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Abstract

This thesis presents modeling works on biomass dynamics and hydrodynamics-
sediment transport in blue carbon ecosystems with a specific focus on seagrass meadows
and mangrove forests. Chapters 2—3 introduce innovative models for the biomass dynamics
of seagrass meadows and mangrove forests. Chapters 4-6 investigate the complex flow-
vegetation interactions in mangrove forests, and integrate the impact of mangroves on flow in
a hydrodynamic model. Chapters 7-8 present case studies that apply the developed
hydrodynamic model and highlight the vital role of mangrove forests in retaining sediments
and soil organic carbon. Overall, this thesis advances our understanding of the ecological and
physical processes governing blue carbon dynamics, providing a solid foundation for modeling

the blue carbon dynamics under the impacts of climate change.



Summary

Blue carbon ecosystems, including mangrove forests, seagrass meadows, and salt
marshes, are coastal vegetation ecosystems renowned for their remarkable capacity to
sequester carbon. They store a large amount of carbon, often referred to as “blue carbon”,
particularly in their soil. Carbon sequestration in the soil of these ecosystems is governed by
two key processes — the internal supply of organic carbon through biomass production and
turnover (the “ecological process”), and trapping of particulate organic carbon
hydrodynamically transported from external systems via fluvial and tidal processes (the
“physical process”). However, our understanding of these processes is limited, which hampers
our understanding of the dynamics of blue carbon under the impact of climate change. This
thesis focuses on modeling biomass dynamics and hydrodynamics-sediment transport
particularly in seagrass meadows and mangrove forests towards a better understanding of the
ecological and physical processes shaping the blue carbon dynamics.

Chapters 2-3 address a better understanding of biomass dynamics of seagrass
meadows and mangrove forests. Chapter 2 presents a new seagrass growth model driven by
a coupled hydrodynamic-biogeochemical model. This model is applied to a seagrass meadow
in the Philippines, which has been impacted by the unregulated mariculture activities in
adjacent areas. The model successfully reproduces the distribution of above-ground seagrass
biomass for two co-existing species. It highlights the impact of high nutrient loads on
underwater light and seagrass growth rates and a potential of recovery of seagrass meadows
through mariculture regulation. In Chapter 3, a new mangrove growth model is developed and
applied to a mangrove forest in Japan. This model incorporates a plant hydraulic module to
consider the soil salinity control on plant water uptake and its linkage to photosynthesis and
nutrient uptake. The model shows a remarkable performance in predicting the patterns in
forest structures composed of two co-existing species across the soil salinity gradient. It
unveils the roles of salinity and tree competition in shaping the forest structures, and identifies
crucial plant traits.

Chapters 4-6 address a better understanding of hydrodynamics-sediment transport in
mangrove forests, with a specific focus on the flow-vegetation interaction of Rhizophora
mangroves, characterized by their complicated above-ground root structures (prop root
systems). Chapter 4 extensively investigates the morphological structures of the prop root
systems by collecting data from 156 trees in Indonesia, the Philippines, and Japan. This
research establishes an allometric relationship between root structures and stem diameter
and develops an empirical model for predicting Rhizophora root structures, demonstrating an

excellent fit with the collected data. In Chapter 5, a detailed measurement of hydrodynamics
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in a planted Rhizophora mangrove forest is presented. This includes quantifying the drag force
exerted by the mangroves and estimating the drag coefficient of Rhizophora mangroves in the
field for the first time. This research demonstrates a reasonable prediction of drag using the
obtained drag coefficient and the empirical Rhizophora root model. Chapter 6 formulates and
implements the impact of Rhizophora mangroves on flow in a hydrodynamic model. It
incorporates the empirical Rhizophora root model, which enables the forest-scale simulation
of hydrodynamics without rigorous measurements of root structures. The model's reasonable
performance in predicting mean flow and turbulence in Rhizophora mangrove forests is
verified using data from previous studies.

Chapters 7-8 feature two case studies applying the developed hydrodynamic model
to investigate sediment transport processes in mangrove forests. In Chapter 7, the model is
applied to a riverine mangrove forest in the Philippines. The results reveal that the increased
hydraulic resistance of the mangrove forest significantly attenuates flow within the forest,
leading to retention of sediments. When the effect of mangroves on flow is deactivated in the
model, a substantial loss of sediments occurs due to soil erosion. Chapter 8 extends the model
to consider the effect of mangroves on wave damping. It assesses the impact of typhoon
events on sediment loss in a mangrove forest. The model demonstrate that mangroves
effectively dissipate wave energy, regulating sediment loss. It also suggests that as typhoon
intensity rises, sediment loss increases nonlinearly. However, the loss of mangroves has a far
more significant impact on sediment erosion than an increase in typhoon intensity. These
results underscore the vital role of mangrove forests in retaining sediments and thus soil
organic carbon. Altogether, this thesis advances our understanding of ecological and physical
processes in blue carbon ecosystems, providing a solid foundation for modeling the blue

carbon dynamics under the impacts of climate change.
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Figure 5.9. Comparison of measured and modeled vegetation drag. The modeled values
were given by Eq. (5.7), a rearrangement of Eq. (5.1) with Cp = 1.0, and the
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interval (dz; 0.05 m) of individuals in tree census plots from three sites (Bak1,
Bak2, and Fuk), 217 f(Ds¢em.: )/ Neree, @nd its representation using the mean
stem diameter, f(Dstem,ave), Where Niee is the number of Rhizophora trees in a
plot, Dstem,ave is the mean stem diameter of Rhizophora trees in the plot, the

“ o
I

subscript “/” represents the tree index, and f represents the function of the
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Figure 6.3. Vertical profiles of vegetation projected area density, a, in (a) a model
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using the parameters shown in Tables 6.1 and S6.1 (for Bak2). The projected

area density of cylinder arrays (in panels “a” and “b”) as well as the a predicted

using the generic mangrove root model (in panel “b”), which were used for
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Figure 6.7. Time-series of measured and predicted (a, d) cross-sectional mean velocity (U),
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Figure 6.8. Time-series of measured and predicted (a, d) cross-sectional mean velocity (U),
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Chapter 1: General introduction

Mangrove forests, seagrass meadows, and salt marshes are vegetation habitats that
grow in coastal wetlands. Mangroves are woody plants that grow in intertidal areas in tropical
and subtropical regions. Seagrasses are grass-type plants that can be found in shallow coastal
areas in temperate to tropical regions. Salt marshes are also grass-type plants but grow in
intertidal areas in temperate regions. These vegetation habitats are known to store a large
amount of organic carbon in their biomass and/or in their soil, called “blue carbon”, and are
therefore often referred to as “blue carbon ecosystems” (Nellemann et al., 2009). Blue carbon
ecosystems show high carbon sequestration rate, especially in their soil, more than other
ecosystems (Fig. 1.1). They have been thus gaining significant attentions in terms of global
warming mitigation (Donato et al., 2011; Fourqurean et al., 2012; Taillardat et al., 2018;
Temmink et al., 2022). The frequent or constant inundation of their soil by tides regulates
microbial activities to decompose organic matters. This partially explains why the soil of blue
carbon ecosystems are efficient in sequestrating organic carbon and can show large carbon

stock in their soil in disproportional to their biomass amount.
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Figure 1.1. Compilation of carbon sequestration rate in various ecosystems by Taillardat et al.
(2018). The figure is adapted from Taillardat et al. (2018).

There are two major sources of organic carbon stored in the soil of the blue carbon
ecosystems — autochthonous carbon and allochthonous carbon (Woodroffe et al., 2016). The
autochthonous carbon refers to the carbon internally produced in the blue carbon ecosystems
and then being stored in the soil. We call the process of autochthonous carbon sequestration
as “biological feedback” of the blue carbon ecosystems. On the other hand, the allochthonous
carbon refers to the carbon externally derived and transported to the soil of blue carbon

ecosystems by water flow through the continuum of terrestrial-river-ocean. We call the process



of allochthonous carbon sequestration as “biogeomorphic feedback” of the blue carbon
ecosystems. Several studies have shown that the allochthonous carbon can account for a
significant fraction of the total carbon stored in the blue carbon ecosystems (Sasmito et al.,
2020; Suello et al., 2022; Temmink et al., 2022; Fig. 1.2). The presence of biogeomorphic
feedback in addition to the biological feedback explains why blue carbon ecosystems exhibit

the highest sequestration rates among ecosystems (Temmink et al., 2022).
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Figure 1.2. Compilation of carbon density and sequestration rate in the world’s major carbon-
storing ecosystems by Temmink et al. (2022). The figure is adapted from Temmink et al.
(2022).

The biological feedback occurs through the supply of biomass products of blue carbon
ecosystems to their soil which involves the processes such as photosynthesis, biomass
production, litterfall, and fine root turnover. Figure 1.3 shows an example of a compilation of
global data on the major carbon pathways in mangrove forests by Alongi (2014). While the
study unraveled how the biological feedback drives carbon sequestration in mangrove forests,
there still is a significant knowledge gap on how the environmental stresses could affect these
pathways. This gap leads to the significant uncertainty in the estimation of the future carbon
pathways in mangrove forests under climate change. This knowledge gap also applies to the
seagrass meadows and salt marshes. In order to understand the impact of climate change on
the dynamics of blue carbon, first we need to understand the response of the blue carbon

ecosystems’ biomass dynamics to environmental stresses.
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Figure 1.3. Compilation of the major pathways of carbon flow through the world’s mangrove
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ecosystems by Alongi (2014). The figure is adapted from Alongi (2014).

The biogeomorphic feedback occurs largely due to the flow-vegetation interaction. The
coastal vegetation habitats slow down the water flow and attenuate waves by exerting drag
force (Mazda et al., 1997; Nepf, 1999; Temmerman et al., 2005). This creates conditions
preferable for sediment deposition and retention, which is otherwise resuspended and flowed
away (Xu et al., 2022; Fig. 1.4). This process is sometimes called “sediment trapping”. By
promoting sedimentation, the blue carbon ecosystems affect landforms in a long-term (and
thus referred to as “biogeomorphic feedback”). Some of the suspended sediments transported
to the blue carbon ecosystems are in the form of particulate organic carbon originated from
external systems — allochthonous carbon, which may significantly contribute to the carbon
sequestration function of the blue carbon ecosystems (Temmink et al., 2022). However, the
insights into the biogeomorphic feedback are largely limited. This can be inferred from Fig. 1.3
of the compilation of the major carbon pathways in mangrove ecosystems by Alongi (2014)
which lacks the information on carbon flux transported from external systems through the
hydrodynamics. In order to understand how the biogeomorphic feedback controls the carbon
sequestration in the blue carbon ecosystems, first we need to understand the hydrodynamics-

sediment transport in the blue carbon ecosystems.
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Figure 1.4. Schematic of flow-vegetation interaction promoting sedimentation in a mangrove

forest.

Based on the above-mentioned knowledge gap on the biological feedback and
biogeomorphic feedback in the blue carbon dynamics, this study aims to better understand
the biomass dynamics and the hydrodynamics-sediment transport in the blue carbon
ecosystems. These results would take a step forward in our understanding of blue carbon
sequestration rate and its dynamics. This study was conducted as a part of a project
“Comprehensive Assessment and Conservation of Blue Carbon Ecosystems and Their
Services in the Coral Triangle (Blue CARES)” led by Prof. Kazuo Nadaoka (Tokyo Institute of
Technology) in collaboration with the Philippines and Indonesia counterparts. Due to the
absence of salt marshes in the study sites of the project, this study focusses on the seagrass
meadows and mangrove forests only. This study specifically aims at modeling of the biomass
dynamics and hydrodynamics-sediment transport — an ecological and physical process
controlling the blue carbon dynamics. These models would serve as a first step in developing
an integrated and comprehensive blue carbon dynamics model which can be used to predict
how blue carbon dynamics responds to the stressors such as climate change and human
activities (e.g., land conversion).

This study is presented as follows. In Chapter 2 and 3, the novel models for biomass
dynamics of seagrass meadows and mangrove forests are presented, respectively, for a better
understanding of the biological feedback (Fig. 1.5). For biogeomorphic feedback, however,
hydrodynamics and sediment transport in seagrass meadows have already been investigated
by many studies (e.g., Nepf, 1999; Lightbody & Nepf, 2006; Hansen & Reidenbach, 2017; Zhu
et al., 2021) and the models have been established (e.g., Temmerman et al., 2005; Marsooli
et al., 2016; Nardin et al., 2016; Beudin et al., 2017). In contrast, the hydrodynamics and
sediment transport in mangrove forests have been relatively unexplored. Specifically, the
insights into the hydrodynamics-sediment transport in Rhizophora mangrove forests, one of

the most dominant mangrove genera in the world (Friess et al., 2019), are largely limited. This
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is mainly because of the lack of insights into the complex structures of the above-ground root
systems and their impacts on hydrodynamics. Consequently, no model has been established
yet to predict the hydrodynamics in Rhizophora mangrove forests. Therefore, the following
chapters (Chapter 4—6) are dedicated to the modeling of hydrodynamics in the Rhizophora
mangroves. Specifically, in Chapter 4, modeling of the above-ground root system structures
is addressed, and in Chapter 5, results from a detailed field measurement of flow in a
Rhizophora mangrove forest is presented (Fig. 1.5). Then, in Chapter 6, a novel hydrodynamic
model incorporating the impacts of Rhizophora mangroves on flow is presented by
implementing the insights obtained from Chapter 4 and 5. After that, two examples of the
application of the developed model for the hydrodynamics and sediment transport in mangrove
forests are presented in Chapter 7 and 8. Finally, a summary of the insights obtained from this

study is presented in Chapter 9.
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28
8’ % Seagrass growth model Mangrove growth model
9 8 Chapter 2 Chapter 3
m 4
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Figure 1.5. Diagram of the contents of Chapter 2—-6 addressing the modeling of biological

feedback and biogeomorphic feedback in seagrass meadows and mangrove forests.
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Chapter 2: Modeling seagrass bed
dynamics under environmental impacts of
iIntensive mariculture activities in Bolinao

and Anda, the Philippines

2.1.1 Abstract

This study assessed the estuarine-scale dynamics of mixed seagrass beds in Bolinao
and Anda coastal areas in the Philippines, where seagrass beds have declined primarily due
to eutrophication-induced degradation of light environment caused by unregulated mariculture
activities in the adjacent areas. A seagrass model, driven by a coupled hydrodynamic-
biogeochemical model, was developed and applied to the two-dominant species in the area —
Thalassia hemprichii and Enhalus acoroides, and validated using observed spatial seagrass
shoot density. The results showed the degradation of light environment in the seagrass beds,
especially near mariculture areas, due to advective fluxes of water with high phytoplankton
biomass and high nutrients from fish farms. The seagrass model driven by the reproduced
water quality showed high reproducibility of seagrass above-ground biomass distribution of
the two co-existing species, with R? values of 0.78 and 0.60 for T. hemprichii and E. acoroides,
respectively. Scenario analysis was conducted to examine the effectiveness of individual- and
inter-municipality mariculture management (e.g., regulating fish feed input) in improving the
light environment and facilitating the recovery of seagrasses. Results showed that the light
environment could be significantly enhanced by an inter-municipality scheme compared to
individual efforts of Bolinao and Anda municipalities, since their waters are interconnected
through hydrodynamics. In conjunction with the improvement of light conditions, the recovery
in seagrass abundance is most significant under the cooperative management scheme, thus

highlighting its effectiveness.

2.1.2 Introduction

Seagrasses are known to be highly productive plants (Duarte et al., 2010). They provide

8



a wide range of ecosystem services such as nursery grounds for many juvenile fishes and
invertebrates, thus supporting fishery production (Bertelli and Unsworth, 2014; Unsworth et
al., 2018), and as a major sink of atmospheric CO; to mitigate global warming (Nellemann et
al., 2009; Fourqurean et al., 2012). However, seagrasses have been in decline worldwide, with
their disappearance recently accelerating at a rate of 110 km? yr' due to increased
anthropogenic pressures (Waycott et al., 2009). Eutrophication and sediment loading as well
as coastal development are typically the most common and significant causes of seagrass
decline (Orth et al., 2006; Burkholder et al., 2007; Brun et al., 2008; Waycott et al., 2009;
Govers et al., 2014; Evans et al., 2018). As a result, there are increases in phytoplankton
biomass and suspended solids in the water, and epiphyte biomass on seagrass leaves
(Dennison et al., 1993; Ralph et al., 2007). This increase in particulate matter leads to a
reduction of light availability — the most critical water quality parameter for seagrass growth
(Waycott et al., 2005; Collier et al., 2012). However, as shown by the cases in Europe,
seagrass ecosystems may recover after implementing management actions to improve water
quality conditions (de los Santos et al., 2019). The need to take such countermeasures for
seagrass ecosystem conservation is especially urgent in Southeast Asian coasts where
seagrass species diversity is the highest in the world (Short et al., 2011), and where many
local communities rely directly on coastal resources for their food and livelihood (Afabieza et
al., 2010; Cruz-Trinidad et al., 2011; Quiros et al., 2018). This region, unfortunately, is also
where many seagrass habitats face threats from rapid coastal development.

Seagrass habitats along the coasts of the municipalities of Bolinao and Anda in the
northwest Philippines also experience the said stressors brought about by coastal
development. Bolinao and Anda waters are characterized by two distinct features: a reef area
and a mariculture area (Fig. 2.1). Extensive and abundant mixed seagrass beds with high
species richness are located in the reef area (Varmaat et al., 1995; Bach et al., 1998). On the
other hand, the mariculture area is known as one of the most intensive milkfish (Chanos
chanos) culture production in the country, which started in 1995 (Verceles et al., 2000). The
mariculture industry is operated by the local government of Bolinao and Anda, with the total
number of fish-rearing structures at 351 and 588 in January 2014, respectively (Ferrera et al.,
2016; Fig. 2.1d), and where the mean sizes of fish pens and cages are 5280 and 310 m?,
correspondingly. Uneaten feeds and fish excretions attributed to intensive fish feeding in a
large number of fish-rearing structures have resulted in sediments enriched in organic matter
(Holmer et al., 2002, 2003). Nutrient inputs due to decomposition of organic matter led to
eutrophic waters, red tides, and hypoxia in this area (Ferrera et al., 2016). This degradation of
water quality has resulted in the recurrence of fish kills (San Diego-McGlone et al., 2008;
Escobar et al., 2013). The eutrophic waters have also affected the adjacent mixed seagrass
bed ecosystem to some extent. Tanaka et al. (2014) studied the recent state of water quality
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and seagrass bed conditions at four sites and compared with data from 1995 (Bach et al.,
1998) when mariculture has just started (Fig. 2.1c). They found increases in chlorophyll-a (Chl-
a) by a factor of 8 to 17, and the associated reduction in underwater light at three sites located
adjacent or inside the mariculture area (Sites 2, 3, and 4 in Tanaka et al. (2014); Fig. 2.1d).
The seagrass species richness has drastically deteriorated at the three sites. Specifically,
seagrasses disappeared at a site in the mariculture area (Site 4 in Tanaka et al. (2014); Fig.
2.1d) where seagrasses used to be present in 1995 (Bach et al., 1998). Macrofaunal
communities and bivalves in seagrass beds have also been affected relative to their distance
from the mariculture area (Leopardas et al., 2016; Morimoto et al., 2017). These studies
highlight the need for regulation in order to achieve sustainable mariculture as suggested by
several studies (Yap et al., 2004; Azanza et al., 2005; San Diego-McGlone et al., 2008; Gecek
and Legovic, 2010; Escobar et al., 2013; Ferrera et al.,, 2016), and to prevent further
degradation and promote restoration of seagrass beds. However, previous assessments of
mariculture impacts on seagrasses in the area were limited to a few sites (Tanaka et al., 2014;
Leopardas et al.,, 2016). Thus, significant gaps in our knowledge on estuarine-scale
assessment remain, including the extent to which eutrophic waters from mariculture activities
spread over seagrass beds through hydrodynamic processes, and how these eutrophic waters
have negatively impacted the seagrasses.

Seagrasses are subject to environmental variables that vary in space and time. The
response of coastal ecosystems to environmental variables are usually nonlinear, and current
conditions of an ecosystem may be the cumulative result of its sequential responses to the
environment. Therefore, an estuarine-scale assessment of seagrass bed dynamics requires
information of seagrass abundance with time-series data of environmental variables at many
points covering wide area of the seagrass bed, as well as data from the source of pollution
such as a mariculture area. However, it is difficult to obtain such data through discrete field
surveys only. A way to address this difficulty is through the development of a numerical
simulation model that can explicitly reproduce the spatiotemporal dynamics of environmental
variables and ecosystem responses (Nakamura et al., 2018). Several seagrass models have
been proposed to simulate biological processes such as photosynthesis and respiration
according to environmental variables including light, nutrient concentrations, and water
temperature (Verhagen and Nienhuis, 1983; Bach, 1993; Bocci et al., 1997; Cerco and Moore,
2001; Elkalay et al., 2003; Plus et al., 2003; Carr et al., 2012; Baird et al., 2016). However,
most of the modeling studies have focused on seasonal dynamics of seagrasses in the
temperate region (Verhagen and Nienhuis, 1983; Bach, 1993; Bocchi et al., 1997; Elkalay et
al., 2003; Plus et al., 2003; Carr et al., 2012). Studies to assess seagrass responses to
anthropogenic impacts in an estuarine-scale are limited (Cerco and Moore, 2001; Baird et al.,
2016). In addition, most of the existing seagrass models have been limited to mono-specific
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seagrass beds application, thus, they do not account for interspecies competition for light,
which may be important in mixed seagrass beds (Williams, 1987; Duarte et al., 2000) like in
the case for Bolinao and Anda. Only Baird et al. (2016) developed a model for the assessment
of an estuarine-scale dynamics of a mixed seagrass bed with two species by taking account
of the shading effects of taller canopy species on the shorter canopy species. However, the
accuracy of the spatial distribution of seagrass biomass was somewhat low, probably due to
the low accuracy of the reproduced environmental variables by the hydrodynamic-
biogeochemical model. Thus, to our knowledge, an estuarine-scale assessment of
anthropogenic impacts on mixed seagrass bed dynamics has not been achieved.

In this study, we aimed at an estuarine-scale assessment of the dynamics of two
dominant seagrass species — Thalassia hemprichii and Enhalus acoroides — through the
development of a hydrodynamic-biogeochemical model and a seagrass model for a mixed
seagrass bed in Bolinao and Anda coastal areas, which have been exposed to anthropogenic
impacts due to mariculture. Unlike in Baird et al. (2016), the seagrass canopy compartment in
the water was partitioned to multiple layers, and irradiance and photosynthetic rate of each
species were calculated at each canopy layer. This approach makes it possible to compute
the seagrass production rate of each species influenced by shading effects in mixed seagrass
beds with more than two coexisting species, an approach necessary to assess the dynamics
of seagrass species richness. With the developed model, we focused particularly on
reproducing eutrophication and the associated light reduction underwater, and on assessing
the dynamics of seagrass abundance under the reproduced environmental conditions. We
also examined the effectiveness of individual- and inter-municipality mariculture management

for improving the light environment and facilitating the recovery of seagrasses.

2.2 Materials and Methods

2.2.1 Study site

Our study sites are the Bolinao and Anda coastal areas located in Lingayen Gulf in the
northwest Philippines (Fig. 2.1a, b). Here, most seagrasses are found in the reef area located
around Santiago Island (Fig. 2.1c). Among the stations used by Tanaka et al. (2014) (Fig.
2.1c), Site 1 is still pristine and has high species richness, while the seagrass beds at Sites 2
and 3 have declined since the introduction of intensive milkfish mariculture in 1995. No
seagrass was seen in Site 4 where seagrass beds were observed in 1995 (Tanaka et al.,
2014). T. hemprichii and E. acoroides are the two dominant seagrass species in the area

(Vermaat et al., 1995; Tanaka et al., 2014), which was also seen in other mixed seagrass beds
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in Southeast Asia (Vermaat et al., 1995). These species are characterized by their larger
shoots and higher longevity than other seagrass species (Duarte 1991; Vermaat et al., 1995).
Specifically, E. acoroides has the largest leaves among tropical seagrasses (100.78 cm? of
leaf surface on average: Duarte 1991), which gives this species an advantage in terms of light
acquisition (Vermaat et al., 1995).

The mariculture area in Bolinao and Anda is found in a shallow enclosed bay
connected to the outer sea in the north and Tambac Bay in the south via small channels (Fig.
2.1c¢, d). Mariculture of milkfish is done using fish cages placed in areas where water depth is
>8 m, and fish pens where depth is shallower (<4 m) (Ferrera et al., 2016).

The spatial gradient in light attenuation seen in 1995 was attributed to siltation mainly
from the rivers in Tambac Bay (Bach et al., 1998). Upon comparison of water quality between
1995 and 2012 at the four sites in Bach et al. (1998) and Tanaka et al. (2014), respectively,
the particulate inorganic matter (PIM) concentrations were significantly lower in 2012.
However, light attenuation was higher in 2012 at sites located adjacent to or inside the
mariculture area due to increased levels of particulate organic matter (POM) and Chl-a
(Tanaka et al., 2014).

The study area has two pronounced seasons — a wet season and a dry season. The
wet season occurs from June to September and is characterized by heavy rainfall and a
prevailing southwest wind, while the dry season is from November to March and is
characterized by less precipitation and a prevailing northeast wind. Two major rivers — Bani
River and Alaminos River with 17,000 ha and 21,100 ha of watershed areas, respectively, flow
into Tambac Bay, supplying a large amount of freshwater, especially during the wet season.

The tides in this area are mixed and mainly diurnal, and the range is up to around 1.1

m. The tides provide the main circulation force in the area (Gecek and Legovic 2010).
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Figure 2.1. (a) Location of Lingayen Gulf, (b) computational domain for the gulf-scale
hydrodynamic model, (c) the Bolinao-Anda coastal area — computational domain for the
coupled hydrodynamic-biogeochemical model and seagrass model, stations for field surveys,
and stations in Tanaka et al. (2014), (d) location of fish-rearing structures of Bolinao and Anda,
based on Ferrera et al. (2016). The “B” stations arbitrarily refer to the stations in Bolinao, the
“T” station pertains to the station in Tambac Bay, and the “BML” station indicates the station
in front of Bolinao Marine Laboratory (BML). The coordinates of the stations are provided in
Table S2.1.

2.2.2 Field surveys

2.2.2.1 Estimation of light attenuation coefficient
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Vertical profiling of down-welling photosynthetically active radiation (PAR) and
chlorophyll-a (Chl-a) was done using a water quality profiler (AAQ-RINKO, JFE-Advantech,
Japan). Surface water was sampled in the Bolinao and Anda coastal area for suspended solids
(SS) using a Niskin water sampler in September 2014. The stations where measurements
were taken included the mariculture area, reef area, and outer sea to capture a wide range of
water quality conditions (Fig. 2.1c). Light attenuation coefficient (k¢; m™') values at the near-
surface water were estimated based on light attenuation from the water surface to a depth of
1 m using the following model (Dennison et al., 1993):

ky = InCEo/E) 2.1)

Z

where E; is the down-welling PAR (umol photons m= s') at depth z (m), and Eg is the down-
welling PAR just below the sea surface.

Water samples for SS were immediately filtered through pre-weighed 47 mm glass
fiber filters (GF/F, Whatman GE Healthcare Life Sciences, England). The filters were rinsed
with distilled water to remove salts. Upon returning to the laboratory, the filters were dried in
an oven at 80 °C for 24 h and weighed to obtain their dry weight. SS concentrations were
determined using the dry weight of the filtered material divided by the water volume used for
filtration.

To characterize k4 from Chl-a and SS in the area, multiple regression was done using
kq as the dependent variable and Chl-a and SS as the independent variables. The empirical
model of k4 obtained was then incorporated into a three-dimensional hydrodynamic-

biogeochemical model, which is described in the next section.

2.2.2.2 Seagrass shoot sampling and dry weight measurement

Seagrass shoot sampling was conducted in the east coast of Santiago Island in
October 2018 (Fig. 2.1¢) using a sampling design adapted from Kim et al. (2016). There were
fifteen sampling plots with at least 25 m distance between each plot. In one sampling plot, four
0.5 m x 0.5 m quadrats were randomly placed with at least 10 m distance between quadrats.
Within a quadrat, two shoots of every species were randomly collected carefully to avoid leaf
or tissue loss. In total, 94 and 82 shoot samples were obtained for T. hemprichii and E.
acoroides, respectively. The shoots were then stored in air tight plastic bags and brought to
the laboratory. Epiphytes attached to seagrass blades were removed and below-ground tissue
was shipped-off. Seagrass shoots were then dried in an oven at 60 °C for 72 hours and
weighed to obtain their dry weight. The mean dry weight per shoot was then used to estimate
the above-ground biomass of each species from the shoot density data (Tanaka et al.,
unpublished data) collected extensively in the seagrass beds in Bolinao and Anda (see section

2.2.6).
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2.2.2.3 Three-dimensional hydrodynamic-biogeochemical

model

A framework for model analysis was established in order to assess the impact of fish
food input on seagrass bed ecosystem (Fig. 2.2). A coupled model using Delft3D, a three-
dimensional hydrodynamic model (Deltares, 2014a), and Delwaq, a biogeochemical model
(Deltares, 2014b), were used to reproduce the circulation of coastal waters and the impacts
of fish-food derived waste load on water quality. The computational domain of the model is
shown in Fig. 2.1c. The grid has nine vertical layers in the o-coordinate with non-orthogonal
grid in the horizontal plane. The grid resolutions are approximately 150 m in the mariculture
area, 80 m in Tambac Bay, and 300 m in the reef area.

The hydrodynamic model was driven by water level at the open boundary,
meteorological forcing (e.g., wind, solar radiation, air temperature), and freshwater inputs from
the rivers flowing into Tambac Bay, mostly during the wet season. The water level at the
boundary was given by offline nesting from a Lingayen Gulf-scale hydrodynamic model (Fig.
2.1b) driven by a global tidal model NAO.99b (Matsumoto et al., 2000). Data for atmospheric
conditions were obtained from a weather station installed in the area (16.42877°N,
119.94983°E). For freshwater discharge, assumed values were inputted based on observed
hydrodynamic conditions with which the model agreed, in particular for salinity. The validation
results of the hydrodynamic model were provided in Fig. S2.3 and Note S.2.2 in the
Supplementary Information.

The biogeochemical model was configured to simulate the dynamics of nutrients
(nitrate, ammonium, ortho-phosphate, and silicate), phytoplankton, particulate organic matter
(POM), particulate inorganic matter (PIM), dissolved organic matter, and dissolved oxygen
(DO) (See Note S2.2 for the detailed description). The fish-food derived waste load attributed
to uneaten food and fish feces was modeled as POM to be discharged at the surface layer as
point sources. Information about the amount of fish food supplied to a fish structure per day
was obtained from an interview survey in 2014 with local mariculture farmers as respondents
(Table S2.2). Relative nutrient contents of fish food and ratio of waste load to fish food given
were determined based on Magdaong (2008) and Holmer et al. (2002) (Table S2.2). The
waste load rate at the individual grid cell was then determined by multiplying the waste load
rate from a fish-rearing structure and the number of fish-rearing structures in a grid cell,
assuming fixed rates of waste load at each fish-rearing structure. Due to lack of available data,
a constant concentration of PIM throughout the year was assumed to be discharged from river
waters to coastal waters (Table S2.3). The simulated light intensity at the height of the

seagrass canopy top was then provided to the multi-layer irradiance distribution model for the
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mixed seagrass canopy (Fig. 2.2). The simulated nutrient levels near the bottom of an
individual grid cell was provided to the seagrass model as driving factors of seagrass growth
(Fig. 2.2). The connections of the hydrodynamic-biogeochemical model with the irradiance
distribution model and seagrass growth model were one-way (Fig. 2.2); thus no feedback
processes of seagrass nutrient uptake, photosynthesis, respiration, and detritus inputs to
water quality were considered in the present modeling framework. The validation results of

the biogeochemical model were provided in Fig. S2.4 and Note S2.2.
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Figure 2.2. Model analysis framework.

