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Abstract The coast of the northern Yellow River Delta
(YRD) has experienced significant erosion since 1976
due to avulsion and consequent lack of sediment supply.
Moreover, massive reclamation activity, expansion of
the oil industry, and sea-level rise have jointly contrib-
uted to the rapid change of tidal flats over recent de-
cades. Therefore, accurate reporting of the coast spatial
extent and stability status is urgently required. We pre-
sented a method using remotely sensed waterlines to
map tidal flats and monitor their spatiotemporal dynam-
ics. The empirical results show that the area of the
intertidal zone west of Tiao River Mouth (TRM)

appeared to be decreasing. Despite intense hydrody-
namic force, the intertidal zone to the east of TRM has
expanded due to law prohibiting land reclamation in
nature reserve. However, this trend weakened due to
the expansion of oil industry after 2007. The movement
of the mean high-tide line is the main cause for the
increase–decrease patterns of the intertidal zone area.
To achieve and maintain land equilibrium in this area,
we suggest that a 554-m buffer must be preserved for
mean high-tide line retreat. Unfortunately, the shrink
crisis of the tidal flats has been extremely severe. Future
reclamation and oil projects must be supplemented by
studies that evaluate the complexities and dynamics of
tidal flats so as to prevent the loss of this unique
ecosystem.

Keywords Tidal flat dynamics . Eroded coast . Human
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Introduction

The morphological evolution of tidal flats has been
extensively studied for decades, as healthy mudflats
maintain vital ecological and environment functions as
well as protect shorelines (Wells et al. 1990; Allard
and Michaud 1998; Barbier et al. 2008; Mariotti and
Fagherazzi 2010; Ma et al. 2014). Due to the relative
sea-level rise (Zhang et al. 2004; Nicholls and Cazenave
2010; Erlandson 2012), decrease of sediment supply
from river basins (Syvitski et al. 2009; Wang et al.
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2010; Liu et al. 2014; Liu et al. 2017), and changes in
nearshore hydrodynamics (Jiménez et al. 1997; Wang
et al. 2006; Jia et al. 2014), coasts in different locations
worldwide have experienced erosion. This provokes
concomitant loss of tidal flats has caused salt marshes
to deteriorate (Kirwan and Megonigal 2013). Human
activities, such as land reclamation, aquaculture, shore-
line protection, and oil exploitation, have promoted a
worldwide decline in the extent and health of many
intertidal ecosystems (Lotze and Jackson 2006; Airoldi
and Beck 2007; Wang et al. 2015; Werf et al. 2015).
Therefore, extensive studies on tidal flats are urgently
expected since these will provide essential information
for understanding coastal response to contemporary en-
vironmental shift and human impacts (Yang et al. 2001;
Lee et al. 2011).

Regarding coastal monitoring, field surveys are dif-
ficult, especially on mudflats, mainly due to their poor
accessibility, dearth of shore exposure, and lack of suit-
able transportation for researchers (Ryu et al. 2008; Xu
et al. 2016). The waterline method using satellite im-
ages, such as the Landsat Thematic Mapper (TM), En-
hanced Thematic Mapper (ETM+), MODIS, and SPOT,
provides effective approaches to monitoring shoreline
and coastal dynamics (Mason et al. 1995; Kuleli 2010;
Ryu et al. 2014; Li and Gong 2016; Sunder et al. 2017).
Over the past 30 years, numerous studies have been
carried out along the coast of the YRD due to its social
and economic value as a unique ecosystem (Cui et al.
2009). Previous studies have primarily focused on the
delta shoreline dynamic (Zhang 2011; Kuenzer et al.
2014; Zhang et al. 2016; Fan et al. 2018), erosion–
accretion patterns (Cui and Li 2011; Bi et al. 2014;
Jiang et al. 2017), and tidal creek changes (Fan and
Huang 2004). However, limited attention has been paid
to the temporal and spatial extent dynamics of delta tidal
flats, especially along an eroding coast under the impact
of human activities.

Therefore, we present an approach to waterline cal-
culation using Landsat image. This approach will be
applied for monitoring the dynamics of northern YRD,
a region within intense hydrodynamic action and human
activities. The objectives of this study are (1) developing
a methodology to map tidal flats using all available
Landsat images, (2) applying this method for analyzing
the coast of northern YRD, (3) quantifying spatiotem-
poral changes of these tidal flats, and (4) discussing how
human activities have impacted on tidal flat shrink and
future plan on coastal management.

