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Abstract: Tidal flats are playing a critical role in the coastal environment, which mainly rely on
satellite images to map the distribution on large spatiotemporal scales. Much effort has been made
to monitor and analyze the spatiotemporal dynamics of tidal flats in order to provide worthwhile
references for scientists and lawmakers. Instead of considering the dynamics of tidal flats only, this
study implemented a series of comprehensive analyses on the tidal flats along the coast of Florida
during the period 1984–2020. First, the analyses on the pixel level examined the spatiotemporal
characteristics of tidal flat dynamics and the interactions with lands and permanent water. Second,
the contiguous pixels of tidal flats were assembled as objects, and two geometric attributes were
calculated and used to track the temporal patterns of tidal flat dynamics on this level. Finally, the
Mann–Kendall test and Sen’s slope estimator were applied to identify and quantify the significant
trends of tidal flat dynamics on the two levels. The results highlighted the differences in tidal
flat distributions and dynamics between the Gulf Coast and Atlantic Coast, which further verified
effective GIS representations and analyses that could be applied to other coastal studies.
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1. Introduction

Owing to the sufficient supply of the fine-grained sediments and the hydrodynamic
forces dominated by tides, a unique type of environment is constituted along the coast,
which is also known as tidal flats [1]. This area is characterized by the intensified inter-
actions between land and sea, which makes it the natural transitions between ocean and
terrestrial ecosystems and consequently acts a critical role in the biodiversity on Earth [2,3].
Located at the forefront of the ocean, tidal flats also play an irreplaceable role in protect-
ing the lands from margin erosions and flooding due to tidal currents, waves, tsunamis,
and hurricanes [4,5]. Moreover, the coastal residents have gained considerable economic
profits from tidal flats, including but not limited to fishery [6] and aquaculture [7]. While
tidal flats have tremendously contributed to the coastal environments and communities,
they are under increasing pressure from intensive human activities. For example, tidal
flats have become a land source for urban expansions [8,9], and the urban wastes have
further deteriorated the environmental crisis of tidal flats [10]. As the counterforce from
damaged environment, the natural hazards could risk the safety of coastal communities
and consequently the densely populated communities are even more vulnerable [11]. On a
global scale, tidal flats declined by 16.02% during 1984 to 2016 [12], which is a warning sign
and urgently calls for the awareness and protections. To provide a worthwhile reference
for scientists and lawmakers, a preparatory task is to monitor the dynamic changes of
tidal flats.

To date, numerous frameworks have been proposed to map the distributions of tidal
flats, which provide a solid foundation to monitor the tidal flat dynamics on large spa-
tiotemporal scales. For example, the annual distributions of tidal flats in China from 1986
to 2016 were mapped according to the frequencies of water and vegetation [2]. Likewise,
a more recent study [13] used Otsu’s thresholding [14] to optimize the segmentation of
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satellite imageries and mapped the distribution of tidal flats in China with an overall
accuracy of 95%. On the other hand, the machine learning algorithms, such as Random
Forests (RF), have been verified effective to automate the classification. Meanwhile, the
high-performance cloud computing platforms, such as the Google Earth Engine (GEE),
have demonstrated great potentials in the processing of big geospatial data. Consequently,
several RF-based models have been proposed and realized through GEE, which greatly
saved the labor and accelerated the progress of mapping. For example, a total of 48 statisti-
cal values were defined in the RF classifier proposed by Zhang et al. (2019) [15], and the
distributions of tidal flats in China circa 2015 were mapped. Moreover, the RF-based frame-
work given by Murray et al. (2019) [12] mapped the distribution of tidal flats throughout
the whole world from 1984 to 2016, which unprecedentedly draw a picture to visualize
and analyze the tidal flat dynamics on a large spatiotemporal scale. Acknowledging the
limitations of existing frameworks, a new RF classifier was proposed with respect to the
local conditions and used to produce the annual tidal flat maps throughout the contermi-
nous United States (US) from 1984 to 2020 [16], which was also selected by this study to
derive the fundamental tidal flat data for dynamic analyses.

Aside from the dynamic analyses on tidal flats, an in-depth consideration is to explore
the spatiotemporal characteristics of the interactions between tidal flats and other land
cover types. For example, a case study of Zhuhai City, China [17] assessed the gains and
losses of tidal flats and other ecological lands between 1991 and 2018, during which the
urban area had rapidly expanded. In addition, a model of ecological land change process
was proposed with respect to multiple geographical factors, which was used to predict the
land cover conversions in the future. Another case study of Zhoushan, China [18] generated
the land cover maps in 1995 and 2011, in which the lands were classified into five categories,
including woodland, farmland, water body, urban land, and tidal flats. Then, the maps in
the two years were overlapped and compared, which finds the spatial distributions and the
land sources of newly urbanized areas. A follow-up study [8] utilized the full time series
of Landsat imageries archived in GEE to produce the monthly maps of coastlines and tidal
flats from 1985 to 2017, which tremendously extended data availability on assessing the
spatiotemporal patterns of land cover changes. Based on the monthly maps, that study
explored the six types of interactions between lands, waterbodies, and tidal flats, and the
identified spatiotemporal patterns were summarized and visualized. Again, in Zhoushan,
China, a more recent study [9] inspected the urban expansions between 1986 and 2017 and
mapped the newly urbanized areas with respect to the land source and the conversion
year. The study found that 14 km2 tidal flats were urbanized during the 31 years, which
corresponds to 4% of the total newly urbanized area.