2.2.2.4 Seagrass bed dynamics

Aside from light attenuation within the water column, which is a function of water quality,
the three-dimensional architecture of seagrass canopy that may significantly influence light
environment within canopy (Enriquez and Pantoja-Reyes 2005; Hedley and Enriquez 2010;
Hedley et al., 2014) was considered in the model. To compute the species-specific light
availability in a mixed seagrass bed with different leaf height among species, a multi-layer
irradiance distribution model for mixed seagrass canopy was used, similar to the model of
irradiance distribution in Zimmerman (2003) but without considering light scattering.

The change in seagrass biomass was computed using the seagrass growth model (Fig.
2.2) at an hourly time step. The model includes processes such as photosynthesis, respiration,
and mortality. The model has three state-variables, these are seagrass above-ground biomass,

below-ground biomass, and attached epiphyte biomass for each seagrass species, all
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expressed in mmol C m2 ground. The light intensity used for photosynthesis computation is
provided by the multi-layer irradiance distribution model. Then the feedback of epiphyte
biomass density and leaf area index at each layer is provided to the multi-layer irradiance
distribution model for computation of light intensity within the canopy at the next time step.
The two dominant species in the area — T. hemprichii and E. acoroides — were selected as
target species to be included in the model. The model computed biomass changes in both

species simultaneously. The parameters of the models are summarized in Table 2.1.

Table 2.1. Parameters and values used in the seagrass model. Values in parenthesis

indicate the range of literature values.

Symbol  Description Value Unit

T. hemprichii  E. acoroides (s
(s=1) =2)

Seagrass related parameters

Absls Leaf absorbance of PAR? 0.78 0.81 -
sinBs Sine of leaf bend nadir anglek 0.25 0.47 -

Parameter of shallow water depth
dis effects on mortality* 0.0 8.10 )

Parameter of shallow water depth A
d2s effects on mortality* 0.0 19.16 m

2 -
Eis Saturation PAR® 180 110 umol photons m™ s
. . 0.84 (0.62—- 0.78 (0.69 —
. c
foelow,s Fraction biomass below-ground 0.93) 0.91)
Kdin,s Half saturation concentration of DINk 0.20 0.25 umol L
Is Leaf lengthd 0.08 0.5 m
. 0.025 0.0006
Mhis lt\)/ilgrr;(lzllstgerate of above-ground (0.0013 — (0.0006 — day"'
0.05) 0.0147)

M s Mortality rate of below-ground biomass’ 0.0015 0.0006 day"!
Prmax.s Maximum photosynthetic rate® 0.207 0.097 day"
Ris Leaf respiration rate® 0.028 0.018 day’
Rs Root respiration rate® 0.003 0.009 day"
Tran s Translocation ratek 0.11 0.03 day"
Epiphyte related parameters
A PAR absc:}rptlon coefficient of 0.0015 m2 mmol! C

epiphytes

2 a-

Eke Saturation PAR for epiphytes' 183 1“ mol photons m™ s
Kaine Ha_lf saturkatlon concentration of DIN for 0.25 umol L

epiphytes

Maximum photosynthetic rate of 1
Pemax eplphytesJ 0.344 day
Re Epiphyte respiration ratel 0.06 day’
Set Ea_ranjeter of de_:nsny saturation 340 mmol C m-2

limitation for epiphytes
Sez Parameter of density saturation 0.1 m2 mmol! C

limitation for epiphytes®
@ Purvaja et al. (2020)

b Agawin et al. (2001)

¢ Calibrated within the range reported by Fortes et al. (2012)

dVermaat et al. (1995)

¢ Calibrated within the range reported by Duarte (1991) and Vermaat et al. (1995)
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f Duarte (1991)

9 Estimated from Duarte (1991) and Vermaat et al. (1995)
h Bulthuis et al. (1983)

i Plus et al. (2003)

i Klumpp et al. (1992)

k Calibrated

2.2.2.4.1 Multi-layer irradiance distribution model for mixed

sSeagrass canopy

The descriptions on the geometric representation of seagrass leaves, vertical layering
of the mixed seagrass canopy for the submerged condition and the partially exposed condition
are summarized in the Supplementary Information (Note S2.1). The graphical descriptions are
shown in Fig. S2.1. Epiphyte biomass colonizing each species is variable in the canopy layers.
Epiphyte biomass density at canopy layer i for a species (Des;, mmol C m? leaf) is given by
Deg; = EBg;/LAI; (2.2)
where EB;s; is the epiphyte biomass attached on the leaves of the species at layer i (mmol C
m-2 ground) and LAl is layer leaf area index of the species (m? leaf m? ground). Here and

[TPl]

hereafter, “s” denotes species, where 1 is T. hemprichii and 2 is E. acoroides. Epiphyte
biomass density is zero (Des; = 0) when there is no seagrass biomass of the species in the
layer. See Note S2.1 for the calculation of leaf area index from above-ground biomass.

Light is absorbed by the epiphyte, seagrass leaves, and water at each layer. Light
absorption by epiphyte and seagrass leaves in a layer is related to the projected leaf area of
the species in the layer (Als;, m? leaf m ground) (Baird et al., 2016) and epiphyte biomass
density, Des; (Bulthuis and Woelkerling, 1983; Drake et al., 2003), where Al = LAl isin6s and
6s is leaf nadir angle of the species (see also Note S2.1). If down-welling PAR at the upper
boundary of layer i is given as Eg; (umol photons m=2 ground s™'), the PAR that transmitted
the layer i and reached the layer i+1 (Eq;+1) is calculated as
Eqiy1 = Ed,iexp(—Canopykd,i - kddz) (2.3)
where Canopyky; is light attenuation coefficient of seagrass leaves and epiphytes in layer i
(dimensionless), kq is light attenuation coefficient of water column (m-") as described in Section
2.2.2, and dz is layer thickness (dz = 0.01 m). Canopyka, is calculated as
Canopykgy; = Zgzl(Absls + Abse X Deg; — Abslg X Abse X Desli)AlS,i (2.4)
where Absl; is leaf absorbance of PAR of the species (dimensionless), Abse is PAR absorption
coefficient of epiphytes (m? leaf mmol' C). The expression Absls x Abse x Des; is subtracted
in Eq. (2.4) to account for the effects of the overlaid distribution of epiphytes on the seagrass
leaves in the layer, i.e. the light passing through the seagrass leaves in the layer is not

influenced by epiphyte light absorption.
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The incident PAR that is used for seagrass and epiphyte photosynthesis computation
in a layer is affected by the leaf bend nadir angle (6s) and is calculated after the computation
of irradiance distribution described above. In a layer i, epiphytes acquire PAR ahead of
seagrasses. The incident PAR for the photosynthesis of epiphyte attached on leaves of a
species (Eince,s,, Mmol photons m=2 s™") is then calculated as
Eincesi = Eq, Sin b (2.5)
and the incident PAR for the photosynthesis of the seagrass species (Einasi, pmol photons
m~2 s7") following epiphyte light absorption is calculated as
Einclsi = Eincesi(1 — Abse X Deg;) (2.6)

For the partially-exposed condition of leaves due to very shallow waters, Eg1
corresponds to the PAR at the water surface, and 6 = 90 degrees at the top layer (air-water

interface). See also the Note S2.1 in the Supplementary Information.

2.2.2.4.2 Seagrass growth model

Seagrass above-ground biomass is controlled by photosynthesis, leaf respiration,
mortality, and biomass translocation between above- and below-ground parts. The change in

species-specific above-ground biomass (LBs, mmol C m2) is governed by the equation

= Pn,s - 1\/11,5(1 + fd,s)LBs —Ys (2-7)

where P,s (mmol C m day) is net production rate, M,s (day') is mortality rate of above-

dLBg
dat

ground biomass, fys (dimensionless) is a factor of the influence of shallow water depth on
above-ground mortality, and ys (mmol C m day') is biomass translocation rate between
above- and below-ground of each species. The below-ground biomass is controlled by root
respiration, mortality, and biomass translocation with above-ground biomass. The equation for

the change in species-specific below-ground biomass (RBs, mmol C m2) is

dRBg
dt

= —R,sRB; — M\ sRBg + ;s (2.8)
where R:s (day™) is root respiration rate, and M:.s (day') is mortality rate of below-ground
biomass.

Species-specific net production rate at canopy layer i (Pnsi, mmol C m? day”’) is
computed from the hyperbolic tangent function that represents a production-irradiance (P-I)
curve (Jassby and Platt, 1976) with additional nutrient limitation function, and subtraction of

leaf respiration rate

Einc ,S,1
Pn,s,i = Pmax,sfn,s tanh (E_1> - Rl,s] LBs,i (29)

ks
where Pnaxs is maximum photosynthetic rate (day), Exs is saturation PAR (umol photons m2

s™), fns is a factor of nutrient limitation on production (dimensionless), Ris is leaf respiration
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rate (day'), and LBs; is above-ground biomass at layer i (mmol C m~2) of a species. Species-

specific nutrient limitation, fs, is given by the Michaelis-Menten equation

— _ DINw (2.10)

fos = Kdins+DINy
where DIN,, (umol L") is concentration of dissolved inorganic nitrogen (DIN) in near-bottom
water, and Kains (WMol L") is species-specific half saturation concentration of DIN. Although
the seagrass beds in Bolinao and Anda coastal area have been impacted by eutrophication-
induced light reduction (Tanaka et al., 2014), this function was introduced to consider possible
nutrient limitation in pristine seagrass beds in the area (Agawin et al., 1996; Terrados et al.,
1999a). The Bolinao and Anda coastal area is a nitrogen-limited environment in terms of
Redfield stoichiometry (Ferrera et al., 2016); thus, only nitrogen availability represented by
DIN was considered in this model. One assumption here is that nutrient availability is
represented by the simulated DIN concentration in the near-bottom waters, despite the ability
of seagrasses to take up nutrients from both their leaves and roots (Stapel et al., 1996). This
assumption was made due to the difficulties in accurately simulating nutrient concentrations
in sediment pore water in the present hydrodynamic-biogeochemical model. Species-specific
net production rate per unit ground area (P,s, mmol C m2 day™) is calculated by vertically
integrating the profile of net production rate
Pos = ZiPng (2.11)
Background mortality rates were defined both for the above- and below-ground
biomass (Eq. (2.7), (2.8)). Above-ground mortality rates may be enhanced by emergence
stress when water depth is very shallow (Tanaka and Nakaoka, 2004; Unsworth et al., 2012).
These effects may be significant for the distribution of E. acoroides, which is characterized by
tall leaves (Unsworth et al., 2012). E. acoroides was rarely observed growing in very shallow
waters in Bolinao and Anda, with few exceptions. Therefore the effect of emergence stress
has been included in the model, in particular for E. acoroides, using the same formulation
introduced in Verhagen and Nienhuis (1983) in the expression
fas = dl’sexp(—dzlsz) (2.12)
where dis (dimensionless) and d.s (m™") are species-specific parameters of shallow water
depth effects on mortality, and z (m) is water depth. Translocation of biomass between above-
and below-ground parts (ys, mmol C m?2 day') was modeled following Baird et al. (2016),

which assumes that seagrass has a fixed optimal ratio of above- and below-ground biomass

RBg

Vs = (fbelow,s - LBS+RBS) (LBS + RBs)Ttran,s (213)

where fueiows (fraction) and rwans (day') are species-specific optimal fraction of below-ground

biomass and translocation rate, respectively.
Epiphyte biomass is controlled by photosynthesis, respiration, and seagrass above-

ground mortality, hence loss of seagrass leaves leads to loss of epiphyte biomass attached to
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the leaves. The changes of epiphyte biomass attached on the leaves of a species (EBs,;, mmol

C m) at layer i is then given by

dEBS‘i
“dar = Pne,s,i - le,s(1 + fd,s)EBs,i (2-14)

where Pnes, is epiphyte net production at layer i (mmol C m2 day'). Spatial limitation on
epiphyte production (fses;, dimensionless) was assumed as in Elkalay et al. (2003) and was

calculated based on epiphyte biomass density at a specific layer
fse,s,i =

where se1 (mmol C m2 leaf) and s.2 (m? leaf mmol' C) are parameters of epiphyte biomass

1
1+exp[sez(Desi—Se1)]

(2.15)

density saturation. Nutrient limitation on epiphyte production (f.e, dimensionless) was
calculated using the same equation as for seagrass (Eq. (2.10)). Epiphyte net production
(Pnesi, mmol C m day') attached on each seagrass species was formulated using almost the

same equations as for seagrass

Einces,i
Pne,s,i = [Pemaxfse,s,ifne tanh ( Eces ) - Re] EBs,i (2-16)
ke

where Pemax is epiphyte maximum photosynthetic rate (day'), Ex is saturation PAR
intensity for epiphytes (umol photons m=2 s™), and R is epiphyte respiration rate (day-'). The
effect of temperature on seagrass and epiphyte production (Perez and Romero, 1992), was
not considered in this study; this is because the area is in a tropical region with small
temperature variations throughout the year (27.8°C + 2.1°C, based on the continuous

monitoring data from September 2011 to September 2012 in the area).

2.2.2.5 Model configuration

To reproduce the environmental conditions that are driving factors for seagrass bed
dynamics, the hydrodynamic-biogeochemical model was run for a two-year period, February
2012 to February 2014. The first year was for the spin-up of the hydrodynamic-biogeochemical
model, and the second year was for driving the seagrass model. At every grid cell, the initial
condition of the seagrass biomass was set to 2000 mmol C m=2, 4000 mmol C m~2 for above-
and below-ground biomass, respectively, both for T. hemprichii and E. acoroides. The initial
condition of epiphyte attached on each seagrass species in each layer was set as 5 mmol C
m~2 at every grid cell.

If seagrass biomass was extinct due to low productivity in a grid cell, 50 mmol C m2 of
biomass was added for both above- and below-ground for their possible recovery at any time.
Likewise, 1 mmol C m of biomass for epiphyte attached on the seagrass species in a layer
was added when it was extict in a grid cell. The seagrass model was then run until the growth
rates reached a steady-state in every grid cell. Because the seagrass model required a longer
computational period (around 10 years) to reach steady-state than the hydrodynamic-
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biogeochemical model, the simulated one-year water quality was repeatedly given to the
seagrass model. The simulated steady-states of seagrasses were then assumed to be the
current condition of seagrass biomass distribution in the area, although the seagrass beds
here may not be in steady-states and could be undergoing degradation. This assumption was
made because there was no available data on temporal variations in seagrass biomass in the

area following the introduction of the mariculture industry.

2.2.2.6 Model validation

The parameter values of the seagrass model were determined from literatures when
available (Table 2.1). When the values are unknown or the reported values have certain
ranges, the values of the parameters were determined in order to fit the simulated spatial
distribution of the steady-state above-ground biomass with the data as described below.

The field data used for model validation was collected at 23 stations in the reef area
(Fig. 2.1c) from February to March 2014 (Tanaka et al., unpublished data). The seagrass
properties measured by Tanaka et al. were species composition and shoot densities of each
species and substrate type. To estimate the above-ground biomass from shoot density, mean
dry weight per shoot data of each species (see Section 2.2.2) were used. Literature values for
carbon content in seagrass leaves (Duarte 1990) were used for converting the unit dry weight
to carbon molar density. Above-ground biomass (mmol C m?) was then estimated by
multiplying shoot density (shoots m-?) with mean biomass per shoot (mmol C shoot™').

Three stations, where corals and rocks comprised more than 30% cover, were
removed from the dataset used for model validation because this may affect seagrass biomass
distribution in addition to any environmental impacts of adjacent mariculture activities. Site 4
from Tanaka et al. (2014) (Fig. 2.1¢) was added to the comparison as a reference station with
no seagrass habitat. The computed seagrass above-ground biomass distribution in a steady-
state was then compared with the field data-estimated above-ground biomass distribution.

After the model validation, sensitivity analysis of the seagrass above-ground biomass
to the seagrass model parameters was performed. Sensitivity analysis of the water quality and
the seagrass above-ground biomass to the biogeochemical model parameters was likewise
performed. The detailed description of the analyses and results are provided in Note 2. 3 in

the Supplementary Information.

2.2.2.7 Scenario analysis

The responses of seagrass bed ecosystems to the implementation of mariculture

management were assessed by changing the amount of fish-food derived waste load inputted
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to the hydrodynamic-biogeochemical model and examining the changes on the results of
seagrass growth simulation (Fig. 2.2). Three scenarios were examined. Scenario 1 represents
the case where fish feed amount was reduced by 25% at the fish-rearing structures in the
Bolinao area only (the green dots in Fig. 2.1d). Scenario 2 represents the case where fish feed
amount was reduced by 25% at the fish-rearing structures in the Anda area only (the blue dots
in Fig. 2.1d). Scenario 3 represents the case where fish feed amount was reduced by 25% in
both Bolinao and Anda (the green and the blue dots in Fig. 2.1d) through an inter-municipal
cooperation scheme. Although the present model is not capable of predicting the mariculture
production with the regulation, given the high feed conversion ratio (FCR ~ 2.5; the ratio of the
amount of feed needed to grow 1 kg of fish; Ferrera et al. (2016)), reducing fish feeding by
25% may still be reasonable for the mariculture industry. For the initial condition of the scenario
analyses, the distribution of seagrass biomass in a steady-state generated by the procedure
in Section 2.2.5 was given. If the seagrass and epiphyte biomass were extinguished in a grid
cell after the procedure in Section 2.2.5, a certain biomass was added in the grid cell for the
extinguished variables for the possible recovery during the scenario; the same procedure done
in Section 2.2.5. The water quality in February 2013 generated in Section 2.2.5, which is the
condition after the one-year hydrodynamic-biogeochemical model spin-up, was used as the
initial condition for the water quality simulation. Then, the effects of one-year mariculture
management applied from February 2013 to February 2014 on seagrass bed ecosystems

were examined.

2.3 Results

2.3.1 Water quality and kg4

The k4 values in the water column of the mariculture area ranged from 0.78 to 2.50,
higher than those in the reef area and the outer sea (Fig. 2.3a, b). The kg values showed
positive linear relationships with both SS and Chl-a, with coefficients of determination R? =
0.40 and 0.68 having p-values < 0.02 and < 0.0005, respectively (Fig. 2.3a, b). The correlation
between SS and Chl-a was weak with R? = 0.20 (Fig. 2.3c). Based on the multiple linear
regression analysis involving k¢ as a dependent variable and SS and Chl-a as independent
variables, kq was expressed using the following equation:
kq = 0.028 x SS + 0.050 x Chl-a + 0.215 (2.17)

where the units of SS and Chl-a are mg L' and ug L, respectively. The kq derived
from field measurement and the ky estimated from SS and Chl-a using Eq. (2.17) showed
significant relationship (R? = 0.77) (Fig. 2.3d).
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Figure 2.3. Relationships between measured kq and (a) SS, (b) Chl-a; (c) relationship between

SS and Chl-a; and (d) comparison of measured kq and predicted kq using Eq. (2.17).

2.3.2 Spatial patterns of simulated water quality

To assess the spatial gradients of the impacts of mariculture on water quality, one-year
averaged DIN, Chl-a, and kg in the surface water, and light intensity at the seabed relative to
the surface were mapped (Fig. 2.4). The validation results of the biogeochemical model were
provided in Fig. S2.3 and Note S2.2 as described in Section 2.2.3. The model showed high
concentrations of DIN and Chl-a in the mariculture area ranging from 4 - 11 ymol L' and 10 -
17 ug L™, respectively (Fig. 2.4a, b). Consequently, kg values in the mariculture area were
elevated mainly by the high Chl-a, and were higher than the reef area or the outer sea (Fig.
2.4c). Advected water from the mariculture area, with high concentrations of DIN and Chl-a,
affected the southeastern part of the reef area (near Site 3) (Figs. 4a, b). Light intensity at the
seabed relative to the water surface was generally higher in the reef area due to the low kq
values and shallow water depth (Fig. 2.4d). In contrast, light intensity in the mariculture area
was generally low even in shallow areas due to high kg values. For instance, the computed
one-year averaged relative light intensity was only 25% near Site 4 with water depth of 1.6 m

(Fig. 2.4d).
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Figure 2.4. Spatial distribution of simulated one-year averaged (a) DIN, (b) Chl-a, (c) kq at
surface waters, and (d) light intensity at the seabed relative to the surface. Leaf shading effects

are not reflected in (d). The locations of Site 1-4 in Tanaka et al. (2014) are shown in (a).

2.3.3 Comparison between observed and simulated seagrass

above-ground biomass

Mean values of measured shoot biomass were 280 + 140 mg shoot' and 2280 + 680
mg shoot' for T. hemprichii and E. acoroides, respectively. These values were used to
estimate the above-ground biomass from shoot density measured at the 23 stations in the
area (Fig. 2.1c). The simulated spatial patterns of above-ground biomass of T. hemprichii and
E. acoroides in steady states were then compared with the estimated above-ground biomass
at the 24 stations (including Site 4).

Using the parameter values shown in Table 2.1, the model showed relatively good
agreement with the field data for both T. hemprichii and E. acoroides (R? = 0.78 and 0.60,
respectively), suggesting that the model was acceptable for reproducing the general spatial

patterns of these species in the area (Fig. 2.5).
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Figure 2.5. Comparison of modeled above-ground biomass and estimated above-ground
biomass from measured shoot density of (a) T. hemprichii, and (b) E. acoroides. Error bars
are attributed to standard deviation of shoot biomass from the pooled samples. The color of

the dots represents water depth at each station.

2.3.4 Spatial distribution of simulated seagrass biomass

The spatial distribution of above-ground biomass of T. hemprichii and E. acoroides in
a steady-state, as predicted by the seagrass model under the current conditions of
environmental stress caused by mariculture activities, is given in Fig. 2.6. The model showed
the widespread growth of both species in the reef area. On the other hand, the simulated
biomass for both species in the southeastern part of the reef area, located near the mariculture
area, was low (Fig. 2.6). While most of the mariculture area was predicted as the area with no
seagrass biomass due to low light intensity, the model predicted some areas with very low
biomass of T. hemprichii (57 ~ 68 mmol C m?) where the water is shallow (1.2 ~ 1.3 m). There
were no areas in the mariculture area where E. acoroides grew in the model. By comparing
the simulated biomass distributions of the two-species, E. acoroides showed limited coverage

and relatively lower biomass (Fig. 2.6).
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Figure 2.6. Spatial distribution of simulated above-ground biomass of (a) T. hemprichii and (b)
E. acoroides in steady states under the current conditions of environmental stress caused by

mariculture activities. The locations of Site 1-4 in Tanaka et al. (2014) are shown in (a).

2.3.5 Scenario analysis

Scenario analysis showed decreases in Chl-a and increases in light intensity at the
seabed in the mariculture area and some parts of the reef area, especially near Site 3,
following one-year mariculture management (Fig. 2.7). In Scenario 1, water quality improved
the most in the mariculture area of Bolinao, with some improvement in Anda. Similarly, in
Scenario 2, water quality improved the most in the mariculture area of Anda and extending to
some areas in Bolinao. Scenario 3 showed more considerable improvement in water quality
than Scenarios 1 and 2. The decrease or increase in values of Chl-a and light intensity,

respectively, in Scenario 3 was almost twice than those in Scenarios 1 and 2.
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Figure 2.7. Spatial distribution of the relative decreases and increases of simulated one-year
averaged Chl-a and light intensity at the seabed in (a, b) Scenario 1, (c, d) Scenario 2, and (e,
f) Scenario 3, compared to those shown in Fig. 2.4. Leaf shading effects are not reflected in
the figures of relative light intensity (b, d, and f). The locations of Site 1-4 in Tanaka et al.
(2014) are shown in (a).

The one-year seagrass growth simulation under different water quality conditions as
simulated in Scenarios 1, 2, and 3 showed increases in the above-ground biomass of T.
hemprichii in a wide area of the reef, but for E. acoroides this was limited (Fig. 2.8). Similar to
the trends seen in water quality improvement, the area where biomass increased the most for
both species was the seagrass bed located near the mariculture area, where seagrasses have
degraded after the intensification of the mariculture industry (Tanaka et al., 2014). While the
increased ratios of biomass of T. hemprichii in Scenario 1 and 2 were almost the same, the
increased ratio of biomass in Scenario 3 was nearly twice those of Scenarios 1 and 2 at the
area near Site 3. The biomass of T. hemprichii in the mariculture area predicted in Section
2.3.4 (Fig. 2.6a) also showed an increase as large as the area near Site 3 due to the improved
light environment. The eastern and southeastern parts of the reef area showed increases in
biomass of E. acoroides, but some areas in the northern and the western parts of the reef area

showed small decreases in biomass especially under Scenarios 1 and 3 (Fig. 2.8b, f). Unlike
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T. hemprichii, there were no areas where E. acoroides recovered in the mariculture area in all

the scenarios.
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Figure 2.8. Spatial distribution of increase ratios of above-ground biomass of T. hemprichii
and E. acoroides relative to those shown in Fig. 2.6, after one-year seagrass growth simulation
under water quality simulated in (a, b) Scenarios 1, (c, d) 2, and (e, f) 3. The locations of Site

1-4 in Tanaka et al. (2014) are shown in (a).

2.4 Discussion

2.4.1 Evaluation of the model

In order to assess the seagrass bed dynamics under the environmental impact of
intensive mariculture activities, an appropriate reproduction of the spatiotemporal dynamics of
water quality is needed. The primary cause of degradation of seagrass beds may be a
reduced-light environment attributed to eutrophication-induced increase in phytoplankton
biomass and organic matter, such as uneaten fish food and fish feces in the mariculture area

(Tanaka et al., 2014), along with the advective flux from the mariculture area to the reef area
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through hydrodynamics. The transport of eutrophic waters to the reef area may contribute to
the production of phytoplankton and epiphytes in the seagrass beds, resulting in the reduction
of light intensity at the seabed. Based on field data, the light environment in the area was
mostly affected by phytoplankton biomass (Fig. 2.3). Therefore, important processes to
reproduce were eutrophication and enhanced phytoplankton production caused by excessive
fish feeding, and the hydrodynamics that generate the spatial gradients of water quality in the
area. The hydrodynamic model applied for this area where the circulation is primarily driven
by tides (Gecek and Legovic, 2010), accurately reproduced the tidal currents at the three
channels connecting the mariculture area to the outer sea and Tambac Bay (Fig. S2.3b-d).
The freshwater flux from Tambac Bay to the mariculture area was also well reproduced (Fig.
S2.3e). Hence, the reproduction of overall spatiotemporal variations of hydrodynamics in the
area was deemed acceptable. The overall trends in temporal dynamics of Chl-a and DIN in
the mariculture area were also well reproduced by the simulation, although there were some
discrepancies between simulated and observed values (Fig. S2.4). Comparing the simulated
one-year averaged DIN and Chl-a at BML station (Fig. 2.1c) with those reported in Ferrera et
al. (2016), the model somewhat underestimated the one-year averaged DIN (2.8 pmol L' in
the model, Fig. 2.4a, and 5.0 ymol L' in Ferrera et al. (2016)). Still, the value of simulated
one-year averaged Chl-a (4.0 ug L, Fig. 2.4b) was close to that in Ferrera et al. (2016) (5.5
ug L1). The spatial distribution of simulated one-year averaged Chl-a and kq (Fig. 2.4b, c),
which are the water quality parameters that have changed the most since 1995 (Tanaka et al.,
2014), was consistent with the spatial pattern as measured by Tanaka et al. (2014). Therefore,
we consider the accuracy of the current hydrodynamic-biogeochemical model to be
acceptable for assessing the environmental impacts on seagrass beds.

By providing the simulated water quality parameters to the seagrass growth simulation
as driving factors, the model predicted the spatial distribution of above-ground biomass of T.
hemprichii and E. acoroides with R? values of 0.78 and 0.60, respectively (Fig. 2.5). To our
knowledge, this would be the first study that achieved such accuracy for the spatial distribution
of above-ground biomass of two coexisting species. This observation suggests that the model
has reached the practical use level for assessing the dynamics of a mixed seagrass bed
ecosystem influenced by spatial gradients in water quality created by intensive mariculture
activities (Fig. 2.4). The model also showed its potential to reproduce the dynamic responses
of seagrasses to the combined effects of time-varying physicochemical variables (Fig. S2.5
and Note S2.4). These results suggest the advantage of using the model over observations,
with regards to the assessment of spatiotemporal dynamics of seagrass beds on an estuarine-
scale under the impacts of intensive mariculture activities.

The light intensity in seagrass canopies was computed using a multi-layer model and
the leaf shading effects on photosynthetic rates were explicitly taken into account in this study.
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Thus, the model also accounts for the species competition for light with different species-
specific leaf heights. This approach makes it possible to assess the light environment in
seagrass canopies and associated species-specific photosynthetic rates in mixed seagrass
beds with more than two coexisting species, which are commonly observed in tropical
Southeast Asian coasts (Ooi et al., 2011). Therefore, the model has the potential to assess
the changes in species richness in seagrass beds under a reduced light environment
associated with water quality degradation, like in the case of Bolinao and Anda.

However, the current model, which did not take into consideration the feedback of
seagrass nutrient uptake to the sediment and water compartments, holds some limitations,
specifically in reproducing the seagrass nutrient availability. Nevertheless, the spatial
distribution of above-ground biomass of the two-dominant species — T. hemprichii and E.
acoroides — was successfully reproduced using the current model (Fig. 2.5). This is because
the seagrass beds in Bolinao and Anda have been under the impacts of eutrophication from
mariculture activities, hence they may not be nutrient limited. Also, T. hemprichii and E.
acoroides are characterized by large below-ground biomass and deep penetration of roots in
the sediment compared to other small species (Duarte et al., 1998), which gives them an
advantage in terms of interspecies competition for resources below-ground. With the current
model that is not possible to simulate the interspecies competition for resources below-ground,
it may still be difficult to reproduce the biomass distribution of species other than T. hemprichii
and E. acoroides.

The sensitivity analysis for the seagrass growth model parameters described in Note
S2.3 also highlighted the limitations of the model in terms of the reproduction of the seagrass
nutrient availability. This is seen in the high sensitivity of the model results to the below-ground
related parameters such as foeiow, Rr, and Tyan (Table S2.4). In the current model, the seagrass
growth rate gets significantly lowered as below-ground biomass fraction (foeiow) Or root
respiration rate (R:) increases, and vice versa. This is because the seagrass growth is
dependent on only above-ground biomass (photosynthetic capacity) in the model, and the
effects of coupled dynamics of photosynthesis (above-ground) and nutrient uptake (below-
ground) on the seagrass growth have not been considered. In an actual condition, the larger
fraction of below-ground biomass could be in favor of seagrass growth in nutrient-poor
environment (Ferguson et al., 2016). Conversely, the larger fraction of above-ground biomass,
which increases the photosynthetic capacity, may accelerate the seagrass growth rate in a
nutrient-rich environment, but the whole-plant nutrient demand also increases at the same
time. Thus it may be eventually limited by the nutrient availability and/or nutrient uptake ability
before it is constrained by the self-shading effects. The current model can be improved by
two-way coupling of seagrass model and hydrodynamic-biogeochemical model, which
explicitly simulates the seagrass nutrient uptake process, to make the model more robust so
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that it can be applied to the various seagrass species in different environmental conditions.
Further research on seagrass below-ground root architecture, nutrient uptake ability of roots
and leaves, and nutrient assimilation is needed to realize such model development.

