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Salt marshes play an important role in coastal protection by reducing the impact of

waves and shoreline erosion risks. While mature vegetation is responsible for the

persistence and stability of marsh ecosystems, seedling survival of pioneer species

is especially crucial for marsh propagation. Marsh seedlings, however, may be

threatened by climate change induced increased coastal storm surge intensity and

accompanying (extreme) wave conditions, imposing stronger drag forces on

marsh seedlings. We test the hypothesis that drag forces experienced by

seedlings increase with horizontal orbital velocity (Uw) in a species-specific

manner, and that the drag forces experienced are individual-plant trait-

mediated. To test our hypotheses, seedlings of four contrasting pioneer marsh

species (Bolboschoenus maritimus, Schoenoplectus tabernaemontani, Spartina

anglica, and Puccinellia maritima) were exposed to storm wave conditions in a

flume, where Uw and experienced drag forces were measured. Linear mixed effect

models demonstrated that seedling’s susceptibility to storm wave conditions is at

least partly mediated by individual plant traits. Drag forces experienced by

seedlings tended to increase with Uw, and with stem length and diameter. The

interplay of both traits was complex, with increasing stem length being the most

important trait accounting for increases in drag forces experienced at low to

moderate Uw, while the stem diameter became more important with increasing

Uw. Furthermore, experienced drag forces appeared to be affected by species-

specific traits such as rigidity and leaf growth, being highest for Bolboschoenus

maritimus and lowest for Puccinellia maritima. Our results provide important

mechanistic insights into the drivers of tidal marsh seedling vulnerability to storm

wave conditions due to experienced drag, both based on the traits of individual

plants and species-specific ones. This type of knowledge is of key importance

when modelling saltmarsh establishment and resilience under climate change.
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1 Introduction

Intertidal wetlands are often characterized by the dynamic

coexistence of a low-elevation non-vegetated tidal flat and a

higher-elevation vegetated marsh (Fagherazzi et al., 2006), which

have been identified as alternative stable ecosystem states resulting

from positive feedbacks between sediment elevation and vegetation

growth (van de Koppel et al., 2005; Marani et al., 2007; Wang and

Temmerman, 2013). Vegetation can establish above a critical

elevation threshold, as elevation determines, e.g., frequency and

duration of tidal inundation, strength of hydrodynamic forces and

sedimentary processes (see ‘windows of opportunity’ concept

proposed by Balke et al., 2011; Balke et al., 2013). Once

vegetation is established, it leads in turn to attenuation of waves

and currents, and trapping of sediments, which further stimulates

vegetation growth, hence creating a positive, so-called bio-

geomorphic feedback (Bouma et al., 2009b; Bouma et al., 2014).

Shifts from the bare to vegetated ecosystem state are driven by

pioneer marsh plant establishment, which may be limited by the

hydrodynamic forces acting on the plants. Wave exposure generally

increases with decreasing elevation in the intertidal zone (Mudd,

2011), and when wave energy exceeds a critical threshold, pioneer

plant establishment and development is hampered (Friess et al.,

2012; Cao et al., 2020; Zhu et al., 2020). Drag forces result from

friction between the water flow and the plant shoot (e.g. Denny,

2021), and are known to be a function of both hydrodynamic

parameters, such as horizontal orbital velocities (Uw; typically

increasing with wave height), and plant traits (e.g. Paul et al.,

2016; Vuik et al., 2018). After initial establishment, developing

seedlings may suffer from strong mechanical stress caused by wave-

induced drag forces (Paul et al., 2016; Rupprecht et al., 2017; Cao

et al., 2020; Shao et al., 2020), potentially leading to breakage of

shoots and uprooting (Rupprecht et al., 2017; Vuik et al., 2018).

This can be exacerbated by sediment scouring around the stems as

another consequence of wave exposure (Bouma et al., 2009a;

Silinski et al., 2016).

In response to hydrodynamic stress, marsh pioneer plants have

developed different morphological trait adaptations and growth

strategies (e.g. Bornette and Puijalon, 2011; Puijalon et al., 2011;

Silinski et al., 2018). Schoutens et al. (2021) suggested that a small

stem diameter and a flexible plant morphology increase seedling

survival under extreme wave conditions. That is, when simulating

extreme wave events, the authors found a lower rate of seedling loss

and a lower bending angle for the smaller individuals of the salt

marsh pioneer species Spartina anglica and Puccinellia maritima,

compared to the larger individuals of the brackish marsh pioneer

species Schoenoplectus tabernaemontani and Bolboschoenus

maritimus. Species-specific variation in how plants cope with

similar environmental conditions can result in species sorting but

also in intraspecific phenotypic responses (Silinski et al., 2018; Cao

et al., 2020; Shao et al., 2020; Schoutens et al., 2022), ultimately,

causing smaller and more flexible species to grow at wave-exposed

locations, while larger and stiffer species may be found under more

wave-sheltered conditions (Carus et al., 2017; Silinski et al., 2018;

Schoutens et al., 2022). Cao et al. (2020) further indicated

morphological plasticity of three marsh plant species: after wave
Frontiers in Marine Science 02
exposure over seven weeks, the flexural rigidity of seedlings

decreased, whereas the root/shoot biomass ratio increased,

possibly to avoid high drag forces. Yet, the extent in which

seedlings with low stature, small diameter, and/or low rigidity

during storms indeed face significantly lower drag forces than the

slightly larger and stiffer individuals, has rarely been explicitly

investigated (e.g. Heuner et al., 2015; Paul et al., 2016).

