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Salt marshes are a valuable ecosystem with coastal protection potential, for

example by absorbing hydrodynamic energy, increasing sedimentation and

stabilizing the soil. This study investigated biomechanical properties of Spartina

anglica to improve future models of wave-vegetation interaction. To fully

understand the correlations between hydro- and biomechanics, the

biomechanical vegetation properties from December 2021 to July 2022 are

investigated with specimens collected from the field monthly. 551 specimens

were used to determine the vegetation properties during storm surge season with

high hydrodynamic forces. Additional geometrical properties were determined for

1265 specimens. Three-point bending tests measured the stiffness S (N/mm) and

maximum forces Fmax (N). Different phenological states were observed over time

and separated for analysis. These states provide a novel classification of growth

periods for evaluating the coastal protection potential of Spartina anglica.

Especially during storm season, most specimen were identified as broken shoots

with a mean stiffness of 1.92N/mm (using 304 samples) compared to the bottom

part of flowering shoots in December and January with a mean stiffness of 2.98N/

mm (using 61 samples). The classification of plant properties recognizing

phenological differences, based on plant state and seasonality, can be used to

explain and reduce variability of biomechanical properties obtained during field

campaigns. Additionally, this study shows that March to April is recommended for

future investigations focusing on shoot properties during storm surge season,

which is the important season for coastal engineers considering vegetation state.

KEYWORDS

salt marsh, ecosystem services, barrier island, Spartina anglica, stiffness, three-point
bending tests, seasonality, biomechanical properties
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1 Introduction

Including natural ecosystems into coastal protection strategies has

received rising interest of local stakeholders, coastal protection

authorities and researchers alike. Ecosystem-based coastal defenses

(Schoonees et al., 2019) provide multiple ecosystem services

(European Commission and Directorate-General for Environment,

2014; Haines-Young and Potschin, 2018), enhancing their

environmental value while bolstering natural resilience (Bouma

et al., 2014; Doswald et al., 2014). Salt marshes, taking reference to

various globally distributed sites (Mcowen et al., 2017), have been

studied in laboratories and in the field to evaluate multiple ecosystem

services, like the absorption of hydrodynamic energy (Ghisalberti and

Nepf, 2006; Augustin et al., 2009; Ysebaert et al., 2011; Jadhav et al.,

2013; Koftis et al., 2013; Anderson and Smith, 2014; Möller et al.,

2014; Carus et al., 2016; Vuik et al., 2016; Rupprecht et al., 2017; Lou

et al., 2018; Garzon et al., 2019; van Veelen et al., 2020; Willemsen

et al., 2020; Keimer et al., 2021; Zhang et al., 2022), sediment accretion

(Christiansen et al., 2000; Cahoon et al., 2006; Andersen et al., 2011;

Baaij et al., 2021; Cahoon et al., 2021; Proença et al., 2021), soil

stabilization (Ford et al., 2016; Kosmalla et al., 2022; Schoutens et al.,

2022) and geomorphological changes (Bouma et al., 2016; Chen et al.,

2020; Cao et al., 2021; Ladd et al., 2021).The above-mentioned effects

depend on vegetation species, traits of the above- and below-ground

biomass and hydrodynamic conditions (Schoutens et al., 2020).

Integrating and upscaling the presence of salt marshes into coastal

protection plans, thus, adds multiple protection functions and enables

the foreshore to self-adapt to changing marine loads (Morris et al.,

2022; Temmerman et al., 2023).

Biomechanical parameters can be used to understand the wave

attenuation capacity of salt marshes found in field studies (e.g. Garzon

et al., 2019) or hydrodynamic modeling, which indicates the coastal

protection potential. Commonly, these parameters are the vegetation

height, diameter and vegetation density (Garzon et al., 2019;

Hadadpour et al., 2019; Coleman et al., 2022). Hadadpour et al.

(2019), for example, used these three parameters to determine the leaf

area index, which is used for a porous media based approach to

describe the flow in a vegetation field. This approach showed good

agreement compared to physical experiments with rigid vegetation

surrogates. Vegetation height, density and diameter can also be used

to estimate the flow drag, improving the prediction of flow velocities

over marsh platforms (Ashall et al., 2016). Marjoribanks et al. (2019)

additionally included the flexural rigidity to study the wake length of

salt marsh vegetation patches. The simulations of van Loon-Steensma

et al. (2016), which determined the protection potential of a restored

salt marsh in front of a dike for different storm conditions, highlights

the importance of considering the spatial distribution of vegetation

species within a salt marsh. Vuik et al. (2016) used varying diameters

over the height of the plant based on field measurements to simulate

wave loads on dikes. Based on the results of the simulation, Vuik et al.

recommend vegetated foreshores as an important supplement to

dikes as a coastal protection measure.

Despite the variety of works highlighting the benefits and

ecosystem services of wetlands with respect to coastal protection,

little attention has been paid to the seasonality of these effects. This

work, hence, provides a unique data set of vegetation properties
Frontiers in Marine Science 02
focused on seasonality. Recurring field investigations were conducted

to systematically catalog characteristic vegetation properties over the

course of seasonal change, yet without systematically following a full

seasonal cycle. Table 1 provides a summary of properties that were

published over the past few decades on biomechanical and

geometrical properties of Spartina plants, since cord-grass S. anglica

synonym Sporobolus anglicus after Peterson et al. (2014) is the focal

species in this study. Note, that studies vary with using the terms

“height” or “length”. This study continuously uses the height to define

the size of the Spartina sp. specimen, since they are mostly standing

upright in the salt marsh.

Looking at previous literature, there is no consistency in the set of

parameters, when in season or where along the height the samples were

taken (see Table 1), leaving an incomplete picture of what the

vegetation properties are. Identifying changes in salt marsh

vegetation properties due to seasonality has been the research

question of only a few studies so far. Zhang et al. (2022) found a

decrease in density, height, diameter and biomass between May and

September and an increase between September and November for

Scirpus mariqueter and Phragmites australis in the Yangtze River

estuary, China. In contrast, Möller and Spencer (2002); Vuik et al.

(2017); Schulze et al. (2019) showed an increase in the values for

geometrical and mechanical properties of S. anglica as well as an

increased wave attenuation over the summer for Northern Europe.

Feagin et al. (2011) investigated healthy and unhealthy shoots, focusing

on Spartina alterniflora, where healthy areas were defined by low wave

erosion and high sedimentation rates and unhealthy areas were

characterized by degrading and an accretion deficit. A decrease in

biomass (66.25%), height (33.29%), density (16.71%) and the outer

diameter (16.39%) was found for unhealthy shoots compared to healthy

shoots. Chatagnier (2012) compared dormant to live shoots of Spartina

alterniflora and found a decrease of 52% in Young’s modulus for

dormant compared to live shoots. Coops and van der Velde (1996)

equivalently found higher Young’s modulus for Phragmites australis in

growing compared to dormant plants. Environmental impacts, e.g.

wave-exposure, have been studied as influencing factor for plant

growth. Plants developed a stress-avoidance strategy with shorter,

thicker and more flexible properties with low biomass compared to

wave-sheltered conditions (Silinski et al., 2018) since rigid grasses

experience failure in storm surge conditions (Rupprecht et al., 2017).

Equivalently to plant growth depending on environmental conditions,

the coastal protection effect of salt marshes depends on the vegetation

state of above and below-ground biomass, e.g., Paul and Kerpen (2021)

found dry root biomass and soil bulk density to be the key parameter

for erosion in the surf and swash zone.

