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Abstract. This study investigates the biomechanical properties of marram grass (Calamagrostis arenaria, formerly Ammophila
arenaria) over a 12-month period on the island of Spiekeroog, Germany, to enhance the modeling of coastal dune dynamics.
The research reveals significant seasonal variations in the stiffness and Young’s modulus of the vegetation, with higher values
observed in winter, indicating increased mechanical resistance important for dune stability during storm events. In summer,
increased flexibility and density are prominent, enhancing dune accretion. To account for these dynamics, the study emphasizes
the importance of incorporating seasonally adjusted parameters into models, particularly accounting for the increased horizon-
tal density, the presence of flower stems in summer, and the longer leaf lengths in winter. The differentiation among plant parts
is highlighted, with flower stems providing the highest structural support due to their greater stiffness, while leaves contribute
more to flexibility and dynamic responses. Interestingly, the minimal differences between green and brown leaves suggest that
these can be treated similarly in modeling efforts, simplifying parameterization without compromising accuracy. Additionally,
the study found no consistent evidence that wind exposure significantly affects the biomechanical properties of marram grass,
suggesting that wind influence may not need to be factored into biomechanical models. The results also demonstrate that the
biomechanical properties of marram grass are broadly transferable between fixed and dynamic dune systems, supporting their
applicability across various coastal environments. The key outcome of this research is the detailed compilation of the biome-
chanical traits of marram grass’s aboveground vegetation, reflecting the seasonal dynamics found in dune processes, which

will serve as a valuable resource for future modeling efforts of dune vegetation and their surrogates.

1 Introduction

Coastal dunes are among the most dynamic ecosystems on Earth, characterized by various types of feedback between aeolian
transport, vegetation growth, and sediment dynamics (Hesp, 2002; Hacker et al., 2012; Zarnetske et al., 2015; Strypsteen et al.,
2019). They act as natural coastal barriers, mitigating storm impacts and protecting inland areas from flooding (Martinez and

Psuty, 2004; Feagin et al., 2015; Ruggiero et al., 2018). Besides their protective function, dunes support high ecological diver-
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sity and provide essential ecosystem services, including freshwater provision, carbon sequestration, and sediment stabilization
(Martinez and Psuty, 2004; Everard et al., 2010; Barbier et al., 2011; Roper et al., 2013; Ruggiero et al., 2018). The dynamic
interactions between physical and biological processes result in high spatio-temporal complexity within dune systems (de Vries
et al., 2012).

Understanding dune erosion and accretion is essential for defining their role in nature-based coastal defense strategies
(de Vries et al., 2012; Feagin et al., 2015; de Battisti, 2021; Gonzdlez-Villanueva et al., 2023). Both short-term changes in
dune morphology through individual storm events, such as erosion and deposition of sediment, and long-term trends influ-
enced by sea level rise, sediment supply, wind field, human activity, and the stabilizing effects of vegetation (Keijsers et al.,
2016; Gao et al., 2020; Hovenga et al., 2021; Gonzalez-Villanueva et al., 2023) are crucial for accurately assessing and man-
aging the protective functions of coastal dunes (Keijsers et al., 2016; Gao et al., 2020; Farrell et al., 2023; Husemann et al.,
2024).

Coastal dunes, unlike engineered structures, adapt dynamically through natural processes like sediment transport and vege-
tation growth, enabling post-storm recovery and offering a system-dependent resilience to sea-level rise (van Gent et al., 2008;
van IJzendoorn et al., 2021; Mehrtens et al., 2022, 2023). Dynamic dune management supports these processes while promot-
ing biodiversity and ecosystem services. Climate change may impact dune vegetation, altering species distribution and traits
(Carter, 1991; Duarte et al., 2013; Gao et al., 2020; de Battisti, 2021; Biel and Hacker, 2021). Carter (1991), for example,
stated that species tolerant to higher temperatures, drought, and sand burial may become more dominant in the future.

To simulate the interactions between vegetation, sand, wind, and water in dune environments, a range of numerical models,
such as DUBEVEG (Keijsers et al., 2016; Husemann et al., 2024), AeoLIS (van Westen et al., 2024), and XBeach imple-
mentations (Schweiger and Schuettrumpf, 2021), as well as physical models have been developed. However, the accuracy of
these models depends strongly on high-quality field data, which, to date, have not been systematically collected for the spe-
cific biomechanical properties of dune vegetation. In physical experiments, dune vegetation is commonly either omitted (van
Gent et al., 2007; Tomasicchio et al., 2011; Figlus et al., 2011; Mehrtens et al., 2024), modeled using real vegetation despite
its limited scalability (Figlus et al., 2014; de Battisti and Griffin, 2020; Silva et al., 2016; Maximiliano-Cordova et al., 2019;
Feagin et al., 2019), or substituted with simplified mimics such as wooden dowels (Bryant et al., 2019; Kobayashi et al., 2013;
Tiirker et al., 2019) that inadequately reflect mechanical plant behavior (Garzon et al., 2021). To overcome these limitations,
physical models increasingly rely on surrogate vegetation, meaning non-withering, physically stable structures derived from
in-situ characteristics of live plants and used in laboratory experiments. The accuracy of such representations depends not
only on geometric traits but also on mechanical properties such as shoot stiffness and flexibility, which govern how vegetation
interacts with environmental stressors like wind and water flow (Bouma et al., 2013).

Most advances in vegetation modeling for nature-based solutions (NbS) in coastal protection have focused on salt marsh
species, aiming to improve representations of plant morphology, physiology, and hydrology (Liu et al., 2021; Keimer et al.,
2024). These studies show that plant density and stiffness are key parameters influencing wave attenuation and shoreline pro-
tection (Shepard et al., 2011). Several have employed three-point bending tests to quantify biomechanical traits and assess

seasonal or species-specific differences (see Table Al in the Appendix). However, salt marsh and dune vegetation differ fun-
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damentally: while salt marsh plants exhibit high flexibility and typically cope with hydrodynamic forces (Vuik et al., 2017,
Bouma et al., 2014), dune grasses stabilize sediment primarily through stiffer shoots and extensive rhizome networks (Zar-
netske et al., 2012; Figlus et al., 2022). As a result, transferring parameterizations from salt marsh systems to dune models is
problematic and calls for dedicated biomechanical datasets for dune vegetation.

Despite the critical role of dune grasses such as marram grass (Calamagrostis arenaria, formerly Ammophila arenaria) in
coastal defense, their biomechanical properties have received limited scientific attention to date (Feagin et al., 2015; Davidson
et al., 2020; de Battisti and Griffin, 2020). De Jong et al. (2014) explicitly emphasized the lack of research and highlighted the
importance of studying vegetation development, particularly with regard to vegetation density and rooting depth. Most previous
work has focused on geometric and external traits, such as shoot height, while mechanical properties of individual plant
components have rarely been quantified. Histological studies by Andrade et al. (2021) and Chergui et al. (2017) have explored
internal structures, showing that stems mainly provide structural stability, while leaves exhibit high flexibility, allowing them
to bend under wind exposure without structural failure. Given these functional differences, a biomechanical characterization
that explicitly considers the mechanical role of each plant component is essential for improving the representation of dune
vegetation in coastal models. A review by McGuirk et al. (2022) summarizes existing knowledge on dune vegetation and its
role in sediment dynamics. However, methodological inconsistencies and imprecise terminology often complicate comparisons
between studies. An overview of commonly reported traits for marram grass is provided in Table A2 in the Appendix; since
then, little further research has appeared to fill the gap, and a better understanding of the biomechanics of dune vegetation
remains crucial for improving modeling efforts.

Vegetation in coastal ecosystems, such as salt marshes, exhibits marked seasonality in its traits. For example, during the
summer, plant length and density significantly increase, while in the winter, the stiffness of the vegetation is greater and
the outer diameter smaller (Vuik et al., 2017; Foster-Martinez et al., 2018; Keimer et al., 2024; Li et al., 2024). The effects of
seasonality and vitality on vegetation traits can significantly impact their biomechanical properties, which in turn may influence
dune stability and resilience to environmental stressors (Baas and Nield, 2010; de Jong et al., 2014; Biel and Hacker, 2021).
Similarly, dune dynamics also follow seasonal patterns. Dunes typically experience erosion during winter and accretion during
summer, leading to cyclic variations in dune morphology (Montreuil et al., 2013; Pye and Blott, 2016; Rader et al., 2018).
These processes are driven by seasonal variations in wind and wave action, which shape the dune landscape.

Although there is limited specific information on the seasonality of dune vegetation traits, it is known that marram grass has
adapted to these dynamic processes. Regular sand burial is essential for its healthy growth, and without it, growth rates and
relative abundance decrease significantly (Maun, 1998; Bonte et al., 2021), indicating an "escape" mechanism against certain
nematode species (van der Putten and Troelstra, 1990; Bonte et al., 2021). During winter, the extensive root system of marram
grass plays a crucial role in stabilizing the dunes by enhancing sediment properties, such as porosity, shear strength, and slope
stability, thus reducing erosion and preventing uprooting during storm surges (Davidson et al., 2020; Walker and Zinnert, 2022).
These interactions between seasonal vegetation traits and dune processes highlight the importance of incorporating seasonal

variations into studies of dune vegetation properties to improve our understanding of their role in coastal defense.
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In addition to seasonal influences, dune vegetation is subjected to external mechanical forces, such as wind or hydrodynamic
loads, which can impact plant growth and biomechanical properties (Puijalon et al., 2005, 2011; Gardiner et al., 2016; Telewski,
2016; Du and Jiao, 2020; Kouhen et al., 2023). Plants respond to mechanical stress through different adaptive strategies,
primarily classified as avoidance (minimizing frontal area) or tolerance (maximizing resistance to breakage). Species following
the avoidance strategy tend to exhibit higher bending stiffness (Puijalon et al., 2011). Understanding these strategies is crucial
for biomechanical characterization, as they determine how plants interact with environmental forces such as wind and waves.
However, most studies on wind-induced biomechanical adaptations have focused on woody vegetation, such as trees, whereas
their applicability to dune vegetation remains largely unclear. Given the significant role of wind in coastal environments, it is
essential to investigate how dune vegetation responds to wind-induced mechanical stresses to improve our understanding of its
biomechanical behavior.