Study area and background

The YRD

The YRD is normally described as the Bfan-shaped^
area, in which Ninghai serves as its apex. Downstream
from Ninghai lies an area of approximately 6000 km2

extending from themouth of the Taoer River in the north
to the mouth of the Zhimai River in the south (Fig. 1a).
Since1855, 11 major avulsions have occurred with fre-
quent channel bifurcations. The avulsion occurred in
1976 when the river’s course veered southeastward,
resulting in the formation of the active river mouth and
the abandoned northern YRD lobe. The Yellow River
Delta Nature Reserve (YRDNR) covers an area of ap-
proximately 145,000 hm2 and forms the second largest
coastal wetland in China (Fang and Xu 2000; Kuenzer
et al. 2014). The YRDNR consists of two separate parts:
the Northern Nature Reserve (NNR) located in the
abandoned Yellow River mouth and the Southern Na-
ture Reserve (SNR) in currently active Yellow River
mouth (Fig. 1b). The reserve consists of a core zone, a
buffer zone, and a test zone (Fig. 1b).

The YRD has been impacted by extensive and rapid
human pressures over recent decades (Zhang et al. 2011;
Huang et al. 2012). Since the 1980s, humans have been
developing crop farming, coastal fisheries, salt industry,
and oil exploitation in this area (Yao et al. 2010; Bi et al.
2011). These exploited large portions of natural tidal
marshlands due to human constructions and land ma-
nipulation (Huang et al. 2012). Over the past 20 years,
natural wetland cover has decreased by 38.6% from
2566 km2 in 1986 to 1575 km2 in 2008 (Wang et al.
2012). The saltmarsh wetland have been reduced by
65.09 km2 from 1986 to 2005 (Huang et al. 2012),
whereas the constructions on the wetland increased
199.74 km2 from 2000 to 2008 (Chen et al. 2011).

The coast of the northern YRD

As part of the abandoned delta lobe, the coast of the
northern Yellow River Delta has suffered significant
erosion since the avulsion in 1976, and the subsequent
discontinuity of sediment supply and the ocean dynam-
ics have become stronger relatively (Li et al. 2000; Chen
et al. 2006; Zhang et al. 2016). In addition, the relation
between directions of wave and coast has influenced
greatly the coastal erosion. From the wave climate off-
shore the NNR (Fig. 2a), we can conclude that the
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prevailing direction of waves was NE and the frequency
of those wave occurrence was 10.3%. Strong waves

were mainly from NNE to ENE, in which waves from
NEwere the strongest; waves fromNWwere secondary.

Fig. 1 Range of the Yellow River Delta (YRD), including the Yellow River Delta Nature Reserve (YRDNR)
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The whole coast of the northern YRD shows the trend of
E–W, which intersected the directions of strong waves
and frequent waves, thus strengthening the coastal ero-
sion from wave action. The coast of the YRD locates
near the amphidromic point of M2 tidal component
(119°03′57″E, 38°08′41″N). The tides of the limited
areas around the amphidromic point belong to the reg-
ular diurnal tide and then show a transition to the semi-
diurnal tide toward south or west. In response to the
complex tides, two areas have high current velocity,
which are located in the north and the south coast,
respectively (Fig. 2b, c). The coast of the northern
YRD just happens to be in proximity of the area of high
current velocity.

The YRD is continues to bear pressures from oil
industry and land reclamation for fisheries and salt
industry (Kuenzer et al. 2014; Jin et al. 2016). The
1996 to 2016 reclamation boundaries extracted from
Landsat images were compared to a generated fixed line
that was roughly parallel to the shoreline (Fig. 3a). The

region area was then calculated to reflect the reclamation
development. Figure 3b shows the human reclamation
area sustained expansion from 1996 to 2016. Two rapid
expansion periods, of 123.98 and 47.26 km2/year, oc-
curred from 2002 to 2003 and from 2011 to 2013,
respectively. So far, the reclamation boundary has been
advancing into the upper region of the tidal flats
(Fig. 3a). To understand the reclamation impacts, the
tidal flats in 2000, 2007, and 2015, the years before or
after the rapid expansion periods, have been examined
in this study.

