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Abstract: Previously, paired spits have been described at the mouths of bays, estuaries, and deltas.
This study analyzed the worldwide distribution and morphodynamic patterns of paired spits lo-
cated at the mouths of interdistributary bays of deltas (three systems) and within coastal channels
(24 systems). The methodology was based on the detailed analysis of satellite images, nautical charts,
and tidal-range databases. The paired spits found were mainly located on microtidal coasts at high
or mid latitudes. Waves were the main factor controlling convergent progradation and breaching
of the spits, while the hydraulic blockage for the development of these paired spits was mainly
due to tide-induced currents, as well as minor fluvial outlets in the interdistributary bays. Three
morphodynamic patterns were identified: (i) stable, with low progradation rates, generally without
breaching or degradation of any of the spits; (ii) stationary, with high progradation rates, alternating
degradation or breaching of any of the spits with the formation of new spits or closure of the breaches;
and (iii) instable or ephemeral, which included three subtypes, the severe erosion of one or both spits,
the joining of the head of the two spits forming a single barrier, and the merging of each with its
channel margin.

Keywords: geomorphology; baymouth spits; double spits; progradation; erosion; degradation; breaching

1. Introduction

Sandy and gravel spits are elongated barriers that extend laterally through the suc-
cessive construction of progradational beach ridges [1-3]. Wave-induced processes are
the main factor controlling spit development [4]. Bays and estuaries are often partially
enclosed by spits [5]. Intense littoral drift leads to the formation of spits in the outer parts
of the bays, which can evolve into systems of sand bars and coastal lagoons, with a mouth
maintained by tidal currents or rivers flowing into the bay [6,7]. Similarly, littoral drift
also forms barrier spits at estuarine river mouths, which can break up due to intense river
discharge events [8-11], storms [12-14], tsunami events [15], the temporal decrease of
sediment supply [16] or artificial breaching [17]. Spits also develop in asymmetric and
very asymmetric (deflected) wave-dominated deltas [18-21], where they can be extremely
dynamic [22].

On exceptional occasions, the bays, estuaries, and deltas are confined by systems of
paired spits (PS), i.e., two spits with a converging longshore drift that partially or almost
completely enclose the bay or river mouth. The formation of paired spits has been described
by five morphogenetic models: (i) coastal barrier break [23,24]; (ii) convergent longshore
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drift in a narrow bay [25]; (iii) bidirectional longshore drift with hydraulic blockage [26];
(iv) cutting a detached spit due to ebb-tidal currents [27] or by high energy events such
as storms [28], hurricanes [29] or high fluvial discharge [30]; and (v) the convergence of
two estuary mouths and the associated spits [30]. In previous studies about paired spits,
they are also referred to as baymouth spits, double spits or baymouth barriers. The term
paired spits is also used for gravel or sandy points growing within coastal lagoons [31],
with countless examples worldwide [32-36].

The formation and evolution of convergent baymouth spits is influenced by the
hydrodynamics of waves, tides, and river discharge. In narrow bays, the convergent
progradation of both spits may be due to unidirectional frontal waves, which generate a
convergent littoral drift from both ends of the bay [25]. On the other hand, on open coasts,
the paired convergent spits are related to a seasonal alternation of bidirectional waves.
At each time of the year, the waves favor the development of one of the spits, while the
hydraulic blockage, generated by tidal currents [29,37] or intense fluvial discharge [27,30,38],
favors the net progradation of the countercurrent spit, by preventing or at least minimizing
its erosion by the dominant waves. Usually, paired spits have been described at the
mouth of bays and rivers [39]. However, the development of paired spits constraining
the mouths of interdistributary bays of deltas has only been described for the Po River
delta (N Adriatic Sea) [40—44], and the development of paired spits within channels have
only been very briefly reported [45-47]. Therefore, determining the global distribution,
geomorphological characteristics and morphodynamic evolution of paired spits located
both at the interdistributary bays of deltas and within coastal channels was the main
objective of this study.

2. Materials and Methods

The analysis of open mean resolution of satellite LANDSAT imagery with worldwide
and five-decades historical coverage, supported by high performance platforms such as
Google Earth Pro, is a very useful tool to investigate coastal processes, such as shore-
line changes [48-50] and spit morphodynamics [12,38,51] on a planetary scale and in an
economical way. The identification of the global distribution and a description of the
four-decades geomorphological evolution of all the paired spits in the world found at the
mouths of interdistributary bays of deltas and within coastal channels were obtained by
analyzing annual series of LANDSAT satellite imagery (1984-2020), supported by Google
Earth™ [52]. Exceptionally, for a small system within the Safaga Strait (NW Red Sea), data
were analyzed using Satellite Quickbird imagery, with a higher spatial resolution; data
were only available since 2003 in Google Earth Pro. This platform does not provide access
to the original multispectral data and therefore a supervised shoreline extraction could not
be realized.

Initially, the shoreline of each spit was digitized using the Google Earth ruler tool. The
traced lines can be considered as representations of the mean littoral zone because tidal
variations are not taken into account in these images [53]. However, monitoring the length
of the shoreline from the root to the head is not useful when determining spit progradation,
because this length also increases due to small cuspate forelands, beach cusps or local
erosion, for instance at the neck of the spit. Therefore, a reference line was defined joining
the root of the two spits, along the axis of each spit up to the head (considering the head
of the spit for each year to follow its progradation), passing through the inlet between the
heads and following the longitudinal axis of the possible islands (Figure 1). This reference
line was defined following [29], but it is not straight now, because the morphology and head
progradation of the spits are not straight either. The 1984-2020 evolution of the distance,
on this reference line, from the root to the head of the spits, as well as to the ends of the
developed islands, were measured using the Google Earth ruler tool.
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Figure 1. Plot and measurement of annual axial lines (red lines) from the root to the head of each spit
for the period from 1984 (A) to 2020. The length of successive hooked ridges (B,E) was measured
in order to determine head progradation, but not the changes in neck curvature (C). Formation
of islands by spit breaching (D) and the new formation of spits (D-F) were also monitored. The
reference line considers the longest axial line for each spit and the distance (yellow line) between the
heads of the two spits (F). The minimum width of the inlet (white line) varied from year to year, but
the width at the entrance of the channel or at the mouth of the interdistributary bay (green line) was
considered constant throughout the study period.

The distances obtained were plotted using Grapher™ (Golden Software) and the
head progradation rates (m/yr) for the spits were determined on these graphs. In the
case of spit degradation, such as on the western margin of the Scardovari lagoon and
on the eastern margin of the Goro lagoon (both in the SW sector of the Po River delta),
they were monitored using the old spit before its partial degradation as the new spit that
developed afterwards.

The long-term scale decrease in width, due to constriction by the development of
paired spits, was defined as the ratio of the length of the main inlet to the length of the
original mouth of the interdistributary bay or of the original entrance to the channel without
considering the paired spits. The minimum width of the main inlet was measured on the
digitized shorelines of the spits, varying over the study period 1984-2020. The width of the
original baymouth or the channel entrance, which was considered constant for the study
period, was measured directly from satellite imagery.

The maximum depth of the inlet between the two spits, for each paired spits system,
was determined by analysis of online bathymetric charts supported by Navionics® Chart
Viewer [54], except for the Goro lagoon, which was obtained from [55]. Bathymetric data
supported by Google Earth, based on the bathymetric model of [56] and its updates, were
initially considered but later discarded, due to inconsistencies between these data and both
the nautical charts and the spits morphology observed in the satellite images.

The offshore data series near each paired spits system of the mean wave direction,
peak period (Tp) and significant height (Hs) of combined wind, waves, and swell were
obtained from the ERA5 reanalysis [57] for the period 2018-2021 (except for PS-17 which
were for the period 2010-2013). For each data series, the percentage of the year with data
(i.e., a proxy for the period free of ice sheet formation at high latitudes) was calculated,
and directional histograms (wave roses) were plotted by GrapherTM (Golden Software)
to identify the uni-, bi- or multi-directional wave regimes. Then, for the first and second
significant directions identified considering the wave approach and coastal orientation, the
mean annual and 95% percentile of Hs (m), and the predominance of wind sea (Tp < 6 s),
swell (Tp > 9 s) or intermediate peak periods (6 to 9 s) were determined. Offshore wave
propagation by numerical models was not carried out because high-resolution bathymetry
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is not available for many of the study sites, due to the fact that they are located in remote
areas and have very dynamic systems, and therefore bathymetric charts are not accurate.
Satellite-derived bathymetry can help solve this problem for future detailed research of
each study area, even though it also has limitations, such as turbidity or the short window
of opportunity for many of them due to ice-sheet formation [58].

Tidal range (m) was obtained using the free online software WXTIDE [59], except for
the paired spits located in Canada, where it was replaced by data available online from the
tidal data stations supported by the Canadian Hydrographic Service [60]. Each paired spits
system was then classified as micro- (0-2), meso- (2—4), macro- (4-6) or mega-tidal (>6 m),
according to criteria of [61,62]. The development of ice plates at high-latitude coastal
areas, which impedes the morphodynamic evolution of the paired spits, was confirmed
by observation of monthly LANDSAT-8 satellite imagery, supported by the USGS GloVis
online repository [63].

The presence of local human activities was obtained from the analysis of satellite
images and then cross-checked with bibliographic information. The spits were classified as
natural, rural, semi-urban, urban, or artificial coasts following [64]. The rural coast included
agricultural uses and small harbors for fishing activities, as well as spits on natural coast
with the presence of coastal defense structures.