As a consequence of climate change, we expect rising sea levels

and increasing storm surge frequency and intensity in certain

places, resulting in enhanced exposure of tidal marsh plants to

waves, habitat loss and coastal squeeze under human impact

(Spencer et al., 2016; Colombano et al., 2021; Hu et al., 2021).

Since ecosystem services such as carbon storage, wave attenuation,

and mitigation of shoreline erosion are particularly associated with

vegetated tidal marsh areas (Shepard et al., 2011; Lau, 2013; Himes-

Cornell et al., 2018), future protection and restoration of these

marshes is an urgent task. Apart from generating favorable bed

elevation, soil conditions and habitat connectivity (e.g., for the

propagation of seeds and propagules; Wolters et al., 2008; Zhao

et al., 2020), it is crucial to understand how pioneer species respond

to wave induced stresses in order to ensure establishment and

survival even under potentially altered wave climate (Zhu et al.,

2020). However, knowledge about the drag forces acting on young

marsh plants under high wave loads, and on how plant traits

influence seedlings susceptibility to these forces, is scarce, thereby

hampering modelling climate change scenarios.

In this study, we experimentally examined relations between

horizontal orbital velocity (Uw) and drag forces (FD) acting on

seedlings of four pioneer tidal marsh plant species, and how these

relations were mediated by plant traits. Seedlings were exposed to

different combinations of extreme wave heights and wave periods.

We hypothesized first, that stem length and diameter control both

interspecific and intraspecific variation in the experienced drag

forces. Second, we expected that drag forces increase with Uw in a

species-specific manner, indicating that further morphological traits

such as rigidity or foliage additionally affect experienced drag forces.
2 Material and methods

2.1 Study species

To determine the effects of extreme wave conditions on the drag

force exerted on pioneer marsh seedlings, stems of the two brackish

marsh species Bolboschoenus maritimus (L.) and Schoenoplectus

tabernaemontani (C.C. Gmel.) as well as of the two salt marsh

species Spartina anglica (C.E. Hubb.) and Puccinellia maritima

(Huds.) were exposed to different combinations of wave heights and

wave periods under laboratory conditions. All four species

reproduce either by clonal propagation or seed dispersal and

colonize bare mudflats in NW European estuaries (Schoutens

et al., 2021). While B. maritimus and S. tabernaemontani grow in

the upper part of estuaries, S. anglica and P. maritima can be found

in more seaward and often more exposed areas. Since (re-)

colonization is pivotal for tidal marsh persistence and advance, it

is, thus, important to understand the plant-flow-interaction of the
frontiersin.org
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four species, especially under potential harmful storm surge

conditions and even when occurring as single plants in front of

the dense vegetation stands.

The study species show distinct phenotypical properties

that help them cope with environmental conditions. The

leafy B. maritimus is characterized by thicker stems than

S. tabernaemontani (e.g. Schoutens et al., 2021) and has

triangular cross-sections (Carus et al., 2016). In contrast, S.

tabernaemontani produces more flexible, almost circular and

leafless stems. Its flexural stiffness of adult plants (0.013 Nm²) is

distinctly lower than that of B. maritimus (0.047 Nm²; Schoutens

et al., 2020). Commonly, both species form monospecific stands

with a distinct zonation. Whereas the leafless S. tabernaemontani is

growing in the seaward pioneer zone, B. maritimus grows more

landward in a greater distance from the marsh edge (Heuner et al.,

2019; Schulte Ostermann et al., 2021). S. anglica occurs primarily in

low elevated, seaward pioneer zones of dynamic salt marshes

(Adam, 1990). Shoots and leaves are stiff and upright growing

(Bouma et al., 2005). P. maritima can be found in more sheltered

pioneer salt marshes and shows flexible stems with leaves covering

the sediment surface (Möller et al., 2014; Schoutens et al., 2021).

Both species grow in dense tussocks (Bouma et al., 2009a) and can

act as ecosystem engineers by enhancing the deposition of

sediments (Sánchez et al., 2001; Langlois et al., 2003), and by

altering the water flow (Bouma et al., 2013).
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2.2 Preparation of experimental plants