Nevertheless, these pixel-wise analyses have critical limitations which raise concerns
of the application in further assessments. Taking Cao et al. (2020) [8] for example, one
pixel could have experienced multiple times of land cover conversions during these years,
and accordingly the results were summarized by the most recent change on each pixel.
Indeed, the mapping product is highly influenced by the spectral composition of each
individual pixel on satellite imageries, and therefore cannot avoid misclassifications due to
bad observations and random errors [19]. On the other hand, it ignores the relationships
between different pixels, and the spatiotemporal information of every individual pixel
is trivial and isolated [20]. More importantly, the study subjects exist in the real world,
and the spatiotemporal change patterns are driven by natural or anthropogenic factors.
Therefore, it is necessary to explore the backgrounds, rather than treat the geographical
phenomena as abstract terms on the raster imageries. As Couclelis (1992) [21] claimed, the
new generation of Geographic Information Science (GIS) should “be open to the notion of
spatial representations that may not be mappable, and to GIS that do not work primarily
through map-like displays”. The discussion of field modeling by Goodchild et al. (2007) [22]
gives a solution to overcome the above limitations. Specifically, it regards the pixels as
geo-atoms, and the geo-atoms can further aggregate as geo-fields. Accordingly, the object
level analyses, which assemble the contiguous pixels as single patches, have been applied
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to multiple domains [23–25] and verified as an effective way to examine the spatiotemporal
characteristics of dynamic geographic phenomena. Specifically speaking, the states of
an individual object are characterized by the shapes at specific moments, which can be
quantified by a variety of geometry attributes such as area, perimeter, roundness, and
so on.

At this point, the priority is to monitor the dynamics of tidal flats in those large littoral
countries, through which we can observe the spatiotemporal characteristics and summarize
the trends on large scales. The US has the eighth longest coastline throughout the world [26]
and therefore is a worthwhile region to investigate, but the relative research in this country
progressed at a slow pace. Specifically speaking, we noticed the works in Chesapeake
and Delaware Bays [27], Nisqually River Delta [28], Waccasassa Bay [29], and Eastern
Gulf Coast [30], which glanced through the distributions of tidal flats in some selected
places of the US. However, these studies focus on the small areas and therefore none of
them could provide an assessment on a large scale to better understand the general change
patterns. Moreover, these studies concentrate on tidal flat mapping, which is a fundamental
work and still requires substantial analysis and in-depth exploration. Prior to analyzing
the dynamics throughout the entire country, it is necessary to verify the effectiveness of
the proposed method in a single state, and Florida was selected in this study. Florida
has the second longest coast among the fifty states [31], which is sufficient to implement
a comprehensive analysis on a large scale. Although Alaska has a longer coastline, the
mapping framework aiming at Arctic region is yet to come [12] and therefore that state
was not selected as the study area.

As stated above, we realized the practical challenges in tidal flat monitoring, as well
as the gaps to fill, and accordingly determined the objectives of this study. Specifically
speaking, this study applies innovative GIS representations and analyses to identify and
characterize the spatiotemporal patterns of tidal flat dynamics on the two levels (pixel and
object). It does not focus on the tidal flats only but also explores the interactions with the
lands and permanent water. Meanwhile, we identified and quantified the evolutionary
trends on the two levels, which provides an in-depth inspection for the temporal change
patterns of tidal flats along the coast of Florida from 1984 to 2020. The implementation
details were elucidated in Section 2. The results were illustrated in Section 3, which were
further analyzed and discussed with respect to the geographical backgrounds. Finally, we
summarized the significance of this study and discussed the direction of the future work
(Section 4).

2. Materials and Methods

A framework was proposed to analyze the spatiotemporal characteristics and dynamic
changes of tidal flats within the study area from 1984 to 2020 (Figure 1). As the preparatory
task, the study area was divided into three zones (Section 2.1), and a RF model was used to
generate the annual land cover maps during these 37 years for each zone (Section 2.2). The
classified maps were analyzed on the pixel level (Section 2.3) and object level (Section 2.4),
and the Mann–Kendall test and Sen’s slope estimator were utilized to identify and quantify
the temporal trends of tidal flat dynamics on the two levels (Section 2.5).
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Figure 1. The overall framework for mapping and analyzing the spatiotemporal characteristics and dynamic changes of
tidal flats in Florida from 1984 to 2020.

2.1. Study Area

The State of Florida is in the southeastern portion of the conterminous US, which
is adjacent to the Atlantic Ocean to the east and the Gulf of Mexico to the west. Of the
fifty states, Florida is the third only to California and Texas in terms of population as of
2020 (21,538,187) [32]. As estimated on 1 July 2020 [33], 74.96% of Florida’s population
lives within the 35 coastal counties, which constitute several major cities including but
not limited to Miami, Tampa, Jacksonville, Fort Lauderdale, and Pensacola. As beautiful
beaches and warm climates are continuously attracting visitors and new residents to
Florida, the coastal areas are under the increasingly environmental pressures. On the other
hand, the coastal communities of higher population densities and stronger economies
would be more vulnerable to natural disasters where the environments are damaged [11].