Beyond mechanical forces, soil characteristics also shape vegetation properties. As dunes develop, changes in soil composi-
tion influence vegetation cover over the long-term (Isermann, 2011). In Europe, dune succession is often classified into white
dunes, which are younger, more dynamic systems with active sand movements, and gray dunes, which are older, more stabilized
formations with increased organic matter content (Isermann and Cordes, 1997). However, such classifications are not univer-
sally applied, and comparable successional stages may differ depending on regional environmental conditions. Whether these
environmental differences influence the biomechanical properties of dune vegetation remains an open question, highlighting
the need for site-specific assessments when integrating vegetation traits into coastal studies.

By addressing the following research questions, this study aims to fill the aforementioned knowledge gaps by providing a
comprehensive biomechanical characterization of marram grass. This serves as a basis for improving vegetation modeling in
experiments and contributes to a better understanding of dune vegetation dynamics, ultimately supporting the development of

effective nature-based coastal protection strategies:

1. Are there significant seasonal variations in the biomechanical properties of dune vegetation that must be considered

separately when modeling accretion processes (summer) and erosion processes (winter)?

2. Do different plant parts (sprouts, green leaves, brown leaves, flower stems) exhibit distinct biomechanical properties, or

can they be treated as equivalent in biomechanical dune vegetation models?

3. Does wind exposure (e.g., windward vs. leeward sides of dunes) or geographical exposition (e.g., northwestern vs.
southeastern areas) affect the biomechanical traits of vegetation, and if so, how should these factors be considered in

biomechanical modeling?

4. How do biomechanical properties differ between vegetation in fixed, established dune systems and more dynamic dune

systems, and how does this variation influence the accuracy and transferability of surrogate models for dune vegetation?
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2 Methods
2.1 Study area

Field measurements were conducted on the East Frisian island Spiekeroog, which belongs to the North Sea barrier islands
in Germany (see Figure 1a-b). The chain of barrier islands extends from Texel, the Netherlands to Fang, Denmark, forming
a landscape shaped by the littoral transport band driven by the counter-clockwise rotation of the tides into elongated west-
east forms, further detailed by the interactions of waves, currents and wind (Pott, 1995). Located parallel to the coast, they
isolate significant portions of the Wadden Sea from the open North Sea. From a geological perspective, these islands are very
young, approximately 2000 years old, and were formed by an accumulation of Holocene marine sediments on a Pleistocene
bed (Doring et al., 2021; Pollmann et al., 2018). By relocation of sandy sediments, pioneer dunes formed on the barrier islands
and further evolved to dune chains reaching elevations of more than 20 meters above sea level (Pott, 1995). The side of the
dune chains averted from the ocean, the backbarrier, is protected from high-energy wave action of the open sea and, moreover,
is dominated by mild sedimentation conditions, allowing accumulation of fine-grained marine sediments and the development
of salt marshes (Bakker, 2014; Pollmann et al., 2018). The geomorphology of the North Sea barrier islands is characterized
by the predominance of sands, a low-lying coastal region and high storm tide frequency (Pott, 1995). The wind conditions at
Spiekeroog and the whole German North Sea are dominated by westerly winds, but in general wind directions are substantially
fluctuating in this area (Hild et al., 1999; Roper et al., 2013; Deutscher Wetterdienst). Due to human activities, e.g., dredging,
land reclamation, and a resulting alteration of the sand sedimentation processes, North Sea barrier islands are characterized
by sand accumulation and a resulting narrow pointed island tip in the East. As a result, the geomorphology of the western
and the younger eastern area of the barrier islands differ (Roper et al., 2013; Pollmann et al., 2018). Spiekeroog is located
in 5km distance from the German mainland and is part of the national park "Niedersidchsisches Wattenmeer". As a major
objective, the German national parks enable undisturbed natural dynamics and landscape processes; to that end, entering dunes
is mostly prohibited. The eastern part of the island, the locally called Ostplate (germ. Ost = East, germ. -plate = flat), is highly
protected and developed eastwards between 1650 and 1960, so that Spiekeroog continuously grew several kilometers to its
present East-West length of approx. 10 km (Roper et al., 2013). The older western area is characterized by a well-developed,
fixed dune system consisting of white, gray and brown dunes lined up from the beach in the North towards the center of the
island (Isermann and Cordes, 1997; Pollmann et al., 2018). These dune types differ significantly with regard to soil type and
predominant vegetation species (Boorman, 1988; Davis, 2011; Roper et al., 2013). The white dunes of the Spiekeroog island
are mainly covered by marram grass, which is native to the Atlantic coast of Europe (Pott, 1995; Roper et al., 2013; Pollmann
et al., 2018), but due to worldwide planting for dune stabilization, it now colonizes dunes between 32°and 60°latitude on both
sides of the equator (Pickart, 2021).

We conducted dune surveys at two white dune sites on Spiekeroog island (Fig 1b-d). The first site, referred to as Dune
Ridge, is a 20 m wide strip of a dune chain located at the southwestern shore of the island (53.753460° N, 7.674701° E) and
is part of the fixed dune system of Spiekeroog Island (Isermann and Cordes, 1997). The second site, termed Cusp Dune, is a

freestanding dune situated at the northern beach near the transition to the Ostplate (53.778793° N,7.725181° E), surrounded by
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Figure 1. (a) Map of the German Bight with the focus area location. Based on EMODnet https://emodnet.ec.europa.eu/en/bathymetry. (b)
Tidal barrier island Spiekeroog with tidal high and low water contour based on gauge data (GDWS, 2024) and DEM (NLWKN, 2023) and
the two dune locations marked. (c) Dune Ridge site and (d) Cusp Dune site - based on digital elevation model data (DEM) by Landesamt fiir
Geoinformationen und Landesvermessung Niedersachsen (LGLN, engl.: State agency for geoinformation and state survey of Lower Saxony)
data (LGLN, 2024). Mean high water (MHW) and mean low water (MLW) are extracted from the DEM using gauge related tidal water

levels.

dune breaches, and characterized by younger and mobile dune systems (Isermann and Cordes, 1997). These two sites have been
selected due to their distinct environmental conditions. The Dune Ridge site is located in an area prone to erosion, necessitating
regular reinforcement measures, and characterized by more narrow beaches. Approximately 800 m north of the Dune Ridge,
significant sand nourishments are periodically required to maintain the beach-dune system, with the most recent effort involving
80,000 m? of sand in 2023 (NLWKN, 14.07.2023). In contrast, the Cusp Dune is part of a more dynamic system, situated at
the edge of the Ostplate, which is characterized by wide beaches, young morphological changes, and is influenced by the west-

to-east sediment drift typical for the North Frisian islands. Being a freestanding dune, the Cusp Dune is surrounded by water
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Figure 2. (a) Dune Ridge sectors with elevation based on a 2022 DEM (NLWKN, 2023), and positioning of the soil sensor. (b-e) View of
the luv-side of the dune at different months. (f) Cross shore profile based on 2022 DEM, vertically superelevated by a factor of 3. For details

on soil sensor information see Appendix C4.

during storm surges and thus exposed to both erosion and accretion processes. Erosion taking place mainly along the luv-side
facing the North Sea and sedimentation along its flanks along the blowouts. Distinct study areas were established at each site
based on dune morphology and wind exposure to investigate the impact on biomechanical vegetation traits. The Dune Ridge
165 site (Fig. 2) was divided into three zones based on wind exposure: luv-side (sea-facing side, 160m?), dune crest (135m?2),
lee-side (land-facing side, 240m?). The Cusp Dune site (Fig. 3) was segmented by geographical exposition into four zones:
North (N, 550m?2), East (E, 1490m?), West (W, 1497.5m?2), and South (S, 350.5m?2). The dune toe was extracted from DEM

data using a 5° slope as delineation filter for both sites.
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Figure 3. (a) Cusp Dune outline and sectors with elevation based on a 2022 DEM (NLWKN, 2023), and positioning of the soil sensor. (b)
View of the western slope of the dune in April and (c) in June. (d) View of the northwestern edge in November and (e) view of the north-
eastern edge in December. View angles are indicated on (a) in red. (f) Cross shore profile based on 2022 DEM. For details on soil sensor

information see Appendix C4.

2.2 Field data collection

Field data was acquired monthly from January 2022 to December 2022 at the two dune sites. The data collection focused on

(1) environmental parameters, (2) canopy height and horizontal density, and (3) plant sampling for laboratory analysis.

Environmental parameters

Detailed measurements of environmental parameters, including soil temperatures via soil sensors at both dune sites (see Fig-
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ures 2 and 3), air temperature and precipitation, as well as wind forces, were collected. Furthermore, digital elevation models

were evaluated. These data, along with methodological details and further findings, are provided in the Appendix (Sect. C).

Canopy height and horizontal density
Canopy height and horizontal density (see also Figures B1la-b, Sect. B1 in the Appendix) were measured in different quantities
depending on the zone and dune site. For the Dune Ridge site, which consists of three zones (luv-side, dune crest, and lee-side),
20 measurements were taken in both the luv-side and lee-side zones, and 10 measurements at the dune crest per month. For the
Cusp Dune site, which consists of four zones (North, East, South, West), 20 measurements were taken in both the North and
South zones, and 30 measurements in the East and West zones per month. Height measurements, referred to as canopy height,
were conducted with a ruler with an accuracy of 1 mm. Canopy height was determined as the mean of random measurements
representing the lower and upper boundaries of the canopy. Horizontal density was assessed using a metal frame with an inter-
nal area of 20 cm x 20 cm. The number of individual shoots within the frame was manually counted to determine the horizontal
density. During the flowering season, the number of flowers was also counted within the same area but recorded separately.
These values were later extrapolated to one square meter. Measurements were taken at random locations with vegetation cover
to equally represent dense and sparse areas. All measurements were consistently conducted by the same individual to minimize

observer bias.

Plant sampling
Plant sampling focused on the dominant species, marram grass. For the Dune Ridge site, 20 samples were taken from both the
luv-side and lee-side zones, and 10 samples from the dune crest zone per month for further laboratory analysis (e.g., three-
point bending tests). For the Cusp Dune site, 20 samples were collected from both the North and South zones, and 30 samples
from the East and West zones per month. Individual shoots and, during the flowering season, an additional three flower stems
(hereafter referred to as stems) per zone and month were cut at ground level using garden scissors. The cut was angled towards
the west using a digital compass, leaving a point at the sample bottom pointing west. This method ensured that the orientation
of the plant in the field could be tracked in the laboratory, maintaining consistent loading direction during biomechanical tests,

which might be influenced by wind exposure (see also Sect. B2 in the Appendix).

2.3 Laboratory analysis

The laboratory analysis involved dividing the collected samples into their individual structural components and conducting

three-point bending tests to assess their biomechanical properties.