In summary, the methodology applied in this study included: the extraction of the
shoreline of the paired spits by analyzing satellite images; the determination of the geo-
morphological characteristics of the spits; the plotting of the evolution of the head of the
spits and the ends of the islands; the calculation of both the rates of head progradation and
the decrease in width at the mouth of the interdistributary delta bays or at the entrance to
the channels; the determination of the maximum inlet depth and the tidal range for each
system; the description of morphodynamic events (spit breaching, development of spit
islands, closure of breaches, degradation of spits, and formation of new spits); the analysis
of hydrodynamic control, sediment availability and sedimentary interactions; the definition
of morphogenetic models and natural morphodynamic patterns; and the analysis of human
disturbances. It is summarized in the workflow (Figure 2).

_____________________________________________________
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Figure 2. Workflow. The main results are indicated in green boxes.
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3. Results
3.1. Global Distribution and Geomorphological Description

Twenty-seven systems of paired spits at the mouth of interdistributary bays of deltas
and within coastal channels were identified (Figures 3 and 4). They are mainly located on
microtidal coasts of high or mid latitudes, although they have also been found on mesotidal
coasts and at low latitudes (Table 1). All of them were found in the northern hemisphere,
except for one ephemeral system located on the southwest coast of Angola (PS-27). Three
paired spits systems were identified at the mouths of interdistributary bays of deltas. PS-1
is located at the mouth of Demarcation Bay (South of the Beaufort Sea), an interdistributary
bay between the Kongakut and Clarence River deltas. The western spit of PS-1 developed
from the barrier island off the Kongakut River delta, and the eastern spit is a barrier spit
developed from the Clarence River delta. PS-2 and PS3, are located, respectively, at the
mouth of the Scardovari and Goro lagoons, in two interdistributary bays of the Po River
delta,. The other twenty-four paired spits systems were identified at the entrance to coastal
channels, except for: PS-24, which is in the middle of the Safaga Strait (Red Sea); PS-10 in
the middle of the Litke Strait, between Karaginsky Island and the Kamchatka Peninsula
(Bering Sea); and PS-17 in the northern sector within the Strait of Canso (Northeastern
of the Nova Scotia Peninsula) (Table 1). PS-6 is located at the entrance to the channel
between Booth and Fiji Islands (South of the Beaufort Sea), and there is another spit in
the northern margin, within the channel. Similarly, eastward of PS-7 (West of the Parry
Peninsula, South of the Beaufort Sea), the nautical chart shows that there was also a second
spit within the channel, on the northern margin, but satellite imagery showed that it was
almost completely degraded before 1985. Another particular coastal configuration are
channels with paired spits at both entrances, which is the case for PS-12 and PS-13 in the
Tugidak Passage, between Tugidak and Sitkinak islands (West of Gulf of Alaska), and PS-25
and PS-26 in Almejas Bay, between Santa Margarita Island and the western coast of Baja
California Peninsula. In addition, three entrances to Nantucket Sound (Northwest Atlantic
Ocean) are limited by the development of paired spits, one of them between Monomoy
and Nantucket islands (PS-20), and two others in the Muskeget Channel (PS-21 between
Tuckernuck and Muskeget islands, and PS-22 between Nantucket and Tuckernuck islands).

60°E 120°E 180°E

60°W 0° 60°E ' 1800

Figure 3. Global distribution of paired spits at the mouths of interdistributary bays of deltas (PS-1 to
PS-3) and within coastal channels (PS-4 to PS-27). Detailed locations are shown for (A) NW North
America, (B) E North America, and (C) SW North America.
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Figure 4. Paired spits (PS) located at the mouths of interdistributary bays of deltas (PS-1 to PS-3) and
within coastal channels (PS-4 to PS-27). (Source of the images: ESRI Satellite, Google Satellite, and
Bing Satellite). (A) PS-1, (B) PS-2, (C) PS-3, (D) PS-4, (E) PS-5, (F) PS-6, (G) PS-7, (H) PS-8, (I) PS-9,
() PS-10, (K) PS-11, (L) PS-12 and PS-13, (M) PS-14, (N) PS-15, (O) PS-16, (P) PS-17, (Q) PS-18,
(R) PS-19, (S) PS-20, (T) PS-21 and PS-22, (U) PS-23, (V) PS-24, (W) PS-25 and PS-26, (X) PS-27.
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Table 1. Location, tidal range, and morphological characteristics (1984-2020) of the paired spits
identified at the mouth of the interdistributary bays of deltas (PS-1 to PS-3) and within coastal
channels (PS-4 to PS-27). Their morphology of the paired spits is parameterized by the maximum
length (m) of the longest and the shortest spit, the ratio between them, the maximum depth (m) of
the inlet between the head of both spits, and the decrease in width, i.e., the ratio of the width of the
main inlet to the original width of the mouth of the interdistributary bay or channel.

Paired . . . Tidal Longest Shortest Length Inlet Width
Spits Latitude  Longitude Place Region Range Spit Spit Ratio Depth  Decrease
PS-1 69.68°N 141.34°W Demarcation Bay Beaufort Sea micro— 5965 5647 1.06 5.2 0.02-0.14
PS-2 44.82°N 12.43°E Scardovari lagoon micro— 2393 2188 1.09 2.2 0.21-0.41

Adpriatic Sea
PS-3 44.80°N 12.30°E Goro lagoon micro— 8313 6741 1.23 3.5 0.17-0.42
PS4 7484°N  85.95°E NW Poluostrov micro- 3978 3460 115 <5 0.05-0.18
Severnyy Peninsula Kara Sea
PS-5 72.98°N 69.92°E Malygina Strait micro— 31,329 6466 4.85 <5 0.35
PS-6  7016°N  125.07°W Channel between micro— 1181 379 3.12 13.5 0.40
Booth and Fiji islands
PS-7 69.70°N 125.36°W W of Parry Peninsula Beaufort Sea micro— 2435 361 6.75 0.3 0.71-0.72
PS-8 69.51°N 139.11°W Workboat Passage micro— 5626 1472 3.82 6.4 0.19-0.44
PS-9 59.38°N 153.52°W Augustine Island Gulf of Alaska ~ meso— 487 182 2.68 0.3 0.33
PS-10 59.10°N 163.50°E Litke Strait micro— 16,831 9272 1.82 5 0.77
Bering Sea

PS-11 58.68°N 161.23°W Hagemeister Strait meso— 8990 5131 1.75 20.1 0.42

PS-12 56.58°N 154.49°W ) meso— 17,941 2326 7.71 31 0.15-0.16
Tugidak Passage Gulf of Alaska

PS-13 56.52°N 154.40°W meso— 15,934 5780 2.77 31 0.289
PS-14 55.05°N 163.44°W NW Bechevin Bay Bering Sea micro— 11,860 6119 1.94 23.8 0.17
PS-15 54.41°N 10.99°E Fehmarn Sound Baltic Sea micro— 4931 2624 1.88 12.3 0.74-0.75
PS-16 48.59°N 123.36°W Cordova Channel Salish Sea meso— 1177 1083 1.09 32 0.62
PS-17  4565°N  6143°W Strait of Canso Gulf of St. micro— 2640 582 453 40 0.58

Lawrence
PS-18 45.24°N 36.54°E Kerch Strait Black Sea micro— 4795 2186 2.19 6.7 0.46
PS-19  43.61°N  14544°E Nemuro Strait Sea of micro- 24,613 1810 13.60 20 0.68
Okhotsk
PS-20 41.47°N 70.03°W Main Channel Nantucket micro— 15,443 8282 1.86 17.0 0.46-0.47
Sound,
PS-21 41.32°N 70.29°W . micro— 2047 887 2.31 1.2 0.72-1
Muskeget Channel NW Atlantic
PS-22 41.28°N 70.24°W Ocean micro— 2765 1444 1.91 7.3 0.53-0.67
o o . Gulf of .
PS-23 28.97°N 112.18°W Infiernillo Channel . . micro— 4797 3585 1.34 13.4 0.19
California
PS-24 26.75°N 33.96°E Safaga Strait Red Sea micro— 887 340 2.61 0.5 0.59-0.89
PS-25 24.51°N 111.83°W NE Pacific micro— 15,231 1149 13.25 26.6 0.09-0.10
Almejas Bay Ocean
PS-26 24.37°N 111.67°W micro— 11,408 3339 10.66 13.2 0.08
PS-27  1673°S  1175°E Tigres Strait SE&S;E“C micro- 15346 2961 5.18 9.7 —

The maximum length along the shore of the spits, from root to head, ranges from
31,359 m for the southern spit of PS-5 in the Malygina Strait, which separates Bely Island
from the Yamal Peninsula (Northwest of Siberia), to 182 m for the western spit of PS-9,
located in a small channel cutting through the volcanic Augustine Island (West of Gulf of
Alaska). The maximum length of both spits is similar in the interdistributary bays, but the
length of the longest spit within channels varies from the same order to more than thirteen
times the length of the shortest spit (Table 1).

The formation of paired spits reduces the width at the mouth of the interdistributary
bays or channels. Maximum closure is identified for PS-1, in Demarcation Bay, and for PS-4,
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in a channel between Tsirkul Island and the Poluostrov Severnyy Peninsula (E Kara Sea),
remaining around 2-5% of the original width. It was not possible to determine the decrease
in width for PS-27 because the width of the channel progressively increased due to high
erosion at the southern end of the Tigres island.