Seedlings of all four species were grown from seeds on moist

substrate following stratification (4°C during the night and room

temperature during the day). In mid-June 2018, three weeks after

stratification was initiated, seedlings were planted in fertilized (slow

release Osmocote, Substral) sand from the Scheldt estuary (SW

Netherlands) and grown under greenhouse conditions. After the

transport to the laboratory facility in Hannover at the beginning of

August 2018, seedlings were stored outside and irrigated with fresh

water. During the experiment, the age of the seedlings ranged

between 10 to 14 weeks.
2.3 Experimental setup

The study was conducted in the Large Wave Flume of the

Forschungszentrum Küste (FZK) in Hannover, Germany and lasted

for threeweeks.We set up an experimental platform (40m long) in the

center of the flume (300 m long, 5 m wide, 7 m deep). The drag force

experiment was installed at the front of the experimental platform

(Figure 1) where four drag sensorswere installed 20 cmapart andflush

with the platform’sfloor.Drag forcesweremeasured using two sensors

each developed by Deltares (custom-made device) and by Apex (ATI

Gamma, North Carolina, USA; see ATI Industrial Automation, 2023).
FIGURE 1

Schematic, not to scale, overview of instrument setup in the large wave flume (GWK, Hannover, Germany), indicating the instruments’ locations on the
elevated platform (A), a cross-sectional view on the instrument setup in more detail (B) and a photographic plant setup (C).
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The Deltares sensors operate on the wheatstone bridge principle and

were capable of recording forces in the direction, and counter to, wave

propagation (Paul et al., 2016). The ATI Gamma is capable of

recording forces that act on the sensor head in all three dimensions,

but for sake of comparison on the data matching the setup of the

Deltares sensors was used. Seedlings of all four species were equally

distributed among the different sensors. Irregular waves were

generated with a JONSWAP wave spectrum (Hasselmann et al.,

1973) for a duration of 1000 waves with an inundation depth of

1.5m to simulate storm flood conditions. Over a period of three weeks

(August 14–31, 2018), we performed twelve different wave runs with

five different combinations of significant wave height (Hs) and peak

period (Tp) (Hs: 0.3-0.8 m; Tp: 2.5-5.8 s; see Table 1). Between wave

runs, theflumewas slowly drained toprevent currents during drainage

that erode the soil surface.

Before each wave run, individual shoots of the study species

were cut directly above the ground and individual seedling traits

were measured. Afterwards, the single shoots were glued onto a

wooden plate which was then screwed onto a drag sensor. This

fitting transferred the forces imposed by the water onto the

seedling’s aboveground biomass to the force sensor. It was thus

possible to record forces acting on the individual shoots as it would

be the case under natural conditions during (re-)colonization. In

addition, control measurements were made with a wooden plate

without any seedling attached to a drag sensor. Stem length was

recorded with a ruler (resolution: 0.1 cm) and stem diameter was

obtained with a caliper gauge (resolution: 0.01 cm).

Wave heights were recorded using a wave gauge array, installed

above the platform fronting the drag sensors. An Acoustic Doppler

Velocimeter (ADV, Nortek Vector) was placed in line with the drag

sensors on the central axis of the flume. The ADV measured

horizontal orbital velocities (Uw) at 5 cm above the bed at 25 Hz,

whereas wave gauges and drag sensors recorded time series

at 100 Hz.
2.4 Hydrodynamic background of
measured drag forces

In this flume study, profile drag, i.e. the drag force produced by

a surface standing perpendicular to the water flow (Bouma et al.,

2005), was experimentally measured. The horizontal drag force FD
is theoretically described as
Frontiers in Marine Science 04
FD =
1
2
rCDAPU

2 (eqn 1)

where r is the fluid’s density, Ap is the frontal area, CD is the drag

coefficient and U is the mean horizontal fluid velocity (Stone and

Shen, 2002). Plants are able to reduce or avoid drag (e.g. Bornette

and Puijalon, 2011), by, for example, reconfiguration (Bouma et al.,

2005), or to increase their tolerance to drag by investments in tissue

rigidity or anchoring (e.g. Puijalon et al., 2008; avoidance/tolerance

strategies in Silinski et al., 2018).
2.5 Data processing

Time series data of horizontal orbital velocity Uw measured by

the ADV and recorded drag force data were used to quantify how

much energy of the wave is absorbed by the aboveground biomass

of the tested pioneer seedlings. To eliminate noise from the time

series signals, a low pass (5 Hz) filter was applied to the wave gauge

and ATI drag sensor data (ATI Industrial Automation, 2023). In the

latter case, an additional high pass (0.2 Hz) filter was applied, and

values with a correlation< 85% were removed from the ADV time

series. Consecutively, the despiking algorithm of Mori et al. (2007)

was applied to data from all drag sensors and the ADV to smooth

data and close gaps. Subsequently, the absolute values for maximum

drag forces were matched with the maximum orbital velocities for

each wave period. While the ADV recorded the velocity

components in three dimensions (along-flume, across-flume and

vertical) only the along-flume component is considered in this

study as it matches the direction in which the forces were recorded.
2.6 Statistical analysis

Species-specific differences in the recorded stem diameter and

stem length were assessed with a non-parametric Kruskal-Wallis

test, followed by a non-parametric pairwise comparison using

Wilcoxon rank sum test with Holm correction. We used linear

mixed-effect models (LMM) to investigate relations between Uw

and experienced drag forces, and how these were mediated by

individual traits. Therefore, species was treated as random factor.

Fixed factors varied depending on the tested hypothesis.

LMM 1: First, to analyze in which way drag forces generally

increase with flow velocity, we fitted a LMM including Uw as fixed
TABLE 1 Significant wave height (Hs, m), wave peak period (Ts, s) and average horizontal orbital vlelocity (Uw) per wave run which consisted of 1000
waves. All wave runs included randomly generated waves of the JONSWAP spectrum, representing typical North Sea conditions.