Looking at previous investigations of biomechanical plant

properties, for example focusing on Spartina sp. in Table 1, a high

variance is found in regard to month of investigation, location, sample

definition, sample sizes and parameter set. Especially for

investigations looking at vegetation properties in multiple months

and investigating seasonality, defining the phenotype of the

investigated specimen can help to reduce the variability of the

measured properties. Zhu et al. (2020) mentions the browning of

the vegetation from autumn to winter, which helps to identify the

senescent state of the sampled shoots. Vuik et al. (2017) observed a

decay of the vegetation in autumn, with a mix of standing and folded
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TABLE 1 Previous investigations of biomechanical properties of Spartina sp. (S.) with mean value ± standard deviation and (sample size) - sorted by publication year.

Maximum
force Fmax (N)

Flexural strength
smax (MPa)

Flexural stiff-
ness EI (Nmm2)

5.0 ± 1.71 (30) - 3911.59 ± 2251.64
(30)

3.37 ± 1.94 (35) - 1863.02 ± 1206.61
(35)

- - -

- - 840 (4)

- - -

27.10 (40) 19.13 (40) 995.30 (40)

26.15 (40) 15.30 (40) 872.20 (40)

60.88 (40) 9.63 (40) 7042.63 (40)

41.25 (40) 6.98 (40) 1430.78 (40)

- - -

- - 3845.03 ± 2469.70
(20)

- - 961.57 ± 573.86 (20)

- - 17716.75 ± 5017.56
(20)

- - 6415.29 ± 2297.74
(20)

- - -

- - -

- 13.9 ± 7.0 (25) 2000 ± 1000 (25)

(Continued)
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Horizontal
density nv (m

-2)
Young’s

modulus E
(MPa)

Paul et al.
(2022)

DE S. anglica 05/2021 at 5cm height - 3.4 ± 0.5 (30) - 521.14 ± 138.92
(30)

Paul et al.
(2022)

DE S. anglica 05/2021 at 15cm height - 2.9 ± 0.4 (35) - 459.88 ± 171.97
(35)

Baaij et al.
(2021)

NL S. anglica 08-10/
2018

- 0.31 2.8 2330 -

van Veelen
et al. (2020)

GB S. anglica 08/2017&
04/2018

- 0.59 (72) 3.3 (72) 720 (72) 139 ± 71 (4)

Zhang et al.
(2020)

CN S.
alterniflora

07/2018 bottom 0.91 ± 0.10 (5) 9.7 ± 1.0 (5) 173 (1) -

Zhu et al.
(2020)

NL S. anglica 12/2014 - - 2.7 (40) - 652.98 (40)

Zhu et al.
(2020)

NL S. anglica 04/2015 - - 2.8 (40) - 520.25 (40)

Zhu et al.
(2020)

NL S. anglica 07/2016 - - 4.2 (40) - 351.75 (40)

Zhu et al.
(2020)

NL S. anglica 09/2015 - 0.51 ± 0.13 (120) 4.0 (40) 1092 ± 269 (20) 137.05 (40)

Garzon et al.
(2019)

US S.
alterniflora

10/2015 - 0.71 ± 0.22 (15) 5 ± 1.5 (15) 344 ± 80 (2) -

Schulze et al.
(2019)

DE S. anglica 04/2014 landwards 0.38 ± 0.09 (20) 3.4 ± 0.5 (20) 462 ± 104 (20) 701.52 ± 365.63
(20)

Schulze et al.
(2019)

DE S. anglica 04/2014 seawards 0.27 ± 0.06 (20) 2.6 ± 0.4 (20) 450 ± 128 (20) 484.90 ± 231.44
(20)

Schulze et al.
(2019)

DE S. anglica 08/2014 landwards 0.53 ± 0.09 (20) 4.9 ± 0.6 (20) 635 ± 123 (20) 763.67 ± 346.62
(20)

Schulze et al.
(2019)

DE S. anglica 08/2014 seawards 0.38 ± 0.06 (20) 3.9 ± 0.5 (20) 878 ± 122 (20) 632.00 ± 244.69
(20)

Paquier et al.
(2017)

US S. patens 10/2015 landwards 0.41 ± 0.05 2.7 ± 0.8 191 ± 30 -

Paquier et al.
(2017)

US S. patens 10/2015 seawards 0.27 ± 0.05 1.5 ± 0.4 217 ± 28 -

Vuik et al.
(2017)

NL S. anglica 12/2014 bottom 0.32 ± 0.13 (25) 3.1 ± 0.5 (25) - 708 ± 560 (25)
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TABLE 1 Continued

Maximum
force Fmax (N)

Flexural strength
smax (MPa)

Flexural stiff-
ness EI (Nmm2)

- 10.4 ± 5.1 (20) 1600 ± 500 (20)

- 8.8 ± 4.6 (20) 2500 ± 1600 (20)

- 17.0 ± 5.8 (20) 2300 ± 1100 (20)

- - -

- - -

- - -

- - -

- - 690 ± 1100 (15)

) - - 3290 ± 1140 (15)

) - - 3510 ± 580 (15)

- - 15000

- - -

- - 64900 (204)

- - 41100 (34)

- - 2800

- - -

- 12.0 ± 7.0 -

(Continued)
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Vuik et al.
(2017)

NL S. anglica 04/2015 bottom 0.28 ± 0.06 (20) 3.3 ± 0.5 (20) - 318 ± 178 (20)

Vuik et al.
(2017)

NL S. anglica 09/2015 bottom 0.54 ± 0.11 (20) 4.1 ± 0.9 (20) 934 224 ± 151 (20)

Vuik et al.
(2017)

NL S. anglica 11/2015 bottom 0.61 ± 0.05 (20) 3.7 ± 0.5 (20) - 503 ± 198 (20)

Vuik et al.
(2016)

NL S. anglica 11/2014 marsh edge 0.20 3.0 944 -

Vuik et al.
(2016)

NL S. anglica 11/2014 inner field 0.29 3.4 1136 -

Vuik et al.
(2016)

NL S. anglica 11/2014 marsh edge 0.15 8.0 372 -

Vuik et al.
(2016)

NL S. anglica 11/2014 inner field 0.35 4.9 1072 -

Rupprecht
et al. (2015)

GB S. anglica 07/2013 top

0.27 ± 0.04 (15)

2.3 ± 0.7 (15) - 310.86 ± 136.93
(15)

Rupprecht
et al. (2015)

GB S. anglica 07/2013 middle 4.8 ± 0.5 (15) - 122.90 ± 36.05 (15

Rupprecht
et al. (2015)

GB S. anglica 07/2013 bottom 4.5 ± 0.6 (15) - 118.28 ± 49.94 (15

Jadhav and
Chen (2013)

US S.
alterniflora

09/2011 - 0.22 8.0 422 80

Yang et al.
(2012)

CN S.
alterniflora

11/2007 - 0.97 - 508 -

Chatagnier
(2012)

US S.
alterniflora

2009-2011 live 0.80 7.25 - 506

Chatagnier
(2012)

US S.
alterniflora

2009-2011 dormant 0.89 8.1 - 240

Chatagnier
(2012)

US S. patens 2010-2011 - 0.40 2.0 - 2950

Feagin et al.
(2011)

GB S.
maritima

02/2008 middle 0.40 4.1 251 -

Feagin et al.
(2011)

US S.
alterniflora

07/2008 healthy 0.52 4.5 ± 1.1 381 1410 ± 710
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shoots of S. anglica in January. However, for the analysis of the

bending behavior, the states were not separated.

