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General introduction

Under the unprecedented consequences of anthropogenic global change, including
sea-level rise and changing storm patterns, our world needs innovative solutions
to warrant flood safety along our coasts (Hinkel et al., 2014; IPCC, 2022). Nature-
based flood defence is such a possible solution, and uses coastal ecosystems as
part of a flood defence scheme (Borsje et al., 2011; Temmerman et al., 2013). Along
sub- and tropical coastlines mangrove forests have gained particular interest for
nature-based flood defence. The sturdy mangrove tree structures can reduce the
flow energy of waves and may potentially lower storm surges (Mclvor et al., 2015),
thereby substantially reducing damage on the landward side of the forest (Del
Valle et al., 2019). Accordingly, wider and denser mangrove forests that contain
more trees can provide more flood safety (Mazda et al., 1997; Quang Bao, 2011).
However, integrating mangrove forests in a nature-based flood defence, i.e. partially
relying on trees for flood safety, requires in-depth knowledge of mangrove presence
and functioning over multiple decades (CIRIA et al., 2013). Yet, estimating the
decadal size and resilience of mangrove forests is currently challenging, as seedling
establishment and tree mortality cause mangrove forests to fluctuate in size across
space and time, and massive disturbances like storms can reduce the structural
integrity of the forest.

At the seaward forest fringe, establishment and survival are, among other physical
drivers, affected strongly by exposure to wind, waves, tides and sediment dynamics
(Balke et al., 2015; Jimenez et al., 1985; Krauss and Osland, 2020, Figure 1). At a
small, daily scale, these processes comprise a challenging environment for mangrove
seedlings that are trying to anchor their tiny roots in the seabed without being
washed away (Balke et al., 2011, 2013). At larger timescales, coastal storms can
generate strong wind gusts and storm waves and erode large amounts of sediment,
damaging or even uprooting entire trees (Baldwin et al., 1995; Kauffman & Cole,
2010; Smith et al., 2009) and resulting in massive mortality events (Jimenez et al.,
1985; Sippo et al., 2018). Hence, to understand expansion and retreat of mangrove
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General introduction

width at the seaward fringe, we must quantify the impact of mechanical disturbance
from hydrodynamic and wind forces and sediment dynamics on establishment and
survival of mangrove trees. Moreover, with 72 mangrove species known globally,
that differ in their environmental tolerances (e.g. salinity, Ball and Pidsley, 1988;
Kodikara, Jayatissa, et al., 2017; Tomlinson, 2016), there is need to study species-
specific tolerances to mechanical disturbances.

Wind, waves or tidal
currents

|

Water level '

Sediment
dynamics

Figure 1: Mechanical disturbances that can act on mangrove seedlings and trees at the exposed seaward
forest fringe. Wind, waves or tidal currents can impact the seedling or tree, depending on the water
level. At low tide, wind will be at play, whereas at high tide waves and currents will be in action. The
latter two can also impose sediment dynamics (accretion and erosion of the seabed). The intensity of
wind or waves (e.g. a calm day versus a massive storm) will determine the intensity of the mechanical
disturbance on the mangrove seedling or tree.

This thesis aims to identify (Chapter 1) and address (Chapter 2, 3, and 4) the chal-
lenges in estimating long-term mangrove functioning by uncovering how mechan-
ical disturbances from wind, and waves and sediment dynamics affect seedling
establishment, cause canopy damage and can lead to uprooting across mangrove
species. In Chapter 1, I start with a perspective paper that serves as an in-depth intro-
duction to the topic, while Chapter 2, 3 and 4 describe experimental work which is
combined and discussed in Chapter 5 (Figure 2). Given the societal relevance of my
research, I add an outreach paper in Appendix A that explains nature-based flood
defence, and is written for an audience of age of 10 years and older. In the scientific
part of my thesis I aim to answer the following questions:
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i What is the current state of knowledge on the processes that determine long-term
resilience and functioning of mangroves as part of a nature-based flood defence?
(Chapter 1)

ii How does tolerance to sediment dynamics differ in establishing seedlings for
eight species with three diverging propagule traits? (Chapter 2)

iii How do sediment properties and belowground root morphology determine the
stability of a mangrove tree? (Chapter 3)

iv How does a species’ tidal elevation affect the mechanical properties that make up

its aboveground damage resistance? (Chapter 4)

troduction

Global and regional Physical drivers Restoration techniques
5 ) <
change Mechanical disturbance

v

Ch 3: Belowground tree stability
across 2 genera

Ch 2: Establishment across 8

e, 8 i Ch 4: Aboveground damage
resistance across 5 species

SISBUIUAS G Yo

‘ Seedling establishment ‘ ‘ Tree growth ‘ ‘ Tree stress and mortality

J

‘ Forest structure and size ‘

App A: What is nature- Coastal flood
based flood defence? protection

Figure 2: Relationships between the chapters in this thesis. Chapter 1 provides a perspective on all bio-
physical and ecological drivers relevant for designing nature-based flood defences with mangroves forests.
Chapter 2, 3 and 4 present experimental work on seedling establishment (Chapter 2), belowground tree
stability (Chapter 3) and aboveground crown damage (Chapter 4), which is synthesised in Chapter 5.
Appendix A provides a brief introduction into the topic of nature-based flood defence.

Chapter 1 (introduction) is a perspective paper that serves as an introduction to the
topic of using mangroves in nature-based flood defence. It provides an overview of
the physical and ecological processes that make up survival and establishment, and
consequently the shape and size of a mangrove forest. It provides an overview of the
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current state of knowledge and identifies the most urgent and important biophysical
questions that must be answered to use mangroves for nature-based flood defence.

Chapter 2 focuses on small, daily disturbances that can affect the establishment of
mangrove seedlings. It presents an open-air mesocosm study with eight mangrove
species that diverge in the traits vivipary, propagule size and successional stage. The
study tests the impact of sediment dynamics on the survival, growth and critical
erosion depth of the eight species, and tries to uncover if, and how these traits may
contribute to successful establishment.

Chapter 3 focuses on tree stability in relation to belowground processes. Large
disturbances such as storms can generate so much flow energy that the resulting
drag forces can uproot entire trees. This chapter tests how sediment properties, root
mass distribution and root breakage (as a proxy for root strength) affect the mechani-
cal stability of mangrove trees. To allow for rapid and non-invasive testing, I used
3D-printed, scaled mangrove mimics to carry out pulling tests. The experiments
consider five root mass distributions that represent the belowground root systems of
two mangrove genera, Avicennia and Rhizophora.

Chapter 4 focuses on the aboveground damage that storms can impose on the man-
grove tree canopy. It presents a field campaign where branches and leaves of five
mangrove species were sampled across seven different sites that diverge in salinity.
The species differ in tidal elevation, which can be considered a proxy for exposure
to mechanical stresses. That is, a tree right at the seaward fringe is more exposed to
wind, waves and sediment dynamics than a tree closer to the landward fringe. The
branches and leaves were tested to obtain measures of branch mechanical strength,
branch mechanical flexibility, a drag coefficient and leaf attachment strength.

Chapter 5 (synthesis) provides a synthesis of the findings. It reviews the mech-
anisms that have been uncovered or elaborated upon in this thesis, with which
mangrove trees overcome mechanical stresses. Furthermore, it examines the ex-
tent of species differences in overcoming small and large mechanical stresses, and
considers how these findings contribute to a better understanding of designing
nature-based flood defences with mangroves.

Appendix A provides a brief and gentle introduction to the general topic of nature-
based flood defence aimed at an audience of 10 years and older, and is not a part of
the scientific contents of this thesis.
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Mangrove forests as a nature-based solution
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1l Introduction
Mangrove forests as a nature-based solution for coastal flood protection:
biophysical and ecological considerations

Abstract

Nature-based coastal protection, where ecosystems are used to create resilient de-
signs for coastal flood protection, is increasingly recognised as a potentially sustain-
able and cost-effective solution to reduce coastal flood risk. Mangrove forests have
gained particular interest as a nature-based solution along (sub)tropical coastlines,
but to use them effectively we must understand their coastal protection capacity,
and the biophysical processes that govern ecosystem size and structure. In this per-
spective, we evaluate the current state of knowledge on local physical drivers and
ecological processes that determine mangrove functioning as part of a nature-based
flood defence. We investigate which processes are well-known, require a better
mechanistic understanding, better quantification of parameters or of modelling tools
to estimate forest resilience and functioning over time. The forest properties that
make up coastal flood protection are well-known but refinement of modelling tools
is needed to pinpoint the sensitivity of wave or surge attenuation capacity to spatial
heterogeneity of forest structure. There is relatively good understanding of the eco-
logical processes and tolerances that drive forest structure and size, but there is a
lack of knowledge on the link between daily and long-term bed level dynamics, field
application of restoration techniques, and the role of combined stressors particularly
in forest retreat. Integrating simulation models of forest structure under changing
physical (e.g. due to sea-level change) and ecological drivers with numerical hydro-
dynamic attenuation models will allow to project the development of natural coastal
protection capacity.
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1.1 Introduction

Coastal flood risk is increasing globally, as sea-level rise is further accelerating and
coastal storms are predicted to increase in both frequency and intensity in this cen-
tury (IPCC, 2022). Growing populations and increasing urban development along
the coast raise the demand for flood protection measures (Kulp & Strauss, 2019).
Coastal areas are generally protected by traditional structures such as breakwaters,
levees and seawalls, but increasing flood risk poses unprecedented challenges. Ac-
celerating sea-level rise requires expensive strengthening and heightening (Hinkel
et al., 2014), while unlikely but potential structural failure may have devastating
consequences (Zhu et al., 2020). Nature-based coastal protections — where coastal
ecosystems such as mangroves are used to create more resilient flood defence de-
signs — are increasingly recognised as a solution to reducing these challenges (Borsje
et al., 2011; Temmerman et al., 2013). For instance, the wave attenuating capacity of
mangroves can reduce the risk of overtopping of these structures and lower direct
wave impact, allowing for lower structures and consequently lower construction
costs (van Zelst et al., 2021). Furthermore, a benefit of nature-based solutions over
traditionally engineered structures is their potential for multi-functionality (i.e.
providing additional ecosystem services beyond coastal protection, such as car-
bon sequestration; Lee et al., 2014). However, implementing nature-based coastal
protections is complex (Bouma et al., 2014). Although at a global scale, mangrove
presence has prevailed over millions of years and numerous catastrophic climate
events (Alongi, 2015), nature-based flood defence requires that mangrove presence is
known locally. Coastal protection structures are typically designed with a life-span
of 50-100 years, requiring in-depth knowledge of long-term functioning (CIRIA et al.,
2013). Estimating this for coastal mangrove ecosystems is currently challenging as
mangrove forests are not uniform, but fluctuate in space (e.g. species distributions
within the forest, presence of creeks) and time (e.g. forest expansion and retreat;
Koch et al., 2009), and these fluctuations take place over various timescales (e.g.
daily bed level dynamics vs. long-term changes in elevation). These spatiotemporal
fluctuations in forest structure and size are caused by natural and anthropogenic
drivers (e.g. Alongi, 2008; Sherman et al., 2000), and recent work has highlighted the
importance of untangling the physical drivers and ecological processes that affect
mangrove resilience and structure (Gijsman, Horstman, van der Wal, Friess, et al.,
2021).

In this perspective, we evaluate the current state of knowledge on the processes that
determine long-term resilience and functioning of mangroves as part of a nature-

based flood defence (Figure 1.1). We write the perspective from an eco-engineering
design point of view, and use knowledge from relevant domains (ecology, physics,
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Chapter 1

climate science and coastal engineering). Hence, we assume there are local socio-
political motivation and means to implement a nature-based flood defence (but point
out when policy may be used to improve physical conditions for mangrove forest
resilience). First, we first identify which aspects of mangrove forest structure are
most important for nature-based flood defence, and at what spatial scale. Then, we
assess how local physical drivers affect these aspects of forest structure. We examine
the physical drivers that govern increase in forest size (forest expansion) through
seedling establishment and how this can be improved with restoration techniques.
Next, we assess how physical drivers, which are affected by global change, govern
decrease in forest size (forest retreat). Then we look at how establishment, growth
and mortality of trees lead to changes in forest vegetation density and height.
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Figure 1.1: Processes (boxes) and interactions (arrows) discussed in this perspective for assessing

the coastal protection capacity of coastal mangroves, showing the relevant knowledge domain (box
colour) and the section in which each arrow is discussed. Other ecosystem services are grey as they are
mentioned but not explicitly discussed in this perspective.
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1.2 Forest properties for optimal coastal protection capacity

Mangrove forests can be effective in reducing energy of wind and swell waves
(Mclvor et al., 2015; Sanchez-Nunez et al., 2019), and attenuating storm surges
(Mclvor et al.,, 2012; Menéndez et al., 2020; Figure 1.2). Although mangroves can
not block water, in the absence of levees or seawalls they may still reduce the extent
of flooding by reducing direct wave impact and surge water levels (Horstman et
al., 2014; Maza et al., 2021; Van Coppenolle et al., 2018). Furthermore, mangroves
can contribute to coastal flood protection through shoreline stabilisation Lee et al.,
2014, which might contribute to reduction of dike breaches, as can be the case in
saltmarshes (Zhu et al., 2020). Inside a forest, the presence of mangrove vegetation at-
tenuates hydrodynamic energy (Mazda et al., 1997), enhancing sediment deposition
and preventing resuspension (Scoffin, 1970), particularly in minerogenic systems.
These processes are controlled by density of stems and roots (Fromard et al., 1998;
Krauss et al., 2003; Pinsky et al., 2013; Roskoden et al., 2020) and plant traits such as
morphology and flexibility (Bouma et al., 2005). In this section, we focus mainly on
wave and surge attenuation.

1.2.1 Forest width, density and height are important for wave attenuation

The mangrove forest properties that are relevant for wave attenuation are relatively
well understood and include the forest width, and density and height of the veg-
etation (Figure 1.3), as well as the incoming hydraulic conditions. Here, a wider
(cross-shore) forest provides more wave attenuation, although waves do not attenu-
ate linearly along the forest (Lee et al., 2021; Quang Bao, 2011). Instead, the greatest
attenuation of wave height is found in the first few meters of the forest and the atten-
uation rate decreases along the forest (Barbier et al., 2008; Dalrymple et al., 1984). A
denser, taller forest also provides more wave attenuation. Specifically, the vegetation
density and height together make up the frontal surface area of 'structures’ that are
met by waves, which determine the amount of energy transferred from waves to
trees (Figure 1.3; Horstman et al., 2014; Mazda et al., 1997, 2006). Here, we define
density as vegetation density, because it is not just the stem density (i.e. how many
trees per area), but the entire vegetation density that contributes to wave attenuation.
The latter increases as trees mature and stem diameters thicken, trees grow taller
and develop more side branches and leaves, while the former decreases as the for-
est matures and self-thinning takes place (Azman et al., 2021; Jimenez et al., 1985).
Vegetation height is also important for wave attenuation, and should be considered
relative to the water level. In any coastal ecosystem, emerged canopies that match or
exceed the water level dissipate more wave energy than submerged short canopies
(e.g. Maza et al., 2015; Yang et al., 2012; Ysebaert et al., 2011). It also matters what
vertical layer of the vegetation is submerged exactly, as root layers, trunk layers and
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canopies differ in geometry, resulting in different wave energy attenuation rates de-
pending on the water level (e.g. Horstman et al., 2014; Maza et al., 2021; Mazda et al.,
1997). Finally, the prevailing hydraulic conditions also affect vegetation-induced
wave height reduction, including incoming wave height and period (Horstman et al.,
2018; Maza et al., 2019), and the combined current-wave flow (Hu et al., 2014; Li &
Yan, 2007; Paul et al., 2012; Zhang & Nepf, 2021; Zhao et al., 2021).

1.2.2 Modelling wave attenuation

Over the decades, numerical models have improved at capturing the interaction
between vegetation and flow to predict wave attenuation. The first analytical model
that explicitly expressed vegetation-induced drag force used the Morison equa-
tion and schematised forests as arrays of vertical cylinders (Dalrymple et al., 1984;
Morison et al., 1950). It has paved the way for modelling advanced physics in wave
propagation, such as wave breaking, wave randomness and wave-current interac-
tion (Hu et al., 2022; Hu et al., 2014; Losada et al., 2016; Mendez & Losada, 2004),
and somewhat more complex forest configurations such as horizontal roots and
extremely dense vegetation (Suzuki et al., 2012, 2019). Further advancements that
use a novel measuring approach can obtain generic drag coefficient equations for
various flow and wave conditions and different vegetation types (Chen, Nj, et al.,
2018; Hu, Lian, et al., 2021; van Wesenbeeck et al., 2022; Yao et al., 2018), and have
successfully been applied in several modelling studies (Hu et al., 2019; Liu et al.,
2015; van Veelen et al., 2020, 2021; Wang et al., 2015). This is an improvement of
previous models, which required experimental or field data to correctly estimate
drag coefficients (which depend on hydraulic conditions and flexibility of stems and
branches). Furthermore, experimental studies have accounted for the complex struc-
ture of mangrove forests to better understand flow interaction with these ecosystems
(e.g. Maza et al., 2017; Zhang et al., 2015, which led to development of a predictive
approach that uses empirical relations between wave height attenuation and forest
submerged solid volume fraction (Maza et al., 2019). As the tree architecture of most
mangrove species is known (Tomlinson, 2016), this approach can reliably account for
the complex structure of mangroves forests — given that field validation is possible.
Finally, although models can account for complex forest structures, there is still
high uncertainty in the effect of flexible vegetation on wave attenuation. Currently,
model approaches assume that vegetation is considered rigid under flow action (e.g.
Maza et al.,, 2021). However, at high velocities, stems, branches and leaves bend to
realign in the water stream (van Wesenbeeck et al., 2022; Vollsinger et al., 2005), or
even break, likely as a protection mechanism to reduce drag forces acting on the
tree (Gardiner et al., 2016). The resulting reduction in frontal surface area can differ
between mangroves species, that vary in flexibility and strength of branches and
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leaves (Chapter 4). Realigned vegetation still contributes to wave attenuation, yet to
what extent is complex to quantify (Kalloe et al., 2022). Ultimately, further model
development that allows for increasingly complex forest structures can help resolve
the remaining uncertainty around the sensitivity of wave attenuation capacity to
changes in spatial forest configuration.

1.2.3 Estimating mangrove surge attenuation requires capturing the surrounding landscape
Mangrove forests can reduce surge water levels during tropical storms by decreasing
current velocities through increased roughness and by slowing down the water that
is pushed toward the shore by the force of winds (De Dominicis et al., In Review).
This ability depends on the forest structure, storm properties (intensity, duration,
forward speed and track) and the surrounding landscape (Mclvor et al., 2012). The
relevant forest properties are similar to those for wave attenuation; wider, denser
and taller forests are more effective (Maza et al., 2017; Montgomery et al., 2018;
Sheng et al., 2012; Zhang et al., 2012). However, the exact contribution of mangroves
to surge attenuation is poorly understood. For example, mangrove fragmentation by
local creeks may actually increase storm surges, when the creeks work as a conveyer
(reviewed in Mclvor et al., 2015). In the past decade, surge attenuation modelling
with mangroves has started to emerge, with models that include the effect of vege-
tation by an enhanced bottom friction (Dasgupta et al., 2019; Kiesel et al., 2022; Liu
et al., 2013; Xu et al., 2010) or more accurately by including the vegetative drag force
at the depths spanned by the mangroves in the water column (De Dominicis et al.,
In Review). However, resolving the contribution of mangroves to surge attenuation
is complicated and requires detailed spatially explicit modelling, as surge effects
are strongly dependent on the interaction with the surrounding topography and
landscape and storm properties (Hu, Chen, & Wang, 2015; Liu et al., 2013). Further
model developments, together with collection of observations of surge attenuation
during extreme events, could help resolve the current uncertainty around the role of
mangrove forest properties in surge attenuation.
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Figure 1.2: Simplified overview of coastal protection functions by mangroves and engineering structures,
and potential consequences of sea-level rise. NOT to scale. (a) Mangrove forest and dike, where in case
of sea-level rise landward space may be necessary to allow landward migration of mangrove forests, (b)
traditionally engineering structure that may need to be heightened in case of sea-level rise, and (c) only a

mangrove forest, that may need to move landward in case of sea-level rise.
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Figure 1.3: Simplified overview of relevant mangrove properties for wave attenuation, with (a) top-down
(b) 3D frontal view and (c) cross-shore side view.
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1.3 Forest expansion requires space and successful seedling establishment
Expansion of cross-shore mangrove forest width is driven by successful seedling
establishment (Figure 1.4), while reduction in width from forest retreat is driven
by tree mortality (Section 1.4). The maximum cross-shore width a mangrove forest
can reach can be limited at both the landward and seaward fringes. At the landward
side, factors such as presence of dikes or alternative land use can be limiting (van
Bijsterveldt et al., 2022). At the seaward side, space is mainly limited by physical
drivers that determine how suitable the local biophysical conditions are for seedling
establishment, most obviously the hydroperiod and wave action (Balke et al., 2015).

A Tree growth

Growth of trees results
in effective increase in
forest width

-
Forest expansion

Effective cross-shore width

Tree death
Death of trees resulting
in forest retreat

e.g. drowning

Tree establishment .
due to sea-level rise |

Forest cross-shore width

+—>
Effective cross-shore width

Establishment of pioneer

. ; .
vegetation at forest fringe orest retreat

Effective cross-shore width

Life stages of trees

Figure 1.4: Simplified overview of how forest expansion and retreat (cross-shore width) change as

a function of tree development (life stages). Initial tree establishment does not affect the effective
forest width immediately, as seedlings can not yet provide coastal protection but are the essential
basis for forest expansion (Section 1.3). Forest retreat takes place when trees at the forest edge die
(Section 1.4). Life stage progression (establishment, growth and mortality) is species-specific and
depends on environmental settings such as physical drivers. Arrows suggest possible directions in which
forest changes can take place.
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1.3.1 Propagule availability and seedling establishment

The biophysical processes that are common at the seaward fringe and drive forest ex-
pansion through seedling establishment are relatively well-known. To be colonised,
suitable habitat should be within reach of propagules dispersing from existing man-
grove stands. Propagule availability in potential source populations depends on 1)
the number of reproducing trees in a forest and ii) the fecundity (i.e. the number
of propagules produced per tree) of these trees (Clarke, 1995). Fecundity increases
with tree age, and with species that have smaller propagules (Alleman & Hester,
2011; Clarke, 1992). Furthermore, fecundity varies greatly among individual trees
(Clarke, 1992), and increases with environmental conditions such as temperature
(Duke, 1990). Furthermore, fecundity tends to be higher in years after tropical storms
(Alleman & Hester, 2011), unless there was large canopy damage (Proffitt et al.,
2006). While reproductive trees ensure propagule production, propagules need to
disperse, establish, and grow beyond the forest edge to expand forest size. Mangrove
propagules disperse via water, a process mediated by propagule traits, tidal currents,
wind, waves and the landscape features such as vegetation and (micro)topography
(see Van der Stocken et al., 2019 for a review). Physical structures may impact the
spatial distribution of propagules by either interacting with the propagules directly
or through the effects of vegetation-induced drag force on local hydrodynamics
(Maza et al., 2017). Previous studies suggested that physical structures encountered
by dispersing propagules, such as saltmarsh vegetation, enable stranding and may
facilitate mangrove recruitment beyond the established tree line, particularly during
high water events, such as spring or storm tides (Peterson & Bell, 2012, 2015). When
a propagule has reached a suitable spot at the seaward forest fringe, establishment
success will typically depend on the presence of a so-called “window of opportunity’,
where disturbance from hydrodynamic forces is absent (Balke et al., 2011). During
this window of opportunity a seedling must grow roots fast enough to anchor and
overcome the forces exerted by (1) buoyancy during high tide, (2) wave drag, and (3)
hydrodynamic drag during events causing sediment erosion (Balke et al., 2011). It
must also grow a shoot fast enough to overcome suffocation from sediment burial
(Balke et al., 2013). Thus, the seaward space available for successful establishment
is determined by the ability of seedlings to overcome physical disturbances: tidal
inundation, wave drag and bed level dynamics, and the prevalence of a window of
opportunity. This ability varies across species and environmental settings, as root
and shoot initiation (germination) and extension rates depend on species-specific
tolerances to environmental drivers such as salinity, temperature, waterlogging, sedi-
ment type and light availability (Krauss et al., 2008; Sloey et al., 2022; van Bijsterveldt
et al., 2020).
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1.3.2 Modelling forest expansion

To estimate changes in forest cross-shore width, mechanistic models may be used
that can predict seedling establishment using the window of opportunity framework.
For example, the mechanistic approach by Balke et al. (Balke et al., 2015) compares
tidal data and sediment erosion depth to seedling root length to predict population
survival rates of establishing mangrove seedlings. The simulation model by Hu et al.
(2015) predicts establishment of saltmarsh pioneer species and explicitly considers
spatial and temporal variability, while the model by Hu et al. (2021) uses machine-
learning of saltmarsh seedling tolerance to erosion to reproduce the presence and
absence of marsh establishment in different intertidal environments. Further de-
veloping these saltmarsh models to estimate mangrove forest expansion requires
experimental data on (i) mangrove species and environment-specific seedling root
growth rates and uprooting tolerance, and (ii) daily bed level dynamics. The former
can be obtained from studies specifically on establishment under sediment dynamics
(Balke et al., 2011, 2013; Chapter 2) and other seedling establishment studies (re-
viewed in Krauss et al., 2008. Up until recently, daily bed level dynamics have been
more challenging to obtain due to the labour-intensiveness of measuring at daily
temporal resolution. However, new tools are emerging. Surface Elevation Dynamic
(SED) sensors provide a new, cheap and reliable way to collect long-term measure-
ments of daily bed level dynamics at many locations simultaneously (Hu et al., 2020;
Hu, Lenting, et al., 2015; Willemsen et al., 2018). This allows for studying both daily
and long-term natural dynamics at high resolution and gaining understanding of the
role of daily bed-level dynamics in long-term mangrove development and seedling
establishment at the forest fringe.

1.3.3 Boosting establishment with restoration techniques

If the local conditions set by physical drivers (like inundation frequency or bed level
dynamics) are unfavourable, restoration techniques can aid seedling establishment.
Some of these techniques have been tested extensively in mangroves forests, while
others require more field testing or have not yet been implemented specially for
mangrove forests. At the seaward edge, permeable structures designed to attenuate
waves can create a calm hydrodynamic environment while allowing sediment-
loaded water to pass. The calm environment allows the sediment in the water col-
umn to sink on the bed and thereby increase the bed level, creating potentially
favourable elevations for seedling establishment (Winterwerp et al., 2020). Alterna-
tively, restoration of a cascade of connected facilitating ecosystems such coral reefs
and seagrasses can also dampen wave energy and facilitate seedling establishment
(Gillis et al., 2014; Gillis et al., 2017; Guannel et al., 2016). If suspended sediment is
limited (for example from limited runoff due to upstream dams), active sediment
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nourishment could be used, a technique that has been tested in saltmarshes (Baptist
et al., 2019). Active sediment nourishment can elevate the bed level and increase
the local suspended sediment concentration to create a depositional environment
that is beneficial for seedling root anchorage. Finally, planting of nursery-raised
seedlings can be used if a lack of windows of opportunity or a lack of propagules
are a bottleneck to new establishment (van Bijsterveldt et al., 2022). At the landward
edge, presence of dikes or land use (such as aquaculture) can limit the potential
space available for landward forest expansion. Creating landward space is expected
to be essential to maintain forest width if accelerating sea-level rise becomes limiting
to forest presence at the seaward edge (Section 1.4.1; (Saintilan et al., 2020; Schuerch
et al., 2018). To allow for landward space, the original local hydrology often needs to
be restored (Lewis, 2005). For instance, in non-productive aquaculture ponds, dikes
can impede flushing with fresh or sea water, hampering sediment supply, sediment
drainage, and propagule supply. Breaching of pond dikes and digging of canals is
then a useful measure (Lewis & Brown, 2014). Setting back large dikes or seawalls
(managed realignment) has been implemented in some cases for saltmarshes (Kiesel
et al., 2022), and besides space may also allow the tidal prism, and thus the sediment
supply to the forest, to increase (Winterwerp et al., 2013). Such measures will likely
require not only a strong hydrological, ecological and engineering design, but also
careful consideration of socio-political barriers.