Another factor to be improved could be the accurate inputs of sediment discharge from
rivers in the model, which was not verified in this study due to lack of data. Although the major
factor affecting the light environment in the area is Chl-a (Fig. 2.3; Tanaka et al., 2014), the
primary factor affecting seagrass distribution in 1995 was siltation from the rivers in Tambac
Bay (Bach et al., 1998). Furthermore, reducing conditions of the sediment may be one of the
factors affecting seagrass distribution (Terrados et al., 1999b). This may be significant,
especially in and near the mariculture area where the long-term operation may have altered
the sediment conditions (Holmer et al., 2002, 2003; Ferrera et al., 2016). The predicted
biomass of T. hemprichii at the shallow waters in the mariculture area (Fig. 2.6a) and its
increase in the scenarios (Fig. 2.8a, ¢, and e) may have been overestimated in this regard.
The spatial extent of reduced sediments in the area and the effects of sediment conditions on
seagrass establishment, growth, and species-specific response must be quantified and
modeled in future studies for more precise assessment of the impacts of intensive mariculture
activities on adjacent seagrass beds.

A fixed optimal biomass ratio (fuelow) between the above- and below-ground was
assumed in this study, as in other seagrass models (Elkalay et al., 2003; Plus et al., 2003;
Carr et al., 2012; Baird et al., 2016). However, it is known that the seagrass above-ground to
below-ground biomass ratio varies with environmental factors such as depth, light intensity,
and nutrients, to maintain a favorable carbon balance (Ferguson et al., 2016). The ratio can
also vary with species, due to interspecific variations in photosynthesis and respiration balance
(Tanaka and Nakaoka, 2007). In fact, Fortes et al. (2012) reported a higher above- to below-
ground biomass ratio of T. hemprichii near the mariculture area, and a lower ratio with
increased distance from the mariculture area. There were more complex variations in the ratio
with E. acoroides. Elucidation of mechanisms and modeling of such dynamics are needed, in
particular for assessing the role of seagrass beds as “blue carbon sinks” through the carbon-
trapping function of their leaves, and the direct supply of below-ground detritus (Samper-
Villarreal et al., 2016; Oreska et al., 2018; Tanaya et al., 2018).

2.4.2 Impacts of intensive mariculture activities

Based on the results of the hydrodynamic-water quality simulation, it was revealed that
the effects of mariculture reached the eastern parts of the reef area (Fig. 2.4). The most
impacted seagrass beds were in the southeastern part of the reef (near Site 3), which is most

adjacent to the mariculture area. Consequently, the simulated biomass of the two seagrass

32



species in this area was sparse compared to other parts of the reef area (Fig. 2.6). There had
been some seagrass beds in the year 1995 in the mariculture area at least at Site 4, but they
had disappeared by the year 2012 due to water quality degradation (Tanaka et al., 2014). The
model suggested that there were no suitable areas for seagrass growth in the mariculture area,
except for some areas with very shallow waters (Fig. 2.6), due to the low light intensities as
shown by the high kq values (Fig. 2.4c, d), which is consistent with the observations of Tanaka
et al. (2014).

Scenario analysis predicted that decreases in Chl-a concentrations to a certain level
could be expected following one year of mariculture management (Fig. 2.7a, c, e€). Such
improvement in water quality is due to a reduction in the accumulation rate of organic matter
derived from uneaten or undigested fish food and fish excretions. This result means there is
decreased rate of nutrients released, for instance, from the sediments, which is one of the
sources of eutrophication in the area (Ferrera et al., 2016). In conjunction with a decrease in
Chl-a concentrations, the relative light intensities increased in shallow waters in the
mariculture area and some seagrass beds adjacent to the mariculture area in all scenarios,
suggesting that cutting the amount of feeding input is an effective way to improve the light
conditions in those areas (Fig. 2.7b, d, f). When comparing the scenarios, the level of
decreases in Chl-a concentrations and increases in relative light intensities were rather limited
in Scenarios 1 and 2. It is noteworthy that water quality in the mariculture area significantly
improved in Scenario 3, even in Bolinao compared with Scenario 1, and in Anda compared
with Scenario 2. The improvement in light intensities in Scenario 3 was also higher than in
Scenarios 1 and 2. These results clearly indicate that the waters in the area are interconnected
across Bolinao and Anda municipalities through hydrodynamics, thus waters in the area are
affected not only by the adjacent local mariculture activities but also mariculture activities in
the whole area. Integrated Coastal Zone Management (ICZM) is a crucial process for the
improvement of coastal water quality in areas where environmental stresses are spatially
connected through hydrodynamics (Yamamoto et al., 2019). The results presented here
demonstrate the importance of an integrated management scheme for the case of mariculture
in Bolinao and Anda.

Similar to the trends in water quality improvement predicted for mariculture regulation,
significant increases in seagrass above-ground biomass (up to 16 % increase for T. hemprichii,
and up to 12 % increase for E. acoroides in Scenario 3) can be expected at the southeastern
part of the reef area which is adjacent to the mariculture area (Fig. 2.8). While Scenario 1 and
2 showed almost the same increase ratio in the seagrass above-ground biomass of T.
hemprichii, Scenario 3 showed significantly higher increases than those in Scenarios 1 and 2
in the seagrass beds (Fig. 2.8). This highlights the effectiveness of interconnected mariculture
management between the two municipalities, which is important for ecosystem conservation.
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Compared to the biomass distribution of T. hemprichii, the model predicted a limited area and
lower biomass of E. acoroides distribution (Fig. 2.6). Responses of E. acoroides to the
improved water quality were relatively weaker, and there were some areas that showed slight
decreases in above-ground biomass due to decreased nutrient levels from mariculture
regulation (Fig. 2.8b, d, and f). This may be because the growth rate of E. acoroides is slower
(Agawin et al., 1996; 2001), and nutrient demand is higher (Agawin et al., 1996) than other
species. This result somehow agrees with the implication of the results by Tanaka et al. (2014),
indicating that there may be a beneficial aspect of nutrient loading from mariculture for the
growth of E. acoroides in the area. On the other hand, SGD may be a significant source of
nutrients for seagrass beds in the area (Senal et al., 2014). The scenario analysis using the
present model, which did not include SGD fluxes, may have underestimated the effects of
mariculture management on seagrass beds.

Site 4, a former seagrass bed in the mariculture area, is one of the areas where water
quality improved the most following mariculture management (Fig. 2.7), but was still not
suitable for seagrass growth in terms of photosynthesis-respiration balance (Fig. 2.8). In
addition to improvements in water quality, improvements in sediment conditions may also be
needed for the recovery of seagrass beds at this site, as stated in Section 2.4.1. Further
investigations through field surveys, laboratory experiments, and modeling studies on the
effects of sediment are needed for a more quantitative assessment of possible recoveries of
seagrasses, especially for areas undergoing anthropogenic impacts.

The importance of implementing a joint cooperative management system for Bolinao
and Anda to regulate excessive feeding and the number of fish-rearing structures has been
stressed in previous studies aimed at realizing a sustainable mariculture industry (Ferrera et
al., 2016; Sugimoto et al., 2016). The results of the scenario analysis in the present study
highlight the importance of such management for improving the water quality in the mariculture
area. Furthermore, the results presented here expand the perspective of its importance to the

conservation of the adjacent seagrass ecosystem.
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Supporting Information for Chapter 2

Note S2.1. Geometric representation of seagrass canopy layers

To compute the irradiance distribution within a mixed seagrass canopy, the leaf length
and leaf bend nadir angle were assumed as fixed parameters for simplicity. It was also
assumed that the blade shapes are straight under the water. The leaf height of each species
(hs, m) is then given by
hg = I cos b (S1)
where s is the leaf length (m), and 6; is the leaf bend nadir angle (Fig. S2.1a), and “s” denotes
species, where 1 is Thalassia hemprichii and 2 is Enhalus acoroides. Seagrass canopy was
divided into multi-layers with a uniform thickness dz = 0.01m. The layers were numbered from
the canopy top to the ground (Fig. S2.1b). It was assumed that above-ground biomass of each
species is evenly distributed from the leaf top (hs) to the ground. If the above-ground biomass
in layer i of a species is given as LBs; (mmol C m ground), the layer leaf area index of the
species (LAl ;, m? leaf m2 ground) is calculated as
LAI; = LBy;/LAR; (S2)
where LAR; is leaf area ratio of the species (m? leaf mmol' C). LAR for each species was
estimated from leaf dimension, leaf biomass in Vermaat et al. (1995), and biomass carbon
contents in Duarte (1990), which were calculated as 2701 and 2198 (m? leaf mmol-' C) for T.
hemprichii and E. acoroides, respectively. The projected leaf area of a species in a layer (Als,,

m? leaf m-2 ground) is calculated as

AlS,i = LAIS,i sin 95 (83)
a b c
Enhalus acoroides
(s=2)

Thalassia
hemprichii (s=1)

Canopy layeri LB, EB; _WpooNver Y LEEE . @
Canopy layeri+1 LBg;.;,EB .y tdl
v Canopy layer N LB\, EB,
Below-ground Below-ground RB, Below-ground  RB;

Figure S2.1. (a) Geometric representation of seagrass leaves, (b) vertical layers of mixed

seagrass canopy with layer variables of species-specific above-ground biomass (LB:s)),
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epiphyte biomass attached on the respective species (EBs,;), and species-specific below-

ground biomass (RBs) for the submerged condition, and (c) the partially exposed condition.

Note S2.2. Three-dimensional hydrodynamic-biogeochemical

model

Biogeochemical model configuration

Delwaq, a biogeochemical model used in this study, is a generic biogeochemical model
that simulates biogeochemical processes in waters and sediments by solving advection-
diffusion-reaction equation for various substances (Smits and Beek, 2013; Deltares, 2014).
Delwaq has many options for substances and processes to be simulated, thus users have to
configure the processes and state variables to model individually. The schematic diagram of
our model configuration for the Bolinao-Anda coastal area is shown in Fig. S2.2. The water
quality in the mariculture area has become eutrophic due to nutrients from decomposition of
organic matter (e.g., uneaten fish food and feces due to excessive mariculture activities) in
the water and sediment (Holmer et al.,, 2002, 2003; Ferrera et al., 2016). Therefore, the
sediment compartment was vertically partitioned to seven layers to simulate the organic matter
accumulation and decomposition processes.

Particulate organic carbon (POC), nitrogen (PON), and phosphorus (POP) were
divided into four different substances according to their decomposition speeds. POC/N/P1
represents the fast decomposing detritus fraction, POC/N/P2 the moderately slow
decomposing detritus fraction, POC/N/P3 the slow decomposing fraction, and POC/N/P4 the
refractory fraction (Fig. S2.2). Mineralization rates of these substances at 20 °C were set as
0.288, 0.0576, and 0.00192 (day-") for fast, moderately slow, and slow classes, respectively.
The decomposed detritus goes to inorganic nutrients, and to slower decomposing class, and
dissolved organic matter (DOC/N/P). Particulate organic matter (POC/N/P or POM) is supplied
from unconsumed fish food and fish feces as waste load input from the fish-rearing structures,
and dead phytoplankton biomass (Fig. S2.2). The amount of fish food given in a fish-rearing
structure a day, the ratio of waste load input in the forms of unconsumed food and fish feces
to fish food given, and their nutrient contents are shown in Table S2.2. The relative contents
of fast, moderately slow, and slow detritus are assumed to be 80%, 10%, and 10% for fish
food, and 39%, 21%, and 40% for fish feces, respectively, based on a laboratory experimental
study of fish food and feces decomposition (Sakami et al., 2010).

Phytoplankton was divided to diatom and algae (non-diatom) (Fig. S2.2). The changes
in their biomass are governed by net production, respiration, and mortality. When
phytoplankton dies, a certain proportion of biomass goes into inorganic nutrients through
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autolysis without any influence on dissolved oxygen (DO). The rest of biomass goes into fast
(POC/N/P1) and moderately slow decomposing detritus (POC/N/P2). Nitrate (NO3),
ammonium (NH4), ortho-phosphate (PO4), and silicate (Si) were configured in the nutrient
dynamics in the area (Fig. S2.2). The changes in their concentrations are governed by
autolysis and uptake by phytoplankton, and mineralization of particulate organic matter. NH4
and NO3 are also affected by nitrification and denitrification depending on the DO
concentration. The changes in DO are governed by net production of phytoplankton, and
oxygen consumption by mineralization and nitrification (Fig. S2.2). Particulate inorganic matter
(PIM) was also configured in the model, supplied from Bani and Alaminos Rivers as point
sources.

Mass exchange of dissolved substances across the sediment-water interface is
modeled as dispersion flux. These fluxes include the return fluxes of nutrients to the water
column and the sediment oxygen consumption flux (Deltares, 2014). Mass exchange of
particulate substances occurs as a result of settling and resuspension. The settling flux is
proportional to its concentration and settling velocity. The resuspension flux (E) is computed

using the following equation:
- D _
E=Mx(2-1) (S4)
where the unit of E is (g m day'), M is the first-order resuspension flux (g m?2 day"), 1 is the
bed shear stress (Pa), and 1. is the critical shear stress (N m?2) (Deltares, 2014). The

resuspension flux of the individual particulate substance is then computed from the weight

fractions in the sediment.

Field survey for model inputs and validation

Surface water sampling was conducted at B1, B2, B3, B4, and T1 (Fig. 2.1d) in March
2013. After transporting the samples to the laboratory, nutrient concentrations were
determined using a QuAAtro 2-HR Nutrient AutoAnalyzer (SEAL Analytical Ltd., Germany and
BLTEC K.K., Japan). Duplicated sediment cores were sampled using acrylic pipes by SCUBA
diving at B2, B3, B4, and T1 in September 2013. 30 cm? of the top 5 cm of each core sample
was centrifuged and the nutrient concentrations of the extracted pore water were analyzed.
Another core sample was oven-dried at 60 °C, and bulk density was determined by dividing
the dry weight by its original volume.

In addition to water sampling and sediment core sampling, time series of flow velocity
(using Infinity-EM, JFE Advantech, Japan), salinity and temperature (using Infinity-CTW, JFE
Advantech) at the near bottom were measured at B2, B3, and B4. Time-series of DO (using
Infinity-DOW, JFE Advantech), turbidity and Chl-a (using Infinity-CLW, JFE Advantech) were

measured at B2 and B4. Water level was also measured at B2 with a pressure sensor (HOBO
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water level logger, Onset Computer Corporation, USA). Vertical profiling of water quality was
periodically done using AAQ-RINKO water quality profiler (JFE Advantech) for salinity and

water temperature at B4.

Model setup (initial conditions)

The determined nutrient concentrations from water sampling at B1 and T1, and the
averaged nutrient concentrations of B2, B3, and B4 were used in the reef and offshore areas,
Tambac Bay, and the mariculture area, respectively as initial conditions of water quality for
February 2012 in the biogeochemical model (Table S2.3). Due to lack of data on the vertical
profile of water quality during this sampling period, vertically uniform conditions were assumed.
This assumption could be acceptable given the vertically homogeneous waters in the dry
season (November to March) (Ferrera et al., 2016).

The measured pore water quality and bulk density at T1, and the averaged measured
pore water quality and bulk density of B2, B3, and B4 were used in Tambac Bay and the
mariculture area, respectively as initial conditions of sediment pore water quality and bulk
density (Table S2.3). Due to lack of data on the reef and the offshore areas, assumed values
of sediment pore water quality and bulk density were used as initial conditions (Table S2.3).
For the initial conditions of the relative contents of POC and PON in sediments, values
measured in the mariculture area by Holmer et al. (2002) were used for the mariculture area,
and assumed values were used for Tambac Bay, offshore, and reef area due to absence of
available data (Table S2.3).

Model setup (point sources and boundary conditions)

For river water discharged as point source, water quality obtained at T1 by sampling
in September 2011 was used for both Bani and Alaminos River due to lack of data. Constant
concentration of water quality parameters was assumed throughout the year (Table S2.3). An
assumed constant value was given to the inorganic suspended solids concentrations of Bani
and Alaminos River waters (Table S2.3). The value was based on the averaged turbidity (7.09
FTU) measured at T1 from September 2011 to November 2011 and turbidity-suspended solids
relationship obtained at the Bani River by water sampling (Blanco et al., unpublished data).
The sediment was assumed to be fine silt (¢ = 3 um), and the settling velocity was calculated
based on Stokes’ law formula. Also, constant water quality was assumed at the open boundary
throughout the year, and the same values used as the initial conditions for the reef and

offshore areas were given as boundary conditions.

Model validation
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Figure S2.3 shows the comparison of observed and simulated hydrodynamic
parameters such as water level, flow velocity, salinity, and temperature at B2, B3, and B4.
Figure S2.4a - e shows the comparison of observed and simulated DO and Chl-a at B2 and
B4. Regular water sampling data at BML station from Ferrera et al. (2016) was also used for

validation of temporal variations of DIN (Fig. S2.2.4f).

Table S2.1. Location of stations for light attenuation measurement, seagrass shoot sampling,

hydrodynamics, and water quality measurement.

Station Latitude (°N) Longitude (°E)
Stations for light attenuation measurement

L1 16.36767 119.95900
L2 16.35037 119.93943
L3 16.28358 119.92172
L4 16.32718 119.93131
L5 16.43282 119.91561
L6 16.43668 119.94173
L7 16.40400 119.97419
L8 16.47570 119.89792
L9 16.47230 120.01012
Station for seagrass shoot sampling

S1 16.39731 119.96744
Stations for hydrodynamics, water quality, light
B2 16.38687 119.92661
B3 16.35431 119.96543
B4 16.30489 119.91742
BML 16.38248 119.91280
Stations for water quality measurement

B1 16.41356 119.89120
T1 16.25757 119.92666
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Figure S2.2. Schematic diagram of the biogeochemical model for the Bolinao-Anda coastal

area.

Table S2.2. Amount of fish food given in a fish-rearing structure per day, ratio of waste load

input in the form of unconsumed food and fish feces to fish food given, and their nutrient

contents.
Fish food Form of fish Ratio of waste Relative nutrient content
given in a fish- food to be load inputto fish  carbon  Nitrogen  Phosphorus
rearing inputted as food given
structure (kg waste load (kg kg™") (% DW) (% DW) (% DW)
day™)
24702 onoonsumed g 2 4070 41 1,00
ood
Fish feces 0.3° 20.0° 4.0° 1.6°

@ From an interview survey in 2014
b From Magdaong (2008)
¢ From Holmer et al. (2002)
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Table S2.3. Values used for the initial condition and point source in the biogeochemical model.

Bulk
DO NH4 NO3 PO4 Si POC PON POP Chl-a PIM densit
y
pumol L pumol L umol L ug L-1 mg L-1
m mol mol mol mol (water) (water) (water) (water) (water)
o o P o % DW % DW % DW % DW % DW g cm®
(sediment (sediment (sediment (sediment (sediment
) ) ) ) )
Initial
condition
Reef and Water 6.4 0.1 034 008 252 7.9 1.388 0.06° 1.92b 0e
offshore
tsed'me” 3¢ 250e 026° 73° 142¢  1.1e 0.17¢ 0.003¢ 0e 98.73¢ 1.3¢
gﬂrzg"“'t“re Water 44 805 126 206 442 53167 8.442 0.14¢ 27.64P 0e
tsed'me” 16 500 05 73 190  7.28° 0.58° 0.2 0° 91.94¢ 0.65
Tambac Bay Water 788 174 043 146 836 51.342 7.552 0.14¢ 39.8b 0e
tsed'me” 3 250 026 26 142 53¢ 0.84¢ 0.014¢ 0e 93.85¢ 1.3
Point source
River water 52 981 659 168 192  32a 442 0e 2.930 7.08¢

@ Observed, but assumed fraction of POC1 (85%) and POC2 (15%) was given.

® Observed, but assumed composition of diatom (75%) and algae (25%) was given.

¢ From data reported by Holmer et al. (2002), and fraction of POC1 (15%) and POC2 (85%) was assumed.

4 Assumed based on averaged turbidity at T1 from September 2011 to November 2011 and turbidity-suspended solids relationship for Bani
River.

¢ Assumed.
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Figure S2.3. Comparison of measured and simulated time series (a) water level at B2; near-
bottom flow velocity at the major axis at (b) B2, (c) B3, (d) B4; (e) surface and bottom salinity
at B4; and (f) temperature at B4. The azimuths of the major axes from north at B2, B3, and B4
are 127°,46°, and 25°, respectively. Positive values of the velocity represent water fluxes from
the outer sea or Tambac Bay to the mariculture area, and negative values represent the
opposite fluxes. In (e) and (f), the measured and simulated bottom salinity and temperature
are shown in bold lines. The simulated surface salinity and temperature are shown in red
dashed lines. The data from periodic measurement of surface salinity and temperature using

a water quality profiler are shown as blue circular dots.
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Figure S2.4. Comparison of observed and simulated time series of (a) surface DO and (b) Chl-
a at B2; (c) surface DO, (d) bottom DO and (e) surface Chl-a at B4; and (f) surface DIN
concentrations at BML station. DIN data were based on regular water sampling at the station
(Ferrera et al., 2016) and shown in blue circular dots. The red circular dots and bars show

daily means and ranges of simulated surface DIN.
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Note S2.3. Sensitivity analysis of the seagrass growth and

biogeochemical model parameters

Seagrass growth model parameters

Sensitivity of the seagrass biomass to the seagrass growth model parameters was
examined. The parameters which were used for the model calibration were selected as the
target parameters for the analysis. We increased or decreased the value of each target
paramter shown in Table 2.1 by 50 %, then run the seagrass growth model until growth rates
reached a steady-state in every grid cell — the same procedure done in Section 2.2.5. Then,
the change ratios of the total above-ground biomass of each species in the computational area
to the original values which correspond to Fig. 2.6 were examined. Because the seagrass
species (T. hemprichii and E. acoroides) interact with each other in the model through the
shading effects, we changed the parameter value for each species one by one to examine the
sensitivity of the above-ground biomass of the two species. The results are summarized in
Table S2.4.

The results showed that the increase in the sine of leaf bend nadir angle of T.
hemprichii (sin61) increased the above-ground biomass of T. hemprichii (LB+) by 2.05 because
it increases the incident PAR for the photosynthesis of this species as suggested by Egs. (2.5)
and (2.6). Likewise, the decrease in sin6; decreased LB1 by 0.37. The changes in sinf; did
not significantly affect the above-ground biomass of the other species — E. acoroides (LB>).
On the other hand, the increase in sinB, increased LB, by 1.53. However, this increase in LB>
significantly reduced LBi by 0.49 due to the shading of E. acoroides enhanced by the
increased above-ground (leaf) biomass and inclined leaves, which consequently increased
the projected leaf area of this species. Similarly, the decrease in sin6, decreased LB; by 0.29,
which resulted in the significant increase in LBy by 1.83. These results indicate that T.
hemprichii could be significantly influenced by the changes in E. acoroides above-ground
biomass and the leaf bend nadir angle through the shading effects, while E. acoroides is not
likely affected by T. hemprichii.

Seagrass above-ground biomass was most sensitive to the parameter fraction of
below-ground biomass (fueiow). The decrease of fueiow,1 increased LB+ by 4.86, and the decrease
of foelow.2 increased LB; by 6.60, with maximum values of 16,800 and 12,600 mmol C m-2 for
LB+ and LBy, respectively. While the increases in LB are quite large for both species, these
maximum values of LB and LB, correspond to 611 g DW m2 and 398 g DW m2, respectively,
which are below the maximum value of the reported seagrass above-ground biomass (Vieira

et al., 2018). Thus, it is considered that the seagrass growth is well constrained by the self-
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shading effects in the model. The large increases in LB are because the decrease of this
parameter value — fyeiow reduces the below-ground root respiration demand and increases the
photosynthetic capacity (above-ground biomass). Similarly, the seagrass above-ground
biomass was sensitive to parameters that affect root respiration demand, such as root
respiration rate (R:) and biomass translocation rate between the above- and below-ground
parts (Tiran).

The sensitivity of E. acoroides to half saturation concentration of DIN (Kain) is higher
than T. hemprichii that may reflect the higher nutriend demand of E. acoroides (Agawin et al.,
1996). The changes of epiphyte-related parameters also affect seagrass above-ground
biomass. For example, the decrease of half saturation concentration of DIN for epiphyte (Kaine)
increased the epiphyte biomass density, which decreased LB of both species. On the other
hand, the increase of Kiine decreased the epiphyte biomass density for both species, which
increased LB of E. acoroides; whereas LB of T. hemprichii decreased due to the enhanced
shading effects by E. acoroides. This suggests that T. hemprichii may be more sensitive to

the shading effects by E. acoroides than shading by epiphytes.

Biogeochemical model parameters

Sensitivity of the seagrass biomass to the biogeochemical model paramaters was also
examined. The parameters selected for the analysis were summarized in Table S2.5. The
change of phytoplankton mortality rate (Phy_mort) affects the input amount of dead
phytoplankton to POM (Fig. S2.2). Phytoplankton maximum production rate (Phy_pmax) and
respiration rate (Phy_resp) affect the phytoplankton photosynthesis and respiration amount.
These phytoplankton-related parameters also affect the phytoplankton nutrient uptake, and
nutrient release (autolysis) by the dead phytoplankton. The maximum nitrification rate (nit)
affects the nitrification rate, which affect the NH4, NO3, and DO concentrations in water
column and sediment layers (Fig. S2.2). Mineralization rate of particulate organic matter (min)
affects decomposition and mineralization of POM in water column and sediment layers, which
also affect nutrient release rate by POM mineralization and the associated oxygen
consumption and denitrification rates (Fig. S2.2). Dispersion coefficient for solute in sediment
(diff) affects the dispersion of dissolved nutrients, DO, and DOM in sediment layers, and the
exchanges (uptake and release) between the water and sediment interface (Fig. S2.2). Critical
shear stress for resuspension (cr_tau) affects resuspension flux of POM and PIM.

The biogeochemical model parameters were increased or decreased by 50 %,
respectively, and the hydrodynamic-biogeochemical model was run for each parameter
change for a two-year period — the first year for the spin-up of the hydrodynamic-

biogeochemical model, and the second year for driving the seagrass model — the same
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procedure done in Section 2.2.5. The increase of min by 50 % caused numerical instability in
the model, thus the increase in the value was down-regulated by 30 %. The seagrass model
was then run using the respective simulated water quality until the growth rate reached a
steady-state as done in Section 2.2.5. The simulated one-year averaged water quality at the
surface layer (SS, DO, DIN, Chl-a, and kq) was spatially averaged over the mariculture area
and the reef area, and was compared to that of the original simulated water quality which
corresponds to Fig. 2.4. The change ratios of the spatially averaged water quality for each
parameter change are summarized in Table S2.6. The change ratios of the simulated total
above-ground biomass of each seagrass species in the computational area driven by the
respective simulated water quality to the ones shown in Fig. 2.6 were also shown in Table
S2.6.

The results showed that water quality and seagrass biomass are most sensitive to
phytoplankton-related parameters (Phy_mort, Phy pmax), while the effects of phytoplankton
respiration (Phy_resp) were not as significant (Table S2.6). Phytoplankton mortality rate
(Phy_mort) and maximum production rate (Phy_pmax) directly affects phytoplankton biomass
as seen in the changes in Chl-a, which is the most critical parameter for the light environment
in the Bolinao and Anda coastal area (Fig. 2.3). The decrease of Phy_pmax by 50 % made
the phytoplankton photosynthesis rate below the respiration rate that extinguished the
phytoplankton biomass during the simulation. The changes in phytoplankton biomass affects
the nutrient uptake, autolysis, photosynthesis, and respiration amounts as seen in the changes
in DIN and DO. The amounts of dead phytoplankton that enter the pool of POM (Fig. S2.2)
also changed, thus SS — expressed as the sum of PIM and POM — was also affected to an
extent. Primarily due to the changes in Chl-a, the light environment represented as kg is also
largely influenced. Although the change ratios of the water quality in the reef area were not as
high as the mariculture areas, the changed light environment and nutrient concentrations in
the reef area significantly affected the seagrass above-ground biomass of both species.

The parameter that significantly affected the water quality and seagrass biomass next
to Phy_mort and Phy pmax was critical shear stress for resuspension (cr_tau). The decrease
in cr_tau promotes resuspension as seen in the increase in SS. Due to the exposure of the
resuspended POM to oxygen in the water column, the decomposition of POM associated with
DO consumption and nutrient release by mineralization occurs especially in the mariculture
area, which significantly lowered and raised DO and DIN, respectively. Chl-a decreased due
to the lowered phytoplankton production caused by the resuspension-induced turbidity. As a
result of the increased SS and the decreased Chl-a, kq value increased in the mariculture area
and also in the reef area. Due to the degraded light environment, above-ground biomass of T.

hemprichii decreased by 7 %. On the other hand, while the reduced light is the factor affecting
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E. acoroides, the above-ground biomass of this species did not change much probably due to
the benefit of the increased DIN.

Similarly, the increase in the value cr_tau regulates resuspension, thus SS decreased.
Chl-a then showed slight increase due to increased phytoplankton production rate. Due to the
combined effects of the increased nutrient uptake by phytoplankton and the decreased
mineralization rate of POM in the water column by the regulation of the resuspension, DIN
decreased by 10 % in the mariculture area. kq values also changed with the slight decrease in
the mariculture area and the reef area although the changes in the seagrass biomass were
not significant for both species.

Another important parameter that affects water quality and seagrass growth may be
mineralization rate (min). The decrease in min regulates the mineralilzation of POM and the
associated nutrient release both in the water column and sediment layers. The decrease in
the mineralization of POM in the sediment layers reduces nutrient efflux from the sediment to
the water column through solute diffusion. The decrease in the mineralization of POM in the
water column directly reduces the nutrient inputs to the water column. As a result of decreased
DIN, Chl-a decreased in the mariculture area and the reef area. The slight increase in SS may
be due to the increased POM in the water column by the lowered decomposition rate of POM.
kq values decreased at both areas, then the above-ground biomass of both species increased
with slightly larger increase of T. hemprichii than E. acoroides. The increase in min by 30 %
did not largely affect the water quality and the seagrass biomass. This may indicate that most
of POM in the water column and the sediment layers, especially the fast decomposing detritus
fraction (POC/N/P1), underwent decomposition process already using the current parameter
value setting shown in Table S2.5; thus, the increase in min did not cause significant relative

increase in the decomposition of POM.

Table S2.4. Results of the sensitivity of the seagrass above-ground biomass and epiphyte
biomass density to the seagrass growth model parameters, which are shown as the change
ratios of the total above-ground biomass and epiphyte biomass density to the parameter
changes in the computational area. The left-hand side values indicate the results from the
parameter increased by 50 % while the right-hand side values in the parentheses indicate the
results from the parameter decreased by 50 %. The bold numbers indicate change ratios

larger than 50 %.