This study aims to supplement previous research on

biomechanical and geometrical vegetation properties more

comprehensively using S. anglica on Spiekeroog as a first example,

by looking at seasons previously mostly overlooked. Based on the (i)

evaluation of biomechanical properties of S. anglica, (ii) a novel

classification of growth periods for coastal protection applications is

proposed and (iii) the key time frame to determine the biomechanical

properties indicating the ecological salt marsh condition to project its

coastal protection potential is identified.
2 Materials and methods

2.1 Study site

This study was conducted on the barrier island Spiekeroog (see

Figure 1B) off the Lower Saxonian coastline in Germany. It is part of

the National Park Wadden Sea and a World Heritage property (Reise

et al., 2010; Wolff et al., 2010; Döring et al., 2021). The diverse

landscape of the Wadden Sea includes - amongst other - salt marshes,

dune systems, marshlands and intertidal areas stretching across the

Netherlands, Germany and Denmark (Reise et al., 2010). Spiekeroog

is a dune island protecting the mainland against tides and waves

(Wehrmann et al., 2014). Besides sociocultural, ecological and

economical challenges, climate change is considered the fastest

growing global threat to world heritage (CPSL, 2010; Wadden Sea

Board - Task Group Climate, 2017; Heron et al., 2020; Bungenstock

et al., 2021). With the Climate Vulnerability Index defining storm

surges and flooding as climate stressors in the coastal areas (Day et al.,

2020), salt marshes in the Wadden Sea are of crucial importance. On

Spiekeroog, salt marshes are found on the back barrier tidal flat of the

island, sheltered from seaward wind and wave attack. Consequently,

vegetation traits are expected to differ from mainland investigations.

Published data sets (Pieck et al., 2022, 2021) can be used to analyze the

wave height and period in the back tidal area in front of the

investigated salt marsh. Looking at a full year, November 2020 to

October 2021, a mean significant wave height of 0.08m and a mean

significant wave period of 1.95s were measured at the wave gauge (53°

45’29.4”N and 7°43’14.4”E, see Figure 1B).

The geometrical and biomechanical properties of salt marsh

vegetation in a senescent state as well as during growth period were

investigated monthly from December 2021 to July 2022, with winter

months being the key season for strong impact events (Reuter et al.,

2009). The study site is located in the German Bight (see Figure 1A).

The focus region is located on the back barrier side of the island of

Spiekeroog in the North Sea (see Figure 1B). Detailed locations of the

samples can be found in Figure 1C: vegetation samples taken in the

survey area (on average 1.54m above sea level), soil samples taken in

March and June 2022, positioning of the Mini Buoy (after Balke et al.

(2021), 1.60m above sea level), and mapping squares. Water levels for

the island were measured at the tide gauge shown in Figure 1B by

Wasserstraßen- und Schifffahrtsverwaltung des Bundes (2022). Mean

high tide is 1.4m above sea level and mean low tide is 1.3m below sea

level. Therefore, the mean tidal range is 2.7m. The highest tidal water

since 2010 was measured in 2013 at 4.12m above sea level. These
T
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water levels are included in the elevation measurements of a transect

in December 2021 and shown in Figure 1D. For this, a DGPS (Leica

Differential GPS - type SR530, accuracy 2cm in each axis) was used,

taking standard zero height as reference. The elevation is shown in

meter above sea level (mSAL). The distance between the

measurements of the transect was approximately 4m.

Typical salt marshes in the North Sea are divided into lower and

upper salt marsh, which are characterized by a specific vegetation

composition (Pott, 1995; Leuschner and Ellenberg, 2017; Redelstein

et al., 2018). For example, the lower marsh is populated by Salicornia

sp., Spartina anglica, Atriplex portulacoides, Limonium vulgare and

more, while the upper marsh has a higher ratio of herbs, for example

Elymus sp. and Festuca rubra. The distribution of species reflects

underlying environmental gradients, such as inundation frequency or

soil salinity, and is not the result of succession (Bakker, 2014). The

lower salt marsh on Spiekeroog follows this classification, but can also
Frontiers in Marine Science 06
be divided into a zone dominated by Limonium vulgare and a zone

dominated by Atriplex portulacoides due to the different vegetation

bands. However, these salt marsh zones cannot always be strictly

divided from each other, and therefore transition zones occur. For the

present study, the different salt marsh zones and the transitional

zones were mapped, dividing the marsh into an upper and lower

marsh, a mid-marsh and two transition zones between the

aforementioned areas. Following von Drachenfels (2021), the best

time to observe the plant characteristics in salt marshes is between

June and September. However, this study hypothesized that the

vegetation composition as well as the plants’ geometrical and

biomechanical properties in the autumn and winter months differs

from that in summer; to that end, the fieldwork was carried out in

November and December 2021. For this study, 4 times 1m2 of

homogeneous plots were surveyed in each of the five identified

zones. Each plot was divided into 16 fields with a size of 25cm by
FIGURE 1

Study site on Spiekeroog in Germany with digital aerial photos by LGLN (2022). (A) Overview of German Bight with elevation by Sievers et al. (2020). (B) Overview
of Spiekeroog, including tide gauge by Wasserstraßen- und Schifffahrtsverwaltung des Bundes (2022), anemometer by Deutscher Wetterdienst (2022) and wave
gauge by Pieck et al. (2021). (C) Overview of the study site on the south side of Spiekeroog including sample area locations. (D) Transect along the investigated
salt marsh measured with a DGPS in December 2021 including sample area and gauge results.
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25cm. The dominant species was identified manually in each field.

320 fields were investigated in total, of which five showed no clear

dominance of one species. In addition to the identified species, the

terrain height in the center of each field was measured with the DGPS.

This procedure makes it possible to identify the dominant species of

different salt marsh zones and provides at the same time their spatial

distribution. The species named in Figure 2 were found and showed

that the most common species in the upper salt marsh on Spiekeroog

was Elymus sp. and in the lower salt marsh S. anglica.

In this study, samples of S. anglica (see Figure 3 for visual

difference in summer and winter) were collected and their

geometrical and biomechanical properties were determined. This

species was chosen because it is prevalent year around in the low

marsh (see Figure 2, Nehring and Hesse (2008); Petersen et al. (2014);

Redelstein et al. (2018)). Furthermore, it has scientifically proven

relevance for coastal protection due to its wave attenuation capacity

and sediment trapping characteristics (Knutson et al., 1982; van

Hulzen et al., 2007; Ysebaert et al., 2011; Garzon et al., 2019;

Granse et al., 2021). It has to be noted, that S. anglica is an invasive

species in the European Wadden Sea (see for example Nehring and

Hesse, 2008). Looking at the geographic distribution of Spartina

cytotypes in the European Wadden Sea, the study by Granse et al.

(2022) showed, that along the western parts of the Wadden Sea,

mainly the dodecaploid cytotype was present.

Previous investigations on geometrical and biomechanical

properties of S. anglica showed mean shoot heights between 0.15m

and 0.97m. An overview of values from previous field research on

biomechanical properties of Spartina sp. has been compiled (see

Table 1). Biomechanical investigations of plants grown in

greenhouses (Bouma et al., 2013; Lara et al., 2016, 2005) as well as

studies focused on single shoot properties, e.g. (Leonard and Croft,

2006; van Hulzen et al., 2007; Widdows et al., 2008; Paul and Kerpen,

2021) were excluded for a more consistent comparison.