1.4 Forest retreat under global change

Mangrove forest retreat at the seaward fringe takes place when local physical drivers
become too unfavourable for seedling establishment or tree survival. Unsuitable
physical drivers lead to tree mortality if they cause stress too much, too frequently
or for too long (Figure 1.4), leading to loss of effective biomass for coastal flood
protection (Figure 1.5). If too much forest is lost during forest retreat, forest width
can even reach beyond a point of no return (tipping point; Scheffer et al., 2001). In
the coming century, massive mangrove tree mortality events are expected to be
exacerbated by global change, in particular extreme weather events including storms,
heatwaves, droughts and oscillating sea levels (Sippo et al., 2018), with sea-level
rise expected to have the biggest impact globally (Friess et al., 2022). These risks
will vary regionally (Ward et al., 2016), and are subject to uncertainty in future
human choices (captured in for example Representative Concentration Pathways or
Shared Socioeconomic Pathway scenarios; IPCC, 2022). Furthermore, general shifts
such as changes in mean temperature or rainfall patterns may affect the survival of
mangroves at the geographic edge of their tolerances (Ward et al., 2016).
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Figure 1.5: Loss of effective biomass for coastal flood protection, where mechanical damage (i.e. from
storms) directly reduces the effective forest biomass for wave and surge attenuation, and stress (e.g. from
prolonged inundation, salinity) can cause reduced growth (Lovelock et al., 2006) and mortality, which can
also affect coastal protection capacity. Stress may make trees more prone to damage, and damage may
cause stress.

1.4.1 Keeping up with relative sea-level rise

The mechanisms that drive forest retreat under relative sea-level rise are quite well
understood. Relative sea-level rise is the outcome of the combination of large-scale
sea level changes and vertical land movement, such as regional land subsidence from
geological movements and anthropogenic activities like groundwater extraction
(Woodroffe et al., 2016). Relative sea-level rise can result in an altered tidal regime
and if inundation becomes too frequent of too long this can lead to stress and drown-
ing of mangrove trees (He et al., 2007; Sippo et al., 2018). At the same time, windows
of opportunity where tides and waves are absent may become very rare, hampering
seedling establishment (Section 1.3.1). The risk of drowning is higher in mangroves
in microtidal settings, where any relative sea-level rise represents a much bigger
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proportion of the tidal range than in a macrotidal setting (Lovelock et al., 2015).
Under the right circumstances, the sea-level induced worsening of the tidal regime
for mangroves can be overcome, as mangrove vegetation can promote sediment
accretion. Indeed, several studies have indicated that minerogenic mangroves can
keep pace with (relative) sea-level rise if their surface elevation change rates exceed
the rate of sea-level rise (Kirwan et al., 2016; Schuerch et al., 2018; Woodroffe et al.,
2016). The ability of mangrove vegetation to accrete sediment may vary with factors
such as tidal range and vegetation density. For example, a numerical simulation
study indicated that sediment accretion may be less for mangrove forests with a
small tidal range, as sediment deposition remains limited in such tidal systems
(Xie et al., 2022). Furthermore, even if the forest surface elevation is able to keep
up with sea-level rise, the increased water depths in front of the mangrove forest
may deepen the foreshore and larger waves may hamper seedling establishment
(van Bijsterveldt et al., 2020). If a mangrove forest is not able to overcome relative-sea
level rise, alternative measures are needed to maintain enough forest biomass for
nature-based flood defence. Those measures may include restoration techniques to
improve conditions for seedling establishment at the seaward fringe or developing
suitable space at the landward forest fringe (Section 1.3.3).

1.4.2 Extreme weather events and mangrove forest resilience

The general mechanisms of extreme weather impact on mangrove forests are quite
well-known. Coastal storms can impose two types of stresses to mangroves: i) stress
from reduced oxygen supply to roots, caused by prolonged flooding or burial of
roots by large volumes of sediment (Jimenez et al., 1985), and ii) mechanical damage
(canopy damage, trunk damage, Figure 1.5) due to drag forces from strong storm
winds (Krauss & Osland, 2020), large waves and enhanced tidal currents (Tanaka,
2008). The chance that these stresses lead to mortality or structural damage can
vary across species, depending on their stress tolerance, size and mechanical prop-
erties such as strength and flexibility (Aung et al., 2013; Chapter 4). Furthermore,
previous storm history or pre-existing conditions such as long-term shoreline ero-
sion trends can also affect the impact of future storms (Bhargava & Friess, 2022;
Taillie et al., 2020). Extreme weather events such as El Nifio Southern Oscillation
(ENSO) can lead to heatwaves, drought and temporary drops in sea level (Sippo
et al,, 2018). Heatwaves may lead to desiccation as evaporation increases with high
temperatures, leading to water loss (Rennenberg et al., 2006). Droughts, as a result
of low rainfall and groundwater inputs combined with high temperature, can lead
to development of hypersaline soils and cause hydraulic failure and desiccation in
mangrove trees (Hoppe-Speer et al., 2013; Ward et al., 2016). Temporary drops in sea
level may result in forest diebacks comprising of canopy loss due to desiccation and
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reduced recruitment (Lovelock et al., 2017). Finally, combined stressors can lead to
widespread mangrove dieback, and subsequent storms can limit the reestablishment
of mangrove seedlings. While some studies have investigated this (Asbridge et al.,
2019; Duke et al., 2021), research and quantification generally remain limited. Field
experiments, such as testing the impact of storm waves with wave-generating field
flumes (de Smit et al., 2020) could be used to test mangrove resilience to repeated
storms, and could even be combined with drought or heatwave experiments to test
resilience of mangrove trees to multiple stressors.

Although there is relatively good understanding of the mechanisms that drive
forest mortality, there are few tools to estimate the long-term resilience of a specific
forest (particularly its cross-shore width; but see (Asbridge et al., 2015)). However,
such tools are necessary, as impacts can vary widely depending on environmental
settings (e.g. Krauss and Osland, 2020). For example, the direct impact of coastal
storms could be predicted by using models developed in forestry, that predict
damage during storms from winds using average canopy height, frontal surface area
and local wind speeds (Gardiner et al., 2008). Similar mechanical models could be
developed for the mangrove environment by quantifying mechanical properties of
mangrove trees Chapter 4, the sediment they are rooted in and their surrounding
environment (Vovides et al., 2021).

1.4.3 Modéelling forest retreat under global change

Understanding the consequences of global change on forest retreat requires trans-
lating the consequences to local scale. This can be done by downscaling of global
climate models to local estuary models. Application of this method is currently still
limited, but certainly possible. Global climate models (such as CMIP6; Eyring et al.,
2016) are used to project future atmospheric and ocean conditions (e.g. wind, temper-
ature, salinity, sea surface height) at large spatial scales (25-100 km) using various
emission scenarios to account for uncertainty in future human choices (e.g. Represen-
tative Concentration Pathway or Shared Socioeconomic Pathways scenarios). Those
global predictions are not suitable for coastal application as their resolution is too
coarse and they lack representation of the physical mechanism for ocean dynam-
ics in shallow coastal areas, e.g. tides, local winds, and surface and internal waves
(Jevrejeva et al., 2019). Instead, they are downscaled to produce regional climate pro-
jections, that use the global predictions as boundary conditions (e.g. Gutowski et al.,
2016; Hermans et al., 2020; Lewis et al., 2019). Those regional climate projections
can then force (i.e. provide boundary conditions for) very high-resolution models
for specific coastlines. They can, for example, be used to understand how global
sea-level rise will affect local water levels (which is the sum of sea-level rise, surges,
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tides and river runoff changes; e.g. De Dominicis et al., 2020). Such high-resolution
models may then be combined with the local forest structure and species-specific
stress tolerances to obtain predictions of forest retreat at local scale (for example
forest-specific responses to sea-level rise or storms (Gardiner et al., 2008; Xie et al.,
2020, 2022).

1.5 Forest structure depends on species composition and biophysical interactions
Vegetation density and height are determined by establishment, growth and damage
and mortality of mangrove trees (Figure 1.6). The initial density of young mangrove
trees is determined by the amount of seedlings that is able to establish in an area,
either at the forest edge (Section 1.3, Figure 1.4) or inside a forest gap. The seedlings
that survive and make it to maturity grow larger and taller. Then, trees may damage
or die, reducing the vegetation density and/or height. Such mortality may take place
in massive mortality events at the forest edge (Section 1.4), or can take place inside
the forest (gaps dynamics) such as the result of senescence, competition, or lighting
strikes (Duke, 2001; Jimenez et al., 1985; Sherman et al., 2000). Besides the age of a
forest, forest structure also depends on species composition and species diversity.
For example, wood volume increases with mangrove species diversity (Njana, 2020).
Due to expected shifts in for example mean temperature or precipitation patterns,
species compositions can shift (Ward et al., 2016), potentially resulting in altered
coastal protection capacity.

1.5.1 Effect of shifts in species composition on wave attenuation capacity

Variation in vegetation density and height comes from environmental and species-
specific differences. The height a tree can reach, and how long it takes to reach this,
depends on the environment it grows in and the species it belongs to. Globally, man-
grove canopy height is related to precipitation, temperature and potentially cyclone
frequency (Simard et al., 2019). Locally, salinity, nutrients, hydrology and light avail-
ability can be major drivers of growth (Castafieda-Moya et al., 2011; Krauss et al.,
2007; Lovelock et al., 2006; Naidoo, 2009; Peters et al., 2014). Between mangrove
species, there are differences in the maximum heights species can reach, ranging
between 3 and 40 meters (Quadros & Zimmer, 2017) and depending on climate and
geomorphic setting (Rovai et al., 2021). In addition to tree height, tree architecture
can also vary widely between mangrove species (Hallé et al., 1978), and environ-
ment (Clough et al., 1997). The most remarkable differences are probably found in
the shapes of the specialised aerial root systems (Tomlinson, 2016). Architectural
differences may not only affect wave and surge attenuation, but also sediment trans-
port and resulting bed level dynamics, as some aerial root systems may reduce the
water flow more strongly, causing more sediment deposition or preventing more
resuspension (Xie et al., 2020).
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Figure 1.6: Simplified overview of how vegetation density and height change as a function of tree
development (life stages). Initial establishment does not affect the effective vegetation density and height
immediately, as seedlings can not yet provide coastal protection. When seedlings mature, the effective
vegetation density and height increase, while this can decrease when trees die. Life stage progression
(establishment, growth and mortality) is species-specific and depends on environmental setting such as
physical drivers. Arrows suggest possible directions in which forest changes can take place.

Over time, the species composition of a forest may change, potentially altering its
capacity for coastal protection (Koch et al., 2009). This will in large part be deter-
mined by (1) which species is currently present, and (2) which of those are able to
establish and survive in the future. Global change that imposes major shifts in phys-
ical drivers (such as temperature or salinity) can affect local species compositions,
as some species are no longer able to establish (Record et al., 2013). For example,
it is well-known that mangrove species distribution is controlled by biophysical
gradients, and particularly tidal inundation (Crase et al., 2013; Leong et al., 2018; Ma
et al., 2020; Watson, 1928). Therefore, shifts in inundation regime can also result in
shifts in species composition, where species with wider tolerances are more likely
to tolerate sea-level rise (Ellison et al., 2022). Similarly, increases in soil salinity can
cause more stress for some species than others (Eswar et al., 2021; Rahman, 2020),
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where a wider salinity tolerance may facilitate a species’ response to global change
induced salinity shifts (Lovelock et al., 2016). Furthermore, recovery from storm
damage varies between species, possibly resulting in changes in species composition
particularly if storms increase in frequency or intensity (Krauss & Osland, 2020).

1.5.2 Modelling forest development with individual-based models

Despite being important drivers of wave and surge attenuation, vegetation height
and density have not been studied in much detail in the context of nature-based
coastal protection. However, there is potential to do so. There is a wealth of long-
term ecophysiological data on mangroves (Goessens et al., 2014; Putz & Chan, 1986;
Sillanpaa et al., 2017; Uddin et al., 2022; Walcker et al., 2018). These data can be
combined with models that can simulate mangrove forest dynamics, to obtain
increasingly realistic projections of forest structure. These simulations models (also
known as individual-based models; IBMs) allow for simulating tree recruitment,
establishment, growth and allometry, productivity and mortality, and can account
for light and nutrient availability, soil pore water salinity, and competition between
individuals, among others (Berger et al., 2008). Many IBMs assume that these abiotic
factors are constant in time, but a push is expected towards models that can consider
dynamic environmental conditions (Peters et al., 2020), which will allow for more

realistic prediction of forest structure under changing environmental conditions.

1.6 Conclusions and outlook

This perspective evaluated the current state of science on the processes that deter-
mine long-term resilience and functioning of mangroves as part of a nature-based
flood defence. We aimed to uncover the most important forest properties for coastal
protection, and how biophysical and ecological processes drive the vegetation dy-
namics that alter these properties. While the forest properties relevant for coastal
flood protection are well-known, it is currently still unclear how sensitive the (mod-
elled) wave attenuation capacity is to changes in forest structure. Furthermore, the
capacity of mangroves to contribute to surge attenuation is still poorly understood,
because the surrounding landscape plays an important role. Development of increas-
ingly accurate surge attenuation models that can represent the specific morphology
and vegetation patterns inside an estuary or delta, combined with field observa-
tions of storm surges across a variety of forest structures, might help to fill in this
knowledge gap.

The mechanisms that drive forest expansion are generally well understood, with a
wide knowledge base on the tolerance of mangrove seedlings in a range of environ-
mental settings. However, further mechanistic model development specifically for
mangroves is needed to predict forest expansion in increasingly detailed environ-
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mental scenarios, such as changing tidal regimes, variable bed-level dynamics and
changing salinities. Furthermore, new monitoring tools (SED-sensors) could be used
to better understand the link between daily and long-term bed level dynamics and
improve understanding of seedling establishment at the forest fringe. While theoreti-
cally, restoration techniques are well understood, more field testing of restoration
techniques specifically in mangrove forests is needed, such as active sediment nour-
ishments or preparing suitable land for landward forest migration. Forest retreat
processes are relatively well understood, and can even be modelled for a range of
sea-level rise scenarios. Moreover, empirical studies have greatly contributed to
understanding the mechanisms of how extreme weather fluctuations can cause
tree mortality. This can aid development of simulation models that can predict the
extent of mangrove forest retreat under for example repeated storms or combined
stressors such as heatwaves and sea-level rise. Finally, there are increasingly detailed
datasets on the processes that determine mangrove forest structure (i.e. vegetation
density and height). Combining these with development of individual-based models
that can simulate forest structure under changing physical drivers could allow for
predicting forest structural development over time under variable global change.

Ultimately, the current state of science allows for the development of modelling
tools that can estimate how the cross-shore width and structure of a specific forest
will develop over time. Such models need to capture the biophysical and ecological
processes that drive establishment, growth and mortality of mangrove trees, and
allow for uncertainty in global change pathways due to uncertainty in future human
choices. For example, individual-based models (Berger et al., 2008; Peters et al., 2020)
could be combined with mechanistic simulation models that capture how physical
drivers determine forest expansion (Balke et al., 2015; Hu, Borsje, et al., 2021; Hu,
van Belzen, et al., 2015) and retreat (Asbridge et al., 2015; Xie et al., 2020, 2022), to
estimate changes in forest structure and size. Such forest simulation models require
input on relevant physical drivers under global change, which can be achieved by
downscaling of global climate models to provide local estimates, for example of
sea-level change or shifts in salinity. The predicted forest structure and size could
then be combined with models, such as the one presented in Maza. et al. (2021), to
predict changes in the hydrodynamic attenuation capacity of a forest over time.

This paper provides a perspective on the current state of science of predicting future
coastal protection capacity of a mangrove forest. Nevertheless, implementing nature-
based flood defence requires more than a theoretical understanding of physical
drivers and ecological processes alone. Mangrove forests sit in a socio-political and
socio-economic environment, where local pressures, such as land use or plastic
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pollution (Bryan-Brown et al., 2020; van Bijsterveldt et al., 2021), as well as the triple
planetary crisis (climate change, biodiversity loss and air pollution; UNEP, 2020)
may need to be addressed. Mangrove forests offer multifunctionality by providing
ecosystem services beyond flood protection, such as global climate regulation or
trapping pollutants (Temmink et al., 2022; Waryszak et al., 2021), and have been
perceived by fishers to increase fisheries yields after their establishment (Debrot et
al., 2022). Hence, it is worthwhile to consider whether nature-based solutions should,
or should not, be designed to provide multiple services at the same time. Finally,
important constraints to the deployment of nature-based solutions in tropical coasts
are practical in nature, such as a lack of guidelines or on the ground experience.
Adaptive management can be used to obtain practical knowledge about mangrove
functioning in coastal flood protection and developing field experience in restoring
and protecting mangrove forests (Gijsman, Horstman, van der Wal, Friess, et al.,
2021; Walters, 1986). Further research should focus on advancing interdisciplinary
scientific understanding through development of open-source models and accessible
science that can be translated to applicable guidelines.
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2|Identifying trait-based tolerance to sediment dynamics during seedling
establishment across eight mangrove species

Abstract

Mechanical disturbance from waves and sediment dynamics is a key bottleneck to
mangrove seedling establishment. Yet, how species vary in tolerance to sediment dy-
namics has not been quantified. We identified how tolerance to sediment dynamics
differs for three mangrove propagule traits: propagule size, successional stage and
type of embryo development. We selected eight mangrove species growing in south
China that vary from small seeds to large elongated propagules, pioneer to climax
species and non-viviparous to viviparous. In a mesocosm set-up, we applied bed
level treatments to establishing seedlings: erosion, control, or accretion, by removing
2 cm, 0 cm, or adding 1 cm of sediment per week over three weeks. We measured
seedling survival, shoot and root lengths, and the critical erosion depth that leads to
toppling or dislodgement. We identified five relationships between seedling mor-
phology and accretion and erosion thresholds: (1) tall (viviparous) propagules likely
had highest accretion thresholds, (2) small pioneer propagules grew relatively fast to
increase accretion thresholds, (3) there was a strong correlation between the erosion
threshold and root length, and (4) climax species grew longest roots overall, (5) while
pioneer species grew longer roots fast in response to sediment erosion. We identify
distinct strategies for successful establishment in sediment dynamics that contribute
to understanding mangrove zonation and underpin the importance of restoring
diverse forests containing not just robust climax species, but also adaptable pioneers.
Furthermore, this study reveals maximum shoot and root length as key determi-
nants for seedling stability across species, providing a simple proxy for modelling
establishment events.
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2.1 Introduction

Seedling establishment is a vital stage in a plant’s life and a primary bottleneck to
maintaining and establishing new forest biomass (Leck et al., 2008). Establishment
of seedlings can be particularly challenging in environments with mechanical dis-
turbances, such as sediment erosion or accretion in coastal marshes, sand dunes
and snowdrift areas (Facelli, 2008; Friess et al., 2012). Though variable success in
seedling establishment is a natural part of ecosystem functioning, it can limit access
to key resources and services that societies rely on. Such is the case with mangrove
forests, that provide critical ecosystem services at global (carbon storage) and local
scales (fish nurseries, coastal flood defence; Lee et al., 2014). For optimal function-
ing, mangrove forests need to have a certain minimal size, particularly when the
consequences of size reduction are directly linked to human survival, such as when
mangrove forests are used for flood defence, where a wider forest will reduce waves
and water levels more effectively (Cao et al., 2015; Horstman et al., 2014; Suzuki

et al., 2019). To rely on mangrove ecosystem services, it is important to predict and
maintain forest presence via seedling establishment. Yet, there is currently limited
knowledge available to develop reliable models that can predict seedling establish-
ment and forest expansion (Bouma et al., 2014; Gijsman, Horstman, van der Wal, &
Wijnberg, 2021; Hu, Borsje, et al., 2021). If natural forest size is reduced too much,
forest width can be increased through restoration efforts. However, such efforts are
not always successful (Ellison, 1999; Erftemeijer & Lewis III, 2000; Lee et al., 2019;
Primavera & Esteban, 2008; Terrados et al., 1997), often due to inadequate on-site
knowledge of drivers affecting seedlings establishment like salinity, hydrology and
appropriate species composition (Kodikara, Mukherjee, et al., 2017). Thus, it is im-
portant to understand what mangrove seedlings need for successful establishment
for both modelling and restoration efforts.

While the impacts of abiotic drivers such as salinity and inundation on seedling
establishment have been studied for numerous mangrove species (Ball & Pidsley,
1988; Krauss et al., 2008; Ye et al., 2005), impact of mechanical disturbance from
sediment dynamics has only been quantified for two mangrove species, namely the
pioneer species Avicennia alba and Sonneratia alba (Balke et al., 2013; but see Cao et al.,
2018 and Redelstein et al., 2018 for saltmarsh species). Natural forest expansion as
well as restoration often take place at the forest fringe where seedlings are exposed to
mechanical disturbance from tides, waves and sediment dynamics (Balke et al., 2011,
2013; Chen, Li, et al., 2018). The latter can result in sediment accretion or erosion,
with an order of magnitude of 1 cm day~! in the pioneer zone (Hu et al., 2020),
and strongly affect seedling survival (Ellison, 1999; Terrados et al., 1997). Sediment
erosion can expose a seedling’s roots, potentially reducing seedling stability or even
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completely uprooting seedlings (Balke et al., 2011). Sediment accretion can result in
partial or complete burial of seedlings, leading to etiolation and ultimately mortality
(Maun, 1998; Thampanya et al., 2002). Improving the knowledge of tolerance to these
mechanical disturbances could improve restoration attempts and enable accurate
predictions of future mangrove presence. Balke et al. (2013) showed that there are
large differences in tolerance to sediment dynamics between two pioneer species
A. alba and S. alba that differ in traits like size and type of embryo development. It
is likely that more such differences exist, as there are 72 mangrove species known
to humankind, that vary in shape, type of embryo development, and successional
stage (Tomlinson, 2016), and range from tiny seeds weighing less than a milligram
up to large, elongate propagules weighing up to 23 g (Wang et al., 2019). Moreover,
some mangrove species are pioneers that survive well in the exposed lower intertidal
zone, whereas others are climax species that generally occur at less exposed, higher
elevations (Friess et al., 2012). This can result in patterns such as observed between
Ceriops tagal and Rhizophora mucronata, where the latter generally occur lower in the
intertidal zone and establish root anchorage more quickly to overcome disturbance
by waves (Robert et al., 2015). Following this, it is likely that tolerance to sediment
dynamics will differ between the diverse group of mangrove species, and studying
tolerance across species could advance our understanding of mangrove zonation and
increase successful seedling establishment in the mangrove habitat.

Here, we aim to identify traits that contribute to successful establishment under sedi-
ment dynamics in the first month of a seedling’s life, where we define trait in a broad
sense, as a distinguishing quality or characteristic. We use a mesocosm experiment
to create sediment accretion and erosion rates that are common in the forest fringe
pioneer zone and measure how these treatments impact the growth and survival of
eight mangrove species that co-occur in south China. The species cover a range of
three propagule traits: successional stage (ranging from low-elevation pioneers to
high-elevation climax species), propagule size, and type of embryo developments
(non-viviparous, cryptoviviparous or viviparous, where vivipary is the process
where the embryo grows first out of the seed coat and then out of the fruit while
still attached to the parent tree — or only the seed coat in the case of cryptovivipary;
Tomlinson, 2016). Specifically, we set out to learn if species have different accretion
and erosion thresholds, and if the three traits provide an advantage in establishing
in a sedimentary dynamic environment. For the three traits (successional stage,
propagule size, and type of embryo development) we expect that being a pioneer,
having a large propagule, and/or being viviparous respectively, contribute most
to successful seedling establishment. By generating an extensive dataset, this re-
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search provides valuable new knowledge on seedling establishment in mechanically
stressful environments.

2.2 Methods

2.2.1 Species selection and traits

We selected eight mangrove species common in South China (Figure 2.1): Avicennia
marina, Laguncularia racemosa, Sonneratia apetala, Aegiceras corniculatum, Rhizophora
stylosa, Kandelia obovata, Bruguiera gymnorrhiza and Bruguiera sexangula. These species
are native to the Pearl River Delta region in south China, with three exceptions: i)
S. apetala was introduced from Bangladesh for mangrove afforestation in the mid-
1980’s (Xin et al., 2013), ii) L. racemosa was introduced from Mexico in the early 2000s
(Zhong et al., 2011), and iii) B. sexangula was introduced to Guangdong regionally
but is common in the southern tropical areas, i.e. Hainan island (Duke et al., 2010;
GBIF, 2021). We categorised each species for the following ordinal or quantitative
traits:

* successional stage: pioneer, mid-successional, climax
* type of embryo development: non-viviparous, cryptoviviparous or viviparous
¢ propagule size: length (cm) and fresh weight (g).

The species had diverging traits, such that we had at least two species in each trait
group (Figure 2.1, Table 52.1).
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Figure 2.1: Overview of species studied, with a photo (to scale) of a seedling that survived the ex-
periment and a classification for each of the traits: successional stage, type of embryo development,
propagule length (cm, mean =+ variance) and propagule fresh weight (g, mean values from literature,
variability can be found in Table S2.1). For background information, propagule/seed shape is also shown
(NOT to scale).
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2.2.2 Experimental design and growth conditions

The study was carried out in three phases, based on propagule availability. Each
phase lasted 34 days. The first phase was carried out with K. obovata from 15 April
2019 — 19 May 2019, for which propagules were collected at the Guangzhou Nansha
Binhai Wetland, Guangdong, China 22°36'53.8"”N 113°38'49.7”E in April 2019. The
second phase was carried out with L. racemosa, A. marina, R. stylosa, A. corniculatum, B.
gymnorrhiza and B. sexangula from 19 July 2019 — 23 August 2019, for which propag-
ules were collected at Hai Nan Dong Zhai Gang National Nature Reserve, Hainan,
China (110°32" — 110°37’E, 19°51’ — 20°1’N) in July 2019, and the third with S. apetala
from 18 October 2019 - 21 November 2019, for which propagules were collected at
23°06'49.8"N 113°15'36.6"E in October 2019.

For each species and each sediment treatment we used 12 replicates, so that we
tested 288 seedlings in total: 8 species x 3 treatments x 12 replicates. Propagules
were sowed on day 1 (Figure 2.2) into pots filled with silty sediment (D50 = 1.8 pm)
collected in the Pearl River Estuary at 22°36'19.6”N 113°3552.3”E and at Qi'ao
Island. The pots were placed in outdoor mesocosms that were constructed following
the same method as in Balke et al. (2013; Figure S2.1). We selected ripe propagules
and, except for S. apetala, all propagules were sowed by gently pushing until 2.5
cm into the sediment to ensure they would not float up when inundation started
(same depth as in Tomlinson and Cox, 2000). Seedlings were watered daily with
fresh water until inundation started. We used an alternative method for S. apetala
because of complications we encountered with germination. Instead, ripe fruits were
opened to extract seeds that were soaked in fresh water for two weeks; after this we
selected germinated seeds and planted them with their tiny root (0.5-3 mm) in the
soil to avoid desiccation.

Seedlings were inundated twice daily for 2.5 hours each time (5 h day ') starting a
week after sowing (Figure 2.2). This inundation regime mimics a semidiurnal tidal
cycle that is generally acceptable for mangroves (Lewis III & Estevez, 1988; Yang
et al., 2013), and is consistent with a similar experiment described in Balke et al.
(2013). During inundation, water was still. Water had a salinity of 3 psu to allow
all seedlings to germinate. This salinity was achieved by mixing water with salt to
create artificial seawater. Mean water temperatures were 26.4 °C in phase 1, 30.7 °C
in phase 2 and 22.6 °C in phase 3.

2.2.3 Sediment treatments and Critical Erosion Depth

Sediment treatments were applied two, three and four weeks after sowing and
carried out over two days due to labour intensiveness (Figure 2.2). For erosion
treatment 2 cm was removed around seedlings, for control 0 cm, and for accretion

33



Chapter 2

EEEE BN DN EXE DN BT

Sowing of all Start

propagules inundation 1st sediment 2nd sediment 3rdsediment Critical Erosion
except S ’ 2.5/12 hours treatment treatment treatment Depth test and
Salinity 3 psu harvest

apetala

Daily watering 9 9 e - .
with freshwater Inundation twice daily; Monitoring growth and survival

Germinating S. apetala seeds

B 4

Start
germination
S. apetala in
freshwater

Planting of S.
apetala
seedlings

Figure 2.2: Timeline showing on which days experimental steps were carried out. All three phases
followed this timeline, where day 1 started on 15 April, 19 July and 18 October 2019. S. apetala was
sowed in a different manner than the other species, hence the separate experimental steps.

treatment 1 cm was added (cumulative -6, 0 and +3 cm, respectively; see Section 52.2).
These sediment treatments were based on sediment dynamics generally found in
the mangrove pioneer zone; a net change of about 1 cm week ! (Hu et al., 2020). Ini-
tially, we opted for an erosion treatment -1 cm per week but decided to change this
to -2 cm during the first sediment treatment, because eroding only 1 cm was within
the tolerance range of most seedlings and would not have resulted in useful results
(i.e. all seedlings were likely to survive, which would make it hard to compare the
effect of erosion between species). The extent of the sediment treatment could not
be changed for the accretion treatment because this treatment required the pre-
placement of discs before sowing (see Supplementary Information), which was not
possible anymore since the seedlings were already present in the pots. Shoot growth
and seedling survival were measured twice per week. Shoot growth was measured
from the top of the sediment layer to the tip of the plant. Survival was monitored by
visually assessing the state of a seedling: alive, toppled, or dead. Plants that were
considered toppled had fallen over thus far that they were resting on the side of the
pot. As biological death did not occur, death was defined by the erosion treatment
having removed sediment over the full length of the roots such that the seedling had
become fully dislodged (and the seedling would float away when inundated), or the
accretion treatment having completely buried a seedling and it did not re-emerge.