Parameters Above-ground biomass ‘ Epiphyte biomass density
LBy (T. LB, (E.
hemprichii, s  acoroides,s  EB1/ LAl EB>/ LA,
= 1) = 2)
sinB; 2.05 (0.37) 0.97 (1.03) 2.29(0.34) 0.98 (1.00)
sinB, 0.49 (1.83) 1.53 (0.29) 0.13(1.73) 1.18(0.68)
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a1 2
2,2
fbelow,1b
fbelow,2b
Kiin1
Kain,2
M, 1
M, 2
Rr,1
Rr,2
Ttran,1
Ttran,2
Kdin,e
Se1

Se2

1.06 (0.94)
0.99 (1.06)
- (0.41)
- (0.03)
1.06 (0.97)
1.29 (0.75)
0.96 (1.10)
1.12 (0.90)
1.14 (0.94)

1.06 (0.96
2.04 (0.33
0.24 (4.45

1.06 (0.91)  0.96 (1.06)
0.95(1.11)  1.03(0.92)
- (4.86) - (0.88)
- (0.03) - (6.60)
0.62 (1.74)  1.01(0.98)
1.82 (0.29)  0.37 (3.00)
0.86 (1.15)  1.01(0.99)
1.15(0.80)  0.85 (1.20)
0.55(1.74)  1.02(0.97)
1.72(0.21)  0.35(3.09)
0.79 (1.73)  1.01(0.97)
1.82 (0.16)  0.40 (3.92)
0.65(0.74)  1.59 (0.55)
1.39 (0.54)  0.48 (1.97)
1.03(0.91)  0.98(1.08)

1.79 (0.20
1.03 (0.90)

(
(
(

(
1.43 (0.32
(

(

(

(

1.00 (1.00)
1.00 (1.00)
- (0.95)
- (0.41)
1.01 (1.00)
1.04 (0.88)
1.00 (1.00)
1.01 (0.99)
1.01 (0.99)
1.03 (0.79)
1.00 (0.99)
1.04 (0.67)
0.58 (2.09)
1.58 (0.40)
1.02 (0.94)

@ The sensitivity of the shallow water depth effects on mortality of T.

hemprichii (d1s =1, d2s=1) was not examined because the effects were
introduced only for E. acoroides in the model.
® The sensitivity of the increase of fueiow,s by 50 % was not examined
because it will exceed the value “1.0".

Table S2.5. Biogeochemical model parameters examined in the sensitivity analysis. The

parameter values which were used to reproduce the water quality in the Bolinao and Anda

coastal areas are also shown.

Parameter Description Unit Used values
Phy _mort :thgéog)éankton mortality rate day’ 0.25 for Diatom, 0.35 for Algae
Phy pmax Phytoplgnkton maximum day’ 4.6 for Diatom, 3.6 for Algae
production rate
Phytoplankton respiration 1 0.035 for Diatom, 0.053 for
Phy_resp rate at 20 °C day Algae
nit Maximum nitrification rate at g N m=3 0.1
20 °C day '
0.288 for fast, 0.0576 for
. Mineralization rate of 1 moderate slow, 0.00192 for
min . . day , :
particulate organic matters slow decomposing organic
matters
diff Dlsperglon cgefﬂment for m? day" 0.0005
solute in sediment
er_tau Crtical shear stress for N m?2 0.1

resuspension
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Table S2.6. Sensitivity of water quality and seagrass biomass to the biogeochemical parameters shown in Table S2.5. The change ratios of the
spatially averaged values over the mariculture area and the reef area for the simulated one-year averaged water quality at the surface layer are
shown. The change ratios of the simulated total above-ground biomass of each seagrass species are also shown. SS (suspended solids) denotes

the sum of PIM and POM. The shaded cells indicate change ratios larger than 10 %.

Examined Water quality S_eagrass above-ground
parameter biomass
Mariculture area Reef area
ss po bN ™ x ss po bN S ok T E acoroides
a a hemprichii
Phy mort +50% 0.82 0.87 200 042 057 086 098 178 052 0.78 1.13 1.55
-50% 098 1.08 035 174 152 095 1.01 042 1.67 129 049 0.41
Phy pmax +50% 1.2 111 036 129 126 121 102 041 126 1.16 0.52 0.38
-50% 051 077 269 0.01 025 05 095 253 0.03 055 1.75 3.40
Phy resp +50% 095 098 1.09 090 092 095 1.00 1.07 0.92 096 1.05 1.06
-50% 1.06 1.02 091 1.11 1.08 1.06 1.00 093 1.09 1.04 0.94 0.94
nit +50% 099 099 097 098 098 099 1.00 098 098 0.99 1.01 1.00
-50% 1.02 1.01 104 1.03 103 102 1.00 1.03 1.03 1.01 0.99 1.00
min?d +30% 096 1.00 1.02 1.05 1.02 096 1.00 1.02 1.05 1.02 0.99 0.99
-50% 1.06 1.00 090 0.85 093 1.07 1.00 090 0.86 094 1.06 1.03
diff +50% 1.03 1.00 1.05 1.06 1.05 1.03 1.00 1.03 1.05 1.02 0.98 0.99
-50% 097 1.00 094 094 094 097 1.00 095 094 0.97 1.01 1.00
cr_tau +50% 087 1.02 090 1.04 097 082 1.00 095 1.02 098 1.01 1.00
-50% 181 087 186 0.79 116 251 099 144 085 1.12 0.93 1.00

@ The increase of min was down-regulated by 30 % to avoid numerical instability in the model.
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Note S2.4. Temporal variations of simulated water quality and

seagrass production

Extracted as an example and shown in Fig. S2.5 are the temporal variations of
computed water depth, surface water quality, surface and bottom PAR, and net production of
T. hemprichii at Site 3 (see Fig. 2.1c for the location of Site 3). The computed water quality
showed diurnal variations, and PAR reaching the seabed was affected by a combination of
factors including tide, k4, and surface PAR fluctuations. The net production rate was affected
by temporal variations in PAR at the seabed, which also showed diurnal fluctuations, leading
to dynamic changes in seagrass biomass (Fig. S2.5d).
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Figure S2.5. Time series of computed (a) water depth, (b) DIN, SS, Chl-a, kg at the surface,
(c) PAR at the surface and bottom, and (d) net production of T. hemprichii at Site 3.
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Chapter 3: Predicting mangrove forest
dynamics across a soil salinity gradient
using an individual-based vegetation

model linked with plant hydraulics

3.1.1 Abstract

In mangrove forests, soil salinity is one of the most significant environmental factors
determining forest distribution and productivity as it limits plant water uptake and carbon gain.
However, salinity control on mangrove productivity through plant hydraulics has not been
investigated by existing mangrove models. Here we present a new individual-based model
linked with plant hydraulics to incorporate physiological characterization of mangrove growth
under salt stress. Plant hydraulics was associated with mangroves’ nutrient uptake and
biomass allocation apart from water flux and carbon gain. The developed model was
performed for two-coexisting species — Rhizophora stylosa and Bruguiera gymnorrhiza —in a
subtropical mangrove forest in Japan. The model predicted that the productivity of both
species was affected by soil salinity through downregulation of stomatal conductance. Under
low soil salinity conditions (< 28%o), B. gymnorrhiza trees grew faster and suppressed the
growth of R. stylosa trees by shading that resulted in a B. gymnorrhiza-dominated forest. As
soil salinity increased, the productivity of B. gymnorrhiza was significantly reduced compared
to R. stylosa, that led to an increase in biomass of R. stylosa despite the enhanced salt stress
(> 30%o). These predicted patterns in forest structures across soil salinity gradient remarkably
agreed with field data, highlighting the control of salinity on productivity and tree competition
as factors that shape the mangrove forest structures. The model reproducibility of forest
structures was also supported by the predicted self-thinning processes, which likewise agreed
with field data. Aside from soil salinity, seasonal dynamics in atmospheric variables (solar
radiation and temperature) was highlighted as factors that influence mangrove productivity in
a subtropical region. This physiological principle-based improved model has the potential to
be extended to other mangrove forests in various environmental settings, thus contributing to

a better understanding of mangrove dynamics under future global climate change.
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3.1.2 Introduction

Mangrove forests grow in intertidal zones in tropical and subtropical regions (Giri et al.,
2011) and store a large amount of carbon (C) especially in their soil, commonly referred to as
“blue carbon”. It has roughly four times higher ecosystem-scale carbon stock than other forest
ecosystems (Donato et al., 2011), characterizing them as globally important C sinks (Mcleod
et al., 2011; Alongi, 2014; Taillardat et al., 2018; Sharma et al. 2020), therefore playing an
important role in climate change mitigation. However, mangrove forests have declined
worldwide; at least 35% of the mangrove forests had disappeared in the 1980s and 1990s
predominantly because of deforestation due to conversion to aquaculture ponds, rice fields,
urban development and palm oil plantations (Friess et al., 2019). Deforestation has been
continuing until now particularly in Southeast Asia with a recent estimate of mangrove loss
rates between 0.11%—0.70% (Friess et al., 2019, 2020). The loss of mangrove soil C through
mineralization following deforestation has been of concern as a source of carbon emission to
the atmosphere in addition to the loss of C sequestration capacity (Atwood et al., 2017;
Sharma et al. 2020; Adame et al., 2021). To facilitate effective mangrove conservation,
management, and restoration, a better understanding of C sequestration rates and the soil C
dynamics, hence mangrove blue C dynamics, under different environmental conditions and
climate change are urgently needed.

While the mangrove soil C dynamics are complex and involve physical,
biogeochemical, and ecological processes (Kristensen et al., 2008; Alongi, 2014; Bukoski et
al. 2020) that still remains poorly understood, one of the most important variables determining
soil C dynamics may be related to mangrove productivity. Mangroves supply their products,
such as leaf litter and dead roots to the soil C pool (Kristensen et al., 2008; Alongi, 2014;
Ouyang et al., 2017) which are closely related to forest structural variables such as canopy
height and above-ground biomass (AGB) (Saenger and Snedaker, 1993; Komiyama et al.,
2008). Such autochthonous C accounts for a significant amount of total soil C in mangrove
forests (Xiong et al., 2018; Sasmito et al., 2020). Therefore, the aim of this study is to
successfully quantify and predict the biomass dynamics and growth processes of mangroves
in different environmental conditions. These results would take a step forward in our
understanding of mangrove C sequestration rate and soil C dynamics.

Although data and insights on mangrove AGB distributions in relation to environmental
variables have recently increased (Simard et al., 2019; Rovai et al., 2015, 2021), there is still
no established way to predict the dynamics of mangrove AGB in the changing environmental

conditions. Generally, ecosystem’s response to environmental variables is nonlinear, and
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biomass dynamics is cumulatively affected by nonlinear response. Therefore, predicting the
effect of one environmental variable on mangrove biomass dynamics is difficult if based only
from the monitoring data on mangroves’ biomass, which are exposed to the effects of multiple
environmental variables. This makes the assessment of environmental impacts on mangrove
biomass dynamics challenging if datasets from only the field-based monitoring approach are
used.

The dynamic vegetation model (DVM) simulates vegetation or forest growth based on
physiological principles that includes processes such as tree competition, establishment, and
mortality (Fisher et al., 2017). This model could be a way to overcome the limitation of field-
based approach and predict mangrove biomass dynamics under multiple environmental
variables. Various DVMs (e.g., big-leaf, cohort-based, individual-based) have been developed
mainly for terrestrial ecosystems and have successfully reproduced the dynamics of various
forests in the temperate, tropical, and boreal regions (Fisher et al., 2017). Recently, DVMs
have advanced in physiological expression of stomatal conductance under water stress, by
incorporating a plant hydraulic model that explicitly solves plant water flux (Bonan et al., 2014;
Xu et al., 2016; Li et al., 2021). Recent studies also identified plant hydraulics as a critical
factor that determines the plants’ biomass allocation pattern to leaves, stem, and roots
(Magnai et al., 2000; Trugman et al., 2019b; Portkay et al., 2021), the variations of which could
drive a significant variation in plant productivity (Trugman et al., 2019a).

In mangrove forests, the salt in soil porewater (soil salinity) is one of the significant
environmental factors that determine the mangroves’ distribution, productivity, structure, and
zonation pattern (Ball and Farquhar, 1984; Clough and Sim, 1989; Sobrado, 2000; Ball, 2002;
Suarez and Medina, 2005; Suwa et al., 2009; Barr et al., 2013; Nguyen et al., 2015). Therefore,
it is essential to properly represent the effects of soil salinity on mangrove growth considering
species differences in the tolerance of salinity in order to accurately predict the mangrove
biomass dynamics. Soil salinity imposes highly negative water potential in the substrate,
making the water acquisition energetically challenging for plants, which acts in a similar way
to water stress (Reef and Lovelock, 2015). With this perspective, the theoretical works of Perri
et al. (2017, 2019) demonstrated the importance of considering the plant hydraulics for
predicting the photosynthetic and transpiration rates under salt stress. However, although
there are several individual-based DVMs for mangroves (e.g., FORMAN by Chen and Twilley,
1998, Kiwi by Berger and Hildenbrandt, 2000, mesoFON by Grueters et al., 2014, and
BETTINA by Peters et al., 2014), no model yet has considered salinity control role in
photosynthesis and transpiration through plant hydraulics, suggesting a room for improvement
in the physiological representation of the mangrove biomass dynamics under the impacts of

soil salinity. It is expected that the nutrient uptake rate is also affected by soil salinity through
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the regulated transpiration rate (Simunek and Hopmans, 2009), making nutrient availability as
one of the key factors controlling mangrove growth especially under high soil salinity
conditions (Lovelock et al., 2004, 2006a, 2006b; Feller et al., 2007; Reef et al., 2010).
Nonetheless, the modeling studies have not explicitly considered the role of nutrient uptake in
mangrove growth.

Here we hypothesized that the individual-based DVM incorporating plant hydraulic
traits can reasonably predict mangrove biomass, structure, and species zonation pattern
across a soil salinity gradient without empirical expression of the soil salinity influence on
mangrove productivity. Such model would advance the understanding of mangrove biomass
dynamics under multiple environmental stresses, which ultimately influence the mangrove soil
carbon dynamics. To test the hypothesis and contribute to the improvement of the
physiological representation of mangrove growth specifically under soil salinity impacts, we
developed a new individual-based DVM for the mangrove forest. The developed model is
based on a terrestrial individual-based DVM — the SEIB-DGVM (Spatially-Explicit Individual-
Based Dynamic Global Vegetation Model, Sato et al., 2007). We added a plant hydraulic
model to SEIB-DGVM and coupled it with the photosynthetic model to consider the impacts of
soil salinity on the mangrove water uptake and carbon gain. We also explicitly considered the
role of nutrient uptake on biomass dynamics. Furthermore, a novel biomass allocation scheme
linked with plant hydraulics and resource uptake rate was introduced as the mangroves’
strategy to cope with salt stress and enhance the rate of production. We tested the developed
model and determined the reproducibility of forest structures (e.g., species composition,
biomass) in a subtropical mangrove forest in Japan with two coexisting species (Rhizophora

stylosa and Bruguiera gymnorrhiza).

3.2 Materials and Methods

3.2.1 Study site

Our study site for the model application is an estuarine mangrove of the Fukido River
(Fukido mangrove forest) in Ishigaki Island, Japan (Fig. 3.1, 24° 20’ S, 124° 15’ E). The site is
characterized as a subtropical region. According to the climatological normal data obtained by
the Japan Meteorological Agency, the annual-mean air temperature is 24.5 °C, with a monthly
average of 29.6 °C in July and 18.9 °C in January (see also Fig. 3.4). The mean monthly

precipitation is 142 mm in July and 135 mm in January. Four small rivers (R1 — R4) flow into

the Fukido mangrove forest, while the river R2 has two outlets (Fig. 3.1¢). The mean discharge
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rates of the rivers in October 2012 were less than 0.03 m3 s*' for R1, R3, and R4 and around
0.05 m3 s for R2 (Mori et al., unpublished data). The tide is semi-diurnal with the highest and
lowest amplitude of 1.8 m and 0.8 m, respectively (Egawa et al., 2021).

The site is vegetated by two species, R. stylosa and B. gymnorrhiza. The trees of R.
stylosa dominated the sea-ward zone, especially areas close to the river mouth (Fig. 3.1c)
while B. gymnorrhiza dominated the landward zone. The species R. stylosa is classified as a
relatively salt-tolerant species while B. gymnorrhiza is classified as a less salt-tolerant but
shade-tolerant species (Putz and Chan, 1986; Sharma et al. 2012; Reef et al., 2015).
According to Ohtsuka et al. (2019), the Fukido mangrove forest is a mature and intact
mangrove forest designated as natural protection area by lIshigaki City, where distinct
disturbances to the mangroves have not occurred since at least 1977 based on aerial

photograph analysis.
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Figure 3.1. (a) Location of Ishigaki Island, (b) location and (c) aerial photo of the study site —
Fukido mangrove forest. The white line in panel (c) indicates the boundary of mangroves and
other land covers where mangroves are assumed to inhabit the areas of elevation < 1.0 m +
mean sea level, which was delineated based on a LiDAR-derived digital elevation model
(DEM). The blue lines indicate small creeks. The circular makers indicate survey plots’
locations along with four transects (T-A to T-D), while the pie charts indicate species
composition in each plot. The red arrows indicate outlets of rivers flowing into the mangrove
forest (R1 to R4). The aerial photo and DEM products were obtained from Asia Air Survey Co.
Ltd., Japan. Shorelines are from Global Shelf-consistent, Hierarchical, High-resolution
Shorelines (GSHHG).
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3.2.2 Field data collection

We used the tree census data of the Fukido mangrove forest shown in Suwa et al.
(2021) to assess model performance. The tree census data were collected from the survey
plots established along four transects (T-A, T-B, T-C, and T-D), shown in Fig. 3.1c. The
details of the survey protocol are described in Suwa et al. (2021). The stem biomass of
individual trees (Ms, g) was estimated from a common mangrove allometric equation proposed
by Komiyama et al. (2005), which was validated with various mangrove species:

Mg = 70p[(DBH/100)2H]%-931 (3.1)
where p is the wood density (g cm-2), DBH is the stem diameter at breast height (m) divided
by 100 for the unit conversion from meter to centimeter, and H is the tree height (m). However,
tree height data were occasionally absent at some plots, especially along T-C and T-D, and
in such cases, the tree height was estimated using a DBH-H allometric relationship
(Supporting Information Fig. S3.1a and b). The AGB at each plot (Mg ha-') was then calculated
from the estimated stem biomass.

The crown diameter was also measured for some selected trees, besides the data
shown in Suwa et al. (2021). The trees for crown measurement were randomly selected at
each transect. The diameters parallel and perpendicular to the transect line were measured
for each tree, and the crown diameter (Dcrown, M) was represented by the average of the values
from the two directions. Totally, crowns of 81 trees of R. stylosa and 103 trees of B.
gymnorrhiza were measured (Supplementary materials Fig. S3.1 ¢ and d).

Soil salinity and porewater dissolved inorganic nitrogen concentration (DIN) were also
measured at each plot as environmental drivers of mangrove production. Soil samples were
collected by inserting a PVC pipe into the soil at each plot, and soil porewater was extracted
from the surface 10 cm soil sample. The porewater samples were kept frozen and brought to
the laboratory for analysis. Salinity of the porewater (soil salinity) was measured using a
salinity meter (PAL-SALT, ATAGO Co. Ltd., Japan) while DIN concentrations were measured
using a QuAAtro 2-HR (SEAL Analytical Ltd., Germany and BLTEC K.K., Japan). These
measurements were conducted from August to September 2013. The summary of the

environmental and vegetation variables at each plot is provided in Table S3.1.

3.2.3 Model description

The mangrove growth model was formulated based on an individual-based model,
SEIB-DGVM (Sato et al., 2007). The forest dynamics was represented by a 30 m x 30 m
computational domain. In this domain, the irradiance distribution, tree establishment, death,

and changes in plant morphology subsequent to growth were simulated (Sato et al., 2007). A
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feature of SEIB-DGVM is that it explicitly solves the effects of shading by neighboring trees
on the light acquisition. The SEIB-DGVM thus provides the advantage in describing tree
competition for light more than the other types of DVMs such as big-leaf or cohort-based
models (Fisher et al., 2017). In SEIB-DGVM, the crown of each tree is represented by a
cylindrical-shaped object divided by 0.1 m-thick crown layers to account for the within-crown
vertical variability in irradiance distribution. It is assumed that leaf biomass is evenly distributed
in the crown layers.

Originally, the SEIB-DGVM defines four biomass pools — leaf, trunk, fine root, and
stock (non-structural storage pool); the trunk includes both the above-ground stem and the
below-ground coarse root (Sato et al., 2007). In this study, we considered the stem and coarse
root separately to explicitly consider the role of coarse root turnover in the biomass dynamics
(Castaneda-Moya et al., 2011; Adame et al., 2014). Additionally, we added a new biomass
pool — the above-ground root, especially for Rhizophora species whose above-ground root, or
“prop root”, could account for nearly 60% of their AGB (Nishino et al., 2015; Vinh et al., 2019).

The original SEIB-DGVM does not have a plant hydraulic module and the effects of
soil water on stomatal conductance were empirically parameterized. It also does not account
for plant nutrient uptake; thus, the plant growth depends solely on photosynthesis. The
biomass allocation is modeled based on scaling law (Trugman et al., 2019a). In this study,
these processes that control plant growth were almost entirely modified to describe mangrove
growth under salt stress (Fig. 3.2). The following sections explain the modification of the SEIB-
DGVM for this study related to plant hydraulics. Other modifications to the SEIB-DGVM are

summarized in Note S3.3-3.4.

Net
photosynthesis
Photosynthesis > Gained C and N Stog:k pool
requirement,
module — resources turnover
Transpiration | Leaf water
potential
A4 Water Hydraulics and growth Allometric
Plant hydraulics uptake rate optimality-based and physical
module biomass allocation constraints
Leaf water
4 potential
Soil
salinity Change in
N morphological
Substrate conditions Porewater structures
DIN

Figure 3.2. The model framework newly added to SEIB-DGVM for describing mangrove

growth. The red box and arrows indicate the substrate conditions given in the model. The
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black boxes and arrows indicate processes computed in the hourly time steps while the blue

ones are for the daily time step.

3.2.3.1 Inclusion of plant hydraulic module

The plant hydraulic module implemented in this study is primarily based on the model
developed by Xu et al. (2016) in a soil-plant-atmosphere continuum scheme. Here we describe
essential processes in the plant hydraulic module which will be related to the new biomass
allocation model in the next section.

The plant water uptake rate (= sap flow rate (Jsap, kg H20 tree™! s)) is calculated as
_ ¥s—¥1-%h

]sap - 5 . . (32)

Rwhole

where Runole is the whole-plant hydraulic resistance (MPa s tree kg H,O) and ¥s and ¥ are
the soil and leaf water potential (MPa), respectively; the ¥, = pwgH10%, which is the
gravitational water potential drop from the ground to the crown (MPa), where py, is the water
density (kg m3) and g is the gravitational acceleration (m s2). The parameter ¥s can be
expressed as a sum of the matric potential and osmotic potential (¥, MPa). The parameter
W, can be expressed as the difference in the osmotic potential between the soil and plant,
which is linearly related to soil salinity and the partial uptake of the salt by mangroves
represented by the salt filtration efficiency, ¢ (fraction) (Perri et al., 2017). Here, a constant
water temperature value (25 °C) was used to compute ¥y; however, note that sensitivity of ¥y

to change in temperature is significantly small compared to salinity. Alternatively, the matric
potential is negligibly small compared to ¥, in mangrove forests where the soil is usually
water-saturated due to frequent tidal flooding (Perri et al., 2017). The parameter Rwnole Can be
expressed as the sum of the root to stem hydraulic resistance (Rrwot) and the stem to leaf
hydraulic resistance (Rstem), both expressed in (MPa s tree kg' H20). The parameter Rroot is

given by:

Ry
Rroot = Mrr (3.3)

where R is the fine root hydraulic resistance per unit biomass (MPa s g kg H20) and Mk is

the fine root biomass (g tree'). The parameter Rs.em is given by:

aH

(3.4)

Rstem =
KsapAsap

where, a1 is the correction factor for tree height (H) to water path length, Kssp is the stem
hydraulic conductivity per unit sapwood area (kg H2O m m2 sapwood s™' MPa"), and Assp is
the sapwood area of a tree (m? sapwood tree™), which is calculated from the DBH and

diameter ratio of the heartwood relative to the entire stem (Bheart, Table 3.1; Trugman et al.,
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2019b). The parameter Kssp can be expressed as a product of saturated xylem conductivity

(Ksap,sat) @and a factor representing the effect of xylem cavitation (Xu et al., 2016):

p,\ %2\ "1
Ksap = Rsap,sat (1 + (P_st)) ) (3.9)
where Pso (MPa) is the water potential at which 50% of the xylem conductivity is lost and az is

an empirical parameter (dimensionless). The change in leaf water potential is governed by the

equation:
d¥; _ J=Twhole
dt ~— cpla (36)

where Tunole is the whole-plant transpiration rate (kg H20 tree' s'), LA is the whole-plant leaf
area (m? leaf tree’!), and C, is the plant capacitance (kg H.O m leaf MPa'). The parameter
Twhole is calculated by vertically integrating the product of the leaf-level transpiration rate and
the leaf area in each crown layer. The leaf-level transpiration and photosynthetic rates and
stomatal conductance are calculated using a leaf flux model of Bonan et al. (2014), where the
stomatal conductance is estimated from an optimization approach of Cowan and Farquhar
(1977) using the marginal water use efficiency (A = AA/AE, where A is the optimal water use
efficiency (WUE), and A, and E are the leaf net photosynthetic rate and the transpiration rate,
respectively) and regulated by ¥, See Note S3.4 for the detailed calculations of A, and E, and
the linkage to ¥

The processes for transpiration, photosynthesis, plant water uptake, and change in
leaf water potential were computed in hourly time step (Fig. 3.2). Overall, high salinity
increases sensitivity of the leaf water potential to plant transpiration (Egs. (3.2), (3.6)), which
in turn may cause stomatal closure even with a low transpiration rate. It also increases the
optimal WUE value leading to lower stomatal conductance (Ball and Farquhar, 1984; Clough
and Sim, 1989; Barr et al., 2014; Perri et al., 2019), thereby lowering the photosynthetic and

transpiration rates.

3.2.3.2 Inclusion of hydraulics and growth optimality-based

biomass allocation

The biomass allocation occurs at the daily time step in the new biomass allocation
scheme introduced in this study (Fig. 3.2). At each time step, four variables were considered
for biomass allocation of individual trees — the daily C (Cgrow, g C tree" day') and N (Ngrow, g
N tree”' day') resources that can be used for tree growth, the daily minimum leaf water
potential (¥ 4aymin, MPa), and the midday photosynthetically active radiation (PAR) at the
crown top (PARp, pmol photon m?2 s'). The Cgrow and Ngrow Were computed from the daily C
and N uptake rates, where N uptake rate was calculated by multiplying the porewater DIN

67



concentration and plant water uptake rate (See Note S3.5 for the detail). Biomass was
allocated according to these variables to optimize the plant hydraulics and enhance the uptake
rate of growth-limiting resource (C or N) under the constraints summarized in Table 3.1.
Allometric and physical constraints were considered for H and Dcown (Fig. 3.3a—d, see Note

S3.1 for the derivation of the allometric constraints).

Table 3.1. Parameters constraining plant morphology, biomass proportion, and

stoichiometry. R. s = R. stylosa, B. g = B. gymnorrhiza.

Type of

constraint Symbol  Description Related portion Units R.s B.g Source
Morphological Hmax Maximum tree Tree height m a Field data
structure height relative to
stem diameter
Heon Physical constraint ~ Tree height m b
on tree height
D*crown Maximum crown Crown diameter m c Field data
diameter relative to
stem diameter
Dcrowncon  Physical constraint  Crown diameter m b
on crown diameter
DBHmax  Species-specific Stem diameter m 0.25 0.45 Field data
maximum stem
diameter
Bheart Diameter ratio of Sapwood cross- - 0.15 0.15 Satoetal.
heartwood relative  sectional area (2007)
to entire stem
Biomass pool dLAImax ~ Maximum leaf area  Leaf biomass m-"! 0.8 0.8 Estimated from
index per 1T m Clough et al.
vertical height (1997)
Bstock Target C and N in C and N in stock - 0.05 0.05 Assumed
stock pool relative pool
to stem
Ber Target fine root Fine root and - 0.2 0.2 Literature
biomass relative to  coarse root surveyd
coarse root biomass
Bar Target prop root Above-ground - e Yoshikai et al.
biomass ratio biomass of (2021)
relative to stem Rhizophora
species
Stoichiometry CNi C/N ratio in leaf Leaf gCg 47 47 Tanu et al.
tissue "N (2020)
CNw C/N ratio in woody  Stem, above- gCg 280 280 Alongi(2003),
tissue ground root, N Alongi et al.
coarse root (2004)
CNr C/N ratio in fine Fine root gCg 103 103 Alongi (2003)
root tissue N
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a. Derived from DBH-Hmax relationship. See Note S3.1 and Fig. S3.1 for details.

b. Computed in the model. See Fig. 3.3c-d.

c. Derived from DBH-D*crown relationship. See Note S3.1 and Fig. S3.1 for details.

d. Average of values reported in Tamooh et al. (2008), Castafieda-Moya et al. (2011), Adame et al. (2014),
Robertson et al. (2016), and Muhammad-Nor et al. (2019).

e. Estimated from prop root allometry in Fukido mangrove forest. See Fig. S3.3.

VI

CFOWH

(e) + Case1 (Eq. 7a):
Allocate biomass to stem for radial growth and above-ground root.
No The DBH will increase without height growth according to Eq. (1).
Y daymin > Wi ? —> However, if DBH reached DBH,,,,, Case 2 will be applied.
+ Case2(Eq. 7b):
Yes Allocate biomass to fine and coarse roots.

Y

No « Case 3 (dLAI< dLAl,,., or D < min(D* D, )):
’? max crown crown? crown,con -
Cyrow > NorowCN; ’ Allocate biomass to leaf. The dLAI or crown diameter will be
increased depending on D, relative to D* ., and D¢ yun con-

* Case 4 (dLAI > dLAImax and DBFDWI'I > min(D*chWn! DBFDWH,GDH)):

\d Allocate biomass to stem for height growth. The H will increase
Yes without radial growth according to Eq. (1). However, if H reached
PARy, > PAR? | — H,ae OF Heor Case 6 will be applied.

Yes

No « Case5 (H < min(Hmaxv Hcon)):

Allocate biomass to stem for height growth. The H will increase
without radial growth according to Eq. (1).

A J

* Case 6 (H> min(H,,,,, H.on)):
Allocate biomass to stem for radial growth. The DBH will increase
without height growth according to Eq. (1). However, if DBH
reached DBH,,.,, Case 3 will be applied. If Case 3 is not
applicable, Case 2 will be applied.

Figure 3.3. Schematics of (a, b) allometric and (c, d) physical constraints on tree height (Hmax,
Heon) and crown diameter (D*crown, Derown con), Where the Heon @and Derown.con in panels (c) and (d)
are for the tree with crown filled by yellow color, and (e) newly added biomass allocation
scheme to SEIB-DGVM. See Note S3.1 for the derivation of allometric constraints from field

data.

