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Coastal wetlands are dynamic bio-physical systems in which vegetation affects the
movement of water and sediment, which in turn build and maintain the landform and
ecosystem. Wetlands are an effective buffer against coastal erosion and flooding, enhance
water quality and human health and wellbeing. Numerous field and laboratory experiments
have quantified the reduction of waves by coastal ecosystems. Numerical models,
however, are only able to capture observed reduction in wave energy when calibration
coefficients are obtained by comparison with measured dissipation rates. A deeper
understanding of how wave attenuation varies over time, with local flow conditions and
ecosystem properties, is still lacking and should be acquired from a greater range of
ecosystem types and geographical settings. Few studies have observed the detailed
seasonal variations in how coastal wetlands function as wave buffers and how such
seasonal variations might be explained. Equally, few studies have focused on the effect of
coastal reed beds on wave dynamics. This study addresses both: i) seasonal variability in
wave dissipation through reed vegetation and ii) intricate connections between reed
vegetation and the physical context (meteorological and topographical) that might explain
such variability. We present observations of wind generated wave transformation through
two Phragmites australis reed beds in the Razelm-Sinoe Lagoon System, Danube Delta,
Romania. We find that seasonal changes in vegetation density and biomass, as well as
meteorological conditions, affect observed wave conditions within the first few meters of
the reed beds. Our results also show a preferential reduction of higher frequency waves,
irrespective of reed stem diameter or density and suggest the potential importance of
seasonal vegetation debris to observed wave dissipation. Such complex and non-linear
biogeomorphic effects on wave dissipation are not currently well understood or captured
in the parameterisation of vegetation-induced wave dissipation. Our study highlights the
importance of an accurate and temporally granular quantification of nearshore
bathymetry, wetland topography, and vegetation to fully understand, model, and
manage bio-physical interactions in coastal wetlands. More specifically, our results
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point towards the need for spatially and temporally explicit wave decay functions in
emergent reed vegetation. This is particularly critical where the accurate evaluation of the
flood and erosion risk contribution of any wetland is required as part of nature-based

coastal protection solutions.

Keywords: Danube, Wave dissipation, Reed vegetation, coastal, lagoon, Bio-geomorphology, Nature-Based

Solution (NBS)

1 INTRODUCTION

Coastal wetlands are uniquely dynamic examples of
interconnected bio-physical systems, in which vegetation
affects the movement of water and sediment (Yang et al., 2012;
Xue et al., 2021), which in turn build and maintain the wetland
landform and ecosystem (see e.g. Yang et al., 2020). The benefits
of coastal wetlands (such as mangroves, salt marshes, sea grass,
or reed beds) in terms of their positive effect on water quality,
reduced coastal flood and erosion risk, and enhanced human
health and well-being, have become increasingly recognised over
the last twenty years or so (Temmerman et al, 2013; van
Wesenbeeck et al, 2016; Rendon et al., 2019). The use of
coastal wetlands as a nature-based solution to flood and
erosion risk reduction is of particular interest at the present
time, as coastal protection costs in many countries are likely to
escalate in the face of increasing coastal population, sea level rise,
and increased storminess (Nicholls et al.,, 2018; van Zelst
et al., 2021).

There is, however, a key remaining challenge with respect to
the full application of knowledge to potential coastal wetland
inclusive nature-based solutions for the reduction of flood and
erosion risk: the full temporal and spatial variability of the ability
of coastal wetlands to fulfil this regulatory ecosystem service is
currently not fully understood. This remaining challenge can be
split into two components:

i) Firstly, there is still uncertainty around the precise process
by which vegetation causes waves to be dissipated. We know that
the presence of a ‘rough’ bed with vegetation elements
protruding into or through the water column significantly and
instantaneously attenuates waves (top arrow in Figure 1A). In a
true-to-scale experiment in which dense 70 c¢m tall salt marsh
vegetation was submerged to water depths of 2 m, for example,
Moller et al. (2014) recorded dissipation rates of 15-20% over
only a 20 m distance for storm surge magnitude waves of
significant wave height (H;) 0.2 to 0.9 m, Fully emergent
wetland vegetation, such as reed, of a much lower density
(434-483 stems m > with a diameter of 14-16 mm at 25 cm
above the bed) has also been shown to affect wave heights within
the first 3-4 m of a reedbed, with both Lovstedt and Larson
(2010) and Moller et al. (2011) recording H reduction within the
range 2.6 - 11.8% m™ (ie. at least 40% over a 20 m distance) at
separate locations on the shores of the Baltic Sea.

Numerical models have been successfully used to calculate
observed dissipation rates by representing the effect of vegetation
on wave dissipation through a vegetation induced drag (Cg)
coefficient, but this has not been possible without direct field

calibration. C4 represents the drag resulting from a series of
vertical cylinders with a certain width and density (see e.g.
Guannel et al, 2015; Mendez and Losada, 2004). Typically,
vegetation induced drag varies with hydrodynamic conditions
(e.g. captured by the Reynolds number, Re) for an individual
vegetation type. However, as Guannel et al. (2015) report from a
comprehensive comparison of drag coefficients against observed
values of Re, ‘a strong universal relationship between these two
dimensionless quantities is unlikely’ (p. 342). Empirical evidence
confirms that observed rates of wave dissipation cannot be
modelled based on incident hydrodynamic conditions,
topography, and vegetation structure alone (Vuik et al., 2016).
Consequently, any modelling of wave dissipation rates in a
particular setting requires careful calibration before this
regulatory ecosystem service can be assessed for present or
potential future sea level or wave conditions, and before
nature-based flood and erosion-risk solutions can be
appropriately valued. Such calibration can be prohibitively
expensive where resources for the installation of costly wave
sensors are not available and/or physically impossible, or where
such installation cannot be achieved in a safe manner due to
hazardous terrain or dangerous physical conditions.

ii) Secondly, the fact that wave dissipation benefits fluctuate
within an individual setting over time has, thus far, been largely
ignored or at least not given the attention it warrants (Bouma
et al., 2010; Friess et al., 2012; Schwarz et al.,, 2018). Such
fluctuations over time range from seasonal changes in
vegetation characteristics to longer term (annual to decadal)
biogeomorphologial feedbacks (the linkage between biota and
the physical hydrodynamic and meteorological forces) that can
affect trajectories of coastal ecosystem and associated landform
changes (Friess et al., 2012; D’Alpaos and Marani, 2015; Moller,
2019). Biogeomorphological feedbacks can operate in a highly
non-linear fashion in that the combined effects of the topography
and biota on the flow of water over and around the landform, for
example, happen instantaneously while the effect of the flow of
water on the landform and associated biota may be
instantaneous or significantly lagged (Figure 1A).

At an instantaneous time-scale but with decadal
consequences, a single extreme storm event or tsunami, while
being dissipated by the wetland, can also remove above-ground
plant biomass through exerting extreme flow-generated forces on
biota (Cahoon, 2006). This, in turn, alters the biological
attributes of the ecosystem in a way that has an immediate
effect on the landform and its subsequent effect on water flow in a
feedback relationship (Figure 1A) (Howes et al., 2010; Leonardi
et al., 2018).
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FIGURE 1 | (A) Biomorphodynamic feedback on shallow coasts (adapted from: Cowell and Thom, 1999; and Mdller, 2012) and (B) Evolution of a reedbed during
the year as represented schematically by Rudescu et al. (1965) and observed at the field sites in this study (see Figure 3 for locations and note reed decay into the

The effect of hydrodynamic conditions on the landform and
associated biota may, however, also be lagged or cumulative.
There is evidence that hydrodynamic exposure of salt marsh
species, for example, affects the species physiological and
biomechanic properties (Silinski et al, 2018). In brackish to
freshwater reeds, water depth and salinity has been suggested as a
key control on the biotype of Phragmites australis (Hanganu
etal,, 1999). Other studies have hypothesized that wave exposure
may be an equally contributing factor in determining structural
characteristics such as stem diameter of the same species (Coops
and Van der Velde, 1996; Moller et al., 2011).

