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Summary

To estimate wave attenuation by mangrove forests, trees are often schematized as uniform cylinders
(over the height) representing a tree’s stem. However, trees have more complex geometrical features
that influence the interaction between waves and tree structures. Recent studies have shown that
the frontal surface area distribution over the height Av(z) is a crucial parameter for estimating wave
attenuation by vegetation (Kalloe et al., 2022; van Wesenbeeck et al., 2022) because it can account
for complex geometrical features. This study aims to model the complex geometry of the Avicennia
marina mangrove species. The research question then becomes:

How to construct geometrical tree models of Avicennia marina vegetation and how to obtain the
projected frontal surface area distribution over the height, Av(z)?

Methodology

In this study, manual measurements were performed to obtain tree structure parameters. Both canopy
and root measurements were conducted for Avicennia marina vegetation with varying characteristics
(age and density). Two saplings (approximately 1.5 years old) with variable canopy densities and two
young trees (around five years old) with varying canopy densities were measured. We stored canopy
measurements in a so-called tree data structure consisting of nodes (representing the branches) that
contain information about the individual branches, such as branch orders, -lengths and -diameters
and edges, which are links that establish direct relations from one branch to another. After that, we
developed a search tree algorithm to loop through all tree data, compute parameters of interest and
store the results in assigned data arrays. Parameters of interest to obtain after the data analysis were
branch dimensions and diameter ratios of branches (between various branch classes). This information
was necessary to create a blueprint for constructing geometrical tree models.

Tree modelling started with the construction of a root (pneumatophore) model. Additionally, the
frontal surface area of these roots was computed and displayed as a function of the height. In addition
to the root model, we constructed two canopy models. The first model is based on relations between
branches and can be called deterministic or dependent (canopy model 1). The second canopy model
(canopy model 2) generates branch dimensions based on the normal distribution of branch diameters
and is, therefore, more probabilistic with branches independent of each other.

Both canopy models construct branches based on information travelling from preceding branches.
The models account for the proper placement of branches within 3D space by rotations and translations.
The algorithm computes and outputs the projected frontal surface area over the height of a system of
branches for a given direction (XZ-plane projection or YZ-plane projection). We validated the two
canopy/tree models against validation measurements. Three trees were divided into seven vegetation
layers, and branches were registered that intersected with the layers. As a result, estimation could be
made on the frontal surface area per layer.

Results

This study found that the frontal surface areas due to roots and canopies are significant and are well
represented by the parameter Av(z). The contribution of the roots and canopy cannot be neglected in
modelling wave dissipation by vegetation. The contribution of smaller branches to the total Av is signifi-
cant, proving that considering only the tree stem is an underestimation. Moreover, the research shows
that it is possible to develop a geometrical tree model based on a set of measurements and design
rules that follow from observations, at least for the considered tree species. We could extrapolate and
interpolate our results to generate tree models for a wide range of tree ages. Additionally, it is possible
to create a forest by generating multiple trees.



Both tree models (1 and 2) showed little differences in Av(z) during the model validation process.
Moreover, the validation measurements led, in general, to an overestimation of the total frontal surface
area. Consequently, model validation was inconclusive regarding both tree models. However, we found
that constructing tree models according to tree/canopy model 1 is preferred because it resembles an
L-system more and is more practically applicable in computer models.

We can improve future tree models by collecting more measurements regarding branch structures
and root distribution as a function of tree age. This will result in increased model reliability.
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Introduction

Mangroves are a group of tree species that inhabit the intertidal zone in (sub-)tropical coastal regions.
The distribution of mangroves across the globe is shown in Figure 1.1 (Spalding et al., 2010). Man-
groves thrive in brackish/salty and muddy environments with generally low incoming wave energy
(Mclvor et al., 2012). However, they may occasionally receive a substantial amount of wave energy,
mainly when growing on the fringes of open bays and estuaries (Alongi, 2009). Mangroves provide vital
ecosystem services such as increasing coastal resilience by attenuating waves (Mazda et al., 2006),
trapping sediments to enhance soil formation and stabilizing the soil by its root systems (Yang et al.,
2013; van Santen et al., 2007). These processes counteract coastal erosion and (relative) sea-level
rise, which contributes to coastal stabilization (Lovelock et al., 2015). Additionally, mangrove canopies
above the waterline considerably reduce the wind-induced shear stress on the water surface in case
of non-submergence (Alongi, 2009). Mangrove forests are a prominent example of natural coastal
protections just like other ecosystem-based flood defences such as salt marshes and seagrasses.