The parameters Cgow and Ngow are allocated to the respective biomass pools in a
scheme shown in Fig. 3.3. We applied the concept that plants keep their favorable hydraulic
conditions throughout the growth periods by adjusting the morphological structures (Magnai
et al., 2000). In this regard, we introduced a parameter Yy — the critical leaf water potential

(MPa) — at which plants aim to maintain their leaf water potential (note that W is different from
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W min at which plants close the stomata). It was then considered that when W, gaymin fell below
WYy, the plant tries to reduce Runole by allocating biomass to either the fine root, or stem, which
reduces Runole more effectively (Case 1 and 2 in Fig. 3.3; note that decreases in Rstem and Rroot

were expressed by negative value):

Ms; = Ms;—1 + dMs if ERM;(:: > disﬁsm (3.7a)
. dR dr
Mgr¢ = Mprt-1 + dMpr if ﬁ < ﬁesm (3.7b)

where Mrr: and Ms; are the fine root and stem biomass (g tree') at time step t (day), and
dMer and dMs are the daily biomass increment potential of fine root and stem (g tree-' day™'),

respectively, which are limited by either of Cgow and Ngrow and represented as:

1 .
Mg = o~ X min|Cgrow(1 — Fgr)(1 — Ferc) Ngrow(1 — Fern)CNy] (3.8a)
dMg = i x min[Cgrow(1 = Fgr) (1 = Far), Ngrow (1 = FAR)CN,, ] (3.8b)

where, Cw is the carbon mass per unit dry weight in plant tissue (g C g' DW), Fq is the growth
respiration fraction, Fcrc and Fcrn are the fractions of Cgow and Ngrow, respectively, to be
allocated to the coarse root to realize Brr (target fine root biomass relative to coarse root;
Table 3.1), Far is the fraction of the resources to be allocated to the above-ground root to
realize Bar (target prop root biomass relative to stem; Table 3.1, also see Fig. S3.3) which was
determined from an allometric model using DBH obtained in our study site by Yoshikai et al.
(2021), and CN; and CN, are the CN ratios in fine root and woody tissue (g C g N),
respectively, that convert the unit of Ngrow t0 Cgrow. In Eq. (3.7), the dRwot/dMrr is calculated
from Eq. (3.3), while the dRstem/dMs is calculated from:

39
where dAsap/dMs is obtained from Eq. (3.1) by calculating the increase of DBH with stem
biomass increment dMs without height growth, and dRstem/dAsap is given from Egs. (3.4), (3.5)
where Y 4aymin is used in Eq. (3.5). It should be noted that the variables Y gaymin, Cgrow, and
Ngrow change with various factors including atmospheric and substrate variables and tree
competition, and no absolute optimal biomass proportion achieves the condition dRoot/dMrr =
dRstem/dMs throughout the computational period. Also, due to the different CN ratios in fine
root and woody tissues, the increment in stem biomass (dMs) with a unit N resource is greater
than that of the fine root biomass (dMrr) under N-limited conditions (Eq. (3.8), Table 3.1).
Alternatively, if plants are not stressed by the lowered leaf water potential (¥ gaymin >
W), the resources are allocated to a plant organ that effectively increases the uptake rate of
either C or N, limiting the growth rate. Under N-limited conditions, plants allocate biomass to
the leaves to increase whole-plant transpiration capacity, which increases N uptake rate nearly
proportionally (as suggested by Eq. (S3.22)) (Case 3 in Fig. 3.3); this is considering that the
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limited uptake of N is due to the small transpiration rate rather than water uptake regulation
by hydraulic resistance. The increase in leaf biomass increases either Dcown and dLAI (leaf
area index per 1 m vertical height) depending on the crown diameter constraints (D*cown and
Dcrowncon, S€€ Note S3.6 for the details). However, if the increase in leaf biomass is inhibited
by dLAImax (maximum dLAI; Table 3.1) and crown diameter constraints, the resources are
allocated to the stem for height growth, which in turn will make a new crown layer and
eventually allow further leaf accommodation (Case 4 in Fig. 3.3). Under a C-limited condition,
the limited C uptake rate may be attributed to low light availability or small whole-plant leaf
area. In this regard, we introduced a criterion PAR, where the photosynthetic rate is reduced
by half of the light-saturated photosynthetic rate, allowing the assumption that the limited C
uptake rate is due to low light availability if PARyp is lower than PAR«. In this case, the
resources are allocated to the stem for height growth to acquire better light conditions under
tree competition (Case 5 or 6 in Fig. 3.3); otherwise, the resources are allocated for an
increase in leaf area (Case 3 or 4 in Fig. 3.3). Lastly, the residual Cgow Or Ngow after the

biomass allocation is allocated to the stock pool.

3.2.4 Simulation configuration

The model was applied to the Fukido mangrove forest to test its performance in
reproducing the forest structural variables (species composition, mean DBH, and AGB). The
model was forced with atmospheric variables (air temperature, relative humidity, atmospheric
pressure, wind speed, and cloud fraction) and substrate conditions (soil salinity and porewater
DIN). Direct and diffused solar radiation and longwave radiation were calculated in SEIB-
DGVM from the given variables such as cloud fraction, air temperature, and latitude (Sato et
al., 2007). The atmospheric variables for the Fukido mangrove forest given to the model were
derived from a global reanalysis product JRA-55 (Kobayashi et al., 2015). For long-term
simulation (i.e. more than 100 years), the yearly atmospheric variation in 2013, a year when
the field-data collection was conducted, was repeatedly given in the simulation.

Simulations with different soil salinity, or the “salinity gradient simulation”, which varied
from 18%o to 36%. with 2%. intervals, were conducted to reproduce the forest structural
variables across a soil salinity gradient. For the porewater DIN, a spatially averaged DIN
(average of DIN measured at the survey plots: 200 umol L") was given to the model as the
representative value of the porewater DIN in this forest. In each simulation, soil salinity and
the porewater DIN were set as constant due to lack of data and model on the temporal
variations in substrate conditions. We also conducted “plot-wise simulation”, or the simulation

for each survey plot, by giving the measured soil salinity and porewater DIN at each plot. Note
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that the results shown in this manuscript are from the “salinity gradient simulation”; the results
of the “plot-wise simulation” is provided in Fig. S3.5 in the Supporting Information and
discussed later.

The initial condition was set as bare land (no vegetation) for all simulations. Tree
establishment occurs at 1 m x 1 m grid-cells at yearly time step according to light condition at
the forest floor and a parameter of establishment probability (Pestanish, M2 year') prescribed
for each species (Sato et al., 2007). The species that will establish at a grid-cell is determined
according to a fraction of total biomass of each species in the computational domain such that
a species occupying a larger fraction has a higher probability of establishment. On the other
hand, it is sometimes randomly determined by a probability Esfrandom, Where the value of
Estrandom Was set to 0.05 in this study. This corresponds to Scenario 4 in the tree establishment
scheme in SEIB-DGVM (see Sato, 2015 for the details). We followed Sato et al. (2007) for the
initial conditions (tree morphology and biomass proportion) of the established trees.

The SEIB-DGVM uses stochastic models for the processes of tree establishment and
mortality, and for this reason the result of a simulation varies every time. In this regard, we
conducted ensemble simulations (20 runs) for each soil salinity in the “salinity gradient
simulation” and extracted the general trends.

The model parameter settings related to plant hydraulics and productivity are
summarized in Table 3.2. Other minor model parameters are summarized in Table S3.2. The
parameter values for the two-species in the Fukido mangrove forest, R. stylosa and B.
gymnorrhiza, were determined based on literatures. If the data for a focal species was
unavailable from the literature, the data from the genus or family was applied. Some parameter
values were adapted from other mangrove genus or terrestrial ecosystems, and in this case,
the same value was given to the two species (Table 3.2). The values of two plant hydraulic
trait parameters — Wy (critical leaf water potential) and B, (sensitivity of marginal WUE to leaf
water potential in Eq. (S3.21), see Note S3.3) — were calibrated to reproduce the AGB and
mean DBH of each species across the soil salinity gradient.

Fukido mangrove forest’s age is unknown, which makes the comparison between the
model and field-data difficult. However, considering that it is an old and mature forest intact at
least since 1977 (Ohtsuka et al., 2019), we assumed that the forest structural variables of the
Fukido mangrove forest are in steady states. We conducted long-term simulations for 450
years with this assumption, and extracted the modeled DBH and AGB in steady states (> 300
years) and compared them with the field data.

Lastly, we performed sensitivity analysis of the plant hydraulic trait parameters (&, Pso,
Y, and Bo) to see the relative importance of each parameter in reproducing the observed

pattern of the forest structure, specifically AGB, across the soil salinity gradient. We changed
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the value of a target parameter of one species (either R. stylosa or B. gymnorrhiza) to the one
determined for the other species which is shown in Table 3.2, and run the “salinity gradient
simulation”. Note that to examine the sensitivity to Y, we changed the values of ¥ and ¥ nin
to keep the buffer between the two parameter values. Also, to save on computational cost, we
run only one simulation for each sensitivity test instead of the ensemble approach described

above. Model sensitivities are shown in Fig. S3.6.

Table 3.2. Model parameters related to plant hydraulics and productivity.

Symbol Description Units R.s B.g Source
P Wood density gcm 0.84 0.76 Zanne et al. (2009)
SLA Specific leaf area cm? g 45 71 Sharma et al. (2012)
£ Salt filtration efficiency Fraction 0.902 0.99 Reef and Lovelock (2015)
R Fine root hydraulic resistance MPa's g kg™ 2220° 2220° Bonan et al. (2014)
H20
Ksap Stem hydraulic conductivity kg H20 m m=2 1.442 1.13 Melcher et al. (2004),
sapwood s Jiang et al. (2017)
MPa-!
Pso Water potential at which 50% of  MPa -4.42 -8.2 Melcher et al. (2004),
xylem conductivity is lost Jiang et al. (2017)
az Empirical parameter shaping - 4.5° 4.6 Melcher et al. (2004),
xylem vulnerability Jiang et al. (2017)
Co Plant capacitance kg HoO m2leaf 0.045° 0.045° Bonan et al. (2014)
MPa-!
Wi min Minimum leaf water potential MPa -4 53¢ -4.0°¢ Hao et al. (2009),
Lovelock et al. (2006),
Deshar et al. (2008)
WPk Critical leaf water potential MPa -3.9 -3.4 Calibrated
Vemax2s ~ Maximum carboxylation rate at pumol CO2 m2s~ 50¢ 50 Estimated from Ball et al.
25°C ! (1988)
Ao Reference marginal water use pmol CO2 mol! 250 250 Assumed
efficiency in Eq. (S3.21) H20
Bo Sensitivity of marginal water use  MPa™' -0.4 -0.6 Calibrated
efficiency to leaf water potential
in Eq. (S3.21)
TO Leaf turnover rate day 0.0024 0.0019 Sharma et al. (2012)
TOcr Coarse root turnover rate day! 0.0003® 0.0003¢ Castafieda-Moya et al.
(2011)
TOx Fine root turnover rate day™’ 0.001¢  0.001®  Castafieda-Moya et al.
(2011)
NRE Nitrogen resorption efficiency fraction 0.85 0.85f Lin et al. (2010)

a. Value for Rhizophora magle
b. The value used for terrestrial forest ecosystem was applied due to lack of information.
c. The minimum of the reported values was adopted.
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d. Value for Rhizophora apiculata
e. The average value of data in Castafieda-Moya et al. (2011) was adopted.
f. Value for Rhizophora stylosa

3.3 Results

3.3.1 Modeled seasonal and diurnal dynamics

Seasonal variations in atmospheric forcing variables and modeled species-specific
gross photosynthetic rate (Py) and transpiration (T) normalized by the leaf area index (LAI)
and midday (Y midday) and predawn (W predawn) leaf water potential are shown in Fig. 3.4. The
modeled variables were from one of the ensemble simulations with soil salinity set as 30%o.
The model demonstrated strong seasonality in photosynthesis and transpiration primarily due
to seasonality in solar radiation and air temperature. The model predicted the peak of Pg/LAl
in June with values ~ 5.1 and 4.9 g C m2 day' for R. stylosa and B. gymnorrhiza, respectively,
and the peak in T/LAl in July—Sep with values ~ 1.07 and 0.85 mm day-' for each species,
respectively. The Py/LAl and T/LAI were predicted to be depressed during winter (December—
February) with values ~ 3.0 g C m=2 day' for both species and ~ 0.43 and 0.36 mm day-" for
each species, respectively. We compared the modeled leaf-level Py with the field-estimated
values in the Fukido mangrove forest by Okimoto et al. (2007). Their measurements were
conducted in an area where the LAl is 1.55, the same LAl as the one shown in Fig. 3.4d; thus,
the effects of LAl on leaf-level Py could be eliminated for comparison. Although the modeled
P4/LAI of both species are slightly lower than the one obtained by Okimoto et al. (2007) (~ 1.0
g C m-2 day"), especially from June to August, overall, the model agreed well with their results.

The midday leaf water potential showed seasonal variations as with photosynthesis
and transpiration (Fig. 3.4f). Due to the partial salt uptake of R. stylosa (as indicated by the
lower ¢ value of this species, Table 3.2) that alleviates the osmotic potential difference
between the soil and plant, the predawn leaf water potential of R. stylosa was constantly higher
than that of B. gymnorrhiza (Fig. 3.4f). Rhizophora stylosa also showed larger magnitude of
leaf water potential reduction at midday during summer compared to B. gymnorrhiza, and
higher leaf-level transpiration rate, correspondingly (Fig. 3.4e and f). During winter, due to the
lowered transpiration rate, the leaf water potential reduction at midday was resultantly

alleviated compared to summer.
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Figure 3.4. Seasonal variations in atmospheric forcing variables: (a) solar radiation, (b) air
temperature, and (c) vapor pressure deficit (VPD), and modeled seasonal dynamics: (d)
monthly mean and standard deviation of species-specific gross photosynthetic rate (Pg, g C
m-2 ground day'), (e) transpiration (T, mm day-') normalized by leaf layer index (LAIl, m? |leaf
m-2 ground) of the respective species, and (f) midday (¥ midday) @nd predawn (¥ predawn) leaf
water potential of each species. R. s = R. stylosa, B. g = B. gymnorrhiza. Solar radiation is
expressed as daily sum while air temperature and VPD are expressed as daily mean. Leaf
water potential shown is the median value of individuals. Here, the modeled dynamics were
from a simulation of soil salinity set as 30%o, and the results of a year when LAl reached 1.55
were shown. At this time, the LAl of R. stylosa and B. gymnorrhiza were 0.87 and 0.68,
respectively. In panel (d), seasonal variations in Pg/LAl measured by Okiomoto et al. (2007)
are also shown as reference, the data of which are from an area with LAl = 1.55 in Fukido

mangrove forest in 2000-2001.

Diurnal variations of the simulated photosynthesis, transpiration, and leaf water

potential of the two species during summer and winter under two different salinity conditions
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(30 %0 and 24 %o) are shown in Fig. 3.5. Compared to salinity 24 %., both species showed
significantly lowered leaf-level transpiration rates under salinity 30 %o especially during
summer (Fig. 3.5b and e), suggesting downregulation of stomatal conductance under high soil
salinity conditions. On the other hand, the decrease in leaf-level photosynthetic rates were not
significant (Fig. 3.5a and d). The leaf water potential during night-time was lower when soil
salinity was 30 %o, compared to conditions when salinity was 24 %o, due to the different osmotic
potential in soil porewater. The leaf water potential, however, showed almost the same levels
at midday during summer, which were close to the values of W determined for each species
(Fig. 3.5¢, Table 3.2). The reduction in leaf water potential to the level of ¥ suggests the role
of dynamic biomass allocation, which adjusts the whole-tree transpiration demands and
hydraulic conductivity, in constraining the leaf water potential dynamics (Fig. 3.3). In contrast,
the diurnal dynamics in leaf water potential during winter showed similar magnitude of

reduction of the water potential at midday between the two soil salinity conditions (Fig. 3.5f).
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Figure 3.5. Simulated averaged diurnal variations in (a, d) photosynthesis and (b, e)
transpiration of R. stylosa (R. s) and B. gymnorrhiza (B. g) normalized with LAl of the
respective species, and (c, f) leaf water potential of the two species for summer (June—August)
and winter (December—February) under two soil salinity conditions (30 %o and 24 %o). The
variations under soil salinity 30 %o correspond to the results shown in Fig. 3.4. The variations
under soil salinity 24 %o are from the results of a year that showed the same LAI (1.55). The

diurnal variations in leaf water potential were derived based on the median value of individuals.

3.3.2 Modeled biomass dynamics under different soil salinity
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Figure 3.6 shows the changes in the forest structures for over 200 years under different
soil salinity conditions, 20%o, 24%o, 30%o., and 34%o, from one of the ensemble simulations (the
present-day average soil salinity of the survey plots is 28 %o). The time-series results of AGB,
LAI, and mean DBH of the two species are shown in Fig. 3.7. Trees with DBH < 0.05 m were
not accounted for in the calculation of the mean DBH because it is sensitive to the presence
of small trees. Overall, the model demonstrated the significant influence of soil salinity on

species composition and forest structure.
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Figure 3.6. Visualization of forest structures over 200 years under different soil salinity (sal),
20, 24, 30, and 34%., taken from one of the ensemble simulations. The brown-colored objects
represent the stem while the yellow- and green-colored objects represent the crowns of R.
stylosa and B. gymnorrhiza, respectively. The forest floor shown is the 30 m x 30 m-wide

computational domain.
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Figure 3.7. Temporal dynamics in above-ground biomass (AGB), leaf area index (LAl), and
mean diameter at breast height (DBH) of R. stylosa (R. s) and B. gymnorrhiza (B. g) in four
soil salinity conditions (a) 20%o, (b) 24%., (c) 30%o, and (d) 34%.. Note that trees with DBH <
0.05 m were not included in the calculation of mean DBH. Solid lines show median and

shading the 90-th percentile from ensemble simulations.

The model predicted that B. gymnorrhiza dominates over R. stylosa when soil salinity
is 20%o0 or 24%. (Fig. 3.7a—b). Under soil salinity of 20%., the AGB of B. gymnorrhiza
exponentially increased up to 200 Mg ha' after 60 years since the initial condition. It slightly
decreased after that, and was kept almost constant at 175 Mg ha-! after 150 years. The LAI
of this species showed almost the same trend with AGB while the mean DBH showed
fluctuation especially in the first 200 years (Fig. 3.7a). The sudden decrease in the mean DBH
is attributed to the onset of formation of forest gaps resulting from deaths of large B.
gymnorrhiza trees that promoted the establishment of small trees (Fig. 3.6). After the decrease
in the mean DBH, it gradually increased again and saturated at 0.17 m (Fig. 3.6a). Alternatively,
the AGB and LAl of R. stylosa were significantly lower than B. gymnorrhiza with its peak at
only 25 Mg ha' and 1 m? m, respectively. This can also be seen in the decreasing number
of R. stylosa trees subsequent to forest growth (Fig. 3.6). In contrast to AGB and LAI, the
mean DBH of R. stylosa reached around 0.2 m after 75 years, as large as that of B.
gymnorrhiza in steady state (Fig. 3.7a). This suggest that some R. stylosa trees can grow until
mature conditions (see also Fig. 3.6), while trees of this species with DBH > 0.05 m
disappeared in all ensemble simulations after 300 years (Fig. 3.7a). The trees of R. stylosa
sometimes emerge due to the random factor in the establishment process, but most of the
trees did not grow more than DBH of 0.05 m in the canopy of B. gymnorrhiza.

The trend in forest growth under 24%. salinity was similar to that of 20%. (Fig. 3.6, Fig.
3.7b), but showed a slightly lower and higher peak for B. gymnorrhiza and R. stylosa,

respectively, of the AGB, LAI, and mean DBH. This suggests decreased productivity of B.
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gymnorrhiza compared to soil salinity 20%o0, and increased productivity of R. stylosa albeit the
increase in soil salinity. The survival rate of R. stylosa was higher than the results for 20%.,
resulting in the high mean DBH of this species throughout the simulation period (Fig. 3.7b).
When the soil salinity was 30%o, the AGB of B. gymnorrhiza significantly decreased
compared to the results for salinities 20%0 and 24%., becoming equivalent to those of R.
stylosa (Fig. 3.7c). The LAl and mean DBH also showed a significant decrease, suggesting
significantly lowered productivity of B. gymnorrhiza. The AGB and LAl of R. stylosa
significantly increased compared to the results for 20%. and 24%., but the mean DBH
significantly decreased.
The model predicted that B. gymnorrhiza cannot grow well at soil salinity 34%o0, and that R.
stylosa dominates under this salinity condition (Fig. 3.6, Fig. 3.7d). Despite the further
decrease in AGB, LAI, and mean DBH of B. gymnorrhiza, those of R. stylosa showed almost

the same level for these parameters at soil salinity 30%o.

3.3.3 Comparison between modelled and field-measured forest

structural variables

Figure 3.8 shows the field-measured and modeled mean DBH and AGB of R. stylosa
and B. gymnorrhiza across the soil salinity gradient. The field data clearly showed the effects
of soil salinity on forest structural variables — decrease in mean DBH for both species, and
decrease in AGB of B. gymnorrhiza but increase in AGB of R. stylosa with increasing soil
salinity. The model reproduced well the said patterns across the soil salinity gradient and the
values are within or close to the field-data variations (Fig. 3.8). The change in species
composition is also well-reproduced, suggesting that the model can reproduce the forest

structural variables across the soil salinity gradient.
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Figure 3.8. Comparison of field-measured and modeled (a) mean DBH and (b) AGB of R.
stylosa and B. gymnorrhiza along with soil salinity gradient. From each ensemble simulation,
modeled mean DBH and AGB in steady states (> 300 years) were extracted and pooled for
all ensembles, and the median (solid line) and the 90-th percentile (shading) of the pooled

samples were shown. Note that trees with DBH < 0.05 m were not included in the calculation

of the mean DBH.

Figure 3.9 shows the field-measured and modeled relationship of tree density and
mean individual stem biomass. Although there are some discrepancies between the model
and field data especially for conditions soil salinity > 30%o., the model reproduced the overall

pattern of the field data.
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Figure 3.9. The relationship of tree density and mean individual stem biomass (Ms). Triangles
show field data while circles show modeled values from one of the ensemble simulations with
different soil salinity settings (from 18%o to 34%o with 2%. increments) plotted from 300—-450
years (with interval of 50 years), which is in steady states in terms of forest structural variables
(see Fig. 3.7). Note that trees with DBH < 0.05 m were not counted in calculating tree density
and mean Ms. The line represents the full density curve proposed by Tabuchi et al. (2013): y
= 20389x"-%7,

3.4 Discussion

3.4.1 Model performance

Forest growth is influenced by leaf-level and whole-plant CO2, water and nutrient fluxes,
and forest-scale tree competition, which are all interconnected. The leaf-level fluxes were
simulated using a well-established stomatal optimization scheme with the marginal WUE
linked with leaf water potential (Bonan et al., 2014; Xu et al., 2016). The model predicted the
distinct seasonal dynamics in photosynthesis and transpiration as well as leaf water potential
in the Fukido mangrove forest (Figs. 3.4 and 3.5). The modeled seasonal variations in leaf-
level photosynthesis (Py/LAl) agreed well with the one measured by Okimoto et al. (2007) in
this forest (Fig. 3.4d). Although there are no data on the seasonal variations in transpiration in
this forest, studies on other subtropical mangrove forest, such as the Everglades National
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Park, Florida (Barr et al., 2014), and China (Liang et al., 2019) that incorporated the eddy-
covariance approach also showed strong seasonality in transpiration, similar to the one
predicted for the Fukido mangrove forest in this study (Fig. 3.4e). The evapotranspiration rate
normalized by LAl in the Everglades measured by Barr et al. (2014) was 0.4—1.2 mm day’,
which is close to the variation of the modeled T/LAl in the Fukido mangrove forest (Fig. 3.4e).
These results suggest that the model produced realistic seasonal dynamics for transpiration
in the Fukido mangrove forest.

Tree growth was driven by C and N uptake rates in the developed model resulting from
the leaf-level and the whole-plant CO, and water fluxes. The modeled growth rates at a soil
salinity condition where B. gymnorrhiza is the dominant species (sal < 28%.) showed close
values to the ones measured by Ohtsuka et al. (2019) at a B. gymnorrhiza-dominated site in
the Fukido mangrove forest (Fig. S3.4). This suggests that the model also reasonably
predicted the growth rate of each species in addition to the leaf-level CO, and water fluxes.

This model also showed reasonable reproducibility of the self-thinning process arising
from tree competition. This was inferred from the decrease in tree density with increase in
individual tree biomass patterns based on the agreement of the measured and modeled tree
density-mean Ms relationship, except for those with soil salinity > 30%o (Fig. 3.9). An exponent
value close to -3/2 was obtained, similar to what is observed in the Fukido mangrove forest
(Suwa et al., 2021; Fig. 3.9) and in many mangrove forests as well (e.g., Analuddin et al.,
2009; Deshar et al., 2012; Khan et al., 2013; Tabuchi et al., 2013; Azman et al. 2021). This
was achieved by implementing the species-specific morphological traits especially the DBH-
D*crown relationship (Fig. 3.3b, see also Note S3.1 and Fig. S3.1). The underestimation trend
of modeled tree density at high soil salinity (> 30%0) where R. stylosa starts to dominate (Fig.
3.9) may be attributed to the inaccurate representation of the crown morphological trait of this
species, which generally gives larger D*c.own cOmpared to observed values (see Note S3.1 and
Fig S3.1c). Basically, the crown diameters of individuals determine the tree accommodation
spaces, and therefore the overestimated crown diameter may have resulted to the
underestimation of the tree density. Crown size representation could be a factor that drives a
large part of the uncertainty in DVMs (Meunier et al., 2021). Nevertheless, the data are
remarkably scarce in the case of mangroves. The morphological traits of crown size should
be investigated in future studies for more realistic representation of mangroves’ tree
competition and forest dynamics in the model. It is also important to note that some variables
of model prediction such as LAI, shoot/root biomass ratio, morphological plasticity in
accordance to changes in environmental variables (as shown in Fig. S3.7), and leaf water
potential dynamics have not been validated due to lack of data, and future research is needed

to address these aspects.
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Overall, this is first modeling study to introduce detailed physiological and mechanistic
representations of the mangrove forest growth controlled by photosynthesis, water and
nutrient (represented by DIN) uptake, tree competition, and achieved good as well as
comprehensive reproducibility of mangrove growth processes. The remarkable agreement of
modeled forest structures with field data across a soil salinity gradient validated our hypothesis
— individual-based DVM incorporating plant hydraulic traits can reasonably predict mangrove
growth processes under salt stress without empirical expression of the soil salinity influence
on mangrove productivity. However, the model still does not account for the plant-to-soil
feedback through water uptake, which has been identified by a mangrove growth-groundwater
flow coupled model (Bathmann et al., 2021) as an important factor affecting both mangrove
and substrate conditions (soil salinity). Alternatively, the said model also demonstrated that
the forest structural variable and soil salinity dynamics could reach steady states after some
time from the initial condition, a setting that is considered to describe the Fukido mangrove
forest (Ohtsuka et al., 2019). Our modeling results, which did not include the plant-to-soil
feedback, therefore may be valid only for the steady states and still holds uncertainty in the
developmental stage. This further implies that model application may be limited only to mature
mangrove forests, and further model improvement is needed for its application to forests
during the developmental stage (after plantation) or during the recovery stage (after

disturbances such as typhoons and deforestation).

3.4.2 Soil salinity and interspecific competition shaping the

forest structural variables

Overall, the model explained that the changes in mean DBH and AGB of the two
coexisting species with change in soil salinity are due to the difference in their salt tolerance
and interspecific competition (Figs. 3.7-3.8). While the model predicted the contrasting
changes of AGB of the two species, both species showed decrease in productivity with
increase in soil salinity as seen in the monotonic decrease in DBH (Figs. 3.7-3.8). This
decrease in productivity can be partly explained by the downregulation of stomatal
conductance under high soil salinity conditions (Fig. 3.5). In addition, the changes in the
biomass allocation pattern that increased the allocation to the stem and roots relative to leaves
with increase in soil salinity have influenced productivity (Fig. S3.7) — a pattern that reduced
the whole-plant photosynthesis and transpiration and increased the carbon (through the stem
and root respiration and root turnover) and nitrogen (through the root turnover) cost relative to
the unit leaf area. It should be noted that such morphological plasticity with changes in soil

salinity predicted by the model qualitatively agrees with the implications by other studies (e.g.,
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Suwa et al., 2008, 2009; Vovides et al., 2014; Nguyen et al., 2015; Chatting et al., 2020), but
future studies are needed for quantitative and systematic validation.

The sensitivity analysis of the plant hydraulics trait parameters provided some insights
into the different salt tolerance of the two species that shaped the forest structures along the
soil salinity gradient (Fig. S3.6). For example, it showed the substantial contribution of the
partial salt uptake of R. stylosa, represented by the lower ¢, to the salt tolerance of this species
(Fig. S3.6a) at the possible expense of higher Psy value (Table 3.2, Fig. S3.6¢ and d), which
is considered as the coordinated functional traits (Jiang et al., 2017). The model showed
highest sensitivity to the parameters wik and wimin (Figs. S3.6e and f), suggesting that the
mangroves’ capacity to reduce the leaf water potential is one of the most important functional
traits characterizing their salt tolerance, as suggested by Reef and Lovelock (2015). The
response of AGB to changes in i, a parameter controlling biomass allocation pattern, also
indicates the substantial impact of biomass allocation dynamics influenced by salinity on plant
productivity. On the other hand, the model showed minimal sensitivity to 8o (Figs. S3.6g-h).
While the higher stomatal conductance of R. stylosa than B. gymnorrhiza (as shown in Figs.
3.4-3.5) qualitatively agreed with the implications by Clough and Sim (1989) and Reef and
Lovelock (2015), the model results suggested that the choice of -0.6 for By already leads to
efficient stomatal openings for photosynthesis compared to the case of -0.4 for B, (Table 3.2).
This may explain the small variations in the simulated leaf-level photosynthetic rates between
the two species and among the different soil salinity levels (Figs. 3.4-3.5). Understanding the
mangroves’ stomatal behavior relative to soil salinity and covariation of leaf water potential
and photosynthesis have not been well established from field data (Perri et al., 2019). Further
field-based research and data implementation to the model are needed for better and more
reliable representation of mangroves’ stomatal conductance and associated regulation of
photosynthesis under salt stress.

The model specifically predicted that B. gymnorrhiza competes over R. stylosa when
soil salinity is favorably low for the growth of B. gymnorrhiza (sal < 28%o.), an observation that
is consistent with our field data and the data from other mangrove forests (Putz and Chan,
1986; Enoki et al., 2014). This result may be attributed to the following model parameter
settings based on literature — higher wood density (o), smaller specific leaf area (SLA), and
higher leaf turnover rate (TO)) of R. stylosa than B. gymnorrhiza (Table 3.2). Higher p indicates
the requirement of higher biomass increase for the height or radial growth of the stem. Smaller
SLA and higher TO, indicate the higher requirement of C and N to produce new leaf tissues or
to keep the same amount of leaves, i.e. the need of R. stylosa for more C and N resources for
growth compared to B. gymnorrhiza. The biomass requirement of prop roots, which lowers the

biomass allocation to the stem (Fig. S3.3), and the smaller D*cown Of R. stylosa compared to
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B. gymnorrhiza (Fig. S3.1c—d) may also have contributed to the former’s lower growth rate.
Consequently, B. gymnorrhiza grew faster and suppressed the growth of R. stylosa by severe
shading (Figs. 3.6-3.7). The higher growth rate of B. gymnorrhiza compared to R. stylosa at
relatively low salinity conditions agrees with the study by Jiang et al. (2019).

Interestingly, our model was able to simulate unique conditions not previously reported
by other modeling works. For instance, the model predicted that R. stylosa trees could grow
until the mature conditions under the canopy of B. gymnorrhiza-dominated forest provided the
chance of favorable light conditions, resulting in the high mean DBH but low AGB of this
species at relatively low soil salinity (~ 24%o) (Figs. 3.6—3.7). Simulating this kind of process
may only be possible through the individual-based approach with calculations of detailed
irradiance distribution as done by the SEIB-DGVM in this study. Alternatively, the model
predicted the significantly lowered growth rate of B. gymnorrhiza at high soil salinity condition
(sal > 30%o) where B. gymnorrhiza cannot grow until mature conditions, which resulted in the
low AGB and small mean DBH of this species. This reduced the suppression of B. gymnorrhiza
on R. stylosa and generated the Rhizophora stylosa-dominated forest (Figs. 3.6-3.7). Despite
the abundant population of R. stylosa, the sizes of individuals were relatively small due to high

salt stress, and resulted in the high AGB but small mean DBH of this species.