Few studies to date have focused on the precise feedback
relationships between coastal vegetation, its structural properties,
and its physical resilience to, as well as energy reducing effect on,
waves. Given the importance of the protection function provided
by such ecosystems against flooding and erosion at a time when
coastal population densities, sea level, and storm intensity and
magnitude are projected to rise around the world, this is
surprising and justifies further research. There is clearly an
urgent need for innovative, sustainable, and efficiently
integrated coastal zone management strategies that are fully
cognizant of biophysical interactions on shallow shores.

The need for such management strategies is, arguably,
nowhere more pressing than in the world’s large delta regions.
Both mangrove and salt marsh systems have been studied in this

context, although our understanding of the full suite of process
relationships illustrated in Figure 1A and outlined above is by no
means complete (Friess et al.,, 2012). Fewer studies, still, have
focused on deltas fringed by reed beds, such as the Danube Delta.

Unlike mangrove or salt marsh systems, reeds such as
Phragmites species, can exhibit extreme seasonality, with
notable die-back into the winter months and rapid growth
rates in early spring [Rudescu et al., 1965] (Figure 1B). Thus,
in the Danube Delta, studies have shown the reed sprout to
develop between January and April and, in about 5 months reach
a height of between 2 and 5 m depending on the amount of
available resources for the rhizomes, the mineral substances from
soil and water. In August the growth stops almost completely.
The number of leaves begins to diminish (the leaves at the base of
the stems begin to fall). The rhizomes continue to grow new
underground branches and buds. In September, when the reed
reaches physiological maturity, the reed stem has lost around
one-third of its leaves, although the rhizomes continue to grow
new branches. In October the reeds have leaves on only the
uppermost third of the stem. Observations have shown that the
giant reed (‘plaur’ reed) loses its leaves sooner than the finer
common reed (also referred to as ‘swamp reed’) (Rudescu
et al., 1965).

As the structural properties of reed vegetation are inherently
seasonally variable and reeds are generally emergent, wave
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dissipation can be expected to vary seasonally. It is also possible
that, over longer (multi-annual/decadal) time-scales, wave
exposure itself affects reed plant characteristics.

Here, we report on (i) both seasonal variations in reed wave
exposure and wave dissipation, and (ii) potential relationships
between reed exposure, morphological reed characteristics, and
wave dissipation, within coastal reedbeds fringing the Danube
Delta. We explore the importance of considering all the
biogeomorphological feedbacks (illustrated in Figure 1) when
assessing and developing wetland-inclusive and sustainable
nature-based coastal flood and protection measures.

2 STUDY SITES

2.1 Physiography

Located in the southern part of the Danube Delta, and as part of the
Danube Delta Biosphere Reserve (Figure 2), the Razelm-Sinoe
Lagoon System is the largest lagoon in Romania, covering an area
of about 1000 km?. The present-day lagoon system was formed after
the Halmyris Gulf was isolated from the Black Sea by the
accumulation of sand bars in the Late Holocene (Panin, 1996;
Ungureanu and Stanica, 2000). In time, due to sedimentation
resulting from the continuous interaction between the Danube
river system and the Black Sea, the lagoon became divided into
two main units: Razelm with an area of 415 km® and Sinoe with an
area of 171 km®. The main water and sediment supply to the lagoon
is the Danube river, through its southernmost branch, Sfantu

Gheorghe, and through the Dunavat and Dranov channels, which
discharge into the north-eastern section of Razelm. Sinoe is still
connected to the Black Sea through two inlets, Periboina and
Edighiol, regulated during the 1980s but allowed to return to a
free-flowing regime over the last 15 years (Ungureanu and
Stanica, 2000).

Field measurements reported in this paper were conducted
between 2014 and 2016 at two sites: (i) Cape Dolosman, situated
within the Razelm unit and (ii) Histria, situated within the Sinoe
unit (Figure 2). Razelm is under the influence of the Danube
waters and thus, salinity is zero. Sinoe is partially connected to
the Black Sea and has variable, low salinity, below 10-15 psu
(Dinu et al., 2015). During the field measurement period, salinity
within the Sinoe lagoon varied from 0.34 psu in spring through
to 1.1 psu in summer and 3.5 psu in winter (in-situ
measurements taken during the field study).

The climate in the area is temperate continental, with Pontic
influences and temperatures typically ranging from -20°C in
winter and 36°C in summer (recorded at Jurilovca
meteorological station (see Figure 2). Annual rainfall ranges
from 350 to 400 mm yr'', as recorded at the same station.

The two field sites were chosen for their relatively high
potential wave fetch and for the different salinities and water
depth fluctuations in the Razelm versus Sinoe lagoons and the
potentially different reed characteristics that may be associated
with these physical differences. The maximum depth of the
Razelm lagoon reaches 3 m at approximately 750 m offshore of
the Cape Dolosman site, and 1.75 m at approximately 2 km
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FIGURE 2 | (A) Location of the Razem-Sinoe Lagoon System, in the Danube Delta, Romania; (B) Site 1 (Cape Dolosman) and Site 2 (Histria),shown as red circles in
the north and south of the lagoon system, respectively and Jurilovca meteorological station (blue triangle). Detailed bathymetric map of the lagoon system, redrawn
from Dimitriu et al., 2008. (C). Wind rose offshore Danube Delta Black Sea Shore (July 1992 — December 2010) (Halcrow, 2012).
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offshore of the Histria site (Figure 2) (Dimitriu et al., 2008).
Water depths within the reed bed varied from 0.15 to 1.5 m over
the time of this study at the Cape Dolosman site (Razelm lagoon,
Figure 2) and 0.1 to 1.0 m at the Histria site (Sinoe
lagoon, Figure 2).

Water bodies within the lagoon system are partly or entirely
frozen during winter due to long periods with negative
temperatures, usually in the months of December - February.
Characteristic for the area are strong winds from a N and NE
direction that are predominant from September to May and winds
from the S and SE that are predominant in the summer months
(Halcrow, 2012). Given the orientation of the two sections of the
lagoon in a N-S direction, exposed lagoon shores in the West and
South can experience considerable waves generated over fetch
distances of several kilometers (approximately 20 km for both
sites) (see Figure 2).

2.2 Vegetation Cover

Phragmites australis reedbeds represent the main type of
vegetation within the the Razelm-Sinoe lagoon area, 65-70% of
the total vegetation (by mass) present, followed by aquatic and
occasionally emergent aquatic vegetation (10-15%), meadow
(7%), wood-shrub (5%), saline and psalmophyte vegetation
(3%) (Stanica et al., 2013).

Experiments conducted between 1949 and 1953 in the Danube
Delta showed that reeds adapt to their living environment and that
differences between biotypes appear in different conditions
(particularly affected by soil, climate, and water quality) (Rudescu
etal., 1965). These studies showed how Phragmites gigantissima (the
giant variety of Phragmites australis, also called ‘plaur’ reed)
becomes Phragmites communis (swamp or fine reed) and vice
versa if transplanted into each-others environment. The two
morphologies of common reed (Phragmites australis) were
described in detail in Hanganu et al. (1999). Giant reed is
characterised by relatively lower stem density (ca 11 + 5 to 53 +
37 shoots m®) but relatively higher stem diameter (5 + 0.7 to 14.4 +
2.2 mm) and height (127 + 28 - 349 + 33 cm), and it also forms high
and thick ‘plaur’ (Romanian, referring to a network of reed
rhizomes that retain sediments and organic matter from the
water, and develop small islands that can float for long distances).
Fine reed, however, grows in very dense stands (142 + 38 to 174 +
59 m™), but is characterised by relatively smaller stem diameters
(4.5 + 1.1 to 6.6 + 0.9 mm) and heights (163 + 38 to 237 + 21) and
by rhizomes that are less well developed. It typically grows on firm
ground, forming distinct marsh areas (Hanganu et al., 1999).

