2009 9.75 81 2.37 26 61.18 117
2012 12.89 100 4.34 46 56.99 133
2016 16.09 176 5.94 79 44.03 133

Notes: FM, SM and MD are freshwater marsh covered by Phragmites aus-
tralis, salt marsh covered by Suaeda salsa, and mudflats, respectively; the Pa
(%) and Np is area proportion and patch numbers of different landscape types,
respectively
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was the largest followed by FM and SM in the YRD
during 1989-2016. MD areas increased first and then
decreased during 1989-2016, and FM and SM showed
opposite change tendencies. Patch numbers mirrored
and positively related to landscape fragmentation de-
grees. Patch numbers of MD changed little during
1989-2016 except in 2003 when an outlier was ob-
served. Patch numbers of FM were decreasing during
1989-1998 and increasing during 1998-2016.

3.4 Impacts of tidal channels and roads on land-
scape types

In this study, 12 indices were applied to shape charac-
teristics of tidal channels and road constructions. Princi-
ple component analysis (PCA) was employed to deci-
pher predominant driving forces controlling landscape
types shift in the YRD. Two factors, F1 and F2, were
extracted and represented 91.31% of total variance.
Most indices related to tidal channels were introduced
into F1, and most parameters related to road construc-
tions fall into F2 (Table 6). F1 mainly reflected contri-
butions derived from tidal channel development, and F2
largely represented contributions from road construc-
tion.

Tidal channel development and road construction had
different effects on P, and Np of FM, SM and MD in the
YRD during 1989-2016 (Table 7). High R*values rep-
resent good match degrees of models and only three

Table 6 Component matrix of principle component analysis of
tidal channels, roads and landscape types in the Yellow River Delta

Index F1 F2
L —0.967 0.164
M —0.528 0.848
dy —0.961 —0.138
f —0.735 0.586
a 0.994 0.023
p 0.993 0.032
y 0.994 0.017
c —0.034 —-0.582
D —0.540 0.841
L, 0.515 0.835
N; 0.526 0.819
dy 0.473 0.858

Notes: Li, M, d,, f, ¢ and D is the length, number, density, frequency, curvature
and fractal dimension of tidal channels, respectively; a, f and y stands for
network connectivity of tidal channels; L,, N; and d, is the length, number and
density of roads, respectively

Table 7 Effects of tidal channels and roads on the landscape
types in the Yellow River Delta

F1 F2 R

FM Py - - 0.340
(-0.397) (-0.427)

Np + + 0.416
(0.335) (0.551)

SM Py - - 0.599
(-0.280) (-0.772)

Np + - 0.058
(0.057) (-0.234)

mudflats Py - - 0.067
(-0.143) (-0.215)

Np - + 0.808
(-0.546) (0.714)

Notes: FM, SM and MD are freshwater marsh covered by Phragmites aus-
tralis, salt marsh covered by Suaeda salsa, and mudflats, respectively; the Pa
(%) and Np is area proportion and patch numbers of different landscape types,
respectively; R® represented the decision coefficient of the models; values in
brackets were standard beta coefficients in the linear regression models, and
higher absolute values mean high contributions of factors, and the +/— meant
positive or negative effects

models were relatively credible with R* of 0.416, 0.599
and 0.808. Both tidal channels and road construction
had negative effects on P, of FM and MD, but had
smaller R°. Roads had a larger positive contribution,
mirrored by the standard beta value of 0.551, to Np of
FM than tidal channels with a standard beta value of
0.335. FM species prefers to grow near fresh water
though they can endure slight salinity conditions (Li et
al., 2017). Road construction usually extended from
inland to the coast and fragmented wetlands. Therefore,
these roads, at least partly, destroyed the integrity of FM
and increased patch numbers.