Figure 1.1: Global distribution of mangroves in yellow after Spalding et al. (2010)

Conventional, “hard” coastal defences such as dikes and seawalls often hinder the natural bal-
ance of sediments and water flow. Furthermore, they often require periodic heightening by rising sea
levels. Ecosystem-based flood defences, such as mangrove forests, can be more sustainable and
cost-effective as they can adapt to sea level rise (Temmerman et al., 2013). Unfortunately, a declining
trend is visible in the total surface area of mangrove vegetation worldwide (Giri et al., 2011), with some
mangrove species even at risk for extinction (Polidoro et al., 2010). Planting new mangrove forests
often requires temporary protection at the foreshore, which allows trees to mature in calm conditions.
The new forests need sufficient space, while urban and agricultural developments/coastal squeezing
limits the area available for mangrove expansion or new mangrove areas. Consequently, it is easier to
preserve and maintain already existing mangrove forests than to create new ones.
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The importance of mangroves in terms of coastal protection is often neglected. This is partly due
to the difficulty in accurately predicting the provided coastal protection potential. The promotion and
conservation of mangrove trees for coastal management is currently hindered due to the uncertainty in
their performance (Maza, Lara, et al., 2021). The complex geometry and highly dynamic environment
in which mangroves exist makes it challenging to accurately predict wave- and current attenuation
quantitatively.

Many factors determine the extent of wave energy dissipation by a mangrove forest, as illustrated
in Figure 1.2. These include among others:

* Mangrove geometry: e.g., root structure, stem structure, canopy height and leave/branch density
over the vertical height (Mazda et al., 2006). These geometrical characteristics partially depend
on the type of mangrove species.

» Vegetation flexibility: reshaping of vegetation due to the loads exerted by waves and currents
(Jarvela, 2004; Mazda et al., 2006).

* Mangrove zonation: forest length, -density and -age/growth level (Mazda and Wolanski, 2009;
Maza, Lara, et al., 2021; Mclvor et al., 2012).

* Hydraulic conditions: water depth, wave height and spectral characteristics (Mclvor et al., 2012;
Mazda et al., 2006).

» Foreshore characteristics (Mclvor et al., 2012).
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Figure 1.2: Governing factors for wave-vegetation interaction (Mclvor et al., 2012).

The extensive list of factors affecting wave energy dissipation contributes to the complexity of investi-
gating the effect of wave damping by mangrove vegetation in coastal areas. Because of this complexity,
some factors such as the geometry of tree structures are being simplified. This simplification may po-
tentially come at the expense of accurately predicting the wave attenuation behaviour, which brings us
to the following problem statement.

1.1. Problem statement

Currently, hydrodynamic modelling for mangrove trees is too simplistic because mangrove trees are
often schematized as rigid cylinders using information about the roots and trunk, thereby neglecting the
canopy and complex root systems. Neglecting the canopy may be a reasonable assumption to model
wave attenuation by relatively older specimens (where the canopy is located far above ground level),
and/or for relatively low water levels. However, the canopy will be submerged for young vegetation
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and/or for older specimens during high water levels. Moreover, the canopy will experience wind loads
during storms, and if we want to assess tree stability estimates are needed of the canopy area.