Wave run Wave Height
(Hs, m)

Wave Peak Period
(TP, s)

Average Horizontal Orbital Velocity
(m s-1)

1 0.3 2.5 0.16

2 0.4 4.1 0.3

3 0.6 3.6 0.39

4 0.7 3.9 0.45

5 0.8 5.8 0.61
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factor. We tested whether including second- and third-degree

polynomial terms improved the model. To investigate whether

species significantly varied in drag forces, random-effect species

terms were reduced, and likelihood ratio tests of model reductions

were applied. The model (excluding any traits) had the following

structure, with fixed coefficients in Roman and random coefficients

in Greek:

log (Ni) =  aj½i� + b1Uwi + b2U
2
wi + b3U

3
wi + ϵi (eqn 2)

where aj[i] is the random intercept varying by species (i.e. groups,

j = 4 species). Including a varying slope did not further improve

the model.

LMM 2: Second, to test whether drag forces were mediated by

seedling’s traits, we fitted LMMs additionally including stem

diameter and length as fixed effects. We considered models of

different complexity, including one of the two traits at a time (LMM

2.1 = Length, LMM 2.2 = Diameter), and including both traits

(LMM 2.3 = Length + Diameter). We also explored interactions

between all fixed factors. Again, we applied likelihood ratio tests to

test whether species random effects were still significant after

accounting for differences in stem diameter and length among

individuals. The final, full model (LMM 2.3) had the following

structure:

log (Ni) =  aj½i� + b1Uwi + b2U
2
wi + b3U

3
wi + z1Lengthi

+ z2Lengthi � Uwi + z3Diameteri + z3Lengthi

� Uwi + z4Lengthi � Diameteri + ϵi (eqn 3)

where again aj[i] is the random intercept varying by species, and bi
(Uwi) and zi (Traits) are the coefficients for the fixed effects. Note

that the traits varied by shoot. Quadratic effects for Length and

Diameter were not significant, and therefore not included in the

final model.

Both the response variable drag force, and the predictor variable

Uw were left-skewed and had to be transformed prior to the

analysis. Drag force was log transformed; for Uw we instead
Frontiers in Marine Science 05
applied a square root transformation, because the log

transformation was too strong and yielded a right-skewed data

distribution. All other variables were standardized (subtracting the

mean, dividing by standard deviation). We also explored fitting

generalized linear mixed-effect models (GLMM) with a log link to

the untransformed response variable, (a) with a Gaussian error

distribution, (b) with an Inverse Gaussian error distribution, and (c)

with a Gamma error distribution; these models, however, gave an

inferior fit.

We calculated Akaike’s Information Criterion (AIC, Akaike,

1974) for the null model excluding any fixed effects, but including

the random effect for species, and the full models including all fixed

and random effects. DAICNull is the difference in AIC between the

null model and the full model. If DAIC > 2, the empirical support

for the full model is considerably higher than for the simpler model

(Burnham and Anderson, 2010). We further calculated the

difference between the full models and simpler models excluding

species traits, but still including Uw as a fixed effect.

We used R version 4.2.1 (R Core Team, 2022) for model fitting,

with the LMMs fitted using the add-on library lme4 version 1.1-30

(Bates et al., 2015). P-values for fixed effects were approximated

using Satterthwaite’s method as implemented in the package

lmerTest version 3.1-3 (Kuznetsova et al., 2017). Marginal and

conditional R²-Values for the LMMs were calculated using the

function rsquared.glmm() in the package gabtool (Pigeon, 2016).

3D-Plots were generated using lattice version 0.20-45

(Sarkar, 2008).
3 Results
The JONSWAP spectra of the individual wave runs differed in

wave height and period (see Table 1) which resulted in different Uw

increased with the tested wave height scenarios (b = 0.64 ± 0.004

(SE), p< 0.001, R² =0.39); at the same time, the variation in Uw

increased (Figure 2).
FIGURE 2

Differences in measured horizontal orbital velocity (Uw) between experimental runs with varying wave heights (m).
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3.1 Interspecific variation in plant traits

Both stem length (Figure 3A) and stem diameter (Figure 3B) of

individual seedlings differed significantly between species (Kruskal-

Wallis test; p< 0.01). Stems of S. tabernaemontani were on average

longest, and those of S. anglica shortest. P. maritima had a

significantly smaller stem diameter than the other species

(Kruskal-Wallis c2 = 23532, df = 3, p< 0.001).
3.2 Interspecific variation in drag forces in
relation to Uw and plant traits

Drag forces generally increased with Uw (Figure 4A;

Figures 5A–D). Overall, B. maritimus experienced the highest

drag forces, and P. maritima the lowest. This could be partly

explained by differences in stem length between the species, but

also by other species traits that were not quantified in our study (e.g.

leaf area and stiffness).

Linear mixed effect models including stem length (Figure 6A;

Table S1A, marginal R2 = 0.55, conditional R2 = 0.70) and stem

diameter (Figure 6B; Table S1B, marginal R2 = 0.54, conditional

R2 = 0.62) as predictors, respectively, showed that drag forces

significantly increased with stem length and with stem diameter.
Frontiers in Marine Science 06
Overall, differences in experienced drag forces among individuals

with varying stem lengths and diameters increased with increasing

Uw, especially in the case of stem diameter.