At the end of each experiment phase, a final test was carried out to measure critical
erosion depth. We measured two types: toppling and dislodgement, as these might
have different consequences for a seedling’s survival (e.g. if a seedling is toppled

its roots still have access to nutrients in the soil and may re-erect). Critical erosion
depth (CED) was measured as follows: first, we subjected each seedling to a wave
treatment by placing it in a flume with a water depth of 15 cm and generating waves
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with a wave height of 7-8 cm for approximately 1 minute or 7 waves, such that

the maximum wave orbital velocity was 0.26 m s~! and the bed shear stress 0.26
Pa (Infantes et al., 2021; Section 52.2). If the seedling did not topple, we removed

a 0.5 cm layer of sediment and subjected the seedling to another wave treatment,
until a seedling was toppled, upon which the erosion depth CED;pple was noted.
We then repeated the procedure again until a seedling was dislodged. When a
seedling became dislodged, the erosion depth CEDygjslodqge Was again noted, as well
as the number of roots and the maximum root length (length of longest root) of the
seedling, the latter which has been found to be a good predictor of seedling stability
in previous studies (e.g. Balke et al., 2011).

2.2.4 Data analysis

We used survival analysis to analyse the differences in the survival data (alive,
toppled or dead) first between sediment treatments, and second between species.
Survival data allows for the inclusion of right-censored data, meaning that the event
of interest (toppled or dead) did not take place in the study time frame (Bland &
Altman, 1998). Data were analysed twice using a Kaplan—-Meier Mantel-Cox log-
rank test, where we categorised toppling once as alive and once dead (R version
4.1.1 — used in all data analyses — with package "survival” version 3.2.13), and we
used a post-hoc analysis to make pairwise comparisons between species (R package
’survminer’ version 0.4.9). The Kaplan-Meier Mantel-Cox log-rank test assumes that
censoring is unrelated to study outcome, that events happened at the time specified,
and that survival probabilities are the same for subjects that were added earlier or
later to the study (Bland & Altman, 2004). None of these assumptions were violated
in our experimental set-up. We used ANCOVA with sediment treatment as the
continuous variables, and species as a categorical variable to analyse differences
between species and treatments for variables measured at the end of the experiment:
maximum shoot length (cm), longest root length (cm), total shoot growth (cm), and
relative shoot growth rate. We used a significance level of o = 0.05 and set treatment
as an interaction term, so that the effect of sediment treatment could vary between
species. Relative shoot growth rate (cm day—!) was calculated as follows (Hoffmann

& Poorter, 2002)
InH; —In Hy 21)
t1 —to
where Hj was the initial propagule length (cm) at time ¢, (days) and H; was the max.
shoot length (cm) measured at the end of the experiment at time ¢; (days), which was
day 34. We used the absolute CED;oppie and CEDygjsloqge measurements to obtain net
CEDyopple and CEDgjsloqge measurements: cumulative treatment + absolute CED = net

CED (Balke et al., 2013), so that the CED of a seedling with a cumulative sediment
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removal of 6 cm could be compared to a seedling with a cumulative addition of 3
cm sediment. We carried out Pearson correlations (with significance level a = 0.05)
to identify potentially relevant correlations between absolute and net CEDyqpple
and CEDgjslodge, seedling size (maximum shoot length (cm), longest root length
(cm), total shoot growth (cm), and relative shoot growth rate (cm day~')), and traits
(successional stage, type of embryo development, and propagule length (cm) and
fresh weight (g)). We then further analysed the most relevant Pearson correlations (R
package ’corrplot’ version 0.92).

2.3 Results

2.3.1 Survival and growth response to sediment treatments

Generally, seedling survival was more sensitive to sediment erosion than to accre-
tion. For all species, significantly more seedlings died under erosion than accretion
treatments (Figure 2.3, Table 52.2, 52.3). In fact, all species survived accretion except
the seedling of the small pioneer S. apetala (2/12 died) that had grown significantly
shorter shoots than the other species over the course of the 34-day experiment (Fig-
ure 2.3, Table 52.4, 52.5). In the erosion treatment group, we observed significant
differences between the survival and growth of the eight species (Figure 2.3, 2.4,
Table S2.2, Table S2.4). The pioneer species A. marina and L. racemosa had comparable
survival outcomes (pairwise comparisons revealed no significant difference between
Kaplan-Meier survival curves at « = 0.05; Table 52.2), with some seedlings toppled
(17% and 42% respectively), some dead (33% in both species), and some alive (50%
and 25% respectively; Figure 2.3). Meanwhile, the pioneer S. apetala seedlings, that
had the smallest seeds and grew the shortest roots (Figure 2.1, 2.4), had significantly
lower survival, as all seedlings died (Figure 2.3, Table 52.3). It is noted that the S.
apetala seedlings grew in the relatively coldest experimental phase (22.6 °C), as that is
when the species is naturally establishing. This may have affected the root growth
slightly (Figure 52.2). Mid-successional species R. stylosa and K. obovata produced
significantly more roots than other species, yet those roots were also shorter, signif-
icantly in the case of R. stylosa (Figure 2.4, S2.6, Table 52.5). Accordingly, they had
similar, low survival outcomes, especially when toppling was assumed to be deadly
(Fig 3; no significant difference between Kaplan-Meier survival curves at « = 0.05;
Table S2.3). The mid-successional A. corniculatum seedlings germinated too slowly
and were eroded before growing anchoring roots (Figure 2.3). The climax species B.
sexangula and B. gymnorhiza had high survival outcomes (Figure 2.3; Table S52.3). In
fact, B. sexangula survived all erosion treatments (Figure 2.3). It also had the highest
mean max. root length (13.72 cm; Figure 2.4, Table S2.3). B. gymnorhiza had survival
outcomes similar to A. marina and L. racemosa (Figure 2.3; no significant difference
between Kaplan-Meier survival curves at o = 0.05; Table 52.3). It also grew similar
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root lengths over the 34 days of the experiment (10.19 cm; Figure 2.4, Table S2.5).
Root and shoot lengths of seedlings that died during the experiment can be found in
Figure 52.3.

Pioneer species A. marina and L. racemosa grew significantly longer roots under
erosion; 0.61 and 0.92 cm per cm erosion, respectively (Table 52.5). At the same
time, we observed a significant decrease in relative shoot growth rate (-0.02 mm
day~!) towards sediment accretion in A. marina and L. racemosa (Table S2.5). This
may be because some seedlings of these pioneer species only developed roots in the
accretion treatment groups. For the mid-successional K. obovata and climax seedlings
B. sexangula and B. gymnorrhiza we observed a significant increase in shoot length
and relative shoot growth rate under accretion treatments (Figure 2.4, Table S2.5),
though the positive pattern is less obvious for K. obovata in Figure 2.4. Shoot growth
over time can be found in Figure 52.4.
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Figure 2.3: Survival of the seedlings under the erosion, control, and accretion sediment treatments over
the course of the 34-day experiment, with dotted vertical lines representing treatments (full timeline in
Figure 2). The traits successional stage and vivipary are indicated, and an image of a seedling of each
species is shown, NOT to scale. Due to a lack of germinating S. apetala seedlings only six were tested
in the erosion treatment. In the A. marina accretion group one seedling went missing. One R. stylosa
seedling died in the control group for unknown reasons.
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2.3.2 Erosion tolerance correlates with root length

We identified a strong correlation between maximum root length and net CEDgjs1odge
across species (r =0.84, p <0.01, Figure 2.5, 2.6a, 52.5). Interestingly, a correlation
between maximum root length and net CEDyqpple was much weaker (r = 0.55, p <0.01;
Figure 2.5; Figure 2.6b), suggesting a different mechanism driving CEDygpple than
CEDygislodge- There were weak significant negative correlations between the number
of primary roots and net CEDypple and net CEDgjslodge (-0.17 and -0.42 respectively;
Figure 2.5), largely due to the significantly higher number of roots counted on the
mid-successional K. obovata and R. stylosa seedlings (Figure S2.6), which were not
the most stable species (Figure 2.4). When these two species were excluded, only

a (weaker) significant correlation between the number of primary roots and net
CEDygislodge remained (r = -0.27, p <0.01).

With maximum root length as a likely mechanical predictor of net CEDgjsiodge, we
subsequently identified which trait correlated most with maximum root length. We
found that successional stage best explained variation in maximum root length,
which captures the strong response in maximum root length to sediment treatment
in the pioneer species, compared to mid-successional and climax species (Figure
2.7a). The pattern is not so apparent for the pioneer S. apetala, likely because we
have no data for their root lengths in the erosion treatment. It is noted that although
the pioneer species have higher root length plasticity under sediment erosion, the
sediment erosion itself may lower their absolute CEDyjslodge, cancelling each other
out if erosion is deeper than root length. To find a better mechanical predictor for
net CEDyypple than only root length, we considered also shoot length (there was no
significant collinearity between max. root length and max. shoot length; Figure 2.5).
Such a model explained the variation in the data slightly better (net CED;oppie ~ root:
adj. R2=0.27, net CEDyopple ~ roOt + shoot: adj. R?=0.32, Figure S2.7a), indicating
that toppling tolerance is possibly driven by above- and belowground seedling
morphology. Alternatively, we considered the root/shoot ratio (max. root length
(cm)/shoot length (cm)), above and belowground oven-dried dry weight (g) and a
below/aboveground ratio (Figure 52.7). For those, we did not find significant corre-
lations with net CED;oppie. Because the mechanical predictor for net CEDgpple Was
not so clear as it was for net CEDgjsloqge, We also analysed the correlations between
traits and net CEDypple directly (Figure 2.5). We found that successional stage best
explained variation in net CEDopple, where climax species had highest net CEDopple
(Figure 2.7b). Furthermore, net CED;opple had a stronger inverse correlation with
sediment treatment (i.e. a more rapid increase in net CEDy,pp1e towards erosion) for
pioneers than for mid-successional and climax species, suggesting a morphological
response beyond root length and dry weight (Figure 2.7b).
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2.3.3 Shoot length correlates with propagule size

We analysed which traits correlated most strongly with shoot length after 34 days of
growth and found the strongest correlation with initial propagule length (r = 0.89, p
<0.01; Figure 2.5, 2.8a), followed closely by propagule weight (r = 0.87; Figure 2.5).
We observed a significant negative, logarithmic correlation between relative shoot
growth rate and propagule length (y = 0.05 + log(-0.002x), r = -0.89, p < 0.01; Figure
2.8b), such that the smallest species grew relatively fastest. Absolute growth rate is
shown in Figure 52.8.
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Figure 2.8: (a) Shoot length at day 34 and (b) relative growth rate of shoots, versus propagule length,
per species, per treatment. For the regression lines treatments and species are pooled. Type of embryo
development is indicated with 0 = non-viviparous, + = cryptoviviparous, ++ = viviparous.

2.4 Discussion

Successful seedling establishment is essential to preserve and restore mangrove
ecosystems and their services. Here, the impact of mechanical disturbance on man-
grove seedling establishment is studied across a range of species diverging in the
traits successional stage, type of embryo development and propagule size. We
found a key factor explaining successful seedling establishment under erosion was
root length. Climax species had the longest roots overall, while the plasticity of
pioneer species allowed them to develop longer roots in response to sediment ero-
sion. Species with small propagules were found to be the most sensitive in that they
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were buried most easily. Overall, in our 34-day study sediment erosion was more
challenging than accretion for mangrove seedling establishment.

2.4.1 Optimal seedling morphology and traits to withstand erosion and accretion

The Window of Opportunity framework on seedling establishment in sedimentary
dynamic environments posed that seedlings need to grow fast enough to overcome
mechanical disturbance from (1) tides, (2) waves and (3) sediment dynamics (Balke
et al., 2011, 2013). Here, we expand on this framework by showing how species with
contrasting successional stages, type of embryo developments and propagule sizes,
overcome accretion and erosion thresholds by growing fast in general (i.e. regardless
of sediment dynamics), being responsive to sediment dynamics or being already
tall (Figure 2.9). Sediment erosion can have two consequences for a mangrove
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Figure 2.9: Summary of ideal seedling morphologies for overcoming accretion and erosion thresholds,
and the traits we identified that contribute to such a morphology. Blue arrows indicate hydrodynamic
forcing. * indicate expectations based on literature. Figure 1 shows the relevant traits for the eight
species studied in this paper; here large viviparous propagules were R. stylosa, K. obovata, B. sexangula
and B. gymnorrhiza, A. marina, L. racemosa and S. apetala were pioneers, of which S. apetala was the
smallest, and B. sexangula and B. gymnorrhiza were climax species.
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seedling: (1) loss of stability leading to toppling and (2) complete dislodgement.
By analysing more species than previous studies (Balke et al., 2011, 2013), we were
able to reveal the optimal seedling morphology to overcome sediment erosion. Root
length was a key morphological feature that had a strong correlation with critical
dislodgement depth. In other words, propagules with long roots can withstand
deeper erosion before being dislodged. Any deviation from this correlation between
root length and dislodgement might be explained by waves pushing a seedling
further out of the sediment than the erosion depth. That is, these simple seedling
root systems do not hold a complex grip in the root-sediment matrix (see Balke

et al., 2011). The correlation with root length was however not so obvious for critical
toppling depth. In fact, we argue that seedling stability is a function of not only
belowground root morphology, but also aboveground shoot morphology. In our
experiment we found that critical toppling depth was better explained when we
included both root and shoot length. Similarly, Redelstein et al. (2018) found a
correlation between critical toppling depth, shoot biomass, and root biomass when
they studied seedling stability in saltmarsh species. Research on the stability of
mature trees in terrestrial ecosystems may explain our mangrove observations. Here,
tall and inflexible trees will experience larger overturning moments than short and
flexible trees (Sagi et al., 2019; Urata et al., 2012). For trees to remain stable, they
need a wide, strong and inflexible root system with a deep layer of heavy soil above
it (Achim & Nicoll, 2009; Coutts, 1983). Though seedlings are much smaller than
mature trees, the same physical laws apply. Thus, the most stable seedling would
have small, short and flexible shoots, and long and sturdy roots. Moreover, as water
is denser than air, these morphological features that increase stability may be more
important in aquatic systems (Bouma et al., 2005; Puijalon et al., 2011).

In terms of optimal morphology to avoid toppling or dislodgement, long roots were
found in the pioneer species A. marina and L. racemosa, particularly in response to ero-
sion treatments. This responsiveness is likely a common feature in pioneer species,
as increased biomass allocation to roots has also been observed in A. alba and S. alba
after undergoing erosion treatments (Balke et al., 2013), and saltmarsh species de-
veloped longer roots compared to shoots after undergoing erosion treatments (Cao
et al,, 2018). Long roots were also found in the climax species B. gymnorrhiza and
B. sexangula, that had highest survival in erosion treatments. The mid-successional
species K. obovata and R. stylosa were less successful in developing long roots. In-
stead, they developed many short roots (Figure 2.1, 52.6). At least in R. stylosa, but
possibly also in K. obovata, this large number of roots is because their propagules
abort their embryonic root and instead have many lateral, sub-apical root primordia
(Tomlinson & Cox, 2000). Perhaps these lateral root primordia are useful in earlier
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stages of seedling establishment, as a larger number of root primordia could provide
more opportunities for a seedling to anchor and overcome disturbance from tides
and waves (Balke et al., 2011). Furthermore, we found the shortest shoots in the pio-
neer species and in the mid-successional A. corniculatum. In pioneer species, we also
expect highest flexibility. Firstly, because increased flexibility in shoots has also been
observed in pioneer mangrove and saltmarsh species in response to waves (Balke
et al., 2013; Cao et al., 2020). Secondly, because we expect lower flexibility in species
with long propagules, as these are quite rigid (Figure 2.1). Although long, rigid
viviparous propagules are neither short nor flexible, they may avoid drag forces if
they establish from a horizontal position. On the tidal flat they have a roughly 50%
chance of stranding horizontally, effectively reducing their length for a few weeks
until they have grown upright (Figure 52.9, 52.10; Tomlinson and Cox, 2000).

Most seedlings survived accretion treatments, except for the tiny S. apetala seedlings.
Thus, to avoid the risks of complete burial it is best to be tall. Indeed, in a similar
experiment with small S. alba seedlings and larger A. alba seedlings, the former
had lower survival under sediment accretion (Balke et al., 2013). Seedlings with the
tallest shoots after 34 days since sowing, were among the species that had the tallest
propagule (Figure 2.8a). These species were all viviparous with long propagules,
such that they were already initially tall — though only if they arrive vertically on
the tidal flat (Figure S2.9, 52.10). Shorter shoots were observed in the species with
smaller propagules, with the shortest shoots observed in S. apetala, which had the
smallest propagules. To quickly achieve taller shoots as a small propagule, it needs
to grow fast. Pioneer species grew relatively fastest, particularly in response to
accretion. In many cases, accretion resulted in the tallest shoots observed. However,
the mean shoot length of pioneers A. marina and L. racemosa reduced in accretion
treatments because there were several individuals where the shoots failed to develop.
In dune species, burial is known to reduce growth rates (Maun, 1998), which may
have happened here as well. More detailed studies that compare a larger range

of accretion treatments, and thus burial depths, are needed to identify in detail
how growth rate reduction and accretion thresholds depend on mangrove species
traits. Such burial depths may need to be relative to the seedling height, such that
each species can be tested for its response to complete burial. This could uncover
wider species differences, such as was observed by Thampanya et al. (2002), who
found much higher survival and growth rates in Sonneratia species compared to
Avicennia species (A. officinalis vs. S. caseolaris). Further burial studies could also
include various (complete) burial durations. Complete burial can often be deadly
(Maun, 1998; Thampanya et al., 2002), but can be overcome. In dune species, on rare
occasions, seedlings of species with large seeds can emerge from complete burial
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(Maun, 1998). Furthermore, dune species can survive burial if erosion occurred
within a few days after the burial event (Maun, 1998). Cao et al. (2018) found similar
results in experiments with saltmarsh species, that can survive higher levels of
burial if bed levels fluctuate versus a constant rate of burial. Studying various burial
durations could reveal potential differences in species tolerances.

The current study works with a set range of environmental variables that result in
growth rates specific to those environmental settings. However, it is well-known that
seedling growth rates are determined by a myriad of environmental drivers (Krauss
et al., 2008), and the growth we observed in our experiment may differ widely in
drier, saltier, darker, or otherwise different environments (e.g. Kodikara, Jayatissa,
et al., 2017; Sloey et al., 2022. This could result in shorter shoots or roots than we
measured in our experiment and reduce erosion or accretion thresholds. To illus-
trate, in our study we used a semidiurnal inundation regime of 5 h day ! in total.
Previous work has shown that longer inundation can directly reduce establishment
success under sediment dynamics (Balke et al., 2013). This could, for example, affect
the relative shoot growth rate of B. gymnorrhiza, which is significantly reduced when
growing in a waterlogged environment compared to K. obovata, so that K. obovata
might produce deeper roots and reach higher erosion thresholds than B. gymnor-
rhiza (Ye et al., 2003; previously K. candel; Sheue et al., 2003. Furthermore, our study
was carried out across different seasons with different temperatures, because we
used species whose propagules reach maturity in different seasons. Seasonal differ-
ences such as temperature can affect the growth rate of seedlings, and even within a
season, or across years, different growth rates may be found (e.g. Gillis et al., 2019.
Temperature difference may also have an impact on the erodibility of coastal sedi-
ment and the resulting critical erosion depth (Nguyen et al., 2019). Therefore, the
effect of these and other environmental differences is worthy of further study in the

context seedling establishment in sedimentary dynamic environments.

The main aim of the paper was to identify whether one of the traits, or a combi-
nation of traits, provides an advantage in establishing in a sedimentary dynamic
environment. By doing so, we uncovered various strategies to overcome establish-
ment thresholds in dynamic sedimentary environments (Figure 2.9). We expected
that being a pioneer would be advantageous to overcoming erosion and accretion
thresholds. Indeed, pioneer species were responsive to erosion, and small pioneers
grew relatively fast to avoid complete burial. We also expected that being viviparous
would bring an advantage, and found that a horizontal arrival on the tidal flat may
potentially reduce the change of toppling. Furthermore, we expected that having
a large propagule would be an advantage, and found that large propagules had
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taller shoots at the end of our experiment. Additionally, our findings contribute to
our understanding of what makes pioneer species a pioneer. We initially assigned
pioneer status based on location in the intertidal zone in south China, and being
described as such in the literature (Table 52.1). Now, we may add that being able to
grow roots fast under erosion and, at least in the case of small propagule (S. apetala)
being able to grow shoots fast under accretion, likely contribute to what makes them
successful at growing in the pioneer zone.

2.4.2 Implications for mangrove restoration and modelling of mangrove establishment
Although in our study Bruguiera-like climax species were most robust with longest
roots and tallest shoots, pioneers were most plastic in response to their environment
and were hence also able to reach high root and shoot maxima. Furthermore, pioneer
species typically have higher fecundity than climax species (Friess et al., 2012),
and smaller propagules that allow them to disperse further away from the mature
mangrove forest (Van der Stocken et al., 2015). This provides pioneer species with
a larger number of offspring reaching colonisable land. Thus, a lower survival rate
at the individual level, may make pioneers seem less successful than they really are.
Hence it is useful to mix a broad range of species in restoration projects, especially in
exposed sites, but keeping in mind that the inundation frequency should match the
successional stage of the species. By including multiple species with diverse traits,
the risk of establishment failure is mitigated by the presence of diverse establishment
strategies. We argue that the development of the shoot length and root length over
time can be used as simple proxies to predict seedling survival in sedimentary
dynamic environments. Identifying such simple proxies is valuable for modelling
establishment events and restoration measures under global change. This kind of
mechanistic modelling approach has for example recently been applied to predict the
sensitivity of saltmarsh establishment under global and local stressors (Hu, Borsje,
et al., 2021). Using such a mechanistic approach could support the prediction of
seedling establishment beyond the limitations of the environmental setting of the
current study. Including other factors than sediment dynamics, such as salinity,
temperature and light availability can be easily done, by using existing relations
between such factors and how they affect the growth rate of seedling roots and
shoots (reviewed in Krauss et al., 2008).
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S2 Supporting information

52.1 Trait assignment

Where possible, we used information about south China for the tidal elevation a
species generally inhabits (Duke et al., 1998; He et al., 2007; Peng, Diao, et al., 2016;
Table S2.1). Then, we assigned a species to a particular successional stage based on
the tidal elevation and whether a species is considered a pioneer (sensu Friess et al.,
2012). Following tidal elevation, K. obovata should be classified as a climax species,
but because it has been mentioned in the literature as a pioneer by some (Khan &
Kabir, 2017), we assigned it to mid-successional stage. Data on germination type
came from Tomlinson 2016, average propagule length (cm) came from our own data
(Figure 2.8) and fresh weight (g) was from Hong et al., 2021, Rabinowitz, 1978 and
Wang et al., 2019. For background information, propagule shape is also shown in
Figure 2.1 (Duke et al., 1998), but we did not use propagule shape as a trait in our
analyses because this would have resulted in four groups with only one species, and
because it is not an ordinal trait. It is noted that there is some correlation between the
traits, for example, R. stylosa, K. obovata, B. gymnorrhiza and B. sexangula all belong to
the Rhizophoraceae, all have large propagules and are all viviparous, though they
inhabit different successional stages (Figure 2.1).

Table S2.1: Studied traits listed for each species, selected such that we had at least two species in each
trait group: Am = Avicennia marina, Lr = Laguncularia racemosa, Sa = Sonneratia apetala, Ac =
Aegiceras corniculatum, Rs = Rhizophora stylosa, Ko = Kandelia obovata, Bs = Bruguiera sexangula,
Bg = Bruguiera gymnorrhiza. Succesional stage is a combination of tidal elevation and whether or not a
species is considered a pioneer. Vivipary: ++ = viviparous, + = cryptoviviparous, - = non-viviparous.
Variability in propagule fresh weight was reported in different measures: se = standard error, 95%CIl =
95% confidence interval, sd = standard deviation, ? = unreported.

Trait Am Lr Sa Ac Rs Ko Bs Bg
Tidal elevation® LM LM LM LM LM MH MH H
Pioneer species? Yes Yes Yes No No Maybe No No
Successional stage 1 1 1 2 2 2 3 3
Vivipary® + + ++ ++ ++ ++

Propagule length 2.06 2.26 0.50 5.88 20.80 22.80 8.61 18.8
(cm, mean =+ vari-

ance)*,

Propagule fresh 4 0.21 0.03 0.91 16.94 195 9.25 23.74
weight (g, mean)®

Propagule fresh 1.8 0.0 0.0 0.1 3.1 1.2 1.1 2.1
weight (g, variabil-  (se) (95%Cl) (7) (se) (se) (sd) (se) (se)
ity)®

I Duke et al., 1998; Peng, Zheng, et al., 2016

2 sensu Friess et al., 2012; Khan and Kabir, 2017

3 Tomlinson, 2016

4 Own data, averaged

5 Hong et al., 2021; Morrisey et al., 2010; Rabinowitz, 1978; Wang et al., 2019; Weng et al., 2012
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52.2 Practical set-up

Mesocosm set-up

We set up mesocosms at an undisturbed place near Sun Yat-Sen University Zhuhai
campus, Guangdong, China. Mesocosms were constructed following the same
method as in Balke et al. 2013), with two tanks with inside dimensions of 90 x 110 x
43 cm stacked on top of each other and provided with transparent roofing to avoid
debris or rain falling into the tanks. The bottom tanks functioned as a water reservoir
from which water was pumped to inundate the top tanks. Each mesocosm contained
30-31 pots with one seedling per pot. Pots were made of PVC tubes with a diameter
of 15 cm and a height of 25 cm and ribbons were attached to the sides for easy lifting.
We placed a sandwich bag filled with sediment in the pots and used a rubber band
to keep the bags in place. The bags were perforated at the bottom to allow water
to flow out. To avoid sediment leaching, we lined the perforated bag bottoms with
a small piece of fabric. At the bottom of each tube, we placed 1 cm PVC discs: for
the accretion treatment four discs; for the erosion and control treatments one disc.
These discs functioned (1) to allow for an accretion treatment where discs were
removed from the bottom so a layer of sediment could be added at the top, and

(2) to be consistent across treatments, so that each pot has at least one disc at the
bottom. At the start of each phase, the pots were filled to the edge with sediment and
then left to rest for 36 hours, inundating every hour to promote consolidation. Extra
sediment was then added to fill the pots up to the edge again and create a smooth,
level surface. Any further consolidation was measured on day 11 and taken into
account when calculating the seedling growth and cumulative sediment treatment.

Sediment treatments

For the erosion treatment (-2 cm week ~!, cumulative change: -6 cm), we added two
1 cm PVC disks at the bottom of the pot, then used a putty knife to scrape of the 2
cm excess sediment layer that was created at the top. Water spray was used to spray
away sediment between the vulnerable seedling roots. For the accretion treatment
(+1 cm week ™!, cumulative change: +3 cm), we removed a 1 cm PVC disk from the
bottom of the pot. This created a 1 cm gap between the sediment layer and the edge
of the pot, which we filled up with extra sediment. For both treatments, we ensured
that the new sediment layers were smooth and even.

