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Abstract

The sandy seashore is a highly dynamic environment where the beach experiences constant change. If the granulometric
composition of beach sediment does not change substantially and the sediment circulation is undisturbed, as well as
the prevailing hydrometeorological situation does not substantially change, the beach can maintain its morphology
quasi-stably on a decadal time scale, even when coastal erosion or accretion processes prevail. In this study, beach
width and volume characteristics of coastal segments with prevailing erosion or accretion were assessed based on
interannual beach leveling surveys from the Lithuanian Baltic Sea coast in 2002-2023 (72 cross-shore profiles in
total). Study results revealed that the beach on both coastal stretches with prevailing erosion processes and coastal
stretches with prevailing accretion processes maintains its morphometric characteristics. On coastal stretches with
prevailing erosion, the beach maintains its profile by supplementing its sediment budget with the sediment reserves
in the foredune, while on coastal stretches with prevailing accretion and seaward shoreline migration, the indefinite
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increase in beach width is limited by the formation of the incipient dunes at the foredune toe.
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1. Introduction

The sandy beach is in a constant state of change. It can ex-
perience significant sedimentloss in a short period (during
a single storm event) but, under favorable conditions, re-
cover its profile during a period of shoreline regeneration
(Thom and Hall, 1991; Morton et al., 1994; Choowong et al.,
2009; Castelle et al.,, 2017). In accretion-dominated coasts,
the beach can restore its former profile after storms with
the sediment replenished from the nearshore. In erosion-
dominated coasts, the beach can restore its former pro-
file due to the presence of sand reserves in the foredunes
(Psuty, 2004; Psuty and Silveira, 2010; Jarmalavicius et
al,, 2012a). The ability of a beach to restore its pre-storm
profile is a characteristic of beach resilience (Brooks et al.,
2017). For a beach profile to maintain its morphometric
characteristics over a long period, the sediment supply
in the coastal zone must be sufficient, and the sediment
exchange across (between the nearshore, the beach, and
the foredune) and along the coast must be undisturbed
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(Houser and Ellis, 2013; Masselink and Lazarus, 2019).
Disrupting the free sediment exchange (e.g., by hard struc-
tures) between the beach and the nearshore in the case of
erosion reduces the adaptive capacity of the beach due to
coastal squeeze (Barnard et al.,, 2021). As the morphome-
tric characteristics of the beach are constantly changing
due to the intense hydrodynamic processes in the coastal
zone, in this paper, resilience is understood as the ability
of the beach profile to maintain its average morphometric
characteristics as typical of a given coastal area under sim-
ilar natural conditions on a decadal time scale. That is, if
the shoreline retreats landward while the beach maintains
its morphometric characteristics, the beach is considered
stable in terms of ecological resilience (Flood and Schecht-
man, 2014; Kombiadau et al., 2019; Masselink, Lazarus,
2019; Malvarez et al., 2021). It should be noted that for the
beach to sustain its characteristics, the prevailing hydrom-
eteorological conditions should remain with no significant
change. Otherwise, the morphometric characteristics of
the beach would inevitably change as the coastal system
adapts to the new conditions. In this case, long-term stud-
ies inevitably include time components (Dong et al., 2018).


https://creativecommons.org/licenses/by/4.0/deed.en
https://doi.org/10.5697/KSMY5385
darius.jarmalavicius@gamtc.lt

Resilience of beach morphometric characteristics on decadal time scale: a case study ...

This paper aims: 1) to determine how a beach profile can
maintain its morphometric characteristics (particularly
beach width and volume) with little variation in coastal
environments with different dynamic conditions, includ-
ing both landward shoreline retreat and seaward advance;
and 2) to identify mechanisms that contribute to the main-
tenance of beach morphometric characteristics.