The model including both stem length and stem diameter

revealed interactions between these two traits (Figure 7, marginal

R2 = 0.57, conditional R2 = 0.75). Seedlings with long and thin

shoots generally experienced the highest drag forces, and seedlings

with short and thin shoots the lowest drag force. For short shoots,

the drag force increased with diameter, especially at high Uw,

whereas the opposite was true for individuals with long shoots.

Comparing random species effects of models including both

plant traits showed that – whilst accounting for individual variation

in shoot length and diameter – B. maritimus, followed by S. anglica,

experienced the highest drag forces, and P. maritima and S.

tabernaemontani the lowest (Figure 4B).
4 Discussion

The results suggest that seedling’s susceptibility to storm wave

conditions is individual-plant rather than species trait-mediated.

That is, irrespective of species identity, the drag forces experienced

by individual seedlings increased with Uw, and with increasing stem

length and diameter. However, the interplay of these parameters

was complex: at low to moderate Uw, stem length was distinctly the

most important trait, determining the exerted drag forces on

seedlings. With increasing velocity, the stem diameter gained in

importance. Considering the individual-plant trait combination of

stem length and stem diameter challenges the previous assumption

that long and thick stems probably lead to increased drag forces.

This discrepancy is probably due to the fact that other traits such as

leaf growth and flexibility, which were not directly measured in this

experiment, also play a decisive role for seedling’s vulnerability to

drag forces. That is, when assuming similar stem length and

diameter across species, the highest drag forces were predicted for

B. maritimus, followed by S. anglica (Figure 4B), which both are

known to have stiffer shoots than P. maritima (S. anglica vs P.

maritima: Bouma et al., 2009a) and the leafless S. tabernaemontani

(B. maritimus vs S. tabernaemontani: Schoutens et al., 2020). Our

results, thus, indicate that investigating plant trait combinations

rather than individual traits alone is important for assessing

vulnerability of tidal marsh seedlings to storm surge conditions.
4.1 Inter- and intraspecific variation in drag
forces in relation to plant traits

As hypothesized, stem length and diameter both control

interspecific and intraspecific variation in the experienced drag

forces, but stem length best explained drag forces. This is in

agreement with Albayrak et al. (2014), who showed that long

stems are correlated with higher drag forces, coupled with a high

risk for breakage. Likewise, in another flume experiment, seedlings

of B. maritimus and S. tabernaemontani experienced higher

breakage than the smaller seedlings of S. anglica and P. maritima
A

B

FIGURE 3

Interspecific differences in plant traits: (A) stem length (B. maritimus:
Mean = 497 mm, SD = 119, n = 5; S. tabernaemontani: Mean =
721 mm, SD = 131, n = 5; S. anglica: Mean = 358 mm, SD = 59, n =
9; P. maritima: Mean = 509 mm, SD = 85, n = 5; Kruskal-Wallis
c2 = 23532, df = 3, p< 0.001 (***)), and (B) stem diameter (B.
maritimus: Mean = 4.72 mm, SD = 0.48, n = 5; S. tabernaemontani:
Mean = 4.58 mm, SD = 1.33, n = 5; S. anglica: Mean = 3.4 mm, SD =
0.55, n = 9; P. maritima: Mean = 1.66 mm, SD = 79, n = 5; Kruskal-
Wallis c2 = 26840, df = 3, p< 0.001 (***)).
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(Schoutens et al., 2021). Since external mechanical forces, e.g. drag,

can cause disturbance for vegetation (Ennos, 1997; Read and Stokes,

2006), plants can adapt to their environment to evade potential

mechanical failure (Puijalon et al., 2011). Commonly, they either

avoid external forcing by preventive traits (e.g. increased flexibility

to minimize drag forces), or show traits that help the plant tolerate

external forcing (e.g. increased plant resistance to breakage)

(Puijalon et al., 2008; Puijalon et al., 2011; Silinski et al., 2018).

Hence, minimizing shoot size can be a potential strategy to avoid

drag forces. Indeed, for Spartina maritima tussocks Sánchez et al.

(2001) observed increasing shoot sizes with distance from the

exposed edge to the tussock center (and an inferred decrease in

flow velocities). Similarly, shoot lengths of B. maritimus increased

with increasing distance from exposed marsh edges and decreasing

wave height (Silinski et al., 2015; Silinski et al., 2018).

We also found a positive relation between stem diameter and

the experienced drag force. Moreover, the importance of stem

diameter was intensified with increasing Uw (Figure 6B). This

supports the hypothesis of Temple et al. (2021) that observed

decreases in stem diameter with rising wave heights of the tidal

marsh species Juncus roemerianus and Spartina alterniflora reflect

an adaptation strategy to minimize drag forces. Additionally, a

smaller stem diameter might be advantageous as it lowers scouring

events induced by high wave energy. Schoutens et al. (2021) found

deeper scouring holes around the basal parts of B. maritimus and S.

tabernaemontani for individuals with thick stems than with thin

stems. These species also suffered the most from shoot loss and

shoot breakage presumably due to wave-induced increased drag

forces. Besides typical species-specific variations in shoot traits and

potential trait adaptations, seedling’s shoot length and diameter

may also vary as a function of growth. Therefore, vulnerability of

seedlings may change during their growing season until a mature
Frontiers in Marine Science 07
vegetation is established. Both annual (new development every

year) or perennial (new development or regrowing aboveground

shoots) species, thus, need a disturbance-free period – following the

Windows of Opportunity (Balke et al., 2011; Balke et al., 2014) – to

develop and adapt sufficient shoots and roots that allows the plant

to withstand rough abiotic circumstances. The increased

vulnerability of young plants to their surrounding compared to

mature vegetation makes it even more urgent, especially for future

restoration projects, to understand the needs of young plants and

incorporate them into conservation measures to ensure

their survival.