3 METHODOLOGY

To capture seasonal ecosystem changes (alongside contextual
characteristics, such as topography and sedimentology),
vegetation properties, water depths, and wave conditions were
measured between the 20™ of September 2014 and the 13™ of
July 2015 at Cape Dolosman and between the 15 of September
2015 and 31°" of May 2016 at Histria (for site locations,
see Figure 2).

3.1 Topography

Detailed topographic surveys were conducted at each of the field sites
in order to facilitate interpretation of water depth and wave
measurements. Dense reed growth precluded detailed surveys
within the reed beds themselves for reasons of access, health and
safety, but it was possible to acquire detailed surveys of the reed
margin and the immediate foreshore with a differential GPS system
Trimble R3 L1 [static GPS surveying accuracy: horizontal + (5 mm +
0.5 ppm)* RMS, vertical + (5 mm + 1 ppm)® RMS]. The topographic
profiles of the cross-shore transects along which wave sensors were
deployed were obtained with a Trimble M3 DR total station. Figure 3
shows observed bed elevations and the position of the reed margin as
recorded during the field survey period.

3.2 Grain Size

For grain size analysis, 15 surface samples were collected, 3 in
close proximity (within 40-50 cm) of each sensor, at both field
sites. The samples were collected at the time of site installation
(August 2014 at Cape Dolosman and July 2015 at Histria). Grain
size is not expected to vary seasonally. The main sources of
sediment in Razelm are the Danube waters, discharging through
the channels in the north-eastern part of the lagoon (Panin et al.,
2016). Their influence is restricted to the northern and eastern
areas (Stanica, 2013). For Sinoe lagoon, the sources are also very
localized, consisting mainly of the exchanges of water and
sediment with the Black Sea, in the eastern area (Stanica, 2013).
The samples were analysed in the laboratory of GeoEcoMar,
Constanta. The grain-size analyses were performed by dry
sieving and, for particles smaller than 63 pm, a laser diffraction
particle size analyser (Malvern Mastersizer 2000E Ver.5.20) was
used. Results are reported using the Udden-Wentworth scale.
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FIGURE 3 | Topographic profiles of the wave transects, showing the position
of wave sensors, minimum and maximum water level measured at sensor S2
and the approximate extent of the vegetated area.
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3.3 Vegetation Characteristics

Common reed (Phragmites autralis) is the predominant
vegetation at the two studied sites. It covers the shores of
both Razelm and Sinoe lakes, with the vegetated zone
generally over 60 m wide and reaching more than 150 m in
some places. Characteristics of the vegetation were measured at
the two study sites, using 10-30 randomly placed 50 x 50 cm
quadrats per season. The sampling seasons were chosen to
capture the seasons of reed growth and decay in the Danube
Delta, as follows: ‘spring’ (April to June), ‘summer’ (July to
September) and ‘winter’ (October to March) (Figure 1B). The
density, height, stem diameter, biomass and amount of dry
(dead) reed vary from season to season (Figure 1B). The
quadrats were placed at a minimum distance of 2 m away
from the wave transect to avoid damage of the reed beds and
interference with the hydrodynamic measurements. This
experimental layout was similar to that used by Moller et al.
(2011) on the southern shores of the Baltic Sea. In each quadrat,
reed density, stem diameter and height were recorded and 10
stems were harvested per quadrat, for determination of biomass
and dry (dead) reed matter percentage.

3.4 Wave and Water Level Measurements
Figure 3 shows the location and bed elevation of all wave
measurement positions along the two cross-shore transects at
Histria and Cape Dolosman relative to minimum and
maximum water levels encountered during the monitoring at
both sites. Water level in the Danube Delta varies with the level
in the river (Bondar, 1994), with a spring high level (April-
June) and a late summer-autumn low level (August-October)
(Bondar and Panin, 2001). For the Razelm-Sinoe lagoon, water
is also lost through evapotranspiration (Bondar, 1994), but to
the authors’ knowledge, no measurements for water level in the
lagoon exist.

Following the procedure first used and validated by Moeller
et al. (1996), pressure readings were acquired 5-10 cm above the
bed in ‘bursts’ of 4096 measurements (17 minutes at 4 Hz) at 8-
hourly intervals, ie. four times per day using bed-mounted
cabled ‘Druck’ PDCR1830 pressure transducers. The
transducers were centrally controlled via a solar powered
Campbell Scientific CR1000 data logging system, allowing for
data transmission and remote logger access via the mobile phone
network. Initially, at both sites, the most seaward measurement
location was located 30 m in front of the reed margin. A further
four pressure transducers were placed further landward. Damage
due to winter freezing and vandalism reduced the number of
locations at which complete records of waves and water levels
could be obtained to the three middle locations (S2 to S4 in
Figure 3), with the central (S3) and most landward (S4) location
at distances of 15 m and 30 m landward of the seaward reed
margin sensor (S2) at Cape Dolosman and at 20 m and 35 m
landward of the seaward margin (S2) location at Histria,
respectively. Upon acquisition of the raw pressure signal, this
was processed using previously tested computational routines
that (a) remove any low-frequency water level change signal
present over the 17 minute period, (b) apply a Fast Fourier

Transform to the de-trended high frequency pressure record, (c)
adjust the resulting spectrum for pressure attenuation with depth
and wave frequency, and (d) re-construct the water level
fluctuations and compute key wave parameters (such as
significant wave height, H,, and zero-upcrossing periods, T,)
from the adjusted spectrum and water level trace (Moeller et al.,
1999; Maeller, 2006). Total energy dissipation (in Joules m-?) is
also computed from the resultant (depth-adjusted) amplitude
spectra following the methodology outlined in Moller et al.
(1999) and Anderson and Smith (2014).

Wave dissipation is known to follow an exponential decay
function (e.g. Anderson and Smith (2014)):

H,/Hy = exp(-kx) (1)

Where H, is the wave height at the landward end of a cross-shore
distance x, H, is the incident wave height at the seaward point of
the transect section, and k is the dissipation coefficient.

Here, we determined k empirically as H, and H, are known.
We computed k for each transect section [i.e. between position
S2 and S3 (hereafter ‘S2S3’), S3 and S4 (‘S35S4)] as well as for the
entire transect between S2 and S4 (‘S2S4°) using the Gauss-
Newton method of fitting the exponential equation to the data on
the basis of a least-squares error. This allows us then to explore
the relationship between the dissipation coefficient k, and
reed characteristics.

3.5 Meteorological Conditions

Hourly records of wind speed and direction were obtained from
Jurilovca Weather Station situated approximately 7 km NW of
Cape Dolosman and 35 km NNE of Histria (Figure 2). The wind
data was used to classify wave records into onshore and offshore
wind conditions, whereby ‘onshore’ conditions were defined as
winds from directions of £30 degrees either side of the shore-
normal transects. As transects at Histria and Cape Dolosman
(see Figure 2 for site locations) were oriented at 79 and 100
degrees from North respectively, ‘onshore’ winds for each field
site were defined as winds at 49 to 109 and 70 to 130 degrees
from North respectively. Only those wave records for which
winds were classed as ‘onshore’ were included in our analysis.