The cause of change in vegetation cannot only be tied to location and

time of sampling, but also to environmental conditions. It is, for example,

relevant to understand and map the content of soil moisture, the soil’s

grain size distribution as well as information as to how often the sample

sites are wetted by tides or surges. Hence, a set of abiotic conditions was

measured to put the mechanical properties of S. anglica into perspective

and to enable comparisons with results of similar studies. Themethods as
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well as the results for the environmental conditions can be found in the

Supplementary Material.
2.2 Vegetation properties

Vegetation properties were sampled monthly from December

2021 to July 2022. Laboratory and field analyses were carried out

on the main culm and leaf sheaths, but omitted leaf blades. Therefore,

the investigated shoot segment was not equivalent to the culm. The

investigated shoots consist of either just leaf sheaths wrapped around

each other or include the culm up until the apical meristem (see

Figures 4, 5). It has to be noted, that from eyesight it was not possible

to determine the position of the apical meristem and whether the

investigated specimen include a culm. Visually, this can only be

determined, when a shoot includes an inflorescence. Looking at the

mechanical behavior of vegetation during the succession of growth

states, the unknown variance in morphology has to be considered

during analysis. Therefore, this study investigated samples that can

contain culm portions or merely leaf sheaths; more broadly, this study

addresses the samples as shoots without leaf blades. The shoot height

without leaf blades was determined with a folding ruler (accuracy

1mm). Equivalently, the tiller height was measured up to the highest

point of the shoot, which most often was the flag leaf for flowering

shoots (González Trilla et al., 2013). For broken shoots, this included

snapped shoot parts still attached to the base in some cases (see

Figure 5). For folded shoots, the term “length” instead of “height”

might be used in the future, since the biomass is no longer vertically

distributed since the term “height” usually indicates a vertical distance

measurement. The measurement of the outer diameter included leaf

sheaths as well. It was determined using a caliper with an accuracy of

0.05mm. It has to be noted, that the determination of the outer

diameter fails to supply information about the morphology of

the sample.

For broken shoots of S. anglica the residual height was recorded as

shoot height. Vegetation density in the field, defined as the number of

shoots per unit area, was counted manually over an area of 0.2m by

0.2m (0.04m2) with the help of a steel frame keeping surrounding

specimen away for accurate counts. Count values were extrapolated,

yielding a horizontal density per square meter. The counts were
FIGURE 2

Results from mapping the salt marsh site on Spiekeroog in a senescent state in November and December in 2021 with every dot for a 25cm by 25cm
plot the species was dominant in.
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conducted by inter-changing researchers regularly to even out any

individual influence during sampling with the manual method.

Locations were chosen randomly.

Three-point bending tests were executed to evaluate

biomechanical properties, which help to understand and eventually

target the experimental and numerical simulation of wave-current-

vegetation interaction more accurately. Samples were taken from the

top, middle and bottom of each specimen in December 2021 and

January 2022 to include the biomechanical property changes in a

shoot along their vertical axis; these were then analyzed separately

following the procedures outlined in Rupprecht et al. (2015); Liu et al.

(2021). In preparation of the bending tests, all individual specimens

were cut into thirds. These samples were cut to a length of 80mm (Liu

et al., 2021) (accuracy ± 1mm), with the lower 80mm for the bottom

third, the center 80 mm for the middle third and the lower 80mm for

the top third. For a visual of the chosen sampling and testing

procedure, the reader may also refer to Figure 6. Field site

experience in February 2022 lead to a modification of that method

however, since storm surges prior to the indicated point in season

resulted in folded and broken shoots of S. anglica (see Figure 3B),

rendering the identification of the upper parts of the originally

upright shoot portions impossible. Therefore, only the remaining

upright standing biomass (bottom) was investigated from February to
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June 2022, neglecting the part that was bent over or broken off for this

study. Because of this, results are only shown for broken shoots, which

includes folded shoot samples. If the shoot height was smaller than 80

mm length, shoots were only measured in height and diameter

without conducting bending tests. Generally, re-sampling and

measuring geometrical and mechanical properties of individual

specimen was prevented by taking the samples to the laboratory.

The bending tests were conducted following ISO 178 (2019) on

the day of extracting the vegetation samples from the field to reduce

the effect of evaporation and in turn impacting the laboratory analysis

through extended sample storage times. The universal testing

machine “500N zwicki” by ZwickRoell GmbH & Co KG was used

with a load cell, calibrated following DIN EN ISO 7500-1 (2018) from

0.2N to 50N. The uncertainty of the displacement is 0.0830mm. The

radii of loading edge as well as supports are 5mm. The span between

the two supports is 40mm see Figure 7, Vuik et al. (2017); Liu et al.

(2021). The displacement rate was set to 0.05mm/s as quasi-static

deformation, as seen in Liu et al. (2021). The preload was set to 0.1N,

which needs to be attained by the load cell before a measurement

starts. The setup of the bending tests is illustrated in Figure 7. The

bending tests resulted in force-deflection relations, which are the basis

for further analysis of a sample’s mechanical properties. The force F

and the deflection D were then used to determine the stiffness S = F/D
FIGURE 3

S. anglica on Spiekeroog. (A) Flowering shoots in August 2022. (B) Folded and broken shoots due to storm surge impact in a senescent state (April 2022).
FIGURE 4

Cross-sections of S. anglica on Spiekeroog exposed to UV light (black scale bar in C applies to all subfigures and equals 500µm). (A) Sprouting shoot
with new leaf sheaths growing (May 2022); cross-section above apical meristem. (B) Culm of a sprouting shoot, excluding leave sheaths (May 2022);
cross-section below apical meristem. (C) Cross-section of a sprouting shoot with the culm in the center and leave sheaths around it in June 2022.
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for each sample, using the initial slope of the force-deflection curve. In

this study, the slope bound by the deflection range from 0.2mm to

1mm was chosen. This section was selected based on the range of the

initial linear slope in force-deflection relation for all samples. The

failure can be evaluated using the maximum force Fmax (also called

breaking force), which is defined as the maximum value from the

force-deflection curves (Zhu et al., 2020; Liu et al., 2021). For bending

experiments with salt marsh species, the maximum force measured

defines a folding rather than a breaking of the samples see Figure 7B,

Vuik et al. (2017).

Additionally, bending tests were conducted with the force applied

from various cardinal directions, which will be referred to as “bending

force direction”. In this study, the loading edge was applied on north,
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west and south facing sides of different samples. This was done in

order to identify possible environmental influences such as prevalent

wind conditions or wave attack angles onto S. anglica sample stiffness.
2.3 Phenological classification

Throughout the field campaigns, S. anglica changed in terms of

standing biomass. Five states characterized by their respective

phenological differences were observed, which are illustrated in

Figure 5A. The geometrical and biomechanical data collected

during the field campaigns were correlated to these states

(see Figure 5).
A

B

FIGURE 5

Observed states of S. anglica from December to July. (A) Phenological states with the tiller height and investigated shoot height without leaf blades
labeled (not to scale). The tiller height of folded shoots can also be identified as a length. (B) Time frames for the different states observed on Spiekeroog.
FIGURE 6

Preparing S. anglica for bending experiments, defining shoot thirds and measuring position for outer diameters.
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The months of December and January were dominated by

“flowering shoots” from the previous growth period. After storm

surges that followed these months, many flowering shoots were

broken (see Figure 3). Some specimen had broken parts still

connected to the rooted part (“folded shoots”). For the majority of

shoots, however, only the rooted part remained (“broken shoots”, see

Figure 5A). These shoots in a senescent state were sampled up until

June. From May on, “sheathed sprouting shoots”, which are

surrounded by biomass of the last growth period, started to appear

accompanied by “sprouting shoots” without remanent biomass. The

sprouting shoots were investigated with the bending tests in June and

July, since growth height was still insufficient in May to follow the

above outlined sampling procedure. It is noted, that the residual

biomass around the sheathed sprouting shoots decomposes over time,

which leads to a shoot similar to a sprouting shoot. Therefore, only

properties of sprouting shoots were recorded in July, which were

possibly sheathed sprouting shoots before.