The coastal environment of this state is featured by diversified natural backgrounds.
According to the world climate map given by Peel et al. (2007) [34], a major part of
Florida belongs to humid subtropical zone, but the southeastern corner is classified as
three different types of tropical climates (savanna, monsoon, and rainforest). On the other
hand, the coastal lands of Florida are classified as numerous categories according to the
geologic map produced by Scott et al. (2001) [35], including but not limited to Holocene
sediments, Anastasia formation, Miami limestone, St. Marks formation, and Suwanee
limestone. Particularly, the coastal environment of Florida is advantageous to tidal flat
accretion, which makes this state an ideal place to implement the case study. First, Florida
is the most hurricane-prone state in the US [36,37], and numerous studies [38–44] agree
that hurricanes could bring in tremendous sediments along the coast. Second, over a half
of the coastal wetlands in the conterminous US are distributed along the Gulf Coast [45].
A considerable share of these wetlands is under Florida’s administration, including but
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not limited to Suwannee River Delta and the Everglades, which are important sources of
coastal sediments. Third, Florida’s coastal area is featured by flatlands [46], which spreads
out the wave energy and enables the flood tides to carry and deposit fine-grained sediments
off the beaches [47].

To facilitate spatiotemporal analyses, we classified the 35 coastal counties as three
zones according to Florida Department of Environmental Protection [48] (Figure 2):

1. Zone A: The Florida Panhandle, including the counties of Escambia, Santa Rosa,
Okaloosa, Walton, Bay, Gulf, Franklin, Wakulla, Jefferson, Taylor, Dixie, Levy, and Citrus.

2. Zone B: The Southwest Florida Gulf, including the counties of Hernando, Pasco,
Pinellas, Hillsborough, Manatee, Sarasota, Charlotte, Lee, Collier, and Monroe.

3. Zone C: The Atlantic Ocean, including the counties of Miami-Dade, Broward, Palm
Beach, Martin, St. Lucie, Indian River, Brevard, Volusia, Flagler, St. Johns, Duval,
and Nassau.

Figure 2. The coastal counties in Florida are divided into three zones (A–C) which are labelled using different colors.
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2.2. Data Preparation

The data are from the authors’ previous study [16], which produced the annual tidal
flat maps from 1984 to 2020 with 30 m spatial resolution throughout the conterminous
US. For Florida, a total of 17,163 Landsat 4, 5, 7, and 8 images, which were acquired
every 16 days during these 37 years, were used to generate the annual maps for further
analyses in this study. An RF model built on GEE [16] was used to process these satellite
imageries, which classifies the pixels as five categories, including permanent water, tidal
flats, vegetated lands, artificial surfaces, and barren grounds. The RF classification relies on
the spectral change patterns between the Landsat imageries, and a total of one band and
four spectrum-derived indices were utilized in this model, including shortwave infrared
(SWIR) band, Automated Water Extraction Index (AWEI) [49], Normalized Difference Water
Index (NDWI) [50], Soil Brightness (SB) [51], and Enhanced Vegetation Index (EVI) [52,53].
The 37 annual maps of each zone have an overall accuracy of 91.4%, which lays a reliable
foundation for further analyses. In the classified results, the three dryland classes (vegetated
lands, artificial surfaces, and barren grounds) were merged as a single class (lands), and
the spatiotemporal dynamic analyses in the following sections were implemented on the
three classes (permanent water, tidal flats, and lands).

2.3. Pixel Level Analysis

Recall that every pixel in the classified map has 30 m spatial resolution, a primary
consideration is to find the area of tidal flats by year and explore the temporal change
patterns by zone. On the other hand, the tidal flat occurrence map of each zone can be
synthesized from all 37 years’ tidal flat distributions, in which the raster values vary from
0 (without occurrence) to 37 (always occurrence) [25]. To quantify the spatial features on the
synthesized map, we also calculated the area of tidal flats weighted by the frequency during
the 37 years, which are summarized by longitude and latitude, and displayed as line charts
along map edges. Moreover, the tidal flat occurrence distributions were summarized as a
line chart, which could provide another perspective to observe the temporal characteristics
of tidal flat dynamics.

An in-depth consideration is to explore the interactions between tidal flats and two
other land cover classes [8,9,17]. In this study, a total of six types of pixel-wise land
cover conversions could be found by overlapping and comparing the maps of two years
(Figure 3), and we only considered four of them which are directly related to tidal flats,
including tidal flats to permanent water, tidal flats to lands, permanent water to tidal flats,
and lands to tidal flats. Additionally, the unchanged tidal flat pixels appearing in two
compared years were regarded as preserved tidal flats, which were also considered in this
study. For temporal analysis, the land cover maps of consecutive years were overlapped
and compared, which finds the areas of the five types of tidal flat interactions by year. In
addition, an overlapping comparison was conducted between the earliest year (1984) and
the most recent year (2020), which derives the maps for spatial assessments. To quantify
the spatial distributions of the five types of tidal flat interactions, we again summarized
the areas by longitude and latitude and displayed as line charts along map edges, in which
the tidal flat losses (tidal flats to permanent water and tidal flats to lands) result in negative
values, while tidal flat gains (permanent water to tidal flats and lands to tidal flats) result
in positive values, and the preserved tidal flats correspond to zeros.
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Figure 3. The illustration of coastal land cover mapping and conversions. The grids represent the pixels on the mapping
product, which have 30 m spatial resolution and 1-year temporal resolution.

