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Nature-based shoreline protection by tidal marsh plants depends on trade-offs between avoidance

and attenuation of hydrodynamic forces
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Abstract

In face of growing land-flooding and shoreline-erosion risks along coastal and estuarine shorelines,
tidal marshes are increasingly proposed as part of nature-based protection strategies. While the effect
of plant species traits on their capacity to attenuate waves and currents has been extensively studied,
the effect of species traits on their capacity to cope with and grow under wave and current forces has
received comparatively less attention. We studied the relationships between species zonation and the
associated two-way interactions between species traits and hydrodynamics, by quantifying the
effectiveness of avoidance and attenuation of hydrodynamic forces under field conditions.
Measurements were done for two pioneer tidal marsh species in the brackish part of the Elbe estuary
(Germany). Schoenoplectus tabernaemontani (S. tabernaemontani), which grows as a single stem
without leaves and Bolboschoenus maritimus (B. maritimus) which grows as a triangular stem with
multiple leaves. Our results reveal that S. tabernaemontani grows more seaward being exposed to
stronger hydrodynamic forces than B. maritimus. The stems of S. tabernaemontani have, in
comparison to B. maritimus, a lower flexural stiffness and less biomass, which decrease the
experienced drag forces, thereby favoring its capacity to avoid hydrodynamic stress. At the same time,
these plant traits which favor such avoidance capacity, were shown to also result in a lower capacity

to attenuate waves and currents. Hence this implies that there are trade-offs between avoiding and
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attenuating hydrodynamic forces. Most efficient attenuation of waves and currents is thus only
reached when species have the ability to grow under the prevailing hydrodynamic forces. Therefore,
we argue that the two-way interaction between plants and hydrodynamics contributes to species
zonation. The presence of this species zonation in turn enhances the overall efficiency of nature-based

shoreline protection in pioneer tidal marshes.

Introduction

Climate change increases the need for sustainable strategies to cope with projected sea level rise,
increasing storm intensity, and associated growing risks of shoreline erosion and flooding of coastal
and estuarine lowlands (Nicholls et al. 2008; Hallegatte et al. 2013; Woodruff et al. 2013; Tessler et al.
2015; Schipper et al. 2017). Additionally, regional to local human impacts have altered many estuarine
and coastal landscapes. For example, dredging for navigation and conversion of natural floodplains
into human land use protected by engineered flood defences contribute to tidal wave amplification,
which further increases the vulnerability of shorelines to flood and erosion risks (Pethick and Orford
2013; Auerbach et al. 2015; Temmerman and Kirwan 2015). In this context, it is increasingly proposed
that conservation and restoration of natural ecosystems, such as tidal marshes, can provide a
sustainable nature-based contribution to shoreline protection (Gedan et al. 2011; Temmerman et al.
2013; Bouma et al. 2014). Tidal marshes have the capacity to temporally store water, attenuate
hydrodynamic forces and reduce erosion risks on more landward located human flood defences and
infrastructures, even under extreme storm conditions (Moller et al. 2014; Stark et al. 2015; Vuik et al.
2016). In pioneer tidal marshes, which grow at the shoreward edge of marshes, friction induced by the
physical presence of vegetation attenuates incoming hydrodynamic forces such as wave energy and
current velocities. This well-studied mechanism shows that the majority of wave energy is reduced in
the first meters of the pioneer marsh (Koch et al. 2009; Anderson and Smith 2014). Wave heights can

be reduced by 20-40% over 12 m of pioneer marshes (Silinski et al. 2017) and up to 80% over <50 m
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(Ysebaert et al. 2011) while current velocities can be reduced by more than 50% after 15 m (Nepf 1999;

Leonard and Croft 2006; Tempest et al. 2015; Carus et al. 2016).

Plant strategies: avoidance versus resistance traits?

Plants in tidal marshes not only attenuate waves and currents, but they also have to cope with these
incoming hydrodynamic forces. Mechanical stress from waves, currents and wind can alter the growth
and survival of plant species (Biddington 1986; Butler et al. 2012; Hamann and Puijalon 2013;
Schoelynck et al. 2015). Apart from waves and currents, plants in the intertidal area are exposed to
wind generated mechanical stress during low water (Denny 1994; Niels P. R. Anten et al. 2017).
However in tidal marshes, the wind generated stress is relatively low compared to the stress generated
by hydrodynamic forces (Denny and Gaylord 2002). The main causes of mechanical plant failure by
waves and currents are excessive drag forces acting on the plant shoots (Miler et al. 2012; Henry et al.
2015; Paul et al. 2016) and erosion (e.g. uprooting) around plants (Bouma et al. 2009; Friess et al.
2012). Nevertheless, plants developed adaptations to mitigate stress from drag induced by
hydrodynamic forces. Morphological adaptations such as shape reconfiguration, compact size or
simple architecture reduce or avoid drag (Sand-Jensen 2003; Albayrak et al. 2012; Puijalon and
Bornette 2013), while increased rigidity or anchoring enables the plant to resist drag (Puijalon et al.
2008; Miler et al. 2012). Multiple studies from different research fields point out a trade-off between
the plant traits that favour an avoidance or a resistance strategy against mechanical stress (Puijalon et
al. 2011; Anten and Sterck 2012; Starko et al. 2015; Starko and Martone 2016). This trade-off could
have consequences for the growth, performance and ecology of a species (Denny et al. 2003; Puijalon
and Bornette 2013; Feagin et al. 2019). Moreover, growth strategies at the level of individual plants
(i.e. plant traits) can thus have implications at the landscape scale for e.g. the shoreline protection
capacity of a tidal marsh (Bouma et al. 2008, 2014; Vuik et al. 2016). However, studies on how species-
specific marsh plant traits determine the plants’ ability to cope with and survive hydrodynamic stress

are rather sparse (Miler et al. 2014; Silinski et al. 2015, 2017).
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Hydrodynamic avoidance VS attenuation capacity