The maximum depth between the head of the paired spits ranges from less than 1 m
to 40 m (Table 1). In some systems, the local depth increases significantly just between
the two spits, along the entire inlet, as is the case on the Hagemeister Strait (PS-11), the
Tugidak Passage (PS-12, PS-13), and the Infiernillo Channel (PS-23), or only right next to
one of the spits, as is the case of the eastern spit of PS-14 in the NW entrance to Bechevin
Bay, and the Notsukezaki spit (PS-19), in the western margin of the southern entrance to
the Nemuro Strait.

3.2. Natural Morphodynamics

Most of the paired spits are very dynamic, with high progradation rates reaching up to
156.93 m/yr (PS-20). In some paired spits, the longest spits show higher progradation rates
that the shortest ones, but in others, the opposite is true. Progradation in some recurved
spits is not identified from the head, but from the middle of the spit, allowing new hooked
ridges to develop. The eastern recurved spit of PS-19 shows progradation from the middle
and the head of the spit. In contrast, other paired spits show very low progradation rates,
which cannot be measured due to the resolution of the satellite images used, without other
significant geomorphological changes; these progradation rates must be lower than 1 m/yr,
i.e., below the detection threshold of the analysis carried out (Table 2). The the migration of
some of the spits from the surrounding coast to the mouth of the channel (northern spit
of PS-20), or alongside of the channel towards the central sector (southern spit of PS-7,
western spit of PS-22, eastern spit of PS-24, and western spit of PS-25), has been observed,
as well as a rotation of the spits from the root (both spits of PS-21, western spits of PS-24
and PS-26).

Progradation is usually combined with erosion, which results in the degradation or
breaching of some of the spits, developing minor inlets and spit islands. Subsequently,
some of these spit islands eroded completely (PS-3, PS-8), but in other cases the breaches
closed, and they joined the previous spit (PS-22, PS-25), or continued as islands by their
natural evolution (PS-26) or because the limits of the spit islands and the head of the
spit was fixed by coastal defense structures (PS-2; PS-18). It is also possible that the spit
islands migrated to the mainland, developing new spits (PS-20). Extreme erosion due to
the development of new inlets reaches a shoreline retreat of up to —167.65 m/yr, for the
head of the northern spit of PS-27, and has even led to total degradation of one of the spits
(northern spit of PS-20, western spit of PS-21, and northern spit of PS-27) or severe root
retreat of the northern spit of PS-27 (Figure 5). Cannibalization of the root of the western
spit of PS-12 was also identified, while coastal defenses were built close to the root of other
spits (e.g., the southern spit of PS-15, the two spits of PS-17, western spit of PS-19) to avoid
their erosion.

The development of the paired spits constrains the interdistributary bay or channel
(Figure 4; Table 1). Positive progradation rates of the spits were observed in the study
period (Table 2) as well as a decrease in the width of the main inlet (Figure 5), although
in several cases, this decrease was very small compared to the overall dimensions of the
system (PS-20, PS-26). However, in one exceptional case (PS-24), there was an increase
in the width of the main inlet, due to the 40° clockwise rotation of the western spit, i.e.,
towards its channel margin. At PS-27, similar rates of progradation of the southern spit and
erosion of the northern spit (Table 2) resulted in a northward migration of the inlet with a
slight increase in its width (Figure 5L). The main inlet of PS-22 also showed a westward
migration, combined with an alternately decreasing, increasing, and again decreasing
width (Figure 5I).
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Table 2. Natural morphodynamic processes of the paired spits located at the mouths of interdistribu-

tary bays of deltas (PS-1 to PS-3) and within coastal channels (PS-4 to PS-27): average progradation

rate (m/yr; negative values for erosion), presence of hooked ridges, breaching of the spit developing

a spit island or degradation of the spit by erosion, merging of the island with the rest of the spit or

formation of a new spit, and classification of the natural morphodynamic pattern.

Progradation Rate i i
Paired 8 Hooked Spit Breaching SPI;,S Merg.lng Morphodynamic
Spits Study Longer Shorter Ridges or Degradation or Formation Pattern
Period Spit Spit of a New Spit
PS-1 1984-2020 10.88 16.83 Yes Yes Yes Ephemeral
PS-2 1984-1989 104.54 106.88 Yes Yes Yes Stationary
PS-3 1984-2020 75.26 Very low Yes Yes Yes Stationary
PS-4 1984-2020 3.74 8.25 Yes No No Ephemeral
PS-5 1984-2020 Very low No No No Stable
PS-6 1984-2020 Very low No No No Stable
PS-7 1984-2020 12.48 Very low Yes Yes Yes Stationary
1984-2004 11.24 )
PS-8 0050020 6.16 7 Yes Yes Yes Stationary
PS-9 1984-2020 Very low No No No Stable
PS-10 1984-2020 Very low No No No Stable
PS-11 1984-2020 Very low No No No Stable
PS-12 1984-2020 63.65 Very low Yes No No Stationary
PS-13 1984-2020 31.98 6.44 Yes No No Stationary
PS-14 1984-2020 Very low Yes No No Stable
PS-15 1984-2020 9.46 17.69 Yes No No Stationary
PS-16 1984-2020 Very low No No No Stable
PS-17 1985-2019 2.68 Very low No Yes No Ephemeral
1984-2003 17.90 )
PS-18 19842000 399 Yes Yes Yes Stationary
PS-19 1984-2020 10.46 15.13 Yes No No Stationary
1992-2006 156.93
2007-2012 —13.29 i
PS-20 0132016 135.30 Yes Yes Yes Stationary
1984-2020 1.92
PS-21 1984-1991 51.99 21.69 Yes Yes Yes Ephemeral
1986-2006 55.72
PS-22 2007-2014 —79.98 —17.70 Yes Yes Yes Stationary
2015-2020 42.06
PS-23 1984-2020 Very low No No No Stable
PS-24 2003-2020 3.08 —9.27 No Yes Yes Ephemeral
1984-2012 3.58 i
PS-25 0120020 35.49 691 Yes Yes Yes Stationary
PS-26 1984-2020 1.13 1.67 Yes Yes Yes Stationary
PS-27 1984-2020 134.92 —167.65 Yes Yes No Ephemeral
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Figure 5. Geomorphological evolution (1984-2020) of some of the paired spits identified at the
mouths of interdistributary bays of deltas (PS-1 to PS-3) and within channels (PS-4 to PS-27). Annual
distances (m) for the head of the spits and ends of island are plotted on a reference line defined
from the root of the two spits. (A) PS-1, (B) PS-2, (C) PS-3, (D) PS-4, (E) PS-8, (F) PS-15, (G) PS-18,
(H) PS-20, (I) PS-22, (J) PS-25, (K) PS-26, (L) PS-27.
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Three morphodynamic patterns for paired spits can be defined following the geomor-
phological evolution in the last decades of the twenty-seven systems analyzed (Table 2 and
Figure 6). The first pattern corresponds to the stable systems, which are the eight systems
of paired spits with very low progradation rates, and imperceptible geomorphological
changes in the study period. Among them, PS-6 shows evidence of previous breaching
and degradation of the central sector of the southern spit, but its progradation during the
study period is very low. Another set of thirteen paired spits can be classified as stationary
systems, with higher progradation rates and successive processes within a few decades of
breaching or degradation of some spit, followed by the formation of new spits. PS-7 shows
evidence of a previous degradation of the northern spit and the formation of the new spit
in this margin of the channel is very slow. PS-6 can be considered an intermediate case
between stable and stationary, as it shows evidence of previous breaching of the southern
spit in its central sector, but the present progradation rate are very low.

spit breaching or degradation

breach closure or
formation of a new spit

spit progradation w/o
breaching nor degradation

EPHEMERAL (Severe erosion of one or both spits)
EPHEMERAL(ERQSION)I 1 tz—vﬁ -
PS-21 | : I @ Channel
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Figure 6. Morphodynamic patterns. Left: classification of stable, stationary, or ephemeral mor-
phodynamic patterns of paired spits at the mouths of interdistributary bays of deltas (PS-1 to PS-3,
green font) and within coastal channels (PS-4 to PS-27, blue font). Right: Synoptic description of the
evolution for each morphodynamic pattern; the ephemeral (i.e., unstable) morphodynamic pattern
includes three subtypes.

The third morphodynamic pattern corresponds to six unstable systems. They include
PS-1 and PS-4, because the progradation of their heads will determine the near merging of
the two spits and, consequently, these paired spits are ephemeral (Table 2, Figure 5A,D).
Another type of unstable configuration occurs when the heads of the paired spits join to
the respective sides of the channel. Thus, the two small spits observed in 1984 between
Tuckernuck and Muskeget islands (PS-21) progressively rotated, erosion broke the western
spit in 1991, and the heads of both spits merged their respective islands in 1994. Thus,
the paired spits configuration of PS-21 disappeared. Similarly, the progradation of the
two spits of PS-17 trended towards their respective margins, in the interior of the Strait
of Canso. The progradation of the western spit towards the mainland of the Nova Scotia
Peninsula was closing the lagoon entrance, decreasing its width to only about 4 m in 2019,
while the head progradation of the eastern spit was towards the mainland of Cape Breton
Island, with a lagoon entrance in 2020 of only 22 m in width (Figure 4P). The third type of
unstable morphodynamic is due to high and continuous erosion, ultimately leading to the
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permanent disappearance of one of the spits. The neck of the Tigres spit was breached in
March 1962. Later, converging paired spits PS-27 developed on both sides of the inlet, and
the southern spit tied to the mainland. However, the northern spit progressively eroded
(negative progradation rate, Table 2) until it disappeared completely in 1993. Subsequently,
since 2003, an incipient and very narrow spit started to develop, but disappeared again
in 2019 due to severe erosion (Figure 5L). Therefore, the paired spits system has become
ephemeral, while two other spits are developing northward in the mainland. Similarly,
the length of the western spit of PS-24 within the Safaga Strait is decreasing; it virtually
disappeared in 2011 and thereafter does not reach its previous size.