2.4. Object Level Assessment

A higher-level assessment for tidal flat dynamics is based on the objects [25]. As
shown in Figure 3, one pixel may have up to eight neighboring pixels, and consequently
the contiguous tidal flat pixels can be assembled as a whole entity, which refers to a tidal
flat object [25]. Two geometry attributes of the derived objects can be used to examine the
temporal characteristics of tidal flat dynamics, including:

1. The average area of tidal flat objects: The converted data could be directly used to
track the changes by zone throughout the 37 years.

2. Weighted Polsby-Popper value [54]: The Polsby-Popper test is used to measure the
compactness of the shape, which finds the ratio of the area of a tidal flat object to the
area of a circle with the same perimeter as the tidal flat object and it varies from 0
(least compact) to 1 (most compact). In this study, an average value weighted by tidal
flat object area was derived from each zone in each year, from which the temporal
patterns of compactness changes could be identified.

2.5. Temporal Trends

This study applied an integrated nonparametric approach, which is widely used in
GIS community [55–63], to identify and quantify the temporal trends of tidal flat dynam-
ics. More specifically, it uses Mann–Kendall test [64,65] to determine the existence of a
significant trend. If it exists (p-value is less than 0.05), use Sen’s slope estimator [66] to
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measure the magnitude of the trend. As a summary of the temporal analyses, this approach
was applied to examine the trends of tidal flat area changes and the five types of tidal flat
interactions on the pixel level, as well as the two attributes on the object level.

3. Results and Discussion

The analyses were based on the generated maps, and the results were illustrated and
discussed in this section, including the pixel level (Section 3.1), object level (Section 3.2),
and temporal trends (Section 3.3). In particular, the analytical results on the pixel level
were divided into two parts, which are tidal flat dynamics (Section 3.1.1) and tidal flat
interactions (Section 3.1.2).

3.1. Pixel Level
3.1.1. Tidal Flat Dynamics

The temporal patterns of tidal flat area changes in the three zones and the whole study
area were illustrated in Figure 4, which provides a preliminary observation for the tidal flat
dynamics during the 37 years in Florida. By comparing the annual average area (µ) during
the 37 years, Zone B has the highest area of tidal flats (µ = 812.73 km2), followed by Zone
C (µ = 469.74 km2), and Zone A has the lowest area of tidal flats (µ = 235.99 km2), which
are consistent with the observations from Figure 4. Considering the whole study area, the
highest area of tidal flats was found in 2019 (2032.06 km2), which is nearly twice as much
as that of the smallest record (1033.16 km2 in 2011). As illustrated in Figure 4, the tidal
flat area in Zone B has a significant increase from 2011 (525.33 km2) to 2019 (1259.22 km2).
It substantially contributed to the tidal flat expansions of the entire study area during
those eight years, and the details will be discussed in the next subsection (Section 3.1.2).
Additionally, in Zone B, we noticed a peak in 1992 (1017.32 km2), which is consistent with
our previous study [25] and reconfirms that Hurricane Andrew (category 5) has brought in
considerable sediments along the southwestern coast of Florida [38]. On the other hand,
we observed two significant area decreases in Zone A, which are from 2004 (366.75 km2)
to 2005 (201.45 km2) and from 2006 (326.02 km2) to 2007 (172.80 km2). According to the
historical records [67], Zone A has experienced El Niño events during these two periods
when the precipitations were significantly less than normal. As a result, the rivers have
limited hydrodynamic forces and therefore may not provide sufficient sediments to the
coastal area. Moreover, we examined the coefficient of variation (CV) by zones, which
verified that the tidal flat area in Zone C (CV = 0.12) is more stable than that in Zone
B (CV = 0.23), and the most variable tidal flats were found in Zone A (CV = 0.30). In
summary, the CV of the whole study area equals to 0.14, which is close to that of Zone C
but significantly less than those of Zone A and Zone B. Recall that Zone A and Zone B are
both facing the Gulf of Mexico, while Zone C locates by the Atlantic Ocean, the CVs in
the three zones highlight different characteristics between the two maritime spaces. As
elucidated by a coastal study [46], the Gulf Coast is intensively affected by flooding and
tidal inundations due to active storm events, which may explain the remarkable variances
of tidal flat areas in Zone A and Zone B.

The tidal flat occurrence distributions in the three zones and the whole study area were
summarized and illustrated in Figure 5, which provides another perspective to examine
the temporal characteristics of tidal flat dynamics. As expected, the whole study area
was dominantly occupied by short-endured (1 to 10 years) tidal flats (77.16%), while the
long-endured (28 to 37 years) tidal flats held a negligible share (7.67%). It shows more
significant patterns along the Gulf Coast, since the short-endured tidal flats contributed
84.94% of the area to Zone A and 79.97% of the area to Zone B, while the long-endured
tidal flats contributed 3.31% of the area to Zone A and 5.90% of the area to Zone B. Unlike
these two zones, Zone C had significantly larger share of long-endured tidal flats (18.09%),
and therefore the short-endured tidal flats in Zone C (59.63%) held a much less share than
the other two zones. It echoes the findings from Figure 4 and reconfirms that the tidal
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flats along the Gulf Coast are more vulnerable and dynamic, while the Atlantic Coast can
provide a stable environment to maintain tidal flats for longer periods.