Multiple studies have shown that the effectiveness of wave and flow attenuation within marshes is
dependent on plant traits such as standing biomass, vegetation canopy height and stem stiffness, with
higher, stiffer and denser vegetation canopies being more effective on flow and wave attenuation
(Bouma et al. 2010; Callaghan et al. 2010; Paul et al. 2016; Rupprecht et al. 2017). Additionally, the
species-specific capacity to avoid hydrodynamic stress was recently suggested to play a role in the
spatial distribution (zonation) of two pioneer tidal marsh species in the wave-exposed parts of the
brackish zone of NW European estuaries. More specifically, Heuner et al. (2018) showed that
Schoenoplectus tabernaemontani (C.C.Gmel.) Palla is highly dominant in the pioneer zone, while
Bolboschoenus maritimus (L.) Palla grows more landward at a farther distance from the marsh edge.
Moreover, laboratory flume experiments, showed that plants sampled from the Schoenoplectus-zone
had aboveground plant traits that favor avoidance of wave-induced stress: i.e., low frontal surface area
and flexible stems, so that lower drag forces from waves were measured on the plants (Heuner et al.
2015; Silinski et al. 2016). In contrast, plants from the Bolboschoenus-zone had aboveground plant
traits that result in less effective avoidance of wave-induced stress: i.e., higher stem surface area and
stiffer stems, causing higher drag forces from waves. An additional flume experiment showed that
wave attenuation rates were smaller for the more flexible plants sampled and grown from the
Schoenoplectus-zone as compared to the stiffer plants from the Bolboschoenus-zone. Overall, these
findings were interpreted as a cost-benefit trade-off as suggested in Bouma et al. (2005) for other
intertidal plant species. They described a trade-off between stress-avoidance capacity (i.e. the more
flexible species have a higher capacity to avoid wave-induced drag forces) versus ecosystem-
engineering capacity (i.e. the more flexible species have less wave attenuation capacity). We
emphasize here that these findings are based on experiments in laboratory flumes, where both species
are exposed to similar wave conditions. In the field, however, both species grow in sequential zones,

and hence most likely experience different physical forcing from waves and currents. This raises the
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question how a trade-off between stress-avoidance capacity versus ecosystem-engineering capacity
applies to in-vivo field conditions, accounting for the fact that each species has its own unique habitat.
We further hypothesize that similar plant traits are responsible for both the ability to grow under

hydrodynamic forces and the capacity to attenuate these hydrodynamic forces.

In this study, we aim to further deepen our insights into the two-way interaction between plant traits
and hydrodynamics, by i) relating the observed plant species zonation to field measurements of
species-specific traits and physical forcing by waves and currents in the different zones and ii) analyzing
how these species-specific traits imply trade-offs between the effectiveness of hydrodynamic-stress-
avoidance vs. attenuation of hydrodynamic forces. To our knowledge, there is no literature that
discusses the implications of this trade-off for the attenuation capacity of hydrodynamic forces (and

hence for nature-based shoreline protection capacity) of pioneer tidal marshes.

Methods

Study sites

Two sites were selected along the brackish part of the Elbe estuary, Germany: Balje (53°51'23.5”N,
9°4’9.2”E) and Hollerwettern (53°49°55.5”N, 9°22°17.4”E) (Fig. 1a). These two sites are characterized
by a gentle transition between bare tidal flat and marsh, and a spatial zonation of plant species (see
section ‘Studied species’ below) growing in distinct zones that run parallel to the estuarine tidal
channel (Fig. 1b). The semidiurnal tide is on average 2.8 m (1.6 m during neap tide and 3.8 m during
spring tide, data for 2015-2017). Mean freshwater discharge of the Elbe (1926-2014) is 712 m3 s}
ranging from 560 m3 s™! in summer to 866 m3 s! in winter (Strotmann 2014). The water salinity

measured using the Practical Salinity Scale at the two sites ranges between 0.3 —4.0.
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Figure 1: Location of the Elbe estuary in Europe and of the study sites Balje and Hollerwettern (1a). The location
of Ruthenstrom weather station is marked. The fairway (black line) goes to the harbour of Hamburg. The
elevation maps for both sites show the measurement plots, the marsh edge and width of the tidal flat as well as
the mean low and high water level (MLW and MHW). The elevations are normalized by tidal range as (Elevation

- Mean low water)/(Mean high water - Mean low water) (1b).