Sample preparation and plant parts
The sampled shoots of marram grass were divided into three main structural components: sprout, green leaf, and brown leaf.

The sprout was defined as the lower part of the shoot up to the first branching leaf. In the laboratory, the sprout was separated
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from the shoot by cutting at this point. Leaves were also separated at their point of branching from the shoot. During the flow-
ering season, stems, including the flower, were also collected and treated as a separate component, thus not requiring cutting
(see also Sect. B2 in the Appendix). For each zone and month, ten sprouts, three green leaves, three brown leaves, and, if
applicable, three stems were analyzed. The samples were processed and tested within 1-2 days; prior to processing, they were

stored upright in a vase-like container with a small amount of water to prevent wilting.

Measurement of length and outer diameter
The length (L) and outer diameter (d,) of each plant part were important geometric parameters for biomechanical analysis.
Lengths were measured in centimeters using a tape measure with an accuracy of 1 mm, though the practical reading accuracy
may be lower. The outer diameter was measured at the location where the three-point bending tests were to be conducted: at
half the length (L/2) for sprouts and stems, and at one-third the length (L/3) for leaves (see also Sect. B3 in the Appendix).

These diameters were measured using a digital caliper with a resolution of 0.01 mm.

Three-point bending tests
The three-point bending tests were performed according to ISO 178 (2019). Each plant part was cut into 6 cm long sections,
with the measurement point of the outer diameter (d,) located at the midpoint of these sections. The bending tests utilized a
universal testing machine, the ,,zwickiLine Z0.5* by ZwickRoell GmbH & Co.KG. This machine was equipped with a load
cell, calibrated in compliance with DIN EN ISO 7500-1 (2018), ranging from 0.2 N to 50 N. The displacement measurement
had an uncertainty of 0.0830 m. The loading edges and supports had radii of 5 mm, and the span between the supports (As)
was 40 mm. The displacement rate was maintained at 0.05 mm/s, adhering to quasi-static deformation standards outlined by
Liu et al. (2021). A preload of 0.05 N was applied to the samples before measurements commenced.

The bending tests produced force-deflection curves, which were essential for analyzing the mechanical properties of each
sample. From these curves, the force (F) and deflection (D) were used to compute the bending stiffness (K g = F/D, hereafter
referred to as stiffness) and the Young’s modulus (E) of each sample, calculated from the initial slope of the force-deflection
curve. The Young’s modulus, also known as the elastic modulus, quantifies the stiffness of a material and describes its resis-
tance to deformation under an applied load. For plant components, it provides insight into their structural role, with a higher
Young’s modulus indicating stiffer materials that deform less under mechanical stress, enhancing stability, and a lower modulus
reflecting greater flexibility, enabling reconfiguration to reduce mechanical damage. In this study, the experimental determina-
tion of Young’s modulus includes the geometry of the plant components through the second moment of area (/), which assumes

a solid circular cross-section based on the outer diameter (d,,) of the sample:

_ 7r(dO)4
I= ol (D

The following equation was used to calculate the Young’s modulus:

10
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In this study, the deflection range selected was between 0.4 mm and 1.2 mm, based on the initial linear portion of the force-
deflection curve observed across all samples. The flexural stiffness (EI) was then calculated by multiplying Young’s modulus
(E) by the second moment of inertia (/). The maximum force (Fi.x), also referred to as the breaking force, was determined as
the peak value on the force-deflection curves (Zhu et al., 2020; Liu et al., 2021). For marram grass, failure is more accurately
characterized by folding rather than breaking. The flexural strength (o) was then calculated using the equation:

40, Frng

87 3)

(2

The results from the bending tests provide a valuable dataset (Kosmalla et al., 2024) of the plant components, such as Young’s
modulus (E), stiffness (K ), flexural stiffness (EI), and flexural strength (o). These parameters are vital for understanding the
mechanical behavior of marram grass, which plays a crucial role in the resilience and adaptation of dune ecosystems. In
particular, Youngs modulus (F) reflects the material stiffness of plant tissues, determining their ability to withstand mechanical
stress, with higher E values indicating increased resistance to bending and deformation under waves, wind and sediment
transport forces. Previous studies have shown that plant stiffness is a key factor in counteracting mechanical forces in coastal

environments (Bouma et al., 2005; Paul et al., 2016), highlighting its potential role in dune stabilization.
2.4 Data analysis

To streamline the data analysis process and enhance the interpretation of the results, the monthly data were aggregated into
seasonal intervals. The seasons were defined as "summer" (April to September) and "winter" (October to March). This catego-
rization reflects the primary dune dynamics: erosion processes, which predominantly occur in winter, and accretion processes,
which mainly happen in summer (Pye and Blott, 2016). This differentiation aims to capture potential seasonal variations in
the biomechanical properties of marram grass, relevant for experimental modeling of natural dune dynamics. An exception to
this seasonal aggregation was made for the analysis of wind influence and dune site comparisons, where year-round data were
considered.

For the analysis of biomechanical properties, the data from both dune sites were aggregated. This includes parameters such
as canopy height, horizontal density, number of flowers, and the biomechanically relevant properties of the individual plant
components (sprout, green/brown leaf, stem): Length, outer diameter, stiffness, and Young’s modulus. Exceptions include the
investigation of wind influence, where data from the Dune Ridge were compared between the windward (luv) and leeward (lee)
sides. For the Cusp Dune, the zones were aggregated into Northwest (North and West) and Southeast (South and East). This
approach for the Dune Ridge is based on the assumption that the landward side is more sheltered from the wind, while for the
Cusp Dune, it is more directly based on the actual wind conditions during the study year. For the comparison between dune
sites, the data for each site were aggregated across all months and zones. Given that our data were not normally distributed,

the nonparametric Mann-Whitney test was employed to assess the significance of observed differences among our samples.

11
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The Mann-Whitney statistics tests for differences between two groups on a single, ordinal variable without assuming a specific
distribution of the data (Bauer, 1972). In total, 1543 sprout samples (Dune Ridge: 491, Cusp Dune: 1052), 831 green leaf
samples (Dune Ridge: 227, Cusp Dune: 614), and 823 brown leaf samples (Dune Ridge: 224, Cusp Dune: 599), and 389 stem
samples (Dune Ridge: 115, Cusp Dune: 274) were investigated. The aggregated data were analyzed using Mann-Whitney tests

to statistically examine the following comparisons:

1. Biomechanical differences between plant parts: The biomechanical parameters (K g, E, d,, L) of sprouts, green leaves,
brown leaves, and stems were compared seasonally to determine whether different plant parts exhibit distinct biome-

chanical properties. This analysis aggregated data from both dune sites.

2. Seasonal variations: The biomechanical parameters (K g, E, d,, L) of each plant part were compared between the "sum-
mer" (April to September, relevant for accretion processes) and "winter" seasons (October to March, relevant for erosion
processes) to detect any significant seasonal variations in the biomechanical properties of the dune vegetation. This

analysis aggregated data from both dune sites.

3. Impact of wind exposure and geographical exposition: The biomechanical parameters (K p, E, d,, L) of each plant part
were compared for the Dune Ridge site between windward (luv-side) and leeward (lee-side) zones, and for the Cusp Dune
site between Northwest and Southeast zones to evaluate the influence of wind exposure and geographical exposition on

biomechanical traits.

4. Differences between dune systems: The biomechanical parameters (K g, E, d,, L) of each plant part from the Dune
Ridge (fixed, established dune system) and Cusp Dune (more dynamic dune system) sites were compared. For each
plant component, data from the entire site, aggregated across all months and zones, were compared between the two

dune systems to investigate how biomechanical properties differ between these two types of dune systems.

3 Results
3.1 Seasonal variations in biomechanical properties of marram grass
3.1.1 Geometric characteristics

Canopy height, horizontal density, and number of flowers

Canopy height (Fig. 4a) showed no significant difference between summer (79.66 & 15.62 cm) and winter (79.87 + 13.38 cm)
measurements (p = 0.3429). Horizontal density (Fig. 4b), however, was significantly higher in summer (493.49 4 217.97 shoots per m?)
compared to winter (445.65 4= 209.93 shoots per m?, p < 0.001). The number of flowers (Fig. 4c), observed only in summer,

was on average 108.86 & 92.50 flowers per m?. The results of the statistical analysis are provided in the Appendix (Sect. D,

Table D1).
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Figure 4. Combined data from both dune sites showing (a) Canopy height in cm, (b) Horizontal density in shoots perm?, and (c) Number
of flowers in flowers per m?, comparing summer and winter illustrated as boxplots. Note that no flowering was observed in winter, and thus

not corresponding bar is shown for this season in (c).

Length and outer diameter of plant components
The seasonal length and outer diameter of plant components are shown in Fig. 5a and b, respectively. Sprouts showed no signifi-
cant seasonal variation in length between summer (18.28 &= 5.11 cm) and winter (15.37 = 4.45 cm, p = 0.196). The outer diam-
eter of sprouts also remained consistent across seasons (summer: 3.24 4+ 0.53 mm, winter: 3.10 & 0.51 mm, p = 0.909). Green
leaves exhibited a significant increase in length during winter (51.47 £ 8.94 cm) compared to summer (44.35 £8.14cm, p <
0.001). The outer diameter of green leaves was significantly larger in summer (1.69 4- 0.22 mm) than in winter (1.57 £ 0.20 mm,
p < 0.001). For brown leaves, the length increased significantly from summer (43.80 £ 6.93 cm) to winter (47.82 & 7.95cm,
p < 0.001). The outer diameter of brown leaves did not show significant seasonal variation between summer (1.72 £ 0.26 mm)
and winter (1.67 & 0.21 mm, p = 0.199) measurements. The length and outer diameter of stems were consistently measured in
summer only, showing on average a length of 64.94 + 10.87 cm and an outer diameter of 2.78 £ 0.39 mm. The results of the

statistical analysis are provided in the Appendix (Sect. D, Tables D2 and D3).
3.1.2 Mechanical characteristics

Stiffness

Stiffness showed significant seasonal variations in some plant components. To highlight the similarities between sprout and
stems, these components are displayed together, while green and brown leaves, which exhibit distinct stiffness patterns, are
presented in a separate plot (Fig. 6). For sprouts, stiffness was significantly higher in winter (4.15 £ 1.59 N/mm) compared
to summer (3.98 = 1.46 N/mm, p < 0.001). Green leaves also exhibited a significant seasonal difference, with higher stiffness

in winter (0.33 = 0.13 N/mm) than in summer (0.29 4+ 0.11 N/mm, p = 0.001). Brown leaves showed no significant seasonal
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Figure 5. Combined data from both dune sites showing (a) mean length L and (b) mean outer diameter d, of plant components (sprout,

green leaf, brown leaf, stem) comparing summer and winter illustrated as boxplots. Note that no stems were observed in winter.