The coasts to the east of the Z106 drainage station
(Z106, see Fig. 4) were protected by concrete levee
without tidal flats, so we chose to study the area west
of the Z106 and east to the Taoer River Mouth (TERM).
Six streamlets and river mouths can be found in the
study area, Taoer River Mouth (TERM), Chao River
Mouth (CRM), Maxin River Mouth (MRM), Zhanli
River Mouth (ZRM), Tiao River Mouth (TRM), and
Diaokou River Mouth (DRM). By those river mouths,
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Fig. 2 a The wave climate offshore the NNR. b The hydrodynamic force along the measured flow field (cm/s) along the YellowRiver Delta
in flood sea, and (c) is in dry season (modified after Hu et al. 1996)
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the tidal flats are naturally divided into the six sections,
sections A–F (Fig. 4). To understand the spatial dynam-
ics of the tidal flats, we focused on those six sections
respectively.

Data and methods

Commonly, tidal flats can be sectioned into three zones
by mean high-tide line and mean low-tide line: they are
the supratidal zone and the intertidal and the subtidal
zones. Since the high- and low-tide lines are time-
dependent phenomena that may exhibit short-term var-
iability, this study uses more reliable indicators that
specify the Baverage position^ of these two dynamic
lines (Boak and Turner 2005) over a period of 3 years.
This timeframe is selected to determine if tideline fluc-
tuation could be further linkedwith human activities and
reveal the relative contribution. Thus, we utilize the
image data of the representative years (2000, 2007,
and 2015), as well as data of their adjacent years (1 year
before and 1 year after) are analyzed. For example,
the data from 1999 to 2001 were used for 2000 data
representative year.

Satellite image and processing

We downloaded all available Landsat TM, ETM, and
OLI images (path 121 row 34) of the years under study
when cloud cover was approximately 30% from the
United States Geological Survey Center for Earth
Resources Observation and Science (USGS/EROS).
This download obtained a total of 70 (from 1999 to
2001), 83 (from 2006 to 2008), and 98 (from 2014 to
2016) standard Level 1 Terrain-corrected (L1T) im-
ages respectively for the tidal flats extracted for 2000,
2007, and 2015. We were able to correct the system-
atic geometric errors of the L1T images using ground
control points and a Digital Elevation Model (DEM)
to obtain a geolocation accuracy of better than
0.4 pixels. In order to further reduce the geometric
errors resulting from waterline distortion, we used the
original geolocation of Landsat 8 OLI image on June 2,
2015 as the benchmark. We then geo-referenced the
other images to the fiducial geolocation using the
image-to-image module. The Landsat Ecosystem Dis-
turbance Adaptive Processing System (LEDAPS) was
utilized as an atmosphere correction tool that converts
the at-sensor radiance (digital number, DN) to surface

reflectance to reduce atmospheric effects (Vermote et al.
1997; Masek et al. 2006).

Waterline extraction

We employed several imaging systems to detect the
waterline locations. For example, for band selection,
the position of the waterline can be affected by a number
of driving factors, such as suspended sediment, tidal
fluctuations, and the turbidity of water. In this study,
we adopted the Normalized Difference Water Index
(NDWI) because it provides a greater accuracy
(Mcfeeters 1996) and has been demonstrated in highly
turbid coastal areas, such as the tidal flats of Bohai Rim
(Liu et al. 2016), the tidal flats along the Jiangsu
coast in China (Liu et al. 2013), and other intertidal
regions across East Asia (Murray et al. 2012). The
formulation of NDWI is expressed in the equation
below:

NDWI ¼ Green−NIR
Greenþ NIR

ð1Þ

where BGreen^ represents the green light band and
BNIR^ represents the near-infrared band that corre-
spond to the second and fourth bands of Landsat TM/
ETM+ image, or the third and fifth bands of the
Landsat OLI image. We chose a threshold value
based on the algorithm suggested by Otsu (1979) to
generate binary image (land–water) from the NDWI
image. Application of the dilation and erosion oper-
ator of Mathematical Morphology (MM) can close
the gap of channels at the boundary of binary image,
generating a continuously generated waterline
(Geleynse et al. 2012). Figure 6 shows the processes
of waterline extraction.