4 RESULTS
4.1 Topography

Bed elevations were recorded at five positions along the two wave
recording transects (from ca 20 m oftshore of the reed fringe to ca
30 m into the reed bed, i.e. from position S1 to S4) (see Figure 3).
The overall slope was lower at Histria (0.009) compared to Cape
Dolosman (0.018). At Histria, the slope fronting the reed margin
is near horizontal (< 0.1 m elevation difference) and remains so
until a distance of ca 20 m into the reed bed (S3) after which it
rises by 0.2 m over the 11 m distance between S3 and S4. At Cape
Dolosman, the bed at the reed front slopes relatively more steeply
between S1 and S2 (0.2 m elevation difference) and continues to
rise at a similar slope until the S4 position.
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4.2 Sediment Characteristics

4.2 At Cape Dolosman, grain size on the wave transect varied
from a mixture of fine sand (D50 of 225 pum) and up to 30%
gravel and shell debris in the foreshore area (S1 in Figure 3) to
fine sand only (D50 of 240 yum to 204 pm respectively) at S2 to S4
and to clayey silt (D50 of 25.5 um) within the reeds close to the
shore (S5, Figure 3). At Histria, grain size also varied along the
wave recording transect, ranging from very coarse sand oftshore
at S1 and S2 (D50 of 506 pum and 456 pm respectively) to very
fine sand at S3 (D50 of 106 pum), and clayey silt at S4 and S5 (D50
of 16 and 7.9 um respectively), inside the reed beds.

4.3 Vegetation

Reed stem density was higher at Histria (means of 133, 174, and
146 stems m-2 in winter, spring, and summer respectively)
compared to Cape Dolosman (means of 94, 72, and 78 stems
m-2). During spring time, stem density at Histria was thus more
than twice the density at Cape Dolosman (t-test, p < 0.05), but
within-season between-site differences were statistically
significant also during summer (t-test, p < 0.05) and winter (t-
test, p < 0.10) (Table 1). Mean stem diameters were more than
18% and 7% higher at Cape Dolosman in summer and spring
respectively, but only the summer differences were statistically
significant (t-test, p < 0.05); in the winter season, by contrast,
they were slightly (6%) higher at Histria (but this difference was
not statistically significant, p > 0.10). Mean stem heights in Cape
Dolosman exceeded those at Histria by just over 6% in summer
(not significant, p > 0.10). In winter and spring, however, mean
stem heights at Histria were just under 5% and 17% higher than
at Cape Dolosman, with the latter difference statistically
significant (t-test, p < 0.10). Total biomass was almost twice as
high at Histria than at Cape Dolosman in summer and winter
but high variability meant that these differences were not
statistically significant (t-test, p > 0.10). In spring, biomass at
Histria exceeded that at Cape Dolosman by more than a factor of
five, a statistically significant difference (t-test, p < 0.05). The
percentage of dry (dead) reed matter varied by a factor of 16
(Cape Dolosman) and 9 (Histria) between seasons and was
lowest in summer and highest in winter at both sites. The
biomass of dry reed reached 80% of the total biomass in the
winter at Cape Dolosman and 60% at Histria, while in spring, it
was considerably (almost six times) higher at Histria than at
Cape Dolosman (Table 1). The latter difference was statistically
significant (t-test, p < 0.05).

Out of all analyzed vegetation parameters, stem density and
biomass varied the most between the two sites and this variation
was statistically significant (two tailed t-test; p <0.0001 and
0.025 respectively).

4.4 Water Levels and Temperature

Water levels at the most seaward of the three wave recording
locations (S2 in Figure 3) averaged 0.99 m (min 0.71 m to max
1.32 m) at Cape Dolosman and 1.11 m (min 0.86 m to max
1.29 m) at Histria, during wave records acquired in onshore
wind conditions (see Figures 4B, D respectively). Water
temperatures were recorded intermittently during site visits
and fluctuated between 10°C in November and close to 30°C
in September.

4.5 Incident Wave Conditions

Winds were ‘onshore’ (ie. £ 30 degrees relative to the wave
recording transects) during 41 wave records at Cape Dolosman
and 72 at Histria. After screening each reconstructed water level
record and wave spectrum for malfunction of sensors or effects of
sub-zero temperatures on the wave records, 36 intact and
quality-controlled records remained for further analysis at
Cape Dolosman (1, 24, and 11 in ‘summer’, ‘winter’, and
‘spring’ as defined above) and 66 at Histria (7, 38, 21
respectively). Incident wave heights reached a maximum
significant wave height (Hs) of 0.39 m at Cape Dolosman and
0.25 m at Histria and, at Histria, significant wave heights were
statistically significantly (p < 0.01) correlated with wind speed as
recorded at Jurilovca weather station for all observations
(Figure 4A). At Cape Dolosman, this was the case only when
records were separated into those acquired between December
and June and those acquired between October and November
(Figure 4C). The latter period was associated with relatively
higher wind speeds (> 5 ms-1) and lower water depths (< 0.9 m)
compared to the former (wind speeds < 5 m-1in all but two
instances; water depths > 0.9 m) (Figure 4D). Residuals of the
wind speed/wave height linear regression were not correlated
with water depth (12 < 0.1).

Relative wave heights (Hs/h, where h refers to water depth)
were statistically significantly lower at Histria (mean of 0.097)
than at Cape Dolosman (mean of 0.165) (independent sample
two-tailed t-test, p<0.01). Incident zero-upcrossing periods (Tz)
varied from 1.15 s to 1.92 s at Histria and from 1.23 s to 2.31 s at
Cape Dolosman.

TABLE 1 | Vegetation characteristics at the two studied sites [**indicates difference at p < 0.05 significance level; *indicates difference at p < 0.10 significance level

(two-tailed t-test) between the sites within the given season].

Vegetation characteristics (mean + SD)

Cape Dolosman -Razelm Lagoon

Histria -Sinoe Lagoon

Summer Winter Spring Summer Winter Spring
Stem density (stems m™) 77.8 £28.1* 94.0 + 72.5* 72.0 £ 19" 145.5 + 80.6* 133.0 + 41.6* 173.5 £ 52**
Stem diameter (mm) 9.8 £ 3.8 8327 8.9+32 8.3 £ 3.5 8835 8.3+3.0
Stem height (cm) 235.1 £ 112.2 229.0 +87.9 1711 £ 52.8* 2211 £110.2 240.0 + 119.6 199.8 + 92.6*
Total biomass g/m? 1915 + 983 2327 + 2164 591 + 176 4116 + 5329 4366 + 369 3319 + 1907
Biomass of dry (dead) reed g/m? 105 + 272 1935 + 2372 39 + 25.5 179.5 + 2564 1879 + 1868.5 452 + 559
Dry (dead) reed (% by weight) 4.92 82.17 6.60 7.26 64.14 34.03
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4.6 Wave Attenuation and Seasonality
Within the Reed Stand

At Histria, mean significant wave heights (H,) varied noticeably
between the monitoring stations immediately fronting (mean Hj
of 0.11 m at S2) and within the reed bed (0.06 and 0.03 at S3 and
S4 respectively), i.e. reducing with distance into the reeds (from
S2 to S3 and S4). At Cape Dolosman, mean significant wave
heights reduced from 0.16 m at S2 to 0.13 and 0.07 m at S3 and
S4 within the reeds respectively.

The highest incident (S2) significant wave height (0.39 m) was
recorded on the 17 of March 2015 at Cape Dolosman. At the
Histria site, the highest H, on record at S2 was 0.25 m, recorded
on the 10™ of March 2016. For the record with the highest
incident waves, a clear reduction in Hg is present at both sites:
from 0.25 m (S2) to 0.17 m (S3) and 0.09 m (S4) at Histria and
from 0.39 m to 0.27 m and 0.22 m, respectively, at
Cape Dolosman.