Figure 4. The annual distribution of tidal flat area in the three zones and the whole study area.

Figure 5. The duration distribution of tidal flats in the three zones and the whole study area. For better visualization, this
figure omitted non-occurrence areas and plotted on a logarithmic scale.
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The spatial distributions of tidal flats were mapped and summarized in Figure 6,
which provides a reference to identify the tidal flat clusters in the three zones. In Figure 6a,
the horizonal line chart shows three major peaks (up to 4 km2), which correspond to two
clusters in Zone A. The first one locates at the estuary of Apalachicola River, which can be
found around the center of the map. On one hand, the barrier islands separate the lagoon
from the Gulf of Mexico, which contribute to an advantageous environment for sediment
maintenances [68]. On the other hand, the Apalachicola River is continuously providing
fine-grained sediments around its estuary and therefore has become a major resource of
tidal flat accretions [69]. Another major cluster in this zone can be found from the east
portion, which is also known as Florida’s Big Bend Coast and under the administrations
by multiple authorities, including but not limited to Flint Rock Wildlife Management
Area, Big Bend Wildlife Management Area, Tide Swamp Wildlife Management Area, and
Waccasassa Bay Preserve State Park. These places are famous for salt marshes and tidal
creeks, which restrict visitation and remain undeveloped according to the state laws. The
Big Bend Coast has “one of the last remaining remnants of the once vast Gulf Hammock”
and plays an essential role in the biodiversity and ecological sustainability of Northwestern
Florida [70]. In Figure 6b, a secondary peak (less than 10 km2) was found at the left end
of the horizontal line chart, which identifies a cluster around the northwestern corner of
Zone B. Geologically, it is an extension of the Big Bend Coast, and the Weeki Wachee River
plays a key role in sediment depositing for this area [71]. More importantly, the major
peaks (up to 20 km2) were found from the lower portion of the vertical line chart, which
correspond to the clusters in Everglades National Park and Florida Keys. The Everglades
National Park and the surrounding area constitute a huge slough system, which carries the
muds from inland to seaside [72] and consequently deposits substantial sediments over
salt marshes and tidal creeks [73]. On the other hand, the seabed around Florida Keys is
featured by migrating tidal bars, which are alternatively exposed or inundated during the
tidal cycles, and the sand waves driven by the strong reversing tidal currents constitute
a unique environment to boost the sediment depositions [74]. In Figure 6c, a major peak
(up to 20 km2) was observed at the lower end of the vertical line chart, which identifies
the cluster in the southeastern portion of the Everglades National Park. In addition, a
secondary peak (less than 10 km2) was found at the upper end of the vertical line chart,
which highlights a cluster in the northmost section of Florida’s Atlantic Coast. This cluster
corresponds to the Timucuan Ecological and Historical Preserve, which administrates
an estuary system strongly influenced by the interactions between land and sea. This
ecological and historical preserve, together with the coastal areas in Georgia and South
Carolina, constitute a huge wetland ecosystem along the Atlantic Coast [75]. These maps
and line charts confirm that Zone B has the largest tidal flats, followed by Zone C, and
Zone A has the least distributions, which echo the findings from Figure 4.

3.1.2. Tidal Flat Interactions

In this subsection, we firstly explored the temporal change patterns of the preserved
tidal flats according to the results illustrated in Figure 7. Although Zone B has the largest
preserved tidal flats in most cases, some periods such as 2001 to 2002, 2006 to 2007, and
2009 to 2010 have demonstrated larger preserved tidal flats in Zone C than Zone B, which
suggests that the tidal flats in Zone B are more variable than those in Zone C. It means
that unusually high area of tidal flats in Zone B interacted with other land cover types
during these three periods. Regarding the annual averages, the preserved tidal flats have
contributed 46.05% (108.68 km2) of the total tidal flat area in Zone A, 55.05% (447.37 km2)
in Zone B, 70.22% (329.85 km2) in Zone C, and consequently 58.38% (885.90 km2) in the
whole study area. On the other hand, the CV of the preserved tidal flat area is 0.27 in Zone
A, 0.21 in Zone B, and 0.15 in Zone C. Therefore, Zone C has the most stable tidal flats,
while the most variable tidal flats are in Zone A. It echoes the findings from Figure 5, as
Zone C has the largest share of long-endured tidal flats and the least share of short-endured
tidal flats among the three zones, while Zone A is in the reverse case.
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Figure 6. The spatial distribution of total tidal flat occurrences (in year) in (a) Zone A, (b) Zone B, and (c) Zone C. The
annual average areas summarized by latitudes and longitudes are visualized as line charts along map edges.