In reality, mangroves have complex geometry and exhibit differences in shape and orientation over
the vertical coordinate. For example, the canopy often consists of leaves and branches with varying
sizes and orientations, the tree trunk is often relatively thicker and more rigid than the branches, while
the root systems can vary considerably between species. By schematizing those different components
as vertical cylinders, hydrodynamic models may become inaccurate when applied away from the condi-
tions where they are calibrated. The vertical gradient in geometry/biomass can result in different wave
dissipation estimations (compared to homogeneous elements along the vertical coordinate). The aim
of this project is to provide more accurate tree models that approach reality and to provide better esti-
mations of wave dissipation by mangrove vegetation. Lastly, we would like to establish relationships
between geometrical tree parameters and tree properties (such as age or canopy density) to account
for naturally occurring variation of trees.

1.2. Objectives

This thesis aims to model the complex, geometrical shape of Avicennia marina vegetation. It will also
provide insight into the wave dissipation behaviour of other species of mangrove vegetation for which
the complex geometrical shape is often neglected or highly simplified in hydrodynamic models. We will
achieve the desired result by developing an algorithm that generates three-dimensional geometrical
tree models with Python, a programming language. The 3D-models of Avicennia marina vegetation
will be generated based on a large collection of manual measurements which were performed in the
greenhouse of Deltares and empirical relations from previous literature studies. This data will provide
the required knowledge to set-up the vegetation structure. We then compare the results with frontal
surface area measurements to draw conclusions regarding model validity. In the end, we obtain a
distribution of the frontal surface area as a function of the vertical coordinate/height. This information
can later be used to determine the rate of wave attenuation in simulations.

Research question
To meet the objective, we formulate the following research question:

How to construct geometrical tree models of Avicennia marina vegetation and how to obtain the pro-
jected frontal surface area distribution over the height, Av(z)?

Sub-questions
Corresponding sub-questions that must ultimately answer the main research question are:

» Which allometric relations can be used for Avicennia marina vegetation?
» How does one define/set-up a geometrical tree model?
» How does one obtain the projected frontal surface area distribution from a geometrical tree model?

» Which effect do the different structural tree parts have on the frontal surface area distribution over
the height?

» What are the differences with previous (more simplistic) mangrove schematizations from litera-
ture?

1.3. Research scope

The scope of the research must inevitably be narrowed down due to time and the high level of complexity
resulting from the interactions between wave hydrodynamics and mangrove vegetation. Ecosystems
are highly variable and contain many (ecological) processes at different timescales. For this reason,
we restrict the scope of the research to the following situations:

» The research limits itself to mangrove species Avicennia marina.
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» Dynamic (ecological) processes are not considered (e.g., biotic factors, sediment fluctuations and
soil formation and human interventions).

» Only F-type (Fringe) mangrove forests are considered (mangroves exposed directly to incom-
ing wave attack). Other land form types do not have significant incoming wave energy and are
therefore outside the scope of this research.

» Leaf geometry is neglected because it is expected that this contributes little to the total frontal
surface area of a tree model due to its streamlined shape and high flexibility under wave attack,
based on results from van Wesenbeeck et al. (2022).

1.4. Research approach and outline

The research can be subdivided into four main parts that must ultimately answer the main research
question. In this section, we elaborate on these parts. The main parts are:

* a literature study

+ taking tree measurements in the greenhouse
+ a data analysis of tree measurements

+ the construction of geometrical tree models

First, we conducted a literature study on general tree structure schemes and characteristics/allometric
relations of Avicennia m. vegetation. This information was used as input for the computer model but
also to get a general understanding of tree structures needed to conduct proper tree measurements in
the greenhouse.

Specific parameters were measured, such as branch dimensions, branch orientations, branch distri-
butions and branch relations (diameter ratios between subsequent branches). Four trees with different
characteristics were measured in detail to obtain a range of measurements. The trees varied in size
(age) and canopy density. From this, estimates can be made of tree models for other tree ages by
interpolation or extrapolation of the results.

All measurements were registered by hand and digitally inserted into a tree data structure. We
executed the data analysis by creating a search tree algorithm that could loop through all data and
output the most valuable results, which we could implement in the tree models. This data includes
information on branch dimensions for different branch classes and the distribution of these branches
for various tree types.