A related-samples Friedman’s two-way analysis of variance
test comparing H on an ‘event’ basis at S2, S3, and S$4 confirms
that wave heights were statistically significantly different between
all three stations at each site (p < 0.01).

Total energy dissipation over the transect sections S2S3 and
S354 correlated linearly (12 = 0.89) with relative water depth at
Cape Dolosman (Figure 5A) for wave conditions under near-
onshore (+ 10° either side of the transect) wind conditions. For
winds between 10 and 30° either side of the transect, dissipation
rates were less linked to relative water depth (Figure 5A).

At Histria, by contrast, a second order polynomial
relationship existed instead between normalised total energy
dissipation from S2 to S3 and relative wave height for all
‘onshore’ wave records (r* = 0.99, N=66, p < 0.001). All
dissipation rates for waves travelling from S3 to S4 fell on or
below this line of best fit (open circles in Figure 5B).

The mean dissipation coefficient, k (see equation 1), as
determined empirically for each wave record and each transect
section (S2S3 and S354) was highest (k of 0.10 m™) in summer at
both sites (Figure 6). k varied little along the transect at Histria in
summer, although temporal variability was high (Figure 6A). At
Cape Dolosman, only one summer record exists, and, during this
event, the landward transect section showed the greatest
dissipation (k of 0.10 m™), while dissipation was lower (k 0.03
m™) over the most seaward (S2S3) section of the transect. In
winter and spring and at both sites, dissipation coefficients were
greater over the $354 part (k of 0.05/0.06 m™" and 0.09/0.04 m™"
in winter/spring at Cape Dolosman and Histria respectively)
than over the $2S3 part (k of 0.01/0.02 m™* and 0.05/0.02 m™ in
winter/spring at Cape Dolosman and Histria respectively).

Differences in mean dissipation coefficients between the
winter and spring season at Cape Dolosman were only
statistically significant for the outer (S2S3) transect section
(two-tailed t-test applied throughout this analysis, p < 0.05)
but not for the inner section (S3S4) (p > 0.05).

At Histria, mean dissipation coefficients were statistically
significantly different (p < 0.01) between winter and summer
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and between spring and summer at the seaward section (S2S3).
At this most seaward section, the difference in mean dissipation
coefficient was also significantly different (p < 0.05) between
winter and spring. Mean dissipation coefficients were also

statistically significantly different (p < 0.01) between winter
and spring at the innermost section (S354).

Figures 7 and 8 highlight the degree to which the exponential
decay function with the empirically determined (across all
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observed and calculated wave heights.

seasons) dissipation coefficients, k, allows measured wave heights For Histria, Figures 7A, C show a clear deviation of
(H,) at the landward end of the individual sections (i.e. at S3 and measured wave heights at S3 from predicted heights in the
S4) to be captured at each site. Sub-panel ‘C also shows the  summer season (open circles). For both scenarios (k for the
degree of fit for the prediction of S3 wave heights based on the ~ S$2S3 section and k for the S254 section), the exponential decay
best fit decay coefficient for the entire (5254) transect. function over-predicts wave heights at the respective
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landward location in the summer. In spring, however, the
exponential decay represents observed wave height decay
relatively well (grey dots in Figures 7A-C). In winter,
predictive ability is reduced and the exponential decay
function both over- and under-predicts observed decay
(black dots in Figure 7). The performance of the
exponential decay function is comparatively better for the
landward section (S3S4) than for the seaward section (S2S3).
When predicting wave heights at S4 from the dissipation
coefficient determined for the entire transect (Figure 6D),
however, the exponential decay function over estimates wave
heights for waves with Hy > 0.03 m at S2.

For Cape Dolosman, Figure 8A shows that wave heights at
S3 are well captured by the exponential decay function during
all seasons. Using the dissipation coefficient determined for
the entire transect distance (i.e. S2S4) led to an over
prediction (by up to 25%) of wave heights at S3
(Figure 8C). For the S3S4 transect section, the empirically
determined k predicted dissipation well for wave heights of
up to around 0.10 m but over estimated wave heights for
waves greater than 0.10 in height. The same is true for waves
predicted for S4 from k derived for the S$2S4 transect
section (Figure 8D).

Average zero-upcrossing periods (T,) reduced marginally
from S2 (1.5 + 0.2 s; where ‘+’ indicates one standard

deviation) to S3 (1.4 + 0.2 s) and S4 (1.4 + 0.4 s s) at Histria,
while at Cape Dolosman, T, reduced from S2 (1.7 + 0.3 s) to S3
(1.6 £ 0.3 s) and then increased again (to 1.7 + 0.3 s) at S4 within
the reeds.

Incident (S2) wave heights were smaller than 0.1 m for all but
one of the conditions, during which the maximum wave period
(T,) shifts were observed. At Histria, wave period shifts were not
correlated with either incident wave period (T,), relative wave
height (H/h), H,, wind speed, or water depth. The same applied
to the reed bed margin (S2-S3) at Cape Dolosman. Within the
reeds at Cape Dolosman (S3-S4), however, wave period shifts
showed a weak but statistically significant (p < 0.01) positive
correlation with T,, H/h, and wind speeds (r? of 0.27, 0.42, and
0.27 respectively).

Water level records and wave spectra for the three most
energetic conditions within the wave records of Histria and Cape
Dolosman are presented in Figures 9 and 10. These three records
also covered all three seasons at each site. Further information on
conditions at the time of these three records at each site are
presented in Table 2. Water depths varied between 0.7 m and
1.3 m for all the six records while winds during the 4 Hz water
level recording approached from between +7 and -29 degrees
either side of the transect at speeds of between 4.5 and 12.9 ms™'
and significant wave heights ranged from 0.21 to 0.39 m. Peak
spectral wave periods varied between 1.8 and 2.7 s and, with the

FIGURE 9 | The first 2 minutes of water level fluctuations at all three transect locations (S2, S3 and S4) as reconstructed from depth-adjusted wave spectra at
Histria (A—C) and Cape Dolosman (D-F) for the most energetic incident wave conditions (see Table 2 for dates and further information).
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FIGURE 10 | Wave energy spectra for all three recording positions (S2, S3, and S4) at Histria (A-C) and Cape Dolosman (D-F) during the three most energetic
events at each site (see Table 3 for dates and further information and Figure 9 for water level traces). different y-axis scaling.

TABLE 2 | Incident wave condition record at Cape Dolosman (CD) and Histria (HS) for onshore wind conditions (+ 30 degrees either side of wave recording transect).

Field N Min-max wind Distance between S2 Average wind Min water Max water Max sig. wave Mean zero-upcrossing
site speed (m/s) and S3 (m) speed (m/s) depth (m) depth (m) height (Hs) (m) period (Tz) (m)

CD 36 1.1-16.6 17.3 6.3 0.71 1.32 0.39 1.71

HS 66 0.5-12.9 21.3 3.5 0.85 1.29 0.25 1.48
exception of the record obtained in winter at Histria (10" March 5 DISCUSSION

2016) in conditions of the deepest water depth (1.29 m), peak
spectral wave periods were linearly correlated with the zero-
upcrossing periods of between 1.7 and 2.3 s (r* of 0.98 when the
record of 10™ March 2016 is excluded and r? of 0.79 including all
six records). The attenuation of water level excursions and the
corresponding reduction in wave energy for spectral frequencies
between around 0.3 and 0.9 Hz (3 to 1 s periods) and between the
three locations (S2, S3, and S4) is clearly visible in Figure 9
and 10.