Tidal flat delineation and accuracy assessment

To determine the total extent of the tidal flats, we select-
ed the outermost boundaries of all the waterlines. The
mean high- and low-tide lines were distinguished to
divide the tidal flats into three zones, namely supratidal
zone, intertidal zone, and subtidal zone. An orthogonal
transect was generated every approximate 100 m (some
placesmore or less 100m to ensure orthogonality) along
the baseline (Fig. 5a), with each transect and each wa-
terline having an intersection point. These points repre-
sented the estimated location (distance from baseline) of
the tide at each satellite transit time. Each transect had at
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least 70 tidal points that we estimated at various times
and under various tidal conditions. We calculated the

distance between each tidal point and the baseline.
Then, we classified the tidal points based on the

Fig. 3 Reclamation development in the northern YRD. a The
reclamation boundary of 2000, 2007, and 2015 from Landsat
images, including a fixed line that we established to calculate the
selected region area. a1–a3 The reclamation boundary advanced
to the upper limit bound of the tidal flats. The photos were taken at

the locations indicated by yellow dots, in August 2017. b Changes
of selected regions area reflected the reclamation development.
The arrows represent an increase in area, and the data on the top
represent the rate of increase in square kilometers per year.
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distances by Jenks Natural Breaks (Jenks 1967) to de-
fine high, middle, and low classes. This classification
method is a form of data clustering in which the re-
searcher seeks natural Bfaults^ and Bdiscontinuity
points^ according to intrinsic statistical characteristics
of data. This method maximizes variance between clas-
ses and minimizes variance within classes to achieve the
most accurate classifications.

To determine the most representative segmentations
of the mean high-tide and mean low-tide point sets, we
first analyzed the data characteristics of tidal points. As
shown in Fig. 5b, regardless of the amount of classes,
the best segmentation of high- and low-tide point sets
was similar. Therefore, distances of tidal points along
each transect were divided into three, four, five, and ten
classes. Groups containing more than ten classes elim-
inated the clustering effect of the data. For every tran-
sect, the segmentation points of the class that was closest
to the baseline and the class that was farthest were
selected as segmentation points of the mean high point
sets and the mean low point sets, respectively. Thus, we
were able to determine the mean high-tide and low-tide
lines by linking those points (Fig. 5c).

The accuracy of the extent estimate of tidal flats was
assessed by independently comparing reference data
with maps in a confusion matrix (Foody 2009). There
were 240 sample locations generated utilizing stratified
random sampling the non-masked area to establish the
two output classes (tidal flat and other). Map data was
extracted from the tidal flats map. Reference data was
derived by an independent analyst who labeled each
sample point as belonging to either a tidal flat or the
other class, based on the assessment of available
Landsat image of low-tide images and Google Earth
image. We then computed the confusion matrix of the
resulting map with respect the reference expert data and
estimated accuracy measurements that include overall,
user’s, and producer’s accuracy.

Analysis of tidal flat dynamics

Three zones within the tidal flats for 2000, 2007, and
2015 were identified and mapped using the method
mentioned above. We calculated the net change and
growth rate of the intertidal zone areas in different
sections. A positive growth rate indicates that the area
is increasing, while a negative value means the area is
decreasing.

In order to establish detailed change patterns of tidal
flats at various spatial scales, we calculated the mean
high-tide line change (MHC) and mean low-tide line
change (MLC), respectively. We generated a total of
1142 orthogonal profiles spaced at approximate 500 m
(some places more or less 500 m to ensure orthogonal-
ity) along the baseline. Each transect and each mean
high-tide line (or mean low-tide line) had an intersection
point, and we determined the MHC (or MLC) based on
the distance between the two intersection points.

Results

The mapped tidal flats

Landsat images were utilized to extract the waterline.
Figure 6a and b shows the waterline extraction when the
turbidity of nearshore were low and high, respectively.
The binary images and the waterlines could be generat-
ed precisely byNDWImethodwhatever in low turbidity
condition or in high turbidity condition. Based on
abovementioned methods, we produced maps for the
year 2000, 2007, and 2015. Figure 7 shows the extent of
the tidal flats, including reclamation boundaries and
river courses. The high-tide images enable us to divide
the entire coastline into six sections based on the river
mouths. All other regions, such as land, ponds, and deep
water are masked off in white.