variation in stiffness (0.70 & 0.46 N/mm in summer and 0.47 + 0.18 N/mm in winter, p = 0.077). Stems were only measured
in summer, with a mean stiffness of 5.30 £ 1.65 N/mm. The results of the statistical analysis are provided in the Appendix
(Sect. D, Tables D2 and D3).
Young’s modulus

Young’s modulus displayed notable seasonal variations for certain plant components (Fig. 7). For sprouts, Young’s modulus
was significantly higher in winter (1173.47 4+ 479.92 MPa) compared to summer (1175.85 & 563.72 MPa, p < 0.001). Green
leaves also exhibited considerable seasonal differences, with Young’s modulus being greater in winter (1585.21 £ 624.35 MPa)
than in summer (1215.16 4= 526.92 MPa, p < 0.001). In contrast, brown leaves did not show significant seasonal variations in
Young’s modulus (1790.77 4= 809.09 MPa during summer and 1837.46 & 855.73 MPa in winter, p = 0.898). Measurements for
stems were only taken in summer, with a mean Young’s modulus of 2641.05 4+ 1152.78 MPa. The results of the statistical

analysis are provided in the Appendix (Sect. D, Tables D2 and D3).
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Figure 6. Stiffness K of each plant component in summer and winter months, based on combined data from both dune sites. 18 outlier

values for brown leaves and 1 for stems were excluded for visual clarity. Note that no stems were observed in winter.

3.2 Comparison of biomechanical traits among plant parts

Significant differences in the biomechanical parameters stiffness (K z), Young’s modulus (F), outer diameter (d,), and length
(L) were found between all plant components (sprout, green leaf, brown leaf, stems) in both summer and winter (all p < 0.001),
with the exception of Young’s modulus between sprouts and green leaves in summer (p = 0.319), Young’s modulus between
green and brown leaves in winter (p = 0.399), and the outer diameter and length between green and brown leaves in summer
(p =0.830 and p = 0.611, respectively).

For stiffness (Fig. 6), all plant parts exhibited significant differences. In summer, stems had the highest stiffness values,
followed by sprouts, brown leaves, and green leaves. During winter, the pattern remained consistent, excluding stems. In terms
of the Young’s modulus (Fig. 7), stems exhibited significantly higher values compared to other plant parts in summer. Brown
leaves, green leaves, and sprouts followed. This order persisted in winter, excluding stems. Notably, there were no significant
differences between sprouts and green leaves in summer, and between green and brown leaves in winter. For length (Fig. 5a),
stems were significantly longer than the other parts in summer, with green leaves, brown leaves, and sprouts following. This
trend remained in winter, excluding stems. In summer, no significant difference was found between green and brown leaves.
Regarding outer diameter (Fig. 5b), sprouts had the significantly largest diameters in summer, followed by stems, brown leaves,
and green leaves. In winter, the pattern remained consistent, excluding stems. The only exception was between green and brown
leaves in winter, where the difference was not significant. The results of the statistical analysis are also provided in the Ap-

pendix (Sect. D, Table D4).
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were observed in winter.

3.3 Impact of wind exposure on biomechanical traits

Stems exhibited no significant differences in any of the measured parameters (Kp, E, d,, and L) between luv and lee-
side or the Northwest and Southeast sides, respectively. For Dune Ridge (Fig. 8-10), the stiffness and Young’s modulus of
sprouts were significantly greater on the lee-side (4.40 +1.92 N/mm and 1374.14 & 708.41 MPa) compared to the luv-side
(3.31 £ 1.82N/mm and 1048.84 £ 796.39 MPa, p < 0.001 for both parameters). Green leaves exhibited significantly greater
stiffness (0.35 £ 0.17 N/mm), Young’s modulus (1910.30 £ 1094.54 MPa), and length (52.44 £ 12.27 cm) on the lee-side com-
pared to the luv-side (0.28 £ 0.15 N/mm, 1423.17 4+ 842.79 MPa, and 44.92 + 10.13 cm) with p-values of 0.010, 0.002, and
< 0.001, respectively. Brown leaves showed no significant differences in stiffness, Young’s modulus, and outer diameter be-
tween the luv and lee-side. However, the length of brown leaves was significantly greater on the lee-side (48.62 + 11.87 cm)
compared to the luv-side (43.28 £ 10.13 cm, p = 0.003). Overall, all found trends at Dune Ridge indicate that the values of
the respective parameters are significantly greater on the lee-side than on the luv-side. For Cusp Dune (Fig. 8-10), the Young’s
modulus (1162.39 4+ 693.30 MPa) and length (17.20 £ 8.32cm) of sprouts were significantly greater on the Northwest side
compared to the Southeast side (1069.36 £ 637.48 MPa and 16.51 4 9.51 cm with p-values of 0.020 and 0.015, respectively).
Green leaves showed no significant differences in stiffness, Young’s modulus, and length between the Northwest and Southeast

sides. However, the outer diameter of green leaves was significantly greater on the Southeast side (1.63 4= 0.34 mm) compared
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Figure 8. Comparison of luv-side and lee-side at Dune Ridge as well as Northwest-side and Southeast-side at Cusp Dune with boxplots

showing length L for each plant part, based on year-round data.

to the Northwest side (1.57 £ 0.31 mm, p = 0.030). Brown leaves exhibited significantly greater stiffness (0.60 = 0.81 N/mm)
and Young’s modulus (1686.62 4+ 1041.84 MPa) on the Northwest side compared to the Southeast side (0.47 £ 0.51 N/mm
and 1581.99 &+ 1450.23 MPa, p = 0.002 and p = 0.015, respectively). While there is a tendency for the parameters stiffness,
Young’s modulus, and length to be greater in the Northwest, the outer diameter tends to be larger in the Southeast. At both
dune sites, the most significant differences were observed in the parameter Young’s modulus, followed by stiffness and length,

with the outer diameter showing the weakest differences.

3.4 Influence of dune systems on plant biomechanics

In comparing the biomechanical traits between the two dune systems, Dune Ridge and Cusp Dune, several significant dif-
ferences were observed (Fig. 8-10). Stems exhibited no significant differences in any of the measured parameters (Kp, F,
d,, and L) between Dune Ridge and Cusp Dune, indicating similar mechanical behavior across these systems for this plant
part. For sprouts, the Young’s modulus was significantly higher at Dune Ridge (1243.01 = 816.02 MPa) compared to Cusp
Dune (1115.39 £ 666.96 MPa, p = 0.002). The outer diameter was significantly larger at Cusp Dune (3.20 £ 0.73 mm) com-
pared to Dune Ridge (3.11 + 0.63 mm, p = 0.043). Additionally, the length of sprouts was slightly greater at Dune Ridge
(16.99 £ 11.23 cm) compared to Cusp Dune (16.85 + 8.94 cm, p = 0.039). Green leaves showed a significantly higher Young’s
modulus at Dune Ridge (1647.10 + 1021.48 MPa) compared to Cusp Dune (1475.76 & 972.71 MPa, p = 0.031). However,
there were no significant differences in stiffness, outer diameter, and length. Brown leaves exhibited the most pronounced differ-

ences between the two dune systems. The Young’s modulus was significantly higher at Dune Ridge (2159.01 4= 1425.67 MPa)
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brown leaves are shown separately to emphasize their distinct behavior. Note that 33 outlier values for brown leaves, and 2 for stems were

excluded for visual clarity.

compared to Cusp Dune (1634.93 £ 1260.05 MPa, p < 0.001), and the stiffness was also greater at Dune Ridge (0.63 & 0.79 N/mm)
compared to Cusp Dune (0.54 £ 0.68 N/mm, p = 0.036). The outer diameter of brown leaves was significantly larger at Cusp
Dune (1.72 4+ 0.30 mm) compared to Dune Ridge (1.65 + 0.33 mm, p < 0.001). The length of brown leaves was also signifi-
cantly greater at Cusp Dune (47.35 &£ 10.34 cm) compared to Dune Ridge (45.61 & 11.34 cm, p = 0.010). Overall, the Young’s
385 modulus was consistently higher at Dune Ridge across all plant parts except for stems. The outer diameter tended to be larger at

Cusp Dune, particularly for sprouts and brown leaves. Length did not show a clear trend, with significant differences observed
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only for sprouts and brown leaves. Stiffness differences were primarily notable in brown leaves, with higher values at Dune
Ridge.

4 Discussion

This study aims to provide detailed biomechanical parameters of marram grass to facilitate advanced modeling of dune vegeta-
tion. Current models often simplify or ignore traits in flexible vegetation, using surrogates like wooden dowels (e.g., Kobayashi
etal., 2013; Bryant et al., 2019), which do not accurately reflect the dynamic interactions between vegetation and dune environ-
ments. By capturing seasonal variations in plant traits relevant to dune dynamics, such as stiffness and density, our data support
a more realistic simulation of vegetation effects in dune stabilization. Moreover, the differentiation of mechanical properties
across plant parts emphasizes the importance of trait-specific parameterization. The following table (Table 1) summarizes the
biomechanical traits of marram grass by plant part and season. These values offer a reference for future modeling efforts and

for the design of vegetation surrogates that reflect structural variability in dune systems.
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Table 1. Summary of marram grass parameters for surrogate modeling to accurately represent seasonal variations in dune dynamics and

vegetation.
General vegetation traits | Season Value
Canopy height (cm) Annual 80+ 15
Horizontal density Summer 494 + 218
(shoots per m?) Winter 446 £ 210
Number of flowers Summer 109+93
(flowers per m?) Winter Not applicable
Plant part Length (cm) | Outer diameter (mm) | Stiffness (N/mm)
Sprouts Annual 17+5 3.2+0.5 41415
Summer 44+ 8
(Green and brown) Leaves 1.7+0.2 0.454+0.2
Winter 5049
Summer 65+11 2.84+0.4 5.3+1.7

(Flower) Stems

‘ Winter ‘ Not applicable

4.1 Seasonal variations in biomechanical traits

Understanding seasonal variations in plant properties is crucial for surrogate modeling because both dune dynamics and plant
traits are subject to significant seasonal changes. Similar to findings on salt marsh vegetation, our results show that during
summer, vegetation density significantly increases, while in winter, the stiffness of the vegetation is greater and the outer
diameter smaller (Vuik et al., 2017; Foster-Martinez et al., 2018; Keimer et al., 2024; Li et al., 2024). However, in contrast
to observations from salt marsh species, where plant length typically peaks in summer (Foster-Martinez et al., 2018; Schulze
et al., 2019), our data show that leaf length in marram grass is significantly greater in winter. From a functional perspective,
these longer winter leaves may play a critical role in dune resistance to storm events, as they directly contribute to key factors
highlighted by Feagin et al. (2015), such as leaf area, plant architecture, and aboveground biomass, which influence vegetation-
wave interactions in salt marshes. This seasonal adaptability of marram grass, with increased stiffness in winter enhancing
erosion resistance and denser vegetation in summer promoting accretion, reinforces the contribution of marram grass to dune
resilience across dynamic environmental conditions.