Studied species

Along the brackish parts of NW European estuaries Schoenoplectus tabernaemontani (C.C.Gmel.) Palla
(formerly Scirpus tabernaemontani) and Bolboschoenus maritimus (L.) Palla (formerly Scirpus
maritimus), both members of the Cyperaceae-family, are the most common pioneer plant species. In
tidal marshes, both species typically reproduce by clonal outgrowth resulting in rhizomatous root
networks. In winter the aboveground biomass of both species dies off and is flushed away while the
roots hibernate (Schoutens et al. 2019). S. tabernaemontani shoots grow as single stems with a circular
cross-section, a diameter around 15 mm, and a height up to 2.0 m (own measurements) (Fig. 2). At the

base there are a few small leaf sheaths embracing the round stem. In contrast, B. maritimus has leaves
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along the full length of a triangular stem that can grow up to 2.5 m in height and have a base length of
the triangular cross-section up to 17 mm (own measurements). Both species form dense monospecific
zones in belts that run parallel to the marsh edge. They both grow at overlapping elevations relative
to mean sea level in which S. tabernaemontani typically grows directly adjacent to the shoreward edge

of marshes, while B. maritimus grows in a more landward located zone (Heuner et al. 2018).

Schoenoplectus tabernaemontani Bolboschoenus mariimus

Figure 2: Marsh vegetation of the brackish parts of the Elbe estuary is composed of two dominant pioneer marsh
species: Schoenoplectus tabernaemontani (C.C.Gmel.) Palla which typically grows at the shoreward edge, and

Bolboschoenus maritimus (L.) Palla which typically grows more landward.

Overall description of the field measurements

This study investigated how species zonation is determined by the two-way interaction of plant traits
and hydrodynamic forces. The resulting trade-offs between the effectiveness of avoidance and
attenuation of hydrodynamic forces were assessed under field conditions. First, the spatial distribution
in terms of species zonation was illustrated using maps of the Elbe estuary. Next, the hydrodynamic
conditions acting upon the two species (i.e. exposed or sheltered from waves and currents) were

measured locally at the two study sites throughout the growing season with wave height and current

7



154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

velocities as proxies. These measurements were accompanied by quantification of wave and flow
attenuation rates per species zone to illustrate their capacity to attenuate hydrodynamics at peak
biomass. We then coupled the two way interactions with field measurements of species-specific plant
traits that play a role in the interaction with the hydrodynamics. Therefore, aboveground biomass,
flexural stiffness and frontal plant area were used as proxies for drag forces exerted on the plant shoots
(Vogel 1996; Silinski et al. 2016). Combining these measurements allowed us to construct a conceptual
mechanism of how species-specific plants traits play a key role in the spatial distribution of pioneer

marsh plant species and what the consequences for nature-based shoreline protection might be.

Plant zonation

The frequency distribution of surface elevations at which both species are growing, was quantified for
both study sites. This was compared to a similar analysis for all marshes in the Elbe estuary, see Fig.
1a), to demonstrate that the elevation range of both species in our two study sites is representative
for what is generally found in the Elbe estuary. The analysis was based on vegetation maps, aerial
pictures and digital elevation models (DEM) made in summer 2016. The vegetation maps were
generated from aerial pictures (0.20 m resolution) (WSA 2017). In both estuaries, 140 random sampling
points were generated of which the elevation above MHW was extracted from the DEM (1.0 m grid
and 0.5 m position accuracy) (Zentrales Datenmanagement der GDWS Standort Kiel 2017). For more
details on this method, we refer to Heuner et al. 2018. The elevations were normalized by tidal range
as (Elevation — Mean low water)/(Mean high water — Mean low water), in order to be comparable

between the datasets for the two sites and the whole Elbe estuary.

Plant exposure to and attenuation of hydrodynamic forces

Waves

During a six-month field campaign in the growing season from May to October 2016, wave heights

were measured. Automated pressure sensors (P-Log3021-MMC, Driesen & Kern) were deployed at
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three distances along one cross-shore transect at every site (i.e. 2 x 3 sensors; Fig. 3) to record absolute
pressure at 8 Hz. The 1 sensor was placed in front of the marsh edge for measuring incoming waves
just before they enter the marsh vegetation. The 2" sensor was placed at 10 m distance from the
marsh edge, coinciding with the transition from the S. tabernaemontani zone to the B. maritimus zone.
Together with sensor 1, this set-up enabled quantifying wave attenuation over 10 m of S.
tabernaemontani marsh. A third sensor was placed another 10 m further within the B. maritimus
vegetation. Comparing sensor 2 and 3 allowed quantification of wave attenuation over 10 m of B.

maritimus marsh.