Fig. 4 Map of the coast of the
northern Yellow River Delta,
including six sections A–F
divided by six rivers and river
mouths. Bands 7, 5, and 4 from
Landsat 8 OLI, acquired in 2015,
were combined to form the base
map
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To assess the accuracy of the estimated extent of tidal
flats in 2015, which were calculated from 2014 to 2016
Landsat images, we chose each year’s Landsat 8 OLI
low-tide images (Band 8 with a spatial resolution of
15 m), Google Earth images, and field samples (in
August, 2017) as references. The confusion matrix is a
commonly used tool to assess of accuracy of land cover
classification. The matrix scores how the classification
process has labeled a series of test sites. The correct land
cover of test sites is known. Typically, the true class
label is displayed across columns, while the actual
mapped class is displayed in columns rows. The diago-
nal of the confusion matrix displays the number of
sample locations for which the true class and the
mapped class agree. The overall accuracy of the entire
sample is then the sum of the diagonal elements divided

by the total of all sites. For individual classes, the
marginal totals of the matrix can estimate the producer’s
accuracy and user’s accuracy from the samples. The
producer’s accuracy is the probability that a sample truly
belonging to class i is also mapped as class i, while the
user’s accuracy is the probability that a sample mapped
as class i is truly of class i (Card 1982).

As shown in Table 1, although the overall classifica-
tion accuracy for the mapping of tidal flats differed
depending on the three reference points, the lowest
one was more than 87%, with a user’s accuracy of
89.2% and a producer’s accuracy of 85.6%. Due to the
erosion of the coast, the tidal flats near the low-tide line
of 2014may have less coverage. In other words, wemay
have underestimated the extent of the tidal flats in 2014.
The high classification accuracy of the reference image

Fig. 5 a The waterlines, baseline, and orthogonal transects of the sample area. b Relationship between the segmentation point and the
amount of class. c The mean high-tide points and mean low-tide points were extracted
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in 2016 (Table 1) and the coastal erosion degree indi-
cated that we may have overestimated the extent of the
tidal flats in 2016. Thus, the degree of area of the tidal
flats, derived from the waterlines of 2014, 2015, and
2016, can be taken as an average of these periods.

The degree of area changes in the intertidal zone

The intertidal zone, as one of the most productive eco-
systems on earth, can provide safe spawning areas and
nurseries for countless species of fish and crustaceans.
This fact led this study to focus primarily on the dynam-
ics of the intertidal zone as a representative of the entire
tidal flat region.

The net changes and the growth rates of intertidal zone
area were calculated, and the results are shown in Table 2.
During the period from 2000 to 2007, the intertidal zone
area of sections A, B, and C decreased, while the other

sections increased. SectionA showed themost significant
decrease with the growth rate of − 25.73%. Sections E
and F had the largest increase value, with a growth rate of
22.70 and 46.05%, respectively. In the period from 2007
to 2015, the intertidal zone area experienced a significant
decrease, except for sections F and C which showed a
growth rate of 20.55% and − 0.99% (suffered a slight
reduction), respectively. The area of section A was re-
duced to zero, and sections B and C decreased by more
than 20%. During the latter period (2007–2015), section
F expanded by more than 20%, which was less than in
2000–2007; section E increased after originally decrease
with a net increasing of only 1.52 km2 and a growth rate
of 6.15% by the end of 2015.

The overall growth rate decreased from − 2.23% to −
33.69% for all sections from the former period (2000–
2007) to the latter period (2007–2015). The area of the
intertidal zone underwent a significant reduction during

Fig. 6 a The processes of waterline extraction under low turbidity
condition. b The processes of waterline extraction under high
turbidity condition. a1, b1 Landsat image from Landsat 8 OLI,
acquired on October 24, 2014 and Landsat image from Landsat 5
TM, acquired on December 11, 2007, respectively. (a2), (b2), (a3),

and (b3) Landsat images were processed by NDWI and threshold
segmentation. (a4) and (b4) getting the waterline through dilation
operator of MM closed the gap of channels and deleting the
waterline on the land
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2007–2015.Throughout the entire research period (2000–
2015), only the intertidal zone sections E and F (in the
west of the TRM) expanded, whereas the rest of the six

sections diminished. Notably, the land reclamation occu-
pied the intertidal zone of section A, and no new intertidal
zone was formed by the end of 2015.