2. Study area

The study area covers Lithuania’s Baltic Sea coast, which
consists of two sections with different genesis and mor-
phology: the mainland coast (38.5 km) and the Curonian
Spit coast (51.0 km). They are separated by the Klaipéda
Strait (1.1 km) (Figure 1).
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As the tidal amplitude along the south-eastern Baltic
Sea coastis not significant (up to 4 cm according to Medvedev
etal, 2013), wind-generated waves and aeolian processes
are the main beach-forming factors. Annual mean wave
height at Klaipéda is 0.5-1.0 m (Kriaucitniené et al., 2006),
but wave height might reach up to 4-6 m during extreme
storms. The prevailing wave direction is SW-W (Figure 1C).
Beaches are mainly formed by sediment of 0.2-0.3 mm.
The beaches at the southern parts of Klaipéda and Sven-
toji ports consist of the finest sand (0.18-0.2 mm), while
Juodkrante and Melnrage [ beaches are composed of the
coarsest sand (0.6-0.8 mm) (Figure 2B). In many places,
the beach surface is covered with shingles, while pebbles
or even boulders can be found at the cliffs of Saipiai and
Olando kepuré (the Dutch Cap). Beach slope ranges from
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Figure 1. Study area configuration and the locations of beach leveling profiles (in red) (A); mean beach width (blue
line) and mean beach volume (red) (B); changes in shoreline position (blue line) and beach sand budget (red line) (C);
wind rose based on 2002-2023 data obtained from the Lithuanian Hydrometeorological Service under the Ministry of
Environment (D); wave rose based on 2002-2023 data obtained from the Environmental Protection Agency (E).
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Figure 2. The beach slope (A) and average sand grain size
(B) distribution alongshore.

0.03-0.04 at Sventoji and Smiltyné to 0.12-0.14 at Mel-
nragé and Juodkrante (Figure 2A). The sand volume is the
highest on the mainland coast south of Sventoji (150-160
m3 m~1) and the Curonian Spit coast at Smiltyné (100-120
m3 m™1) (Figure 2B). The sand volume at the beaches
near the moraine cliffs of Saipiai and the Olando kepuré
is the lowest, ranging from 10 to 30 m3® m~1. The beach
width varies depending on the sand volume and the mean
sediment particle size. The widest beaches can be found
south of Sventoji (70-90 m) on the mainland coast and
at Smiltyné (60-80 m) on the Curonian Spit coast. The
narrowest beaches are at the moraine cliffs (15-20 m) on
the mainland coast (Figure 2A).

The foredune stretches along most of the mainland
coast and the entire Curonian Spit. The altitude of the
foredune in the Curonian Spit reaches up to 15 meters.
On the mainland coast, apart from the foredune, which
reaches its highest point (12 m) south of Sventoji, there
are moraine cliffs between Saipiai and Giruliai. The cliff
reaches its highest point at Olando Kepuré, which is about
20 meters high. The foredune surface is covered mainly by
Ammophila arenaria and Leymus arenarius.

The main hydro-technical structures that have caused
the largest shoreline changes in the coastal zone during
the 20th century are the Klaipéda and Sventoji port jetties
and the Palanga pier (Zilinskas etal., 2010; Jarmalavicius
et al., 2012b; Kriaucitiniené et al., 2013; Pupienis et al.,
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2013, 2014; Zilinskas et al., 2020).

3. Material and methods

To evaluate beach changes, the authors conducted multi-
annual levelling of the subareal beach cross-section. Sur-
veys were conducted along the stretch of the Baltic Sea
coast between the Latvian and Russian borders (Figure 1).
Cross-shore beach leveling was performed on 72 profiles,
with 43 on the mainland coast and 29 on the Curonian
Spit coast, using GNSS Topcon HiPer SR with a horizontal
accuracy of +1.0 cm and vertical accuracy +1.5 cm. Spac-
ing between individual profiles is on average 1.5 km. The
measurements were conducted annually in April or May,
when weather conditions were calm. The shoreline posi-
tion was adjusted according to the Baltic Height System
zero level (0 BS). The measurements covered the period
from 2002 to 2023. The measurements were used to de-
termine the beach width and beach volume. Beach width
was defined as the horizontal distance between the shore-
line and the dune toe. Beach volume was defined as the
volume of sediment per m longshore constrained by the
shoreline, dune toe, and horizontal line of the mean sea
level (Figure 3). The foredune toe was recorded at the
point where the angle of inclination of the ridge transi-
tions to the beach. The beach face slope was defined as
the angle between the beach face and the mean sea level.
To compare two cross-shore profiles from adjacent years,
the shoreline position change and sand budget were deter-
mined (Figure 2). Changes in shoreline position and sand
budget were calculated relative to the reference year 2002.
Since beach characteristics vary significantly from year to
year, this study focuses on the long-term trends in param-
eter changes rather than on year-to-year fluctuations.
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Figure 3. Morphometric indicators of the cross-shore pro-
file: V1 (area covered with blue vertical lines) and V2 (area
covered with red vertical lines) - beach volume in different
years; Ab (area covered with black horizontal lines) - sand
budget.