Lastly, we constructed two tree model types. Both models took on a different approach. Tree model
1 is based on branch ratios and is more deterministic. Tree model 2 is based on branch dimensions that
follow probabilistic distributions. Both tree models output the distribution of the frontal surface area over
the vertical coordinate Av(z). We compare both tree models regarding this parameter. Consequently,
a conclusion follows regarding the applicability of geometrical tree models for hydrodynamic modelling
that involves mangrove vegetation.



Theoretical background

2.1. Mangrove geometry

Constructing geometrical mangrove models requires understanding of mangrove geometry and tree
classification strategies. Mangrove vegetation consists of various tree parts that may or may not interact
with waves depending on the height of the water column, namely the tree canopy, -roots and -trunk.
The geometry of these tree parts depends largely on tree age and -characteristics. In the following
sections, elaborations are described on the structural tree parts, field measurements and established
allometric relations for Avicennia marina vegetation. An overview of the global distribution of Avicennia
m. vegetation is shown in Appendix A (Duke et al., 2010).

2.1.1. Root structures

The general root structures of mangrove species Avicennia m. are shown in Figure 2.1 (Schiereck,
2012). We only consider Avicennia m. mangroves, therefore, only the pneumatophore root structure
is of interest for this study. Maza et al. (2017) showed that wave dissipation by mangrove root systems
is considerable and must therefore be taken into consideration.

Figure 2.1 illustrates the general root structure of Avicennia m. vegetation. Avicennia m. has a
star-shaped network of cable roots radiating out from the trunk. From these cable roots, anchor roots
are shooting downwards and aerial roots, so-called pneumatophores, are shooting upwards (Jordan &
Frohle, 2022). It appears that pneumatophores have a conical/cylindrical shape at first glance. More-
over, the cross-sectional base diameters of pneumatophores were measured in the field by Jusoh et al.
(2016) and turn out to be in the range of 95 + 15 mm. Furthermore, pneumatophores have a limited
height of less than 30 cm according to field observations by Thampanya (2006) and are more often
around 20 cm.

Liénard et al. (2016) measured the diameter decrease over the pneumatophore height at the base,
middle and tip-1cm in order to define the pneumatophore geometry.

AVICENNIA

||

/L—JL—J' LJJ:

W

Figure 2.1: Root structure of Avicennia mangroves (Schiereck, 2012).

Pneumatophores
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2.1.2. Trunk diameter

The trunk diameter is often defined by the diameter breast height DBH. DBH is defined as the diam-
eter of the tree trunk at a height of 1.30 m above the substrate or, if the tree is too small, at one third of
its height (Horstman et al., 2014).

2.1.3. Avicennia marina measurements and allometric relations from literature

As stated in the introduction, this research limits itself to modelling mangrove species Avicennia marina.
To this end, only field measurements and allometric relations that apply to Avicennia m. vegetation are
considered. Table A.2 in Appendix A contains a list of the diameter breast heights (DBH) and heights
(h) of thirty Avicennia m. tree samples that were measured in the field by Intarat and Vaiphasa (2020)
in Bang Pu, Thailand.

According to Intarat and Vaiphasa (2020), Avicennia m. trees can grow up to 14 m in height. Figure
A.2 shows that naturally occurring mature trees have a height in the order of 10 to 12 meters, whereas
the largest vegetation in Deltares’ greenhouse reaches up to a maximum height of 2 to 3 meters. The
difference in growth stages should be taken into account by translating the outcome in the laboratory
situation to the field situation. The largest trees in the greenhouse have been growing for five years
approximately, which is still considered a very young tree/sapling according to the definitions by Clarke
(1995). An overview of natural growth stages as a function of age is shown in Figure 2.2 and results
from research by Clarke (1995). Maza, Lara, et al. (2021) has similar growth stage definitions for
mangrove vegetation.