Fig. 7 The spatial extent of tidal
flats, with reclamation boundary
and river courses of 2002, 2007,
and 2015

Table 1 Confusion matrix for the mapping of the tidal flat

Classified ∑ Producer’s accuracy (%)

Tidal flat Other

Reference of 2014 Tidal flat 107 18 125 85.6

Other 13 102 115 88.7

∑ 120 120 240

User’s accuracy (%) 89.2 85.0

Overall accuracy (%) 87.2

Reference of 2015 Tidal flat 110 11 121 90.9

Other 10 109 119 91.6

∑ 120 120 240

User’s accuracy (%) 91.7 90.8

Overall accuracy (%) 91.3

Reference of 2016 Tidal flat 109 8 117 93.2

Other 11 112 123 91.1

∑ 120 120 240

User’s accuracy (%) 90.8 93.3 92.2

Overall accuracy (%) 92.2

The matrix shows actual and classified cases in the rows and columns, respectively. The proportion of correctly allocated cases indicates the
overall accuracy of the classification system
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The spatiotemporal changes of the mean high-
and low-tide lines

We further explored the dynamics of mean high- and
low-tide lines to further explain this relationship. Fig-
ure 8 shows the mean tide lines and their profiles, and
Fig. 9 shows the MHC and MLC along each profile.
Since a positive MHC or MLC indicates a seaward
change and a negative value represents a landward
change, we were able to obtain the retreat–advance
patterns of the mean high- and low-tide lines from
Fig. 9.

During the period from 2000 to 2007, the low-tide
line of all six sections moved closer to land due to
coastal erosion; however, the direction of high-tide line
shift was inconsistent in the six sections. For example,
the mean high-tide line in sections A and B shifted
closer to sea, while the rest of the six examined sections
shifted closer to land. Specifically, the MHC and MLC
of sections C and D were almost the same (Table 3).
Only the MHC of section E and F were greater than the
MLC, which indicated the mean high-tide line experi-
enced more significant retreat than the mean low shift.
This phenomenon was consistent with the significant
increase of intertidal zone area only in section E and F
(Table 2). The average MLC of the six sections was −
485.94 m (landward retreat), and the average MHC of
all six sections was − 321.67 m. This fact indicates that
the greater retreat distances of the mean high-tide line in
sections E and F could not balance the reverse situation
occurring in the other sections.

After 2007, the coast was continually eroded by
marine hydrodynamics, and almost all of the mean
high- and low-tide lines moved closer to land. Particu-
larly, in sections D and F, both the mean high-tide line
and the mean low-tide line showed a significant land-
ward movement. Only in section F, the shift of the mean
high-tide line was more than the shift of the mean low-
tide line (Table 3), which was consistent with the in-
crease of intertidal zone area only in section F during the
period of 2007–2015 (Table 2). The MLC of five sec-
tions was − 433.14 m, while the MHC of five sections
was − 264.44 m, which accounted for 61% of the
former.

From above, we found that only when the mean high-
tide line retreats more distance than the low-tide line, the
intertidal zone area could increase. Although intertidal is
defined by both mean high- and low-tide lines, the
retreat of the mean high-tide line is more likely to be

the principal determinant of the intertidal zone dynamics
along this eroded coast. The relationship between the
mean high-tide line and intertidal changes, and its
impacts on human activities will be discussed in the
following section.

Discussion

This study highlights the merits of using remote sensing
image to generate precise mapping of tidal flats along the
coast of northern Yellow Delta, which has been under
intense coastal development. The accuracy assessment
indicated a classification rate over 87%. Our approach
could (1) be applied for monitoring tidal flats when suf-
ficient Landsat images are available, (2) be incorporated
with data obtained from other sensors, permitting a wide
range of sensors tomeet various objectives, and (3) enable
exploration of the human-pressure-driven dynamic
patterns, especially along an eroded coast.