Canopy height showed no seasonal differences (annual average of 80 &= 15 cm), aligning with the growth range reported by
Hesp (1981) and Bressolier and Thomas (1977). Horizontal density was higher in summer, consistent with findings by Li et al.
(2024) and Vuik et al. (2017), who noted increased vegetation density during the growth season. However, the density observed
in this study was within the upper range of previous studies (Seabloom and Wiedemann, 1994; Zarnetske et al., 2012; Feagin

et al., 2019). Our results showed that the number of flowers, observed only in summer, averaged 109 & 93 flowers m~2, which
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is significantly higher than the approximately 30 flowersm~2 reported by Seabloom and Wiedemann (1994). This seasonal
occurrence of flowers must be taken into account in modeling efforts.

For sprouts, significant seasonal variations were observed in both stiffness and Young’s modulus, with higher values in
winter compared to summer. Furthermore, higher Young’s modulus values were found for the exposed northwestern tip of the
Cusp Dune site, coinciding with the area showing the largest erosion observed at the site (see Figure Cla in the Appendix).
Interestingly for the Dune Ridge site, larger Young’s modulus values were measured along the sheltered lee-side, showing
accretion in the DEM analysis (see Figure C2a in the Appendix), compared to the exposed luv-side. The sprout length mea-
surements can be compared to the stem heights up to 195 mm reported by Feagin et al. (2019), highlighting the importance
of precise definitions of plant parts in such studies. However, longer sprouts were measured for the exposed northwestern tip
of the Cusp Dune site, prone to erosion, compared to the Southeast sector, which exhibits accretion. This might well coincide
with morphological changes identified in the DEMs, meaning the erosion uncovers the sprouts at the northern edge, while the
identified sedimentation buries them at the southern end (compare Figure C2a in the Appendix). Similarly, the sprout diameter
aligns with the stem diameter of 3 + 1 mm found by Feagin et al. (2019). Seasonal variations in sprout parameters were minor
and can be averaged annually for modeling purposes.

For green leaves, significant seasonal differences were observed in length, stiffness, and outer diameter. Green leaves were
longer in winter, likely due to older leaves persisting through the season, contrasting trends observed in salt marsh species (Li
et al., 2024; Koch et al., 2009). Conversely, the outer diameter of green leaves was larger in summer, which aligns with the
findings of Vuik et al. (2017). Larger green leaf diameters were found along the sheltered lee-side of the Dune Ridge site, whilst
longer green leaves were identified at the sheltered South-West area of the Cusp Dune site. These findings indicate, that the
plants develop larger phenological aboveground canopy in wind-sheltered areas compared to the exposed luv-oriented zones.
However, the differences in stiffness and outer diameter between summer and winter were minor (summer: 0.29 4+ 0.11 kN/m
and 1.7 £ 0.2 mm; winter: 0.33 £ 0.13 kN/m and 1.6 £ 0.2 mm), making it practical to use an annual average for these parame-
ters in modeling efforts, especially for physical models where replicating such minor variations may be challenging. For brown
leaves, the only seasonal difference observed was in length, with brown leaves also being longer in winter, while stiffness and
outer diameter remained constant, allowing for their annual averaging.

For stems, specifically flower stems, the summer-only presence highlights their importance for models representing the
summer state. Their significant contribution to overall plant density, height, and stiffness make them critical components in
summer models where their structural contribution to accretion processes is essential. Overall, stiffness exhibited seasonal
variations for both sprouts and green leaves, with higher values in winter. This trend aligns with Vuik et al. (2017), who
speculated that winter vegetation tends to be stiffer due to lower temperatures and the fracturing of less resilient parts. However,
these differences are not substantial enough to significantly impact physical modeling, indicating that seasonal variations in
these parameters are negligible for modeling purposes and thus can be averaged annually. However, the increased stiffness and
Young’s modulus in winter suggest that dune vegetation is more resistant to mechanical stress during this period, potentially
enhancing dune stability. Conversely, the greater flexibility and density in summer indicate a higher capacity for growth and

dune accretion processes. In summary, the significant seasonal variations in the biomechanical properties of marram grass
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highlight the need for seasonally adjusted modeling parameters in dune dynamics studies. Notably, three key aspects must be

considered:

1. A major seasonal difference is the presence of flowers in summer, which must be accounted for in modeling.

2. The difference in horizontal density between seasons must be incorporated into surrogate models with an increased

density in summer.

3. Besides flowers and density, only the length differences of the leaves are relevant and should be considered in modeling

efforts.
4.2 Differentiation among plant parts

The variability in outer diameter and length among plant parts necessitates distinct consideration in modeling efforts. Sprouts
and stems, with their larger diameters, offer robust resistance against physical forces. The differences in length, particularly
the significant disparity between stems and other plant parts, further emphasize the need to account for each part’s geometric
characteristics to accurately represent their contributions to dune morphology. However, the lack of significant difference in
outer diameter and length between green and brown leaves in summer, along with the relatively small differences in stiffness
and length in winter, indicate that, for these parts, a simplified representation might be sufficient. Given the close similarity
between green and brown leaves, and considering the practicalities of physical modeling, where precise distinctions may not
be easily implemented, the following simplified properties, averaged from green and brown leaves, can be applied for leaves

in general:
— Summer: Length = 44 4+ 8 cm, Outer Diameter = 1.7 4= 0.2 mm, Stiffness = 0.45 4+ 0.2 kN/m

— Winter: Length = 50 £ 9 cm, Outer Diameter = 1.7 + 0.2 mm, Stiffness = 0.45 £ 0.2 kN/m

The significant differences in stiffness and Young’s modulus between plant parts also underscore the need to model each
component separately. Stems, with their highest values for both parameters, provide the greatest structural support. In contrast,
green and brown leaves, which showed lower stiffness and Young’s modulus, contribute more to flexibility and dynamic
responses to environmental forces. Ignoring these differences could lead to inaccuracies in predicting vegetation behavior and
its impact on dune dynamics, resulting in models that do not adequately reflect the true mechanical properties and structural
roles of the vegetation, though in some cases, a simplified approach may still be appropriate without compromising model

accuracy.
4.3 TImpact of wind on plant biomechanics

The impact of wind exposure on the biomechanical traits of dune vegetation reveals significant variations between windward
and leeward sides of the dunes, most notably in stiffness and Young’s modulus. Stems exhibited no significant differences
between wind-exposed and sheltered sides, indicating uniform structural response, while the greatest variations occurred in

sprouts.
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Significant differences in stiffness and Young’s modulus between windward and leeward sides suggest these parameters are
most sensitive to wind exposure and likewise to coupled aeolian sediment transport (see Figure Cla and C2a in the Appendix).
At Dune Ridge, the leeward side exhibited greater stiffness and Young’s modulus, which may indicate an avoidance strat-
egy, where vegetation increases flexibility on the windward side to reduce wind impact. Conversely, at Cusp Dune, the more
wind-exposed Northwest zone showed higher stiffness and Young’s modulus, suggesting a tolerance strategy with vegetation
maximizing its resistance to breakage to withstand wind forces. Wind data from 2022 showed predominantly west-dominated
winds, with the highest frequency from the northwest during summer, while in winter, southwest winds were more prevalent,
though the strongest winds ( Bft 6) predominantly originated from northwest (see also Sect. C2 in the Appendix). As a result,
the southwest-facing Dune Ridge coastline complicates wind exposure impact assessment, and comparisons between North-
west and Southeast zones showed few significant differences, suggesting no strong wind exposure effect on plant biomechanics.

Consequently, wind influence will not be included in the biomechanical parameterization of marram grass.
4.4 Influence of dune type on plant biomechanics

Higher stem density and increased flower production in the Cusp Dune suggest favorable conditions for plant growth, likely
influenced by frequent sand burial, which enhances plant health and germination potential (Maun, 1998; Bonte et al., 2021; van
der Putten and Troelstra, 1990; Huiskes, 1979). This dynamic environment leads to more frequent production of inflorescences
compared to the more stable conditions of fixed dunes. Higher canopy height in the North zone of the Cusp Dune suggests
landward dune migration, emphasizing its categorization as a more mobile system. In contrast, the Dune Ridge, as part of the
fixed dunes, remains more stable (Isermann and Cordes, 1997; Pollmann et al., 2018). The distinction into dynamic and stable
systems is also supported by the DEM analysis showing a clear migration for the Cusp Dune and a more stable situation for
the Dune Ridge (see also Sect. C1 in the Appendix). The biomechanical properties of marram grass show some variations
between dune types. Young’s modulus values indicate higher stiffness on the fixed dune (Dune Ridge), but this trend is not
consistently confirmed by stiffness measurements, suggesting that biomechanical differences may not be substantial enough to
affect transferability. The absence of clear biomechanical trends across dune types supports the robustness of marram grass in
European coastal dune systems, indicating its broad applicability within these environments. However, freshly planted marram
grass or newly constructed dunes with planted vegetation may exhibit different biomechanical responses, which should be

considered in modeling and practical applications.
4.5 General relevance for foredune vegetation

Marram grass is widely distributed across European sandy coastlines, making our findings highly representative for a broad
range of coastal environments. Additionally, closely related species such as Ammophila breviligulata in North America share
similar ecological functions (Mostow et al., 2021; Stalter and Lonard, 2024). Foredunes, which form the first line of defense
against coastal erosion, host a variety of grass species worldwide, many of which exhibit comparable biomechanical adaptations
to stabilize sediments and withstand environmental forces (Mostow et al., 2021). Our study provides a valuable framework for

understanding the biomechanical differentiation among plant components and their seasonal variations. The observed shifts in
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stiffness, canopy density, and seasonal growth dynamics are likely key factors for dune stability in other dune grass species as

well, underlining the importance of plant trait-based approaches in coastal protection research.
4.6 Methodological considerations

The choice of marram grass for biomechanical parameterization was based on its widespread occurrence, historical use in dune
stabilization, and resilience to extreme environmental conditions (Huiskes, 1979; Feagin et al., 2015; de Battisti and Griffin,
2020; Bonte et al., 2021; Strypsteen et al., 2024). Additionally, the species’ resilience to high temperatures and drought condi-
tions, as demonstrated by temperature data (see Sect. C4 in the Appendix), makes it an ideal candidate for future coastal defense
strategies in the context of climate change (Huiskes, 1979; Gao et al., 2020; Biel and Hacker, 2021). Field investigations re-
vealed seasonal variations in plant morphology, influenced by accretion and erosion processes, but lacked high-resolution
Digital Elevation Models (DEMs), highlighting the need for enhanced monitoring methods. The interaction between measured
canopy height and sand burial dynamics plays a crucial role in understanding vegetation growth, as sediment accumulation
can counteract vertical plant development. Laboratory investigations confirmed that length and outer diameter of plant parts
showed minimal seasonal variation, supporting simplified modeling approaches, but also underscored measurement challenges,
for example, due to plant structures with non-circular cross-sections. While stiffness (K p) emerged as a more reliable param-
eter than Young’s modulus (E), histological analyses emphasized the complexity of plant architecture and the limitations of
assuming idealized cross-sectional geometries. Future research should focus on improving the representation of these structural

intricacies to enhance biomechanical modeling accuracy.
4.7 Recommendations for future research

To build on the findings of this study and to further enhance our understanding of dune vegetation’s biomechanical properties,

particularly in the context of coastal protection, several key areas for future research are identified.