Komiyama et al. (2008) concluded, based on reviewing 72 published articles on mangrove allometry,
that the above-ground biomass (AGB) of mangrove vegetation varies with age, type of species and
location. One of the reviewed articles by Comley and McGuinness (2005) found an allometric relation
for Avicennia m. mangroves that relates DBH (cm) to AGB (kg) (equation 2.1). This relation is valid for
the range of DBH's up to 35 cm. DBH measurements were executed at a height of 1.30 m above the
local ground level. The allometric relation by Comley and McGuinness (2005) was found by sampling
11 trees with 22 stems in total. Thus, (mature) Avicennia m. trees can be multi-stemmed. Furthermore,
Avicennia m. has a wood density of 0:670gcm 2 according to findings by Purwiyanto and Agustriani
(2017).

AGB = 0:308 DBH%*11 (2.1)
with AGB being the above-ground biomass in kg and DBH in cm.

Intarat and Vaiphasa (2020) found that the measured AGB of Avicennia marina trees correspond
best with the allometric relations as found by Comley and McGuinness (2005). However, this only con-
siders the AGB for one tree stem. An additional allometric relationship was proposed for multi-stemmed
mangrove trees by Fu and Wu (2011) that relates above-ground biomass (AGB) to canopy diameter
(CD) and height (H) by a linear regression equation (2.2). It does make sense to measure canopy
diameter instead of DBH for multi-stemmed trees. Avicennia m. is often in between multi-stemmed
and single-stemmed in morphology which complicates choosing the right allometric equation.

AGB = 1:8247 (CD? H)%0202 (2.2)
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Height-age and (b) DBH-age (Thampanya, 2006)

2.1.4. Tree ordering schemes

In the past, efforts have been made to come up with a way to describe tree structures in a systematic
manner. McMahon and Kronauer (1976) applied an ordering scheme for trees to gain a better under-
standing of the mechanical design of trees. The ordering system assigns an order to branches ranging
from the smallest branches (1st order) to the largest trunk (highest order). Then, several ratios are
defined namely a branching ratio Rg, a diameter ratio Rp and a length ratio R|_. These parameters
describe the differences between two subsequent orders. The ratios are defined as:

RL

Nm
Rr =
® 7 Nm+1
dm+1
R =
D o
L
— M+1 REIS

Lm

(2.3)

(2.4)

(2.5)
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This information can be used to construct a mechanical design with certain measured branch di-
mensions. Moreover, McMahon and Kronauer (1976) showed that a tree is approximately self-similar,
which indicates that a small part of tree is representative for the whole tree structure. A visualization of
a mechanical tree structure is shown in Figure 2.4. Additionally, other parameters are needed: dmin, is
the minimum branch diameter (order 1), dnhigh being the average diameter of the highest order (trunk),
H being the plant height, Lnign is defined as length of the highest order and Nm; high is the number
of stems rising from the ground. With all these parameters known, one could, in principle, construct
a tree structure and estimate the frontal surface area of the vegetation the according to the method
as described in Jarveld (2004). Finally, the projected plant area for an order m can be obtained as
the product of d, Ly and N,. The summation of all orders M gives the total projected area of the
vegetation.

Figure 2.4: Tree structure ordering scheme

The structure of plants can also be described in an algorithmic way using Lindenmayer systems (L-
systems) (Prusinkiewicz & Lindenmayer, 1996). The result is a graphical representation of the structure
of a plan. It builds upon the notion of self-similarity. Self-similarity relates plant structures to the geom-
etry of fractals. Originally, this theory is applied in the field of computer graphics. L-system structures
need certain input parameters such as initial plant structure (axiom) and algorithmic rules regarding ge-
ometrical tree growth parameters such as branch developments and angles, which can be measured
in the field. Besides, one can also include stochastic processes and vary the degree of randomness.

Previous studies have shown that geometrical tree models are often generated by reconstructing
point cloud data (obtained from terrestrial laser scanners) (Intarat and Vaiphasa, 2020; Du et al., 2019;
Hackenberg et al., 2014) or from photographs through image segmentation techniques (Shlyakhter
et al., 2001). However, these methods only give the geometrical structure of the tree structure that is
being scanned/photographed and does not take natural variation into account.