Secondly, the interactions between tidal flats and lands were investigated based on
the temporal change patterns given by Figure 8. On 37 years’ average, the rates of lands
converted to tidal flats are 32.05 km2 per year in Zone A, 28.91 km2 per year in Zone B,
40.64 km2 per year in Zone C, and consequently 101.60 km2 per year in the whole study
area. The reverse cases, which refer to the annual average rates of tidal flats converted to
lands, are 32.12 km2 per year in Zone A, 30.03 km2 per year in Zone B, 39.17 km2 per year in
Zone C, and consequently 101.32 km2 per year in the whole study area. Unlike the results
in the previous sections, none of the three zones have demonstrated significantly larger
or smaller tidal flat area that converted from or to lands than two other zones, and hence
the zone rankings in the two subfigures vary from year to year. Particularly, Figure 8a
demonstrates that Zone B has higher area than Zone C from 2001 to 2002, from 2004 to
2005, and from 2008 to 2009. Meanwhile, Figure 8b illustrates that Zone B has higher area
than Zone C from 2005 to 2007 and from 2009 to 2010. It echoes the three periods identified
in Figure 7 and further substantiates that the tidal flats in Zone B had unusually active
interactions with lands during these periods. On the other hand, the rate of net interactions
between tidal flats and lands in each zone can be found by comparing the annual average
rates of the two conversions between them. As a result, it shows that the tidal flats in Zone
A have lost to lands at the rate of 0.07 km2 per year, and the losing rate in Zone B is 1.12 km2

per year, while the tidal flats in Zone C have gained from lands at the rate of 1.47 km2 per
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year. It suggests that the Gulf Coast of Florida has been facing environmental challenges
from the landward side, while the environment of Florida’s Atlantic Coast is more stable
and healthier. The environmental crisis of Florida’s Gulf Coast has been confirmed by a
recent study [76], which figures that the rapid deforestation has critically undermined the
sustainability of the coastal environment in this area.

Figure 7. The annual distribution of the preserved tidal flat area in the three zones and the whole study area.

Thirdly, the interactions between tidal flats and permanent water were visualized as
Figure 9. In contrast to Figure 8, these two subfigures explicitly illustrate that Zone B has
larger tidal flats involved in the interactions with permanent water than two other zones
and therefore dominates the total area changes throughout the study area. On annual
average, the rates of permanent water converted to tidal flats are 55.19 km2 per year in
Zone A, 235.83 km2 per year in Zone B, 34.70 km2 per year in Zone C, and in summary
328.42 km2 per year in the whole study area. On the other hand, the annual average rates of
tidal flats converted to permanent water are 53.49 km2 per year in Zone A, 241.61 km2 per
year in Zone B, 34.37 km2 per year in Zone C, and in summary 334.47 km2 per year in the
whole study area. Regarding the net interactions, tidal flats have gained from permanent
water at the average rates of 1.70 km2 per year in Zone A and 0.33 km2 per year in Zone C,
while lost to permanent water at the average rate of 5.78 km2 per year in Zone B. The results
warn that a large portion of the tidal flats in Zone B have been inundated and therefore the
coastal environment in this zone calls for higher awareness and further protections. As
confirmed by another study [77], the mangrove forest along the southern Florida coast has
been rapidly lost due to climate change, which makes the coastal area more vulnerable to
the effects of sea-level rise.
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Figure 8. The annual distribution of tidal flat area which (a) converted from the lands and (b) converted to the lands in the
three zones and the whole study area.
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Figure 9. The annual distribution of tidal flat area which (a) converted from permanent water and (b) converted to
permanent water in the three zones and the whole study area.

Lastly, the result of overlapping comparison between the earliest year and most recent
year was illustrated as Figure 10. Accordingly, the discussion was divided into two parts
based on the two parallel sets of line charts, and the first part investigated the interactions
between tidal flats and lands (summarized as red line charts). In Figure 10a, a secondary
valley was found from the upper portion of the vertical line chart (about −0.08 km2), which
corresponds to the coast administrated by Flint Rock Wildlife Management Area. More
importantly, the major valleys were identified from both the lower portion of the vertical
line chart (up to −0.1 km2) and the right end of the horizonal line chart (up to −0.06 km2),
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which highlights the intensified losses of tidal flats in Waccasassa Bay Preserve State Park.
The above two places are both located along the Big Bend Coast, and the landward retreats
of tidal flats highlight the environmental concerns in this area. This finding is consistent
with another study [78], which identified the rapid, sustained, and irreversible loss of
forests along the Big Bend Coast due to climate change. In Figure 10b, a major peak (up to
0.15 km2) and a secondary peak (up to 0.1 km2) were identified from the lower portion of
the vertical line chart, which correspond to the Ten Thousand Islands and Flamingo Beach
in the Everglades National Park. Since 2000, the Comprehensive Everglades Restoration
Plan initiated by the federal government of the US has largely contributed to the ecological
restoration in the Everglades National Park [79], and the previous studies [80,81] have
confirmed the significant resilience of marshes and mangrove forests in the two places
identified above. In Figure 10c, the map observes large clusters of preserved tidal flats,
and the vertical line chart identified fluctuations around the lower end and peaks around
the upper end. The fluctuations correspond to Turkey Point Nuclear Generating Station,
which locates at the southeastern corner of Miami-Dade County and has a huge cooling
canal system next to the clusters of tidal flats in the Everglades National Park. Due to the
limitation of Landsat data in the early years, the canal network may cause minor errors
on the classified map of 1984 and consequently slightly affect the result of overlapping
comparison between 1984 and 2020 (up to 0.03 km2). As a result, the focus in Zone C is to
analyze the northmost cluster instead, which refers to Timucuan Ecological and Historical
Preserve. The corresponding peaks on the vertical line chart indicated the substantial
resilience of the coastal environment, which echoes the previous study [82] and endorses
the environmental prevention strategies taken by the local authority.