3.4.3 Effects of other factors and further model improvement

Besides soil salinity, this study highlighted the importance of atmospheric variables as
important drivers controlling mangrove production. This is seen in the photosynthesis-
transpiration seasonal dynamics with peak during summer (June—September) and depression
during winter (November—March) (Fig. 3.4) that none of the previous mangrove modeling
studies has examined yet. The model predicted winter depression primarily due to low solar
radiation and air temperature. Specifically, low air temperature (< 20 °C) significantly reduced
photosynthetic capacity — the maximum carboxylation rate and the maximum electron
transport rate (Aspinwall et al., 2021); this, in turn, decreased the marginal WUE (AA./AE),
leading to the downregulation of stomatal conductance, a behavior of mangroves’ stomata
observed under low temperature conditions (Akaiji et al., 2019; Aspinwall et al., 2021). This
resulted in the depression of photosynthesis and transpiration during this season. The
significance of atmospheric control on stomatal conductance and associated dynamics in
winter compared to salinity control is also highlighted in the similar magnitude of reduction of
the leaf water potential at midday between the different soil salinity conditions in this season
compared to summer (Fig. 3.5c and f). Such winter depression lowers the production of

mangroves in subtropical regions, and may be differentiated from tropical mangroves in terms
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of productivity. This could be a key factor in explaining and predicting the latitudinal gradients
in mangroves’ structural variables such as canopy height and AGB with the highest values at
the equatorial region (Saenger and Snedaker, 1993; Simard et al., 2019; Rovai et al., 2021).
The model gave significantly better prediction of the AGB spatial distribution when the
spatially averaged DIN concentrations were applied to the substrate condition compared to
plot-wise DIN values (Fig. S3.5, “plot-wise simulation”). This suggests that N availability was
better represented by the spatially averaged value in this study. Porewater DIN in mangrove
forests is highly heterogeneous horizontally (Inoue et al., 2011) and vertically (Kristensen et
al., 1998; Lee et al., 2008) even in very small scales such as 10 cm. The DIN measured from
one soil core sample might not have captured the representative value at each plot due to
such heterogeneity. Differences in the predicted AGB between the two cases highlight nutrient
availability in affecting mangrove production and biomass dynamics in this forest. Therefore,
an appropriate representation of nutrient availability is critical for accurate prediction of
mangrove production. More detailed measurement of porewater nutrient concentrations in
space and time is needed for a more reliable model prediction, and future works will account
for this aspect. Similarly, future works should consider biogeochemical processes which
control nutrient dynamics in the substrate. For example, the porewater of the Fukido mangrove
forest is rich in ammonia compared to nitrate (Table S3.1), contrary to the groundwater flowing
into this forest, which is rich in nitrate (Mori et al., unpublished data). This suggests that
biogeochemical processes, such as mineralization of organic matter, N fixation, and
denitrification (Reef et al., 2010) are important drivers controlling nutrient dynamics in the
forest, which ultimately affects soil organic matter dynamics. These factors should therefore
be taken into consideration in future works as one of the plant-to-soil feedbacks in addition to

water uptake processes.

3.5 Concluding remarks

This manuscript presents a new individual-based model modified from SEIB-DGVM
for a better physiological representation of mangrove growth under the impact of soil salinity.
The plant hydraulics was incorporated and linked with the plant production process (C and N
uptake) and biomass allocation. The developed model showed high reproducibility of the
complex nonlinear patterns in species composition and forest structural variables in a
subtropical mangrove forest shaped across a soil salinity gradient without empirical
parameterizations of soil salinity influence on mangrove productivity. While there are still some

important processes to be accounted for to further improve the model (e.g., plant-to-soil
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feedback and soil biogeochemical processes), the physiologically-improved model predicted
the various key ecological processes such as seasonal dynamics in photosynthesis and
transpiration, interspecific competition, and self-thinning process, together with forest structure.
Thus, including plant hydraulic traits that incorporates species differences in the ability to deal
with salinity is critical and adequate for predicting the dominant dynamics in mangrove forests.
Although the model has been tested using only two species in one site, owing to its
physiological principles that do not hold empirical expressions of influences of environmental
variables on mangrove productivity, it can be potentially extended to other mangrove species
in various environmental settings. Therefore, it may contribute to predicting how the mangrove

biomass dynamics will respond to future changes in global climate.
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Supporting Information for Chapter 3

Note S3.1. Derivation of species-specific morphological traits

Tree height (H, m) and crown diameter (Dcrown, M) of individual trees were constrained
in the mangrove growth model using the field data-derived species-specific morphological
traits. The H of individuals usually obeys allometric scaling relationship expressed as
H = B;DBH% (S3.1)
where B4 is the normalization term, a is the scaling exponent, and DBH is the diameter at
breast height (m) (West et al., 2009). However, mangroves probably show some flexibility in
the DBH-H relationship depending on environmental variables such as soil salinity (Peters et
al., 2014). Figure S3.1a-b shows the compilation of DBH-H data from Fukido mangrove forest
for the two species, and indeed the data showed some variabilities of H relative to DBH
especially for relatively large trees (DBH > 0.1 m). To allow flexibility in the DBH-H relationship
but to constrain it within the observed range, we derived two allometric relationships for H —
DBH-maximum tree height (Hmax) and DBH-minimum tree height (Hmin) relationships — as
follows. We first binned H data with the DBH width of 0.01 m for Rhizophora stylosa and 0.02
m for Bruguiera gymnorrhiza, where the choice of different binning widths was attributed to
the different data densities in bins between the two species. Maximum and minimum H were
then extracted for each bin, and were fitted to Eq. (S3.1) to obtain DBH-Hmax and DBH-Hnin
relationships, respectively. Here, we removed from the fitting some binned data that could be
outliers to avoid under- or overestimation of Hnax and Hmin. Additionally, we derived the general
allometric relationship of DBH-H for each species by fitting all the data to Eq. (S3.1). This
relationship was used to estimate H of trees whose H was not measured in the field as
described in the Section 3.2.2. The fitted curves are shown in Fig. S3.1a-b.

The parameter Dqrown also usually follows an allometric scaling relationship, where the
scaling exponent is often assumed to be 2/3 based on a metabolic scaling theory (West et al.,
2009; Shenkin et al., 2020):

Derown = BerownDBH?/3 (S3.2)

where LBeown is the normalization term for crown diameters. However, crown structures are
significantly influenced by tree competition, resulting in variability of Deown (Pretsch, 2014;
Jucker et al., 2015). Here, we assumed that the crown diameter of the allometric ideal trees
(D*crown) follows Eq. (S3.2), where we refer to allometric ideal as the condition where the crown
expansion is not influenced by local competition. We derived the coefficient Berown Of D*crown fOr
the two species using a similar approach of deriving DBH-Hmax relationships. For B.

gymnorrhiza, the data of Dcrown Were binned with DBH width of 0.02 m, and the maxima in bins
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of DBH < 0.1 m were extracted. The maxima were assumed to represent D*cown and were
fitted to Eq. (S3.2) to derive Berown (Fig. S3.1d). We removed the maxima of DBH > 0.1 m from
fitting because of less certainty in the representation of D*own for large trees due to data
scarcity compared to smaller trees. Alternatively, Dcown Of R. Stylosa showed significantly
different trend from B. gymnorrhiza — none of the measured Dcown €xceeded 2.0 m, which
implies the strong influence of local competition for this species. Therefore, we supplemented
the data with Dcown from two different mangrove forests in the Philippines and Indonesia (see
Note S3.2 for the details). Specifically, supplemented data for large trees (DBH > 0.1 m) were
from relatively open canopy forests, thus it is more probable that the data represent D*crown.
Note that the supplemented data used are from R. apiculata and R. mucronata, which are so
far the only available data on the crown diameter of Rhizophora species, and may apply to R.
stylosa. After combining the data from Fukido mangrove and other two sites, we binned the
data with DBH width of 0.02 m, and the maxima were fitted to Eq. (S3.2) to estimate Bcrown for

R. stylosa (Fig. S3.1c); some maxima that could be outliers were removed from the fitting.

(a) Rhizophora stylosa (b) Bruguiera gymnorrhiza
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Figure S3.1. Field data-derived morphological traits of Rhizophora stylosa and Bruguiera
gymnorrhiza. (a—b) DBH-tree height (H) relationships and (c—d) DBH-crown diameter (Dcrown)
relationships of the two species in Fukido mangrove forest. In panels (a-b), the solid and dot-

dash lines indicate DBH-maximum height (Hmax) and DBH-minimum height (Hmin) relationships,
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respectively, while the rectangular and triangular markers indicate the maxima and minima of
selected bins used for the derivation of DBH-Hnax and DBH-Hmi, relationships, respectively.
The dashed lines indicate the general allometric relationship of DBH-H. In panel (c), the
supplemented data from R. apiculata and R. mucronata in Bakhawan Ecopark and

Karimunjawa, and R. stylosa in Fukido were used.

Note S3.2. Supplementary data on crown diameters

Supplementary measurements of crown diameter for the genus Rhizophora were
conducted in a planted mangrove forest in Bakhawan Ecopark, Panay Island, Philippines and
a dwarf mangrove forest in Karimunjawa lIsland, Central Java, Indonesia. In Bakhawan
Ecopark, ~10- (11.7195°N, 122.3927°E), ~20- (11.7180°N, 122.3892°E), and ~30-year-old
forests (11.7180°N, 122.3911°E) were selected so that the measurement will have a wide
range in tree size variability. In each forest, 20 trees were randomly selected, and the crown
diameters were measured using the same protocol as described in Section 3.2.2. The forests
are mix of R. apiculata and R. mucronata stands, and sampled trees cover diameters at breast
height (DBH) of ~0.05 m, 0.05-0.13 m, and 0.1-0.2 m at ~10-, ~20-, and ~30-year-old forests,
respectively. Photographs of the canopy taken by looking upward are shown in Fig. S3.2a—c.
The canopy of ~10- and ~20-year-old forests are closed while the canopy of ~30-year-old
forest is relatively open. The mangrove forest in Karimunjawa Island is a mix of natural and
planted stands of R. apiculata and R. mucronata. The canopy is completely open; thus, no
influence of competition is expected (Fig. S3.2d). The sampled trees cover DBH of 0.02-0.17

m.
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Figure S3.2. Upward-looking view of canopies in (a) ~10-, (b) ~20-, and (c) ~30-year-old

forests in Bakhawan Ecopark, and (d) view of a dwarf mangrove forest in Karimunjawa Island.

Note S3.3. Minor modification of processes in SEIB-DGVM

Tree establishment

The computational domain is divided into 1 m x 1 m grid-cells, and the establishment
of atree is simulated at each grid-cell at yearly time step according to establishment probability
and some criteria. The original SEIB-DGVM defines criteria of climate conditions for the
establishment to reproduce the global vegetation distribution (Sato et al., 2007). However, the
site of model application in this study is small and the spatial variations in atmospheric
variables are not expected, thus such criteria were not considered in this study. Therefore, the
environmental factor that affects the establishment is only annual-mean midday
photosynthetically active radiation at the forest floor in a grid-cell (PARfioor). If PARficor > PARmin,
the grid-cell has the potential of new establishment of a species, where PARmin is the minimum
PARqoor required to establish the species. If several species satisfied this condition, the species
that will establish in the grid cell is determined according to the fraction of total biomass of
each species in the computational domain such that the dominant species has a higher
probability of establishment. Simultaneously, it is sometimes randomly selected with a
probability Estrandom, Where the value of Estrandom Was set as 0.05 in this study. This corresponds
to Scenario 4 in the tree establishment scheme in SEIB-DGVM (see Sato, 2015 for the detail).
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Then, the determined species establishes at the grid cell with a probability Pestabiish (M2 year
1).
Mortality

Mortality occurs at a yearly time step in SEIB-DGVM. Mortality is usually modeled as
a sum of growth efficiency mortality (mortgeer, year') and background mortality (mortyg, year)
in dynamic vegetation models. Additionally, SEIB-DGVM introduced heat stress- or cold
stress-induced mortality to describe global vegetation distribution (Sato et al., 2007), but these
additional factors were not considered in this study for the same reason as the establishment.
The SEIB-DGVM also defines the maximum age that trees can survive, but it was also not
considered in this study due to the uncertainty in the longevity of mangroves. Also, the
formulation of growth-efficient mortality was replaced with the following equation which is used
as such in Sitch et al. (2003) and Thum et al. (2019):

klmort greff
mort = = S3.3
greff 1+k2mort_greffXef fgrowth ( )

where k1mor_greit (Year') and k2mor_grert (M? leaf year g-' Dry Weight) are parameters and effgrowtn
(g DW m leaf year) is the net primary production minus tissue turnover per unit leaf area

which is described as
__ NPP-TO

effgrowth - (834)

LA

where NPP is the annual net primary production (g DW tree year'), TO is the annual whole-
plant turnover demand (g DW tree' year'), and LA is the whole-plant leaf area (m? leaf tree
). The equation was replaced because the original equation in SEIB-DGVM has a parameter
with a physically complicated unit.

In this study, we introduced additional mortality that is related to salt stress (mortsar,
year'). As described in Section 3.2.3.2, if a tree is stressed by salt, the tree adjusts plant
hydraulics from the sapwood area or root biomass (Eq. (3.7)). Consequentially, H of the tree
could go below the DBH-Hnin curve shown in Fig. S3.1a—b, depending on salt stress. In such
a case, the tree was regarded as “salt-stressed tree” and high mortality was given. In this
study, mortsar was set to 0.3 for salt-stressed trees and 0.0 for non-stressed trees. Then, the
mortality of a tree (fnort, year') is calculated by adding each mortality factor:

fmort = min(mortgreff + mortyg + mortg,y, 1.0) (S3.5)
Maintenance respiration

In SEIB-DGVM, a parameter called the specific respiration rate per unit nitrogen in the
plant tissue at 15.0 °C (RM, g DW g' N day™') is used to calculate the maintenance respiration

rate of each tree organ. However, for the leaf respiration, we used the dark respiration rate
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per unit area at 25 °C (Ra425, hmol C m= s™') instead of RM, which is a common parameter for
leaf respiration rate. For the temperature response of Rq25, a function used in Kumarathunge
et al. (2019) (also see Note S3.4) was used. For maintenance respiration of other organs, the
parameters RMyw and RMkgr (respiration rate per unit biomass at 15.0 °C, g DW g' DW day™)
for woody organ and fine root, respectively, were used instead of RM to adopt literature values.
Temperature response of maintenance respiration of these organs was kept the same as in
the original SEIB-DGVM. Likewise, as in the original SEIB-DGVM, if the whole-plant gross
primary production (g C tree™' day™) is insufficient for satisfying the whole-plant demand of

maintenance respiration, the deficit is supplemented from the stock carbon pool.
Crown layer purge

In SEIB-DGVM, trees purge the bottom crown layer at yearly time step depending on
the balance between resource gain and maintenance cost of the layer. Here, the resource
gain of the layer is expressed using leaf-level net primary photosynthesis rate at the layer
(Crownc_gain, g C m leaf day), while the maintenance cost (Crownc_cost, g C m leaf day) is

expressed using:

TO1XCm
SLAX10~%

Crowng cost =

(S3.6)

where TO, is the leaf turnover rate (day'), Cwu is the carbon mass per unit dry weight in plant
tissue (g C g' DW), SLA is the specific leaf area (cm? leaf g'), and the multiplication of 10 is
for unit conversion of SLA.

In this study, nitrogen (N) uptake was also considered in addition to carbon uptake by
photosynthesis, which emerges as an additional need for the consideration of gain and cost

balance for N. The N uptake by a crown layer (Crownn_gain, g N m leaf day') is expressed as:

14
CTOWTIN_gain = Tlayer X DIN x ﬁ (337)

where Tiyer is the leaf-level transpiration rate at the bottom layer (mm day-'), DIN is the
dissolved inorganic nitrogen concentration in porewater (mol N m-3), and the multiplication of
14/1000 is for unit conversion. The N cost by the layer (Crownn cost, g N m2 leaf day™') is

expressed as:

__ TO;xCyX(1—NRE)
CrownN_cost = TCN] (838)

where CN; is the C/N ratio in the leaf (g C g' N), and NRE is the nitrogen resorption efficiency
(fraction). A tree purges the crown layer if the annual mean of Crownc_gain or Crownn_gain is

less than Crownc cost O Crownn_cost, respectively.

Note S3.4. Leaf flux model
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Leaf temperature and transpiration

Leaf temperature and transpiration rates are calculated at each crown layer of each
tree using the equations presented by Bonan et al. (2014); these are summarized below.

The leaf energy balance can be written by equating the net radiation (Rn;, W m=2) to
the sum of sensible heat flux (H;, W m) and latent heat flux (AwE;, W m-2) at each crown layer,

where the symbol “/
Rni = H; + AWE; (S3.9)

indicates crown layer index here and hereafter:

where Ay (J mol') is the latent heat of vaporization of water and E; is leaf transpiration rate at
crown layer i (mol m2 s'). The sensible heat flux H; is represented as:

H; = 2¢,(Ty; = Ta)gon,i (83.10)
where ¢, is the specific heat of air at constant pressure (J mol' K), T is the leaf temperature
(K), Tais the air temperature (K), and gun,i is the boundary layer conductance for heat (mol m-
2 s"). The parameter gun, is a function of leaf size (di, m) and wind speed. Here, wind speed
profile within the canopy is calculated from a model proposed by Barnard and Bauerle (2016)

by approximating a horizontally uniform canopy structure. Latent heat flux is given by:
AwE; = C7p(el,i — €,) v, (83.11)

where y is the psychrometric constant (Pa K-') given by y = c,P./Aw with P, atmospheric
pressure (Pa), e the leaf vapor pressure (Pa), e, the air vapor pressure (Pa), and g., the
conductance for water vapor (mol m- s-') expressed as a series of stomatal conductance (gs,,
mol m2 s-') and boundary layer conductance (gov,i, mol m2 s™') with gv; = 1/(gs' + gov,i"). The
parameter goy,; is a function of leaf size and wind speed, similar to gen,. It is assumed that the
water vapor pressure in the stomatal pore is saturated; therefore e; is a function of leaf
temperature T,;. Here, once the value of gs; is given, the values of T,;and E;; were determined
from Egs. (S3.9)—(S3.11).

Leaf photosynthesis

Leaf photosynthesis is calculated using the biochemical model of Farquhar et al.
(1980), which was adapted by the leaf flux model of Bonan et al. (2011) and (2014). The
equations are summarized below.

The net leaf photosynthesis rate at a crown layer i (An, umol CO, m? s) is given by:

Ani =min(Ac; — Aj;) — Ry (S3.12)
_ chax(ci,i_r*)

Aci = Cii+tKc(1+0i/Ko) (83.13)
_ Jileii=T)

A0 = rer, (83.14)
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where Ac;and A;; (Mmol m= s') are the Rubisco carboxylation-limited and RuBP-regeneration-
limited photosynthetic rates, respectively, Ry is the leaf respiration rate (umol m-2s), ¢, is the
intercellular CO concentration (umol mol*), I+ is the CO. compensation point (umol mol),
Vemax is the maximum rate of Rubisco activity (umol m2 s), o is the intercellular O;
concentration (209 mmol mol"), K; (umol mol*) and K, (mmol mol-') are the Michaelis-Menten
coefficients of Rubisco activity for CO, and O, respectively, and J;is the electron transport rate
at a crown layer i (umol m=2 s™), which is related to absorbed PAR at the layer (APAR;, pmol
photon m=2 s); these are described as:

Opsi)? — Upsi + Jmax)Ji + Ipsi/max = 0 (S3.15)
Ipsir = 0.5(1 — f)APAR; (S3.16)
where 6pg is the curvature for electron transport (0.7), Ipsi is the PAR absorbed by PS Il (umol
photon m=2 s, fis a fraction of PAR absorbed by non-photosynthetic materials (0.15), and
Jmax is the maximum electron transport rate (umol m?2 s). In Egs. (S3.12)-(S3.15), the
parameters Vemax, Jmax, Ra, [+, Ke, and Ko vary with leaf temperature, thus the values may vary
within crown layers. Following Kumarathunge et al. (2019), the values and temperature
responses of I'+, K¢, and K, were adapted from Bernacchi et al. (2001) and Medlyn et al. (2002),

respectively. The temperature response of Vemax and Jmax are given by the peaked Arrhenius

function:
Ba(Ty—298.15)] Lrexp(“o )
ka (T3) = s X exp | 022015 e (S3.17)
while the temperature response of Ry is given by:
ka(Ty) = kas X exp [FL220 )] (53.18)

where ki(T,) and kx(T,) are the process rates at a given temperature, T, (K), k2s is the process
rate at 25 °C, R is the universal gas constant (J K-* mol"), E; is the activation energy (J mol),
Ha is the deactivation energy (J mol'), and AS is the entropy term (J K- mol).

Gas exchange is regulated by the diffusion process between the atmosphere and the
leaf through the stomata. The net photosynthesis rate A,; can also be expressed using the

diffusive rate given by:

Ay = o) (S3.19)

1.4gpy;+1.695;
where c, is the atmospheric CO, concentration (umol mol'), ci; is the intercellular CO,
concentration (umol mol'), gs; and g, are the stomatal conductance and boundary layer
conductance for water vapor (mol m=2 s), respectively, and the factor 1.4 and 1.6 are for
adjusting the diffusivity of CO, compared with H.O for the boundary layer and stomatal
conductance (Bonan, 2019). The value of A,; can then be obtained once the value of gs is
given by equating Egs. (S3.12) and (S3.19).
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Stomatal conductance optimization

The leaf transpiration rate, temperature, and photosynthetic rate at a crown layer
depend on stomatal conductance at the layer. Here, the stomatal conductance at a layer, gs,
is estimated from the optimization theory. The theory assumes that plants regulate stomatal
conductance to keep the marginal water use efficiency (WUE) constant (Cowan and Farquhar,
1977), which has been used in the models of Bonan et al. (2014) and Xu et al. (2016). The

stomatal conductance is optimized at each crown layer to achieve the condition:

dAn,i _ ﬂ _
Ggs;  Mage 0 (S3.20)

where A is the Lagrangian multiplier of the optimization problem representing optimal WUE.
This is a condition that indicates that the further opening of stomata does not yield a sufficient
carbon gain per unit water loss, characterized by A (Bonan et al., 2014). We followed Bonan
et al. (2014) for the numerical solution of gs,;. The value of A increases as leaf water potential
(WY, MPa) declines, as shown by a meta-analysis of Manzoni et al. (2011), where the increased
A generally leads to the regulation of stomatal conductance, resulting in decreased A, and E.
Then, following Xu et al. (2016), A is determined at daily time step considering predawn leaf
water potential (¥ predawn, MPa):

A = 2oexp(Bo¥i predawn) (S3.21)
where A is the value of optimal WUE when there is no stress imposed by the decreased leaf
water potential, and Bo is an empirical parameter representing stomatal sensitivity. Additionally,
when W, falls below a species-specific minimum value given by ¥ min, the model simulates
stomatal closure to prevent further decrease in ¥ that may cause xylem cavitation (Bonan et
al., 2014).

Note S3.5. Daily C and N resources for tree growth

From the plant hydraulics module coupled with the photosynthesis module described
in the section 3.2.3.1 and Note S3.4, the daily C (Cgain, g C tree- day') and N (Ngain, g N tree-
" day') uptake rates were calculated, where Ngain is given by:

14

14
Ngain = ]sap,day X DIN x E =~ Iwhole,day x DIN x (33-22)

Pw

where, Jsap,day and Twhole,day are the daily sap flow and whole-plant transpiration rates (kg tree
" day'), DIN is the dissolved inorganic nitrogen concentration in the porewater (mol N m-3), pw
is water density (kg m=3), and the factor 14 is for unit conversion of N from molar to gram
concentration. Although the sap flow and whole-plant transpiration rates may differ at a short
time step (e.g., hourly), these are equivalent at relatively a long time scale (e.g., daily);

therefore, Jsap,day = Twhole,day- The Cgrow (daily C resources that can be used for tree growth, g C
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tree' day') was calculated from Cgain using the following steps: subtraction for the whole-plant
woody and root maintenance respiration and C cost for turnover compensation after
accounting for growth respiration, and subtraction/addition of C deficit/surplus in the stock pool
from the target value characterized by a parameter Bswock (Table 3.1). Likewise, Ngrow (daily N
resources that can be used for tree growth, g N tree! day') was calculated from Ngain by
subtraction of N cost for turnover compensation, the addition of N resorbed from the senescent
leaves characterized by a parameter NRE (Table 3.1), and subtraction/addition of N
deficit/surplus in the stock pool from the target value. Suppose Cgain Or Ngain is insufficient for
compensating the respiration (only for Cgain) and turnover cost, the deficit is supplemented
from the stock pool, where the growth respiration is accounted for in the case of C

compensation for the turnover cost.

Note S3.6. Crown diameter expansion

When biomass is allocated to leaves in a tree, the model simulates the increase of
crown area or leaf area index (LAIl) of the tree, depending on the crown morphology at a
specific time. We considered that plants preferentially increase crown area rather than LAl to
increases their occupied space if the expansion of crown diameter (Dcrown) is not inhibited by
allometric (D*crown) Or physical (Dcrown.con) COnstraints. The crown diameter expansion is also
beneficial in terms of plant productivity because the increase in LAl attenuates radiation within
the crown more rapidly, decreasing the photosynthetic and transpiration rates per unit leaf
area.

If an increase in leaf biomass is given by dM, (g leaf tree! day') and the crown
diameter expansion is not inhibited (Dcrown < MiN(D*crown, Derown,con)), the tree expands its crown

by keeping the same LAI as follows:

M o MutdMy (S3.23)

ACFOWH Acrown+dAcrown

where Acrown iS the crown area, and dAcrown iS the increase in crown area due to crown diameter
expansion. Crown diameter after the expansion is then calculated from the value (Acrown +
dAcrown)-

Table S3.1. Summary of environmental and vegetation variables at survey plots. AGB =
above-ground biomass, DBH = diameter at breast height, R.s = Rhizophora stylosa, B.g =
Bruguiera gymnorrhiza. The names of transects are indicated as A-D while plots along a

transect line are numbered from the nearest creek to landward (Fig. 3.1c).
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Mean Mean

Soil Porewater Porewater Porewater AGB AGB
Plot salinity NH.* NOs DIN (umol (Mgha (Mg ha- DBH  DBH

(psu)  (umol L")  (umol L") L") ),Rs '),Bg m. - m)

R.s B.g
A1 328 190 21 212 92 1 9.1 6.1
A2 3253 219 31 250 87 23 9.9 9.5
A3 33.0 238 22 260 63 30 9.1 7.3
A4 297 49 5 54 69 38 8.3 8.4
A5 299 69 8 76 10 19 6.2 10.7
B1 31.2 154 5 159 71 39 9.9 9.5
B2 317 272 7 279 87 26 104 9.1
B3 293 293 8 302 94 29 9.8 9.7
B4 2738 124 4 129 108 19 10.3 122
B5 27.2 83 4 87 0 127 - 17.0
B6 24.1 98 9 107 0 144 - 23.9
B7 253 119 26 145 4 110 13.7 142
C1 293 115 6 121 0 180 - 16.5
C2 30.0 143 11 154 0 124 - 14.4
C3 245 186 20 206 16 120 12.8 15.0
C4 276 242 29 272 0 143 - 15.2
C5 317 262 20 283 11 143 12.3 105
D1 287 233 15 249 16 122 122 114
D2 30.7 247 18 265 12 114 9.5 13.4
D3 29.0 290 20 311 40 59 9.3 8.6
D4 26.2 181 9 190 0 185 - 19.3
D5 19.0 183 8 191 0 197 - 194
D6 222 167 11 178 0 152 - 20.6
D7 20.8 312 19 332 0 184 - 16.9
Table S3.2. Summary of model parameters not shown in Table 3.2.
Symbol  Description Units R.s B.g Source
Cm Carbon mass per unit dry weight g C g' DW 0.45 0.45 Alongi (2003)
in plant tissue
ai Correction factor for tree heightto — 1.2 1.2 Xu et al. (2016)
water path length

Fagr Growth respiration fraction Fraction 0.25 0.25 Arora (2002)
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PARmin Minimum PARqoor required for umol photon m 100 100

establishment s
Pestablish ~ Establishment probability m2 year 0.1 0.1
Kimort_grefft Mortality parameter in Eq. (S3.3)  year’ 0.1 0.1
Komort_greit Mortality parameter in Eq. (S3.3)  m? leaf year g 0.03 0.03
DwW
mortpg Background mortality rate year™ 0.007 0.007 Fisher et al.
(2010)
RMw Maintenance respiration rate of gDWg'DWday  6.5x10° 6.5x10"  Vinh et al. (2019)

woody organ at 15 °C ! 5 5

RMer Maintenance respiration rate of gDW g'DWday: 4.3x10- 4.3x10°  Lovelock et al.

fine root at 15 °C 1 3 3 (2006)
Ra,25 Dark leaf respiration rate at 25 °C~ pmol C m2 s™ 1.2 1.2 Aspinwall et al.
(2021)
Jmax,25 Maximum electron transport rate  umol C m?2 s 1.54 x Vemax,25 Aspinwall et al.
at 25 °C (2021)
Eav Activation energy of the J mol! 108200 108200 Aspinwall et al.
maximum rate of Rubisco activity (2021)
(Vemax)
Eay Activation energy of the J mol! 73100 73100 Aspinwall et al.
maximum electron transport rate (2021)
(Jemax)
Ear Activation energy of the dark leaf ~ J mol! 46400 46400 Bonan et al.
respiration rate (Rq) (2014)
Hav Deactivation energy of Vemax J mol’ 200000 200000 Kumarathunge et
al. (2019)
Hay Deactivation energy of Jemax J mol”’ 200000 200000 Kumarathunge et
al. (2019)
ASv Entropy of Vemax J K" mol! 655 655 Aspinwall et al.
(2021)
ASy Entropy of Jemax J K mol! 655 655 Aspinwall et al.
(2021)
d Leaf dimension m 0.1 0.1
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Figure S3.3. Example of prop root allometry in Fukido mangrove forest. The parameter Mar is
above-ground root (prop root) biomass, and Ms is stem biomass. The parameter Ms was
calculated from the diameter at breast height (DBH), tree height (H), and wood density (p)
using Eq. (3.1); H was calculated from the general allometric relationship shown in Fig. S3.1a.
The prop root biomass was calculated by multiplying the prop root volume and p; the prop root
volume was estimated from DBH and prop root diameter using the empirical model developed
for Fukido mangrove forest in Yoshikai et al. (2021). Here, the prop root diameter was set as
0.03 m based on field data. For trees with DBH < 0.03 m, the value computed for the tree with
DBH = 0.03 m was applied. Note that H does not always follow the general allometric
relationship in the simulation, therefore the prop root biomass fraction may vary from the one

shown here.
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Figure S3.4. (a) Stem growth rate and (b) mean individual relative growth rate (RGR) of R.

stylosa (R. s) and B. gymnorrhiza (B. g) along the soil salinity gradient. From each ensemble

simulation, the modeled stem growth rate and mean RGR in steady states (> 300 years) were

extracted and pooled for all ensembles, and the mean (circle marker) and standard deviation

(error bar) values of the pooled samples were shown. The line and shade show the mean and

standard deviation of data measured by Ohtsuka et al. (2019) in a B. gymnorrhiza-dominated

site in Fukido mangrove forest.
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Figure S3.5. Results of “plot-wise simulation”. Comparison of modeled and field-measured

AGB at survey plots in Fukido mangrove forest, where panel (a) is a case where spatially

averaged DIN (200 ymol L-') was given while panel (b) is a case where plot-wise DIN is given.
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The results shown are from one simulation, where modeled AGB in steady states (> 300 years)

was extracted and the median (circles) and the 90-th percentile (bars) were shown.
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Figure S3.6. Sensitivity of above-ground biomass (AGB) of R. stylosa (R. s) and B.
gymnorrhiza (B. g) across a soil salinity gradient to changes in parameter values of plant
hydraulic traits: sensitivity to (a, b) salt filtration efficiency (), (c, d) water potential at which
50% of xylem conductivity is lost (Pso), (e, f) critical leaf water potential (¥ik) and minimum leaf
water potential (Y min), and (g, h) sensitivity of marginal water use efficiency to leaf water
potential (Bo). Sensitivities were examined by changing a value of one species (R. s or B. g)
to the one determined for the other species shown in Table 3.2. Median (solid line) and 90-th
percentile (shading) of AGB in steady states (> 300 years) are shown; the results are from
one simulation without the ensemble approach, which caused some fluctuations in AGB along

the soil salinity gradient.