The study of Schoutens et al. (2021) further indicated that

thicker stems show higher flexural stiffness, and thus lower capacity

to bend over with the flow. Vulnerability of tidal marsh seedlings is

thus likely determined by different traits or trait combinations,

rather than by single traits alone. So far, most studies focused on

single traits (cf. Schwarz et al., 2015; Silinski et al., 2015; Cao et al.,

2018), whereas complex interactions were widely neglected. In our

study, including both stem length and diameter, as well as their

interaction, into one model, leads to different conclusions as

compared to analyzing the effects of these traits independently.

Surprisingly, highest drag forces were predicted for long and thin,

instead of for long and thick stems (Figure 7). This deviates from the

assumption that a small stem length, combined with a small stem

diameter, is optimal to prevent high drag forces (see e.g. Silinski

et al., 2018). Furthermore, a small stem diameter may prevent

scouring, whereas increasing stem lengths did not affect the degree

of scouring (Bouma et al., 2009b). Experienced drag forces and

scouring both are known bottlenecks in seedling development

(Friess et al., 2012). A possible explanation is that it is not the

combination of a high stem length and a thin diameter itself that

caused the high experienced drag forces in our experiment, but the
A B

FIGURE 4

Predicted species-specific drag forces in relation to horizontal orbital velocity (Uw), (A) based on LMM 1 not accounting for varying stem lengths and
diameters, and (B) based on LMM 2.3, additionally including stem length and diameter as predictors (see Material & Methods – Statistical Analysis). In
case of (B) predictions were made assuming the same average stem length and diameter for all seedlings. Parameter estimates of LMM 1 and LMM
2.3 are given in Table S1 and Table S2C in Supplementary Material. Similar figures for models LMM2.1 (including stem length only) and LMM2.2
(including stem diameter only) as well as their parameter estimates are given in Supplementary Material (Figures 1A, B; Table S2A, B).
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interaction with some other, not measured, traits. Alternatively, the

found effects may be due to a model artifact driven by the

correlation between stem length and diameter, which, however,

was with a Pearson’s correlation coefficient of 0.34 still moderate.

Flexural stiffness and the presence of leaves have been identified

as two other crucial traits contributing to variances in drag forces

(Bouma et al., 2005; Heuner et al., 2015). This is indirectly

supported by our study: assuming similar stem lengths and

diameters across species, our models predicted highest

experienced drag forces for the stiff B. maritimus, and lowest for

S. tabernaemontani and P. maritima, having rather flexible stems

(Bouma et al., 2009a; Schoutens et al., 2020). Likewise, Heuner et al.

(2015) observed stiffness as well as associated drag forces being

twice as high for B. maritimus when compared to S.

tabernaemontani, possibly due to the detected higher lignin

content of the former species. Similar differences in the flexural

stiffness and drag forces between both species were observed by

Schoutens et al. (2020). In contrast, the study of Schoutens et al.
Frontiers in Marine Science 08
(2021) indicated a slightly higher flexural stiffness of S.

tabernaemontani than of B. maritimus seedlings. Inconsistence in

the reported flexural stiffness may be evoked by effects of other

individual plant traits such as stem diameter that were not

measured in the studies, or by plant age. While Heuner et al.

(2015) and Schoutens et al. (2020) examined adult plants,

Schoutens et al. (2021) used seedlings of the four test species. It is

not apparent whether the differences in the stiffness is due to

species-specific trait variations or to adaptations during wave

conditions in the experiments. However, plant stiffness is often

assigned to the tolerance strategy as an adaptation to environmental

conditions such as increased wave exposure (Puijalon et al., 2008;

Puijalon et al., 2011; Silinski et al., 2018). In mature vegetation,

Heuner et al. (2015), thus, found B. maritimus with its tolerating

traits to have a greater ecosystem engineering effect than S.

tabernaemontani which follows more an avoidance strategy. This

could also be an explanation for the typical zonation of both species

along the elevation gradient (Schoutens et al., 2020). The opposing
A B

DC

FIGURE 5

Original data for drag forces in relation to horizontal orbital velocity (Uw) for B. maritimus (A), S. tabernaemontani (B), S. anglica (C), and P. maritima
(D), including the regression lines for LMM1 (Figure 4A) and LMM2.3 (Figure 4B).
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result of Schoutens et al. (2021) indicates that other traits than stem

diameter and length may additionally vary during growing season

without being a function of seedling growth but influencing the

vulnerability of plants. The question which traits are essential for

seedling survival, if their relevance varies between species, and if

they change - due to growth or adaptation - should be aspects of
Frontiers in Marine Science 09
future research. It is also necessary to observe whether changes in

traits also matter in already developed vegetation.