— Aboveground vegetation parts, which were the focus of this study’s biomechanical parameterization, are crucial for
processes such as dune growth and morphological development during the summer. Their sand-trapping properties are
essential for dune formation and shaping (Feagin et al., 2015; Ruggiero et al., 2018), and the aboveground biomass
creates drag, helping to prevent overwash and, as a result, preventing erosion on the landward side of the dune (Silva
etal., 2016). However, belowground plant parts also play a critical role in erosion processes and provide lateral resistance
of coastal dunes, particularly during extreme events (Feagin et al., 2019; Bryant et al., 2019; de Battisti and Griffin,
2020; Schweiger and Schuettrumpf, 2021; Figlus, 2022). Further data collection on belowground plant parts is needed
to enhance our understanding of these processes and the potential impacts of abiotic stress, such as on root development
(Gardiner et al., 2016; Kouhen et al., 2023). Implying belowground plant parts in future research was also stressed by
Figlus et al. (2014), Silva et al. (2016), and Bryant et al. (2019). Husemann et al. (2024) and Freschet and Roumet (2017)

emphasize the importance of considering different parts of the belowground biomass, such as roots, rthizomes, and buried
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shoots, each with distinct physical characteristics that contribute to the lateral resistance of coastal dunes, as was done

here with aboveground plant parts.

While this study provides detailed biomechanical insights into marram grass across seasons and dune environments,
future research could integrate these findings into aeolian models to assess their practical impact on sediment transport
and dune stability. Investigating how variations in plant stiffness, density, and height influence aeolian processes would

provide valuable guidance for refining vegetation parameterization in dune modeling frameworks.

Experiments using real vegetation as well as surrogate models are necessary for comparison and validation, ideally
on a large scale. This is particularly important given the challenges in accurately replicating the bending behavior of
vegetation. The use of 3D printing or other suitable materials, guided by the biomechanical properties of aboveground
plant parts identified in this study, could enhance the accuracy of surrogate models. In this study, it is recommended
to model each sprout with four leaves for more accurate representation, although this assumption has not been directly
validated within the scope of this research. Therefore, further verification is necessary to confirm this modeling approach
and to ensure that it accurately reflects the natural vegetation structure. Additionally, the properties identified in this
study must be seasonally distinguished in modeling efforts: summer values should be used for experiments focused on
dune accretion processes, while winter values are more appropriate for modeling dune erosion processes. This seasonal
differentiation is crucial for accurately simulating the dynamic interactions between vegetation and dune morphology

throughout the year.

Controlled studies on wind exposure effects and comparisons across different sites are recommended to better understand
the influence of environmental factors on biomechanical properties. Expanding the dataset to include various locations
and environmental conditions will enhance the reliability and applicability of surrogate models. Advanced techniques,
such as machine learning, could be incorporated to predict vegetation behavior under diverse conditions. Additionally, a
comprehensive comparison with newly constructed dunes planted with marram grass is important. Since marram grass
planting is a common practice in coastal protection management (e.g., Gracia et al., 2018), understanding its biomechan-

ical properties in newly planted scenarios can provide valuable insights for effective dune stabilization strategies.

While this study employed three-point bending tests due to their practicality and comparability with previous biome-
chanical studies of vegetation, future research might benefit from exploring two-point bending tests. Two-point bending
tests could better simulate natural conditions, such as wind or wave-induced bending of aboveground plant parts. How-
ever, these tests are more demanding in terms of sample mounting and alignment, requiring more time and resources
than were available in this study. The work of Liu et al. (2021), which employed such tests on salt marsh vegetation,

underscores the need for appropriate sample fixation when considering this method.
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5 Conclusions

This study provides a comprehensive dataset of the biomechanical properties of marram grass over 12 months, highlight-
ing significant seasonal variations and differences among precisely defined plant components (Table 1). By analyzing 1543
sprouts, 841 green leaves, 823 brown leaves, and 389 stems, we address a critical gap in the empirical basis for modeling dune
vegetation. The observed differences in biomechanical traits between distinct plant components, as well as their seasonal vari-
ability, offer valuable insights for the development of accurate aboveground vegetation surrogates and enhance the reliability
of both physical and numerical models used to simulate dune stabilization and coastal defense processes. To translate these

biomechanical insights into practical modeling and management strategies, we highlight the following key aspects:

— Seasonal variations and model integration: The biomechanical properties of marram grass vary seasonally, influencing
its role in dune stability. To improve model accuracy, we recommend integrating seasonally adjusted stiffness and den-
sity values, as these factors influence sediment capture and dune resilience. Computational models should incorporate

temporal shifts in biomechanical traits to reflect changing dune-vegetation interactions.

— Targeted data collection: Given the biomechanical differentiation between plant components, field measurements
should focus on collecting data on plant structures with the highest seasonal variability, such as flower stems, sprout
stiffness, and canopy density. Additionally, repeated seasonal surveys should be prioritized in future monitoring pro-

grams. These data will enhance model precision and allow for improved predictions of dune stabilization dynamics.

— Refinement of wind interaction modeling: Although our study found no consistent effect of wind on plant biomechan-
ics, future research should further investigate localized wind-vegetation interactions, particularly in environments with
high wind variability. While wind exposure is not a key biomechanical driver in our findings, site-specific analyses may

be necessary for broader applications.

— Application to dune management strategies: The findings reinforce the necessity of adaptive dune management, where
seasonal vegetation changes inform conservation and stabilization efforts. Coastal managers should incorporate seasonal
shifts in vegetation stiffness and density into dune conservation policies, ensuring that restoration projects align with

natural growth cycles to maximize stability.
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Appendix A: Literature overview

Table Al. Key findings from biomechanical studies combining field observations with three-point bending tests on salt marsh vegetation.

Additional methodologies are listed where applicable.

Study

Key Findings

Additional
Methodologies

Rupprecht et al. (2015)

Differences in stiffness observed between various plant species.

Rupprecht et al. (2017)

Species-specific stiffness influences wave-vegetation interac-

tion dynamics.

Flume experiments

Vuik et al. (2017)

Integrating a stem breakage model enhances wave attenuation
predictions by accounting for seasonal biomass loss and plant

breakage.

Numerical modeling

Schulze et al. (2019)

Seasonal differences in stiffness between summer and winter

identified across multiple plant species.

Zhu et al. (2020)

Seasonal differences (spring, summer, autumn, winter) found to

be species- and location-specific.

Liu et al. (2021)

Realistic single-stem numerical modeling enabled by a more

accurate consideration of the second moment of area.

Histological analysis,

Numerical modeling

Paul et al. (2022)

Potential climate change impacts on plant species stiffness and

stem diameter highlighted.

Keimer et al. (2023)

Seasonal stiffness differences linked to plant morphology; em-

phasized the need for phenological classification.

Keimer et al. (2024)

Seasonal differences observed; initial physical modeling devel-

oped based on Cauchy scaling law application.

Surrogate modeling
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Table A2. Overview of literature data on the characteristics of marram grass (Calamagrostis arenaria). The reported parameters reflect the

terminology used in the respective studies.

Parameter

Reported Values / Notes

Height-related parameters

Growth height (cm)

100 (Bressolier and Thomas, 1977), 80-100 (Hesp, 1981), up to 90 (Mostow et al., 2021)

Tiller height (cm)

up to 75 (Hacker et al., 2012)

Stem height (mm)

up to 195 (Feagin et al., 2019)

Panicle length (cm)

up to 200 (Mostow et al., 2021)

Density-related parameters

Horizontal density (tillers/m?)

556 (Biel et al., 2019), up to 1000 (Zarnetske et al., 2012)

Stem density (stems/m?)

260 (Feagin et al., 2019), 203 (Seabloom and Wiedemann, 1994)

Plant number per m?

480 (Hacker et al., 2012)

Tiller density (tillers per rthizome)

up to 3 (Hacker et al., 2012)

Leaves per m>

1516 4+ 8 (Feagin et al., 2019)

Morphological traits

Shoots per plant

up to 4 (Mostow et al., 2021)

Leaves per stem

14 3 (Feagin et al., 2019)

Stem diameter (mm)

3+ 1 (Feagin et al., 2019)

Leaf area (mm?)

1605 + 7 (Feagin et al., 2019)

Leaf width (cm)

up to 5 (Mostow et al., 2021)

Aboveground biomass

Tiller weight (g)

up to 4 (Hacker et al., 2012)

Belowground biomass

Belowground biomass (g)

up to 100 (de Battisti and Griffin, 2020)

Fine roots (g/mz)

288 £ 14 (Feagin et al., 2019)

Histological examinations

Histological studies

Analysis of cell structures (Andrade et al., 2021); tissue properties (Chergui et al., 2017)
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600 Appendix B: Plant sampling and methods

B1 Methods overview

Figure B1. Overview of the methodology used in this study. (a) Measurement of canopy height using a folding ruler. (b) Determination of
horizontal density with a 20 cm frame. (c) Replacement of the data logger connected to the soil analysis sensor, with a close-up view in (d)
showing the data logger within its enclosure during replacement. (e) Manufacturer’s overview (Scanntronik Mugrauer GmbH, 2024a) of the
data logger (left) connected to the soil analysis sensor (right), which is installed approximately 20 — 30 cm deep in the soil. (f) Bundle of
plant samples collected for further laboratory analysis. (g) Sample sections prepared for three-point bending tests. (h) Image of a sample in

place for a three-point bending test before the start of the experiment.