3.3. Hydrodynamics

The paired spits analyzed are located in a wide range of tide and wave regimes. Most
of them (81.48%) are on microtidal coasts, except PS-9, PS-11, PS-12, PS-13 and PS-16, which
are on mesotidal ones (Table 1). The wave regimes affecting the paired spits, considering
their offshore wave pattern and shoreline orientation, includes unidirectional (51.85%),
bidirectional (37.04%) and even multi-directional (11.11%) cases. The mean annual offshore
Hs for the dominant component ranges between 0.45 and 1.84 m, and between 0.44 and
2.08 m for the second component. Peak periods include wind waves (53.84%), swell (28.21%)
and intermediate (17.95%) waves (Table 3). Most of them are located on wave-dominated
coasts, but there are also some others on mixed-energy or tide-dominated coasts.

PS-16, located in the sheltered Salish Sea, presents a mesotidal range (2.26 m) and
offshore unidirectional wind waves with mean offshore Hs of 0.51 m from the SE; therefore,
it can be classified as a tide-dominated environment. Progradation rates of the two spits are
very low and the morphodynamic pattern is stable, without spit degradation or breaching.
The remaining paired spits on mesotidal coasts (Table 1) are located in SW Alaska and are
either tide-dominated (PS-9) or mixed-energy environments (PS-11, PS-12, PS-13). Offshore
Hs are lower than 1.2 m for PS-9 and PS-11, which show a stable morphodynamic pattern.
In contrast, the swell in PS-12 and PS-13, with a mean offshore Hs above 1.5 from the SSW
(and above 2 m for the second component from the NW for PS-12), determine that the
progradation rates are very high for the western spits of both systems, developed eastward
from Tugidak Island, but low and very low for the eastern spits, developed westward from
Sitkinak Island (Table 2 and Figure 4L).

Another important factor, along with waves and tides, is the formation of ice sheets
in winter near the coast, as well as coastal snowfall and freezing, which were observed
in satellite imagery and confirmed by gaps in ERAS5 wave data series for 51.85% of the
paired spits analyzed in this study. This factor is most relevant for paired spits located in
the Beaufort Sea (PS-1, PS-7 and PS-8) and the Kara Sea (PS-4 to PS-6), which are under
wave attack for only 30-40% of the year, but was also identified for paired spits located
in the Bering Sea (PS-10, PS-11 and PS-14), Gulf of Alaska (PS-9, PS-12 and PS-13), Gulf of
St. Lawrence (PS-17) and the Sea of Okhotsk (PS-19), where exposure to wave influence
is greater. The progradation rates of this set of paired spits range from very low to very
high (Table 2, Figure 6), implying that they show stable (PS-5, PS-6, PS-9, PS-10, PS-11,
PS-14), stationary (PS-7, PS-8, PS-12, PS-13, PS-19) and even ephemeral (PS-1, PS-4, PS-17)
morphodynamic patterns. Wave and tide action in the period of the year free of ice sheets
and coastal freeze-up determines the morphodynamic pattern.

Six other paired spits are located in sheltered seas with microtidal range and unidirec-
tional or bidirectional wind waves of mean annual offshore Hs of 0.77 m or less (Table 3),
as is the case of the paired spits found in the Adriatic Sea (PS-2, PS-3), Baltic Sea (PS-15),
Black Sea (PS-18), Red Sea (PS-24) and Gulf of California (PS-21). Their progradation rates
vary from low to very high and they are characterized by a stationary or ephemeral (ero-
sional) morphodynamic pattern, with alternating erosion (degradation, breaching) and spit
accretion (closure of inlets, formation of new spits), except in the Gulf of California where
low energy waves explain that PS-21 shows low progradation rates, without significant
morphological changes, and consequently a stable pattern (Table 2).
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Table 3. Offshore wave (2018-2021): Percentage of the year free of ice-sheet formation; unidirectional,
bidirectional, or multi-directional wave regime; frequency (%), mean annual and 95% percentile of Hs
(m), approach direction and Tp (s) of the first and second component. The Tp includes wind waves
(w), swell (sw) and intermediate (i) types.

Paired Wave Data Point Wave 1st Component 2nd Component

Spit Latitude Longitude % Year Regime Freq Hs P95 Dir Tp Freq Hs P95 Dir Tp
Ps-1 69.71°N  141.3°W 33.21 Bi 2171 085 212 ENE w 1134 080 177 NW w
PS-2 44.75°N 12.28°E 100.00 Uni- 3745 045 123 SE w

PS-3 44.79°N 12.47°E 100.00 Bi- 4577 057 166 ENE w 3709 044 115 SE w
PS-4 7494°N  86.05°E 31.76 Bi- 927 074 167 NNE w 904 079 198 NW i
PS-5 73.09°N  69.50°E 40.93 Uni’- 18.71 1.03 247 WSW w

PS-6 70.16°N  125.31°W 31.07 Bi- 14.00 0.83 18 NW w 1001 072 156 ENE
Ps-7 69.69°N  125.37°W 31.07 Uni- 1451 0.66 1.54 NNW w

PS-8 69.50°N  138.98°W 37.98 Uni- 1772 053 107 ENE w

PS-9 59.45°N  153.50°W 100.00 Bi- 2506 111 249 WNW w 2159 142 288 NE w
PS-10 59.38°N  164.57°E 79.36 Uni- 2920 164 375 E sw

PS-11 58.59°N  161.24°W 91.51 Bi- 4041 106 235 SW sw 1576 131 269 ESE w
PS-12 56.64°N  154.33°W 100 Bi- 5722 155 313 SSW sw 1541 205 388 NW i
PS-13 56.41°N  154.43°W 100 Uni- 57.68 177 357 SSW sw

PS-14 55.14°N  163.48°W 100 Uni- 6579 142 310 W  sw

PS-15 54.43°N 10.94°E 100 Bi- 3447 068 154 WNW w 1807 076 161 SW w
PS-16 48.52°N  123.28°W 100 Uni- 1563 051 112 SE w

PS-17 45.74°N  61.53°W 96.44 Uni- 3854 107 260 NNW w

PS-18 45.05°N  36.56°E 100 Bi- 4011 077 179 NNE w 3673 068 260 SW w
PS-19 43.69°N  145.32°E 92.13 Bi- 3748 078 154 SE sw 2193 113 220 NNW sw
PS-20 41.45°N  70.01°W 100 Multi- 2691 089 1.86 SSE i 18.95 135 299 ENE sw
PS-21 41.32°N  70.27°W 100 Multi- 4745 135 226 SSW i 12.69 097 190 ESE i
PS-22 4125°N  70.26°W 100 Multi- 4760 1.18 243 SSW i 12.86 1.04 201 ESE i
PS-23 28.80°N  112.16°W 100 Uni- 2931 048 099 SSE w

PS-24 27.00°N  34.20°E 100 Uni- 100 068 131 NN w

PS-25 2455°N  111.87°W 100 Uni- 44.06 119 160 SW  sw

PS-26 24.30°N  111.66°W 100 Uni- 4581 116 157 SW  sw

pPS-27 16.77°S 11.68°E 100.00 Uni- 100 184 280 SSW sw

The rest of the paired spits are located on microtidal open coasts of the Pacific and
Atlantic oceans, under influence of swell or intermediate (6 to 9 s) waves with mean
annual Hs varying from higher than 1.15 m to 2.8 m (Table 3), i.e., they are the paired spits
under the most energetic waves, and consequently they are highly dynamic systems, with
stationary or ephemeral morphodynamic patterns. The paired spits in Nantucket Sound
(PS-20, PS-21, PS-22) are the only ones below an offshore multi-directional wave regime,
but their different coastal orientation determines that PS-20 is mainly affected by ENE swell
and SSE intermediate waves, while PS-21 and PS-22 are more influenced by SSW and ESE
intermediate waves. Paired spits in Almejas Bay (PS-25, PS-26; Figure 4W) are below the
influence of SW swell waves, with similar offshore Hs for both systems, but very high
progradation rates for El Cisne spit, and low rates for the other three spits (Table 2). Finally,
PS-27 lies under the strongest waves, with a unidirectional approach direction from the
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SSW swell and annual offshore Hs of 2.8 m (Table 3), which determines the intense erosion
of this ephemeral system (Figure 5L).

3.4. Anthropization of the Paired Spits

Most of the paired spits identified in this study are found in natural coasts, with no
direct anthropogenic disturbance. In fact, some of them are nature reserves. Thus, for
example, Demarcation Bay (PS-1), as well as Tugidak and Sitkinak islands, where are
located PS-12 and PS-13, are Alaska National Wildlife Refuges, and for the PS-15, the
Krummsteert spit and the outer half of the Graswarder-Heiligenhafen spit are two nature
reserves. However, other paired spits analyzed in this study show the impact of local
human activities (Table 4).