To analyze the composition of the beach-forming sand
at the measurement sites, surface sand samples were col-
lected from the lower part of the beach, the middle of the
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beach, and the foredune toe. Sand samples were used to
evaluate the average sand particle size for the entire pro-
file. Samples were collected in 2002, 2011, and 2014. In
this study, the mean grain size was used. It was obtained
through the logarithmic moment method (Blott and Pye,
2001) using the GRADISTAT software package.

4. Results

4.1 Alongshore variability in beach morphometrics
Beach width is one of the most sensitive morphometric
characteristics of the coast. Because beach width can vary
from several to more than ten or tens of meters over a
year, the average beach width for the period 2002-2023
was used to compare beaches along different coastal sec-
tions. Figure 2A shows that the average width of beaches
along the entire Lithuanian coastline is 42 m. The widest
beaches, over 80 m wide, are found on the southern sides
of the hydro-technical structures, south of the jetties of the
ports of Sventoji and Klaipéda. The narrowest beaches are
located north of the Sventoji and Klaipéda port jetties and
at the moraine cliffs, where the average beach width is up
to 20 m.

Observations of changes in shoreline position show
that the average shoreline position trend for the entire
Lithuanian coast in 2002-2023 was not significant but var-
ied considerably in different coastal sectors alongshore.
The greatest seaward migration was observed along the
coastal stretches of the widest beaches, south of the Sven-
toji and Klaipéda port jetties (above 1 m y™1). Shoreline
seaward advance of 0.5-1.0 m y~! was also observed at
Giruliai (the mainland coast) and south of Pervalka (the
Curonian Spit). Significant increases in beach width and
shoreline seaward displacement were also recorded on the
coast of the Palanga Recreation Area, but these changes are
related to the artificial beach nourishment, so this section
was excluded from the analysis. The greatest landward
shoreline recession was recorded north of Sventoji and
Klaipéda port jetties, as well as along the moraine cliff
coast. In these areas, the shoreline was retreating at a rate
of over 1 meter per year.

A similar pattern to beach width and shoreline changes
was also observed in the sediment budget. The interannual
variations in the sediment budget along the coast evidence
that accretion processes with an average sand increase of
4-6 m3 m~! y~! were predominant on the southern sides
of the port jetties. Conversely, the northern sides of port
jetties and the moraine cliff coast had the largest negative
sediment budget, ranging from —1to —5m3 m~1y~1,

4.2 The relationship between changes in beach width
and shoreline position

The analysis of the interannual changes in shoreline posi-

tion and beach width indicates that there was no signifi-

cant correlation between these two indicators (p > 0.05).

The data presented in Figure 4 show that the interannual
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variation in shoreline position varied over a much wider
range (from —1.6 my~! to +1.5 m y~1) compared to the
interannual variation in beach width, which varied from
—09my tto+09my L.
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Figure 4. Correlation between trends in shoreline position
and beach width in 2002-2023.

The differences in variations of the beach width and
shoreline position were particularly noticeable in areas
where erosion or accretion processes dominate. Figure 4
shows the coastal stretches with the highest rates of shore-
line retreat (profiles 1, 27, 42) and the highest rates of
shoreline accretion (profiles 6, 45, 66) over the period
2002-2023 (profile locations are shown in Figure 1). In all
analyzed cases, changes in shoreline position had clearly
defined significant trends (p < 0.05). However, the trends
in beach width changes were minor and insignificant (p >
0.05). In the coastal sectors where the average shoreline
retreat in the last 21 years was between 15 m (profile 1)
and 36 m (profile 42), the average decrease in beach width
was only about 3 m (profiles 1, 42). Meanwhile, in profiles,
where the average shoreline seaward displacement over
the 21 years was from 20 m (profile 45) to 35 m (profile
6), the beach width increased by up to 14 m (profile 45),
or remained practically unchanged (profiles 6, 66) (Fig-
ure 5). In other words, shoreline position changes (both
seaward and landward) did not have a significant effect
on the beach width. It should be noted that this is a case
of long-term trends. In particular years, these changes
may not reflect this pattern. For example, a beach that nar-
rowed after a period of stormy weather (autumn-winter)
has recovered during a period of relatively calm weather
(spring-summer), and these changes have not had a sig-
nificant impact on the long-term trend in beach width.