In the second part, we analyzed the interactions between tidal flats and permanent
water (summarized as blue line charts). In Figure 10a, the major peaks were detected from
the vertical line chart (up to 0.15 km2) and the horizonal line chart (0.07 km2), and they both
correspond to the tidal flat cluster around the estuary of Apalachicola River. It suggests
that the river has brought in and deposited substantial sediments, which extend the outer
margin of tidal flats off the coast. The similar phenomena were also observed around the
estuaries of Yellow River and Yangtze River in China [2], which verified that rivers could
dominate the activities of tidal flats around the estuaries. In Figure 10b, the major valleys
were detected from the lower portion of the vertical line chart, and accordingly the large
clusters of tidal flats converted to permanent water were found from Florida Bay and the
north edge of Lower Florida Keys. On one hand, the mortality of seagrass undermined
the stability of the coast, which accelerated the margin erosion in Florida Bay [83]. On
the other hand, sea level rise is becoming a major concern to this area, and in particular
the Lower Florida Keys have demonstrated higher risk of inundation [84]. In Figure 10c,
the vertical line chart shows a valley around the lower end, which substantiates that the
adjacent area of Florida Bay in Zone C has experienced a tidal flat loss as Zone B has. By
contrast, this subfigure could not detect any other significant interactions between tidal
flats and permanent water, which is consistent with Figure 9 as it demonstrated much
smaller tidal flats in Zone C interacted with the permanent water than two other zones.
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Figure 10. The spatial distribution of tidal flat conversions between 1984 and 2020 in (a) Zone A, (b) Zone B, and (c) Zone C. The
conversions between tidal flats and lands (in red) as well as between tidal flats and permanent water (in blue) summarized
by latitudes and longitudes are visualized as line charts along map edges, in which the tidal flat gains (from lands or
permanent water) contribute to positive values while the tidal flat losses (to lands or permanent water) contribute to
negative values.

3.2. Object Level

The first attribute of tidal flats on this level is the average area of objects, and the
annual change patterns by zone were illustrated in Figure 11. As shown, Zone C has the
largest tidal flat objects on the 37 years’ average (44,589 m2), which is followed by Zone B
(37,322 m2) and Zone A (21,936 m2). This ranking contradicts the findings from Figure 4, in
which Zone B shown the largest tidal flat area among the three zones. This inconsistency
implies that the tidal flat distribution in Zone B is more scattered and consequently there are
more tidal flat objects in this zone, while the distribution in Zone C is more concentrated
and therefore it has fewer tidal flat objects. In addition, Figure 11 observes a strong
correlation between Zone B and the whole study area, which was verified by Pearson
correlation test (r = 0.913). Regarding the annual averages, the tidal flat objects are most
distributed in Zone B (758,367), while the other two zones have much fewer objects (346,711
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in Zone A and 355,276 in Zone C), which echoes the previous findings and suggests that
Zone B dominates the statistics on this level owing to the large number of tidal flat objects.

Figure 11. The average area of tidal flat object and the annual changes in the three zones and the whole study area.

The next attribute to be analyzed is the area-weighted Polsby-Popper value, and the
temporal dynamic information was summarized by zones and visualized as Figure 12.
Tidal flats are the buffer zones between land and sea [1], so the smaller objects are more
likely to be regular shapes with greater compactness, while the larger objects are more
likely to be narrow shapes with less compactness scattered along the coast. Regarding the
average values during the 37 years, Zone A had the most compact tidal flat objects (0.118),
followed by Zone B (0.084), and the least compact tidal flat objects were found in Zone
C (0.076), which follows a reversed ranking order of the first attribute and is in line with
expectations. Again, a strong statistical relationship between Zone B and the whole study
area was verified by Pearson correlation test (r = 0.914), which echoes the findings from
the previous attribute. The two attributes on the object level could provide an in-depth
observation for the tidal flat dynamics throughout the study area, which is invisible on the
pixel level.
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Figure 12. The area-weighted Polsby-Popper value of tidal flat objects and the annual changes in the three zones and the
whole study area.