Observed higher drag forces experienced by B. maritimus than

by S. tabernaemontani, were attributed to leaf growth: whereas B.

maritimus forms leaves along the entire stem, S. tabernaemontani

follows an avoidance strategy not only by developing a flexible shoot
A B

FIGURE 6

Effects of horizontal orbital velocity (Uw; m/s), and stem length (A) and diameter (B), respectively, on predicted mean drag force (N). Response
surfaces were calculated based on the coefficients of the fitted linear mixed effects models (LMM 2.1 & LMM 2.2) with Uw and stem length (A) and
stem diameter (B), respectively, as predictors. In addition, models included species-specific random intercepts. Parameter estimates of LMM 2.1 and
LMM 2.2 are given in Tables S2A, B in Supplementary Material.
A B

FIGURE 7

Predicted mean drag force (N), in relation to stem length (mm) and diameter (mm) at (A) mean measured horizontal orbital velocity (Uw: 0.34 m/s),
and at (B) the 95% quantile of measured Uw (0.79 m/s). Response surfaces were calculated based on the partial regression coefficients of the fitted
linear mixed effects models (LMM 2.3) with velocity and both stem length and diameter as predictors. The response surface for the 5% quantile of
Uw is shown in Figure S2 in Supplementary Material. Models included species-specific random intercepts (see Figure 4B above for the species-
specific effects). Parameter estimates of LMM 2.3 are given in Table S2C in Supplementary Material.
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basis (Heuner et al., 2015; Schoutens et al., 2020), but also by a

photosynthetically active but leafless stem (Heuner et al., 2015;

Heuner et al., 2019). Although leaves typically exhibit higher

flexibility and hence higher capacity for reconfiguration than

stems, studies showed that they contribute measurably to drag

forces (Zhang and Nepf, 2021: more than 70%; Bal et al., 2011: up to

60%). In contrast, Paul et al. (2016) and Vuik et al. (2018) suggested

that leaves of S. anglica and P. maritima contribute only little to

exerted drag forces. However, our study challenges this view: S.

anglica, having stiff leaves, experienced the second highest drag

force whilst accounting for varying stem length and diameter

among seedlings. Therefore, our findings illustrate that the

consideration of stem geometry is not sufficient and future

studies should also include biomechanical plant traits and overall

plant shape in the inter- and intraspecific trait combinations when

considering the vulnerability of tidal marsh seedlings albeit their

assessment is more labor-intensive and destructive.
4.2 Transferability of laboratory results to
natural conditions

The experimental setup made it possible to test the mechanical

effects of drag forces under varying wave conditions acting on different

plant individuals, and the impact of individual plant traits on the

exerted drag forces under extreme wave conditions. Study seedlings,

however, grew under artificial conditions until their exposure in the

flume, which might have caused trait differences between shoots used

here, and shoots growing in the field under exposed and unpredictable

conditions. In the study of Cao et al. (2020), after seven weeks of wave

treatment, seedlings of S. anglica, B. maritimus, and Phragmites

australis showed significantly reduced growth and flexural stiffness,

as well as increased root/shoot ratio, possibly in order to cope with

wave forces. Similar intra-specific variations in plant plasticity were

related to different wave and current exposures in the field (Sánchez

et al., 2001; Carus et al., 2017; Silinski et al., 2018; Schoutens et al.,

2022). Our plants grown under greenhouse conditions were not

exposed to waves or currents during their growth phase and thus

had no opportunity to adapt. Still, even under natural conditions,

seedlings are not permanently exposed to (high) wave conditions,

especially when growing in a closed vegetation cover as they normally

do (tussock growth of S. anglica and P. maritima or monospecific

stands of B. maritimus and S. tabernaemontani). Studies showed that

flow velocity, turbulence intensity, and turbulent kinetic energy are

significantly reduced within a vegetated canopy, all being inversely

related to the amount of biomass or the stem density present in the

water column, respectively (Leonard and Reed, 2002; Leonard and

Croft, 2006). Our focus here was on the mechanics of exerted drag

forces in relation to trait measures and Uw, rather than on trait

adaptations to high wave conditions, and slight deviations from

expressed traits of seedlings in nature should not have an impact on

the conclusions drawn.

The hydrodynamic conditions applied in this flume study exceeded

or at least corresponded to natural storm surge conditions in the tidal

marsh pioneer zone (cf. Schoutens et al., 2021). However, wave

exposure was shorter in duration than would be likely to occur
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naturally, and over tidal cycles, water depths may be less than as

applied in our flume experiment. In addition, while the applied

JONSWAP wave spectrum is representative of North Sea wave

conditions, it does not reflect conditions at any specific location

(Hasselmann et al., 1973). Conclusions on potential changes in the

drag forces due to different water depths or wave breaking, especially in

a specific location, can therefore not be drawn from this experiment.