Table 4. Local human impacts and consequent classification of the paired spits at the mouth of
interdistributary bays of deltas (PS-1 to PS-3) and within coastal channels (PS-4 to PS-27) from natural,
to rural, semi-urban, urban, or artificial coasts.

Longer Spit Shorter Spit
Paired Spits

Houses & Roads  Bridges Seawalls Type Houses & Roads  Bridges Seawalls  Type
PS-1 No No No Natural No No No Natural
PS-2 No No Yes Rural No No Yes Rural
PS-3 No No No Rural Yes No No Semi-urban
PS-4 No No No Natural No No No Natural
PS-5 No No No Natural No No No Natural
PS-6 No No No Natural No No No Natural
PS-7 No No No Natural No No No Natural
PS-8 No No No Natural No No No Natural
PS-9 No No No Natural No No No Natural
PS-10 No No No Natural No No No Natural
PS-11 No No No Natural No No No Natural
PS-12 No No No Natural No No No Natural
PS-13 No No No Natural No No No Natural
PS-14 No No No Natural No No No Natural
PS-15 Yes No Yes Semi-urban No No No Natural
PS-16 Yes No No Rural Yes No Yes Rural
PS-17 No Yes Yes Rural Yes No Yes Semi-urban
PS-18 Yes No No Urban Yes Yes Yes Urban
PS-19 Yes No Yes Semi-urban No No No Natural
PS-20 No No No Natural No No No Natural
PS-21 No No No Natural No No No Natural
PS-22 Yes No No Semi-urban No No No Natural
PS-23 No No No Natural No No No Natural
PS-24 Yes No No Natural No No No Natural
PS-25 No No No Natural Yes No No Semi-urban
PS-26 No No No Natural No No No Natural
PS-27 No No No Natural No No No Natural
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The Scardovari lagoon, in the Po delta, presented in 1985 natural paired spits (PS-2) at
the mouth, with a stationary morphodynamic pattern including breaching of the eastern
spit and formation of a baymouth barrier island. However, since 1995 several stone reefs
have progressively fixed the shoreline of the two spits and the central island; the channel
trough the eastern spit was also fixed to keep this lagoon open (Figure 5B).

The Goro lagoon (PS-3) is located to the west of the Scardovari lagoon. On the eastern
side, a small bridge and some other minor structures were built in the head of the oldest
spit, which remains stable after previous high erosion from 1989 to 1995, while a new
spit developed seaward (Figure 5C). The western spit is occupied in the middle sector by
buildings for tourist activity.

The Graswarder—Heiligenhafen spit (PS-15) shows high human occupation on the
neck, including buildings, a marina on the inner side and coastal defense structures on the
seaward side to prevent erosion. On the other side of the channel, human occupation of the
Krummsteert spit (S of Fehmarn Island) is very low, with the only presence of a lighthouse,
a few houses, and some agricultural land close to the beginning of the spit.

The James spit (PS-16), in the eastern margin of Cordova Channel, contains a road,
a small marina in the inland, close to the head, while a stone seawall was constructed to
avoid erosion of the neck. On the opposite side, Cordova spit shows no significant human
occupation, but only a dirt road and isolated house.

In the Strait of Canso, the neck and some other areas near the head of the eastern spit
of PS-17 are secured by boulders to prevent shore erosion. However, in 2007, a small breach
opened in the middle of the spit. There is also a small bridge from the head of this eastern
spit to the mainland of Cape Breton Island. The western spit, developed from the Ontario
Peninsula, contains only a few buildings and a large electricity tower at the neck of the spit.

The western spit of PS-18, in the Kerch Strait, shows high human occupation with an
axial road, buildings and tourism infrastructures by the seaside, as well as an industrial
harbor in the inner part. In the northern sector of the Tuzla spit island, there was, from
before 1984, a small harbor and a village that grew progressively, while the southern end
of the island was attached by coastal defense structures since 2007. The Tuzla spit, on the
eastern margin of the Kerch Strait, showed no local human alterations until 2003, when it
was lengthened by artificial nourishment, the northern end was fixed by the construction
of two stone-filled blocks in 2004, and construction of a motorway began on it. In 2015,
the motorway and a railway linked the Tuzla spit to Tuzla Island by a bridge and another
bridge linked the island to the eastern margin of the Kerch Peninsula. Therefore, both spits
and the central spit island currently show high human disturbance.

At the southern end of the Nemuro Strait (also named Notsuke Strait or Kunashirsky
Strait) is located PS-19. On the western margin, the Notsukezaki spit, from Hokkaido
Island, is the largest sand spit in Japan, and shows strong human interventions, including
an axial road, scattered buildings, several groins, and a seawall that is virtually continuous
along its entire length, strongly fixing the shoreline except at the far end of the head. On
the opposite side, two spits at the southern end of Kunashir Island (Kuril Archipelago)
show no human disturbance, the smaller of which is also at the southern entrance to the
Nemuro Strait.

The western spit of PS-24, in the Safaga Strait (Red Sea) developed from the head of a
cuspate foreland with high human occupation related to the expansion of the urbanization
of the city of Safaga in recent decades, prevents sediment input to the western margin of the
strait. This cuspate foreland includes a small marina to the north, which is locally trapping
sediments, and an industrial harbor to the south. On the root of the western spit, there is a
house and a small marina. In contrast, the eastern spit of PS-24, on Safaga Island, is free of
local human disturbance, except a dirt road.

At the northern entrance to Almejas Bay, near the head of the western spit of PS-25
there are remains of some abandoned buildings and a deserted small harbor. In contrast,
the eastern spit of PS-25 and the two spits of PS-26 at the southern entrance to Almejas Bay
are pristine coasts.
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4. Discussion
4.1. Hydrodynamic Control

Wave-induced currents and associated littoral drift are the main factors controlling spit
morphodynamics [7,65,66]; however, tidal currents can be decisive for megatidal coasts [16].
The paired spits identified in this study were more frequent on microtidal coasts but can
also be found on mesotidal coasts (Table 1). This distribution is similar to that of paired spits
at the mouths of bays, estuaries and deltas, which mainly correspond to microtidal coasts,
while only a few studies refer to paired spits on the mesotidal coasts of England [62-72],
Ireland [37,73] and Spain [74], on the macrotidal coasts of England [23,24,75] or the megati-
dal coasts of France [16,76]. Considering the relative energy of waves versus tides, it was
deduced that the formation of paired spits mainly occurs on wave-dominated coasts, but
also on tide-dominated (PS-9, PS-16) and mixed-energy (PS-11, PS-12, PS-13) coasts. This
is probably because spits are like other coastal barriers, which develop best in microtidal
environments with intermediate conditions between wave-dominated and river-dominated
coasts [77].

The formation of paired spits has been previously described for unidirectional [25,37]
and bidirectional [27,30,38] wave regimes. In this study, convergent longshore drift leading
to progradation of the two spits was identified under uni-, bi- and multidirectional offshore
wave regimes (Table 3). In the case of deltas, the intense refraction due to their prominent
morphology may explain that offshore bidirectional wave regimes give rise to unidirectional
wave regimes for paired spits in interdistributary bays, as in the case of the Goro lagoon
(PS-3) in the Po delta [78]. In other interdistributary bays of deltas, such as Demarcation
Bay, the offshore bidirectional wave regime [79] explains the convergent progradation of
the paired spits (PS-1).

The development of spits in the mouths of deltas is typical of wave-dominated deltas,
and these spits tend to evolve rapidly [80], as is also the case of the paired spits analyzed in
the interdistributary bays of deltas (PS-1, PS-2, and PS-3). Fluvial discharge is primarily
responsible for sediment supply and the formation of successive delta lobes and interdis-
tributary bays [81,82]. The natural tendency for sedimentary filling of the interdistributary
bay by fine-grained organic-rich and clastic sediments [83-85], together with the high con-
vergent progradation of the paired spits in the mouths of interdistributary bays (Table 2),
suggest that these systems are rare because they are ephemeral under natural conditions
(PS-1) and the inlet only remains open in the deltas because of high human intervention
(PS-2 and PS-3). In fact, the breaching of the eastern spit of PS-1 was observed ot the
beginning of the study period, as well as plotted in the nautical chart, but this minor inlet
closed in 2000 and the convergent progradation continued (Figure 5A). The final closure or
not of this interdistributary bay will be determined by the hydraulic blockage between the
two spits due to tidal currents or minor Clarence River outfalls that flow directly into the
interdistributary bay.

Accumulative features, such as spits and barriers, are common along many Arctic
coasts [86], which explains why some of the paired spits identified in this study are also
found on the Arctic coast (Figure 1 and Table 1). The development of ice shelves limits the
effects of winds, waves, tides, and river outflows for nine months of an average year on
Arctic coasts, i.e., except for the open-water season, typically from July to September [87,88],
and similarly for other high-latitude regions. Analysis of monthly LANDSAT images and
offshore-wave data series (Table 3) has shown that ice-sheet development and coastal freez-
ing impede or delay the morphodynamic evolution of the paired spits in the Arctic Ocean,
the Bering Sea, the Gulf of Alaska, the Kamchatka Peninsula, the Gulf of St. Lawrence, and
the Sea of Okhotsk (PS-1, PS-4 to PS-11, PS-14, PS-17 and PS-19). This is a new factor not
previously considered in the scientific literature on the hydrodynamic agents controlling
the morphodynamics of paired spits.