CED wave treatment

Critical erosion depth was measured with a combined treatment of waves and sed-
iment removal to mimic storm conditions. First, we subjected the seedlings to a
wave treatment in a flume (Infantes et al., 2021). Then, we removed a 0.5 cm layer
of sediment (using the same method as in the erosion treatment) and subjected the
seedling to another wave treatment. This procedure was repeated until a seedling
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was first toppled. If a seedling toppled the erosion depth was noted. We then re-
peated the procedure again until a seedling was dislodged. When a seedling became
dislodged, the erosion depth was again noted. We created the wave treatment by
placing two pots inside a flume at a water depth of 15 cm and generating waves
with a wave height of 7-8 cm for approximately 1 minute (or 7 waves). With a wa-
ter depth of 0.15 m, wave period of 1.5 s, wave height of 0.07 m and assuming that
waves were regular waves, the maximum wave orbital velocity was 0.26 m s~!. The
corresponding bed shear stress was 0.26 Pa, calculated following Zhu et al. 2016. The
waves were generated by a wave paddle that was fitted inside the flume. The paddle
was pneumatically driven by a compressor combined with a pressure regulator to
provide a continuous 6-7 bar airflow. The flume was 3.5 m long and 0.6 m wide and
had a wave run-up of 1.2 m with a slope of 11.77 degrees. The back of the flume was
outfitted with wave damping material to reduce wave reflection.
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(b)

Figure S2.1: Experimental set-up with (a) tidal tanks (top tank was inundated twice daily, bottom tank
was reservoir), (b) pots with seedlings in top tidal tanks, (c) pot with seedling and (d) flume with holder
for two experimental pots taken out (at the foreground). Photos by Rosanna van Hespen.
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Table S2.2: Results of the Kaplan—Meier Mantel-Cox log-rank test on survival and toppling of seedlings
during the experiment. A. corniculatum and B. sexangula are excluded from the analysis as they resulted
in infinite values; A. corniculatum only had 1 germinated propagule and all B. sexangula survived.

Assumed toppling =

Assumed toppling =

alive dead
Dataset Variable ~ X? d.f. Sig. X2 d.f. Sig.
All species pooled (ex- Bed level 418 2 0.00 569 2 0.00
cept A. corniculatum, B. change
sexangula), all bed level
treatments
Bed level change = Species 98 5 0.00 85 5 0.00

erosion only, all species
except

Table S2.3: Pairwise comparisons of Kaplan-Meier survival curves between species in the erosion
treatment, and the survival probabilities at the end of the experiment St=34 for each species. Dataset
used includes only the erosion treatments and excludes A. corniculatum and B. sexangula. A Benjamini-
Hochberg correction was used. P-values below a significance level of & = 0.05 are printed in bold.
Survival probabilities are shown for day 34 (St=34), mean and standard error, the latter if possible. Am
= Avicennia marina, Lr = Laguncularia racemosa, Sa = Sonneratia apetala, Rs = Rhizophora stylosa, Ko
= Kandelia obovata, Bg = Bruguiera gymnorrhiza.

Assumed toppling = alive

Assumed toppling = dead

Sig. Sig.
St=34 St=34
meanztse meanztse
Am Bg Ko Lr Rs Am Bg Lr Rs
Am - - - - - - - - -
0.39+0.09 0.24+0.08
Bg - - - - - - -
0.71 0.49+0.09.29 0.41+0.09
Ko - - - - - 0.00
0.43 0.25 0.194+0.00.00  0.00
Lr - - - -
0.67 0.43 0.72 0.37+0.09.36 0.05 0.001 0.10+0.06
Rs - -
0.00 0.00 0.01 0.01 0.024+0.020.00  0.00 0.03 0.02+0.02
Sa 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table S2.4: Two-way ANCOVA's for maximum shoot length, maximum root length, shoot growth and

relative shoot growth rate for the surviving seedlings.

Model Df  TypelllSS F Sig.
Shoot length ~Species * Sediment treatment

Intercept 1 51452.0 2513.56  0.00
Species 7 18788.0 131.12  0.00
Sediment treatment 1 0.0 0.02 0.90
Species : Sediment treatment 7 494.0 3.45 0.00
Residuals 194 3971.0

Max. root length ~ Species * Sediment change

Intercept 1 12622.6 1106.20 0.00
Species 7 1427.8 17.88 0.00
Sediment treatment 1 73.7 6.46 0.01
Species : Sediment treatment 7 761.7 9.54 0.00
Residuals 195 22249

Total shoot growth ~ Species * Sediment treatment

Intercept 1 8191.1 465.76  0.00
Species 7 821.6 6.82 0.00
Sediment treatment 1 13 0.07 0.79
Species : Sediment treatment 7 540.2 4.48 0.00
Residuals 193 3322.8

Relative shoot growth rate ~Species * Sediment treatment
Intercept 1 0.11 1595.61 0.00
Species 7 0.05 112.39  0.00
Sediment treatment 1 0.00 0.05 0.83
Species : Sediment treatment 7 0.00 4.61 0.00
Residuals 186 0.01
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Table S2.5: Estimated mean and standard deviations for each species, sediment treatment and the
interaction effect of species and bed level change. Sed. = Sediment treatment. Am = Avicennia marina,
Lr = Laguncularia racemosa, Sa = Sonneratia apetala, Ac = Aegiceras corniculatum, Rs = Rhizophora
stylosa, Ko = Kandelia obovata, Bs = Bruguiera sexangula, Bg = Bruguiera gymnorrhiza. P-values
below a significance level of & = 0.05 are printed in bold.

Max. shoot Max. root length Total shoot Relative shoot
length ~ Species ~ Species * Sedi- growth ~ Species growth rate
* Sediment treat- ment treatment * Sediment treat- ~Species * Sedi-
ment ment ment treatment
Variable Mean SD Sig. Mean SD Sig. Mean SD Sig. Mean SD Sig.
Intercept 10.07 0.83 0.00 10.28 0.62 0.00 8.00 0.76 0.00 0.041 0.002 0.00
Lr -1.60 1.20 0.18 -0.11 0.89 0.90 -1.81 1.10 0.10 0.004 0.002 0.07
Sa -5.07 1.55 0.00 -5.78 1.16 0.00 -3.50 1.42 0.01 0.026 0.003 0.00
Ac -0.79 1.53 0.61 -2.93 1.14 0.01 -4.03 1.74 0.02 - 0.003 0.00
0.026
Rs 18.07 1.36 0.00 -5.79 1.01 0.00 -0.67 1.24 0.59 - 0.002 0.00
0.033
Ko 22.21 1.18 0.00 -1.02 0.88 0.25 1.80 1.08 0.10 - 0.002 0.00
0.031
Bs 8.69 1.14 0.00 3.35 0.85 0.00 2.17 1.05 0.04 - 0.002 0.00
0.019
Bg 19.78 1.20 0.00 0.25 0.89 0.78 2.96 1.10 0.01 - 0.002 0.00
0.028
Sed. -0.49 0.24 0.04 -0.61 0.18 0.00 -0.50 0.22 0.03 - 0.000 0.00
0.002
Lr: Sed. -0.16 0.35 0.65 -0.92 0.25 0.00 -0.16 0.32 0.61 0.001 0.001 0.10
Sa : Sed. 0.88 0.71 0.22 0.65 0.53 0.22 0.89 0.65 0.17 0.004 0.001 0.00
Ac : Sed. 0.53 0.56 0.34 0.40 0.42 0.34 0.22 0.80 0.78 0.001 0.002 0.60
Rs : Sed. 0.05 0.50 0.92 0.70 0.37 0.06 0.32 0.46 0.49 0.002 0.001 0.04
Ko : Sed. 0.87 0.36 0.02 0.89 0.27 0.00 1.25 0.33 0.00 0.003 0.001 0.00
Bs : Sed. 0.79 0.32 0.01 0.63 0.24 0.01 0.81 0.29 0.01 0.002 0.001 0.00
Bg : Sed. 1.13 0.33 0.00 0.45 0.25 0.07 1.00 0.31 0.00 0.002 0.001 0.00
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Figure S2.3: Jitterplots of longest root at toppling or death after erosion treatments. For accretion (not
shown) only two seedlings died, one S. apetala after the first treatment (shoot length 0.3 cm, cumulative
accretion 1 cm) and one S. apetala after the second treatment (shoot length 3.1 cm, cumulative

accretion 2 cm).
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Seedling establishment

(d)

Figure S2.9: Self-erected K. obovata seedling with ‘hook’ inside a mature forest, (b) self-erected

K. obovata seedling with ‘hook’ in experimental pot; and number of seedlings that are hooked (arrived
horizontally) versus straight (arrived vertically) on (c) bare tidal flat and (d) inside mature forest at
Hailing Island field site, Guangdong, China in May 2019. Photos by Rosanna van Hespen.
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Figure 52.10: Absolute CEDyjsiodge for Kandelia obovata seedlings. Corrected for planting depth (verti-
cally ‘planted’ seedlings went 2.5 cm into the sediment, ‘stranded’ seedlings were laid horizontally on top

of the mud). Shoot height is measured as height from sediment to highest point of seedling.
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3| Unravelling mangrove tree stability as a function of root morphology
and sediment type using 3D-printed mimics

Abstract

Mangrove forests provide important ecosystem services globally, yet the processes
that affect their persistence are not fully understood. Coastal storms can lead to tree
damage and uprooting, causing massive mortality events and reducing forest re-
silience to repeated stressors. However, the underlying mechanisms of root stability
are poorly known. Here, we use 3D-printed, scaled mangrove mimics to study the
effect of (i) sediment, (i) root mass distribution and (iii) root breakage on mangrove
stability. We also assess whether a mechanistic anchorage model developed for
terrestrial trees can be applied to coastal mangrove trees. We found that higher sedi-
ment shear strengths result in substantially higher mimic stability. Interestingly, the
optimal root distribution for high mechanical stability depends on the sediment in
which a mimic was placed. This suggests that mangroves need to alter their below-
ground root morphology depending on the sediment they are rooted in to reach the
highest possible mechanical stability. Furthermore, we found that the mechanistic
anchorage model developed for terrestrial trees provides useful mechanistic princi-
ples for estimating mangrove mimic stability, where the specification of sediment
resistance through sediment shear strength provided a useful alteration to the exist-
ing mechanistic anchorage model. Overall, our findings illustrate the importance
of sediment type for mangrove tree stability and consequently minimising storm
damage, and highlight the need to map belowground mangrove root morphology.
Importantly, this research contributes to a fundamental understanding of mangrove
tree stability, which is urgently needed in this era with increasing storminess.
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3.1 Introduction

3.1.1 A mechanistic understanding of mangrove tree stability is needed

Mangrove forests provide important ecosystem services such as nature-based flood
defence through sediment stabilisation and wave damping (Lee et al., 2014). Al-
though forests provide safety during a storm, they themselves can also be impacted
by storms. The strong storm winds, surges and storm waves can cause direct me-
chanical damage in the form of trunk damage (trunk breakage, branch damage,
defoliation), or uprooting, which is exacerbated by the displacement of large vol-
umes of sediment and is most likely fatal (Gardiner, 2021; Krauss & Osland, 2020;
Semeniuk, 1980). These storm impacts can cause massive mortality events and lower
flood defence capacity (Jimenez et al., 1985), a risk which may be exacerbated over
the coming decades as storms potentially increase in frequency and intensity (IPCC,
2022). This forms a barrier to creating or restoring mangrove ecosystems for nature-
based flood defence, as it is uncertain if the ecosystem is resilient enough long-term.
The consequences of storm damage in mangroves are often mapped in terms of
type and extent of damage and recovery rates (e.g. Asbridge et al., 2018; Baldwin
et al.,, 1995; Primavera et al., 2016; Proffitt et al., 2006; Smith et al., 2009). Although
the extent of damage (area) can be linked with storm intensity, such a statistical
approach makes generalisation of mangrove damage to different geographical and
sedimentary settings difficult (Kamimura et al., 2016; Seidl et al., 2011). Hence, a
more mechanistic understanding of damage processes is needed. In this study,

we focus on understanding the factors protecting mangrove tree stability against
uprooting.

3.1.2 Mangrove trees are rooted in marine sediments and have unknown root morphology
Research on terrestrial pine trees has shown that there are two simultaneous pro-
cesses that affect tree stability (Peltola, 2006). Aboveground, drag forces generated by
wind (or waves) acting on the canopy result in an overturning moment (Sagi et al.,
2019; Urata et al., 2012). Belowground, this overturning moment is counteracted by
an anchorage moment, made up of the tree roots and the root-sediment resistance
(Achim & Nicoll, 2009; Coutts, 1986; Fourcaud et al., 2007). While these mechanistic
processes have been translated to models, with which the extent of damage during a
storm can be estimated for entire forests (Gardiner et al., 2008), it remains uncertain
if it works the same way in mangroves. Unlike terrestrial trees that are rooted in
terrestrial soils, mangrove trees can grow in sediments ranging from fluid mud, to
sandy beaches and even on carbonate reefs (Worthington et al., 2020). These sed-
iments can be dynamic with frequent bed changes and are typically waterlogged
(Winterwerp et al., 2020). Furthermore, the belowground morphology of mangrove
roots is not well-known. Aboveground, it is well-known what mangrove root system
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look like, such as plate roots with pneumatophores, buttresses and stilt roots that
allow them to take up oxygen despite living in an anoxic, waterlogged environment
(Srikanth et al., 2016; Vovides et al., 2021). Belowground, datasets that describe the
size and shape of root systems are sparse (but see Figure 3.1; Njana et al., 2015, 2016;
Vovides et al., 2016.

Photo of real
root system

Young Avicennia alba tree with partially Rhizophora stylosa sapling Uprooted Avicennia germinans
eroded root system with excavated stilt root root system

Extreme Realism Extreme
Biomass close to trunk Biomass far from trunk

Schematised
view of anchoring
roots
a
o

Root plate
design

Figure 3.1: Resemblance between real mangrove root systems and the root mimics used in this study.
Photos show root systems of mangrove trees, with (a) young Avicennia alba trees with root systems
partially eroded after the 2017-2018 wet season in Bedono bay, Indonesia, (b) Rhizophora stylosa sapling
( 5yo) with an excavated stilt root in Hailing Island, China in 2021, and (c) an uprooted Avicennia
germinans tree in central coast of the Gulf of Mexico in 2015. The schematised views (d, e, f) show
what the entire anchorage root systems would roughly look like belowground. The bottom row shows
the root plate designs that range from extreme (g, k) to more realistic (h, i, j), where the more realistic
designs were inspired by the real mangrove root systems, while the extreme root systems allow us to
study the extreme ends of the biomass distributions (close or far from the tree trunk). Photos taken by
Celine van Bijsterveldt (a), Tianping Xu (b) and Alejandra Vovides (c).

3.1.3 Aims of this research

In this research, we aim to enhance the current mechanistic understanding of man-
grove anchorage by carrying out pulling tests with 3D-printed, scaled mangrove
mimics — allowing for rapid and reproducible testing. We (1) examine how (a) sed-
iment, (b) root distribution and the (c) breakage of roots affect tree stability, and,
upon completion of the pulling tests, we (2) compare the measured mimic stability to
predicted mimic stability using a mechanistic model developed for terrestrial trees.
Given the wide range of sediments mangroves can grow in, we test stability in five
sediments with variable sand:silt ratios and water contents. Furthermore, we design
five root plates with hypothetical, idealised root mass distributions. These are (i)
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inspired by photos of uprooted and eroded mangrove root systems, (i7) idealised
to allow for reproducible testing, and (i) amplified to allow to test the full extent
of root mass distributions: ranging from closely centred around the stem, to evenly
spread out, to mostly far away from the stem. As anchorage roots can break under
large loads (Coutts, 1986), we design broken versions of the root plates with either
half (25% of the complete plate) or complete (45%) breakage at windward, leeward,
or both sides of the root plate.

3.2 Methods

3.2.1 Sediment preparation and properties

As mangroves can grow in diverse sedimentary environments, we aimed to cover
a range of coastal sediments. We prepared five sediments by mixing various sand,
silt and water contents (Table 3.1). An overview of sediment grain sizes in mangrove
forests in the literature can be found in Table S3.3. Each sediment was mixed with
water, as dry sediment is not usually found at the seaward forest fringe — the zone
where most uprooting takes place (Van Loon et al., 2016; Watson, 1928). We mixed
homogenous sediments to ensure that our measurements were as consistent as
possible. For sand, we used aquarium sand with a grain size of 0.2-0.6 mm (JBL
Sansibar, Neuhofen, Germany). For silt, we used kaolin powder with a grain size
of 25-35 um (Al,Si,O5(OH),, Colpaert — Van Leemputten, Nevele, Belgium). For
each mixture, we measured the bulk density p, (kg m~3), penetration resistance
pen_ (kPa) and shear strength 7, (kPa; Table 3.1). Bulk density p, was measured by
weighting a disk filled with a known volume of sediment. Penetration resistance
pens was measured by pushing down a 60° cone with a surface area of 50 mm? using
a precise automated extenuator (INSTRON, Norwoord, US) with a speed of 60 mm
min~!. Sediment shear strength 7, was measured by placing a plate with a diameter
of 8 cm below a 0.7 cm layer of sediment (i.e. same size and depth as the mimics
in the pulling test; Section 3.2.3), and pulling the plate upward with a speed of 60
mm min~!. The maximum load before failure was used to calculate the sediment
shear strength 7,, where we first subtracted the weight of the root-sediment plate
from the maximum load, and then divided by the surface area of the sediment edge
(i.e. perimeter of the plate x depth of the plate). Note that sediment shear strength
measured here is not the same as bed shear stress, the latter which is the hydraulic
force needed to bring single sediment particles in suspension.

3.2.2 Root plate and mimic design

We designed scaled mangrove mimics with 3D-printed root systems and designed
five root mass distributions (Figure 3.1, 3.2a) and various root breakages (Figure
3.2b). The root mass distributions were inspired by photos of uprooted or eroded
mangrove roots (Figure 3.1a,b,c). We developed idealised versions for reproducible
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Table 3.1: The five sediment types we mixed and their properties, ordered by shear strength 75 for easy
comparison with figures in the Results section.

Satura- Sediment  Sand Silt Average  Water Bulk Pene- Shear
tion state content, content, grain content  density tration strength
(%) (%) size (% of ps (kg resis- Ts
(um) dry m*) tance (kPa)
weight) pen,
(kPa)
Silt 0 100 30 100 1498 0.5 0.7
Undrained
Sand 100 0 400 30 1732 64.3 7.6
Undrained
Silty 50 50 215 50 1738 6.5 9.1
Undrained Sand
Drained Silt 0 100 30 70 1537 20.0 15.0
Drained Silty 50 50 215 30 1903 53.7 40.7
Sand

Table 3.2: Properties of mangrove trees and mimics, and mimics scaled up 100x. Tree data are from

Njana et al. 2015, 2016, where root plate radius is based on the length of the belowground (cable) roots.

Tree or mimic

Tree height, m

Root plate radius,

Root depth, m

(mean =+ sd) m (range)
Avicennia marina 9.6+5.4 1.4-16.1 0.2-1.4
Rhizophora stylosa 7.4+6.4 1.6-5.1 0.3-1.0
Mimic 0.105 0.04 0.007
Upscaled 100x 10.5 4 0.7

testing, with some more realistic and detailed (Figure 3.1h,1j) and some more ex-

treme and simplified root mass distributions (Figure 3.1g, k) to test along the entire

realm of possible root mass distributions, such that some have biomass closely cen-

tred around the stem (SimInn), evenly spread out (Detlnn, DetMid, DetOut), and

some far away from the stem (SimOut). In this naming system, ‘Sim’ stands for sim-

ple and 'Det’ stands for detailed. The root plates were designed with equal surface

areas A, (cm?; Figure 3.2a), but differed slightly in actual surface area because of

the 3D-printing process (Figure 3.3). Therefore, in this paper, the root plate areas A,

(cm?) will be represented by the proxy root plate weight W,. (g). To assess the effect

of root breakage, we removed a part of the root plate. We did this at two distances
from the edge of the root plate, at 25% and 45% of the total diameter of the plate (2
and 3.5 cm of 8 cm diameter, respectively), on the windward (25W, 45W), leeward

(25L, 45L) or both sides (25B; Figure 3.2b). As the root distributions varied in the
location of their biomass, the reduction in area (proxy weight W) was higher for

some (e.g. SimOut) than for other root distributions (e.g. SimInn; Figure 3.3).
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Siminn Detlnn DetMid  DetOut  SimOut
M4 eye nut

(Canopy) ) Davy knot
No e —
breakage B
Parafilm

Simlnn Detlnn DetMid DetOut  SimOut

M4 steel rod
(Trunk)

M4 nuts

Root plate

windward leeward
Pulling direction

Figure 3.2: The mangrove mimics, with (a) the 3D-printed root plates, showing the five root mass
distributions (where Sim = simple and Det = detailed), (b) breakage variations, and (c) the construction
of a mangrove mimic, with a tree trunk made of an M4 stainless steel rod, a canopy made of an M4
stainless steel eye nut held firmly in place with parafilm, and a 3D-printed root plate held in place with
nuts. Mimic and root plates are shown following the pulling direction used in the pulling tests.

We opted to design mangrove tree mimics that were scaled roughly 1:100 in terms of
size compared to real mangrove trees (Table 3.2), resulting in a root plate diameter
of 8 cm and a height of 3 mm (we opted for small mimics to facilitate the quick
subsequent pulling tests). It was not possible to scale weight in this manner, due
to the differences between mangrove root properties and the plastic used for 3D-
printing. We drew the root systems using a browser-based 3D modelling program,
Tinkercad (Autodesk, San Rafeal, USA), and 3D-printed them with Nylon12 plastic
using Selective Laser Sintering (Shapeways, Eindhoven, The Netherlands). The
mimics were constructed by attaching the 3D-printed root plates with nuts to a tree
trunk made of an M4 stainless steel rod and a canopy made of an M4 stainless steel
eye nut held firmly in place with parafilm (Figure 3.2c).
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Figure 3.3: Root plate weight W, (g), as a proxy for area A, (cm?2), per root mass distribution and root
breakage.

3.2.3 Pulling tests to measure overturning moments

We carried out pulling tests with all sediments, root mass distributions and root
breakages. In total, 345 pulling tests were conducted. Each test was carried out
three times, where we replaced the sediment in the pot after each test and placed
the same mimic in it again (explained below). We carried out tests in each sediment
type with each root mass distribution with the unbroken root plates (5 sediments x 5
root distribution x 3 repetitions = 75 tests). Undrained Silt and Undrained Sand did
not provide much stability to the mimics. Therefore, we did not test root breakage
(which further reduced stability) in these sediments, as it was practically challenging
to keep the mimics upright before pulling. Thus, we carried out tests with root
breakage, for each root distribution, only in Drained Silt, Drained Silty Sand and
Undrained Silty Sand (3 sediments x 5 root distributions x 6 root breakages x 3
repetitions = 270 tests).

Each pulling test was prepared by ‘planting’ the mimic in a pot filled with one of
the sediments. An 80-micron plastic bag with a watertight seal (to avoid water
leakage from sediments) was placed in a 9.6 cm tall pot made out of a PVC pipe
with a diameter of 15.5 cm. The plastic bag was filled with sediment and levelled
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off evenly at the top. The pot had a 1 cm disk at the bottom that was removed so
that the sediment sunk 1 cm. The mimic was then placed on top of the sediment
and the remaining gap was filled and levelled of evenly at the top, so that the mimic
was now 1 cm belowground with an effective sediment depth of 7 mm (as the root
plate was 3 mm tall — equal to 0.7 m belowground in the field; Table 3.2). The same
steps (filling the bag with sediment, removing the 1 cm disk, placing the mimic and
filling and levelling off the top 7 mm) were used for repeat tests (three repetitions
per sediment x mimic configuration). Then, we attached the mimics to the pulling
mechanism of a universal testing machine fitted with a 10 N load cell (INSTRON,
Norwood, US) by tying a polyester string (with a diameter of 0.75 mm and a tensile
strength of 17 kg; Paracord Nano, Atwood Rope MFG, Millersport, US) to the "crown’
of the mimic (the eye nut) with a Davy knot (Figure 3.2c). The other side of the string
was looped through a pulley that was placed at a distance of 45 cm and attached
with a bowline knot to the universal testing machine (INSTRON, Norwood, US).

INSTRON

Components 5
Pulling moment Mp 4 / \ .
Self-loading moment M, 2 / \ V\I/c:nd.ward
= \ side is
,_‘L’ 21 \\ uprooted
11 -
1/
0 20 40 60 80
& (mm)
(o
---------------------------------------------- e " thax (N m)
04 /
H, €03 /
L Pulley ..l /’
‘ -~
2 S
Sedimen 0ol
90 100 110 120 130
windward leeward Bm (*)

Figure 3.4: Pulling experiment, with (a) the pulling setup (not to scale) used to measure the overturning
moment of each mimic using an INSTRON universal testing machine, (b) an example of output of a
pulling test with load F' (N) per extension € (mm) that illustrates how the load (F') drops after the
windward side is uprooted, and (c) an illustration of how we obtained the maximum overturning moment
Mtmax (N-m). Calculation of the overturning moment M; (N-m) is described in the text.

The pulling test was carried out by moving the pulling mechanism upward, so that
the mimic that was attached moved forward (Figure 3.4a). During each pulling
test, we measured the load F (N) per extension ¢ (mm) continuously (Figure 3.4b)
and pulled at least until the windward side of the root plate was fully uprooted.
The pulling mechanism moved upwards at an extension speed of 60 mm min-1.
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The extension € (mm) was converted to a mimic angle 6, (°), that moved with
approximately 0.5 ° mm™* (i.e. 30 ° min™1).

We calculated the overturning moment M; (N-m) as in Urata et al. 2012:
My = M, + M; (3.1)

where M, (N-m) and M, (N-m) are the moments of pulling load and self-loading (i.e.
the turning moment generated by the weight of the mimic as it topples), respectively.
The pulling load is the sum of its horizontal and vertical components:

Mp:HLFCOSQL+5LFSin6L (32)

where H, is the pulling height (m), F is the pulling load (N), 6, is the angle of
pulling (rad) and ¢y, is the horizontal displacement of the stem at pulling height
(m). We calculated the pulling angle 6, (rad) and the horizontal displacement of the
stem at pulling height §;, (m) using basic trigonometric calculations (Table 53.2). The
self-loading moment M, (N-m) is defined as

MS = 5@WTg (3'3)

wherein ¢ is the horizontal stem displacement at the centre of gravity of the above-
ground part (m), which is in our case the same as the horizontal displacement of
the stem at pulling height ¢;, (m), Wr is the aboveground biomass (kg) and g is the
gravity (9.81 N kg~!). An overview of all parameters can be found in Table 3.3.
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Table 3.3: All properties with symbols, units, their meaning and the source where values can be found.

Symbol Unit Meaning Source

Soil parameters

Ts N m—2 Shear strength Table 3.1

Ps kg m—3 Bulk density Table 3.1

pens N m—2 Penetration resistance Table 3.1

Root parameters

Py % Half surface parameter Figure 3.9a

pivp # Number of root breakages Figure 3.2b

A, m? Root plate area Figure 3.3; Table
S3.3

W kg Root plate weight, proxy for area A, Figure 3.3; Table
S3.3

D m Sediment/rooting depth 0.007; Table 3.2

Overturning components

M;; N-m (Maximum) overturning moment M, = M, + M,

Mtmax

M, N-m Pulling moment M, =
HpFcosfr +
(5LF sin 9L

M N-m Self-loading moment My = 6cWrg

Hp, m Pulling height See Figure 3.4a

F N Pulling load See Figure 3.4a

0r, rad Angle of pulling See Figure 3.4a

oL; o m Horizontal displacement of the stem at pulling  See Figure 3.4a

height

Wr kg Aboveground biomass 0.02

Anchorage components

M, N-m Anchorage moment M, = M, + M,

M, N-m Weight moment My = y1Wsg

M, N-m Resistance moment M, = 1:DsCpyo

Y1 m Distance from hinge to the centre of gravity of  Figure 3.5; Table

root-sediment plate S3.3

W kg Weight of the sediment cylinder above the roots

g N kg~ * Gravitational constant 9.81

C, m Perimeter of windward side of the root plate Figure 3.5; Table
S3.3

Y2 m Distance from hinge to the centre of gravity of  Figure 3.5; Table

the arc

S3.3
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3.2.4 Statistical analysis

We used R (version 4.1.1) with packages rstatix (0.7.0), corrplot (0.92), FactoMiner
(2.4), factoextra (1.0.7) and MuMIn (1.46.0) to carry out all statistical analyses. We
calculated the maximum overturning moment Mtpa, (N-m) as the highest overturn-
ing moment M; (N-m) that was measured during a pulling test before failure, i.e. the
moment just before the root plate was uprooted (Figure 3.4b,c). First, we tested the
effect of sediment on mimic stability. We used a Kruskal-Wallis test to check if there
were any significant differences in the maximum overturning moment Mtmax (N-m)
between sediments, followed by a post-hoc Dunn’s test to compare any differences
between sediments. We then tested the effect of root breakage on mimic stability. We
normalised the maximum overturning moments Mtmax (N-m) for the sediment effect
on stability, by dividing the average Mtm.x per sediment by the Mty... We then fit,
per sediment, a linear model between the normalised moments and root breakage,
which was represented by root plate weight W, (g), as a proxy for the change root
plate area A, (cm?), and we also calculated the Pearson correlation coefficient.