113



R. stylosa B. gymnorrhiza

12 .
( ) Circles: Comley and (b) Circles: Komiyama
3 McGuiness (2005) etal. (2005)
8 27 |
1d
= i
o
£
) _
0 01 02 03 04
& 120 - y
= (c)
NE 90 . .
£ \
2 60 - i
& .

$ 30 | |
5

0 T T T T

0 01 02 03 04 0
20 - 7
() e

15 - 7 ]
P ”
E -
== 10 1 7
I

5 Field data-derived |

| — — - general DBH-H
relationship
0 T T 1 1 T

0 0.1 0:2 03 04 0 01 0:2 0?3 04
DBH (m) DBH (m)

Figure S3.7. Modeled relationships of (a, b) shoot/root biomass ratio, (c, d) whole-plant leaf
area (LA)/sapwood (Assp) ratio, and (e, f) tree height (H) with DBH under different soil salinity
conditions. From each ensemble simulation result from 300—450 years, which is in steady
states in terms of forest structural variables, the modeled individual trees’ variables were
extracted every 10 years. The extracted samples were pooled for all ensemble simulations.
The pooled samples were then binned with DBH width of 0.02 m, and the median value in
each bin was shown. Here, the shoot biomass refers to the sum of stem and leaf biomass,
and the root biomass refers to the sum of coarse and fine root biomass. Note that the above-
ground root biomass (of R. stylosa) is not included in the shoot biomass both in the model
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result and the data of Comley and McGuiness (2005). Also, note that Komiyama et al. (2005)
data include B. gymnorrhiza and B. sexangla. See Note S3.1 and Fig. S3.1 for field-data
derived general DBH-H relationship details.
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Chapter 4: Measurement and modeling of
Rhizophora mangrove above-ground root

system

4.1.1 Abstract

The complex structures of the prop root system of the mangrove genus Rhizophora attenuate
storm surges and tsunamis and promote sedimentation. While quantification of the
mangrove’s drag force is essential for assessing the mangroves’ ability to reduce the risk of
disaster and vulnerability to rising sea-level, the projected area of prop root system having
multiple orders of prop roots (e.g., first-, second-, and third-order prop roots, where the root
order indicates the level of branching from the stem) are still unexplored. To contribute to the
quantitative evaluation of the mangrove’s drag force, we investigated the vertical profile of
whole-tree prop root projected area and the number of prop roots of 156 trees sampled from
Indonesia, the Philippines, and Japan. Our results showed that prop roots above the first-order
contribute up to 80 % of the whole-tree prop root projected area, highlighting the importance
of the presence of second-, third-, and even higher-order prop roots on the drag force exerted
by mangroves. Based on field data, an empirical model for the prop root system, described by
a scaling factor (S), and maximum and minimum root heights (HRmax, HRmin), was developed
by assuming that the size distribution of prop roots follows a constant scaling factor S. S and
HRmax showed significant correlations with stem diameter at breast height suggesting the
scaling relations in the prop root system. The model, which employs the site- and species-
specific regression models for S and HRmax, reproduced the vertical distribution of the number
of prop roots — a good predictor of the prop root projected area — with reasonable accuracy.
However, the site- and species-specific scaling relations are highly variable depending on the
environment, suggesting morphological plasticity in the prop root system. Rhizophora trees
that grow on a shallow sediment layer (around 0.1 m thickness) tend to produce more prop
roots compared with those on a thicker sediment layer suggesting a morphological response
of the prop root system to increase below-ground root biomass where below-ground root
development is physically constrained. Multivariate analysis indicated that hard substrate also
possibly contributes to higher complexity of prop root system. However, prediction of the site-

and species-specific scaling relations from these environmental variables still needs to be
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improved. Further research is needed to explain the mechanisms of morphological response
of prop root systems to environmental gradients and to establish a generalized model for

predicting the prop root system in various environments.

4.1.2 Introduction

Mangroves grow in intertidal zones in tropical and subtropical regions (Giri et al., 2011)
and are known to form complex structures in their above-ground roots, as seen in the “prop
root system” of the Rhizophora species (Tomlinson, 2016; Fig. 4.1). They exert a drag force
that greatly affects tidal flow in mangrove areas (Furukawa et al., 1997; Mazda et al., 2005;
Horstman et al., 2015; Chen et al., 2016), which can play a crucial role in reducing the risk of
natural disasters, such as storm surges (Zhang et al., 2012; Montgomery et al., 2019) and
tsunamis (Yanagisawa et al., 2009; Husrin et al., 2012; Ismail et al., 2012; Strusinska-Correia
et al., 2013). The water flow attenuated by the drag force also enhances sediment deposition
in mangrove areas (Furukawa et al., 1997; Horstman et al., 2015; Willemsen et al., 2016) as
well as trapping sediments on the vegetation surface (Chen et al., 2018), thereby
characterizing mangrove areas as depositional sites (Adame et al., 2010; Lovelock et al.,
2015a). Sediment accretion, accelerated by its interaction with geomorphological
characteristics, is considered as a key process of mangroves in adapting to rising sea-level
(Krauss et al., 2014; Lovelock et al., 2015b; Woodroffe et al., 2016). Therefore, quantification
of the mangroves’ drag force is essential for assessing the mangroves’ ecosystem service to
reduce the risk of disaster and vulnerability to rising sea-level. The drag effects have been
examined in an increasing number of recent studies in terms of field measurements (Horstman
et al., 2014; Chen et al., 2016; Mullarney et al., 2017), laboratory flume experiments (Zhang
et al., 2015; Maza et al., 2017, 2019; Shan et al., 2019), and numerical simulations (Zhang et
al., 2012; Horstman et al., 2015).

The drag force per fluid mass caused by mangroves can be described as
Fp = CpAsU? (4.1)
where Cp is the drag coefficient, Aris the total projected area of the submerged vegetation per
unit volume, and U is the depth-averaged flow velocity (Chen et al., 2016; Maza et al., 2017).
This equation suggests that the architectural traits of mangroves represented by Arcontrol the
drag force within this type of forest. However, field data on above-ground roots’ morphological
properties is very limited despite its importance for assessing the mangroves’ drag effects.
This applies to the prop root system — above-ground roots of Rhizophora species (Fig. 4.1),
the most dominant mangrove species in the Asia-Pacific region (Ong et al., 2004), which is
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likely to exhibit the highest drag among mangrove species (Krauss et al., 2003; Horstman et
al., 2014). Mazda et al. (1997) and Horstman et al. (2014, 2015) measured the representative
Arof the mangrove forests with Rhizophora species stands by measuring parameters such as
the number of prop roots and their diameters. However, their results cannot generalize the
morphology of the prop root system because Aris influenced by tree density, and the number
of prop roots in a tree may also differ among individual trees. As is also significantly influenced
by tides because the projected area of submerged prop roots changes with the changes in
water depth, thus, the information on vertical profile of prop root projected area is important. A
model that predicts the vertical profile of whole-tree prop root projected area is therefore highly
needed to effectively estimate Ar in mangroves with Rhizophora species stands.

Only Ohira et al. (2013) and Mendez-Alonzo et al. (2015) extensively measured the
scaling relations in the morphology of the prop root system of Rhizophora species. Ohira et al.
(2013) especially made efforts in developing an empirical model to predict the morphology of
the prop root system from stem diameter at breast height (DBH) for the purpose of application
to studies on mangrove drag effects. Such empirical model allows us to estimate Ar(which is
very laborious to measure in the field) simply by measuring tree density and individual tree
DBH. However, the model developed by Ohira et al. (2013) is limited to first-order (primary)
prop roots (which emerge from the stem), whereas the prop root system of Rhizophora species
is composed of multiple orders of prop roots, such as second-, third-, and fourth-order prop
roots, branching from the first-, second-, and third-order, respectively (Fig. 4.1). The branching
of prop roots continues until near the ground. The model by Ohira et al. (2013), which only
accounts for first-order prop roots, may therefore largely underestimate A;, especially when
the water level becomes low, because the errors due to the branching of prop roots
cumulatively propagate from the top of the prop root system to the bottom. This raises a

question regarding the model’s applicability to the studies on mangrove drag effects.




Figure 4.1. Rhizophora prop root system with multiple orders of roots. Photos were taken in

the Fukido River mangrove forest (site Fuk in Table 4.1).

Mangroves also exhibit morphological plasticity according to environmental gradients.
For example, Vovides et al. (2014) showed that mangrove tree stems tend to be less slender
than the usual stem width and have wider crowns in relation to DBH with increasing soil (pore-
water) salinity, the osmotic effects of which significantly regulate the resource uptake of
mangroves in below-ground (Peters et al., 2014). The availability of resources below-ground
also changes the mangrove carbon allocation to above- and below-ground (Castaneda-Moya
et al., 2011, 2013). At a micro-scale, mangrove roots tend to proliferate in decomposing roots
and old root channels that are characterized as nutrient-rich microsites in nutrient-poor
sediments (Mckee, 2001). However, the relationships between environmental variables and
morphology of prop root system have not been well investigated. Only Mendez-Alonzo et al.
(2015) demonstrated that prop root architecture has a role in addressing loads from the above-
ground structure of the tree in the typically unstable substrate on which the trees of Rhizophora
species grow, but morphological plasticity in the prop root system has not been verified.
Species variation may also be needed to be taken into consideration as a factor controlling
the morphology of prop root system as seen in the species-specific allometric relationships in
mangroves’ above- and below-ground biomass (Clough and Scott, 1989; Komiyama et al.,
2008).

If Rhizophora species respond to environmental conditions with morphological
plasticity in the prop root system, the limitation in the resources below-ground for plant
production could lead to the increase of the number of prop roots since the number of prop
roots anchoring the ground is directly related to the fine root biomass (Wilkens et al., 2018).
Hence, the prop root system may become more complex with increasing soil salinity, which is
a regulator of resource uptake below-ground. If the below-ground root development is
physically constrained by a very shallow sediment layer, resource uptake of plants in below-
ground may also be regulated, which may also lead the morphological plasticity. On the other
hand, less stable substrate may require more stability on the prop root system, which may
result in higher complexity of the prop root system.

In this study, we aimed to extend the scaling relations in the morphological structures
of first-order prop roots found by Ohira et al. (2013) to the whole-tree prop root system having
multiple orders of prop roots. Because measuring the whole-tree prop root projected area is a
very laborious fieldwork, we hypothesized that the vertical distribution of the number of prop
roots (which is relatively easy to measure) would be a good predictor of the vertical profile of
the whole-tree prop root projected area. After validating this hypothesis, we developed an

empirical model to predict the vertical distribution of the number of prop roots. We also
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hypothesized that Rhizophora species show morphological plasticity in their prop root system,
depending on environmental variables. In this regard, we set up several study sites from Japan,
the Philippines, and Indonesia, and measured the morphology of prop root system with
environmental variables. Among the measured Rhizophora species (Rhizophora apiculata,
Rhizophora mucronata, and Rhizophora stylosa), we targeted R. apiculata and R. mucronata,
the prop root systems of which were measured at several environmental conditions, for
comparing the differences in prop root morphology with corresponding environmental
variables. The measured parameters were soil salinity (as a regulator of resource uptake
below-ground), and sediment thickness (as a physical constraint of below-ground root
development that also may regulate resource uptake), and surface sediment hardness (as an
indicator of stability of the substrate). A multivariate analysis was then conducted to test if the
scaling relations of the two Rhizophora species (R. apiculata and R. mucronata) can be

predicted from the environmental variables.

4.2 Materials and Methods

4.2.1 Study sites

Study sites were selected from mangrove areas in Japan, the Philippines, and
Indonesia (Fig. 4.2). Detailed locations of measurements, the conditions of the mangroves,
sediment type, and information on the sampled trees are summarized in Table 4.1. The
conditions of some of these can be seen in Fig. S4.1 in the Supporting Information. The
coordinates in Table 4.1 show the locations of environmental variable measurements, and the
trees for the prop root system measurement were selected within approximately 60 m of the
locations. Among the eight study sites, Fuk is located in a subtropical region in Japan, while
the other sites are located in tropical regions of the Philippines and Indonesia.

Fuk is a natural mangrove forest located near the mouth of the Fukido River in Ishigaki
Island, Japan (Fig. 4.2). Itis a pristine, mature forest that is densely vegetated by two dominant
species, R. stylosa and Bruguiera gymnorrhiza (Sharma et al., 2014). The measurement was
conducted near the coast, in an area dominated by R. stylosa.

Bak1, Bak2, Bat, and Kii are located in the Aklan province of Western Visayas, Panay
Island, the Philippines (Fig. 4.2). Among them, Bak1 and Bak2 are in a replanted mangrove
forest (known locally as Bakhawan Ecopark) at the mouth of the Aklan River. The plantation
was started in the early 1990s in a mudflat, where over-exploitation of mangrove timber had

occurred (Duncan et al., 2016). The dominant species at both sites is R. apiculata. Bak1 is a
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relatively young mangrove forest (~ 17 years old) compared to Bak2 (~ 30 years old). Bat is a
planted mangrove forest with mono-specific stands of R. mucronata and R. apiculata (~ 20
years old) located inside Batan Bay. R. apiculata stands are relatively younger than R.
mucronata at this site as they were planted later than R. mucronata trees. Kii is a mix of natural
and planted riverine mangrove forest located in Ibajay, Aklan Province, known locally as Ki|
Ecopark. While mixed-species stands cover most of the mangrove area, the measurement
was conducted at planted mono-specific stands of R. mucronata near the river mouth.

Mar and Ber are located around the Berau Continental Shelf in East Kalimantan,
Indonesia (Fig. 4.2). The Berau River supplies large amount of freshwater and sediment to
the continental shelf (Buschman et al., 2012). Ber is a natural mangrove forest fringing a
mudflat formed by sediment deposition from the Berau River. According to Renema (2006),
the substrate is sand with more than 5 m depth. It is dominated by Sonneratia alba and fewer
small R. mucronata and R. apiculata stands with DBH ranging from 0.02 m to 0.04 m. Mar is
a natural mangrove forest with mono-specific stands of R. mucronata fringing an island in the
lagoon surrounded by Maratua Island. The trees are somewhat larger than those in Ber, but
DBH range was limited up to 0.08 m. The mangroves are formed on a thin mud layer on a reef
flat. Kar is a dwarf mangrove forest of R. mucronata and R. apiculata formed on a reef flat
along the coasts of Karimunjawa Island and Kemujan Island, central Java, Indonesia (Fig. 4.2).
The DBH of the measured trees is between 0.016 and 0.043 m. The sediment predominantly

consists of carbonate sand.
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Figure 4.2. Diamond symbols indicate the locations of the study sites.

Table 4.1. Summary of study sites. Coordinates indicate the locations of environmental
variable measurements. R. st = Rhizophora stylosa, R. a = Rhizophora apiculata, R. m =

123



Rhizophora mucronata, R. sp = Rhizophora species, S. a = Sonneratia alba. HRx, Lk, 6k, and
@, stand for height, horizontal distance, angle, and diameter of k-th root, respectively. See Fig.
4.3 for the graphical description. DBH and HT stand for diameter at breast height and tree
height, respectively.
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Latitude sampled
ite angrove edimen ominan easure easure rees
Sit N)/ M Sedi t Dominant M d M d t
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(The N forest sandy R m R m HRx, DBH, (0.030 -
o 122.19832 planted stands clay ’ ' HT 0.065
Philippines) E
m)
fringe mangrove
2.25833 N forest 6 (0.041
Mar 41860209 « natural stands clay R.m R.m HRo DBH, g 078
(Indonesia) HT
E formed on a reef m)
flat
fringe mangrove
224181 N forest 6 (0.022
ﬁ;’;onesia) 118.06499 e natural stands z;“dy S.a R. spP ’JTRK' DBH,  70.041
E formed on a tidal y m)
flat
dwarf mangrove
-.82319 :irfsotf natural 21
Kar N and planted sand R.a,R R.a, R. HR, 6k, (0.016 —
(Indonesia) 110.46470 P m m DBH, HT 0.043
E stands m)

formed on a reef
flat

a The data covers both R. a and R. m, but species identification for all the measured trees
was not conducted.
b The inhabiting Rhizophora species are R. a and R. m, but species identification for the
measured trees was not conducted.
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4.2.2 Field survey

4.2.2.1 Prop root projected area

The prop root projected area measurements were done in Fuk and Bak1 from August
to November in 2018. In total, 22 and 13 trees were sampled from Fuk and Bak1, respectively.
Those trees were sampled to ensure a wide range of tree sizes as much as possible. Following
Ohira et al. (2013), we measured four prop root parameters: height (HR), horizontal distance
(L), angle (6), and diameter (®) (Fig. 4.3). Then, the length of each prop root was estimated
by approximating it as a quadratic curve (See Ohira et al., 2013 for the formulations of the
approximation). The projected area of each prop root was then estimated by multiplying the
prop root length and the diameter. We measured these geometric parameters for all prop roots
from one sampled tree to estimate the whole-tree prop root projected area, compared Ohira
et al. (2013), which was limited to only first-order (primary) prop roots.

The prop root projected area of the submerged parts changes with the changes in the
tidal level, therefore, the vertical profile of the whole-tree prop root projected area is necessary
to calculate the drag force by prop root system. For this reason, the prop root system was
partitioned into vertical layers of 0.1 m thickness (Fig. 4.3), and the total prop root projected
area in each vertical layer (Ai, m?, where i denotes the number of vertical layer) was calculated
for each sampled tree. Note that the azimuth angle of prop roots to water flow direction was
not considered, therefore, the total prop root projected area is the sum of the individual prop

root projected area from the side view.

1-st root

2-nd root

§ X (second highest)
qb/ -

k-th root
""""" (k-th
highest)
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Figure 4.3. Vertical layering of the prop root system, numbering of individual prop roots, and
geometric parameters of prop roots (HRi: height, L. horizontal distance, 6« angle, ®:
diameter of k-th root), and stem (DBH: diameter at breast height) measurement. The figure
shows the measured parameters for first and second roots only as an example. Note that not
all parameters were measured at all study sites. See Table 4.1 for measured parameters at

each site.

4.2.2.2 Number of prop roots in vertical layers

At Bak2, Bat, Kii, Mar, and Ber, instead of measuring the four prop root parameters,
we only measured the height of prop roots (HR). At Kar, HR was measured along with the root
diameter (@) (Table 4.1). The measurements were conducted from February to March in 2019.
As with the measurement done in Fuk and Bak1, HR was measured for all prop roots from
one sampled tree. When a prop root emerges upward, its maximum height was also measured
along with the height at the point where the prop root emerges.

The number of sampled trees were 40 in Bak2, 25 in Bat, 23 in Kii, 6 in Mar, 6 in Ber,
and 21 in Kar. As in Fuk and Bak1, the sampled trees were selected to have wide tree size
range as much as possible. The number of prop roots in each vertical layer (N, where i
denotes the number of vertical layer) was then obtained from the height data of prop roots by
counting the number of prop roots at each vertical layer (e.g. add one to the layers Ny - N if a
prop root emerges at layer i downward), for each tree in all the study sites, including Fuk and
Bak1. For the prop roots that emerge upward, the upward part was counted separately from
the downward part for the number of prop roots in the layers where the upward part exists.
Note that at sites Bat and Ber where R. apiculata and R. mucronata are coexisting, species
identification for all the sampled tree was not conducted. A supplemental field survey was
conducted at Bat in this regard in February 2020 with species identification, and the data
obtained in this survey were used in the result section 4.3.4 to 4.3.6 to account for the effects
of species variation on the prop root system. See Note S4.1 in the Supporting Information for

the details in this field data collection.

4.2.2.3 Other tree parameters

The stem diameter at 130 cm height (DBH) was measured with a diameter tape for all
trees sampled for prop root measurement to relate the morphology of the prop root system to
the tree size. When prop roots in a tree exceed 130 cm height, the diameter above the highest
prop root was measured. Tree height was also measured using a laser range finder (Leica

DISTO D810) as supporting information.
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4.2.2.4 Environmental variables

Soil salinity, sediment thickness, and surface sediment hardness were measured at
each site as environmental variables that may affect prop root system morphology. Sediment
porewater was extracted using a Rhizon sampler (Rhizosphere Research Products), and the
extracted porewater’s salinity was measured using a refractometer. Sediment thickness was
measured with tools for a cone penetration test (KS-159, Kansaikiki Inc.). Surface sediment
hardness was measured using a Yamanaka-type soil hardness tester (No. 351-B, Fujiwara
Scientific Company, Japan). Soil hardness measured with this tool has a positive correlation
with the penetration resistance measured by a cone penetrometer (Ebato 2020), which reflects

the combined shear and compressive characteristics of the sediment.

4.2.3 Empirical model for prop root system

Based on the count of prop roots in each vertical layer of the prop root system obtained
from field surveys, an empirical model was developed as a predictor of the vertical profile of
the whole-tree prop root projected area. In the model, prop roots are numbered, in the order
of root height, from highest to lowest in a whole-tree prop root system; the first root refers to
the highest root, the second root refers to the second-highest, and k-th root refers to the k-th-
highest root (Fig. 4.3). The model then assumes that the height ratio of the k-th root and (k +

1)-th root is constant in the whole-tree prop root system:

Bl _ g (4.2)

HRy

where HR¢ and HRx+1 are the height of the k-th and (k + 1)-th root (m), and S is the scaling
factor (-) ranging from O to 1. Note that the height ratio of k-th and (k + 1)-th root could be the
ratio of roots coming from different branches. If the height of the first root (HR1: hereafter
denoted as HRmax), Which is the maximum root height in a prop root system, is given, the
height of the k-th root can be calculated as

HRy = HRp 0y S& V. (4.3)

The minimum root height is determined by a critical height (HRmin, m). If the t-th root is the one
with the minimum height in a prop root system, t is the largest integer number that satisfies
HRy = HRpax S D > HR . (4.4)

In this way, heights of prop roots in a tree can be modeled from the parameters HRmax, S, and
HRqin. The number of modeled prop roots in each vertical layer is then predicted by counting
the number of modeled prop roots in each vertical layer. In this model, S is the parameter that

controls the complexity of prop roots. Under the fixed values of HRmax and HRmin, the number
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of prop roots in a tree increases as the value of S increases toward 1, which implies more 1-
st order (primary) roots and/or more branching of prop roots (higher order roots).

The model was applied to all the sampled trees from all study sites, to see if the model
could effectively predict the number of roots in the vertical layers for each tree. Among the
three model parameters, HRnax and HRmin were measured in the field for all sampled trees.
While HRmax varied widely depending on tree size (see the result section 4.3.4), no significant
correlations between HRmin and tree size were obtained from all sites, and the variations in
HRmin were small with a mean value of 0.062 + 0.039 m (n = 156 trees). Therefore, the
measured values for HRmax, and the median value of HRmin, Which was 0.05 m, as a constant,
were given to all sampled trees for the prediction using the model. We chose the median value
(0.05 m) for HRmin because this value gave the highest accuracy for the comparison of the
measured and modeled vertical distribution of the number of prop roots for all sampled trees
(see Fig. 4.6 for the results). The values of S were determined for the individual tree by
searching the optimum value (optimized S), with which the modeled number of prop roots in

the vertical layer fits best with the field measured number of prop roots.

4.2.4 Regression analysis for scaling relations in the prop root

system

To test if the prop root system can be expressed as a function of DBH, regression
analyses, which employ the optimized S or the measured HRmax as dependent variables and
DBH as an independent variable, were performed. We fitted the following power function for
the optimized S for each species at each study site:
$ =1—aDBH% (4.5)
where a is a constant, and a1 is the scaling exponent; the unit of DBH is meter. The value ‘1’
in this equation represents the asymptotic maximum value of S. For HRmax, the following
equation was fitted for each species at each study site following Ohira et al. (2013) and
Mendez-Alonzo et al. (2015):

HR,,.x = B1DBH + B (4.6)

where 1 and B are the slope and intercept terms, respectively. Note that for site Bat, data
from the field survey in February 2020 described in the Supporting Information was used to
obtain the species-specific relationships of R. apiculata and R. mucronata, respectively. Also,
note that for site Ber, where R. apiculata and R. mucronata are coexisting, the regression
analyses were done without distinguishing species as species identification was not done for
the measured trees at this site. Therefore, the results of the analyses for Ber represent the

relationships which may implicitly include the effects of species variation.
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4.2.5 Multivariate analysis for the scaling factor

We tested if the coefficients of the model for S (Eq. (4.5)) can be predicted from the
measured environmental variables and species variation. After log-transformation, Eq. (4.5)
can be written as
log(1 —S) = ay + a; log(DBH) (4.7)
where a1 and ao are slope and intercept term, respectively, and ao = log(a). Here and hereafter,
log denotes common logarithm. Eq. (4.7) has two parameters — the slope a1 and the intercept
do; however, it was turned out that they have a linear relationship, which can be described as
a; =Y1a +Y (4.8)
where y; and y are the slope and intercept terms, respectively (see result section 4.3.6 and
Fig. S4.3). Then, Eq. (4.7) can be expressed with a single parameter ao:
log(1 —S8) = ay + f(a,) log(DBH) (4.9)
where qp is a parameter that controls the site- and species-specific scaling relation in the prop
root system. This equation indicates that once the value of ag is determined for a species in a
site, S values of trees with various DBH can be predicted for the species in the site. Then, by
substituting S values computed by Eq. (4.9) into Egs. (4.3) and (4.4), the heights of prop roots
in a tree, and the number of prop roots in each vertical layer can be predicted. The value of ag
was determined for each species at each site by searching for the optimum value (optimized
ao), that minimizes the total error between the measured and modeled number of prop roots
in the vertical layers for all sampled trees. Here, the measured values for HRmax and a constant
value (0.05 m) for HRmin were used in Eqgs. (4.3) and (4.4). As in section 4.2.4, data from the
field survey in February 2020 described in the Supporting Information was used for site Bat to
obtain the values of ap optimized for each coexisting species at the site. Also, the optimization
of ap for site Ber was done without distinguishing species that may implicitly include the effects
of species variation.

We considered that the parameter ap depends on environmental variables (soil salinity,
sediment hardness, and sediment thickness) and species variation. The following models for

ao were tested:

@y = asqisal + agpespe + b (4.10)
@y = apgrhar + agpespe + b (4.11)
@y = apy (1 — eCan2th)) + a . spe + b (4.12)
ay = asqisal + apgrhar + agpespe + b (4.13)
Qg = Agsal + agyy (1 — eCun2th)) AspeSpe + b (4.14)
Qg = Apgrhar + agy (1 — eCan2th)) 4 Aspespe + b (4.15)
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ay = aggsal + apg-har + atm(l — e(‘athzth)) + aspespe + b (4.16)
where asai, anar, a1, @z, aspe, and b are coefficients, and sal, har, th, spe are soil salinity (%o),
sediment hardness (kg cm=), sediment thickness (m), and Rhizophora species index,
respectively. The use of saturation-type exponential function for th is because the below-
ground biomass of Rhizophora species tends to be concentrated in the first 40 cm of the
sediment layer (Tamooh et al., 2008; Xiong et al., 2017), and the effects on the below-ground
root development of the substrate with more than 40 cm thickness, were not expected. The
parameter spe was treated as a categorial parameter, and the values of spe for R. mucronata
and R. apiculata were set as 0.0 and 1.0, respectively. Among the measured species in this
study, R. mucronata and R. apiculata are the only species with scaling relations compared
among sites or within a site. We therefore limited the application of the models to the two
species — R. mucronata and R. apiculata — and excluded the data for R. stylosa which was
measured only at site Fuk, and the data from site Ber where the species identification for the
measured trees was not done.

Differences between models were evaluated based on the predictability of the values
of ao optimized for each species at each site (optimized ao) using the coefficient of
determination (R?) and Akaike’s information criterion (AIC), i.e. the lowest AIC indicates the
best model in terms of model fit and number of parameters. We also compared the models
with R? based on the modeled S for all sampled trees (except data for R. stylosa and data
from site Ber) computed using Eq. (4.9) with the optimized S values, and the modeled numbers
of prop roots in the vertical layers for all sampled trees (except data for R. stylosa and data
from site Ber) computed using Eqgs. (4.3), (4.4), and (4.9) with the data. Here again, the
measured values for HRmax and a constant value (0.05 m) for HRmin were used in Egs. (4.3)
and (4.4).

4.3 Results

4.3.1 Contribution of first-order roots to whole-tree prop root

projected area

The fraction of the projected area of first-order (primary) roots to the whole-tree prop
root projected area was plotted against DBH for 22 and 13 trees measured in Fuk and Bak1,
respectively (Fig. 4.4). The fraction decreased as DBH increased at both sites due to the
increase in the branching of prop roots. For trees with DBH larger than 0.11 m in Fuk, the

contribution of first-order roots to the whole-tree prop root projected area was only 20 %.
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Figure 4.4. A comparison of DBH and a fraction of the projected area of first-order (primary)
prop roots to the whole-tree prop root projected area. Data are from 22 and 13 trees in sites

Fuk and Bak1, respectively.

4.3.2 Comparison between the number of prop roots and

projected area

The number of prop roots in vertical layers was significantly correlated with the prop
root projected area in the vertical layers for all sampled trees in Fuk and Bak1 (Fig. 4.5). The
relationship at both sites can be expressed with a common linear equation with intercept fixed
at zero:

A; = 0.0043N; (4.17)

with R2 = 0.9632, where A; and N; are the prop root projected area (m?) and the number of
prop roots in vertical layer i, respectively. This suggests that the vertical profile of prop root
projected area can be estimated accurately from the vertical distribution of the number of prop

roots.
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Figure 4.5. A comparison of the number of prop roots and projected area in vertical layers;
indicates the layer number shown in Fig. 4.3. All vertical layers with prop roots for all sampled

trees in Fuk and Bak1 are used in the plot.

4.3.3 Comparison between the measured and modeled number

of prop roots

It was generally observed that the number of prop roots increases from the top of the
prop root system to the ground in the form of a power function (Fig. S4.2). With the measured
values for HRmax, a constant value for HRmin, and the S values optimized for the individual
trees, the model reproduced the vertical distribution of prop roots well. Comparison of
measured and modeled vertical distribution of the number of prop roots for some selected
trees is provided in Fig. S4.2 of the Supporting Information as an example of the model
performance. When the measured and modeled number of prop roots in all vertical layers
where prop roots exist for all sampled trees were compared, it showed a high correlation with
R? = 0.9489 (Fig. 4.6). The highest observed number of prop roots in a vertical layer was 309
(Fig. 4.6), which was the data for the bottom layer (layer 1 in Fig. 4.3) of a R. mucronata tree
with DBH = 0.16 m in site Bat.
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Figure 4.6. A comparison of the measured and modeled number of prop roots in vertical layers;
“I” indicates the layer numbers shown in Fig. 4.3. All vertical layers with prop roots for all
sampled trees (n = 156) were used in the plot. To predict N;, measured values of HRmax, a

constant value of 0.05 m for HRmin, and optimized values for S were used for individual trees.