29



B2 Plant sampling

Figure B2. Overview of sample collection and preparation of marram grass. (a) Typical view of marram grass in winter (March 2022) with
an illustration of the angled cutting technique used to ensure that the orientation of the samples in the field is maintained in the laboratory.
Samples were cut and collected at the height of the soil surface. (b) Marram grass in summer (August 2022) showing high density and the
presence of flower stems. (c) Close-up of the cut end of a sample, indicating the longer side facing west. (d) A full shoot sample with cut
sections for the removal of green/brown leaves (top) and sprouts (bottom), which are present year-round. (e) Separate image of a flower stem

after removal, relevant for the summer state of marram grass.
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B3 Plant measurements

Plant part measurements

«—» Length (L) of plant part

$3 Measuring point for outer diameter (d,) & bending test

Sprout

Sampling details: - Histology:
Bottom part of L L
sample up to first tf

leaf branching

Green / brown leaf

Sampling details: - Histology:
Whole leaf from L

the point of leaf - L .
branching y | ___t 3

Stem

Sampling details: Histology:

L
Cut only at ﬁ//%—\'} .

ground level L

Figure B3. Illustration of length (L) measurements, indicated by arrows, and measuring points marked with an "X" for defining the outer
diameter (d,) and the location of three-point bending tests. These measurements are demonstrated for the three plant component types: sprout,
green/brown leaf, and (flower) stem. Additionally, histological cross-sections are provided for each plant part to highlight the complexity of

their internal structures.
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Appendix C: Environmental parameters

Morphologic changes for the two field sites have been assessed based on DEM model data for the areas sourced from the
NLWKN (2024) for the years 2019 and 2022. Deriving a difference map for the two DEMs yields vertical elevation changes
between those two surveys for the two field sites, Dune Ridge and Cusp Dune. Furthermore, environmental parameters in-
cluded weather data that were used to further describe the environmental conditions at study sites. The weather data in-
cluded wind measurements at 10 m height, air temperature, and precipitation for the years 2017-2022, with a particular focus
on wind data due to its presumed relevance to the biomechanical properties of the vegetation and its influence on accre-
tion processes. Wind data were obtained from a weather station operated by the Deutscher Wetterdienst (DWD), located at
53.7674°N,7.6721° E on Spiekeroog. Air temperature and precipitation data were sourced from another weather station op-
erated by the Institute for Chemistry and Biology of the Marine Environment (ICBM) of the University of Oldenburg, located
nearby at 53.7762° N, 7.6880° E. Notably, all measurements were recorded at 10-minute intervals. Temperature and precipita-
tion data was subsequently averaged to monthly mean values. In addition to the weather data, soil temperature measurements
were taken at a depth of 20 — 30 cm using Soil Analysis Sensors (Digital) by Scanntronik Mugrauer GmbH. The measurement
range for the temperature was —30 °C to 480 °C, with an average resolution of 0.1 °C and an accuracy of 4/ — 1 °C. The posi-
tions of these sensors are marked in Figures 2a and 3a. Soil temperature was recorded at 10-minute intervals with a Thermofox
Universal data logger by Scanntronik Mugrauer GmbH, using Softfox (version 3.05) for setup. These recordings were first
averaged over 60-minute periods to calculate hourly temperatures. For analysis purposes, the hourly temperatures were subse-
quently categorized into daytime and nighttime temperatures. Daytime temperatures were defined as those recorded between
06:00 and 17:59, while nighttime temperatures were defined as those recorded between 18:00 and 05:59. This separation of
data allowed for a detailed examination of diurnal temperature variations and their potential impact on dune vegetation. Due
to a sensor failure at the Cusp Dune, there was a significant data loss from May 2nd to July 13th, likely affecting the recorded

temperatures in May, June, and July.
C1 Morphology

For the Cusp Dune situated at the northern beach of the island a clear southward migration can be identified based on the
compiled sedimentation erosion maps shown in Fig. Cla. The northern part of the dune along the luv or seaward side being
the most exposed part, is eroded up to -2.9 m within three years becoming level with the beach north of it. The former dune
toe zone has migrated 28 m inland between 2019 and 2022. The central and southern part of the Cusp Dune shows significant
vertical accretion with an average of +1.5 m over three years. Apart from the dune itself, the beach north of it shows erosion
of an average -0.4 m during this period. Meanwhile, the blowouts left and right of the Cusp Dune show accretion of 0.5 m
along the western blowout and 0.6 m on average along the eastern blowout. This overall pattern clearly mimics the impact
of the predominant northwestern angle of wave and wind attack, eroding the northern beach and exposed dune slopes, while

accumulating sediments within the more sheltered blowout sections and on the leeward side of the dune ridges.
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In addition to the sedimentation-erosion maps, aeolian transport volume for the field site has been calculated and is compiled
in Fig. C1b with monthly intervals. The calculation is based on the revised transport formulae found in van Rijn and Strypsteen
(2020). Wind speed and direction have been sourced from the weather station No. 6091 operated by the German Weather
Service (DWD), located at 53.7674° N, 7.6721° E’ on Spiekeroog. Transport volumes are calculated with the formulae based on
wind angle of attack in relation to the dune location, exposure and area. For the Cusp Dune a total of 1606 m® was calculated,
which equates to 0.3 m elevation increase per year on average, well corresponding to the DEM values. In comparison, the
southern Dune Ridge is relatively stable over multiple years, which is expressed in a gradual vertical increase of 0.3-0.7m
along the ridge line and larger depositions on the lee-side with up to 1.4 m (see Figure C2a). Maximum erosion occurs near the
luv-side dune toe area ranging between -0.4 m and -1.2 m. The beach in front of the dune shows gradual vertical increase with
an average 0.2 m m over three years. The aeolian transport volume calculated the same way for the Dune Ridge yields a total
sedimentation volume of 2225 m? per year, which corresponds to a vertical increase of 0.6 m. This value is higher than for the
Cusp Dune site but still within the DEM range for the period. In the map shown in Figure C2a, a blowout is clearly visible
in the middle of the Dune Ridge sampling area, which exhibits strong erosion, while the surrounding crest and landward side
of the dune experience sedimentation, corroborating the average net sedimentation value. Both field sites were exposed to five

storm surge events during 2022 of which all five reached the dune toe areas and induced erosion (BSH, 2024).

Estimated monthly transport volume | Total for 2022: 1606 m®
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2019 - 2022
3
143 Im:
E
_3 E
E
S
> L
. x 2
A 4 :
@ Soil sensor
[ ] Sample area
(@) (b) it peb"’%%'”” oy My e S%’“"Io:%"‘"f /Vobe"'bef%""%er

e

Figure C1. Morphological changes 2019 - 2022 for the Cusp Dune (a) based on DEM data with a 1 mx1 m raster resolution provided by the
Lower Saxony Water Management, Coastal and Nature Protection Agency (NLWKN). Aeolian transport volume calculation for 2022 based
on wind speed and direction data sourced from the German Weather Service (DWD) station on Spiekeroog situated between the two field

sites.
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(b) Estimated monthly transport volume | Total for 2022: 2225 m’
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Figure C2. Morphological changes 2019 - 2022 for Dune Ridge (a) based on DEM data with a 1 mx1 m raster resolution provided by the
Lower Saxony Water Management, Coastal and Nature Protection Agency (NLWKN). Aeolian transport volume calculation for 2022 based
on wind speed and direction data sourced from the German Weather Service (DWD) station on Spiekeroog situated between the two field

sites.

C2 Wind forces

The wind roses (Fig. C3) illustrate the distribution of wind speed and direction for the years 2018-2022 (Fig. C3a) and the
year 2022 (Fig. C3b), along with seasonal data for 2022 (i.e., summer and winter, see Figure C3c and d). During the years
2018-2022, strong winds (> 8 m/s, Bft 5) were west-dominated, totaling 64.46 % (W: 24.43 %, NW: 22.71 %, SW: 17.32 %).
In 2022, the distribution of strong winds shifted slightly, but remained west-dominated, totaling 66.61 % (W: 24.27 %, NW:
26.59 %, SW: 15.75 %). Focusing on summer months (April to September 2022), which represent key growth phases for vege-
tation, strong winds were predominantly from the northwest (W: 25.85 %, NW: 38.62 %). Moderate winds (< 8 m/s) were more
evenly distributed, ranging from 8.52 % (SW) to 17.11 % (E). In winter (October to March 2022), strong winds were more dis-
tributed and shifted slightly to the southwest (W: 22.97 %, SW: 22.00 %, NW: 16.70 %). Moderate winds were predominantly
from the south (S: 29.39 %, SE: 19.39 %, SW: 14.61 %).
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(a) 2018-2022 (b) 2022
N N

Wind Speed (m/s)
Bft O
Bft 1
Bft 2
Bft 3
Bft 4
Bft 5
Bft 6
Bft 7
Bft 8
Bft 9
Bft 10
Bft 11
Bft 12

Dune Orientation
—— Windward (Dune Ridge)
——- Windward (Cusp Dune)
Leeward (Dune Ridge)
Leeward (Cusp Dune)

Figure C3. Wind roses showing wind direction and frequency for various time periods (Deutscher Wetterdienst): (a) wind rose for 2018-
2022, (b) wind rose for 2022, (c) wind rose for summer months of 2022 (April-September), (d) wind rose for winter months of 2022
(October-March). Windward (black) and leeward (light gray) directions are indicated for each dune site. Solid lines represent Dune Ridge,

and dot-dashed lines represent Cusp Dune, highlighting the directions perpendicular to the wind-exposed and wind-sheltered dune sides.

C3 Climate

The analysis of air temperature and precipitation data revealed that the air temperature peaks were consistently reached in July
or August across all years, with August being the peak month in 2022 (Fig. C4). The lowest temperatures were observed from
November to March in all years, with the winter of 2022 being relatively mild compared to other years, except for December.
Overall, the air temperatures in 2022 were within the average range. Regarding precipitation, the data showed that 2022 had
generally average precipitation levels with some outliers. Notably, February 2022 had a marked peak, recording the highest

monthly average precipitation among all observed years.
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Figure C4. Markers and lines are showing monthly mean values of air temperature (in °C) and the bars monthly values of precipitation (in

mm) for the years 2018-2022. White and gray background color indicate the definition of summer and winter months, respectively.