To assess the role of root distribution in mimic stability, we calculated a parameter to
describe the root distribution; P, (%). Root distribution P, was calculated by finding
out at what distance from the trunk 50 % of the cumulative biomass was reached. We
then fit a polynomial regression model between the maximum overturning moment
Mtmax (N-m) and the root distribution parameter P,, per sediment type.

Then, we carried out a Principal Component Analysis and Pearson correlation
tests to assess the effect of sediment properties (shear strength 7, bulk density py,
penetration resistance pen_), root distribution (P;) and root breakage (number of
breakages piv,, root plate area A,, root plate weight W, as a proxy for area, C), y1,
y2) on the maximum overturning moment Mtp,«. Based on this analysis, we selected
the best fitting parameters per variable group (sediment, root distribution, root
breakage), and fit linear and interaction models to the data. We then used model
comparison using the Akaike Information Criterium (AIC) and Akaike weights (W)
to find the best fitting model (Johnson & Omland, 2004).

3.2.5 Comparing predicted stability to measured stability

We aimed to find out if mangrove (mimic) stability can be modelled mechanisti-
cally by adapting a model developed for terrestrial, shallow-rooted pine trees by
Achim and Nicoll 2009. We used this model to predict the anchorage moment of
our mangrove mimics, and compared this to the measured maximum overturning
moment Mty (i.e. we assume that the maximum overturning moment Mtmax
before failure is equal to the anchorage moment of the mimic). We have adapted the
model at one point. In the original model the resistance moment M, is the resistance
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of the root-sediment matrix, which requires that a resistance constant ’A;” (N m~!)
is estimated per sediment type based on pulling tests. There is effectively no root
resistance in our setup because the 3D-printed Nylon12 material is too strong to
break under the test circumstances, so that the only limiting factor is resistance of the
sediment. Hence, we argue that the constant A; used in their model can be replaced
with sediment resistance, measured as sediment shear strength 7, (N m~2). Thus, we
define the anchorage moment M, as:

M, = M, + M, (3.4)

where M, is the anchorage moment, M,, is the moment of the root-sediment plate
weight and M, is the moment of the root-sediment resistance. The moment repre-
senting the root-sediment plate weight is:

My =1y1Wsg (3.5)

where M,, is the moment of the root-sediment plate, with y; the distance from the
hinge to the centre of gravity of the root-sediment plate (m; lever arm length, Figure
3.4), and W; is the weight of the sediment in the root-sediment plate: W, = D A, p,,
with A, the area of the root-sediment plate, D, the sediment depth, p, the bulk
density of the sediment (kg m~3) and g the gravity (9.81 N kg~ !). Furthermore,

M, = 7,D,C,ys (3.6)

where 7; (N m™2) is the sediment shear strength (as measured in Section 3.2.1), Dj
(m) is the sediment depth, C}, (m) is the circumference/perimeter of the windward
edge of the root-sediment plate and y» (m) is the distance from the hinge to the
centre of gravity of the arc (Figure 3.4, Table 53.3).

To assess the model fit of the anchorage model (Equation 3.4), we compared the pre-
dicted anchorage moment M, to the observed maximum overturning moment Mt
for the full anchorage model M, (Equation 3.4), the weight model M,, (Equation 3.5)
and the resistance model M, (Equation 3.6). For each of these models, we compared
the Akaike information criterion (AIC) and Akaike weight (Johnson and Omland,
2004), correlation r, intercept 3y (which should be 0 for a perfect prediction) and
the slope 1 (which should be 1 for a perfect prediction). For the best fitting model,
we then left out each of the non-constant model components (e.g. for the resistance
model leave out 75, then C), then y) to assess the role of each component.
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Figure 3.5: Hinges, centroids y1 and y2 (where we use the distance from the hinge to the centroids),
and windward perimeter C), for each of the root cuts, where we assume they do not vary between the
five different root mass distributions. Values can be found in Table S3.3.

3.3 Results

3.3.1 General patterns in mimic stability

The overturning curves (overturning moment M; per mimic angle 6,,) varied be-
tween sediment types, root mass distributions and root breakage (Figure 3.6). Sedi-
ment type strongly affected the maximum overturning moment (Mtnay; Figure 3.4c),
with higher maximum overturning moments Mtn.x for sediments with stronger sed-
iment shear strengths 7, (N m~2; a=0.05; Figure 3.7). Furthermore, root breakage
also had a significant effect on mimic stability. We observed a significant decrease
in sediment-normalised maximum overturning moment Mtp,y for more exces-
sive breakage (Figure 3.8a; where maximum overturning moment Mtpax (N-m) is
sediment-normalised to exclude the effect of sediment on stability, and breakage
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was represented by root weight W, as a proxy of root plate area A,; Figure 3.3). The
strength of this effect depended on sediment type; the decrease in mimic stability
was mild in Undrained Silty Sand (y = 0.13 + 0.192,r = 0.55,p < 0.001), steeper in
Drained Silt (y = —0.27 4+ 0.28z,r = 0.53,p < 0.001), and steepest in Drained Silty
Sand (y = —0.07 + 0.23z,r = 0.27,p < 0.001). We found no significant difference
between leeward (45L and 25L) and windward breakage (45W and 25W; Dunn's test
with o = 0.05, p = 0.82). When fitting the linear model (y = —0.07 4 0.23x) for each
root mass distribution, we found significant differences in residuals between the root
mass distributions (Figure 3.8b), indicating that root mass distribution also had an
effect on stability. Indeed, using a root distribution parameter P, (Figure 3.9a) to
test the effect of root mass distribution on mimic stability, we fit a polynomial curve
to the maximum overturning moment Mty,,x across the root mass distributions per
sediment. This confirmed the effect of root mass distribution, where optimal root
mass distribution depended on sediment type (Figure 3.9b,c).
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Figure 3.6: Overturning curves, showing overturning moment M; (N-m) per mimic angle 0, (degrees)
for each root type and sediment. Note different y-axes between sediments.
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Figure 3.7: Effect of sediment type on mimic stability, showing maximum overturning moment Mtmax
(N-m) per sediment shear strength 75 (N m—2), shown for all root mass distributions and breakages.
Points show all data and are shown at exact mean shear strength 75, while boxplots are dodged. The
boxplots show data only for the non-broken root systems, as Undrained Silt and Undrained Sand were
not tested with broken roots. Significance letters for the boxplots are based on a Dunn’s test (o = 0.01),
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indicates the standard deviation of the shear strength measurements.
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3.3.2 Best statistical model to explain the mimic stability data

From the previous section it is apparent that sediment type, root breakage, and root
mass distribution each affect mimic stability. To investigate the size of the effect of
these stability components and their interactions, we first carried out a principal
components analysis and tested linear correlations between all quantitative sediment
and root plate variables (Figure 3.10). We found that the first three principal com-
ponents accounted for 79% of the variation. In Principal Component 1 we observed
the strongest correlation between maximum overturning moment Mty.x and root
weight W, (that functions as a proxy for root area, A,),and in Principal Component 2
we observed the strongest correlation between the maximum overturning moment
Mtmax and sediment shear strength 7,. In Principal Component 3, we did not observe
a significant linear correlation between Mtm.x and P,.. Then, we carried out a model
selection to analyse the role of sediment shear strength 7, root weight W,. as proxy
for root plate area A,, the root distribution parameter P, (as a polynomial), and their
potential interactions (Table 3.5). The model with the lowest Akaike Information
Criterium was Mtyax ~ Ts+ Wy +7 : Wo+ P2 471, : P24+ W, : P2 (AIC =-526.62). The
parameter that best explained the variation in Mtnax was sediment shear strength 7,
followed by root weight W,. (proxy for root area), and then an interaction between
the two. Thus, if roots break, the change in stability depends on the sediment shear
strength.
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Figure 3.10: (a) Correlation circle showing correlation between variables and Principal Components and
(b) all significant (ov = 0.05) correlations between variables. Symbol colours indicate sediment (brown)
and mimic (green) related properties.

Table 3.4: Model comparison, showing model fits with Akaike Information Criterium AIC, Akaike weights
W; and adjusted R? with its p-value. Note that root plate weight W,. functions as a proxy for root plate
area A,.

model df AIC W; Adj. R? p-value
thax ~1 2 —14278 0 - -
Mtmax ~ Ts 3 -399.28 0 0.58 <0.001
Mtmax ~ W, 3 -14658 0 0.02 0.017
Mtmax ~ P2 4 14290 0 0.01 0.13
Mtmax ~ Ts + W, 4 45116 O 0.64 <0.001
Mtmay ~ 7o + P? 5 -405.13 0 0.59 <0.001
Mtmax ~ Ts + Wr + 75 : W, 5  -490.85 0 0.69 <0.001
Mtmax ~ Ts + Wi + P2 6 -466.51 0 0.66 <0.001
Mtmax ~ Ts + Wy + 75 : W, + P? 7 51312 0 0.71 <0.001
Mtmax ~ Ts + Wy + 75 : Wy + P2 + 7, : P? 9 -519.52 0.03 0.72 <0.001
Mtmax ~ Ts + Wy + 75 : Wy + P2+ W, : P2 9 -516.17 0.01 0.72 <0.001
Mtmax ~ Ts + Wy +7s : Wy + P2+ 7, : P2+ W, : P2 11 -526.62 097 0.73 <0.001
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3.3.3 Anchorage predictions and model fitting

We compared measured maximum overturning moments Mtma.y (N-m) to anchorage
moments M, (N-m) predicted with the anchorage model (Equation 3.4) and found
that the resistance model M, (Equation 3.6) best fit our data (Table 3.5). Furthermore,
we observed that the model overestimated stability slightly in most cases, such
that the average ratio Mtmax/M, = 0.71 (Figure 3.11). The model’s accuracy was
quite variable across sediment type, while more consistent for root breakage (Figure
3.11a, b). Across root mass distributions, the model was more accurate for more
widespread root mass distributions (Figure 3.11c).

Table 3.5: Parameters of mechanical model variations. Sediment depth D, and gravitational constant g
are constants and not considered in calculated df.

Prediction equation df AIC (M, ~ M,) W; r(p<0.01) fBo 51

M, =y1Wsg+71:DsCpy2 5  -507.08 0.06 0.84 0.03 0.53
M, =y1Wsg 2 -153.08 0 0.20 0.17 14.07
My = 15D Cpy2 3  -512.60 0.94 0.84 0.04 0.56
M, = 1sDsys 2 -491.76 0 0.83 0.03 0.07
My, = D;Cpya 2 -14553 0 0.13 0.18 3065.44
M, =71sD,Cp 2 -433.52 0 0.79 0.03 0.02
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Figure 3.11: Jitterplots and boxplots of model fit for (a) sediment types, (b) root breakage and (c) root
distributions. Coloured dots represent the data used in the boxplots. Grey dots represented the entire
dataset, but were excluded as not all root breakages were tested in all sediments. Dashed line indicates
accurate prediction. Significance letters for boxplots (o = 0.05) from Dunn’s test.
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3.4 Discussion

In this study we aimed to understand the effect of sediment type, root mass distri-
bution and root breakage on mangrove tree stability using 1:100 scaled 3D-printed
mimics. We observed higher mimic stability for higher sediment shear strength
and larger root plates (i.e. with less mimicked root breakage). Moreover, we found
that the optimal root distribution for stability depended on sediment type, and the
effect of root breakage on mimic stability also depended on sediment type. Finally,
we showed that the mechanistic anchorage model developed for terrestrial trees
provided useful mechanistic principles for estimating mangrove tree stability, with
the specification of sediment resistance through sediment shear strength as a useful
alteration to this model.

3.4.1 Elements of mangrove tree anchorage

Sediment

Sediment likely plays an important role in coastal mangrove tree anchorage, as
our experimental data showed a strong effect of shear strength, with higher mimic
stability in sediments with higher upward shear strength. A similar result has been
confirmed in work with terrestrial trees, be it for a much more narrow range of
sediment shear strengths due to the absence of waterlogged soils (Nicoll et al., 2006;
Rahardjo et al., 2009). As sediment shear strength is generally lower for waterlogged
sediments (Gillen et al., 2021), mangroves could be less stable at the seaward fringe,
where sediments are more often waterlogged. Other factors that affect sediment
shear strength may also increase a tree’s risk of toppling, such as presence of biota
(negative effect) or roots (positive effect; Grabowski et al., 2011; Karimi et al., 2022).

Root depth

While not tested experimentally, the mechanistic anchorage model suggests that
rooting depth plays a large role in tree stability as well (Equation 3.6). Hence, man-
grove trees that are rooted in undrained silty or clayey sediments, which erode more
easily (Grabowski et al., 2011), could be at higher risk of toppling than mangrove
trees that grow in more sandy sediments. This is particularly a risk during coastal
storms that can erode and displace large volumes of sediment (Bhargava & Friess,
2022), placing mangrove trees at heightened risks of overtopping. Over timescales
that span beyond the immediate impact of a storm, mangroves can adjust for the
root depth. Trees of the Rhizophora genus have been observed to produce more prop
roots in shallower sediments (0.1 m depth), which could be to increase belowground
biomass in depth-restrained environments (Yoshikai et al., 2021). Furthermore, a
well-known strategy is sediment trapping, where aboveground (aerial) mangrove
roots reduce flow and thereby promote settling of suspended sediment (Krauss
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et al., 2003), potentially self-increasing root depth and protecting against erosion and
uprooting.

Root morphology

Given the strong effect of sediment on tree stability, it may be expected that man-
groves adjust their root morphology depending on the sediment they grow in. At
least this is what our data suggest, as we found that optimal root distribution for
stability depended on sediment type. Such a growth response has been observed
in twelve terrestrial tree species in France, where, independent of species, different
root morphologies were found depending on coarser or finer sediments Zanetti

et al., 2015. Although to our knowledge, the effect of shear strength on mangrove
root morphology has not been studied directly, it has been shown that mangroves
can adjust their roots depending on other sediment properties. For example, in a
study on sediment bulk density, Ola et al. (2019) showed that denser sediments lead
to an increase in total root biomass and primary root diameter, but a decrease in
primary root length. Furthermore, we found that a larger root plate (i.e. with less
root breakage) offers relatively more stability in some sediments than others, such
as Undrained Silty Sand versus Drained Silty Sand (Figure 3.8). Though we only
studied root breakage, the effective root plate size may also be increased by growing
longer anchorage roots. To develop such a large root plate, mangroves can grow
long, strong and sturdy anchorage roots (that together form the root plate, Figure
3.1), that maintain their function and do not bend or break under mechanical loading.
Note that mangrove trees that are rooted in sediments with high shear strength
could be at higher risk of root breakage, as roots are not able to move freely through
the sediment during wind or wave loading. Nevertheless, the higher shear strength
will likely increase stability. Given this trade-off, we expect smaller root plates in
sediments with high shear strengths.

Variations in root morphology

Our work shows that mangrove tree anchorage depends on an interaction between
sediment and the root morphology, which a tree can adjust in response to sediment.
However, other drivers can also affect tree root morphology and consequently tree
stability. First, trees can respond to wind loading. A study on 46-year-old, shallow-
rooted Sitka spruces (Picea sitchensis), found that their root systems developed more
structural root mass at the leeward side of trees in response to wind loading Nicoll
and Ray, 1996. Second, the presence of neighbouring trees can increase stability,
as mangrove trees can develop mechanical root grafts with neighbouring trees,
potentially increasing their effective root plate size. Indeed, these trees tend to
develop more slender (trunk height:diameter ratio) stems, suggesting that this
form of belowground root development increases stability (Vovides et al., 2021).
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Third, environmental factors such as waterlogging and eutrophication can can
prompt a shift in biomass allocation from roots to shoots (McKee, 1995; Ye et al.,
2003), potentially reducing mechanical tree stability. Finally, the belowground
root morphologies may vary between species. The root morphologies mimicked
in this study were inspired and simplified representatives of the Rhizophora and
Avicennia genera. While we found small differences between these root mimics
(DetInn, DetMid, DetOut; Figure 3.9c¢), there is little data on the morphology of
other species, and the root morphological response of any species to environmental
drivers such was waterlogging. Hence, field studies on drivers of belowground
root morphology across mangrove species could reveal more about mangrove tree
stability in the coastal environment.

3.4.2 Towards estimating storm damage in coastal mangroves forests

To create or restore mangrove ecosystems with the purpose of nature-based flood
defence, we must understand how resilient they are to stressors like coastal storms.
Here, we discuss to what extent we can currently estimate stability in mangrove
trees. We adapted a mechanistic model from Achim and Nicoll (2009) that estimates
root anchorage for Sitka spruces. The resistance part of the model fit best with

our mimic data, which is in accordance with their findings. Although there was

a tendency to overestimate stability, the resistance model provided anchorage
estimates with reasonable precision (compare AIC’s from Table 3.4 and 3.5). Current
study revealed that the specification of sediment resistance through sediment shear
strength provides a useful alteration to the model.

Given the general precision and previous field validation with Sitka spruces (Achim
& Nicoll, 2009), we argue that the model provides useful, simple mechanistic prin-
ciples for understanding mangrove tree stability. However, the model does not
distinguish between different root distributions, and hence is not able to capture
the effective (instead of the modelled) windward perimeter C, and leeward arm ys,
which can vary depending on the interaction effect between sediment type and root
morphology. Furthermore, the model does not account for root-sediment resistance
(instead of only sediment resistance). Consequently, field validation specifically with
mangroves is still needed to estimate how reliable anchorage estimates are across
sedimentary environments, root morphologies and species. As field measurements
with mangrove root structures are destructive in nature, such measurements could
be complemented with computer simulations of tree stability using Finite Element
Methods, to identify how this interaction affects the accuracy of stability estimates,
and how C,, and y, can be calibrated depending on the sediment type (Yang et al.,
2014).
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If the anchorage moment is known, the critical wind speeds can be estimated by
finding the critical overturning moment at which a tree loses its stability, which is a
function of the tree height Hr and the drag force F}; acting on the canopy. Following
the drag equation (g = 0.5ACypu?; Morison et al., 1950), the drag force acting on
the canopy will depend on its surface area A and drag coefficient Cy. The water
level will also matter, as this will determine whether the tree is hit by wind or waves,
which have different flow velocities u and fluid densities p. The critical wind or wave
speed is then the point where the overturning moment M; surpasses the anchorage
moment M,. During a storm, sediment can be eroded, reducing root depth D,. The
anchorage model allows for this, providing more realism to the estimations (Figure
3.12). Ultimately, tree stability could be estimated across an entire forest. This could
be combined with other types of damage generated during a storm, such as trunk
or branch breakage (Gardiner, 2021), to assess the risk of massive mortality under
a range of storm scenarios. Furthermore, such estimates can be calibrated with
high-resolution satellite imagery and measured wind speeds from real storm events
(Svejkovsky et al., 2020), as well as wind tunnel or flume experiments with real-time
erosion and more realistic aboveground morphologies (Figure 3.2c). Ultimately,
this allows not only for estimating resilience of a specific forest during a particular
storm scenario, but also for evaluating how resilience can change as a restored forest
matures. Such approaches can provide highly useful tools in deciding whether
creating or restoring a mangrove forest for nature-based flood defence is worthwhile
under altering storm regimes.
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Figure 3.12: Simplified example of mangrove tree stability estimation for various root depths Ds and
sediment shear strengths 75, assuming that the true parameter values are known. Using the resistance
model to estimate anchorage (Achim & Nicoll, 2009) and the drag model to estimate overturning
moment (Morison et al., 1950). If the overturning moment M; becomes larger than the anchorage
moment Mg, the tree loses its stability. Value sources are listed in Table S3.4.
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3.5 Conclusions

Predicting the impact of storms on a mangrove forest is challenging, yet highly
needed to assess a forest’s future resilience under altering storm tracks and inten-
sifying coastal storms. In this paper we uncovered the role of sediment and root
properties in mangrove tree stability. Furthermore, we have shown that the mech-
anistic principles applied to terrestrial trees largely hold in mangrove trees, with
the extra specification of sediment resistance through sediment shear strength. If
tree mechanical and size properties are known, these mechanistic principles can
be used estimate the critical wind or wave speed (and erosion depth) required to
uproot a tree. Combined with other damages such as breakage of plant parts based
on mechanical properties (Chapter 4), the insights in this study contribute to better
understanding of mangrove forest resilience and restoration success under altering
storm regimes.
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S3 Supporting information
53.1 Mangrove sediments

Table S3.1: Mangrove sediment composition reported in the literature.

Location Sand %  Silt % Clay % Reference
New Zealand™ Bulmer et al.,
29.44+10.6 47.5£7.8 16.6£2.7 2015

New Zealand 4y™* 37(16.7) 46(11.8) 17(5.9)  Stokes and Harris,
2015

New Zealand 6y 43(13.1) 46(10.0) 9(3.9) Stokes and Harris,
2015

Bhitarkanika, Odish, 34+8.72 Banerjee et al.,

India 26.7+14.7 39.144+6.39 2018

Indonesia, rehabilita- 497 37.2 13 Dewiyanti et al.,

tion 2021

Indonesia, no rehabili- 54.3 36.4 9.2 Dewiyanti et al.,

tation 2021

Futian Shenzhen HVL 9.5+1.2 70.7+1 Duan et al., 2020

19.8+0.09
Futian Shenzhen LVL  0+£0 Duan et al., 2020

60.6+0.8 39.4+0.8

* Gravel: 3.7+£2.3 %
* 4y: water content 54%, bulk density 500 kg m~3, 6y: water content 69%, bulk density 600
kg m—3
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53.2 Trigonometric calculations

windward leeward

Figure S3.1: Parameters used to calculate Hy, and 61, and ¢, figure adapted from Figure 3.4.
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Table S3.2: Calculation to obtain parameters values for Hy, and 0, and d1,, needed for Equations 3.2
and 3.3.

Symbol Unit Calculation Note

0r, Rad arccos(%) Same as «

o, m Va*H? Same as d¢

a m 0.095

b m 0.45

c m

v rad 90 — 8.73¢ € = extension (m); 8.73 (rad m~1!) con-

verted from 0.5 ° mm~™!; see Section 3.2.3
Hy m asin -y
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53.3 Anchorage moment variable values

Table S3.3: Values used to calculate anchorage (see Equations 3.4, 3.5 and 3.6).

Root type Breakage Area A, (cm?) Weight W, (g) v1 (m) v2 (m) C, (m)

Simlnn None 20.50 8.25 0.04 0.04 0.13
Detlnn None 20.10 8.30 0.04 0.04 0.13
DetMid None 20.30 8.91 0.04 0.04 0.13
DetOut None 20.60 8.24 0.04 0.04 0.13
SimOut None 20.50 8.25 0.04 0.04 0.13
Simlnn 25, Wind  19.00 8.09 0.02 0.03 0.11
Detlnn 25, Wind 18.10 7.82 0.02 0.03 0.11
DetMid 25, Wind  16.80 7.30 0.02 0.03 0.11
DetOut 25, Wind 15.20 7.27 0.02 0.03 0.11
SimOut 25, Wind  16.80 6.75 0.02 0.03 0.11
Simlnn 25, Lee 19.00 8.09 0.04 0.03 0.13
Detlnn 25, Lee 18.10 7.82 0.04 0.03 0.13
DetMid 25, Lee 16.80 7.30 0.04 0.03 0.13
DetOut 25, Lee 15.20 7.27 0.04 0.03 0.13
SimOut 25, Lee 16.80 6.75 0.04 0.03 0.13
Simlnn 25, Both  17.50 7.55 0.02 0.02 0.11
Detlnn 25, Both  16.00 7.27 0.02 0.02 0.11
DetMid 25, Both  13.30 6.29 0.02 0.02 0.11
DetOut 25, Both  12.90 6.22 0.02 0.02 0.11
SimOut 25, Both  9.80 5.31 0.02 0.02 0.11
SimlInn 45, Wind  12.90 6.28 0.02 0.03 0.09
Detlnn 45, Wind 12.40 6.00 0.02 0.03 0.09
DetMid 45, Wind 12.70 6.25 0.02 0.03 0.09
DetOut 45, Wind  12.20 5.92 0.02 0.03 0.09
SimOut 45, Wind  11.80 5.70 0.02 0.03 0.09
SimInn 45, Lee 12.90 6.28 0.03 0.02 0.13
Detlnn 45, Lee 12.40 6.00 0.03 0.02 0.13
DetMid 45, Lee 12.70 6.25 0.03 0.02 0.13
DetOut 45, Lee 12.20 5.92 0.03 0.02 0.13
SimOut 45, Lee 11.80 5.70 0.03 0.02 0.13
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53.4 Critical wind and wave speeds calculations for an upscaled mimic

We modelled an 100x upscaled mimic (Table 3.2) as a mangrove tree, such that it had

the properties as listed in Table S3.3. We modelled values based on a 25L broken root

plate as depicted in Figure 3.12.

Table S3.4: Values used to calculate anchorage (see Equations 3.4, 3.5 and 3.6).

Sym- Unit Meaning Value Source
bol
Flind; N Drag force of Morison et al., 1950
Flater wind /water 0.5C3Apu?
Cyq - Drag coefficient 1 Chapter 4
A m? Projected surface area Chapter 4
p kg Density air/water 1.225; Standard value
m~—3 997
U ms—! Wind/wave orbital 48.87; Wind: Typhoon Hato
velocity 0.6 (Takagi et al., 2018);
Wave: Typhoon Hato (see
Chapter 4, Section S4.8)
Feic N Critical overturning M,/Hp -
force
M, N-m Anchorage moment 3.6
Tstpr2
Ts N m~2  Shear strength Range Table 3.1
Dy m Root depth Range -
Cp m Windward perimeter 12.6 Table S3.3 (x100)
Y2 m Arm 4 Table S3.3 (x100)
Hr m Trunk height 10.5 Table 3.2
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Analysis of coastal storm damage resistance in
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4| Analysis of coastal storm damage resistance in successional mangrove
species

Abstract

Use of mangrove ecosystems for coastal flood protection requires reliable predictions
of mangrove wave attenuation, especially if this capacity lessens due to storm-
induced forest damage. Quantifying and understanding the variation in drag forces
and mechanical properties of mangrove vegetation can improve assessment of
mangrove protective capacity. We studied five mangrove species common in the
subtropical Pearl River Delta, south China. The studied species range from typically
landward-occurring to more seaward-occurring pioneer species. We sampled across
seven sites in the delta to study the impact of salinity on mechanical properties.
We quantified strength and flexibility of branches (branch strength and flexibility
related to branch diameter, Modulus of Rupture and Modulus of Elasticity), leaf
strength (leaf attachment strength related to leaf size, and Leaf Mass per Area) and
drag properties (drag force related to surface area and drag coefficient). For all tested
species, larger branch diameters resulted in higher mechanical strength. Larger leaf
size resulted in larger peak pulling forces and larger branch surface area resulted
in stronger drag forces. Notably, species that generally occur lower in the intertidal
zone, where exposure to wind and waves is higher, had relatively stronger branches
but more easily detachable leaves. This may be regarded as a damage-avoiding
strategy. Across the seven field sites we found no clear effect of salinity on mangrove
mechanical properties. This study provides a mechanistic insight into the storm
damage process for individual mangrove trees and a solid base for modelling storm
(surge) damage at the forest scale.
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4.1 Introduction

4.1.1 Reducing cost of flood protection with coastal ecosystems

The urgency for effective and affordable coastal flood defence will increase if sea
levels and storm frequency rise as projected over the coming decades (Knutson et al.,
2020; Nicholls et al., 2019). This is especially the case in highly urbanised deltas, such
as the Pearl River Delta in south China, that harbours megacities like Guangzhou
and Shenzhen (De Dominicis et al., 2020). The cost of maintaining coastal safety
increases as larger barrier structures are needed. Coastal vegetation can attenuate
waves, reducing the required height of barrier structures and resulting in lower
construction and maintenance costs (Borsje et al., 2011; Temmerman et al., 2013).
Consequently, coastal ecosystems are increasingly considered as an addition to
conventional coastal safety structures (Morris et al., 2019; Temmerman et al., 2013;
van Wesenbeeck et al., 2017). In subtropical and tropical areas, mangrove forests
are known for the large extent of ecosystem services they can provide, and their
dense vegetation and high elevation in the intertidal zone make them effective
natural wave attenuating structures (Bouma et al., 2014; Lee et al., 2014). Under the
right circumstances, they may even attenuate extreme storm waves, provided that
vegetation stretches wide and matches the height and length of the waves (Bao, 2011;
Horstman et al., 2014; Menéndez et al., 2020). However, mangroves are dynamic,
living structures that do not always have the same vegetation width and density.
Supplementing conventional coastal safety structures with mangrove ecosystems
will require a strong understanding of how mangrove width and density fluctuate,
to enable careful prediction and testing of the long-term structural integrity of these
ecosystems (Bouma et al., 2014).