Nevertheless, both aspects should be further addressed in future

research. Heuner et al. (2015) found significant differences between

drag forces acting on B. maritimus and those acting on S.

tabernaemontani at a water depth of 20 cm, while differences already

disappeared at a water depth of 35 cm, presumably due to submergence

of leaves and thus increased frontal area.
4.3 Seedling vulnerability and attenuation
capacity under storm surge conditions

Increased storminess (Donat et al., 2011) and rising sea levels

under climate change are expected to potentially lead to longer

flooding durations and increasing wave loads on tidal marsh

pioneer plants, associated with higher Uw (Hu et al., 2021). Plant

morphological adaptations and growth strategies, e.g. to avoid

uprooting or breakage by drag forces or to increase a plant’s

tolerance to wave forcing (Bornette and Puijalon, 2011; Puijalon

et al., 2011; Silinski et al., 2018), affect the ability of a plant to cope

with non-optimal conditions and to persist in a certain environment.

Species-dependent adaptations may in turn modify wave

regimes and Uw (Rupprecht et al., 2017). This requires attention

if vegetation is used for nature based coastal protection (e.g. wave

attenuation and shoreline stabilization; Morris et al., 2018). Our

study indicated that seedlings with longer stems led to higher drag

forces than seedlings with a short stature, but they potentially

attenuate also more wave energy. Generally, the higher the

exerted drag forces are, the larger is the loss of wave energy and

the lower is the distance over which the wave energy is dissipated

(Bouma et al., 2010; Heuner et al., 2015; Schoutens et al., 2020). For

example, the stiff S. anglica is known to dissipate more

hydrodynamic energy than the flexible seagrass Zostera noltii

(Bouma et al., 2005) or than the short-statured P. maritima

(Rupprecht et al., 2015), but the plants themselves yielded large

drag forces, possibly reducing the tolerance of S. anglica to

increased wave loads (Bouma et al., 2005). S. anglica is expected

to dissipate more wave energy than P. maritima (Rupprecht et al.,

2015), implying that twice the stem density of P. maritima is

required to achieve the same level of wave attenuation as for S.

anglica (Maza et al., 2015). Morris (2007) even assumed that plants

with high drag at their preferred elevation improve sedimentation

and, therefore, contribute to marsh resilience in spite of SLR.

Several studies showed that the positive attenuation effect on

waves (see equation e.g. in Mendez and Losada, 2004) is capped by a

species- and possibly even individual-dependent resistance

threshold to stem breakage which can be expressed by a mean

critical Uw (Silinski et al., 2015; Silinski et al., 2016; Silinski et al.,

2018). Vuik et al. (2018), for example, found that B. maritimus has a

lower resistance to stem breakage (critical mean orbital velocity: 0.3
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- 1.0 m/s) compared to S. anglica (critical mean orbital velocity: 0.5 -

1.2 m/s), questioning the derivation of species-specific wave

attenuation capacity simply from drag forces, especially since

plant resistance to stem breakage or stem folding by wave forces

may also be individual-dependent.

Individual responses of seedlings to extreme wave events, and their

effects on tidal marsh resilience, thus constitute an uncertainty when

predicting marsh establishment, which is often not adequately

considered in marsh evolution models (e.g. Mariotti and Fagherazzi,

2010; Mariotti and Fagherazzi, 2013; Poppema et al., 2019; Hu et al.,

2021; Gourgue et al., 2022). In our study, we demonstrated that stem

lengths and diameters, and possibly even flexural stiffness and leaves, all

affect drag forces acting on individuals, and should be thus

incorporated into models, together with species’ critical thresholds

with respect to the local hydrodynamic conditions. However, other

traits such as growth form (e.g., tussock growth or vegetation density)

likely also impact the response of plant individuals and may lead to

scale-dependent feedbacks (van Wesenbeeck et al., 2008b). Schwarz

et al. (2011) observed a positive tussock growth of Scirpus mariqueter

and S. anglica in a transplantation experiment in the Yangtze River

Estuary, China, while single seedlings were not able to survive under

natural wave conditions. Furthermore, B. maritimus and S.

tabernaemontani showed the longest and thickest stems in our

experiment, with potentially adverse effects under increased wave

energies, but in nature, both species grow as monospecific stands

along estuary shorelines, and are thus typically less exposed to high

wave loads (van Wesenbeeck et al., 2008a; Callaghan et al., 2010; Yang

et al., 2012). Higher stem length may be advantageous in denser

vegetation, where competition for light may become increasingly

important (Carus et al., 2017). Such trade-offs in traits may have

evolved as a consequence of a whole suite of selection pressures

imposed by the habitat – wave action being only one of them.

To conclude, large scale flume experiments can help to close

fundamental knowledge gaps about plant behavior under increased

wave exposure and to reveal related processes and parameters that need

to be included in future marsh restoration projects and models, but

they still need to be embedded in mesocosm and field studies.

Especially the vulnerability of young plants to their abiotic

environment compared to mature vegetation makes the investigation

of intraspecific and interspecific traits and their interaction, also under

the aspect of adaptation strategies, an important issue and should be

the basis for restoration of tidal marshes. Building scientific knowledge

on the conditions favoring seedling germination, establishment and

growth, based on both laboratory and field studies, is a prerequisite for

preserving tidal marsh resilience, and for successful implementation of

restoration projects.
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