4.3 The relationship between beach sand budget and
beach sand volume

The assessment of the relationship between beach sand

budget (annual change in sand amount between adjacent

year profiles) and beach volume (amount of sand in the

beach profile) (for explanations of the indicators, see Fig-

ure 3) in 2002-2023, showed that there is no reliable re-
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Figure 5. Changes in shoreline position (1) and beach width (2) in 2002-2023 with their linear trends at the cross-shore
profiles with the greatest shoreline retreat and advance. Numbers in bold indicate profile numbers. The locations of the
profiles are indicated in Figure 1. The 0 m shoreline position corresponds to the initial observation year.

lationship between these indicators (p < 0.05) (Figure 6).
The amount of sand accumulated or eroded from the beach
per year varied over a much wider range (from —4.5
m3®m~!y~! to +5.6 m3® m~! y~1) than the amount of sand
in the beach profile (from —3.9 m® m™! y=! to +2.5
m3 m~! y~1). As can be seen, regardless of the change
in the beach sand budget, the amount of sand in the beach
profile varies in smaller intervals, regardless of whether
the coast is eroding or accreting.

Figure 7 shows that coastal sections with the highest
erosion (profiles 1, 27, 42) and the highest accumulation
(profiles 6, 45, 66) had a significant (p < 0.05) long-term
trend in the beach sand budget. However, there was no
clear trend (p > 0.05) in the beach volume. Over the an-
alyzed 21-year period, on average, the sediment volume
in the beach profile was reduced by only 3 m3 m™1; never-
theless, the beach has lost from 26 m3 m™? (profile 1) to
96 m® m~! (profile 42) of sediment. Similar patterns were
observed in coastal sectors, with a predominant accretion
trend. Over the analyzed 21-year period, the sediment

amount deposited on the beach varied from 50 m3 m™!

(profile 6) to 112 m3 m~! (profile 66), while the beach vol-
ume only increased by up to 18 m3 m™? (profile 6) and even
decreased by up to 12 m® m™? (profile 66) on other coastal

w
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Figure 6. Correlation between trends in beach volume
change and beach sand budget.
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Figure 7. Beach sand budget (1) and beach volume changes (2) in 2002-2023 with their linear trends. Numbers in bold
indicate profile numbers. The locations of the profiles are indicated in Figure 1.0 m® m~! of sand budget corresponds to

the initial observation year.

stretches (Figure 7). It is important to note that changes in
both beach width and volume occur more gradually than
changes in shoreline position and sand budget. As a result,
the patterns discussed above may not be evident in the
short term. This is particularly noticeable after extreme
storms, when narrow beaches may retain their shape due
to replenishment by sand from the foredune, while wider
beaches can protect the foredunes at the cost of their own
sand budget. In the first case, the shoreline position will
change only slightly, while the beach width will increase.
In the second case, changes in beach width and shoreline
position may coincide. However, these differences tend to
diminish in the long-term trend.

5. Discussion

Abeach can maintain its parameters in a quasi-steady state
only if the following conditions are fulfilled: 1) the coastal
zone contains a sufficient amount of sediment; and 2) a
free sediment exchange without anthropogenic disruption

of the sediment supply between the nearshore, the beach,
and the foredune exists (Kocurek and Lancaster, 1999;
Masselink et al., 2020). It is important to note that when
assessing beach stability, the emphasis is placed on long-
term trends in the evolution of beach parameters rather
than on annual variations, which can be substantial. As the
beach is in a transitional position between the nearshore
and the foredune, both erosion and accretion can lead to
sediment supply to the beach from both the foredune and
the nearshore (Jarmalavicius et al., 2012b). In the case of
coastal regression, the sediment from the eroding foredune
serves as the nourishment source for the beach, maintain-
ing its morphometric characteristics (Figure 8). In the
case of coastal transgression, as the beach widens and the
fetch distance increases, the transported sand amount in-
creases and its deposition at the foredune toe increases.
This results in the incipient dune formation (Thom and
Hall, 1991) or the seaward growth of the foredune (Fig-
ure 9). That prevents the beach from endlessly widening.
The fact that the foredune toe moves proportionally to the
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shoreline has been observed by other researchers (Bris-
tow et al., 2000; Ruessink and Jeuken, 2002; Saye et al.,
2005).