4.1.2 Variability in flood protection by mangrove forests

The coastal wave attenuating capacity of mangrove ecosystems is related to surge
properties and to the size, height and density of the vegetated area: a larger, denser
forest leads to better protection, and vegetation height relative to the storm surge
determines what part of the vegetation (pneumatophores, tree trunks, canopy) can
attenuate waves (Bouma et al., 2014; Mazda et al., 1997; Mclvor et al., 2015). For
example, height of native species in the Pearl River Delta in south China is compara-
ble to the seawalls behind them and can thus experience waves over the full height
of the tree during storms (Figure 54.1). Naturally, these vegetation properties are
variable across species, age and space inside and across forests (i.e. canopy height
is globally related to precipitation, temperature and cyclone frequency; (Koch et al.,
2009; Simard et al., 2019). Furthermore, large irregular disturbances can strongly
impact forest structure and consequently wave attenuation capacity as well as long-
term presence. If disturbance regimes such as storm frequency or intensity are
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altered under climate change (Hoegh-Guldberg et al., 2018; Knutson et al., 2020),
this could drive forests that are already vulnerable from previous disturbances over
an ecological tipping point, resulting in substantial narrowing or loss of the ecosys-
tem (Bouma et al., 2014; Scheffer et al., 2001). Even if forest size is relatively stable,
recovering will take some time, during which local protection capacity is lowered
(Johnstone et al., 2016; Krauss & Osland, 2020). Conventional flood protection struc-
tures need to adhere to rigid safety standards, often measured to withstand a storm
of particular intensity, that has an estimated return period (e.g. 100 years; CIRIA et
al., 2013). To safely integrate mangroves in flood protection schemes, it is essential to
understand how mangrove vegetation structure changes under disturbance regimes.

4.1.3 Mechanistic models for storm damage predictions

Storms and accompanying storm surges can cause mangrove tree damage through
direct mechanical impact such as branch and trunk damage and complete defolia-
tion, and indirect effects like extensive flooding and displacement of large volumes
of sediment (Jimenez et al., 1985; Ouyang et al., 2021; Smith III et al., 1994). Pre-
dicting direct mechanical storm damage in forests can be done with models like
HWIND, FOREOLE and GALES (Gardiner et al. 2008). Such models can predict tree
uprooting and trunk breakage by comparing tree strength with drag force gener-
ated in local (storm) wind climates (Peltola et al., 1999). Mangroves can experience
damage from both wind and waves during coastal storms. For example, Tanaka
(2008) observed tree damage similar to that of damage by tsunamis or river floods
after Cyclone Sidr hit Bangladesh in 2007. These existing storm damage models have
been developed for trees in terrestrial forests and do not incorporate the impact of
water motion, that may impose much larger drag forces (a drag force imposed by

water moving at a velocity of 2m s™!

is roughly equivalent to wind speeds of 130
mph or 58.3 m s~1; Denny and Gaylord, 2002). Still, the basic principle remains: a
force is acting on a tree. Thus, the modelling principle may also be applied in the
case of storm surge damage on mangroves, where wind is replaced with waves and

terrestrial wood properties are replaced by mangrove wood properties.

4.1.4 Variability in storm damage across species and space

When making mechanistic predictions of mangrove tree damage, it should be con-
sidered that not all trees are damaged in the same way. For instance, it is known
that tree species vary in their mechanical strength (Chave et al., 2009; Santini et al.,
2013) and mechanical flexibility (where more flexible wood can reduce storm impact;
Kauffman and Cole, 2010). Furthermore, leaf mechanical properties such as leaf size,
which increases drag force acting on the tree, and the potential for leaf reorientation
and defoliation under influence of wind and waves (which reduce surface area and
resulting drag force), vary across plant species (Butler et al., 2012; Onoda et al., 2011;
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Vollsinger et al., 2005). These differences often follow drag avoidance or drag toler-
ance strategies, such that some species, often pioneers, are better equipped to deal
with the force of incoming surge waves (e.g. in saltmarshes, seaward pioneers have
more flexible stems, which helps to reduce drag; Puijalon et al., 2011; Schoutens et al.,
2020). Beyond species differences, environmental factors may also affect the mechani-
cal properties of mangrove trees. Wood density — which correlates positively with
mechanical strength (Chave et al., 2009) — differs across intertidal position, countries
(Santini et al., 2012), and possibly salinity (Table 54.1). Given these potential sources
of variation, predicting storm impact on mangroves requires sufficient knowledge
of mechanical and drag properties across mangrove species and environmental
variables.

4.1.5 Aims of this research

Safely integrating mangrove forests in coastal protection schemes requires accurate
predictions of forest size and structure under the influence of storms. Here, we focus
on identifying storm surge resistance of mangrove trees by quantifying the mechani-
cal and drag properties of small branches (0.5-1.75 cm diameter) and leaves of five
species. We situate the study in the Pearl River Delta, one of the largest urban deltas
in the world that could benefit from nature-based flood protection with mangroves
(De Dominicis et al., 2020; Menéndez et al., 2020). The five species studied here are
common in the Pearl River Delta and range from typically seaward occurring with
pioneer traits to more landward growing species with late-successional traits. We
quantify the species’ mechanical and drag properties across a salinity gradient along
seven sites in the larger delta area. We quantify the following properties:

e strength and flexibility of mangrove branches (branch strength and flexibility
related to branch diameter, Modulus of Rupture and Modulus of Elasticity),

¢ mangrove leaf strength (leaf attachment strength related to leaf size and petiole
diameter, and Leaf Mass per Area), and

¢ drag properties (drag force related to surface area and drag coefficient).

The collected data are analysed to assess: 1) potential damage avoidance strategies
for different species and 2) possible salinity impact on mechanical properties. We do
this to provide mechanistic insight in storm damages for individual mangrove trees
across species and salinities, ultimately supporting the aim to improve predictions of
mangrove-based flood safety.
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4.2 Methods
We collected data on mechanical and drag properties of five mangrove species

to estimate potential storm damage on individual trees (Table 4.1). These data

comprise:

1. Strength and flexibility of small mangrove branches (diameters ranging from

0.5-1.75 cm, allowing us to harvest and transport branches from field to the lab
without causing unacceptably large damage to trees). We measured strength
as the absolute peak force (Finax, N) branches can withstand and flexibility as
the amount of force needed to bend a branch a certain amount (e.g. 1 mm; F/z,
N mm~!). From this we derived relative material properties independent of
branch diameter: Modulus of Rupture (MOR, N mm™~2), a relative measure
of strength, and Modulus of Elasticity (MOE, N mm~2), a relative measure of
flexibility.

. Leaf attachment strength (Fpu1, N), where we measured the peak force re-

quired to detach a leaf under a static load and compared this to leaf size (leaf
surface area Aje,f, cm?), petiole diameter (cm) and cost of leaf production (Leaf
Mass per Area LMA, g cm™2).

. Drag force on mangrove branches (¥p, N), where we measured drag force

linked to branch surface area (Aprj, m?) and derived a drag coefficient (Cp,
dimensionless).

The mangrove species studied are typical for the subtropical Pearl River Delta. To

identify potential differences in storm damage avoidance or resistance traits, we

selected species that range from generally more sheltered, landward occurring to

generally more exposed, seaward occurring pioneer species: Acanthus ilicifolius,

Kandelia obovata, Aegiceras corniculatum, Avicennia marina and Sonneratia apetala, listed

here from landward to seaward, respectively. We selected seven field sites to cover

salinities that range from fresh water to seawater (0 to 15 psu) to study the potential

effect of salinity on mangrove mechanical properties.
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Table 4.1: Mechanical and drag properties used with symbols and their meaning.

Item Sym- Unit Name and explanation Obtained by
bol
Branch  Fiuax N Absolute peak force: maximum measured
load before branch breaks
Branch F/x N Flexibility: initial slope of the stress- measured
mm~!  strain curve, i.e. force needed to
bend the branch a certain amount
(e.g. 1 mm)
Branch R,& cm Branch radius, branch diameter measured
Branch L m Branch arm: length of the part of = measured
the branch that experiences load F'
Branch MOR N Modulus of Rupture: a relative, MOR = F;‘;%f
mm~2  size-independent measure of branch
strength
Branch MOE N Modulus of Elasticity: a relative, ~ MOE = £. "
mm~2  size-independent measure of branch
rigidity
Leaf Foun N Leaf attachment strength: peak measured
pulling force at which leaf detaches
Leaf Aleas cm? Leaf size: leaf surface area
Leaf Meas g Leaf dry weight measured
Leaf LMA g Cost of leaf production: Leaf Mass LMA = %
cm—2 per Area, in gram biomass invested
to produce 1 m? leaf, considered a
measure of cost of leaf production
Leaf MOL4 N Modulus of Leaf loss, area based: MOL,y = %
cm™2 force required to detach a leaf for a
given leaf size
Leaf Ng! Modulus of Leaf loss, mass based: MOL,; = f,\'}l”/‘;
MOLjy; cm? force required to detach a leaf for
a given leaf cost (using LMA as
measure of cost)
Drag Fp N Drag force experienced by branch measured
Drag Aproj m?2 Branch surface area: projected measured
frontal surface area of branch
Drag u ms~!  Wave orbital velocity measured
Drag p kg Fluid density (1000 kg m-3 for known constant
m—3 fresh water)
Drag Cp - Drag coefficient Cp= pfﬂim
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4.2.1 Species and site selection

We collected data at seven locations in the Pearl River Delta, Guangdong province,
south China. Between 1954 and 2008, 181 typhoons have landed in this province
(Jie et al., 2012). During a typhoon, wave height can reach up to 2 m surge height
can reach up to 4 m at the coast inside the Pearl River Delta (De Dominicis et al.,
2020; Yin et al., 2017). The seven sites have increasing salinity ranging from 0 to 15
psu (Figure 4.1; for salinity estimation see Figure 54.5). We sampled five species
commonly found in the subtropical Guangdong province, south China: A. ilicifolius,
K. obovata, A. corniculatum, A. marina and S. apetala listed here as ranging from respec-
tively high intertidal (landward species) to low intertidal (seaward species; based
on Peng et al. (2016) and our own field observations). Particularly A. marina and S.
apetala are considered pioneer species in the region, K. obovata and A. corniculatum
less so and A. ilicifolius is not considered a pioneer species (Chen et al., 2015; Ren
et al., 2008). Note that A. ilicifolius is not a woody species, unlike the other four. In
the Pearl River Delta, south China, these species do not reach tall heights ( 2-4 meters
max.), except for the non-native species S. apetala, that reaches heights of 5-12 m.
The native species have heights comparable to the seawalls behind the mangrove
forests (i.e. built to resist expected storm water levels), such that they can experience
waves over the length of the full tree (Figure 54.1). The non-native species S. apetala
can be significantly higher than adjacent seawalls and may therefore be less effective
in wave attenuation and more sensitive to wind forces. S. apetala is an exotic species
in China and was introduced from Bangladesh for mangrove afforestation in the
mid-1980’s Xin et al., 2013. Although some of the selected species have low salinity
tolerance (A. ilicifolius: low, K. obovata: mid, A. corniculatum: mid, A. marina: high and
S. apetala: low; (Reef & Lovelock, 2015; Ye et al., 2005), the 0-15 psu range is relatively
low for mangroves in general and likely tolerable for all species —indeed, they grow
at most sites (Figure 4.1; but note that S. apetala trees are often nursery-raised and
then planted; Ren et al., 2009).
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Figure 4.1: Site locations shown with salinity and species sampled. For details on salinity estimation see
Figure S4.5

4.2.2 Mechanical properties of mangrove branches

We collected branches at each site for one to five species, depending on availabil-
ity (Figure 4.1). Sampling was carried out from 9 to 24 January 2019. One or two
branches were taken from a tree, with diameters ranging from roughly 0.50 cm to
about 1.75 cm (see Figure S4.2 for branch diameters per hierarchy level). We se-
lected this size range and excluded larger sizes for three reasons: i) in several cases,
taking larger branches would have resulted in destruction of a major part of or
even the whole tree, ii) large parts of tree biomass can be found in smaller branches
(Figure S4.2), as trees likely have more smaller than larger branches, and iii) the
Modulus of Rupture and Modulus of Elasticity are size-independent measures for
which diameter is not relevant (Figure 54.3). Each tree was selected randomly but
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opportunistically, considering limited accessibility due to deep creeks or dense
vegetation. For each required diameter, the straightest part of a branch was selected
and stripped of any side branches such that it approximated a straight cylinder.
This need not be the point where a branch will actually break during a storm, but it
offered the best place to get reproducible measurements on location-independent
tissue properties such as Modulus of Rupture and Modulus of Elasticity (Gere &
Goodno, 2012). These properties can then be used to calculate the actual strength at
any place of a branch, assuming there are no weaknesses in the branch. Collected
branches were then rolled in moist paper towels and stored in airtight bags in cool
boxes with ice and transferred to a fridge upon arrival at the lab before analysis.
Analysis using a three-point bending test happened within 48 hours after collection
of the branches. The three-point bending test was carried out to obtain both absolute
tissue properties — maximum load Fy.x (N) and force to bend F/z (N mm~?!) — and
relative tissue properties — Modulus of Rupture (MOR, N mm~?2) and Modulus of
Elasticity (MOE, N mm~2; Gere and Goodno, 2012). The test was carried out with a
universal testing machine (SUST CMT5105, Zhuhai SUST Electrical Equipment Co.,
Ltd, Zhuhai, China) in which we placed a branch in the load frame, with the cross
head set to move at a speed of 25 mm min~—!. Maximum load Fy.x (N) was deter-
mined at the point where the applied force was highest before the branch started
to weaken and irreversible damage occurred. The size-independent mechanical
property Modulus of Rupture (N mm~2) was obtained with:

FmaXL
TR3

MOR = (4.1)

with branches of a radius R (mm) and an arm L (m) undergoing loading F (N).
Radius R was measured in the middle of each branch (note that branches tend

to tapes), where the cross head met the branch (Figure S4.4). Branches were cut so
that they fit an arm of L = & - 20 + 2 (to fit inside the universal testing machine and
following Onoda et al., 2010 who used lengths > 20 times longer than the diameter
in comparable measurements), but no larger than the load frame maximum width
of 38 cm. This means that branches thicker than 1.9 cm were tested with a relatively
shorter arm L (68 in total). As such, we excluded these data from absolute force
measurements (Frax) as they could not be compared to other branches and only
included them in relative, size-independent mechanical property measurements
(MOR, MOE).

The force to bend F//z (N mm~') was determined during the initial bending process
where the cross head pushes down the branch before breaking. We used the initial
slope of the stress-strain curve to obtain this measure (see Figure 54.4 for an exam-
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ple). To obtain the size-independent mechanical property Modulus of Elasticity (N

mm™~?2), we used:

F L3
MOE = = 15

(4.2)
4.2.3 Mechanical properties of mangrove leaves

Leaf mechanical properties were measured in the field during the January 2019
field campaign using a static pulling approach. For each tree of which a branch was
sampled, at least five healthy, intact leaves were selected semi-randomly (i.e. with
a bias for accessible leaf heights). We developed a method where we closed a thin
steel wire loop around the petiole or base of the leaf (in case of a very short petiole).
The other end of the wire was attached to a dynamometer with a minimum load of
0.2 kg, readability at 0.02 kg intervals and an accuracy of &+ 0.08 kg (PCE-HS 50N,
PCE Brookhuis, Enschede, the Netherlands). The dynamometer was then pulled at
a constant speed until the leaf broke off and the peak load Fp,,1 was noted. Pulled
leaves were stored in plastic bags in a cool box with ice and transferred to a fridge
upon arrival at the lab, and photos and size measurements (petiole diameter, leaf
width, height and surface area) were taken within 48 hours. The leaf surface area
Alear (cm?) was analysed with photo analysis software Image] (Schindelin et al.,
2012). Leaves were oven-dried at 60 °C for 24 hours. Dry weight M., (g) of pulled
leaves, averaged per tree, was used to calculate the Leaf Mass per Area - considered
a measure of investment of biomass per cm? leaf (Onoda et al., 2011) - as the leaf dry
mass Mieas per unit leaf area Ajeas (LMA = Mieas / Aleats cm~2).

A measure of relative leaf attachment strength was obtained by standardizing the at-
tachment strength against the leaf surface area Ajc,f, where Aje,¢ can be considered a
proxy for the drag forces a leaf may be experiencing (i.e. a larger leaf will experience
higher drag forces; (Albayrak et al., 2014):

F,
MOL, = —2 4.3)
leaf

A second measure of relative leaf attachment strength was obtained by standardizing
the attachment strength against the leaf mass per area LMA, to observe if leaves that
require a higher investment of biomass per cm? (LMA) have more strongly attached

leaves (higher Fpuy):
F, pull
LMA

Using relative measures of leaf attachment strength gives insight in whether a

MOL M=

(4.4)

species invests more in leaf attachment strength Fj,,; if they have larger leaves
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Aleat , that will inherently experience more drag, or if they have more expensive
leaves, as reflected by a higher LMA. Petiole diameter was not used for calculating a
relative attachment measure, as many leaves broke elsewhere; in a number of pulling
attempts the whole twig with multiple leaves broke off (13% of pulling attempts for
A. marina, 1% K. obovata and S. apetala), and in successful pulling attempts on average
72% of leaves broke off at the leaf base, such that the petiole remained attached to the
tree (98% in A. ilicifolius, 84% in A. corniculatum, 81% in A. marina, 53% in K. obovata
and 42% in S. apetala). This might be an artefact of the pulling method, where force
is concentrated in the point where the steel wire meets the leaf — under real wave
loading, the interaction will be quite different, though detaching will likely require
forces of a similar magnitude.

4.2.4 Drag force on mangrove branches

We obtained absolute (peak drag force Fp, N) and relative (drag coefficient Cp)
measurements of the forces experienced by mangrove branches, the latter of which
can be used to make comparisons across species. Branches of each mangrove species
were sampled at the PR3 field site and tested in June 2019. For each branch, with and
without leaves, we cut the branch to fit inside the flume (40 cm high x 60 cm wide).
Branches were cut such that the basis of the branch matched the desired diameter;
anything sticking out from the 40 x 60 cm frame was cut off. We then took a photo
to measure the projected frontal surface area Ap,j (m?) with Image] (Schindelin

et al.,, 2012). Maximum drag force Fip on branches, with and without leaves, was
measured by placing the branch in a flume (located at the School of Marine Sciences,
Sun Yat-Sen University, Zhuhai campus) and attaching the base of the branch to a
force transducer (Load cell M140, UTILCELL, s.r.o., Ostrovacice, Czech Republic).
Drag force Fp was measured for three scenarios: (1) waves without a current, (2)

! without waves, and (3) waves and a 15 cm s~ current, with

a current of 15 cm s~
water height of 33 cm, wave height of 11 cm and a wave period of 1.5 s (achieving the
highest possible conditions in this flume, resulting in around max. orbital velocities
of 0.25 m s~! for waves and currents combined with Reynolds number of about

2500). We measured current velocity at half of the water depth, which approximates
the depth-averaged velocity (Chen, Ni, et al., 2018; Hu et al., 2014). Following basic
fluid dynamics (Morison et al., 1950), a wave-averaged drag coefficient Cp was

derived from the peak drag measurements for each scenario:

oOF
Cp = D

— i (4.5)

with u = current velocity (m s~!) measured with acoustic doppler velocimeters, p =
fluid density of fresh water (1000 kg m~3) and Ao = projected frontal surface area
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of vegetation (m?). We used peak drag force instead of average drag force to derive
the drag coefficient, as it is the maximum force that a branch experiences that may
cause breakage.

4.3 Results

4.3.1 Generic patterns in mangrove mechanical properties

Branch mechanical properties followed generic patterns across species, where thicker
branches can withstand larger forces before breaking (Finax, Figure 4.2a, adj. R%=
0.78, p < 0.05), as the volume to be broken increases cubically with branch diameter.
Thicker branches also tended to be more rigid (Fx, Figure 4.2b, adj. R? =0.56, p <
0.05). Leaf mechanical properties also followed a generic pattern across species
where leaves with a larger surface area Ay, or thicker petiole could withstand larger
pulling forces (Fyun , Figure 4.3¢, adj. R? = 0.50; Figure 4.3d, adj. R? =0.31, p <0.05).
Contrarily, we did not find a generic pattern between cost of leaf production (i.e.
estimated as Leaf Mass per Area LMA) and required pulling force to detach the leaf
Foun (Figure 4.3g).
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Figure 4.2: Branch mechanical properties of five mangrove species with (a) maximum load before
breaking (Fmax ; N) per diameter @ (cm), (b) force needed to bend the branch (Fx; N mm~—1) per
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(f) Modulus of Elasticity MOE vs. Modulus of Rupture MOR. Red crossbars indicate mean and standard
deviation. Letters indicate significance following Dunn’s test with o« = 0.05.
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Figure 4.3: Leaf properties of five mangrove species with (a) surface area of the leaf Aj,r (m2), (b)
force needed to detach a leaf F,y (N), (c) pulling force F,,i (N) vs. leaf surface area Aje,s (m2), (d)
pulling force F,ui (N) per petiole diameter (cm; note that A. ilicifolius leaves have very short petioles
that broke off in 98% of pulling tests), (e) area-based Modulus of Leaf loss MOL 4 as Fpy/Ajear (N

m~—2), (f) Leaf Mass per Area "LMA" (g cm-2), (g) Leaf Mass per Area "LMA" (i.e. considered a
measure of investment of biomass per cm? leaf) vs puling force Fpyi (N), and (h) Modulus of Leaf
loss MOLys as Fpyi LMA (N g ! cmz). Red crossbars indicate mean and standard deviation. Letters
indicate significance following Dunn’s test with oz = 0.05.
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4.3.2 Variability in mechanical properties across species

We identified a trend where species that occur more seawards had significantly
stronger branches but more weakly attached leaves. Firstly, this was observed for
branch strength. The maximum load Fin.x that branches of 1.25 to 1.75 cm diameter
can withstand was significantly higher for the most seaward species S. apetala (166.0
+ 59.9 N) compared to the most landward species A. ilicifolius (98.7 &+ 30.4 N; Figure
4.2c). The other three species fell somewhere in the middle (149.0 £+ 52.9 N for K.
obovata, 114.0 & 50.0 N for A. corniculatum and 138.0 &= 47.8 N for A. marina branches
with diameters of 1.25 to 1.75 cm). This pattern was also observed to some extent
for the relative strength of branches, Modulus of Rupture, across species (Figure
4.2d). Secondly, we observed significantly lower values of leaf size A, and pulling
force Fpyy for species that generally occur more seaward (Ajeqr 12.0 4 2.93 cm? for
A. marina, 13.7 + 3.11 cm? for S. apetala; Foun 8.73 & 1.91 N for A. marina, 5.04 &+ 1.67
N for S. apetala) versus more landward species (Ajeaf 33.5 + 11.4 cm? and Foun 15.9
+ 3.31 N for A. ilicifolius; Figure 4.3a,b). Thirdly, we observed a significantly higher
mass-based Modulus of Leaf Loss MOL,, for the landward species A. ilicifolius (1341
+ 505N g~! cm?) compared to the four other species (478 & 146 N g~! cm? for K.
obovata, 609 + 159 N g~—! em? for A. corniculatum, 555 + 103 N g~ cm? for A. marina,
453 4+ 758 N g~! em? for S. apetala), so that A. ilicifolius required relatively much
higher forces to detach given the investment made to produce the leaf; Figure 4.3h).
Finally, the trend where species that occur more seawards had significantly stronger
branches but more weakly attached leaves can be observed in Figure 4.4. The relative
flexibility, Modulus of Elasticity MOE, followed a less distinct pattern of increase
as with distance from the coast (Figure 4.2e), as A. corniculatum had slightly lower
MOE (1350 + 534 N mm~2), as can also be observed in Figure 4.2f. Further, the
relative leaf attachment strength MOLj,, did not follow the seaward to landward
species pattern observed above. Rather, when comparing leaf size Aje,¢ to pulling
force Fpun (Figure 4.3e), we can see that A. marina leaves required relatively higher
force (0.75 + 0.18 N cm~?) to be detached given their size and may thus withstand
higher drag forces than other species (0.51 & 0.17 N ecm ™2 for A. ilicifolius, 0.44 + 0.11
N ecm~2 for K. obovata, 0.50 + 0.16 N cm~2 or A. corniculatum, 0.38 + 0.15 N cm~2 for
S. apetala). Leaf Mass per Area LMA did not follow a distinct pattern across species
either (Figure 4.3f).
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4.3.3 Variability in mechanical properties across salinity

We identified some significant differences of mechanical properties of branches MOR
and leaves Fp,,1 between sites for K. obovata, A. corniculatum and S. apetala and for
leaves of K. obovata, A. corniculatum and A. marina (Figure 4.5), but found no clear
correlation between salinity and mechanical properties (MOR, Fp,.1) for any species
(Table S4.2). The observed differences between the sites were in general smaller
compared to species differences (see Supplemental Information for detailed results).

4.3.4 Drag force on mangrove branches

The absolute drag forces as measured on mangrove branches followed generic
patterns, where branches with a larger projected surface area (Aproj) experienced
larger drag forces F)p than smaller ones (Figure 4.6), as was expected following the
general drag force equation (Equation 4.2). Absence of leaves drastically reduced
a branch’s projected surface area A, (Figure 4.6), resulting in much lower drag
forces Fp (Figure 4.6a). Our data show a significantly higher drag coefficient C'p for
A. marina branches (averaged across tests: 16 + 5.99 with leaves, 5.37 £ 2.3 without
leaves; Figure 4.6b; Table S54.4), which also required relatively strong forces MOL 4 to
detach a leaf (Figure 4.3e).
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4.4 Discussion

By systematically assessing mangrove mechanical properties, we aim to contribute
to the safe integration of mangrove forests in coastal flood protection structures. We
measured how much force mangrove branches can experience and withstand and
how this differs between mangrove species and across environments with different
salinities. We observed a generic pattern across species, where thicker branches
are less flexible and can withstand larger forces. We also found that larger leaves
withstand larger forces before detaching from the tree. We identified a trend where
species that occur more seawards have significantly stronger branches but weaker
leaf attachment compared to more landward species. Across sites, we found no
clear correlation between salinity and mechanical properties. Finally, drag force
experienced by mangrove branches followed a generic pattern, where branches with
a larger projected surface area experienced larger drag forces than smaller ones. Leaf
removal drastically reduced drag force and might protect branches from breakage
during a storm, making easy leaf detachment a good adaptation for pioneer species
living near the forest edge.

4.4.1 Mechanical strategies in successional mangrove species

Coastal mangrove forests are disturbance-driven, but not all trees are damaged
equally when a storm hits (Krauss & Osland, 2020). Trees that grow at the seaward
edge of the forest will likely be hit much harder, as the wave is still in full height.
Present results suggest that the seaward dwelling pioneer species are adjusted to
these harsh conditions. That is, we identified a pattern where species that generally
occur more on the seaward forest edge (S. apetala, A. marina) have stronger branches
yet smaller and more weakly attached leaves than landward species (A. ilicifolius,
with A. corniculatum and K. obovata residing in between; Figure 4.4). Such strong
wood can resist larger forces, reducing the chance of breakage, while the weaker
leaves detach more readily and thus reducing the surface area and drag force on
the tree. This pattern is similar to that of intertidal marsh vegetation in temperate
zones, where pioneer species also exhibit clear wave-resistance or wave-avoidance
strategies (Bouma et al., 2005). We propose two possible explanations for this pattern.
The first is that various species have evolved strategies to avoid damage, either
through resistance or reduction of drag forces. This was studied and confirmed for
28 freshwater species, with the actual strategy (avoidance vs. tolerance) depending
on the type of plant (Puijalon et al., 2011). A second explanation for the seaward vs.
landward differences could be thigmomorphogenesis. Thigmomorphogenesis is the
process where a plant grows smaller and more compact in response to mechanical
stress such as wind or water flow (Gardiner et al., 2016; Jaffe, 1973; Schoelynck et al.,
2015). It is likely that plants growing at the exposed seaward edge of a mangrove
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forest might grow phenotypes to resist or avoid mechanical stresses. Observations
on saltmarsh vegetation support this hypothesis. For example, Cao et al. (2020)
observed that seedlings — if they were able to survive the impact of wave exposure —
developed shorter and stronger phenotypes under wave exposure. Here, we will not
confirm or falsify either the evolutionary or the thigmomorphogenesis hypothesis as
a driving factor behind branch and leaf strength, as (1) evolutionary studies require a
different approach from our mechanistic angle (see Puijalon et al., 2011), and (2) the
species sampling in this study was restricted by accessibility and availability within
and across sites (e.g. A. ilicifolius was never found at exposed seaward locations).
Given the findings of others described here we suspect a combination of the two will
be at play.