The hydraulic blockages that allow the entrance between the convergent paired spits
within channels to remain open, and even the degradation and development of new spits
on behalf of their connection into a single barrier, is due to tidal currents flowing through
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the channels [45,89]. The increase in local depth observed on the nautical charts of some
study sites (Table 1), just between the two spits, is evidence of these strong currents through
the channels. Most of the paired spits located at the entrance to the channels are oriented
inwards of the channel, indicating the incoming dominance of the longshore drift, with the
only exception being the Nemuro Strait (S Sea of Okhotsk), where the paired spits PS-19 are
oriented outwards, i.e., related to the outgoing currents of the channel. In the Safaga Strait
(Figure 4V), the paired spits SP-20 developed in the middle of the channel; the morphology,
orientation and morphodynamics of these paired spits show that they are clearly related to
a southward current flowing through the channel [90].

With regard to long-term evolution, sea-level oscillations will determine the evolution
of these paired spits. The Holocene transgression favored the occurrence of offshore islands
and, consequently, the development within the channels of tombolos [91] and paired spits.
Similarly, on the Arctic coast, the Holocene transgression induced the formation of coastal
bays, due to breaching of thermokarst lakes, and consequently favored the subsequent
formation of barrier islands and spits [92], including paired spits. However, the present
sea-level rise due to the impact of the anthropogenic climate change is a clear hazard for
the future evolution of Arctic coasts [93] and the Po River delta [94], which include erosion
risks for the paired spits developed at their interdistributary bays, as well as for the spits
and paired spits developed within coastal channels [95].

4.2. Sediment Availability and Sedimentary Interactions

Good sediment availability is also necessary for the development of spits [29,87,96]
and paired spits [97]. The dimensions of the spits (Figure 4 and Table 1), the intensity of
shoreline progradation and the ability to develop new spits or regenerate old ones after
degradation or breaching (Figure 5 and Table 2) are evidence of this sediment availability.
Dimensions are similar in the mouths of the interdistributary bays of deltas, but usually very
different at the entrance and within the channels, which indicate the different intensities of
the longshore drift and sediment inputs in the latter.

In the interdistributary bays of deltas, the fluvial source of sediments for the paired
spits can be from different rivers (PS-1, PS-3) or from the same river (PS-2). In fact, the
sediment source for the development of the two spits of the Scardovari lagoon (PS-2), as
well as the Scanno of Goro spit, in the eastern flank of the Goro lagoon (PS-3) are related
to the modern Po River delta [40,42,98]. Progradation rates are similar for these three
spits (Table 2), which is consistent with a similar fluvial discharge supply for the southern
mouths of the delta [99,100]. The two paired spits constraining the Goro lagoon show
similar lengths (Table 1, Figures 4C and 5C, but the sediment input for the Scanno of Volano
spit, on the western flank, is lower and mainly due to littoral drift from the south [42,78],
which is consistent with its very low progradation rate (Table 2).

In the medium-term temporal scale, another factor determining the evolution of deltas
is subsidence, which allows for the erosion of the abandoned delta lobes, including their
distal spits and islands [101]. The Scardovari and Goro lagoons are not related to the
abandoned lobes of Po River delta, quite the contrary; however, these lobes have shown the
highest subsidence rates of the entire Po River delta from 1967 to 2017. The zone of highest
subsidence in the delta has been shifting from north to south since at least 1957 [102],
implying an erosion risk for PS-2 and PS-3.

In coastal channels with good sediment availability, the development of cuspate fore-
lands and tombolos in the wave-shadow central sector is common [103-106], whereas
sediment scarcity favors the formation of long, narrow, and deep coastal channels [107],
even though the channel morphology predicts the presence of cuspate forelands or tombo-
los [105,106,108]. Tombolos and cuspate forelands have developed as a result of sediment
inputs from both channel entrances [4,25,104]. Paired spits within channels are also cuspate
bedforms but are related to convergent longshore drift and sediment input toward a single
channel entrance. Sediment supply for progradation of paired spits constraining chan-
nels can be due to cliff erosion upstream, as in the case of the Graswarder—Heiligenhafen
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spit [109,110] of PS-15, at the western entrance to the Fehmarn Sound (Baltic Sea), or
to littoral drift from spits, beaches, and dunes upstream [45,111]. Nevertheless, many
times, sediment supply for spit progradation is also due to cannibalization of its own
neck [112-114] as can be observed in the western spit of PS-12, or material scoured from
the inlet can be the dominant source for spit accretion, as shown by [115] for the northern
spit of PS-20.

Paired spits within coastal channels are, in general, of different lengths (Table 1). The
high sediment availability in the Magdalena coastal plain (W coast of the Baja California
Peninsula) is related to the development of large Pleistocene coastal dune sheets [116] and
large Holocene spits constrain both entrances to Almejas Bay, i.e., the El Cisne spit (PS-25) at
the northern entrance, as well as the Flor de Malva spit and the Creciente spit island (PS-26)
at the southern entrance [117]. The dimensions and average progradation rates (1984-2020)
of the El Cisne spit are higher than those for Creciente Island (Table 2), indicating a greater
littoral drift at the northern spit. On the other hand, the small inlet between Creciente
Island and the Flor de Malva spit is not closing and it shows a migration rate of 44.50 m/yr
(1984-2020) to the southeast. This implies that the dominant longshore drift at the root of
the spit is also to the southeast, i.e., similar to the direction of the inlet migration [2,118,119],
because updrift migration of inlets only occurs for shorter periods, lasting months or
years [115,120]. Therefore, this suggests the current existence of a divergent littoral drift
from the middle of the Flor de Malva spit, as the progradation of the head of the Creciente
spit island is westward (Figure 5K and Table 2). On the opposite channel margin, the
western spits of PS-25 and PS-26, linked to Santa Margarita Island, are very short (Table 1),
likely due to low sediment availability from the island, and progradation rates are also low
(Table 2).

Spit migration has been described for single spits [19,22] and paired spits [121,122]. In
this study, obtained by analysis of satellite images from 1984 to 2022, spit migration was
identified in some paired spits systems (PS-7, PS-20, PS-22, PS-24, PS-25), but may also
have occurred in others before the start of the study period. Therefore, spit migration is a
possible process for sediment input and the development of paired spits at the entrance to
channels or within them, due to the breaching of nearby spits and their migration along
the shore towards the channel.

In any case, the source area of sediments for paired spit bounding interdistributary
bays of deltas or channels is usually different for each spit, i.e., sediment supply is due
to longshore drift from different coastal fringes for each margin of the bay or channel.
However, sedimentary interactions between them can be expected when they are located
on shallow coasts, the channel width is low and the development of the paired spits implies
a significant decrease on the width of the interdistributary bay (PS-1) or channel (PS-4)
(Table 1, Figure 4A,D,I), favoring sediment bypass through the inlet by several possible
mechanisms [27]. On the other hand, the increase in depth in some of the inlets between the
two paired spits is evidence of local intensification of the hydrodynamics due to constriction
of the channel entrance (PS-11, PS-12, PS-13, PS-23). These currents and increased depth
prevent the two spits from merging, but may generate increased head progradation rates,
and consequently cannibalization of the neck of the spits.

Sedimentary interactions due to channel constriction can also be identified between
nearby paired spits systems, such as PS-20, PS-21 and PS-22, located in different entrances
of Nantucket Sound (NW Atlantic Ocean). The largest entrance to Nantucket Sound is
located to the east, between Cape Cod and Nantucket Island. Outer Cape Cod is composed
of two divergent spits, the Provincetown spit northward and the Nauset spit southward,
due to Holocene reworking of glacial outcrop sediments by divergent longshore drift [123].
A historic inlet near the northern end of the Nauset spit is migrating downward, i.e., south-
ward, even though it has temporarily migrated updrift developing paired spits [115,124].
The nodal point for the divergence of the longshore drift between the Provincetown and
Nauset spits is also migrating southward [125,126], and, consequently, sediment input to
the Nauset spit decreased. An extratropical storm in 1987 allows formation of a new inlet in
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the Nauset spit off Chatham Light [127-129] and a spit island that subsequently migrated
and elongated southward. In 1992, the northern end of the island elongated updrift and
connected to the mainland, becoming a new spit (the northern spit of Figure 5H). In 2007,
the southern end of this new spit merged with Monomoy Island [130], located at the north-
ern margin of the main entrance to Nantucket Sound. Thus, this new spit together with
the northern spit (named Great Point) of Nantucket Island are paired spits (PS-20), which
bound the main entrance to Nantucket Sound (Figure 4S).