Both tidal channels and roads negatively relate to Pa
of SM. Road construction was the main driver causing
P, decrease, which was confirmed by the standard beta
value, —0.772, higher than that of tidal channel, —0.280.
SM as a typical halophyte plant, usually occurs in areas
with high salinity in ecotones between land and ocean
and is affected largely by ocean dynamics (Li et al.,
2017). Well developed tidal channels lead to good hy-
drological connectivity between rivers and oceans,
which could keep soil salinity competent for SM
growth. Road construction could split tidal flats and
tidal channels, cut off hydrological connection between
SM wetland and the ocean, obstructed SM extension
inland, and finally introduce area decrease of SM wet-
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land. It is perplexing that tidal channels had negative
effects on P, of SM. Sand input by tidal channels and
concomitant sedimentation from the Yellow River might
hasten accretion and consequently hinders salt washing
by tides, this keeps salinity change within a small range
and thus induces SM community disappearance. This
phenomenon is widespread observed in coastal wetlands
of Panjin (Li et al., 2006). However, there are few stud-
ies on this phenomenon in the YRD and more attention
should be paid to this.

Tidal channel development and road construction had
a better explanation on Np of MD (R*= 0.808). Tidal
channels negatively related to Np of MD with a standard
beta value of —0.546. Roads positively related to Np of
MD with a standard beta value of 0.714. Roads exten-
sion blocked tidal channels and accelerated mudflat
fragmentation. Tidal channel development could restrict
MD, which mirrored by negative correlation between
tidal channel development and Np of MD.

4 Discussion

Impacts of tidal channels and roads on landscape fea-
tures were site-depended different across in the YRD,
which was divided into three regions to discuss various
impacts of tidal channels and roads.

Besides region III, tidal channel length was decreas-
ing in other regions. Region III is the changing region of
the Yellow River estuary. It is greatly affected by the
Yellow River water from the upper reaches and tidal
waves from the sea. Road length had been increasing in
all regions, indicating that increasing human activities
occurs. FM area in region I and III both increased fluc-
tuant. In region I, FM area declined sharply from 1992
to 1998 and then increased gradually. This is perhaps
because the Qing 8 project, which caused in a sudden
decrease of the brackish water in 1996 and restricted
FM growth. SM area change in region I was similar to
that in region II. SM surrounded by tidal channels in
regions I and II usually could not be washed by tide,
which reduces soil salinity that did not meet growth re-
quirements for SM. Mudflat area change in the three
regions was essentially similar. SA, characterized by
salt and water-logging resistance, was first introduced to
the YRD around 1990. It did not grow in region II. In
the other two regions, it had been gradually spreading
along the coastline in recent years.

Pearson correlation coefficient showed that only
SA area was closely related to road length (» = —0.833,
P <0 .05), while there was a greater correlation between
SM area and road length (r = —0.954, P < 0.01). Multi-
ple linear regression analysis yield standard coefficients,
0.632 and 0.873, for FM area vs. road length and SM vs.
road length. This indicated that road construction was an
important factor causing FM and SM degradation in
region II. In recent years, economic development like
oil exploitation and breeding ponds encouraged many
roads, thus indirectly destroyed the ecological integrity
of the wetland and resulting in landscape types
degradation.

It can be seen from the above that road construction
had a great influence on the evolution of wetlands.
Besides, tidal channel development will also be affected
by road construction. For
construction cut off some tidal channels, they can hinder

example, when road
the hydrological connectivity between wetlands and sea
areas, reduce the transport of matter, energy and organic
matter, and undermine the integrity of the wetland
ecosystem. Road construction plays a more important
role in the evolution of wetlands and the development of
tidal channels.

Therefore, it is necessary to control the scope and
intensity of human activities in the YRD regions. For
example, in order to maintain the integrity and

hydrological connectivity of tidal channels, road
planning should be carried out according to local
conditions, and tidal channel areas should be avoided as
much as possible; existing shrimp ponds, fish ponds and
and the

construction and expansion of breeding areas strictly

aquaculture areas should be renovated,
controlled; the oil fields in the core area of the nature
reserve and the buffer zone will be withdrawn to limit
their exploration activities, and measures will be taken
to repair the original wetland ecological environment.

5 Conclusions

From 1989 to 2016, tidal channel development and road
construction had different effects on FM, SM, and MD
in the YRD. Road construction had larger contributions
on landscape area and patch changes than tidal channel
development. It implied that anthropogenic activities
like road construction has played a greater role in the
evolution of landscape succession in the YRD. How-
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ever, there are still some deficiencies in this study. It
was difficult to get remote sensing images at the same
time each day so as to avoid impacts of tides on inter-
pretation accuracies. In the future, more attention should
be paid to ecological effects of tidal channel changes
facing external disturbance like human activities and sea
level rise.
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