Since leaf blades were mostly missing for flowering and broken as

well as folded shoots, leaf countings were only conducted for sheathed

and sprouting shoots. To determine the height of the shoots of S.

anglica in the field after storm surge season, only the upright standing

biomass was evaluated for folded shoots.

Thus, measured values for outer diameter, stiffness and maximum

forces obtained from folded and broken shoots were collected in the

same data set (see Table 2).
2.4 Statistical analysis

Natural variations of S. anglica shoot specimen are self-evident,

and thus, the acquired field data entail a site-specific variance, subject

to the plant material, environmental conditions and other factors. To

investigate seasonal differences, which are a prime interest in this

work, a statistical analysis is conducted. The statistical analysis was

performed with R 4.2.2 (R Core Team, 2022) and was based on Logan

(2010). First, the data were tested for normal distribution using qq-

plots and the Shapiro-Wilk test. The homogeneity of the variance was

tested using Bartlett’s test. If both assumptions were met, an ANOVA
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was performed and if necessary, a Tukey-Test was used for post-hoc

testing after the ANOVA. If one or both assumptions were not met, a

Wilcox test (for two groups) or a Kruskall-Wallis test (for more than

two groups) followed by Dunn’s test were used to determine

significant differences between the investigated groups. A

significance level of p < 0.05 was used in this study. Significant

differences between groups are marked by varying letters next to error

bars in the figures.
3 Results

3.1 Shoot height

For the shoot heights, flowering shoots, broken shoots, sheathed

sprouting shoots and sprouting shoots were distinguished. Shoot

height was measured from ground level to the top, excluding leaf

blades or folded parts, which are treated like broken shoots. The tiller

height as shoot height including leaves and folded over parts can be

found in Table 2.

Considering the development of the shoots through August to

December, sprouting shoots are expected to grow into flowering

shoots to complete the plants’ life cycle. Flowering shoots in

December and January measured 29.6cm on average, while broken

shoots were smaller, averaging 22.6cm (see Figure 8A). The mean

shoot height for sheathed sprouting shoots measured 12.4cm.

Sprouting shoots show the smallest height, with an average of

7.3cm. Significant differences for the phenological states of the

specimen can be seen for each state (see Figure 8).
3.2 Horizontal density

The density measurements before the storm surge season (December

and January) resulted in 1933 ± 592 shoots per square meter (n = 12).

With broken shoots indicating a large storm, densities showed afterwards

(February, March and April) a mean value of (1265 ± 448) m-2 (n = 36).

Summer counts (May, June and July) resulted in (1239 ± 650) m-2 (n =
FIGURE 7

Setup of the bending machine after ISO 178 (2019) in March 2022 with a broken shoot of S. anglica. (A) Setting the bending test up. (B) Folding of the
test specimen after bending test.
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97). A clear change over time cannot be seen, but a lower shoot density in

May (n = 40), with (1077 ± 214) m-2, compared to the winter months

indicates a density reduction over the winter due to broken shoots

degrading. For 23 counts in June, the varying states of S. anglica were

counted separately. The ratios resulted in 40% dried and broken shoots

from the previous season and 60% sheathed or non-sheathed sprouting

shoots. Since the died off biomass around sheathed sprouting shoots were

rotting away, it was difficult to differentiate the two states in the field

reliably at this time.

Since leaves need to be considered in addition to the horizontal

vegetation density for vegetation-flow interaction, in May, June and

July, the number of leaves per specimen were additionally counted.

For the sheathed sprouting specimen, between 1 and 8 leaves were

counted with a mean value of 3.4 ± 0.9 (n = 108). The sprouting

shoots presented between 2 and 8 leaves for each shoot with a mean

value of 4.3 ± 0.9 (n = 366). A correlation between number of leaves

and shoot height was not evident.
3.3 Outer diameter

Monthly measurements of the outer diameter are presented next.

Since individual shoots were divided in parts of 80mm each and the

diameter was measured in the center of each part’s length, the outer

diameter of the bottom third was measured 40mm above the ground.

Results indicate fairly similar diameters for every month and for the

different growth stages. This work found a mean bottom shoot

diameter db of (4.1 ± 1.0) mm (n = 1150) by averaging over all
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states and all sampling campaigns between December and July. To

separate the states and show intervals for the mechanical properties,

Figure 8B shows the outer diameter for the varying states measured

between December and July (see Figure 5). While the bottom outer

diameter of broken shoots differs significantly to the bottom outer

diameter of sprouting shoots, the diameters of the other states are not

showing significant differences (see Figure 8B). Overall, the mean

outer diameters for the varying states lie between 4.0 and 4.2mm

(see Table 2).

For the flowering shoots with larger heights, the diameter

decreased with the vertical position of the sample (see Figure 8B).

Summarizing the data sets from December 2021 and January 2022

with n = 61 reveals significant vertical differences for the outer

diameter (see also Table 2). With the mean outer diameter of the

top third dt at (1.94 ± 0.75) mm and the mean outer diameter of the

middle third dm at (3.22 ± 0.80) mm, the diameter reduced to the top

of the shoot.
3.4 Mechanical behavior

To analyze the mechanical behavior of the plant material, the

stiffness S and the maximum force Fmax were calculated for the states

(see Figures 8C, D as well as Table 2). Looking at the bottom part of

the investigated states of S. anglica, the mean stiffness S is 2.98N/mm

for flowering shoots and 2.73N/mm for sprouting shoots, broken

shoots only withstood 1.92N/mm and sheathed sprouting shoots

1.09N/mm. Similarities were detected comparing the bottom
A B

DC

FIGURE 8

Results of monthly field investigations on S. anglica from December to July, showing mean values and standard deviation for each phenological state
defined in Figure 5 with the flowering shoots separated into top (▲) middle (●) and bottom (▼) third, with small letters indicating significant differences.
(A) Shoot height without leave blades hv. (B) Outer diameter do. (C) Stiffness S. (D) Maximum force Fmax.
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stiffness of flowering shoots and sprouting shoots, whereas the other

states show significant differences (see Figure 8C).

The results for the maximum force Fmax show significant

differences for each phenological state comparing the results for the
Frontiers in Marine Science frontiersin.org12
bottom part (see Figure 8D and Table 3). The bottom third of

flowering shoots showed on average a maximum force of 6.92N,

broken shoots 5.11N, sheathed sprouting shoots 3.60N and sprouting

shoots 8.67N.
TABLE 2 Summarizing field measurement results for the states of S. anglica (December 2021 to July 2022) as seen in Figure 5 with mean values ±
standard deviation and sample size (n) as well as a division in top –t, middle –m and bottom –b thirds.