The northern spit of PS-20 breached in 2013 to become an island and was subsequently
completely degraded by wave erosion (Figure 5H). Nevertheless, since 2007, a new inlet and
spit island developed again by breaching of the Nauset spit off Minister’s Point (Figure 5H);
therefore, this island will probably join the mainland and/or Monomoy Island in the
coming decades. A graphical reconstruction of the 1984-2020 morphodynamic evolution
of the Nauset spit, the new spit southward, and Monomoy Island was reported by the
NASA [131]. The reconstruction of the coastal evolution since 1846 has shown that this
process of extension of the Nauset Spit to connect to Monomoy Island and the subsequent
break-up is cyclical, repeats approximately every 150 years, and therefore, Monomoy
Island is related to former spits and spit islands formed from the breaching of the Nauset
spit [111,132]. The southward progradation rate of Monomoy Island is much lower than
that for the southern spit developed from the breaching of the Nauset spit (Table 2), with
values of 7.64 (1984-2006), 13.29 (2007-2012), and 6.36 m/yr (2013-2021). In 1971, a decrease
of southward progradation of Monomoy Island was predicted, due to encroachment of
the southern end of the island into two deep basins to the northeast and southeast [133].
However, this was not identified in the study period, and the increase of the progradation
rate between 2007 and 2012, when Monomoy Island merged with the new spit developed
from breaching of the Nauset spit, is remarkable. Perhaps, the decrease in southward
progradation will occur in the near future.

On the southern margin of Nantucket Sound, two other paired spits (PS-21 and PS-22)
were identified in Muskeget Channel, westward of Nantucket Island (Figure 4T), with
recurved spits and the development of flood- and ebb-tidal deltas, denoting that they are
controlled by both wave and tidal currents. The maximum narrowing of the main entrance
to Nantucket Sound occurred from 2007 to 2012 (Figure 5H), when the new spit joined
Monomoy Island (PS-20). This basically corresponds to the period when the head of the
two spits of PS-22 eroded (2007-2014) and even developed a small inlet (2007-2009) from
the breach of the eastern spit (Figure 5I). Water circulation on Nantucket Sound is tidally
dominated [89]. Therefore, narrowing of the main entrance by the development of PS-20
generated the intensification of tidal currents through Muskeget Channel, where PS-21 and
PS-22 are located. Subsequently, when the northern spit of PS-20 became an island again
and was progressively eroded away (Figure 5H), widening the inlet between Monomoy
Island and the Cape Cod mainland, the hydrodynamic outflow through the Muskeget
Channel decreased and the paired spits of PS-22 again showed convergent progradation
(Figure 5I). Contrary to the erosion of PS-22, the eastern spit of PS-21 developed a new
ridge from 2007 to 2012, due to sediment input from the degradation of PS-22, but later
eroded drastically when PS-22 progressively regained its convergent progradation. The
western spit of PS-21 only developed in the first decades of the study period, but in the
1990s it migrated, rotated, and merged with its island, which has shown severe erosion and
remodeling throughout the study period. Therefore, the combined analysis of PS-20, PS-21
and PS-20 shows that hydrodynamic and sedimentary interactions occur not only between
the two paired spits of the same system, but even with other closer paired spits in the same
channel. This provides evidence that they are not independent spits, but a complex system
including several paired spits.

In contrast, in the case of channels with deep and very wide inlets between the paired
spits, there is no evidence of sedimentary interactions between the two paired spits, such
as PS-19 in the Nemuro Strait, where they are far apart and bathymetry only shows an
intensification of currents very close to the western spit. Similarly, sedimentary interactions
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are not clear between the two spits of PS-15, at the entrance to Fehmarn Sound. The
Graswarder-Heiligenhafen spit, located in the north of the Peninsula of Wagria, has grown
eastward by longshore transport for about 3000 years, with the addition of successive
hooked ridges developed in intervals of about 150 years [134,135]. It shows a current
progradation rate of 9.46 m/yr (1984-2022, Table 2), which is significantly higher than
previous rates of 3.5 m/yr (1950-1985) after [109] or 2-3 m/yr suggested by [110]. In the
same PS-15, the Krummsteert spit (S of Fehmarn Island) shows an even higher progradation
rate (Table 2). However, both spits developed almost parallel to the channel margins, so
that a merging of the two spits in the near future, or any other sedimentary interaction,
is unlikely. All the same, the development of both spits implies a decrease to 75% of the
original width at the mouth of the Fehmarn Sound, and consequently an intensification of
the currents through it.

4.3. Morphogenetic Models and Morphodynamic Patterns of Paired Spits

Five conceptual models for the formation of paired spits were previously described at
the mouth of bays and rivers (Figure 7): (i) the break of a coastal barrier, not necessarily a
spit, by new fluvial outlets [68,74], hurricanes [23] or tsunamis [136,137]; (ii) convergent
longshore drift in a narrow bay [25]; (iii) bidirectional longshore drift with hydraulic
blockage by tidal currents or river flow in a bay or river mouth [26,120]; (iv) cutting of
an estuarine detached spit by high-energy events [27-30]; and (v) convergence of two
estuarine mouths and the associated spits [30]. In addition, previous studies in the Po River
delta have already defined the presence of two spits in the mouths of both the Goro and
the Scardovari lagoons [40—44], although none of these studies consider them as paired
spits or relate their development to other baymouth spits. The presence of paired spits
within channels has been succinctly reported [45-47]. Therefore, in this study, two new
environments and conceptual models for the formation of convergent paired spits were
described in detail and monitored, at the mouths of the interdistributary bays between two
delta lobes of the same or different rivers (Figure 7F), and at the two margins of a channel,
in the entrance or within it, usually for incoming, or exceptionally for outgoing, longshore
drift (Figure 7G).

The development of paired spits in the interdistributary bays of deltas and within
coastal channels was described for uni-, bi- and multidirectional wave regimes (Table 3).
Therefore, they are under similar hydrodynamic patterns to conceptual models ii and iii
but are located in different coastal environments. In fact, conceptual models i, iv, and v
have only been reported in a few places [23,27-30,68,74,136,137]; therefore, they can be
considered as unusual.

In addition to the new morphogenetic models for paired spits (Figure 7F,G), three mor-
phodynamic patterns (stable, stationary and ephemeral) were defined for the subsequent
geomorphological evolution of paired spits (Figure 6, Table 2). For stationary systems,
the degradation and development of new spits is the key that allows them to maintain
the paired spit configuration, i.e., to achieve a stationary equilibrium, oscillating between
eroded to accretionary states, which resembles seasonal beach morphodynamics [138]. A
stationary pattern was described for single spits, due to high erosion after breaching and
subsequent closure of the inlet e.g., [14,139] or even total and fast degradation by tsunamis
followed by the formation of a new spit [140]. Similarly, the eastern spit of PS-3 has un-
dergone intense morphodynamics changes, including phases of rapid longshore growth,
hooked ridges development, cannibalization, overwash, and breaching [98]. There are also
intermediate cases between stable and stationary systems. For instance, a historical analysis
of nautical charts shows a minor inlet developed in PS-14 from 1949 until before 1974 [47],
but can currently be considered stable because average migration rates in recent decades
(1984-2020) are very low (Figure 6). Some other paired spits show an unstable or ephemeral
morphodynamic pattern. The filling of the interdistributary bay on the backshore of PS-1
and the disappearance of this coastal configuration with paired spits should be expected
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on a medium-term scale, similar to the closure in previous centuries of the Sinoe lagoon, an
interdis tributary bay in the southwest of the Danube delta [141,142].
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Figure 7. Conceptual models for formation of paired spits: (A) coastal barrier break; (B) convergent
longshore drift in a narrow bay; (C) bidirectional longshore drift with hydraulic blockage; (D) cutting
of a estuarine detached spit by high energy events; (E) convergence of two estuarine mouths and the
associated spits; (F) convergent progradation from two delta lobes to the interdistributary bay (PS-1
to PS-3); and (G) convergent longshore drift from both margins to a channel entrance (PS-4 to PS-27)
(Modified from [36]).

The three morphodynamic patterns adescribed above can also be applied to char-
acterize the morphodynamics of paired spits at the mouths of bays and rivers. Most of
them correspond to systems with a stable geomorphological configuration, while only a
few studies have referred to spit breaching or degradation and the development of new
spits [29,30,74,122,143]. The paired spits at the mouth of the Guadalquivir estuary (SW
Spain), showed an initial stationary pattern, with degradation and the new formation of
the southern spit (6900 to 2300 BP); subsequent intense progradation of the northern spit
(2300 to 1000 BP) evolved to a stable pattern, where currently the southern spit is fixed
by the sedimentary fill of the estuary mouth [74]. Another interesting case is that of the
paired spit PS-17, in the Strait of Canso, because in the late 19th century there was an inlet
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in the middle of the western spit (Church, 1878; in [144]), but nowadays this inlet does not
exist, and the head of the spit is very close to the western margin of the channel. Therefore,
it evolved from a stationary to an ephemeral pattern. Some other studies have described
paired spits at river mouths that later disappeared, i.e., were ephemeral [28-30,145]. In
summary, it can be deduced that paired spits can evolve from stationary to ephemeral or
stable morphodynamic patterns and can even become relict bedforms from a stable pattern.

4.4. Anthropization of the Paired Spits

Most of the paired spits identified at the mouths of interdistributary bays of deltas and
within channels have shown processes of degradation and the development of new spits;
some other paired spits tended to develop a continuous sand barrier, or even to disappear
(Table 2, Figure 6). Their intense sedimentary dynamics and geomorphological evolution,
together with the remote location of many of them, explain why they have not been
described before, whereas paired spits at the mouth of bays, estuaries and deltas have been
described more extensively for the anthropized coast of England [23,24,67-72,75,146,147],
Ireland [73,148,149], France [16,76], Spain [74], Russia [25], India [26,34,38], China [121,122],
United States of America [29], Egypt [143], Senegal [150], Colombia [151], Brazil [30,39,152],
and New Zealand [28,145]. Nevertheless, paired spits have also been described in natural
coasts, at the mouths of bays in the Kamchatka Peninsula [25], and at the mouth of the
Volta River delta, although the latter is heavily affected by the Akosombo dam [150,153].