C4 Soil sensor

The soil temperatures at Dune Ridge and Cusp Dune sites showed considerable seasonal and diurnal variations throughout the
year 2022, as illustrated by boxplots in Fig. C5. Comparing the two sites, Dune Ridge (Fig. C5a) generally exhibited higher
temperature extremes, especially during the day, reflecting potentially greater solar exposure due to sparse vegetation. For
instance, in August, the maximum daytime soil temperature at Dune Ridge was 48.03 °C with an average of 28.02 °C, while at
Cusp Dune (Fig. C3b), the maximum was 31.60 °C with an average of 23.30 °C. The highest daytime soil temperature recorded
was 53.38 °C at Dune Ridge in July. The surrounding vegetation at Cusp Dune, which grew tall and dense by June (Fig. C6-
2a and -2b), likely shaded the sensor, contributing to lower recorded temperatures compared to Dune Ridge (Fig. C6-1a and -b).
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Figure CS. Monthly daytime (in orange) and nighttime soil temperatures (in blue) at (a) Dune Ridge and (b) Cusp Dune throughout 2022.

Months (2022)

Months (2022)

White and gray background color indicate the definition of summer and winter months, respectively.

Figure C6. (1) Soil sensor at Dune Ridge (1a) in February 2022 and (1b) in November 2022. (2) Soil sensor at Cusp Dune (2a) in February

2022 and (2b) in June 2022. The images illustrate the differences in vegetation cover and shading at the sensor locations across different

times of the year.
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Appendix D: Results - Tables

This section provides a comprehensive overview of the seasonal variations in the biomechanical properties of aboveground
vegetation parts of marram grass. In Tables D1-D6 the results of the statistical analyses are presented, structured to address the

key research questions and highlight significant differences in biomechanical traits.

D1 Seasonal variations in biomechanical properties of marram grass

Table D1. Mean and standard deviation of canopy height, horizontal density, and number of flowers for both dune sites across seasons

(summer/winter) as well as Mann-Whitney test results showing seasonal differences with significant values (p<0.05) in bold.

Parameter Unit Season mean std P-value n
summer | 79.66 15.62 707
Canopy Height [em] 0.343
winter 79.87 13.38 705
summer | 49349 | 217.97 707
Horizontal Density [shoots m 2] <0.001
winter | 445.65 | 209.93 603
9 summer | 108.86 | 92.50 306
Number of Flowers | [flowersm™ “] NaN
winter NaN NaN
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Table D2. Mean and standard deviation of parameters for different plant components and dune sites across seasons (summer/winter).

‘ ‘ Stiffness Kp ‘ Young’s modulus F ‘ Outer diameter d, Length L ‘
| | Nmm] | [MPa] | [mm] | fem |
Plant part Dune site Season | mean std mean std mean std mean std
Combined summer | 3.98 146 | 1175.85 563.72 3.24 0.53 18.28  5.11
Combined winter 415 1.59 | 1173.47 479.92 3.10 0.51 15.37 445
Dune Ridge | summer | 3.83 146 | 1252.04 649.42 3.14 0.51 19.04 5.11
Sprout Dune Ridge | winter 419  1.53 | 1209.69  453.96 3.15 0.48 14.86  3.92
Cusp Dune summer | 4.06 146 | 1134.94 518.45 3.29 0.54 1790 5.12
Cusp Dune | winter 414 1.62 | 115597 492.47 3.07 0.52 15.62  4.70
Combined summer | 0.29  0.11 | 1215.16 526.92 1.69 0.22 4435 8.14
Combined winter 033 0.13 | 1585.21 624.35 1.57 0.20 51.47 8.94
Green Leaf Dune Ridge | summer | 0.29  0.11 | 1379.62 609.47 1.63 0.23 43.14  9.02
Dune Ridge | winter 032 0.13 | 175547 626.07 1.52 0.21 50.84  8.12
Cusp Dune | summer | 0.29  0.11 | 1132.93 485.64 1.72 0.22 4495  7.70
Cusp Dune | winter 0.33  0.12 | 1502.92 623.52 1.59 0.20 51.77  9.33
Combined summer | 0.70  0.46 | 1790.77 809.09 1.72 0.26 43.80 6.93
Combined winter 047 0.18 | 1837.46 855.73 1.67 0.21 47.82 795
Brown Leaf Dune Ridge | summer | 0.81  0.55 | 2248.17  1100.85 1.69 0.28 43.80 8.04
Dune Ridge | winter 048  0.18 | 2159.45 943.93 1.61 0.24 4643  8.62
Cusp Dune | summer | 0.64 041 | 1550.03 655.26 1.73 0.24 43.80 6.38
Cusp Dune | winter 046 0.18 | 1681.84 813.11 1.70 0.20 4847  7.64
Combined summer | 5.30 1.65 | 2641.05  1152.78 2.78 0.39 64.94 10.87
Stem Dune Ridge | summer | 5.13 148 | 2776.14  1002.39 2.69 0.32 6542 947
Cusp Dune | summer | 539  1.74 | 2573.51  1230.58 2.83 0.43 64.70 11.57
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Table D3. Mann-Whitney test results comparing seasonal differences (summer/winter) for each plant component, with data aggregated across

both dune sites (Dune Ridge and Cusp Dune). Significant values (p<0.05) in bold.

Part Parameter P-Value | ngmmer | Dwinter
Stiffness Kp <0.001 641 792
Young’s modulus £ | <0.001 641 792
Sprout
Outer diameter d, 0.909 641 792
Length L 0.196 619 705
Stiffness K p <0.001 269 460
Young’s modulus £ | <0.001 269 460
Green Leaf
Outer diameter d, <0.001 269 460
Length L <0.001 270 477
Stiffness Kp 0.077 250 462
Young’s modulus £ 0.898 250 462
Brown Leaf

Outer diameter d, 0.199 250 462
Length L <0.001 253 458
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D2 Comparison of biomechanical traits among plant parts
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D3 Impact of wind exposure on biomechanical traits
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Table D5. Mann-Whitney test results comparing plant components between different exposure conditions at each dune site. For Dune Ridge,
comparisons are made between luv and lee, while for Cusp Dune, comparisons are made between Northwest and Southeast. Significant
values (p<0.05) in bold.

Dune site Zone 1 Zone 2 Part Parameter P-Value | nzonet | Nzone2
Dune Ridge | luv lee Sprout Stiffness Kp <0.001 199 190
Young’s modulus £ | <0.001 199 190
Outer diameter d, 0.957 199 190
Length L 0.168 177 173
Green Leaf Stiffness Kp 0.010 91 90
Young’s modulus £ 0.002 91 90
Outer diameter d, 0.622 91 90
Length L <0.001 101 90
Brown Leaf Stiffness K g 0.125 89 88
Young’s modulus £/ 0.689 89 88
Outer diameter d, 0.183 89 88
Length L 0.003 78 88
Stem Stiffness Kp 0.086 31 38
Young’s modulus £ 0.642 31 38
Outer diameter d, 0.668 31 38
Length L 0.159 31 39
Cusp Dune | Northwest | Southeast | Sprout Stiffness K g 0.748 472 482
Young’s modulus £ 0.020 472 482
Outer diameter d, 0.316 472 482
Length L 0.015 444 452
Green Leaf Stiffness Kp 0.506 261 253
Young’s modulus £ 0.055 261 253
Outer diameter d, 0.030 261 253
Length L 0.165 263 258
Brown Leaf Stiffness K 0.002 253 247
Young’s modulus £ 0.015 253 247
Outer diameter d, 0.960 253 247
Length L 0.568 259 251
Stem Stiffness Kp 0.597 124 113
Young’s modulus &£ 0.744 124 113
Outer diameter d, 0.526 124 113
Length L 0.260 123 111
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D4 Influence of dune systems on plant biomechanics

Table D6. Mann-Whitney test results comparing Dune Ridge (Zone 1) with Cusp Dune (Zone 2) for each plant component. Significant values
(p<0.05) in bold.

Part Parameter P-Value | nzene1r | Nzone2
Sprout Stiffness Kp 0.347 479 954
Young’s modulus £ 0.002 479 954
Outer diameter d,, 0.044 479 954
Length L 0.039 428 896
Green Leaf Stiffness Kp 0.872 215 514
Young’s modulus 0.031 215 514
Outer diameter d, 0.063 215 514
Length L 0.277 226 521
Brown Leaf Stiffness K 0.036 212 500
Young’s modulus £ | <0.001 212 500
Outer diameter d,, <0.001 212 500

Length L 0.010 201 510

Stem Stiffness Kp 0.439 84 237
Young’s modulus E 0.185 84 237

Outer diameter d, 0.061 84 237

Length L 0.805 85 234
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685 Appendix E: Results - Figures

The following figures (Figures E1-E4) offer a visual representation of the findings through heatmaps, illustrating the spatial

and seasonal variations of the measured properties across different dune zones.

a) Sprout b) Stem

4.46 5.19 -6.5

East 00
............................... 55 E
South £
............................... 5.0 Em
West %
-45 g
luv-side =
............................... -4.0 &

dune crest
............................... -3.5
. 5.04
lee-side (2.21) -3.0

summer winter summer winter

Figure E1. Heatmap showing stiffness K g for (a) sprout and (b) stem in different zones and seasons. The values within the heatmap cells

represent the mean stiffness (in N/mm) with the standard deviation in parentheses.
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Figure E2. Heatmap showing stiffness K g for (a) green leaf and (b) brown leaf in different zones and seasons. The values within the heatmap

cells represent the mean stiffness (in N/mm) with the standard deviation in parentheses.
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Figure E3. Heatmap showing Young’s modulus E for (a) sprout and (b) stem in different zones and seasons. The values within the heatmap

cells represent the mean Young’s modulus (in MPa) with the standard deviation in parentheses.
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Figure E4. Heatmap showing Young’s modulus E for (a) green leaf and (b) brown leaf in different zones and seasons. The values within the

heatmap cells represent the mean Young’s modulus (in MPa) with the standard deviation in parentheses.
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Data availability. The comprehensive dataset presented in this study, detailing individual measurements from the monthly field campaign
conducted from January to December 2022 on Spiekeroog, Germany, examining the geometrical and biomechanical properties of marram
grass (Calamagrostis arenaria, formerly Ammophila arenaria), can be found in the following repository: https://doi.org/10.24355/dbbs.
084-202404230724-0.
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