To quantify wave heights, pressure data were converted into water surface elevation using a Matlab
routine. After correction for atmospheric pressure (obtained from the DWD Climate Data Center), the
resulting water levels were then corrected for depth-dependent pressure attenuation based on the
linear wave theory (Dalrymple and Dean 1991), i.e. the water motion of passing waves and hereby the
hydrostatic pressure is attenuated with increasing water depth. Next, the tidal signal was extracted
from the wave signal using a low-pass filter and zero-down crossing method was then applied on the
resulting time series of wave fluctuations to determine individual waves (Vanlierde et al. 2011; Belliard
et al. 2019). Significant wave height (Hs, mean of the highest third of recorded waves) and maximum
wave height (Hmax, mean of the 99" percentile of recorded waves) were calculated over 10 minute
time intervals. The relative wave attenuation rate (Rw) was calculated for S. tabernaemontani as Ry, =
(H1-H2)/H1 x 100(%) where H;is the incoming significant wave height at sensor location 1 at the
seaward edge of the vegetation zone and H, is the significant wave height at 10 m into the S.
tabernaemontani zone. Similarly, the relative wave attenuation rate (R,) was calculated for B.
maritimus as Ry = (Hz-Hs)/H2 x 100(%) where Hs is the significant wave height at 10 m into the B.
maritimus zone. For comparison with plant traits, the wave attenuation capacity was calculated during
the period of peak biomass. With increasing water depth, the inundated frontal area of the plants
increases and consequently the interaction of the waves with the vegetation increases until the water

depth exceeds the canopy height. Since both species are growing at different surface elevations, wave

9
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attenuation rates were calculated and compared for water depth classes of 0.25 m intervals to enable
a species comparison. A similar comparison between wave attenuation rates and wave height classes
of 0.1 m intervals was made to take into account the wave transformation in front of the respective

vegetation zone.
Flow velocity

As sensor availability was limited, flow velocities were only measured at Hollerwettern during the
growing season from May to October 2016 (Fig. 1 and Fig. 3). Next to the pressure sensors, flow
velocities were measured at 4 Hz with ADVs (Acoustic Doppler Velocity sensors, Nortek) measuring at
0.10 m above the sediment bed. Raw data were removed for beam correlations below 70% after which
the planar velocity (m/s) was calculated as U = Vu? + v2 with uand v being the mean flow velocities
(m/s) in the two horizontal dimensions perpendicular to each other calculated over 10 minute time
intervals. Flow attenuation rate (Ry) was calculated similarly to the wave attenuation rate (see above:
Rs = (U1-U2)/U1 x 100(%) and Ry = (U>-Us)/U> x 100(%) respectively with Ui, U, and Us are now mean

flow velocities instead of wave heights at the respective measurement locations).

nm

10m 10 m

B o [

S. tabernaemontani B. maritimus

Figure 3: Schematic cross section of the field monitoring setup. Along the sea-to-land transect sensors were
installed at 3 locations to measure hydrodynamic conditions (waves and currents). Wave attenuation was

measured over a 10 m vegetation belt between sensor 1 and sensor 2 for S. tabernaemontani and between

10
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sensor 2 and 3 for B. maritimus vegetation. Flow velocities were measured in a similar way but only at site

Hollerwettern. Plant traits were measured in every respective species zone.

Plant traits

Quantification of species-specific plant traits was conducted at peak biomass in August 2016. Based on
a literature study, we selected to focus on the principal plant traits responsible for (i) avoiding
mechanical stress from waves and currents (e.g. Puijalon et al. 2011; Henry et al. 2015; Paul et al. 2016;
Silinski et al. 2016b; Chen et al. 2018) and (ii) the capacity to attenuate hydrodynamic forces. These
plant traits can be grouped into shoot morphological traits (i.e., aboveground biomass density and
frontal shoot area) and stem biomechanical traits (i.e., Young’s modulus and flexural stiffness) (e.g.
Bouma et al. 2010; Anderson et al. 2011; Shepard et al. 2011; Vuik et al. 2016; Rupprecht et al. 2017;

Silinski et al. 2017; Schulze et al. 2019).

Plant morphological traits

Shoot densities were determined per species by counting the number of shoots within three
permanent quadrats of 0.4 m x 0.4 m. Aboveground biomass of both species was sampled by clipping
all shoots in a 0.2 m x 0.2 m quadrat (if needed this was repeated until a minimum of 20 shoots was
reached). Aboveground biomass density (kg/m?) was quantified by multiplying counted shoot densities
(number of shoots/m?2) and dried shoot weight (g/number of shoots) of the clipped quadrats (drying
at 70 °C for 72h) (Pérez-Harguindeguy et al. 2013). Before drying the harvested samples, the shoot
length was measured and pictures were made to calculate the frontal area of the entire plants.
Therefore, aboveground plant material was spread on a white background to make high contrast
pictures (> 8 Mega pixels). Using ArcMap (Environmental Systems Research Institute (ESRI), ArcGIS
release 10.3, Redlands, CA) the surface area was determined through an Iso Cluster Unsupervised

classification. This process was automated with a Python code.