Plant trait Flowering shoots Broken shoots Sheathed sprouting shoots Sprouting shoots

Months (-) Dec./Jan. Feb./Mar./Apr./May/June May/June May/June/July

Height (cm) hv 29.56 ± 12.89 (117) 22.46 ± 6.70 (674) 12.39 ± 3.94 (108) 7.35 ± 4.05 (366)

Tiller height (cm) hti 44.78 ± 12.36 (117) 38.64 ± 12.47 (674) 29.03 ± 6.12 (108) 22.60 ± 5.78 (366)

Horizontal
density (m−2)

nv 1933 ± 592 (12)
1246 ± 602 (133)

Number of Leaves
(-)

– – 3.4 ± 0.9 (108) 4.3 ± 0.9 (366)

Outer diameter
(mm)

dt 1.94 ± 0.75 (61) – – 4.14 ± 0.71 (9)

dm 3.22 ± 0.80 (61) – –

db 4.11 ± 0.81 (61) 3.97 ± 0.90 (620) 4.01 ± 0.81 (104) 4.21 ± 1.11 (362)

Stiffness (N/mm) St 0.59 ± 0.64 (61 – – 2.55 ± 1.14 (9)

Sm 1.23 ± 0.97 (61) – – –

Sb 2.98 ± 1.37 (61) 1.92 ± 1.04 (304) 1.09 ± 0.69 (60) 2.73 ± 1.35 (126)

Maximum forces
(N)

Fmax,t 0.47 ± 0.51 (61) – – 5.73 ± 2.65 (9)

Fmax,m 2.61 ± 2.45 (61) – – –

Fmax,b 6.92 ± 3.18 (61) 5.11 ± 3.32 (304) 3.60 ± 2.01 (60) 8.67 ± 4.97 (126)

Young’s modulus
(MPa)

Et 799.09 ± 649.73 (61) – – 246.65 ± 100.18 (9)

Em 335.93 ± 436.52 (61) – – –

Eb 323.46 ± 197.22 (61) 225.27 ± 136.81 (304) 132.65 ± 93.90 (60) 133.78 ± 80.68 (126)

Flexural strength
(MPa)

smax,t 10.79 ± 6.56 (61) – – 7.93 ± 1.81 (9)

smax,m 6.82 ± 4.95 (61) – – –

smax,b 10.27 ± 4.13 (61) 7.74 ± 3.73 (304) 5.72 ± 2.49 (60) 6.92 ± 2.04 (126)

Flexural stiffness
(Nmm2)

EIt 784.88 ± 858.03 (61) – – 3399.60 ± 1522.91 (9)

EIm 1642.45 ± 1297.54 (61) – – –

EIb 3978.67 ± 1832.82 (61) 2556.37 ± 1392.63 (304) 1454.55 ± 919.58 (60) 3635.19 ± 1800.04 (126)
TABLE 3 P-values resulting from the statistical analysis.

Height
(cm)

Outer diameter
(mm)

Stiffness (N/
mm)

Maximum forces
(N)

Young’s modulus
(MPa)

Phenological states <0.001 0.10 <0.001 <0.001 <0.001

Vertical differences
for
flowering shoots

– <0.001 <0.001 <0.001 <0.001

Bending direction of
bottom shoot part

Flowering shoot – – 0.449 0.136 0.355

Broken shoots – – 0.001 0.003 0.137

Sheathed
sprouting
shoots

– – 0.422 0.172 0.005

Sprouting shoots – – 0.344 0.182 0.261
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Looking at broken shoots each month from February to June, a

decrease in stiffness S of around 50% and maximum force Fmax of

around 60% was seen. The stiffness S of the sprouting shoots

increased by 48% between June and July, while the maximum

forces Fmax increased by 71%, which shows a significant difference

between these two months.

For the vertical difference of the mechanical behavior of flowering

shoots (see Figures 6, 8), a decrease of stiffness and maximum force

correlating with a higher vertical position on the specimen was expected

since the outer shoot diameter decreased. The stiffness S for flowering

shoots reduced with height from 2.98N/mm with a mean outer diameter

of 4.11mm at the bottom part over 1.23N/mm with a mean outer

diameter of 3.22mm for the middle part to 0.59N/mmwith a mean outer

diameter of 1.94mm. The maximum force developed equivalently (see

Figure 8, summary in Table 2). This shows significant differences for

stiffness S and maximum forces Fmax for the vertical position of the

plant material.

For flowering shoots, the force direction plays no significant role,

since the stiffness S for each part resulting from force from the west

facing side of the shoot correlates to the stiffness S of the south facing

part of the shoot (see Figure 9A). For sheathed sprouting shoots

(Figure 9C) and sprouting shoots (Figure 9D), the difference of the

stiffness S for varying bending force direction is not significant (see

Table 3). For broken shoots, a significant difference can be identified

(Figure 9B) in the force applied on the west side of the shoot with

1.5N/mm compared to 2.1N/mm of force applied to the north. The

mean stiffness resulting from forces applied to the south side of the
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shoot (1.9N/mm) shows no significant differences with the results

from applying force on the north as well as the west side.

Directionality of maximum forces Fmax is similar to stiffness S. For

sheathed sprouting shoots (Figure 9G) and sprouting shoots

(Figure 9H), the directionality is not significant (see Table 3).

Looking at the bottom parts of the flowering shoots, differences are

not significant as well (see Table 3), but comparing directions as well

as vertical differences (see Figure 9E) shows significant differences

only for the top part. Broken shoots show a significant difference

comparing the maximum forces of North as well as South to theWest.

In addition to stiffness S and maximum forces Fmax, Table 2

includes the Young’s modulus E, the flexural strength smax and the

flexural stiffness EI. Note, that the flexural stiffness EI is proportional

to the stiffness S, while only depending on the distance of the supports

for three-point bending tests (see Rupprecht et al., 2015, for equations

to calculate EI). These values can be used for comparing the different

studies in the future, considering varying settings for three-point

bending tests (see Supplementary Material), sample time, location

and environmental conditions.
4 Discussion

This study investigated the biomechanical properties of S. anglica

on the barrier island Spiekeroog in the Wadden Sea monthly,

proposing a novel classification of phenological states. In this

section, difficulties occurring during the field investigation as well
A B D

E F G H

C

FIGURE 9

Results of monthly field investigations on S. anglica from December to July, showing mean values and standard deviation divided for each phenological
state showing the stiffness S and maximum force Fmax divided for the shoot direction pointing towards the load edge during three-point bending tests
(N, North; W, West; S, South) with the flowering shoots separated into top (▲), middle (●) and bottom (▼) third, with small letters indicating significant
differences. (A) Directionality of stiffness S for flowering shoots. (B) Directionality of stiffness S for broken shoots. (C) Directionality of stiffness S for
sheathed sprouting shoots. (D) Directionality of stiffness S for sprouting shoots. (E) Directionality of maximum forces Fmax for flowering shoots. (F)
Directionality of maximum forces Fmax for broken shoots. (G) Directionality of maximum forces Fmax for sheathed sprouting shoots. (H) Directionality of
maximum forces Fmax for sprouting shoots.
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as the laboratory testing are reviewed. Furthermore, open research

questions and answers provided by this study are discussed to be later

summarized to draw conclusions.

In the literature pertaining to biomechanical properties of salt

marsh vegetation, it is common practice to rely on Young’s modulus E

to investigate and describe bending behavior. Equations to estimate E

were proposed by Coops and van der Velde (1996); Usherwood et al.