However, the question remains, why does the beach
maintain a certain beach profile on different coastal stretch-
es? In this case, attention should be focused on the beach-
forming factors. On the non-tidal Baltic Sea coast, wave
activity and sea level fluctuations are the dominant beach-
forming factors. Meanwhile, the main passive factors are
the granulometric composition and the amount of uncon-
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Figure 10. The correlation between the mean sand grain
size composition of the beach and the beach slope.

solidated sediment. The relationship between the mean
grain size and the beach slope was established by Bas-
com (1951) and subsequently confirmed by several au-
thors around the world (Firoozfar et al., 2014; Gallagher
etal, 2016; McFall, 2019). Depending on the wave energy
and the sediment grain size, different beach slopes are
formed (Reis and Gama, 2010). This dependency is also
evident on the sandy beaches of the Baltic Sea in Lithua-
nia (Figure 10), where a positive (r = 0.75) and significant
(p < 0.05) correlation between the average beach sedi-
ment particle size and the beach slope is observed. Beach
slope formation is governed by swash hydrodynamics and
associated sediment transport (Elfrink and Baldock, 2002).
Infiltration/exfiltration processes are the main drivers of
sediment redistribution in a swash flow (Butt et al.,, 2001;
Karambas, 2003; Reis and Gama, 2010; Bujan et al., 2019).
With the present average particle size, these processes re-
sult in the beach surface reaching a slope, which allows
maximizing swash flows over and inside the sand layer
of the beach (Butt et al,, 2001; Reis and Gama, 2010). As
sand particle size changes due to non-uniform flow in the
swash zone, a differentiation of sand particles in the cross-
shore profile begins: finer particles start to move seaward,
thus decreasing the beach slope, and conversely, coarser
particles start to move shoreward, increasing the beach
slope (Butt et al,, 2001). This process continues until an
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Figure 11. The correlation between the beach volume

in cubic meters per meter of beach length and the beach
width.

equilibrium between the sand particle size and the beach
slope is reached.

Another important factor influencing beach width, and
thus partly beach slope, is the unconsolidated sediment
volume. The analysis showed a significant (p < 0.05) posi-
tive correlation (r = 0.77) between the beach volume and
beach width (Figure 11). However, based on the observa-
tions (Figure 8), the beach width does not increase end-
lessly. As fetch distance increases, the energy of swash
flow dissipates before reaching the foredune toe, leading
to the formation of incipient dunes and a reduced increase
in beach width. Conversely, as the beach narrows, its width
becomes insufficient to dissipate the full energy of swash
flow, resulting in erosion at the foredune toe. Figure 10
shows that only two cross-shore profiles reach a multian-
nual average beach width of 90 m. It is important to note
that they are situated on the southern side of the Sventoji
and Klaipéda port jetties. This is where the alongshore
sediment transport is interrupted, leading to a high accu-
mulation of sand. Meanwhile, on a naturally developing
coast, there is little change in the beach width once the
beach reaches an average width of 60-70 meters.

The fact that the beach maintains its morphometric
characteristics, quasi-stable even in the most dynamic (ero-
sion/accretion) coastal stretches on a decadal time scale,
and can rebuild its cross-shore profile during the regener-
ation period after severe storms indicates that the coastal
system is ecologically stable under the prevailing hydrome-
teorological conditions (Kombiadou et al., 2019; Masselink
and Lazarus, 2019; Malvarez et al., 2021).

6. Conclusions

Due to infiltration and exfiltration, a non-uniform flow oc-
curs in the swash zone. This process involves the differenti-
ation of sand particles to form a beach profile that reduces
the mobility of sand particles. In other words, it creates
a quasi-stable beach profile that adapts to the existing ex-
ternal conditions. In this way, the beach morphometry
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remains relatively constant despite the fluctuations in the
shoreline position. Even after extreme storms, the beach
is restored to its initial state during the regeneration pe-
riod. The main condition to maintain the beach profile
stable is a sufficient sand supply to the beach and a free
movement of sand within the cross-shore profile. On the
eroding coast, sand supply from the foredune rebuilds the
beach, while on the accreting coast, shoreline seaward mi-
gration and sand deposition on the backshore, where the
incipient dunes form and occupy the beach space, allow the
beach to maintain its profile. If external factors (such as the
prevailing wave energy or the sediment composition and
quantity) change, the beach profile will change to adapt to
the new conditions. If the sediment transport is disrupted
(e.g., by the hard construction), the beach will be unable
to replenish the sand supply from the nearshore, which is
necessary to maintain its profile, potentially leading to its
degradation.
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