Methodology

This chapter explains the methodology used to carry out the manual measurements in the greenhouse.
Furthermore, a description of the analysis and storage of data is provided. Also described is the de-
sign methodology used to create the geometric tree models. All components that together make up
the complete tree model will be discussed in detail. For the individual components (underlying func-
tions of the model), certain choices will be motivated on the basis of theory, practical considerations or
observations.

3.1. Measurement methodology

3.1.1. Measurement plan

Table 3.1 lists geometrical tree parameters to be included as input for the geometrical tree models.
Most of the parameters originate from literature and determine the shape of the vegetation. The average
branch lengths and diameters for each order (smaller twigs up to the highest-order stem) are necessary
to create a mechanical tree structure (see Section 2.1.4).

The aim is to measure:

+ 2 mature trees (1 dense canopy, 1 sparse/open canopy)
» 2 saplings (shrubs) (1 dense canopy, 1 sparse/open canopy)

The motivation for this selection is that we will be able to generate geometrical tree models for
various growth stages (young vs. mature) and various canopy densities (sparse vs. dense). This infor-
mation allows us to establish relationships between vegetation characteristics and three dimensional
shape. The aim was to fully measure the canopy of one large tree (all branches). The smaller trees
(saplings) have been fully measured as well. For the remaining tree, only some branches have been
measured randomly. However, the branch configuration/structure of every tree will be mapped in detail.

A brief summary of the tree measurements:

» Branches, including stem: diameters (variation over the length), lengths, order, amount of side
branches for each branch.

* Pneumatophores: density, shape, diameter gradient, height.
» General: tree height, box dimensions, images.
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Table 3.1: Measurement plan - Avicennia marina vegetation.

Parameter Unit Method

Trunk height cm measuring tape/pole
Trunk diameter mm caliper/measuring tape
Average branch diameter of or- mm caliper

ders [m, m+1...M]

Average branch lengths of or- cm measuring tape

ders [m, m+1...M]

Pneumatophore height ( , ) cm measuring tape
Pneumatophore diameter ( , ) mm caliper
Pneumatophore density 'g‘og‘(';’fg counting

Branch angles degrees protractor/observations

Number of child branches (or-
der m) of mother branch order
m+1

observations

3.1.2. Selecting trees for measurements and general observations

Trees (or saplings) were selected in such a way that we may ultimately be able to answer the main
questions. In the end, relationships must be found between tree properties on the one hand and geo-
metrical properties on the other hand. In addition, differences will be highlighted between tree types.
Consequently, the following trees are selected based on their characteristics:

Figure 3.1: Sparse sapling (AV3111 - box 31)

Figure 3.2: Dense sapling (AV3211 - box 32)



3.1. Measurement methodology 11

Figure 3.3: Dense (young) tree (AV511 - box 5) Figure 3.4: Sparse (young) tree (AV1211 - box 12)

Table 3.2: Tree characteristics of selected trees.

Tree id Growth stage Canopy density Height
AV511 (box 5)  young tree (5 years old) dense 1.89m
AV1211 (box 12) young tree (5 years old) sparse 246 m
AV3111 (box 31)  sapling (1.5 years old) sparse 1.07m
AV3211 (box 32)  sapling (1.5 years old) dense 0.89m

Table 3.2 summarizes the main tree characteristics of the selected trees. As a general observation,
all trees were partly pruned which affects measurements which may cause differences between green-
house trees and naturally occurring trees. However, pruning was not done excessively. In addition,
tree types AV3211 and AV511 have a more complex branch configuration at first sight compared to tree
types AV3111 and AV1211.

3.1.3. Execution of root measurements

Several parameters were measured to capture the geometrical shape of pneumatophores. The height
(h), base diameter (Dy, or Dgp), diameter halfway (D, or Do:sn) and top diameter (D¢ or Dg.gn). The
tip diameter (Dvip) is set to zero. A visual representation of these parameters is shown in Figure 3.5. A
total of 100 roots were measured, 25 roots per tree (open sapling, dense sapling, open tree and dense
tree).
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