(1997); Rupprecht et al. (2015) which depend on the measured outer

diameter, based on assuming a solid circle structure as morphological

geometry (Feagin et al., 2011; Chatagnier, 2012; Jadhav et al., 2013;

Rupprecht et al., 2015; Schulze et al., 2019; van Veelen et al., 2020). In

some other cases, formulations that make use of the outer and inner

diameter assuming a ring structure are applied (Vuik et al., 2017; Zhu

et al., 2020; Paul et al., 2022). Originally, Young’s modulus has been

seen as a parameter, that is typically tabulated and associated with

materials. It has been acknowledged that anisotropic materials have

values of E that are dependent on the bending force direction. Even

though the Young’s modulus, obtained from the initial slope of force-

deflection curves, is used as a parameter describing the flexibility of

the material without considering morphology (e.g. Schulze et al.,

2019), it is a parameter calculated with the outer (and sometimes

inner) diameter of the plant (Rupprecht et al., 2015) and therefore it

inherently depends on the assumption made for morphology (in case

of S. anglica). Only recently, Liu et al. (2021) presented a novel

approach to determine material properties along with the individual

structure of a plant specimen using microscopy images, digital image

analysis and numerical modeling to exactly determine Young’s

modulus as a material property alone. This work also implies that

there is potential future work to improve the understanding of how

stiff, flexible or elastic a plant is, when focusing further onto cell

tissues and its inherent typological composition along a culm (Niklas

and Spatz, 2012).

While previous studies have focused on Young’s modulus E as a

global stiffness parameter, second moment of area I and its product,

the flexural stiffness EI, this study uses the stiffness S and the

maximum force Fmax to analyze the mechanical behavior of the

natural plant material, including culms and leaf sheaths. By using

the stiffness S and the maximum force Fmax, the effect of the

morphology is not included in the equations. Niklas and Spatz

(2012) outline the high variance of biological cross-sections and

difficulties to quantify the mechanical behavior of the sample. An

example was evaluated by simplifying the cross-sectional area to

calculate flexural stiffness EI, second moment of area I and Young’s

modulus E (see Figure 10). This example is used to compare the
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method presented by Liu et al. (2021) as seen in Figure 10B to the

measuring of the outer and inner diameter assuming a ring structure

(Figure 10C) and the measuring of the outer diameter assuming a

solid circle structure (Figure 10D).

The area detected in the binary image resulting from the original

image (Figure 10B) is about 6% smaller for the ring structure

(Figure 10C) and 13% smaller compared to the circle structure

(Figure 10D and Table 4). The second moment of area I shows 5%

difference for the ring structure (Figure 10C) and 6% difference for the

circle structure (Figure 10D) compared to the cross-section

considering mesoscopic morphology (Figure 10B and Table 4). The

highest differences for the calculated area can be associated with the

outer diameter of a specimen, whose accurate determination in the

field is often non-trivial. On one hand, measuring the outer diameter

of the example (see Figure 10) with a caliper results in 3.25mm. On

the other hand, the analysis after Liu et al. (2021) calculates the outer

diameter from the cross-sectional area. In this example, the image

analysis results in an outer diameter of 3.69mm and an inner diameter

of 1.00mm. These values are taken for the idealized ring in Figure 10C

and circle in Figure 10D. Note, that measurements by caliper include

the risk of compressing the plant material slightly by trying to obtain

an accurate measurement. Calculating Young’s modulus E following

Usherwood et al. (1997), results in 556.29N/mm2 for 3.25mm and

334.75N/mm2 for 3.69mm. Therefore, Young’s modulus is 66%

higher due to a 0.44mm difference in the outer diameter. However,

during the field campaigns of this study, it was found that conducting

thin-layer microscopy on, e.g., shoots in a senescent state during

winter has proven very difficult due to the decaying biomass. The

dead cell material is not shape-retentive, resulting in tearing of thin-

layer samples, often impeding further microscopic analysis. In that

regard, further research will have to find correlations between easily

obtainable parameters, like the outer diameter, and the morphology.

A larger data set along with data science methods can potentially help

to provide means to estimate correct morphological properties for the

determination of the Young’s modulus. It has to be noted, that this

example is not looking at the mechanical behavior of the different

materials within the cross-section (Niklas and Spatz, 2012).

Due to the difficulties and inaccuracies in obtaining the morphology

as mentioned above, this study relies on the stiffness S and the maximum

force Fmax. Both parameters can be determined directly from the force-

deflection curve obtained by the three-point bending tests. Applying a

straight forward approach to determine mechanical parameters,

flowering shoot samples exhibit large variability (see Figures 8C, D).

This is traced back to the highly diverse material after months of growth
FIGURE 10

Cross-section of a middle third of S. anglica on Spiekeroog in August 2022 exposed to UV light (black scale bar equals 500µm, North side facing up). (A) Original
image. (B) Binary image of morphology. (C) Idealized morphology for assuming a ring structure, measuring the outer and inner diameter. (D) Idealized
morphology for assuming a circle structure measuring the outer diameter.
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and exposure to environmental conditions. Equivalently, the diversity of

the results for sprouting shoots was relatively high due to the unknown

location of the apical meristem (Figure 4) and therefore a high variance in

morphology. Overall, stiffness S showed a decrease during storm surge

season due to the senescent state and decay of biomass, while sprouting

shoots present a higher stiffness with freshly grown biomass.

The morphology and its accuracy need to be considered, looking at

Young’s modulus E, flexural strength smax and flexural stiffness EI

published in previous studies (see Table 1). In addition, varying

bending test settings (see Supplementary Materials) should be

considered when summarizing biomechanical properties by previously

published studies for modeling purposes. Looking at mean values and

standard deviations for Young’s modulus E exemplarily, the greatest

difference is identified in Feagin et al. (2011). This is probably due to the

manual bending method (see Supplementary Materials), which is less

reproducible and controlled compared to digitized methods.

Furthermore, biomechanical properties could be investigated at specific

heights and distances, as seen in Feagin et al. (2011); Paul et al. (2022)

instead of separating specimen into thirds. This conclusion can be drawn

from a similar height for broken shoots during storm season. In addition,

the effect of a folded shoot with a flexible tip versus a broken shoot should

be quantified. Approaches similar to Losada et al. (2016); Paul et al.

(2012) can be considered to improve understanding natural hydraulics.

Comparing Fmax determined in this study to the results by Zhu

et al. (2020), S. anglica at the Hellegat Polder, Netherlands, withstood

more than three times the force than specimens sampled on the back

tidal flat of Spiekeroog, Germany. Spartina shoots were investigated

in December, April, July and September and results show a higher

maximum force for later seasons (see Table 1, Zhu et al., 2020). This

relation can also be seen comparing winter state shoots (broken

shoots and sheathed sprouting shoots) to sprouting shoots for the

data set of this study (see Figure 8D). Looking at bending tests by

Vuik et al. (2017), new shoots were investigated in April (Hellegat

Polder, Netherlands), while in this study new shoots were observed in

May and heights were not sufficient for bending tests until June,

which indicates varying growth states for different location and time.

Local differences, environmental conditions and influences of species

composition can be explanations for observed differences. Looking at

results by Zhu et al. (2020) and Vuik et al. (2017) with equal location

and overlapping months of investigations, a difference for the mean

values of outer diameter, Young’s modulus and flexural stiffness are

still present, especially the flexural stiffness is twice as large found by

Vuik et al. (2017).

Looking at the directional differences of stiffness, a significant

difference was only identified for broken shoots (see Figure 9). Wind,

waves and currents occurring under stormy weather conditions are

stronger during winter, which is the season broken shoots were

present. Main wind direction in this region is North-West after

Reuter et al. (2009). Zielinski et al. (2018) (see Figure 1) have also
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looked at storm seasons in 2014 and 2015 separately, which resulted

in a main wind direction of South-West. Looking at 2022 data from

Deutscher Wetterdienst (2022) (see Figure 1B), mean wind direction

in January and February was South-West, changing to South-East in

March. Tidal current conditions equivalently showed a main

direction from South-West or rather North-East (Zielinski et al.,

2018) considering tidal dynamics in the German Bight. Taking wind

and waves as forces on S. anglica in the lower marsh, forces coming

from the west-facing shoot side can weaken the biomass in a

senescent state, which results in lower stiffness and decreased

maximum forces measured during this study. Considering the large

variance in the raw data points as well as the highly diverse plant

material and the different sample sizes, the results of this study suggest

further research on this question, including comprehensive

investigations on histology and cell structure conditions of plants in

a senescent state. Equivalently, these investigations are suggested for

flowering shoots, since a difference cannot clearly be defined due to

small sample sizes.