Mean high-tide line retreat affected by reclamation

From the empirical results, we observed that both the
mean low- and high-tide lines moved landward during
our study period. The movements of the mean low-tide
line were because of coastal erosion, while the retreats
of the mean high-tide line were because of tidal adapta-
tions tomorphological changes. TheMHCwas less than
the MLC in sections A and B, during 2002–2007, and
sections B–E, during 2007–2015. We observed that the
mean high-tide line of these sections collided with the
reclamation boundary at the end of these periods, which
left no room for retreat (refer to Fig. 7).

Regrading to intertidal zone area in each section dur-
ing two study periods of 2000–2007 and 2007–2015,
significant differences between the MHC and MLC were
observed. The connections among the growth rates of the
areas of 11 sections (sections A–F during the period of
2000–2007 and sections B–F during the period of 2007–
2015) and the difference between the MHC and MLC
(refer to Figure 10a). There are obvious positive tenden-
cies between these two variables. The best fit curves are
shown in the equations below:

y ¼ 0:0565x1 þ 7:7890 R2 ¼ 0:5971;P < 0:005 ð2Þ
where y represents the growth rate of the area and x1
represents the difference between the MHC and MLC.
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This positive correlation is obvious since the retreat-
advance combined actions of mean high- and low-tide
line define the area of intertidal zones. Figure 10a and Eq.
(2) indicate that the growth rate of the area increased with
the difference between the MHC and MLC. When the
growth rate increases, meaning that the area is enlarging,
the landward rate of change for the mean high-tide line is
greater than that for the mean low-tide line.

A linear regression analysis between the growth
rate of the intertidal zone area and the MHC was
performed (Figure 10b). The results suggest a closer
relationship between the two variables, except for the
MHC in section F. By applying a linear regression
(solid line), the relationship between the MHC and

the area growth rate (Fig. 10b) can be indicated by
the following equation:

y ¼ −0:0364x2−20:1655 R2 ¼ 0:5220;P < 0:01 ð3Þ

where y represents the growth rate of the area and x2
represents the MHC; R2 is 0.5220, which is approx-
imately equal to R2 in Eq. (2). This means that the
movement of the mean high-tide line played a critical
role in the increase–decrease patterns of the intertidal
zone area. According to the linear relationship, we
calculated the critical MHC, − 554, when the growth
rate of the area was 0. This indicates that the 554-m
gap should be reserved for the retreat of the mean

Table 2 Area changes and growth rates within intertidal zone of various sections

Period Area changes Area of different sections

Section A Section B Section C Section D Section E Section F

2000–2007 Net change (km2) − 9.94 − 1.23 1.13 0.18 5.61 3.33

Growth rate (%) − 25.73 − 10.65 14.21 1.07 22.70 46.05

2007–2015 Net change (km2) − 28.69 − 2.31 − 0.09 − 3.84 − 4.09 2.17

Growth rate (%) − 100 − 22.38 − 0.99 − 22.76 − 13.49 20.55

2000–2015 Net change (km2) − 38.63 − 3.54 − 0.96 − 3.66 1.52 5.5

Growth rate (%) − 100 − 30.65 − 9.65 − 21.93 6.15 76.07

Net change = the last value of a certain period − the initial value of a certain period; growth rate = (net change÷the initial value of a certain
period)×100%

Legend
Low-tide line 2000

Low-tide line 2007

Low-tide line 2015

High-tide line 2000

High-tide line 2007

High-tide line 2015

Baselines

Orthogonal transects

(a)

(b)

Fig. 8 The mean high- and low-tide lines dynamics from 2000,
2007 to 2015. a The location of mean high- and low-tide lines of
these three years. b A total of 1142 profiles were created along the

coast within a 500-m gap. In addition, two groups of profile
samples are shown at a finer scale
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high-tide line to maintain equilibrium of the intertidal
zone. Unfortunately, the reclamation boundary closed
off the mean high-tide line and prevented its retreat in
most sections.