4.4.2 Salinity impact on mechanical properties

Although salinity can impact wood properties (Table S4.1), we found no clear effect
of salinity as an environmental driver of mechanical properties in mangroves across
the seven sites we studied. Perhaps the range of salinity across the sites we selected
(estimated at 0 to 15 psu, see Supplementary Information) was too small to find an
impact on the five species studied, that had various salt tolerances (A. ilicifolius: low,
K. obovata: mid, A. corniculatum: mid, A. marina: high and S. apetala: low; Reef and
Lovelock, 2015; Ye et al., 2005). Possibly, seasonal variation in salinity may have
disturbed clear spatial patterns. Alternatively, there might be overruling environ-
mental drivers at play that we were not able to identify. For example, mangroves
are generally considered oligotrophic ecosystems, and the continuous terrigenous
input of nutrients in the Pearl River Delta area may alter wood density (Boland &
Woodward, 2019; McKee, 1995). Regardless, this lack of a strong salinity response
simplifies modelling storm damage to mangrove forests for the studied region, as the
overall patterns across the studied species are dominant.

4.4.3 Drag properties of mangrove branches

Larger branches are stronger, but also bigger and less flexible and experience more
drag force. Furthermore, branches with a higher drag coefficient can experience
larger drag forces. A. marina branches experienced largest drag forces and had
largest drag coefficients. Note that the drag coefficients were obtained at relatively
low flow velocities (around 0.25 m s~* for waves and currents combined), typical
to that of mangroves under normal conditions; typical flow velocities in mangroves
reach 0.15-0.35 m s~! during a flood tide (Mullarney et al., 2017), whereas (modelled)
storm surge conditions can produce velocities around 0.5-0.7 m s~! (Figure 4.7;
Dasgupta et al., 2019; Roeber and Bricker, 2015). Despite the low flow conditions, the
tests are still informative about the drag coefficient, which is known to be reasonably
constant when the Reynolds number is above 1000 (2500 in our test; Chen, Ni, et
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al., 2018; Hu et al., 2014). However, higher flow conditions would likely result in
strong branch realignment, reducing the frontal surface area and thus drag force
on the branch (Vollsinger et al., 2005). Thus, the derived drag coefficients can be
used as a most conservative estimate for single branches. Furthermore, we looked
at drag on single branches, while surrounding vegetation causes turbulence and
can increase drag forces more than twofold (Norris et al., 2017; Paul et al., 2016).
Ideally, a much larger flume that can encapsulate entire tree canopies would be used
to generate realistic currents and waves under variable storm surge heights or up
to the point of branch or tree breakage. However, such flumes are expensive to run
(Moller et al., 2014; van Wesenbeeck et al., 2022). Regardless of these limitations,
A. marina’s larger drag coefficients are in line with their branch architecture, that is
rather irregular with leaves directly attached to sturdy, inflexible branches (Figure
54.6). Contrarily, S. apetala branches experienced much lower drag forces and have
more flexible terminal branches that allow for realignment in the water stream.
Aside from flexibility of branches, leaf removal also resulted in lower drag forces and
drag coefficients for all species. Possibly, leaf loss can mitigate the effects of storm
wind and waves, but it is not certain when this occurs. Our static measurements are
useful for species comparisons but may be improved upon - to estimate leaf loss, it
is necessary to know what drag forces individual leaves experience and how much
they are impacted by dynamic loading from turbulent flow, which may be different
from static pulling concentrated in a small point (Vogel, 2009).

4.4.4 Mechanical tree damage during storm surges

Following methods used in mechanical storm wind damage models (Gardiner et al.,
2008), our measurements of mechanical and drag properties can be used to estimate
storm surge damage on idealised branches. Here, we can compare the drag force
generated under different wave orbital velocities to the maximum force a branch can
withstand. A branch will break if the drag force (Fp) it experiences becomes larger
than the maximum force (Finayx) it can withstand. This maximum strength will de-
pend on the relative strength of the wood (MOR) and the branch arm the drag force
is acting on (L) (Equation 4.1). The drag force the branch experiences will depend
on the projected frontal surface area of the branch (A.;), the drag coefficient (Cp)
and the flow velocity (u; Equation 4.2). We show an example of such an estimation
for idealised branches that are rigid and completely submerged in Figure 4.7 (see
Supplemental Information for the full calculation). When scaling up to full trees, a
similar approach may be used where the diameter of the idealised branch becomes
the diameter of the idealised trunk. There are a number of steps that can be taken
to refine this simple model. First, one can validate that the Modulus of Rupture for
branches (0.5-1.75 cm diameter) remains the same for tree trunks (Figure S4.1) by
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measuring the MOR of tree trunks directly — but carefully, so that no vulnerable
mangrove forests are harmed. Second, one can link drag coefficients more closely to
natural conditions by including surrounding vegetation in drag measurements, as
discussed in the previous Section (4.4.3), or by measuring drag in the field. Third,
one can include how the realignment of branches and leaves impacts the frontal
surface area Apj or arm L. In three North American hardwood species placed in a
wind tunnel under wind velocities of 20 m s~!, branch realignment resulted in a 50%
reduction in projected frontal surface area (Vollsinger et al., 2005). Fourth, one may
consider the tree location and average height distribution of branches and leaves
per species relative to (variable) storm surge heights. For example, late-successional
species are generally located higher in the intertidal zone, where they may be less
submerged by a storm surge, and more sheltered from storm waves. However, in
the Pearl River Delta, the average height of native trees is comparable to that of the
seawalls behind them, and can thus experience waves over the full height of the tree
during storms. Depending on whether it is wind or waves that will reach branches
during a storm, drag properties in wind will also need to be included in the model.
Fifth, trees can experience much larger loads from dynamic loading than static load-
ing (James et al., 2013). Measuring dynamic loads is currently not possible, given
the lack of knowledge on motion. Thus, measuring the difference between static
versus dynamic loading on mangrove trees and branches should be addressed in
future research. Furthermore, aside from breaking mechanisms, uprooting mech-
anisms should also be included, particularly if storms are accompanied by large
erosion events that can result in the loss of a tree’s mechanical stability (Gardiner
et al., 2016). Last, measuring what drag forces leaves experience under real wind and
wave loads and when leaf loss occurs will help us understand if trees will experience
complete defoliation, which can be lethal, particularly in species that cannot resprout
epicormically (e.g. Rhizophoraceae, Gill and Tomlinson, 1969; Saenger, 2002).

4.4.5 Towards long-term coastal flood safety with mangrove forests

This research provides a basis for understanding the mechanistic processes that take
place in mangrove forests during major storms. It provides a comprehensive dataset
of mechanical and drag properties of mangrove species in one of the most highly
urbanised, at-risk urban deltas in the world. This is a key input to model assessment
and an important step in the direction of analytical storm damage modelling in
mangroves. This research also produces new insights in damage-resistance strate-
gies across mangrove species. These results may provide guidance on mangrove
afforestation efforts for flood protection, suggesting that pioneer species are more
suitable to resist the influence of the exposed seaward environment. This amplifies
knowledge that pioneer species are generally more suitable to grow in the lower
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intertidal zone (Lewis, 2005; Primavera et al., 2016). In the case of the Pearl River
Delta, we emphasize that S. apetala is an introduced and potentially invasive species
and its long-term impact on natural ecosystem functioning is not fully understood
(Ren et al., 2009). Thus, care should be taken in species selection when afforesting for
long-term flood defence.

Ultimately, long-term flood protection will require scaling up individual tree dam-
age to whole-ecosystem damage and taking into account the indirect impacts of
storms such as prolonged flooding and sedimentation (Krauss & Osland, 2020). It
should also consider other drivers of variability across species and space, such as
regeneration speeds between species (Gill & Tomlinson, 1969; Saenger, 2002) or
changes in tidal regime or salinity, which could alter species zonation in the coastal
zone and consequently change the storm resistance of the present ecosystem (Zhu
et al, 2019). As more knowledge is gained about mechanical tree damage, it will
become easier to predict forest structure and size over time and provide reliable
long-term flood safety predictions. This will advance the incorporation of nature in
flood defence schemes and enable affordable and durable coastal flood safety while
preserving one of the most precious ecosystems on earth.
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S4 Supporting information
54.1 Vegetation height in the Pearl River Delta, China

S. apetala

Figure S4.1: Height of vegetation relative to seawall. Picture taken in field site PR1.
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54.2 Literature on impact of salinity on mangrove wood properties

Table S4.1 presents literature on the impact of salinity on wood properties of various

mangrove species. Salinity, wood properties and strength are linked as such: salin-

ity can increase the tension in the water column, which imposes mechanical stress

on the xylem vessels (Jacobsen et al., 2005). Vessel density in turn may correlate

negatively with wood density (Preston et al., 2006), and wood density correlates posi-

tively with mechanical strength (Chave et al., 2009). Thus, salinity may potentially

impact mechanical strength of mangrove wood.

Table S4.1: Literature on the impact of salinity on wood anatomy for various mangrove species.

Salinity Salinity impact Con- Species Reference
range founding
factors?
32 -48 "MOE and density of intact mangrove branches Intertidal  Avicennia  Santini et
ppt increased as fibre wall thickness increased. [..]  zone marina al., 2013
We did not observe significant increases in fibre
wall thickness in A. marina specimens growing
in more saline high intertidal environments”
35-23 "fiber-tracheids [..] under higher soil salini- Aegiceras  Sun and
%00 ties, they had small diameters and, in general, cornicula-  Lin, 1997
thicker walls with fewer pits.” tum
26.4 - "Vessel density showed a significant increase Inun- Rhi- Schmitz
49.2 %o with salinity.” dation zophora et al.,
frequency mu- 2006
cronata
6.7 -9.8 "Analyses revealed that in sites with high salin- Lagun- Yanez-
ppt ity and flooding levels, there are more abundant cularia Espinosa
vessels and axial parenchyma although the fibres racemosa et al.,
and vessel elements are shorter, suggesting a wa- 2004
ter stress effect. .. L. racemosa wood harvesting
should avoid those sites with [..] high salinity
that may modify wood quality”
0, 15, 30  "The vessel density increased with salinity” Lagun- Sobrado,
%00 cularia 2007
racemosa
0, 10.6, "increasing salinity caused an increase in mortal- Avicennia  Suérez
26.7, ity rate whereas production of new leaves and germi- and Med-
42.3, leaf longevity decreased and, finally, the leaf nans ina, 2005
58.4 ppt area was reduced”
0-27 ppt, "Our findings indicate that the inter- and intra- Avicennia  Virgulino-
9-37 ppt, specific variation found in the wood density of germi- Janior et
45-100 the mangrove trees is the result of the different nans al., 2020
ppt levels of salinity found in the study area”
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54.3 Branch diameter across the tree
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Figure S4.2: Diameter @ (cm) near the base of branches (past the strong initial tapering that occurs
at the base of branches), measured for stem to child branches (i.e. branch 3 branches of from branch 2,
branch 2 branches from the stem). Data were collected in January 2019 at field site ZH1.
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54.4 MOR and MOE per branch diameter
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branch diameter.
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54.5 Three-point bending test and stress-strain curve
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Figure S4.4: (a) universal testing machine performing a three-point bending test on a mangrove branch
with the cross head pushing down the middle of the branch and (b) a typical stress-strain curve (black

line) for a mangrove branch with the blue line indicating the initial slope of the stress-strain curve Fz
and the red line at the maximum force before weakening (Fmax)-
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54.6 Site salinity and mechanical properties per site

Figure S4.5 shows salinity estimates collected from various sources (literature and
output from an FVCOM ocean model, validated for water levels and wave height
but not for salinity). It is important to mention here that these are rough estimates,
not all taken under the same circumstances (time period, time of sampling, etc.).
Regardless, it is logical to say that salinity will be higher towards the coast and lower
more inward into the Pearl River Delta, as various rivers empty into the delta. Final
salinity that was used is shown in Figure 4.1.
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Figure S4.5: Salinity data from various sources: (a) Mingkai Guan et al. 2016 Saltwater intrusion lengths
in the Pearl River networks based on one-dimension salinity model, Port & Waterway Engineering 11:
66-7), (b) Song Yang et al. 2011. Acute toxicity effects of salinity stress on the invasive golden apple
snails. Journal of South China Agricultural University 2: 142-146), (c) Jiezhong Chen & Liya Wang.
2005. Influence of the diversion of seawater from Dapeng Bay on Shenzhen Bay. Shenzhen SAR Science
and Technology), (d) output from an FVCOM ocean model, validated for water levels and wave height
but not for salinity (Peng Zheng, personal communication, January 17, 2020).

Looking at Figure 4.5 we cannot observe a clear increase or decrease as a result of
salinity across sites, which are ordered by salinity (see Figure 4.1 for salinities used
here). Furthermore, we applied a linear model MOR ~ salinity or Fp,, ~ salinity
to each species that results in very minor correlations and slope effects (Table 54.2),
such that we cannot conclude that salinity explains the variations in mechanical
properties of the five mangrove species studied here. Using the Ime4 library in

R (Ime4 version 1.1-21; R version 3.5.3; Bates et al., 2014; R Core Team, 2021), we
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Table S4.2: Correlations between mechanical properties and salinity, per species.

Species MOR ~ salinity Foun ~ salinity

slope p-value adj. R? slope p-value adj. R?
A. ilicifolius -0.01 0.95 -0.03 0.01 0.90 -0.03
K. obovata 0.34 0.01 0.05 -0.05 0.30 0.00
A. corniculatum 0.82  0.00 0.18 0.01 0.01 0.11
A. marina 0.23 045 0.00 0.42 0.00 0.42
S. apetala 0.47 0.00 0.10 0.08 0.02 0.07

fit a linear mixed-model with species as fixed effect, site as a fixed effect, and site
as a species-dependent random intercept effect (because we expect that some site
variation will be dependent on the species and is not just a global site effect, i.e.

to capture species-specific site-variation): y ~ species + site + (1|species:site) to
identify if species or site differences were larger. From Table 54.3 one can see that the
species effects are much larger than the site and random effects for both mechanical
properties MOR and Fp,.

Table S4.3: Correlations between mechanical properties and salinity, per species.

Fixed effect Value of fixed effect, Value of fixed effect,
MOR Foull
intercept 24.33 37.57
Species KO 6.94 -14.34
Species AC 1.47 -17.22
Species AV 6.47 -21.02
Species SA 13.03 -20.45
Site PR2 0.92 -2.96
Site PR3 -2.69 -6.29
Site PR4 0.49 -4.62
Site PR5 -1.59 -0.61
Site ZH1 -1.40 -4.29
Site HL1 3.88 -4.82
Random species- 3.54 4.02
dependent site effect
Residual error 7.19 4.38
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54.7 Drag coefficients and branch photos

A. ilicifolius

S. apetala

K. obovata

A. corniculatum

A. marina s

60 cm

Figure S4.6: Branches of each species that were tested in the flume for drag force and drag coefficient.

130



Storm damage resistance

Table S4.4: Mean, standard deviation and standard error of the mean of drag coefficients Cp per
species. Tests were (1) waves without a current, (2) a current of 15 cm s—1 without waves, and (3)
waves and a 15 cm s~ ! current, with water height 33 cm, wave height 11 cm and wave period 1.5 s.

Test Leave pres- Species Mean Cp Standard Standard error
ence deviation

Current with A. ilicifolius 5.01 1.98 0.57

Current with K. obovata 7.56 2.97 1.21

Current with A. cornicula- 4.49 1.69 0.60
tum

Current with A. marina 14.47 7.40 2.13

Current with S. apetala 4.30 1.38 0.49

Current without A. ilicifolius 1.85 0.64 0.17

Current without K. obovata 2.36 1.25 0.44

Current without A. cornicula- 2.11 0.55 0.20
tum

Current without A. marina 5.40 3.69 1.07

Current without S. apetala 1.91 0.81 0.29

Wave with A. ilicifolius 9.04 4.75 1.37

Wave with K. obovata 8.91 2.78 1.13

Wave with A. cornicula- 7.07 3.35 1.19
tum

Wave with A. marina 20.07 4.48 1.35

Wave with S. apetala 5.09 1.54 0.58

Wave without A. ilicifolius 2.71 0.57 0.15

Wave without K. obovata 4.13 0.67 0.24

Wave without A. cornicula- 3.52 0.80 0.28
tum

Wave without A. marina 5.61 1.26 0.36

Wave without S. apetala 3.67 1.10 0.39

Current + with A. ilicifolius 6.64 3.18 0.92

Wave

Current + with K. obovata 6.95 1.95 0.80

Wave

Current + with A. cornicula- 5.40 2.29 0.81

Wave tum

Current + with A. marina 13.92 3.78 1.09

Wave

Current + with S. apetala 4.09 1.02 0.36

Wave

Current + without A. ilicifolius 2.27 0.50 0.13

Wave

Current + without K. obovata 3.37 0.52 0.18

Wave

Current + without A. cornicula- 2.89 0.68 0.24

Wave tum

Current + without A. marina 5.08 1.20 0.35

Wave

Current + without S. apetala 2.90 0.74 0.26

Wave
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54.8 Simple estimation of storm damage to idealised branches

Using the quantified mechanical and drag properties and data on branch size, we
estimated branch breakage for idealised branches. To support this estimation, we
collected field data on length and projected surface area of tree branches (Figure
54.7). We measured the length L (m) of a branch given the diameter & (cm) at the
base of the branch, but after initial strong tapering (Figure S4.7a). We measured the
projected frontal surface area Ao of a branch given the diameter @ (cm) at the base
of the branch with and without leaves (Figures 54.7b and c, respectively).

We estimated damage as follows: a branch will break if the drag force (Fp) it ex-

periences becomes larger than the maximum strength (Fiayx) it can withstand:

Fp > Fnax. Inverting Equation 4.1, the maximum strength (Finax) of a branch will
depend on the relative strength of the wood (MOR) and the branch arm the drag

force is acting on (L):
MORnmR?
L

whereas, following basic fluid dynamics, the drag force will depend on the projected

Fmax =

(4.1)

frontal surface area of the branch (A;.), the drag coefficient (Cp) and the flow
velocity (u):
1
Fp= if)AprojCDU2 4.2)

We estimated F,,« and Fp for idealised branches with a diameter of 1 cm for each
of the five species using our own data on MOR, L, A, and C'p and for orbital
velocities u ranging from 0-1.5 m s~! (Table S4.5). The outcomes were compared
to the orbital velocities u that were generated during a typhoon that hit the coast
of south China in August 2017 (typhoon Hato, orbital velocities from output of a
SWAN-model that simulates the typhoon; Peng Zheng, personal communication,
January 17, 2020).
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Table S4.5: Sources and modelled values used in simple branch breakage estimation. Ai = A. ilicifolius,
Ko = K. obovata, Ac = A. corniculatum, Am = A. marina and Sa = S. apetala. Species-specific values
for L and Ap; with leaves were derived from Figure 4.7a and b respectively, where we assumed a
linear(a) or quadratic (b) curve per species where the intercept went through the origin (this was done
to avoid unrealistic negative correlations due to small data ranges for some species and is for illustrative
purposes only). For area without leaves, we assumed that all species have similar area and used a
grouped average.

Variable (unit)  Source Values per species
Ai Ko Ac Am Sa
MOR (MPa) Figure 4.2d 224 307 244 320 374
L (m) Figure S4.7a 084 048 061 052 090
R (cm) Idealised g = 0.5 0.5 0.5 0.5 0.5
1 cm branch
Aproj With Figure S4.7b 0.04 0.05 0.05 0.08 0.10
leaves (m?)
Aproj Without Figure S4.7c 0.02 0.02 0.02 002 0.02
leaves (m?)
p (kg m=3) 1000 kg m~3 1000 1000 1000 1000 1000
(fresh water)
u (ms™1) 0-1.5ms™t Oto Oto Oto Oto Oto
15 15 1.5 1.5 1.5
Cp with leaves Figure 4.6b 6.90 7.81 5.66 16.0 4.47
C'p without Figure 4.6b 228 329 284 537 283
leaves
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Projected surface area A, (m?
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Figure S4.7: Branch dimensions per species with (a) fitted linear relationship between branch diameter
& (cm) and branch length L (m), (b) fitted quadratic relationship between branch diameter & (cm)
and projected surface area Apo; (m?) for branches with leaves (data only available for A. marina and
S. apetala), (c) fitted quadratic relationship between branch diameter & (cm) and projected surface
area Apro; (m?) for branches without leaves. Regression lines shown here are species-independent. Data
in panels were collected at different dates and come from different sources: data in (a) and (b) were
collected in June 2019 at field site PR3 for all species, and in October 2019 at field site HL1 extra for A.
marina and S. apetala, data in (c) were collected in October 2019 at field site HL1.
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5|Synthesis

Implementing nature-based flood defence requires that its safety value over the span
of decades is known with reasonable level of certainty. In this thesis, I aimed to un-
cover how physical drivers affect mangrove forest properties for nature-based flood
defence. Chapter 1 described how biophysical interactions between the environment
(such as wind, waves and sediment dynamics) and mangrove seedlings and trees
make up a forest’s functioning in nature-based flood defence and identified the most
urgent unanswered questions. Chapter 2 used a mesocosm experiment to specifically
look at the impact of sediment dynamics on seedling establishment in eight contrast-
ing mangrove species, and uncovered mechanisms with which mangrove seedlings
may overcome sediment dynamics. Chapter 3 studied how mangrove tree stability
is determined by its belowground structure, using 3D-printed mimics. It showed
that sediment type is a determining characteristic in mangrove tree stability, together
with root plate size and root mass distribution. Chapter 4 presented a field campaign
to examine the mechanical strength of aboveground tree structures. Specifically, it
tested the mechanical properties of mangrove branches and leaves across five species,
showing that thicker branches are stronger, reducing the risk of damage, while
leaves that detach easily reduce the effective surface area of the branch and hence
also the risk of damage. Here, I combine these findings to show to what extent we
now understand the impact of mechanical disturbance on mangrove plants (Figure
5.1), in general and between species.
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Figure 5.1: Overview of the mechanical disturbances and relevant tree properties studied in this thesis.
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5.1 General impact of mechanical disturbance on mangrove plants

Nature-based flood defence with mangroves requires a wide and dense forest to
provide optimal flow energy attenuation (Chapter 1). Mechanical damage affects
the structural integrity of the forest, reducing the wave attenuation capacity. The
mechanical damages most impactful on wave attenuation capacity are seedling
dislodgement (which completely inhibits new forest establishment, Chapter 1), be-
lowground tree uprooting and aboveground trunk breakage, which usually leads to
tree death and loss of forest biomass (Figure 5.1, Chapter 1). Based on the findings
in this thesis, these damages can be by roughly estimated (Figure 5.2). Estimating
seedlings dislodgement is relatively straightforward. Dislodgement can be consid-
ered a special case of uprooting, where the roots have been eroded so deeply that
barely any force is needed to dislodge the seedling from the sediment. Hence, deeper
roots provide more anchorage (Chapter 2), as the critical erosion depth is closely
linked to the root depth (Figure 5.2). Because erosion thresholds will be much larger
for saplings and trees (Chapter 3 for trees, Figure S5.1 for saplings), dislodgement
is mainly a risk for seedlings (Figure 5.2). For trees, we can roughly estimate critical
wind or wave velocities (Figure 5.2). I assume an idealised tree of 5 metres tall (the
average maximum height of the mangrove species in south China, that were studied
in this thesis). Belowground, this idealised tree would have a root plate with a radius
of 1.9 m and a root depth of 0.81 m (Figure 5.2). The anchorage of this root plate is
determined by (1) the sediment it is rooted in, (2) the effective size of the root plate
(which depends on an interaction with the sediment properties and the distribution
and strength of the roots) and (3) the depth of the roots (Chapter 3). For the idealised
tree, | assume a sediment shear strength of 5000 Nm 2 (equivalent to undrained
sediments at the seaward fringe; Chapter 3). Assuming that the roots break on the
leeward side of the tree, the idealised tree then has an anchorage moment of 23241
N-m if the storm does not erode any sediment. The tree will uproot if the overturn-
ing moment acting on its canopy surpasses its anchorage moment. The overturning
moment is formed by the drag force acting on the canopy and the height of the tree.
Thus, the idealised tree would uproot at a wind speed of 76 m s~! (equivalent to a
Category 5 storm), or a wave orbital velocity of 2.7 m s~!. Aboveground, we can
roughly estimate when the idealised tree trunk will break. This can be inferred by
extrapolating branch mechanical properties (Chapter 4). Then, the idealised trunk
would have a trunk with a diameter of 8 cm and Modulus of Rupture of 35 N mm 2
and would break if the drag force acting on the tree’s canopy surpasses 1442 N. This
drag force is determined by the drag coefficient and the effective frontal surface area
of the canopy — which can decline as flow velocities increase and branches bend and
leaves realign in the wind or water stream. For the idealised tree, the surface area
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of the canopy is 1.3 m? without leaves (to account for the realignment). Assuming
a drag coefficient of 1, the idealised tree trunk would then break at a wind speed
of 43 m s~ ! (equivalent to a Category 1 storm) or a wave orbital velocity of 1.5 m
s~ 1. Consequently, for this idealised tree it is more likely that the trunk will break
than that it will uproot. Modelling the critical flow velocities for this idealised tree
is a worthwhile exercise, as it illustrates where further quantification of mangrove
properties is most urgently needed. For example, in calculating the trunk strength I
assumed that mechanical properties for trunks can be extrapolated from branches,
yet this assumption is currently unvalidated. Furthermore, the wind and wave
velocities required to uproot the idealised tree are high due to the assumptions I
made about the root properties — which are largely unknown, illustrating the need
for better quantification of belowground mangrove properties. Furthermore, there
is need to quantify the allometric relationships between canopy, trunk and root
dimensions (e.g. roughly estimated in Figure 5.2). Moreover, long-term monitoring
of mechanical, dimensional, morphological and drag properties is needed to esti-
mate risk damage as mangrove plants mature from seedling, to sapling, to adult
tree. Finally, it is essential to validate damage estimates in the field, such as defo-
liation, branch damage, trunk breakage and uprooting. While important, each of
these measurements causes harm to mangroves. This is far from ideal, as many man-
grove forests are threatened (Friess et al., 2019; Valiela et al., 2001). Hence, careful
consideration of such field campaigns is needed (Parris et al., 2010) and should be
complemented with less harmful approaches such as lab studies and comparing pre-
vailing wind and waves velocities with high-resolution satellite and LIDAR imagery
(e.g. Lagomasino et al., 2021). In the case of field validation of damage, wind tunnel
(Vollsinger et al., 2005) or wave flume experiments (de Smit et al., 2020) could be
used and initially combined with tree mimics to understand how wind and waves
interact with mangrove canopies and lead to tree damage.
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Figure 5.2: Summary of quantified relationships between tree properties and mechanical disturbances
presented in this thesis. Seedlings are modelled as tiny trees. The critical flow velocity is that at which
the first failure is reached (either breakage, uprooting, or dislodgement). See Table S5.1 for data sources.
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5.2 Impact of mechanical disturbance differs between species

The impact of mechanical disturbance will differ between mangrove species. Firstly,
there are morphology differences that can alter the impact of mechanical disturbance.
For example, Avicennia marina branches have much higher drag coefficients than
other species (Chapter 4), probably because they have a rather irregular branch
architecture with leaves directly attached to relatively sturdy, inflexible branches.
This difference is particularly striking when compared to Sonneratia apetala branches,
which had lower drag forces and flexible terminal branches that allow for realign-
ment in the water stream. In seedlings, the tall shoots of viviparous species likely
provide them with high burial tolerance, which could be directly ascribed to the
elongated shape of their propagules (Chapter 2). Hence, these morphological differ-
ences contribute directly to different impacts of mechanical disturbance. Secondly,
mechanical damage is probably not equally deadly for all species. For example, the
propagules of Avicennia spp. have multiple root primordia, allowing them to estab-
lish multiple times and potentially reducing the impact of seedling dislodgement
(Farrant et al., 1987). Similarly, recovery studies after hurricanes have shown species
differences in regeneration and changes in forest structure after storms (e.g. Baldwin
et al., 2001; Kovacs et al., 2001). Indeed, for most species uprooting results in death,
yet Sonneratia and Avicennia spp. can regrow shoots if some root connection remains
(Saenger, 2002). On the other hand, Rhizophora mangle trees do not have epicormic
leaf buds, reducing their ability to regrow leaves after defoliation (Gill & Tomlinson,
1969). Thirdly, the amount of mechanical damage depends highly on the intensity of
the mechanical disturbance. At the exposed seaward forest fringe the flow velocity
of wind and waves will be higher than deeper in the forest (Dalrymple et al., 1984).
Hence, the typical tidal elevation of species (i.e. zonation; the spatial distribution of
species across a forest) will affect its proneness to damage. In other words, species
that generally occur lower in the intertidal zone (i.e. more seaward) will likely expe-
rience stronger mechanical disturbances than species that occur higher in the tidal
frame. Thus, even if a more landward species is damaged more easily (e.g. due to
a weak trunk), it effectively experiences less damage because the effective mechan-
ical disturbance from for example a storm wave is lower. Finally, environmental
factors, such as water availability, temperature, nutrient availability and salinity
can significantly reduce growth rates (Chapter 1; Krauss et al., 2008), resulting in
smaller or weaker plants that experience more damage from mechanical disturbance.
This is particularly a risk for species with low tolerance to a particular stressor. For
example, Sonneratia apetala seedlings have low salt tolerance and will fail to establish
if salinity becomes too high (Hoque et al., 1999), as this impedes their growth rate
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and inhibits their ability to grow long enough roots to avoid, for example, toppling
or dislodgement (own data, unpublished).