5.1 Reed Characteristics at Histria and
Cape Dolosman

The mean stem densities at Cape Dolosman and Histria
measured over the course of the year (72-77 and 133-174
stems m™ respectively) are at the high end of measurements
reported elsewhere. Hanganu et al. (1999), for example,
reported shoot densities of Giant reed of 11 + 5 m™
(freshwater site) to 53 + 37 m™2 (saline site) and Fine reed of
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TABLE 3 | Incident water depth wind speed, direction, zero-upcrossing and peak wave periods during the most energetic wave conditions in each season recorded at

Cape Dolosman (CD) and Histria (HS) respectively.

Site and Panel Date Water Sig. wave height Zero-upcrossing Peak spectral Hourly average Wind direction

season reference depth (m) (Hs) at S2 (m) period, T, (s) wave period (s) wind speed (ms™) (degrees relative
in Figure 7 to transect; positive

= clockwise)

HISTRIA

Summer a 28 Sep 2015 1.00 0.17 1.65 1.80 12.9 21

Winter b 10 Mar 2016 1.29 0.25 1.92 2.60 8.5 -28

Spring c 3 May 206 1.23 0.21 1.72 1.90 4.5 7

CAPE

DOLOSMAN

Summer d 21 Sep 2014 0.71 0.26 1.97 2.28 12.24 7

Winter e 17 Mar 2015 1.27 0.39 2.32 2.68 6.3 -29

Spring f 6 Apr 2015 1.25 0.35 2.11 2.55 4.5 28

142 + 38 m™? (freshwater site) to 174+ 59 m™> (saline site) in
the outer Danube Delta.

With respect to stem heights, our measurements (mean of
171-235 and 200-240 cm at Cape Dolosman and Histria
respectively) are within the range reported elsewhere in the
outer Danube Delta, where Hanganu et al. (1999) reported
heights of between 127 and 349 cm.

The comparison between the reed measurements in this study
and those by Hanganu et al. (1999) suggest that both Histria and
Cape Dolosman may be characterised by the ‘Fine reed’ variety,
although ‘Giant Reed’ grows in small patches at Cape Dolosman
and the sites appear characterized by different reed diameters
and densities in the summer months. While the Danube Delta as
a whole is experiencing a die-back of reed, studies suggest that
Giant reed may be particularly affected and replaced by fine reed,
the latter being more salt-tolerant (Hanganu et al., 1999). Of the
two field sites, it is thus likely that any bio-physical feedbacks
observed at Cape Dolosman and Histria will become less and
more typical, respectively, of the types of feedback that might
characterise the reed fringed shores of the Danube Delta in
future, as sea levels and thus salt concentrations rise.

5.2 Hydrometeorological Controls on Reed
Wave Exposure

Meteorological conditions alongside water depth and bed slope
controls (causing waves to shoal and thus wave heights to increase)
can be expected to drive wave heights at vegetated coastal margins
(Suzuki et al., 20125 Xue et al., 2021). Water depths and/or wind
speeds can thus cause waves at Cape Dolosman and Histria to be
depth and/or speed/duration limited.

Wave heights incident upon the reed margin (at S2) were
generally small (< 0.39 m) and mean wave heights (H;) were
statistically significantly larger at Cape Dolosman (mean of
0.16 m) than at Histria (mean of 0.11 m) (t-test, p < 0.01). As
wind speeds observed during onshore wave conditions at Histria
were lower (< 13 ms™') than at Cape Dolosman (< 17 ms™), this
may explain the greater wave heights at Cape Dolosman.
However, although incident wave heights (H,) at the reed
margin correlated weakly with wind speeds at Histria (r* =
0.42; Figure 4A) and strongly with wind speeds at Cape
Dolosman during the December to June period (r* = 0.89)
(Figure 4C), waves during the October to November period

were less affected by wind speeds (Figure 4C). Water depths
during the monitored onshore wind conditions varied by less
than 0.4 m at Histria and 0.6 m at Cape Dolosman. Although the
water depth range was comparable between the two sites (0.9 —
1.3 m at Histria and 0.7 - 1.3 m at Cape Dolosman), at Cape
Dolosman, the lower water depths (< 0.8 m) in the period
October to November, compared to any other time of year
when depths exceeded 0.8 m, appear to have resulted in depth-
limited conditions for wave growth (Figure 4C). When water
depths were deeper during other times of year (Figure 4D) and
in spite of the lower wind speeds (< 5 ms™"), incident waves were
able to grow to approximately twice the height of the waves in the
October to November period (reaching H, of up to 0.39 cm).
Notwithstanding this seasonal water depth effect at Cape
Dolosman, the transect here was located landwards of the
deepest parts of the entire Razelm Lagoon System (3.5 m
depth), while at Histria, the lagoon depth was less (average
depth of around 1 m). This may explain the overall higher
incident wave heights at Cape Dolosman. It also illustrates the
importance of including the entire cross-shore region in any
assessments of the coastal protection function provided by a
coastal wetland. The importance of maintaining a shallow
fronting foreshore to limit incident wave energy and allow the
wetland to establish and thrive is often omitted from discussions
around the use of coastal wetlands as nature-based coastal
protection solutions. Xue et al. (2021) draw attention to the
fact that nature-based coastal protection solutions need to be
conceived of at the Tandscape scale’ to fully account for all the
factors determining (a) the exposure of the vegetated coastal
fringe and (b) wave dissipation across that fringe. Our study
confirms the importance of such an approach. However, while
data on shallow coastal bathymetry is urgently required, it
remains sparse and costly to obtain as access by vessels with
depth sounding equipment is often difficult if not impossible in
these water depths and satellite based remote sensing methods
have thus far not achieved the sub-meter accuracy needed
(Caballero and Stumpf, 2019; Xue et al., 2021).

The greater slope (0.018) present at the reed margin itself at
Cape Dolosman compared to Histria (0.009) (see topographic
profiles in Figure 3) may also explain some of the differences in
incident wave heights. This greater slope may have caused waves
to shoal and increase in height. Aside from seasonally varying
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water depth, seasonal differences in reed margin vegetation
characteristics and seaward extent may have affected wave
heights present at the margin. Reed stem density at Cape
Dolosman was greatest in winter (94 compared to 77 and 72
stems m™> in summer and spring respectively), unlike at Histria,
where it was greatest in spring (at 173 compared to 146 and 133
stems m™ in summer and winter respectively). More frequent
observations of reed margin development as well as water levels
across the seasons would shed further light on the patterns
shown in Figure 4.

5.3 Wave Dissipation and Bio-Physical
Interactions Within the Reed Beds

Few observations of wave propagation within reed beds exist, but
those that do typically capture high temporal variability in both
wave conditions and dissipation rates (Lovstedt and Larson,
2010; Moller et al, 2011). Such temporal variability is also
characteristic of the wave decay measured at Histria and Cape
Dolosman Figures 5, 6).

5.3.1 General Wave Dissipation Pattern

Average wave height decay coefficients (k) ranged from 0.02 to
0.10 m™" at Histria and from < 0.01 to 0.10 m ™" at Cape Dolosman.
These values compare well with those of the laboratory study with
artificial emergent vegetation conducted by Anderson and Smith
(2014) who record k between 0.02 and 0.12 m™. At a maximum
mean seasonal density of 174 stems m™ [Histria in spring (see
Table 1)], however, vegetation stem densities in this study were
considerably lower than those in Anderson and Smith (2014)
laboratory study. It is possible that the greater bed roughness in
the field compared to that simulated in the laboratory played a role
in raising overall dissipation rates in the field setting.