The morphodynamics of many single spits are affected by natural climatic oscilla-
tions, such as ENSO [36,154-156] and NAO [76,157], as well as by human disturbances,
ranging from global climate change, including sea-level rise and ice melting between other
effects [158-161], to local impacts. Coastal defense structures have been built in many spits
to avoid erosion, usually on the seashore [10], and more rarely on the bayside [162]. At
other times, the artificial opening of channels for fishermen’s navigation [163] or to prevent
flooding [17] has generated severe erosion of the spits.

Similarly, paired spits at the mouths of bays, estuaries and deltas are often affected
by local human activities, such as urbanization, dam construction, coastal defense struc-
tures, and dredging to keep channels open for navigation [143,147,149,150,153,164,165].
Elsewhere, degradation of baymouth spits by harbor development or other human dis-
turbances is even more severe [122]. In contrast, most of the paired spits identified in
this study are found on natural coasts (Table 4), with no direct anthropogenic disturbance.
Therefore, they are ideal locations for environmental conservation plans. They are also very
interesting places for the analysis of the impact of both natural climatic oscillations such as
ENSO [30,121] and climate change, since in these paired spits ice melting, coastal erosion
and flooding due to sea-level rise are not affected by interactions with other regional or
local anthropogenic factors that may mask the impact of natural climatic oscillations and
global climate change.

Other paired spits analyzed in this study show local human disturbances of very
different intensities (Table 4). The paired spits with a higher human influence on their
morphodynamics are PS-2 and PS-3, the two interdistributary bays located in the SW of
the Po River delta. In fact, the historical and current evolution of the delta is strongly
conditioned by human activities [40,166]. The modern delta was induced 400 years ago
by the excavation of an artificial channel [167]. In the southern part of the delta, the
development of the paired spits at the mouth of the Scardovari lagoon (PS-2) is relatively
recent. The lagoon developed in the early 19th century, without paired spits at the mouth,
and acquired its present shape in 1955 [168]. Later, the construction of reef stones after 1985
not only protected the coast from erosion, but even generated high sedimentation [169],
keeping the lagoon open by artificial inlets. The Goro lagoon has progressively migrated
southwards since the 16th century. The nautical charts show the presence of paired spits on
the mouth of the Goro lagoon since the late 19th century [41]. The human impact on these
paired spits (PS-3) is lower than those for the Scardovari lagoon (PS-2), despite the mouth
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of the outlets has been also fixed by stone reefs. However, the bathymetry near the main
entrance to the lagoon is very shallow [99] and dredging has been suggested [55].

The fixation of the spits by coastal defense structures, roads, railways, and big bridges
are strong human disturbances on the geomorphology of the paired spits. Coastal defense
structures are usually located on the neck of the spits (southern spit of PS-15, eastern spit
of PS-16, both spits of PS-17) but sometimes they are almost along the whole seaside of the
spits, as is the case with the Tuzla spit (PS-18) in the eastern margin of the Kerch Strait [170]
and the Notsukezaki spit (PS-19) in the western margin of Nemuro Strait [171,172]. Fixing
of the shoreline avoids breaching and the formation of spit islands. While head progra-
dation of the spits can continue (PS-19), it can be drastically reduced due to the lack of
sediment inputs from the neck (PS-18), or it can even increase, as indicated above for
PS-2 [169]. Therefore, some paired spits with natural stationary morphodynamic patterns
have evolved into a human-induced stable morphodynamic pattern (PS-18) or a human-
induced ephemeral pattern by joining each spit with its margin of the channel (PS-17).
Tuzla Island was formed due to breaching of the Tuzla spit (PS-18) in 1925 [173], which is
characteristic of a stationary pattern. However, the shoreline of both Tuzla Island and the
Tuzla spit has been progressively fixed since 2004 (Figure 5G) [170]. In other cases, there
are only small villages or a few houses, which implies a change from natural to rural or
semi-urban coast, but these human activities do not affect the natural morphodynamic
pattern (eastern spit of PS-22, western spit of PS-25).

In an exceptional case, the coastal region has changed from high human occupation
to a natural or nearly natural environment. Tigres Island was initially a 40-km long spit,
with a well-established fishing village to the northeast. However, when the neck of the spit
broke in 1962 and became an island, the village was abandoned [45], and currently is only
visited by tourist excursions. The ephemeral (erosive) morphodynamic pattern of PS-27
has not been influenced by the previous urban development or any other human activity.

Coastal management, including implementation of coastal conservation areas and
coastal defense structures, are usually only focused on one spit of the paired spits sys-
tems [147,165,174]. However, analysis of the hydrodynamics and sedimentary interactions,
and models of the formation and morphodynamic patterns show that, rather than inde-
pendent spits, the paired spits constitute a system, which should be taken into account
for future coastal management plans. Mitigation measures, such as the construction of
sand barriers and sediment replenishment, can help protect these vulnerable areas [14].
Nevertheless, at present, certain management approaches involve the removal of hard
coastal defense structures that were previously used [162,175]

Spits are important coastal formations that protect coastal areas. However, the dy-
namics of these formations are extremely complex and can be influenced by multiple
factors. To understand this complexity, it is essential for researchers and coastal managers
to be aware of the different behaviors of spits. This may include analyzing their geometry,
studying sedimentation and erosion on their surfaces, and identifying sediment transport
processes, among other aspects. By emphasizing the complexities of these behaviors, these
professionals can be equipped with the necessary tools to properly manage these coastal
barriers. This will enable them to better decide how best to protect coastal areas and the
communities living in them.

In the future, high-resolution monitoring will be integrated with operational wave
models to create accurate systems for predicting coastal evolution at various temporal
and spatial scales. In addition, combining advances in satellite monitoring with machine
learning and data-assimilated modeling will help to resolve questions about the causes and
effects of coastal erosion at large scales [176].

5. Conclusions

This study presented the first analysis of the global distribution and geomorphological
description of paired spits developed both at the mouths of interdistributary bays of
deltas (three systems) and within channels (24 systems). Two new environments and
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conceptual models for the formation of paired spits were presented, in addition to the five
morphogenetic models described in previous studies. The identified paired spits were
mainly located at high or mid latitudes, and on microtidal coasts, although they have also
been found at low latitudes and on mesotidal coasts. Longshore drift and wave erosion are
the main control factors in their formation and development. Paired spits can be generated
under multidirectional to unidirectional approach waves. The hydraulic blockage necessary
for the development of these paired spits is mainly due to tide-induced currents, as well as
minor fluvial outlets in the interdistributary bays. However, the formation of ice sheets at
high latitudes prevents wave action and, therefore, delays the morphodynamic evolution of
paired spits. The sediment source for the paired spits at the mouths of the interdistributary
bays can be from the same river or from different rivers. The sediment source for the spit at
each channel margin is from different coastal strips. Nevertheless, sedimentary interactions
between the two paired spits can be identified, particularly when they are located on
shallow coasts and when the heads of the spits are close together. These hydrodynamic and
sedimentary interactions make clear that paired spits are a system, rather than independent
spits. Hydrodynamic and sedimentary interactions were also identified between systems
of paired spits located at different entrances of the same channel, which therefore constitute
a complex system of paired spits.

The main morphodynamic processes that characterized the evolution of the paired
spit analyzed were: convergent progradation from the head and/or from the middle of
the spits, developing new hooked ridges; possible migration of the spits to the entrance
or within the channel, as well possible rotation of the spits and even joining of the spits
to their margin of the channel; spit erosion by degradation of the spits or the formation of
breaches on the spits, where subsequently the spit islands can be degraded or the breach
closed. As a result of convergent progradation, the width of the inlet between the heads
of the two spits usually decreases, but sometimes it only migrates and sometimes it even
increases. Three morphodynamic patterns were defined as a function of these processes:
(i) a stable pattern, which corresponds to systems with average progradation rates below
1 m/yr, generally without breaching or the degradation of any of the spits; (ii) a stationary
pattern, for systems with higher average progradation rates and alternating degradation
or breaching of one of the spits with formation of new spits or closure of the breaches;
and (iii) an unstable or ephemeral pattern, which includes three subtypes, the first due to
severe erosion of one or both spits, the second due to the joining of the head of the two spits
forming a single barrier, and the third when each spit merges with its channel margin.
These three morphodynamic patterns can also be applied to paired spits in the mouths of
bays or rivers. Furthermore, the morphodynamic pattern identified for each paired spits
system in the decadal scale analysis may evolve in the medium and long term, as evidence
historical charts and stratigraphic studies indicates.

Most of the paired spits are located on natural coasts. The geological uniqueness, wide
geographical distribution, good ecologic conservation, and low human occupation of many
of the paired spits analyzed allow them to be defined as sites of high scientific interest
which are suitable as field laboratories for the analysis of the effect of natural climatic
oscillations and climate change, as well as potential nature reserve areas. In other cases,
anthropization of the spits ranges from agricultural and fishing activities to semi-urban and
even urban development. Human actions also include the construction of coastal defense
structures to avoid erosion in several of the spits.
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