3.3. Temporal Trends

Based on time-series datasets, this section identified the temporal trends of tidal flat
dynamics on both two levels by zones. First, the trends on the pixel level were summarized
as Table 1, including the total area of tidal flats (Figure 4), the area of preserved tidal flats
(Figure 7), the area of tidal flats interacted with lands (Figure 8), and with permanent
water (Figure 9). As shown in Table 1, we could not identify any trend from Zone A and
Zone B, while captured significant trends from Zone C and the whole study area in terms
of the preserved tidal flats as well as the tidal flats interacted with lands. Specifically
speaking, the preserved tidal flats were continuously growing during the 37 years at the
rates of 2.302 km2/year in Zone C and 5.160 km2/year in the whole study area, which
indicates that the tidal flats throughout the whole study area, especially in Zone C, were
becoming stable. It echoes the findings from Figure 5, which demonstrates that Zone C
has significantly larger share of long-endured tidal flats than the other two zones and
consequently increases the proportion of long-endured tidal flats throughout the study
area. Regarding the interactions between tidal flats and lands, the two conversion types
observed declining trends in both Zone C and the whole study area. It suggests that the
stabilities of tidal flats during the 37 years throughout the whole study area, particularly
in Zone C, largely relied on the landward side rather than seaward side. In other words,
compared with the environmental challenges from the ocean, including but not limited sea
level rise, storms, and hurricanes [85], the threats to tidal flats from the lands are relatively
less. This finding not only recognizes the achievements by Florida Coastal Management
Program [86] along the Atlantic Coast, but also highlights that the significant progresses
along the Gulf Coast are yet to come and therefore it calls for more efforts and more
practical strategies.
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Table 1. The temporal trends of tidal flat area changes (Sen’s slopes are in km2/year).

Area

Zones A B C All

p-Value Sen’s
Slope p-Value Sen’s

Slope p-Value Sen’s
Slope p-Value Sen’s

Slope

Tidal Flats in Total 0.577 −0.555 0.438 3.079 0.138 1.320 0.215 5.099
Preserved Tidal Flats 0.776 −0.148 0.105 2.991 0.010 * 2.302 0.005 * 5.160
Tidal Flats to Lands 0.211 −0.354 0.061 −0.523 0.023 * −0.885 0.008 * −1.800
Lands to Tidal Flats 0.099 −0.432 0.233 −0.323 0.031 * −0.738 0.018 * −1.787

Tidal Flats to Permanent Water 0.776 0.137 0.363 1.887 0.955 −0.023 0.394 2.157
Permanent Water to Tidal Flats 0.820 0.062 0.349 1.757 0.443 −0.205 0.334 2.218

Note: * p < 0.05 level.

Second, the trends on the object level were summarized as Table 2, including the
average area of tidal flat objects (Figure 11) and the area-weighted Polsby-Popper value
(Figure 12). Again, the significant trends of two attributes were identified from both Zone
C and the whole study area, and additionally the average area of tidal flat objects in Zone
B also demonstrated a significant trend. To be more specific, the average area of tidal flat
objects throughout the study area observed a continuous expansion during the 37 years
at the rate of 444.51 m2/year, which is mainly driven by Zone B (498.74 m2/year) and
Zone C (504.50 m2/year). Regarding the area-weighted Polsby-Popper value, the declining
trends were identified from both Zone C (−0.0003 per year) and the whole study area
(−0.0004 per year). It means that the expansions of tidal flat objects throughout the study
area, especially in Zone C, have more directionalities than symmetries. This finding is
anticipated, as the shapes of tidal flat objects are determined by topographical factors and
consequently should not be regular.

Table 2. The temporal trends of tidal flat object changes.

Object Attributes

Zones A B C All

p-Value Sen’s
Slope p-Value Sen’s

Slope p-Value Sen’s
Slope p-Value Sen’s

Slope

Average Area (in m2) 0.070 121.33 <0.001 * 498.74 <0.001 * 504.50 <0.001 * 444.51
Weighted Polsby-Popper value 0.178 −0.0002 0.070 −0.0004 0.045 * −0.0003 0.012 * −0.0004

Note: * p < 0.05 level.

4. Conclusions

This study implemented a series of spatiotemporal analyses on tidal flats along the
coast of Florida from 1984 to 2020, which consist of the assessments on the two levels.
The results highlight the differences in tidal flat distributions and dynamics between the
two maritime spaces. While the tidal flats are more distributed along the Gulf Coast, they
demonstrate more vulnerable characteristics and therefore call for higher level of awareness
and protections. By contrast, the Atlantic Coast has less tidal flats, but it could provide a
stable environment for the maintenance and accretion of tidal flats.

As one of the earliest studies aiming at the dynamics of tidal flats throughout Florida,
this paper systematically analyzed the change patterns on the large spatiotemporal scale. It
does not consider the dynamics of the study subject only, but instead provides insights into
the multi-level perspective and the comprehensive analytical strategy of considering the
interactions with other subjects. Compared with the conventional methods, the innovative
GIS representations and analyses can derive more diversified information, which could be
utilized to better track and describe the change patterns of dynamic geographic phenomena
on large spatiotemporal scales.

As we implemented a successful case study in Florida, this framework could be
applied to the whole US, and we can conduct a series of follow-up studies. First, we are
interested in investigating the correlations between tidal flat dynamics and other factors,
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including but not limited to storm events, estuary sedimentations, sea-level rises, and
coastal constructions. Second, the lifecycle modeling is considered to be another direction
of future work. It is the third level of dynamic analysis, which identifies the filiations
between the objects at adjacent time steps and links them as chains [23–25]. On this level, a
variety of events will be defined to better capture and describe the dynamic activities of
tidal flats, including splitting, merger, continuation, and so on.
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