The two key field studies available, that have measured wave
height dissipation in reed stands in similar settings, can be
compared to this study (i.e. mean H, reduction of 1.5% m
(Cape Dolosman) and 2.7% m™' (Histria): First, Lovstedt and
Larson (2010) report mean rates of root-mean-square wave
height reduction of 4-5% m™ at the margin (4-15 m into the
vegetation) of a Phragmites australis reed bed on the northern
shores of Lake Krakesjon in southern Sweden. Second, Moller
et al. (2011) report a wider range (mean rates of H; reduction of
2.6% m" and 11.8% m™) at a sheltered and exposed site, on the
southern shores of the Baltic sea in east Germany.

Comparing our observations with Lovstedt and Larson (2010)
and Moller et al. (2011), water depths were lowest in the Lovstedt
and Larson (2010) study (0.4 m), higher in Moller et al. (2011)
[0.5 to 1.6 m but with > 90% of the observations at < 0.8 m
depth)] and highest in this study (0.7 to 1.3 m). It is thus perhaps
not surprising that dissipation rates were highest in the study of
Lovstedt and Larson (2010), lower in Moller et al. (2011), and
lowest in this study.

5.3.2 Vegetation Characteristics and Wave
Dissipation

Vegetation characteristics are a key determinant in shallow-
water wave dissipation, particularly for emergent vegetation

[see Anderson and Smith (2014) for a general review]. Yang
et al. (2012) provide evidence for a clear exponential increase in
wave dissipation per unit distance with a decrease in the ratio of
water depth at high tide to vegetation height in Spartina
alterniflora marshes of Chongming island on the Yangtze
Estuary. For emergent conditions (i.e. ratio of water depth to
vegetation height less than 1), wave height reduction varied from
just over 1% m™' to 6% m™" in Yang et al. (2012) study, placing
our results for Phragmites australis reported here (mean of 1.5%
m" at Cape Dolosman and 2.7% m™" at Histria) at the lower end
of that spectrum.

Reed diameters and stem density may, in part, explain the
lower dissipation rates recorded in this study, where stem
densities were relatively low (72 - 94 m™ at Cape Dolosman
and 133 - 174 m ™ at Histria), compared to around 300-600 m>
in Yang et al. (2012) study and > 400 m? in Méller et al. (2011)
study. At 8.3 - 9.8 mm, however, stem diameters in this study
were almost twice those reported by Yang et al. (2012) (average
diameter of 3.5 mm), Lovstedt and Larson (2010) (ca 4 mm)
and Moller et al. (2011) (ca 4-5 mm). These comparisons and
the comparison between stem densities/diameters at Cape
Dolosman and Histria suggest that the relatively lower
dissipation rates observed in this study reflect lower stem
densities and that the effect of stem density may be greater
than that of stem diameter. The effect of the comparably low
stem densities in the Lovstedt and Larson (2010) study may
have been compensated by the relatively shallower water depth
encountered there and thus the increased effect of bed friction
on dissipation.

5.3.3 Incident Wave Height, Water Depth, and Wave
Dissipation Relationships

Our results also show a clear dependency of dissipation on
relative wave height (Hy/h, Figure 5), suggesting that bed
friction remains a dominant control on wave dissipation
alongside form drag around the emergent reed vegetation,
most notably when waves are approaching close to the line of
the transect. The importance of relative wave height to wave
dissipation has been evident in field measurements elsewhere
(e.g. Yang et al, 2012) but the comparison in how this
relationship manifests itself at each of our two sites suggests
that, due to a non-linear increase in energy dissipation with Hy/h
at Histria, wave dissipation at this site exceeds that at Cape
Dolosman for similar Hy/h conditions, particularly, towards the
maximum H/h recorded at Histria. At both sites, Hy/h ratios
remained well below the shallow water breaking ratio of 0.78 and
anon-linear increase in interaction between waves and the bed is
expected towards that point (Le Hir et al., 2000). The fact that
wave heights remain generally lower, and thus Hg/h ratios
remain restricted to less than 0.2 at Histria, may reflect
relatively shallower lagoon water depths closer to the transect.
The more linear relationship between Hy/h and wave dissipation
and the larger overall range of Hy/h conditions observed at Cape
Dolosman (Figure 6), suggests that either waves at this site
continued to be affected by wind speed as they propagated from
S2 to S3 and/or the steeper bed slope at this site caused waves to
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shoal and gain in height, as mentioned above. Yang et al., 2012,
for their study on Spartina alterniflora marshes on the Yangtze
estuary, already provide evidence for the need to determine
locally specific dissipation/drag coefficients on account of
locally varying plant characteristics, hydrological, and
topographical conditions. Our study supports these findings in
the context of Phragmites australis reed and adds to this evidence
that small-scale (cm to m distance) wave generation and shoaling
processes may also be important, neither of which are commonly
resolved in coastal wetland wave dissipation models but have the
potential to be counteracting dissipation induced by the
vegetation canopy.

5.3.4 Seasonal Bio-Physical Effects on Wave
Dissipation

None of the above studies investigated the effect of seasonal
variations in the vegetation characteristics on wave
transformations within reed vegetation. This study has shown
that reed vegetation properties can vary significantly between
seasons and across space (within and between sites). Further, the
contrasting seasonal reed density and extent may be a key factor
in determining wave conditions at the outermost reed
bed fringes.

The lower dissipation rates over the S2S3 section of the
transect at Cape Dolosman (k of 0.03 and 0.01 in summer and
winter respectively) compared to Histria (k of 0.05 and 010
respectively) (Figure 6) coincide with lower stem densities (78
and 94 stems m™ compared to 146 and 133 stems m™) (Table 1).
It is also clear from Figure 6-8, however, that the spatial pattern
of dissipation across the transect differs between sites and with
respect to the theoretically expected exponential decay function
(eq. 1). Thus, at Histria, we observed a consistent mean decay
coefficient k across all transect sections during the summer
(Figure 6A), but this was not the case for Cape Dolosman
(Figure 6B), although only one observation was available for
the latter during summer. At Cape Dolosman, dissipation over
the S354 section of the transect was considerably lower (k = 0.05)
than at Histria (k = 0.09). This may well be explained by the
lower reed stem density (94 compared to 133 stems m™) and
lower biomass (2327 compared to 4360 gm>) at Cape Dolosman
as well as the greater proportion of dead (dry), rather than live,
biomass (82% dry (dead) reed at Cape Dolosman compared to
64% at Histria) (Table 1).

If the difference in dissipation is down to vegetation
properties alone, however, our data suggest that reed diameters
may override the effect of reed density in that, for example,
greater dissipation at Cape Dolosman occurred in spring (k =
0.02 over the S2S3 distance; mean reed diameter 8.9 mm)
compared to winter (k = 0.01; mean reed diameter 8.3 mm)
while stem density was greater in winter (94 stems m)
compared to spring (72 stems m>).

Existing theory (e.g. Mendez and Losada, 2004; Paul and
Amos, 2011; Anderson and Smith, 2014); assume a relationship
between stem diameters, density, and the wave dissipation
coefficient, k. The data presented here (Figures 6-8 alongside
Table 1) suggests that:

(a) seasonal differences in vegetation properties may play an
important role in determining dissipation rates within reed beds
in one location,

(b) it may not be sufficient to determine one dissipation
coefficient per site, due to significant differences in dissipation
rates within sites/along cross-shore transects, and

(c) the performance of the exponential decay function itself may
need to be questioned as it may not accurately represent the decay
during all hydrodynamic and biogeomorphological conditions.

Further studies on the seasonal variations in reed vegetation
characteristics, including the temporary accumulation of dry
(dead) reed debris and its fate over the seasons, are needed to
better understand ‘a’.