5.3 Thigmomorphogenesis and the implications for restoration

Mangrove species can exhibit a growth response to mechanical disturbance. I ob-
served stronger branches and weaker leaves in mangrove species occurring across
an exposure gradient (Chapter 4) and the pioneer mangrove seedlings in the meso-
cosm experiment (Chapter 2) had longer root lengths in erosion treatments. These
morphological and mechanical changes could potentially be ascribed to thigmomor-
phogenesis. Thigmomorphogenesis is defined as a response of plants in reaction to
mechanical disturbance (Jaffe, 1973), whereby they reduce their height (i.e. reduced
growth), increase their width (radial growth, trunk diameter), increase allocation
from aboveground to belowground biomass, and alter their mechanical properties
(Gardiner et al., 2016; Telewski, 2021). Not all plant species possess this response
(Jaffe, 1973), and while such responses have not been studied in mangroves explic-
itly, it is highly likely that at least some of them possess it. For example, a study
on mechanical properties of branches found that A. marina trees that grow lower
in the intertidal zone (more exposed) develop relatively stronger branches (with a
higher Modulus of Rupture) than trees higher in the intertidal zone (Santini et al.,
2013). Furthermore, mangroves that grow in regions with more frequent storms
have been correlated with shorter tree heights (Simard et al., 2019). Additionally,
pioneer saltmarsh and mangrove seedlings have been found to shift biomass allo-
cation from shoots to roots in response to wave disturbance (Balke et al., 2013; Cao
et al., 2020). This provides a few important implications for mangrove restoration
and nature-based flood defence. First, in the case of degraded ecosystems that have
become exposed, pioneer species (that might have a stronger thigmomorphogenesis
response) could be used to initially reduce exposure to wind and waves and pro-
vide more shelter before a mid or late-successional species is brought in. Second,
nursery-raised seedlings may not be adapted enough to mechanical disturbances
if the nursery environment is too calm. Third, thigmomorphogenesis may reduce
wave attenuation capacity by inducing smaller plants. Hence, more research into the
response of mangrove seedlings and saplings to currents, waves and sediment dy-
namics is needed to understand how mangroves adjust to a mechanically disturbed
environment, and particularly which species differences exist.

5.4 The future of mangrove forests in nature-based flood defence

Ultimately, in trying to achieve optimal wave attenuation function, one should be
careful to consider mangrove forest width and mangrove forest density as measure-
ment tools rather than end goals. Mangrove forests are complex ecosystems that
are affected by numerous physical (Chapter 1), biotic (Biswas et al., 2018; Pranchai

142



Synthesis

et al., 2022) and anthropogenic drivers (van Bijsterveldt et al., 2021, 2020). Hence,
selecting the species with for example the highest drag coefficient or the best estab-
lishment success is not a guarantee for an optimal nature-based flood defence in
the long run. In fact, using density and width as end goals could result in selecting
a non-native and possibly invasive species, as has happened in a similar case with
Sonneratia apetala in China (Xin et al., 2013). Alternatively, it could result in 'restoring’
mangrove forests in areas where they do not naturally occur (i.e. habitat conversion,
Erftemeijer and Lewis III, 2000). While one could choose to do this, such activities
can have detrimental effects on the natural functioning of the ecosystem and the
surrounding estuary (Carugati et al., 2018; Su et al., 2021). Furthermore, it can po-
tentially drive development towards the flood defence equivalent of agricultural
systems or production forests — man-made systems that usually require a substantial
amount of maintenance, which defeats the purpose of a self-sustaining nature-based
flood defence. Hence, I recommend that the research presented in this thesis is
used to understand natural mangrove ecosystem functioning, improve restoration
principles, and protect these fascinating intertidal forests.
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Table S5.1: Data sources for estimating damage for an idealised mangrove tree.

Parameter

Source

Trunk height Hy (m)
Trunk radius Rr (m)

Modulus of Rupture (N
mm™?)

Trunk strength F' (N)
Drag coefficient Cp
Tree frontal area A1 m?

Root plate radius (m)
Root depth (m)

Anchorage moment M,
(N-m)

Critical flow velocity for
breakage ucic (m s~ ')
Critical flow velocity for
breakage ucrit (M sfl)
Critical erosion depth (m)

Range: 0.01-10 m

Fit a model on the data from Figure S4.7, forced
through the origin to avoid negative values
Figure 4.2d, averaged

Gere and Goodno, 2012

Figure 4.6b, averaged

Fit a model on the data from Figure S4.7c, forced
through the origin to avoid negative values

Based on the data in Table 3.2: 4/10.5 = 0.38

Fit a logarithmic model on three datapoints: seedling
root depth (Hr = 0.1; Ds =0.1; Figure 2.4), sapling
root depth (Hr = 0.6; Ds = 0.4; Figure S5.1) and
tree root depth (Hr = 10; Ds; = 1; Table 3.2).
Equation 3.6; Achim and Nicoll, 2009

Based on the drag force equation; Morison et al.,
1950

Based on the drag force equation; Morison et al.,
1950

Figure 2.6a
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Figure S5.1: Excavated 3-5 year old saplings in Hailing Island, south China (shoe size 36).
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AlHow can nature protect people against sea-level rise?

Abstract

Almost one third of people on Earth live near the coast where they are at risk from
floods. Coastal areas are often protected from flooding by human-built flood-
protection structures, like dikes and seawalls. Now that Earth’s climate is changing,
sea-level rise and storms are becoming more intense and frequent, which increases
the risk of flooding. Therefore, we need to develop bigger flood defence structures
to stay safe from flooding. However, this is very expensive. Is there an alternative?
It may sound surprising, but nature can help us out. Around the world, ecosystems
like mangrove forests, saltmarshes, and coral reefs can help to protect our coasts
from flooding. They can contribute to greener, more natural, biodiverse coasts, and
make living along Earth’s coastlines safer and more sustainable. Using these natural
systems is called nature-based flood defence. In this article, we explain how it works.
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Why do we need to protect ourselves against sea-level rise?

The coast is a nice place to live. One third of the people on Earth live along the
coast: in small fishing towns, in big cities like New York and Shanghai, or even in
entire countries, like the Netherlands. Many of these places lie in areas called river
deltas, where a river enters the sea. River deltas are great locations for harbours,
agriculture, and fishing, but they are also low-lying areas that can easily flood. Half
of the Netherlands, for example, is several meters below sea level and would be
flooded today if the country’s flood protection failed! Living at the coast is risky,
and it's becoming riskier with climate change and its consequences, including sea-
level change and more or stronger storms. As global temperature continues to rise,
glaciers and ice sheets, like those in Antarctica and Greenland, are melting. The
melted ice flows into the oceans, raising sea levels. At the same time, the oceans
capture some of the heat from the atmosphere and, as the water gets warmer, it
expands — so sea levels rise even more. But that is not all — some cities are literally
sinking. One of the main reasons cities sink is because we pump water, gas, and oil
from underground. The weight of buildings and houses then pushes the emptied
soil downward. This effect is called land subsidence. In some cities, land subsidence
makes the water level rise more than ten centimetres per year, making sea-level rise
an even bigger threat! The effect of land subsidence and sea-level rise together is
called relative sea-level rise (Figure A.1a; Nicholls et al., 2021), and it increases the
flood risk to coastal areas. Beyond contributing to relative sea-level rise, climate
change also causes more frequent and intense storms. Stronger storm winds can
blow more water onto the coast, leading to even higher water levels than are seen
with relative sea-level rise alone. Because of this, the waves that reach the coast are
also higher. Why? Waves consist of an above-water part and an underwater part
(Figure A.1b). Normally, when the underwater part of the wave hits the seafloor or a
man-made barrier, it collapses and the whole wave breaks. You can see this at sandy
beaches. However, when the water level is too high, waves do not break, so they
stay large. Storms with such high waves can cause floods, damage buildings, and
sometimes even take human lives. How can we protect ourselves against sea-level
rise?

Is it time to update our flood defences?

Coastal cities are protected by concrete structures often called grey flood defences

(Figure A.2a). These defences include dikes, seawalls, and breakwaters. A breakwa-
ter protects the coast from the force of the waves by forming an elevated barrier in
the sea. The underwater parts of waves hit this barrier and lose some of their energy,
kind of like stumbling over a curb when you run. Dikes or sea walls are barriers on
the shore. They protect the land from flooding, especially when the water level is
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A What is relative sea-level rise?
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Figure A.1: (a) Relative sea-level rise is a combination of sinking land (land subsidence) and rising sea
levels. (b) Waves have an above-water part and an underwater part. When the underwater part of a
wave hits a barrier, it collapses and the wave breaks.

higher than normal, which happens during storms in combination with really high
tides. Grey defence structures are built to survive heavy storms, but they are not so
effective when sea levels rise. For example, breakwaters are less effective against sea-
level rise because the underwater parts of waves do not hit the breakwater anymore.
Instead, the waves have enough space to travel over the breakwater and break on

the shore (Figure A.2a). Dikes and seawalls are also less effective — if relative sea

level rises too much, the water level becomes higher than the barrier and the land

behind it floods. Also, dikes and seawalls can be damaged by very strong waves and
storms, which makes them less effective. Sinking lands, rising seas, and increasing
storms mean that we need higher and stronger flood defences, but that will cost lots
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of money. What if we could use living systems to help protect the coastline? This is
called nature-based flood defence (Figure A.2b; Temmerman et al., 2013).

A Traditional (gray) flood defense
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Figure A.2: (a) Traditional grey flood defences protect the land from waves and flooding, but relative
sea-level rise makes grey flood defences less effective. (b) Nature-based flood defences use living ecosys-
tems to help protect the coast. Specific plants and animals can be used depending on the geographical

location (see Figure A.3).

How nature can protect us from relative sea-level rise

Coastal ecosystems around the world can be used for nature-based flood defence.
These ecosystems are made up of plants such as mangrove trees and saltmarsh
plants, and animals that build “breakwater-like” reefs including oysters, mussels,

151



Appendix A

and corals (Figure A.3). These plants and animals are adapted to living in salty
seawater. Some can protect us from floods by slowing down waves, others do so by
building land, and some can do both! Coral reefs are not just pretty; they are sturdy
and grow close to the coast. Their locations are very similar to those of grey concrete
breakwaters and they also work the same way — by forming an underwater elevated
barrier that breaks waves (Figure A.2b). Oysters and mussels can build shellfish
reefs that break waves much like corals do. Although reefs and grey breakwaters
protect the coast in the same way, reefs can grow! By growing, reefs can keep up
with sea-level rise and stay high enough to keep breaking waves, while breakwaters
must be maintained. Mangroves and saltmarshes often grow outside dikes and
seawalls. This is helpful, because they can reduce the size of the waves before they
reach the grey flood defences. If a wave rolls into a mangrove forest (or saltmarsh),
it runs into many obstacles. Every time the wave hits a plant, it weakens and loses
a bit of its energy. By hitting all the plants in a marsh or forest, the wave loses so
much energy that it becomes a lot smaller. We call this effect wave attenuation. If a
mangrove forest or saltmarsh is large enough, it can reduce wave height a lot. This is
so effective that we can build a smaller dike, saving a lot of money! Mangroves and
saltmarshes can also raise the land on which they grow. Without plants, seawater
can flow so fast that it can carry mud and sand particles. But when water flows
through coastal plants, it slows down and the particles sink onto the soil. Over
time, this makes the soil surface higher. This is very useful for keeping up with
sea-level rise (Kirwan et al., 2010), and consequently the area is flooded less often.
Since mangrove trees and saltmarshes like to grow in less flooded areas, they keep
building land in those areas and the surface level keeps increasing. The elevated
surface level can act like a breakwater, protecting the coast even more (Vuik et al.,
2016).

More advantages of using coastal ecosystems

Besides providing nature-based flood defence, coastal ecosystems have more advan-
tages. As we mentioned, their surface level can rise with the sea (Zhu et al., 2020).
This makes them cheaper because they need less maintenance than grey flood de-
fences do. These ecosystems can also store large amounts of carbon, which lowers
the amount of carbon dioxide in the atmosphere. Lower carbon dioxide levels mean
less climate change — so less sea-level rise. Finally, these ecosystems provide a nice
area for rare plants and animals to live, which supports biodiversity. People can
enjoy these coastal ecosystems, too! Unfortunately, coastal ecosystems have been
declining over the last 50 years. Therefore, scientists are now learning how to protect
and restore them. We can do this by studying the preferences of the plants and ani-
mals that live there. How often do they like to get flooded? Can they handle lots of
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Figure A.3: Global distribution of coastal ecosystems that provide nature-based flood defences. The
coloured circles around each picture correspond to the colours on the map. Saltmarshes and shellfish
reefs are mostly found in temperate regions, while mangroves and coral reefs are found in the tropics.
Photo credits: Jildou Schotanus (mussel reef), Marte Stoorvogel (saltmarsh), and Celine van Bijsterveldt
(coral reef and mangrove).

waves? How salty should it be? The more we learn about these plants and animals,
the better we can protect them — so they can protect us from floods!

In summary, maintaining grey flood defences will be very expensive with sea-
level rise. Coastal ecosystems can also break waves and even build land to keep up
with sea-level rise. In this way, they can help us protect our coasts from flooding
all around the world. There are a few ways that YOU can help. First, if you are
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interested in this topic, you can read more articles!! You could consider giving a
presentation at your school to teach others about nature-based flood defence. To
learn even more, you could find and meet your local scientists, or meet them online?.
Finally, if you want to become a scientist yourself, learn as much as you can about
biology, mathematics, and physics! Maybe someday you will help to discover new
mechanisms of nature-based flood protection!

Glossary
Ecosystem: Plants and animals that form a distinct piece of nature. This can be the
Amazon rain forest, the Great Barrier Reef, or your local forest.

River delta: A low-lying area where rivers empty into the sea. Famous examples
are the Nile delta in the Mediterranean Sea and the Mississippi delta in the Gulf of
Mexico.

Land subsidence: The sinking cities at the coast. It happens if we pump water,
gas or oil from underground, and the weight of buildings and houses pushes the
emptied soil downward.

Sea-level change: Sea-level is actually quite variable and can even fall in some places.
It also does not rise all the time. But for coastal protection, sea-level rise is most

relevant.

Relative sea-level rise: The combined effect of land subsidence and sea-level rise. It
increases flood risk more than sea-level rise alone.

Grey flood defences: Concrete structures that protect the coast from flooding, such
as dikes, seawalls, and breakwaters.

Nature-based flood defences: These flood defences use both concrete structures
and coastal ecosystems such as saltmarshes or coral reefs to protect the coast from
flooding.

Wave attenuation: Every time the wave hits a plant, it loses a bit of its energy. By
hitting lots of plants, it loses so much energy that the wave becomes smaller.

ICheck out these Frontiers for Young Minds articles, on sea-level change, global ocean climate change.
or seagrasses
“For example, Skype a Scientist or Letters to a Pre-Scientist

154


https://kids.frontiersin.org/articles/10.3389/frym.2017.00041
https://kids.frontiersin.org/articles/10.3389/frym.2021.495240
https://kids.frontiersin.org/articles/10.3389/frym.2019.00114
https://www.skypeascientist.com/
https://prescientist.org/

Summary | Samenvatting

Summary

Coastal flood risk will increase over the coming decades as sea level rise acceler-
ates, storm patterns change and coastal populations grow. This will likely lead to
a surge in costs to build and maintain reliable flood safety infrastructure. Hence,
innovative nature-based solutions that use coastal ecosystems are gaining attention.
Nature-based flood defence is a potentially sustainable and cost-effective solution to
reduce coastal flood risk, that can be carried out with ecosystems such as mangrove
forests, saltmarshes or coral reefs (Appendix A). Mangrove forests are increasingly
studied for nature-based flood defence across the subtropical and tropical latitudes,
as their sturdy vegetation can effectively attenuate flow energy from waves — surge
attenuation with mangroves remains less well understood. Wider and denser forests
provide more wave attenuation. As mangroves naturally fluctuate in size, so does
their wave attenuation capacity. Consequently, to reliably estimate the safety of a
mangrove-based flood defence, it is necessary to understand the long-term develop-
ment of the mangrove forest (Chapter 1).

Mangrove forests grow wider when seedlings establish successfully and develop
into healthy mature trees. Similarly, forests grow taller and denser if most trees sur-
vive and the ones that die are replaced. These ecological processes of establishment,
growth and survival are governed by a myriad of environmental drivers that not
only interact with each other, but also differ across species. These drivers are gen-
erally more physical in nature at the seaward edge (Chapter 1). For example, daily
disturbances by tides, waves and sediment dynamics form bottlenecks to seedlings
establishment. At larger timescales, mangrove forests can experience strong dis-
turbances from coastal storms and other extreme events that potentially result in
massive tree mortality. Hence, mechanical disturbances form important drivers of

the establishment and survival of coastal mangrove trees.

During establishment at the seaward fringe, seedlings first need to anchor their small
roots strong enough to avoid being washed away by currents and waves during high
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tide. Then, the next obstacle is surviving daily sediment dynamics. Across species,
there is variation in traits such as successional stage (pioneer, mid-successional or
climax species), type of embryo development (non-viviparous, cryptoviviparous
or viviparous) and propagule sizes (0.5 to 22.8 cm). Chapter 2 studies the impact
of sediment dynamics on eight species that diverge in these traits. The pioneer
species studied have relatively smaller propagules, but increase their shoot length
or root length in response to sediment accretion or erosion, respectively, potentially
reducing the chance or burial, toppling or dislodgement. The viviparous climax
species on the other hand have large propagules, such that they have a tall shoot
immediately if they arrive vertically on the tidal flat. Furthermore, they can grow
longer roots and can withstand more erosion.

When a mangrove tree matures, it can no longer be easily dislodged by sediment
dynamics. Nevertheless, it remains at risk of uprooting during for example coastal
storms, which can cause massive sediment erosion combined with high wind load-
ing. Chapter 3 tests the stability of 3D-printed, scaled mangrove mimics with five
idealised root designs and shows that sediment shear strength is important for
mechanical anchorage. Hence, waterlogged sediments, which often have lower
shear strength, may provide less stability to mangrove trees, and sediment with
high erodibility can increase the risk of uprooting as well. Furthermore, the optimal
belowground root morphology of a mangrove mimic depends on the sediment it is
rooted in. Hence, it is likely that mangrove trees adjust their belowground root mass
distribution and root mechanical strength depending on the sediment type they are
rooted in.

Aside from belowground damage, mangrove trees can also experience aboveground
damage during coastal storms. This can include canopy damage, such as defoliation
and branch breakage, or even breaking of the entire trunk. Chapter 4 investigates
the former two by studying the resistance to leaf and branch damage of five species
across seven field sites in the Guangdong province of south China. Generally, thicker
branches are stronger, reducing the risk of damage. However, they are also more
rigid and have a larger surface area, increasing the risk of damage. Across mangrove
species, we can see that species that generally occur at the more exposed seaward
fringe have relatively stronger branches yet more easily detachable leaves than
species that generally occur more landward.

Overall, the studies presented in this thesis contribute important datasets and mecha-
nistic principles that can be used to advance mangrove forest development models
and estimate long-term flood protection capacity with coastal mangroves (Chapter 5).
Furthermore, mechanical disturbance impacts coastal mangrove trees at all stages
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of life, but the damage will differ between species. The consequence of mechanical
disturbance will depend on variations in morphology, the deadliness of damage,
the species’ typical location in the forest (exposure to mechanical disturbances) and
tolerances to other environmental drivers. Furthermore, some mangrove species may
exhibit a growth response to mechanical disturbance. If true, this has implications
for mangrove restoration and nature-based flood defence: pioneers could be used
initially to reduce exposure for mid- or late-successional species, nursery-raised
seedlings may not experience enough mechanical disturbance to adapt to conditions
in the field, and thigmomorphogenesis can reduce wave attenuation as trees may
stay smaller.
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Samenvatting

De komende decennia neemt het overstromingsgevaar toe als gevolg van een sneller
stijgende zeespiegel, veranderende stormpatronen en groeiende populaties aan de
kust. Dit heeft een toename in bouw- en onderhoudskosten van kustbeschermingsin-
frastructuur tot gevolg, waardoor de interesse in innovatieve oplossingen zoals
‘nature-based flood defence’ toeneemt. Kustbescherming op basis van natuur maakt
gebruik van ecosystemen (bijvoorbeeld mangrovebossen, schorren of koraalriffen)
om overstromingsrisico’s verlagen en is mogelijk duurzaam en kostenbesparend
(Bijlage A).

Mangrovebossen, die voorkomen in de tropen en subtropen, worden steeds meer
bestudeerd voor kustbescherming omdat de stugge structuur van de bomen effectief
golven kan dempen (over hun rol in het verlagen van stormvloeden is nog minder
bekend), waarbij bredere en dichtere bossen golven sterker kunnen dempen. De
bossen fluctueren van nature in breedte, waardoor ook de golfdempingscapaciteit
door de tijd heen varieert. Om mangroves op een betrouwbare manier in te zetten in
kustbescherming, moeten we dus weten hoe ze zich op lange termijn ontwikkelen
(Hoofdstuk 1).

Mangrovebossen groeien breder als zaailingen zich kunnen vestigen en ontwikke-
len tot gezonde volwassen bomen. Tegelijkertijd kunnen mangrovebossen hoger
en dichter groeien als de meeste bomen overleven, en de bomen die dood gaan
worden vervangen. Deze ecologische processen van vestiging, groei en overleving
worden gestuurd door een groot aantal omgevingsfactoren die niet alleen op elkaar
inwerken, maar ook verschillen per soort. Aan de zeewaartse kant van het bos zijn
deze factoren over het algemeen meer fysisch van aard. Dagelijkse verstoringen door
getijden, golven en sedimentdynamiek knelpunten vormen voor de vestiging van za-
ailingen. Op grotere tijdschalen kunnen mangrovebossen verstoringen ondervinden
van storm en andere extreme gebeurtenisse,n met massale boomsterfte tot gevolg
(Hoofdstuk 1). Mechanische verstoringen hebben dus grote impact op de vestiging
en overleving van mangrovebomen aan de kust.

Tijdens de vestiging moeten zaailingen worteltjes groeien die sterk genoeg zijn
verankerd in de bodem dat ze tijdens hoogwater niet worden weggespoeld door
golven en de getijdenstroom. Daarna is hun grootste uitdaging het overleven van
sedimentdynamiek. Deze tolerantie voor sedimentdynamiek verschilt waarschijnlijk
tussen soorten. Hoofdstuk 2 onderzoekt tolerantieverschillen tussen acht soorten
aan de hand van drie propagulekenmerken. De pioniersoorten in deze studie hebben
relatief kleinere propagules, maar ontwikkelen langere scheuten of wortels in reactie
op respectievelijk accretie of erosie van sediment. Hierdoor vermindert de kans dat
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de zaailing raakt begraven onder sediment, of juist omvalt of volledig loskomt van
de bodem en wegspoelt. De levendbarende climaxsoorten daarentegen hebben grote
propagules die daardoor direct een lange scheut hebben, mits ze zich rechtop kun-
nen ‘planten’. Daarnaast ontwikkelen ze lange wortels en zijn ze beter bestand tegen
erosie. Hoewel de levendbarende middensuccessiesoorten minder stabiel zijn bij
sedimenterosie, hebben ze veel zijwortels waardoor ze mogelijk, als ze wegspoelen,
opnieuw kunnen proberen om zich te verankeren in de bodem.

Als een mangroveboom volgroeid is, kan hij niet meer zo gemakkelijk worden ont-
worteld. Toch blijft het risico op ontworteling wel bestaan, bijvoorbeeld tijdens
een storm. Daarbij kan op grote schaal sediment wegspoelen terwijl tegelijkertijd
sterke windstoten worden gegenereerd, wat voor mangrovebomen fataal kan zijn.
Hoofdstuk 3 onderzoekt hoe sedimenteigenschappen en ondergrondse wortel-
morfologie de stabiliteit van mangrovebomen bepalen. Ik maak hier gebruik van
3D-geprinte, geschaalde modellen van mangrovebomen met vijf wortelsystemen.
De studie toont aan dat de schuifsterkte van het sediment belangrijk is voor mech-
anische verankering. Daarom biedt ongedraineerd sediment, dat vaak een lagere
schuifsterkte heeft, mogelijk minder stabiliteit aan mangrovebomen, en kan sediment
met een hoge erodeerbaarheid ook het risico van ontworteling vergroten. Daarnaast
hangt de optimale ondergrondse wortelmorfologie van een mangrove model af van
het sediment waarin die wortelt. Het is dus waarschijnlijk dat mangrovebomen hun
ondergrondse wortelmassaverdeling en mechanische wortelsterkte aanpassen aan
het type sediment waarin ze wortelen.

Behalve ondergronds kunnen mangrovebomen tijdens kuststormen ook boven-
gronds schade oplopen. Dit kan schade aan het kruin zijn, zoals ontbladering en
takbreuk, of zelfs het afbreken van de hele stam. Hoofdstuk 4 onderzoekt de eerste
twee, en kijkt naar de weerstand tegen blad- en takschade van vijf soorten op zeven
veldlocaties in de provincie Guangdong in Zuid-China. Over het algemeen zijn
dikkere takken sterker, waardoor de kans op schade afneemt. Ze zijn echter ook
stijver en hebben een groter oppervlak, waardoor het risico op schade toeneemt.
Soorten die over het algemeen voorkomen aan de zeewaartse kant van een bos, waar
blootstelling aan mechanische verstoring hoger is, relatief sterkere takken hebben
maar blaadjes die makkelijker loslatende dan soorten die over het algemeen meer
landwaarts voorkomen.

De studies in dit proefschrift bevatten belangrijke data en mechanistische principes,
die helpen bij het voorspellen van mangrovebossen en hun kustbeschermingscapaciteit
op lange termijn (Hoofdstuk 5). Mechanische verstoring heeft gevolgen voor man-
grovebomen aan de kust in alle levensfasen, maar de schade zal verschillen naar
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gelang de boomsoort. Dit hangt af van verschillen in morfologie, dodelijkheid van de
schade, de locatie van de soort in het bos (zeewaarts is er meer mechanische verstor-
ing dan landwaarts) en de tolerantie voor andere milieufactoren. Daarnaast vertonen
mangrovesoorten waarschijnlijk een veranderde groei als gevolg van mechanische
verstoring. Dit heeft mogelijk gevolgen voor mangroveherstel en natuurbescherming:
pioniersoorten kunnen aanvankelijk worden ingezet om de mechanische verstoring
voor middensuccessie- of climaxsoorten te verminderen, zaailingen uit kwekeri-
jen ervaren misschien niet genoeg mechanische verstoring om zich aan te passen
aan de omstandigheden in het veld, en thigmomorfogenese kan de golfdemping

verminderen omdat bomen mogelijk kleiner blijven.
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