Stem biomechanical traits

11
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Mechanical properties of the lowest 0.20 m of the stems were measured with a three-point bending
test at the Royal Netherlands Institute of Sea Research (NIOZ). The measuring method and calculations
are based on Usherwood et al. (1997) and Silinski et al. (2016). The universal testing machine Instron
EMSYSL7049 (precision + 0.5%) with a 10 kN load cell was used (Instron Corporation, Canton, MA,
USA). Force was applied at a displacement rate of 10 mm min™ to the centre of a 0.20 m long stem
section resting on two supports. The supports are separated from each other at a distance of 15 times
the stem diameter which reduces the effect of shear stress (Usherwood et al. 1997). From the resulting
stress-strain curve the Young’s modulus (E in N/m?2) was calculated based on the slope of the elastic
deformation zone, as a measure of the stress that can be applied on the stem before permanent
deformation occurs (i.e. before the stem breaks). Higher values for Young’s modulus mean lower
flexibility of the stems. Second moment of area (/ in m*) was calculated based on a triangular stem
geometry for B. maritimus I=bh3/36 and based on a round stem geometry for S. tabernaemontani
I=nr*/64 where b is the base and h is the height of the triangular cross section, and r is the diameter of
the circular cross section (m). The flexural stiffness or stem flexibility, which is a measure of the
resistance of the stem against breaking, was then calculated as E/ (Nm?). Higher values for flexural
stiffness indicate higher stiffness and therefore lower flexibility. The stress experienced by the plants
can be expressed by the drag forces acting on the shoots. Drag forces could not be measured directly
in the field but proxies were used to give an idea of the relative differences between drag forces
experienced by the two species. From the Morison equation adapted by Vogel (1996) we used the

frontal plant area and flexural stiffness as proxies for drag force F (N):

Eq.(1) F = %paAU“d

where p is the density of the fluid [kg m™], A is the wet frontal area of the shoot [m?] and a and d are

the species-specific constants that depend on the flexibility of the plant shoot.

Data analysis
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Statistical analyses were performed in R 3.3.1. (R Core Team, 2016) and significance was assumed at p
< 0.05 for all tests (exceptions are indicated). Normality was tested based on visual inspection with
histograms and Q-Q plots and homogeneity of variance was tested with the F-test where needed. The
species comparison was done with the Welch two sample t-test when the data was normally
distributed or the unpaired two-sample Wilcoxon rank sum test (also named Mann-Whitney U test)
for non-parametric data which both take into account the different origins (marsh sites) of the
samples. The hydrodynamics in both species zones were compared using linear mixed models with

time as a random factor.

Results

Plant zonation

The elevation distribution of S. tabernaemontani lies lower in the tidal frame compared to B.
maritimus. This observation was consistent in the present study sites and in both the Elbe and Weser
estuaries (Fig. 4). S. tabernaemontani grows in the small fringe between the mean water level and the

B. maritimus zone.
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Figure 4: The elevation niche of both B. maritimus and S. tabernaemontani for (a) the Elbe estuary (n = 140 for
both S. tabernaemontani and B. maritimus) and (b) for the study plots Balje and Hollerwettern (n = 12 for S.
tabernaemontani and n = 24 for B. maritimus). The elevations are normalized by tidal range as (Elevation - Mean
low water)/(Mean high water - Mean low water). Significance of differences was tested with the non-parametric

Wilcoxon test (**** represents p<0.001).

Hydrodynamic forces of the S. tabernaemontani and B. maritimus zones

S. tabernaemontani is exposed to stronger hydrodynamic forces as compared to B. maritimus (Fig. 5).
During the growing season of 2016, peak values for the maximum wave heights over 10 minute
intervals were found to be up to 0.5 m in the B. maritimus zone and up to 0.6 m in the S.
tabernaemontani zone (Chi-square (1) = 54.18, p < 0.001). The median incoming significant wave
height was 0.06 m in the B. maritimus zone and 0.08 m in the S. tabernaemontani zone which was up
to 25 % higher (Chi-square (1) = 20623, p < 0.001; not shown in the figure). This difference in incoming
wave heights is consistent over the measurement period (see supplementary figure S2 for a time

series). Median planar flow velocity in Hollerwettern was 0.025 ms™ in the B. maritimus zone and 0.040

14
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ms?in the S. tabernaemontani zone (Chi-square (1) = 534.42, p < 0.001). The 99 percentile of planar
flow velocities reached 0.16 ms™in B. maritimus and 0.19 ms™ in S. tabernaemontani. The different
exposure to hydrodynamic forces was found consistent over the different elevation gradients of both

study sites (see Fig. S1 in supplementary info).
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Figure 5: The boxplots show the maximum wave height (Hmax; m) calculated over 10 minute time intervals (n =
96552 and n = 80410 for the S. tabernaemontani and B. maritimus zones respectively) and planar flow velocity
(U; m/s) averaged over 10 minute time intervals for the two pioneer species during the growing season from
May to October 2016 (n = 9629 and n = 7020 for S. tabernaemontani and B. maritimus respectively). Incoming
wave heights and flow velocities for S. tabernaemontani were significantly higher compared to B. maritimus.
Flow velocities were solely measured at the site Hollerwettern due to limited sensor availability. Significance of

differences was tested with the non-parametric Wilcoxon test (**** represents p<0.001).

Plant species traits

The two species show different plant traits measured at peak biomass in August 2016. This trend is
visible at both study sites. The aboveground dry biomass (AGB) of S. tabernaemontani is more than

seven times smaller compared to B. maritimus (Fig. 6a, table 1). In addition, S. tabernaemontani
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317  produces less frontal area compared to B. maritimus, both per soil surface area and per shoot (Fig. 6b,
318 table 1). The shoot tissue of S. tabernaemontani is more flexible, i.e. low Young’s modulus, and less

319 resistant against bending, i.e. low flexural stiffness, compared to B. maritimus (Fig. 6¢ and 6d, table 1).