Mean high-tide line retreat affected by nature reserve
and oil pumps

The NNR, located near the flood plains at the mouth of
Diaokou River in the northern delta, occupies
40,000 hm2 of the entire reserve. The reserve was
approved by the Dongying government in 1990 as an
official local nature reserve. It was approved as a national

nature reserve by the State Council of China in October
1992 (Xu 2000). According to the State Council of
China, any kind of human activities in the core zone of
a national reserve is forbidden. In this nature reserve, we
observed that the reclamation boundary did not reach
the mean high-tide line and the level of tide line
enabled the expansion of the intertidal in sections E
and F from 2000 to 2007. Therefore, the setup of the
nature reserve contributed to the expansion of the
intertidal zone, although the coast has suffered the
hydrodynamics-induced erosion.

We observed that the expansion rate in sections E and
F decreased after 2007. In addition to the occupation of

Fig. 9 The MHC and MLC in
multiple sections during the study
periods of 2000–2007 and 2007–
2015

Table 3 The MHC and MLC of multiple sections during the study periods of 2000–2007 and 2007–2015

Period Tidal line The sectional average MHC and MLC (m)

Section A Section B Section C Section D Section E Section F Alla

2000–2007 Mean low-tide line − 754.45 − 438.41 − 317.06 − 464.53 − 686.95 − 254.22 − 485.94
Mean high-tide line 122.67 − 75.88 − 296.88 − 431.34 − 858.21 − 390.38 − 321.67

2007–2015 Mean low-tide line − 309 − 287.99 − 593.95 − 963.25 − 11.52 − 433.14
Mean high-tide line − 34.86 − 246.97 − 286.90 − 675.34 − 78.12 − 264.44

a The last column shows the mean of these sections
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the intertidal zone in the west of section E, the oil pumps
provoked a negative impact on the expansion of the
intertidal zone, especially after 2007. The oil pumps
are visible on Google Earth and can also be precisely

located in Landsat image. We analyzed spread of oil
pumps within the nature reserve over the course of the
study period using the image from Google Earth. Con-
sistent with Kuenzer et al.’s (2014) study, the number of

Fig. 10 a The area growth rate increased with the difference between the MHC and MLC. b Relations between area growth rate and the
MHC

Fig. 11 The locations of oil pumps in the NNR in 2000, 2007, and 2015, including the reclamation boundary
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pumps increased from 232 in 2000 to 585 in 2015. In
2000, only a very few oil pumps went over in the
wetland area (Fig. 11a). However, the number of pumps
increased dramatically in 2007 (Fig. 11b) and 2015
(Fig. 11c) even in the core zone of the nature reserve.
The oil pumps connected via road networks prevented
the intertidal zone from retreating. From these findings,
it is safe to say that it is not enough to terminate recla-
mation in nature reserves and forbid human activities in
the core zones—forbidding oil exploitation in the vicin-
ity of all the tidal flats is also desperately necessary.

Conclusions

In this study, we developed a universal and efficient
method for tidal flats mapping using Landsat image.
We used a semiautomatic method to extract a series of
remotely sensed waterlines. By clustering multiple wa-
terlines within a 3-year period, we were able to identify
three distinct zones of the tidal flats for 2000, 2007, and
2015 along an erosive coast under the impact of human
activities in YRD.

We divided these tidal flats into six sections (sections
A–F) using the five river mouths, and further explored
their spatiotemporal dynamics. The empirical results
revealed that the area of the intertidal zone to the west
of the TRM (sections A–D) appeared to decrease, while
the extent of decreased area were inconsistent in these
sections. Despite the intense hydrodynamics, the inter-
tidal zone to the east of TRM expanded due to laws
prohibiting land reclamation in nature reserves, al-
though this trend has weakened after 2007. The retreat
of the mean high-tide line played a critical role in the
decreased intertidal zone area. We developed a binary
regression model based on the MHC of the 11 sections
and the growth rate of the intertidal zone area. This
model suggested the mean high-tide line has a 554-m
buffer to retreat to maintain area equilibrium of intertidal
zones. Although the human land reclamation has come
detrimental impacts on mean high-tide line retreat, the
expanded of oil industry’s profitable activities near the
tidal flats also prevented retreat, causing a severe tidal
flats crisis. Confronted with abovementioned issues as
well as the natural complexity of the YRD tidal flats,
interdisciplinary studies that address the multi-annual
cycles of the sedimentary processes are necessary to
evaluate the impact of human intervention on the coastal
environment.
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