Correlations in plant growth, biomechanical properties and

directionality might vary with temporal and spatial differences. For

now, this study only investigated S. anglica growing in a meadow on

the back tidal flat of Spiekeroog. Future investigations should

compare locations with different boundary conditions and growth

patterns to determine influencing factors in all categories. This study

helps to fill the seasonal gaps by conducting monthly investigations

compared to quarterly investigations as seen by Vuik et al. (2017);

Zhu et al. (2020). The proposed classification using phenological and

biomechanical differences helps to specify seasonality of Spartina sp.

in future studies. Furthermore, the results can be implemented into

modeling approaches, including the coastal protection potential of

above-ground biomass of salt marsh vegetation. Physical surrogates

(see, for example, Augustin et al., 2009; van Veelen et al., 2020;

Keimer et al., 2021; Keimer et al., 2022) can be adjusted to incorporate

the aspect of seasonality for different storm scenarios. Furthermore,

numerical simulations can be extended to include the variance in

vegetation properties (see, for example, van Loon-Steensma et al.,

2016). Extending the parameters with biomass, as seen by Maza et al.

(2022) extends the reach of the results further. The objective, to

quantify the highly diverse plant material as a coastal protection

measure, helps to extend the knowledge of ecosystem services. This

includes the variance in vegetation height, diameter and densities

during the course of the year, since these parameters influence the

wave energy reduction and the incoming wave heights at sea dikes

(Ashall et al., 2016; Vuik et al., 2016; Hadadpour et al., 2019; Keimer

et al., 2021). The results of this study help to supplement vegetation

states and their biomechanical properties during winter season, since

previous field investigations were mainly conducted during summer

and autumn months (Knutson et al., 1982; Feagin et al., 2011;

Ysebaert et al., 2011; Jadhav and Chen, 2013; Rupprecht et al.,
TABLE 4 Comparing the resulting area A and second moment of area I of the morphology derived from image analysis after Liu et al. (2021) to an
idealized ring structure as well as an idealized circle structure (seen in Figure 10).

Derived Morphology (Figure 10B) Idealized ring structure (Figure 10C) Idealized circle structure (Figure 10D)

A (mm2) 9.33 9.91 10.69

I (mm4) 8.61 9.05 9.10
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2015; Paquier et al., 2017; Garzon et al., 2019; Zhang et al., 2020; Baaij

et al., 2021).

Beyond the above-ground biomass investigated in this study, the

below-ground biomass might change according to the plant states

defined by above-ground biomass. It should be further investigated if

the different phenological states have an impact on biogeomorphology.

Previous studies have already shown that below-ground effects of root-

soil interaction are important for energy reduction due to shoaling and

erosion reduction (Alam et al., 2018; Redelstein et al., 2018; Kosmalla

et al., 2022; Schoutens et al., 2022). This study therefore proposes to

include above-ground plant state for future investigations on above as

well as below-ground biomass. This includes investigations on the change

of carbon fixation, considering ecosystem services provided by wetlands,

which offer advantages in counteracting the effects of climate change.
5 Conclusion

This study presents results of monthly investigations fromDecember

2021 to July 2022 on geometrical and biomechanical properties of S.

anglica, growing in the back tidal flat of the barrier island Spiekeroog,

Germany. During winter and spring, the condition of plant material

changed considerably. Therefore, five different states (Figure 5) were

defined and investigated separately. Aiming at a novel classification of the

state of above-ground biomass, phenological differences were considered,

looking at geometrical and biomechanical properties. Looking at the

states separately, significant differences can be identified for the shoot

height, stiffness and maximum forces. Shoot height was highest for the

most adult shoots, emphasizing the temporal importance. Stiffness and

maximum forces decreased accordingly during winter and significantly

increased for sprouting shoots. Shoot height, and stiffness are relevant

parameters when attributing the effects of the above-ground biomass on

coastal protection through tracing of wave energy from offshore to coastal

protection measures. Thus, seasonality and associated state classification

are an important aspect of future estimates of coastal protection traits of

salt marsh plants.

Reflecting on previous literature, investigating plants in winter and

spring, the definition of the states seen in Figure 5 can help to discuss the

results and reduce the variance of the data. In addition, assessing

mechanical and geometric vegetation properties and corresponding

ecosystem states could vastly improve the understanding, facilitate

modeling and prediction of ecosystem services of salt marshes. If plant

states, as defined within this study, are equivalently applicable for other

species or not, should be investigated separately.

The broken shoots were the prevalent state of the storm surge

season from February to April. They were characterized by the loss of

all leaf blades and a very similar height over the investigated area. No

relation between the height of the broken shoots and the tiller height

was identified by assessing folded shoots, indicating a dependence on

the surface area for wave attack. This indicates that environmental

conditions, like incoming wave properties, or biomechanical

properties changing over shoot height are influencing factors on the

height of the broken shoots. Future investigations should pursuit a

comprehensive data set for the environmental parameters influencing

the surrounding biogeomorphology and plant growth.

For modeling purposes and to assess ecosystem services by S.

anglica, worst case scenarios and properties at the lower end of the
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spectrum should be used to prevent overestimation of wave energy

dissipation. Looking at the data set presented in this study, field

investigations focusing on the winter state should be conducted in

March or April to consider the worst case from an engineering

perspective. Similarly, Chatagnier (2012) identified the growing

season for S. alterniflora starting in April. Boundary conditions, e.g.

breeding season of salt marsh fauna, should be included in the

decision for field campaigns. For investigations and research

questions regarding drag coefficients and flow resistance, leaf blades

can be neglected for winter state, since a senescent state and storm

surges result in folded and broken shoots without leaf blades. For

modeling purposes, it should be considered that using mean values

evaluated in the field can still result in an overestimation of drag up to

26% as shown previously by Marjoribanks and Paul (2021). In

addition, vegetation cover and tussock shapes should be considered

(e.g. Balke et al., 2012; Zhou et al., 2018). Also, composition of salt

marsh meadows with varying species compositions should be

investigated by future research. On Spiekeroog, for example,

Atriplex portulacoides is a prevalent species in the low marsh, which

is a small shrub. It might have a larger impact on wave attenuation

because of lignified areas.

Based on the work presented here, future studies may include

histological investigations of different plant states to systematically

map growth states and structural changes at a cellular level. This will

greatly enhance the current knowledge of biomechanical properties.

In addition, it could help to reliably identify sampling time windows

for critical plant properties relevant to include ecosystem based

solutions into coastal protection measures. This includes the

determination of cell wall and tissue properties, like stiffness,

changing due to physical stress (Niklas et al., 2006; Niklas and

Spatz, 2012). Investigating the morphology of plants in a senescent

state requires additional histological sample preparation. Otherwise,

the cell-structure is not form-retentive enough, for thin-layer

microscopy, due to high moisture and decay of biomass. In

addition, other salt marsh locations should be investigated for a

recurrence of the proposed states. If recurrences are observed, a

general definition of plant states in regard to coastal protection

capabilities could be developed.
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