320 Table 1: Overview of the plant traits measured for both S. tabernaemontani and B. maritimus. Per species, the mean and
321 standard error are given in addition to the p-value of the Wilcoxon rank sum test which indicates the difference between
322 the two species. The variables presented are aboveground dry biomass (AGB kg/m?), frontal area per soil surface area (FA,
323 m?2/m?2) and frontal area per shoot (FAss, m?/shoot), Young’s modulus (E, N/m2) and Flexural stiffness (E/, Nm2).

AGB (kg/m?) | FA (m%/m?) | FAs(m?/shoot) E (N/m?) El (Nm?)

S. tabernaemontani 0.19+0.02 0.99+0.13 3e-3+4e4 1.3e8 £9e6 | 0.013 +0.001

B. maritimus 0.89 £ 0.06 2.34+0.13 8e-3+4e-4 9.7e8 £ 1e8 | 0.047 +0.004
p-value <0.001 <0.001 <0.001 <0.001 <0.001
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Figure 6: Aboveground biomass (kg/m?) (a) and frontal area (m?/m? soil surface) (b) show the shoot
morphological traits and Young’s modulus (N/m?) (c) and flexural stiffness (Nm2?) (d) show the stem
biomechanical traits. All traits are represented in boxplots as a descriptive statistic per species at peak biomass
in summer 2016 (n = 83 for a, 16 for b and n = 40 for c and d). Significance of differences was tested with the

non-parametric Wilcoxon test (**** represents p<0.001).

Species-dependent attenuation of hydrodynamic forces

Attenuation rates of waves and flow velocities were compared for the same water depth classes (Fig.
7). Especially for the shallow water depths, wave attenuation was stronger in the B. maritimus zone.
With increasing water depth, wave attenuation decreased in both species zones. Moreover, the
difference between the species-zones reduces when water depths increased. Yet for all water depth
classes the differences in attenuation rates between both species-zones were statistically significant
(Fig. 7). In the S. tabernaemontani zone, the wave attenuation rate dropped to almost zero at a water
depth higher than 1.5 m. Planar flow attenuation rates were significantly higher in B. maritimus
compared to S. tabernaemontani. In contrast to the wave attenuation, the flow attenuation did not
change with increasing water depth (Fig. 7). For water depths over 1.5 m (not shown in Fig. 7) no
significant difference in flow attenuation rate between both species was found which might be

attributed to the low sample size (n = 14).
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Figure 7: Boxplots of wave and planar flow attenuation rates over 10 m stretches of S. tabernaemontani and B.
maritimus measured during peak biomass (August 2016). Wave attenuation rates (humber of measurements is
indicated per water depth) and flow attenuation rate (n is indicated per water depth, for water depths >1.5 m
the number of data points was too low and therefore data are not shown) are grouped per class of water depth.

Significance of differences was tested with the non-parametric Wilcoxon test (**** represents p<0.001).

In the set-up of this study (Fig. 3), S. tabernaemontani grows in front of B. maritimus so that incoming
wave heights in the B. maritimus zone are affected by wave transformation in front of that vegetation
zone, i.e. within the S. tabernaemontani zone. In order to compare the wave attenuation rates of both
the S. tabernaemontani and B. maritimus zones, we therefore compared wave attenuation rates for
categories of the same incoming wave heigths. Within each incoming wave height category, we find
then that there is a significantly higher wave height attenation rate within the B. maritimus zone as

compared to the S. tabernaemontani zone (Fig. 8).
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Figure 8: Boxplots of wave attenuation rates over 10 m stretches of S. tabernaemontani and B.
maritimus measured during the growing season (May 2016 — October 2016). Wave attenuation rates
(n is indicated per H; class of 0.10 m) are grouped in classes of significant wave heights entering the
specific vegetation zone. This allows a comparison of wave attenuation rates for both species zones
independent of their location/distance from the marsh edge. Significance of differences was tested

with the non-parametric Wilcoxon test (**** represents p<0.001).

Discussion

Nature-based mitigation of coastal flood and erosion risks is increasingly studied in the context of
growing risks associated with global and local changes, and in light of growing demand for novel,
sustainable risk mitigation strategies (Duarte et al. 2013; Cheong et al. 2013; Temmerman et al. 2013;
Vuik et al. 2016). Accordingly, conservation and restoration of tidal marshes that contribute to wave,
flow and erosion reduction, is increasingly proposed and implemented (Narayan et al. 2016; Gracia et
al. 2018; Rangel-buitrago et al. 2018). A large amount of studies have focused on how plant species
traits determine the effectiveness of wave, flow and erosion reduction (Bouma et al. 2005, 2010; Yang

et al. 2012; Tempest et al. 2015; Carus et al. 2016), while fewer knowledge exists on how species traits
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determine their capacity to cope with and grow under wave and flow conditions (Coops and Van der
Velde 1996; Heuner et al. 2015; Silinski et al. 2017). Here we demonstrate under field conditions that
plant species zonation is associated with trade-offs between species traits that allow coping with wave
and flow exposure versus attenuation of these hydrodynamic forces (Fig. 6 and 7): (1) pioneer species
growing at the exposed marsh front have plant traits that are better suited to avoid wave and current-
induced stress compared to species growing more landward; (2) the same plant traits induce less
effective attenuation of hydrodynamic forces in the exposed marsh front zone as compared to the
more landward marsh zone. In the following, the trade-off involving species specific plant traits and

hydrodynamic forces will be discussed more in details.