With respect to ‘b’, the least-squares best fit exponential decay
function [determined here using a single value for k, from the
observed dissipation over the entire transect length (S254)] did
not accurately represent the dissipation of waves between S2 and
S4. For the shorter transect sections (Figures 7A-C and 8A-C),
however, landward wave heights were better represented using
the dissipation coefficient, k, derived either from observations
over the shorter transect sections or from the whole transect
(S254; Figures 7C and 8C). Our results (particularly Figures 7D
and 8D) thus suggest that a spatially varying dissipation
coefficient, k, appears necessary for widths of the vegetation
zone that exceed the 10-15 m distance of the reed bed margin.

Our study also suggests (‘cC above and see Figures 7B and
8B), however, that, even when applying a more locally derived
dissipation coefficient as waves progress beyond the first 10 to
15 m into the reed stand (in our case for the section S354), the
exponential decay function underestimates the decay of larger
waves. When considering reed beds as nature-based coastal
flooding or erosion protection, assuming an exponential decay
function (eq 1) with locally calibrated dissipation coefficient k
thus leads to a conservative assessment of the protection
provided. Further studies are clearly now needed to
systematically address the potential physical explanations for
this lack of fit of an exponential decay as captured by equation
1 above.

5.3.5 Frequency-Dependent Wave Dissipation

The water level traces (Figure 9) and associated wave energy
spectra (Figure 10) of the three most energetic wave events in the
record at each site show that the lower energy conditions at
Histria were also characterized by higher frequency waves and
overall, more complex and less peaked wave spectra. The broader
spectra typical of Histria (Figures 10A-C) suggest that waves
have had less time to develop than at Cape Dolosman. Numerical
modelling of the wind and wave field within this region may
confirm these process controls. Within the reeds (S3-5S4), at least
at Cape Dolosman, the spectra (Figure 10) indicate a shift in the
spectral peak period from S2 to S3 during all three events. Once
the wave energy has reduced into the reed bed (from S2 to S3),
any further reduction in energy appears reflected in all wave
frequencies in the case of the two events with the higher (>
0.4 Hz) peak wave frequencies (Figures 10D, F) at Cape
Dolosman. This does not hold true for the event with the
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lower peak wave frequency (< 0.4 Hz) (Figure 10E), which is
characterized by a marked reduction in the high frequency
components of the spectrum (> 0.4 Hz) but with a much lower
reduction in the frequency range < 0.4 Hz. Even at the landward
location (S3), the incident peak wave period and energy
contained therein are still clearly visible (Figure 10E). This
agrees with the observation of preferential dissipation of high
frequency parts of the wave spectrum, within the reed beds of the
southern Baltic (Moller et al., 2011). Given the emergent nature
of reed vegetation, the form drag induced by the reed stems,
alongside diffraction and reflection of wave motion by the reed
cylinders, the persistence of longer period at the expense of
shorter period water level fluctuations makes sense. The
particularly strong persistence, in the case of this event, of the
waves with the highest energy in this record cannot be explained
by wind speed (winds were less than 7 ms ! at this time (Table 2)
and thus unlikely to have sustained wave heights into the inner
reed bed) nor by seasonally reduced reed vegetation [in fact, reed
density was greater at this time of year than any other time of
year (Table 1)].

In contrast to the higher energy conditions at Cape
Dolosman, the three highest energy events at Histria are
characterized by a more even spread of energy across the
frequencies of the spectrum (particularly noticeable in
Figure 10B) and a more even reduction of energy at all
frequencies from S2 to S3 and S4. The preferential reduction of
higher frequency components is still visible in the case of the
event that contained waves below the 0.4 Hz frequency
(Figure 10B). For the other two records (Figures 10A, C),
however, all frequencies appear reduced relatively evenly — and
in the case of the lowest energy event of the three (Figure 10A),
all of the dissipation in all frequencies occurred within the first
transect section (from S2 to S3). It is possible that the very high
frequency waves of very small amplitude are filtered out on
account of the bottom-mounted pressure gauges missing the
lower energy/high frequency wave components, particularly in
deeper water. There is a need for future studies to confirm and
explain the significance of this particular preferential attenuation
of waves of frequencies above 0.4 Hz within coastal reed beds.

5.3.6 Implications for Wave Dissipation Models

Attempts to incorporate some of the types of biogeomorpholgical
interactions we identify here at Cape Dolosman and Histria into
shallow water numerical wave modelling have only recently been
made (Beudin et al., 2017). Our results thus show that short
(weekly or monthly) observations may not suffice in order to
explain the bio-hydro-morphodynamic processes that control
reed shore wave dynamics. Neither is it helpful to report on
average annual hydrodynamic and/or vegetation conditions, as
seasonal interactions may exist between vegetation and
hydrodynamic processes. The winter season is often the time
of year when the susceptibility to sediment resuspension and
erosion from the bed is greatest, but our results from Cape
Dolosman (Figure 4) show that water level may override
meteorological controls on wave growth seaward of shallow
coastal reed beds and thus limit the waves’ energy incident
upon the wetland. As mentioned above, waves can then be

further reduced in height, certainly in the early winter period,
through increased reed biomass and dry matter before this is
removed by storms or ice formation later in the winter and prior
to the spring season. Our study clearly suggests that any such
attempts must carefully consider what data is used for model
validation. Validation through observations acquired during
individual inundation/wave events runs the risk of not
capturing the temporal variability of the wave dissipation
process at an individual site and all the biogeomorphologcical
consequences connected to such variability. To advance our
process understanding of how, why, and when wave
dissipation by coastal wetlands is most effective within any
given context, a larger body of continuous seasonal and even
multi-annual spatially explicit field observational insights is
clearly needed.

6 SUMMARY/CONCLUSION

Our observations highlight several biophysical interrelationships
that are critical to the study of wave dissipation on vegetated
shores. Most importantly our results suggest that:

(1) The shallow nearshore region forms a critical component
of what is an interconnected system from the shallow nearshore
unvegetated foreshore to the inundated upper shore vegetation
zone. Without knowledge of the nearshore bathymetry and
meteorological effects on shallow water wave dynamics, an
interpretation (or indeed modelling) of nearshore wave
dynamics and dissipation is impossible. This study, alongside
others, confirms the dependency of wave generation and
dissipation on water depth (relative wave height). Quantifying
shallow-water nearshore bathymetry, however, is often costly
and/or difficult and remote sensing methods do not (yet) achieve
the sub-meter accuracy needed for the purposes of linking
nearshore wave dynamics to bio-physical dynamics on wetland
shores (Caballero and Stumpf, 2019).

(2) Meteorological effects on the propagation of waves in
shallow coastal vegetated settings are critical for understanding
how waves propagate over the vegetated zone and how rapidly
wave dissipation takes place during any given event and over
time (seasonally, annually, and inter-annually).

(3) Wave transformation within reed beds is affected
significantly by seasonal variations in the reed characteristics.
In the reed beds studied here, seasonal biomass and dry
matter variations resulted in significant differences in wave
dissipation coefficients.

4) Further, our results suggest that wave height dissipation
beyond the first 10-15 m of the reed bed is not well represented
by an exponential decay function.

Critically, our results highlight the importance of direct and
year-long empirical field observations for a deeper
understanding of the full biogeomorphological feedbacks
operating on shallow vegetated coasts. Week- to month-long
field measurements are not sufficient to gain the information
required to fully understand how, when, and why waves interact
in particular ways with the vegetation and topography on these
types of coasts. We call upon coastal wetland scientists to use the
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increasingly sophisticated digital environmental sensing
technologies available, alongside the ever greater accessibility,
accuracy and temporal frequency of remote sensing imagery, to
continue to build the strong empirical knowledge base that is
needed, alongside short-term numerical modelling (e.g. along the
lines of Vuik et al., 2019), to underpin informed management
strategies towards the preservation of the many ecosystem
services provided by coastal wetlands.
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