Avoidance capacity of species-specific plant traits

S. tabernaemontani and B. maritimus are pioneer plant species in brackish tidal marshes that grow in
a similar elevation range, yet often in separate spatial zones, with S. tabernaemontani growing in the
zone directly adjacent to the marsh front and B. maritimus in a more landward zone (Heuner et al.
2018; Fig. 4). Under exposed conditions we found that incoming wave heights and flow velocities were
higher in the S. tabernaemontani zone compared to the B. maritimus zone independently from site
elevation, distance from the marsh edge or incoming wave height (Figs. 4 and 8). The results show that
on local scales the capacity to cope with such hydrodynamic forces is plant trait dependent. Under
strong mechanical stress, plants are more vulnerable to mechanical failure such as uprooting, toppling
and even breaking of the stem (Read and Stokes 2006). Therefore, plants developed morphological
and biomechanical adaptations (amongst others) (Albayrak et al. 2012; Puijalon and Bornette 2013).
S. tabernaemontani has a simple morphology of a single leafless stem creating vegetation with low
biomass per square meter (Figs. 1 & 6). Especially the lack of leaves reduces the frontal area which is

important to minimize the drag experienced by the plant (e.g. up to 60 %, Bal et al. 2011a).
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In addition to the simple morphology, S. tabernaemontani has more flexible shoot bases (Fig. 6) which
allows it to bend with passing waves or tidal currents. This flexibility enables the plants to reduce the
experienced drag forces even more (Puijalon et al. 2005; Paul et al. 2016). Since drag forces were not
measured directly in the field, the proxies used in this study (frontal plant area, flexural stiffness)
indicate that drag forces exerted on S. tabernaemontani should be lower than on B. maritimus
(Rupprecht et al. 2015). In terrestrial (wind driven) ecosystems however, some authors point out that
high flexibility could increase the experienced drag as a result of the so-called flagging of the plant and
turbulent flows created (Anten and Sterck 2012; Butler et al. 2012). Nevertheless, they stress that
under hydrodynamic forces a turbulent flow regime is less likely to fully develop as a result of lower
flow velocities and the higher density of water compared to air. The morphological and biomechanical
traits of S. tabernaemontani favor an efficient avoidance of mechanical stress. This may allow them to
grow directly adjacent to the marsh front under the prevailing hydrodynamic forces (Henry et al. 2015;

Paul and Gillis 2015).

In contrast, B. maritimus grows leaves along the full length of the stem and thus produces high biomass
with a high frontal area (Figs. 1 & 6). The morphological traits of B. maritimus results in higher drag
forces which make them more vulnerable to mechanical failure if they would grow under high wave
and current exposure. The biomechanical traits measured for B. maritimus and S. tabernaemontani
were in the same range of values found in literature (Silinski et al. 2015, 2016; Vuik et al. 2018). The
flexural stiffness of S. tabernaemontani was 4-5 times smaller compared to values for B. maritimus
(Fig. 6). The consequence of the stiffer shoots is that they do not reconfigure by elastic deformation to
avoid the mechanical stress. Instead, they experience even more drag forces by keeping their rigid
standing shoots (Bouma et al. 2005). Consequently, the growth of B. maritimus might be more limited
by hydrodynamic forces, compared to S. tabernaemontani, which may be the reason why the first
species grows landwards in more sheltered conditions. The ability to cope with hydrodynamic forces
from waves and currents may thus be considered as a driver for species distribution (spatial zonation)

along the sea-to-land gradient in pioneer tidal marshes. Although there is no experimental data
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available so far, future research with e.g. translocation experiments could give empirical proof for this
mechanism. By growing both species under the same exposed and sheltered hydrodynamic conditions,
insights on the survival chances of the species under the prevailing hydrodynamic conditions can be
gained. Combining field data on plant survival chances and shoreline protection capacity of species in
a model, could enable to make large scale (e.g. estuarine scale) assessments on the suitability of
different intertidal areas for marsh restoration or conservation projects aiming at nature-based
shoreline protection. This upscaling of the shoreline protection potential of an area is especially crucial

for policy makers and environmental management agencies.

Wave and flow attenuation capacity of species-specific plant traits

As pointed out above, the two different species exert different frictions on the water motion and by
this, attenuate rate of wave heights and current velocities in contrasting ways. When friction with the
vegetation increases, the wave and flow attenuation becomes higher (Moller 2006; Suzuki et al. 2012;
Paul et al. 2016). S. tabernaemontani did not attenuate waves and water flows as much as B. maritimus
did (Fig. 7) due to differences of the morphological and biomechanical properties of the two species
(Fig. 6). High shoot stiffness and high shoot density are mentioned as the main drivers for wave
attenuation (Feagin et al. 2011; Shepard et al. 2011), however biomass should be taken into account
(Bouma et al. 2010; Ysebaert et al. 2011). The biomass per square meter accounts for both the shoots
density and morphological properties of the shoots (e.g. stems, leaves, flowers). Nevertheless, when
stems are highly flexible and bend away with passing waves and water flow, the effective biomass and
frontal plant area under hydrodynamic forcing is reduced (Verschoren et al. 2016). Therefore, both
stem flexibility and standing biomass are important drivers of the wave and flow attenuation capacity
of a species. In general, species that avoid the mechanical stress, such as S. tabernaemontani will have
a less effect on attenuation of hydrodynamic forces compared to species that resist the mechanical
stress such as B. maritimus. It can be argued that the presented wave attenuation rates of B. maritimus

are higher than for S. tabernaemontani because of the smaller incoming waves and lower water
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depths, and additionally several studies showed that the wave attenuation capacity of tidal marshes is
strongest in the first few meters (Moller and Spencer 2002; Koch et al. 2009; Carus et al. 2016).
Nevertheless, we showed that under similar water depths (Fig. 7) and wave heights (Fig. 8) the wave
attenuation rates in B. maritimus are consequently higher. This result shows that the difference in

attenuation capacity is mainly caused by the difference in vegetation properties.

Avoiding or attenuating hydrodynamic forces: a trade-off

Based on our results, we formulate a conceptual model describing the trade-offs between coping with
and attenuating hydrodynamics (Fig. 9). This means that species that can cope with hydrodynamic
stress such as S. tabernaemontani have plant traits that limit the drag forces exerted on the plant,
which in consequence results in a lesser attenuation capacity. However, landwards of such species, the
hydrodynamic conditions become more favourable for other species that have a lower capacity to
avoid the hydrodynamic stress due to their plant traits (e.g. B. maritimus). Such plant traits enhance
the attenuation capacity of the species. In other words, avoiding the hydrodynamic stress reduces the
attenuation capacity, but allows plants to grow in more hydrodynamic conditions. While in contrast,
species that have less avoidance capacity enhance their attenuation capacity, but limit the
hydrodynamic exposure that these species can handle to survive. B. maritimus has a higher ecosystem
engineering capacity compared to S. tabernaemontani (Heuner et al. 2015) which gives them a
competitive advantage when conditions are mild enough for their establishment and survival (Wilson
and Keddy 1986; Keddy 2001; Heuner et al. 2018). When hydrodynamic forces limit the expansion of
the B. maritimus zone, S. tabernaemontani might still be able to grow out in front of the B. maritimus
zone. This is only possible when there is enough space for S. tabernaemontani to grow, which is often
not the case and might force S. tabernaemontani into a stressful situation of both seaward stress
coming from hydrodynamic forces and inundation stress as well as landward stress coming from
competition with B. maritimus. Consequently, the trade-off between attenuation capacity and

mechanical stress resistance presented in this field study might eventually create a zonation of species
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in exposed pioneer tidal marshes. Nevertheless, caution is needed as this study is descriptive and based

on field observations, hence further experimental evidence is needed to come to causal conclusions.

Hydrodynamic conditions
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Figure 9: Schematisation of the relationships between spatial plant species zonation, hydrodynamic forces in
which the species grow, plant traits of the species, and the trade-off between the plants’ capacity to avoid and
to attenuate the hydrodynamic forces. Pioneer species growing at the marsh front are exposed to the strongest
hydrodynamics. Accordingly, they have a high capacity to avoid mechanical stress as a result of species-specific
plant traits that reduce the drag forces exerted on the shoot. As a consequence of these plant traits, the wave
attenuation capacity of such species is low. The slightly sheltered conditions that are created more landward
facilitate the growth of other species which have a lower capacity to cope with strong hydrodynamic stress.
Corresponding species-specific plant traits result in higher drag forces, hence creating a stronger hydrodynamic

attenuation capacity.

Implications for natural shoreline protection

The trade-off described in this paper (Fig. 9) has consequences for bringing nature-based shoreline
protection into practice: when conservation or restoration/creation of tidal marshes are proposed for
shoreline protection, conditions might be unsuitable for the species that provide most efficient

attenuation of hydrodynamic forces. In such case, shoreline protection capacity (here attenuation of
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hydrodynamics) is determined by the plant traits of the species that are able to grow under the
prevailing hydrodynamic conditions. Hence, artificially creating slightly sheltered conditions (e.g. small
man-made reefs in front of the shore or shallow willow fences) might facilitate the establishment and
growth of species with a higher hydrodynamic attenuation capacity (e.g. B. maritimus) in an
environment that normally would have been too exposed for such species. Nevertheless, the
establishment of species that are able to cope with hydrodynamic exposure (e.g. S. tabernaemontani)
can result already in some degree of wave attenuation and therefore can naturally create these slightly
sheltered conditions where growth of other, less wave tolerant species can be facilitated. Provided
that there is enough space (perpendicular to the dike/shipping channel) to allow the development of
such a species zonation in the pioneer zones of marshes, the overall efficiency of shoreline protection

will increase as the result of this natural species zonation.
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