4.3.4 Scaling relations in the prop root system

Values of S, optimized for the individual trees, were compared with DBH for each
species at each study site (Fig. 4.7). Note that the values of the logarithms of (1 - S) and DBH
were plotted in Fig. 4.7. The regression model for S for each species at each site fitted to Eq.
(4.5) is also shown in Fig. 4.7. In general, S increases as DBH increases, indicating that trees
with larger DBH tend to produce more prop roots than trees with smaller DBH. The significant
correlations between the logarithms of (1 - S) and DBH were found for all species at all sites.
At Kar, the values of the log-transformed (1 - S) showed more significant relationships with
the log-transformed tree height than with DBH, with R?> = 0.915 and 0.776 for R. mucronata
and R. apiculata, respectively. The relationships for R. mucronata and R. apiculata are
expressed as follows, respectively:
log(1 —S) = —2.671og(TH) — 0.69 (4.18)
log(1 —S) = —1.781log(TH) — 1.09 (4.19)
where TH is the tree height (m). This may indicate that tree height is a better indicator for the
scaling relations in prop root system for dwarf mangroves where the size variations in DBH
are quite small (Table 4.1). When the relationships for R. mucronata and R. apiculata

coexisting in a site were compared, the values of (1 - S) of R. apiculata tend to be slightly
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lower than R. mucronata as observed in Bat and Kar (Fig. 4.7). However, the site differences
in the scaling relations for a species are more significant than the interspecific differences in
a site. For example, based on the regression model for log-transformed (1 - S) and DBH for
R. apiculata (Fig. 4.7), the value of S for a tree with DBH of 0.1 m in Bak2 is 0.919 while the
values of S for trees with the same DBH in Bak1 and Bat are 0.972 and 0.970, respectively,

and S values for trees in Kar with the same DBH could be more than 0.99.

© R. mucronata A R. apiculata O R. stylosa < R. spp.

y=-1.76x-3.18 y=204x-359 ] o v=-091x-2.00 y =-1.50x - 2.99
R?=0.922 R%=0.560 . R?=0.711 R? = 0.909
A
™ y——21.16x—2.69
v 0.1 . R?2=0.528
) E
®w  Fuk Bak1l T Bak2 Bat
0.01 T L AL L AL | v L LA LE | T L AL L AL | v LR L L ] v LB LA RL | v L L AL ] T T T T Irrrr T rrrrrm
1
y=-1.42x-2.81 y =-1.65x - 3.63 y=-2.03x - 4.27 y=-2.10x - 4.66
R?=0.714 R2=0.711 R2 = 0.490 R?=0.579
o R o y=-1.89x—4.52
01 o R2=0.465
o \é
<

0.01 T T T rrrrog T rrrrrm T T T rrrom T rrrrrm T T r rorrrng T rrrrm
0.01 0.1 1 0.01 0.1 1 0.01 0.1 1 0.01 0.1 1

DBH (m) DBH (m) DBH (m) DBH (m)

Figure 4.7. The scaling relations of optimized S and DBH for each species at each study site.
The equations in the plots are for the relationships between log-transformed (1 - S) and DBH
fitted to Eq. (4.5). The data for Ber is from a mixed forest of R. mucronata and R. apiculata
stands, but species identification for the measured trees was not conducted. The data for Bat
is from the field survey in February 2020 described in the Supporting Information for obtaining

species-specific relationships at the site.

Another parameter of the empirical model for the prop root system, HRmax, is correlated
linearly with DBH for each species at each site (Fig. 4.8), which is consistent with the findings
by Ohira et al. (2013) and Mendez-Alonzo et al. (2015). However, the range of R? values for
the correlations for each species at each study site is from 0.008 in Mar to 0.772 in Bak1,
which indicates relatively weak correlations compared with the relationships between S and
DBH. Similar to the case of S, the relationships between HRmax and DBH vary significantly,

depending on the sites.
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Figure 4.8. The scaling relations of HRmnax and DBH for each species at each study site. The
equations in the plots are for the relationships between HRmax and DBH fitted to Eq. (4.6). As
in Fig. 4.7, the data for Ber is from a mixed forest of R. mucronata and R. apiculata stands.
The data for Bat is from the field survey in February 2020 described in the Supporting

Information for obtaining species-specific relationships at the site.

4.3.5 Site- and species-specific model of prop root system

The model for prop root system (Egs. (4.3) and (4.4)) was applied to all sampled trees
again by employing the site- and species-specific regression models for S (Eq. (4.5)) and
HRmax (Eq. (4.6)). Two different parameter settings were tested: 1) a case using the measured
values for HRmax, @ constant value for HRnin, and the site- and species-specific regression
models for S, and 2) a case using the site- and species-specific regression models for HRmax
and S with a constant value for HRmin. When the modeled number of prop roots in the vertical
layers were compared with the measured values for all sampled trees as in Fig. 4.6, both
cases showed high correlations (Fig. 4.9) although the values of R? were lower than that in
Fig. 4.6, which used the measured and optimized values for HRnax and S, respectively. By
comparing the two cases in Fig. 4.9, the case that used the site- and species-specific
regression models for HRmax (case 2) showed lower value of R? than in the case which
employed the measured values for HRmax (case 1), but the difference was not significant,

suggesting that S is the most critical parameter for reproducing the prop root system.
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Figure 4.9. Similar to Fig. 4.6, but with a different parameter setting — the case that used (a)
measured values for HRmax, @ constant value for HRmin, and regression models for S, and (b)
the case that used regression models for HRmax and S, and a constant value for HRmin. Note
that for the trees in site Bat, the data from the field survey in February 2020 described in the
Supporting Information is used, which is consistent with the data plotted in Figs. 4.7 and 4.8.
This is the reason why the total number of the sampled trees is different from the one in Fig.
4.6. Also, because only the total number of prop roots, which corresponds to the number of
prop root in layer 1 (see Fig. 4.3), was measured in the field survey in February 2020, the

modeled number of prop roots in layer 1 was plotted with the data for site Bat.

4.3.6 Relationship between the scaling relation and

environmental variables

Environmental variables measured at each study site can be seen in Fig. 4.10 and
Table S4.1. Soil salinity ranged from 26 %o in Bak2 to 40 %o in Kii. The sediment thickness at
Mar and Kar is around 0.1 m while other sites have sediment layer of more than 0.8 m
thickness. Bak2 and Bat have the deepest sediment layer among the study sites except for
Ber. Sediment thickness was not measured in Ber since the sediment layer is deeper than 5
m of the length of the tool used. Surface sediment hardness ranged from 0.4 kg cm2 in Bak2
to 35.8 kg cm2 in Ber. In general, sediment hardness was low (0.4 — 6.3 kg cm-?) where the
substrate is clay (Bak1, Bak2, and Mar), and was high (14.7 — 35.8 kg cm2) where the
substrate is sandy clay (Fuk, Kii, and Ber) or sand (Bat and Kar).

Based on the site- and species-specific regression models for the relationship between
log-transformed (1 — S) and DBH shown in Fig. 4.7, a significant relationship between the

coefficients ap and a4 in Eq. (4.7) was found (Fig. S4.3). Eq. (4.8), an equation for the
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relationship between ap and a4, can then be expressed using the following equation with R =
0.8168:

a, = 0.4192a, — 0.2067. (4.20)

The values of ag optimized for each species at each study site are shown in Fig. 4.10, where
smaller value of ap produces larger value of S at a given DBH. With the optimized ao, the S
values computed using Egs. (4.7) and (4.20) for all sampled trees showed a strong relationship
with the optimized S values shown in Fig. 4.7 with R? = 0.790 (Table 4.2). The vertical
distributions of the number of prop roots for all sampled trees were reasonably reproduced
with R2 = 0.873 (Table 4.2). These results suggest that the optimized ao well represents the
site- and species-specific characteristics of the scaling relation in the prop root system.

It was observed that the optimized ap values of R. mucronata and R. apiculata
significantly vary among sites even if the species is the same (Fig. 4.10a). On the other hand,
R. mucronata and R. apiculata in the same environment showed similar values of apas seen
in Bat and Kar, with slightly lower ap values of R. apiculata than those of R. mucronata (Fig.
4.10a). When the optimized ap values were compared with the environmental variables using
the Egs. (4.10) — (4.12) that include the term for species variations, no significant correlations
were found in the relationships of ap with soil salinity and sediment hardness (Fig. 4.10b and
c). However, a strong relationship was found between ap and sediment thickness in the form
of a saturation-type exponential function (Eq. (4.12)) with R? = 0.784 (p = 0.003; Fig. 4.10d).

The results of the multivariate analysis for the scaling factor are summarized in Table
4.2. Among the tested models (Egs. (4.10) — (4.16)), the model with sediment thickness and
hardness as the environmental variables (Eq. (4.15)) was the best parsimonious model for the
optimized ao based on AIC values, and showed the highest accuracy both for the optimized S
values and the number of prop roots in vertical layers (Table 4.2).

The slopes and intercepts of the site- and species-species regression models for the
relationships between HRmnax and DBH shown in Fig. 4.8 were compared with the
environmental variables, but no significant relationship was found both for the slope (R? < 0.35,

p > 0.12; plots not shown) and intercept (R? < 0.08, p > 0.49; plots not shown).
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Figure 4.10. (a) Interspecific comparison of ag optimized for each species at each site
(optimized ao), and the relationships of optimized ao with (b) soil salinity, (c) sediment hardness,
and (d) sediment thickness. The equations show the best fit of Eqs. (4.10) — (4.12), and the
R? and p values are from the comparisons between the modeled and optimized a;. The
parameter spe was treated as a categorial parameter, and the values of spe for R. mucronata
and R. apiculata were set as 0.0 and 1.0, respectively. See Table 4.2 for the results of other
models (Egs. (4.13) — (4.16)). Note that the data from Fuk and Ber were not included in the
models (see section 4.2.5 for the reason). The value of Ber is not shown in optimized ao-
sediment thickness relationship since sediment thickness was not recorded at this site. R. m
= Rhizophora mucronata, R. a = Rhizophora apiculata, R. st = Rhizophora stylosa, R. sp =

Rhizophora species.

Table 4.2. Summary of multivariate models for scaling factor (S) with the coefficients. The
values in parenthesis mean the standard error of the coefficient. Akaike’s information criterion
(AIC) and coefficient of determination (R?) for ao optimized for each species at each study site
(n = 8, excluding the data from Fuk and Ber), R? for S optimized for each individual tree (n =
133 trees, excluding trees sampled in Fuk and Ber) and number of prop roots in all vertical

layers with prop roots for all sampled trees except the ones sampled in Fuk and Ber (n = 133
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trees) are shown (see section 4.2.5 for the reason of exclusion of Fuk and Ber from the

models). NA: not applicable.

Number of

N o Optimized  prop roots
Model Coefficients Optimized ag

in vertical
layers
Qo Q1  @sal Ahar am atn Aspe b AlC R? R? R?
Model with optimized aq
Eq. (4.9) ! 2 NA NA NA NA NA NA 0.790 0.873
Model with environmental effects
-0.151 -0.43 1.67
Eq. (4.10) 3 2 NA NA NA 23.3 0.344 0.332 0.245
(0.095) (0.87) (3.41)
0.0079 0.31 -3.85
Eq. (4.11) 3 2 NA NA NA 26.5 0.002 0.138 0.245
(0.0385) (1.01) (1.06)
2.83 2.66 -0.38 -5.36
Eq. (4.12) 3 2 NA NA 154 0.784 0.586 0.443
(1.09) (3.56) (0.55) (1.26)
-0.151  0.0068 -0.36 1.51
Eq. (4.13) 3 2 NA NA 242 0.349 0.312 0.262
(0.106) (0.0350) (1.03) (3.88)
-0.039 2.83 3.78 3.78 -4.16
Eq. (4.14) 3 2 NA 16.0 0.794 0.591 0.475
(0.245) (6.18) (28.11) (28.11) (3.39)
-0.030 3.47 3.22 -0.73 -5.21
Eq. (4.15) 8 2 NA 11.6 0.882 0.747 0.640

(0.019)  (1.49) (3.93) (0.52) (1.57)
-0.011  -0.030 3.52 3.66 -0.74 -4.94
Eq. (4.16) 8 2 125 0.882 0.745 0.639
(0.242) (0.025) (5.34) (20.37) (0.64) (3.42)
" Value of ao optimized for each species at each study site was used. The values can be seen in Fig. 4.10.

2 Computed from Eq. (4.20).

3 Computed from the equation shown in the ‘Model’ column.

4.4 Discussion

4.4 .1 Model reproducibility of the complex structures of prop

root system

While there have been several studies that investigated Rhizophora prop root
morphology (Mazda et al., 1997; Ohira et al., 2013; Horstman et al., 2014, 2015; Mendez-
Alonzo et al., 2015), this is the first study to investigate the morphological structures of whole-
tree prop root system with multiple orders of prop roots (up to sixth-order). The first-order roots
are dominant in the whole-tree prop root projected area of small trees, with DBHs less than

0.05m in Fuk and Bak1 (Fig. 4.4). However, the contribution rate of the first-order roots to the
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whole-tree prop root projected area decreased significantly down to around 20 % in Fuk as
DBH increases, due to the emergence of a significant number of branching of prop roots. This
clearly indicates the significance of the second, third, and even higher-order roots for the
whole-tree prop root projected area, especially for medium to large size trees with DBH > 0.05
m. The number of prop roots increases in the form of a power-function toward the ground (Fig.
S4.2) suggesting that the prop root system is more complex in the lower portion. Therefore,
when the water level fluctuation in mangrove areas is considered, the significance of the prop
roots above the first-order for the submerged prop root projected area per unit volume is
further enhanced by the decreasing water level. The prop root morphology model developed
by Ohira et al. (2013) that accounts for only first-order roots may have largely underestimated
the projected area of submerged prop roots in this regard. It may have further led to
underestimation of the drag force exerted by whole Rhizophora trees studied by Maza et al.
(2017, 2019), who used their model. Prop roots above the first-order should be considered for
future studies on mangrove drag effects.

Based on the measurement of the prop root projected area in Fuk and Bak1, the
significant relationships between the number of prop roots and projected area in vertical layers
were found (Fig. 4.5), which validates the hypothesis that the vertical distribution of the number
of prop roots is a good predictor of the vertical profile of prop root projected area, thus reducing
measurement efforts. The equation for the relationship (Eq. (4.5)) indicates that the averaged
projected area of one prop root in vertical layers can be considered uniform with an area of
0.0043 m?. Given the average root diameter, @, is 0.030 + 0.009 m, the average length of
prop roots in a layer is 0.143 m, which corresponds to -44.3 degree of root angle in the layer.

The prop root system model (Egs. (4.3) and (4.4)) that uses a parameter — scaling
factor (S) successfully reproduced the vertical distribution of the number of prop roots (Fig.
4.6 and Fig. S4.2). This suggests that the approximation of the prop root system with S is
appropriate. S can be considered as an indicator of the complexity of the prop root system. As
expected, the value of S increased as the DBH increased (Fig. 4.7), indicating that a larger
tree tends to have a more complex prop root system. The values of S optimized for individual
trees are significantly correlated with DBH for each species at each site. This suggests that
the scaling relations between DBH and first-order (primary) roots shown in Ohira et al. (2013)
can be extended to the whole-tree prop root system, including prop roots above the first-order.
Compared with the relationships between DBH and S, the correlations between DBH and
HRmax tend to be lower and highly variable (Fig. 4.8), but comparable to the correlations shown
by Ohira et al. (2013) and Mendez-Alonzo et al. (2015). The use of the site- and species-
specific regression models for HRmax instead of the measured values in the prop root system

model did not largely affect the results of the prop root vertical distribution (Fig. 4.9), and the
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modeled distribution of prop roots by the model using the site- and species-specific regression
models for S and HRmax agreed with the observed distribution in acceptable accuracy (R? =
0.855, Fig. 4.9b). Therefore, we propose the model to use the site- and species-specific
regression models for S and HRmax, and a constant value for HRmin, for predicting the prop root
system for the purpose of minimizing the number of parameters.

The proposed model predicts that the number of whole-tree prop roots is expressed
as a form of power function of DBH, which agrees well with the observation (Fig. S4.4). From
the modeled vertical distribution of the number of prop roots, and the relationship between the
number of prop roots and projected area (Fig. 4.5; Eq. (4.17)), the whole-tree prop root
projected area can also be expressed as a form of power function of DBH, which agrees with
the observation (Fig. S4.5). These results suggest allometric relations in the complexity of
prop root system, which is consistent with the allometric relations in the prop root biomass
shown by Ong et al. (2014), Comley and McGuiness (2005), and Van Vinh et al. (2019).

4.4.2 The effects of substrate conditions on prop root system

complexity

In this study, strong scaling relations in the prop root system complexity (represented
by S) were found for each species at each site, but these significantly vary among sites (Fig.
4.7). Although site-specific scaling relations are common in mangrove above-ground biomass
(Smith and Whelan, 2006; Estrada et al., 2014; Osland et al., 2014; Van Vinh et al., 2019), the
site variations in prop root system complexity seem much larger. For example, in Kar, which
has the highest S value among the study sites, more than 100 prop roots were observed in R.
apiculata trees with DBH = 0.03 m, while only 9 - 10 prop roots were observed in trees of the
same species with the same DBH in Bak2 (Fig. S4.4). While the optimized S values of R.
apiculata tend to be slightly higher than R. mucronata in the same site as seen in Bat and Kar
(Fig. 4.7), the differences in the scaling relations among sites could be much significant for
each species (Fig. S4.6 and b). This suggests that species dependency may be less important
for the scaling relations in S than the environmental variables for the two species.

The site and species-specific relations for S were well expressed by Eq. (4.9) with a
single parameter aop — intercept term of the regression models for S, that were optimized for
each species at each study site (Table 4.2). This result suggests that the value of ap represents
the site- and species-specific scaling relations in S. While the optimized ap did not show
significant correlations with soil salinity and sediment hardness, it did with sediment thickness
in the form of saturation-type exponential function (Fig. 4.10). This suggests that the site- and

species-specific scaling relations in S were mostly explained by sediment thickness, such that
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mangroves inhabiting thin sediment layers tend to have more complex prop root system.
Generally, the below-ground root biomass of mangroves is concentrated at depths of 0 - 40
cm, then decreases with soil depth (Komiyama et al., 2000; Tamooh et al., 2008; Castaneda-
Moya et al., 2011; Xiong et al., 2017; Ha et al., 2018); Rhizophora species also have similar
patterns (Tamooh et al., 2008; Xiong et al., 2017). Therefore, shallow sediment layers in Mar
and Kar, where the thickness is around 0.1 m, may act as a physical constraint for below-
ground root development, which, in turn, may regulate resource uptake from below-ground. It
is well known that mangroves have plasticity in biomass allocation above- and below-ground
depending on the environments (Sherman et al., 2003; Lovelock, 2008; Naidoo, 2009;
Voivides et al., 2014). Under limited nutrient conditions, mangroves invest more biomass
below-ground to compensate for the limited resources below-ground (Castaneda-Moya et al.,
2011, 2013; Cormier et al., 2015). Such strategies may also be reflected in prop root system
complexity by increasing the number of prop roots anchoring the ground to increase the fine
root biomass in the limited space underground (Wilkens et al., 2018).

The physical constraints of the sediment layer on root development may be less
important in other study sites where the sediment thickness is more than 0.4 m. However,
Bak2 showed significantly lower S values for grown trees and higher ao value than the other
sites (Figs. 4.7 and 4.10). Bak2 has the lowest soil salinity (26 %o), implying the influence of
groundwater in sediment that often has high nutrient concentrations. Therefore, grown trees
with a large below-ground biomass and a deep root penetration depth may be able to uptake
groundwater at this site. Hayes et al. (2019) showed that the mangroves’ accessibility to
groundwater enhances above-ground growth but does not enhance below-ground growth,
which may also decrease S relative to DBH. Quantification of below-ground root biomass, root
penetration depth, amount of resources belowground, such as water and nutrients, and
mangrove groundwater use is required for further investigation of the mechanisms generating
the site variations in the scaling relations in the prop root system.

While inclusion of soil salinity as a parameter in the model with sediment thickness for
ao (Eq. (4.14)) did not affect the accuracies for the optimized ap and the number of prop roots
in the vertical layers, inclusion of sediment hardness (Eq. (4.15)) significantly improved the
accuracies (Table 4.2). AIC values for optimized ao, and R? values both for optimized S and
number of prop roots in vertical layers suggest that this model (Eq. (4.15)) is the best
parsimonious model (Table 4.2). The coefficients of sediment hardness — ansr was negative in
the model (Table 4.2). This indicates that trees on hard substrate tend to have somewhat
lower ap values, which leads to more complex prop root system, contrary to our expectation.
However, in terms of stability of the above-ground part of tree, dynamic loads from

hydrodynamic force by tidal flow or waves may also be a factor in addition to the stability of
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the substrate, because mangroves inhabit intertidal zones where trees and sediments are
under the influences of tidal flow and waves (Mazda et al., 1997, 2005; Horstman et al., 2015;
Chen et al., 2016). For example, the substrates with low sediment hardness indicating
unstable substrate conditions are usually muddy (clay; Table 4.1) where the hydrodynamic
loads from tidal flow and waves are expected to be small. Conversely, the substrates with high
sediment hardness indicating stable substrate conditions are usually sandy (sandy clay or
sand; Table 4.1) where the hydrodynamic loads may be larger. The effects of dynamic loads
from the tidal flow and waves should be therefore taken into account in addition to the stability
of substrate in future studies on the morphological plasticity in the prop root system.

Ber, a forest where R. mucronata and R. apiculata are coexisting, is an exceptional
site in the relationship between optimized ap and sediment thickness, where the sediment
thickness is more than 5 m (Renema, 2006), but ao at this site is the second lowest among
the study sites after Kar (Fig. 4.10b and c). This may be related to interspecific competition.
S. alba trees dominate Ber’s forest, and Rhizophora trees are located where the ground is
intensively covered by pneumatophores (Fig. S4.1e), which implies competition for below-
ground resources, such as water and nutrients (Pranchai et al., 2018). The occupancy of the
ground with a high density of pneumatophores may also interfere with the root development
of Rhizophora trees below-ground, which may further lead to limited resource uptake. These
factors may have caused Rhizophora trees to produce more prop roots anchoring the ground
and increase the below-ground root biomass above the Sonneratia trees’ root system
horizontally radiating below-ground.

Another model parameter, maximum root height (HRmax), showed significant
relationships with DBH for each species at most of the study sites (Fig. 4.8), similar to S. While
the two coexisting Rhizophora species — R. apiculata and R. mucronata at a site show similar
scaling relations in HRmax as seen in Bat and Kar (Fig. 4.8), the differences in the scaling
relations among sites were not clear unlike the case of S, when the data from the different
sites were plotted together for both species (Fig. S4.6¢c and d). This suggests that the site
variations in the regression models of DBH-HRmax relationship may be attributed to allometric
trajectory, where the comparison of scaling relations between the forests with different
age/tree sizes is the reason of the site variations (Weiner, 2004). The slopes and intercepts of
the regression models for the relationships between HRmax and DBH shown in Fig. 4.8 did not
show any significant correlation with the measured environmental variables (R? < 0.35, p >
0.12 for slope and R? < 0.08, p > 0.49 for intercept). Thus, it is still not clear whether
environmental variables could affect the relationships between HRm.x and DBH. However,
Rollon et al. (2017) found changes in HRmax following subsidence-induced sea-level rise,

which may be related to aeration. Maximum tidal height and the inundation period may need
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to be investigated considering the aeration function of prop roots in future studies for

explaining the site variations.

4.4.3 Application of the prop root system model

The empirical model for prop root system proposed in this study has the potential to
provide information on the vertical profile of prop root projected area, which is needed to
estimate the drag force in mangroves. The novelty in the model is its ability to predict the
vertical distribution of prop root system, including the prop roots above the first-order, which
is not possible with the model by Ohira et al. (2013). As the complexity of the prop root
increases in the form of a power-function of DBH (Fig. S4.4 and S4.5), the model is particularly
useful for estimating the prop root structure of big trees, which are very laborious to measure
in the field. Using the relationships between DBH and tree height (Suwa et al., 2009; Mendez-
Alonzo et al., 2015), the spatial distribution of prop root morphological structures may be
mapped from high-resolution remotely-sensed data, such as airborne LiDAR (Fatoyinbo et al.,
2018) and unmanned aerial systems (Zhu et al., 2019). This may realize spatially explicit drag
modeling in mangroves, although it is still limited to Rhizophora species.

The data showed that the scaling relations for S — the most critical model parameter —
significantly vary depending on environments (Fig. 4.7; Fig. 4.10). Although the multivariate
model that includes parameters or terms on the effects of environmental variables and species
variation may have the potential to predict the scaling relations in various sites, there are still
several limitations as follows. In this study, only R. mucronata and R. apiculata were tested,
thus the application of the multivariate model may be limited to these two species only.
Although the data suggested that the effect of species variation is less important compared to
the effect of environmental variables for these species, the data from only two sites with the
two coexisting species (Bat and Kar) were tested for the effect of species variation. The model
also seems to work less well for mixed forests of Rhizophora species and other mangrove
species as suggested by the data from Ber. Most of the sampled trees were less than 10 cm
DBH, and there is no data for trees with DBH more than 20 cm, whereas Rhizophora species
could attain more than 20 cm DBH, hence the validity of the model to larger trees is uncertain.
Also, the accuracy of the multivariate model for predicting the number of prop roots in the
vertical layers is not sufficiently high (R? = 0.640; Table 4.2) compared to the model with ag
optimized for each species at each site (R? = 0.873; Table 4.2), suggesting the difficulty in
accurately deriving the site- and species-specific scaling relations from the environmental
variables measured in this study. Furthermore, factors controlling the scaling relations in HRmax

are still unclear. Therefore, applying the prop root system model to other sites or species still
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needs knowledge of scaling relations specific to the sites and the species, which requires
fieldwork. While the relationships between DBH and HRmnax are relatively easy to obtain in the
field, the optimum S values for individual trees were derived after the numbers of prop roots
in vertical layers were obtained in the field, as described in the section 4.2.3, which are
relatively laborious works. A simple method for effectively estimating the S values for individual
trees in the field may help with fast development of the site- and species-specific scaling
relations. In this regard, we suggest measuring the maximum root height (HRmax) and the total
number of prop roots for individual trees in the field, and derive the S values from the following

equation, which is a rearrangement of Eq. (4.4):

log HRpin—1og HRmax
t-1

log$ = (4.21)

where t is the total number of whole-tree prop roots. This equation gives S with very close
values to the optimized values of S for individual trees (Fig. 4.11a), and the prop root model
that used measured values for HRnax, @ constant value for HRmin, and S values derived from
Eq. (4.21) produced the vertical distribution of the number of roots with good accuracy (Fig.
4.11b). The proposed method should reduce the amount of fieldwork required to obtain the
site- and species-specific scaling relations and contribute to the knowledge collection of the
scaling relations of various species at various sites with environmental gradients, which is a

key component to establishing a universal model for predicting the prop root system.
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Figure 4.11. (a) A comparison of S optimized for individual trees and S derived from Eq. (4.21),
and (b) a comparison similar to Fig. 4.6, but with different parameter settings. Measured values
for HRmax, @ constant value (0.05 m) for HRmin, and S values derived from Eq. (4.21) are used

for the model.

4.5 Conclusions
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In this study, we investigated the morphological structures of the prop root system with
multiple orders of prop roots. The results show that first-order (primary) roots contribute to
20 %, at lowest, for the whole-tree prop root projected area, highlighting the importance of the
presence of second, third, and even higher-order prop roots. Therefore, these prop roots
above the first-order may contribute greatly to the drag force exerted by mangroves. We
proposed a model to predict the vertical distribution of the number of prop roots composed of
three parameters: scaling factor (S), maximum root height (HRmax), and minimum root height
(HRmin). The model well reproduced the vertical structure of the prop root system for the 156
sampled trees. S, the most critical parameter describing the complexity of prop root system,
and HRnax showed significant correlations with DBH, but the relationships significantly vary
among sites. Site- and species-specific regression models for S and HRmax successfully
reproduced the vertical profile of prop root structure with reasonable accuracy. The site
variations in the scaling relations in S were mostly explained by sediment thickness among
the measured environmental variables — soil salinity, sediment hardness, and thickness,
suggesting the physical constraints of below-ground root development in a shallow sediment
layer (around 0.1 m thickness), which promotes prop root production anchoring the ground to
increase below-ground biomass. Multivariate analysis indicated that hard substrate also
contributes to the higher complexity of prop root system albeit contrary to our expectation,
implying the need for investigating the effects of hydrodynamic loads on the morphology of
prop root system. The accessibility to groundwater or inter-specific competition for below-
ground resources may also be the reasons for site differences in the scaling relations, where
sediment thickness is unlikely to constrain below-ground root development, although it has
not been verified in this study. Further research is needed to elucidate the mechanisms of

morphological plasticity in prop root system.
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Supporting Information for Chapter 4

Note S4.1. Supplementary data collection at site Bat

Field survey for obtaining the species-specific relationship of the scaling factor (S) and
the maximum root height (HRmax) with DBH was conducted at site Bat in February 2020 for
supplementing the data collected at this site in February to March in 2019. We sampled 15
trees both for Rhizophora apiculata and Rhizophora mucronata at the same location as the
field survey in 2019. DBH, maximum root height (HRmax), minimum root height (HRmin), and
total number of prop roots in a tree were measured for each sampled tree. The S values for
the individuals were then derived using Eq. (4.21). The data were used for obtaining the
relationships of S and HRmax with DBH for R. apiculata and R. mucronata at this site (Figs. 4.7
and 4.8), and subsequent analyses (Figs. 4.9 and 4.10; Table 4.2). The data were also used
for the comparison of relationships of S and HRmax with DBH among sites for R. apiculata and

R. mucronata (Fig. S4.6).

Table S4.1. Summary of environmental variables at the study sites. While the environmental
variables were measured at one location at each site, sediment thickness and hardness were
measured at several points (n =13) in Kar, and the averaged values were considered as the
representative values at the site. This was because the mangroves at Kar were formed on
reef flat that might have rough surface, and variations in sediment thickness and hardness

even within the area of measurement were expected.

Site Sediment Soil salinity Surface sediment
thickness (m)  (%o) hardness (kg cm?)

Fuk 0.9 33 20.0

Bak1 1.4 32 1.2

Bak2 2.65 26 04

Bat 2.65 29 324

Kii 0.8 40 32.6

Mar 0.1 35 6.3

Ber Not measured 30 35.8

Kar 0.12+0.08 37 14.7+4.0
(n=13) (n=13)
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Figure S4.1. Mangrove forest at (a) Fuk, (b) Bak1, (c) Bak2, (d) Bat, (e) Ber, and (f) Kar.

Photos of Kii and Mar were not taken.
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Figure S4.2. A comparison of measured and modeled vertical distribution of the number of

prop roots (N,) for selected trees from (a, b) Fuk and (c, d) Bak1. The measured values for

HRmax, a constant value for HRmin (0.05 m), and the optimized values for S are used to predict

N, for individual trees.

a, in Eq. (7)

-0.5
y =0.4192x - 0.2067

1 R?2=0.8168 °
-1.5 4

2
-2.5 T T T

-5 -4 -3 -2 -1
ayin Eq. (7)

Figure S4.3. Relationship between the coefficients ap and a1 in Eq. (4.7). The values of the

coefficients are from the site- and species-specific regression models for the relationships

between log-transformed (1 — S) and DBH shown in Fig. 4.7.
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Figure S4.4. A comparison of the measured and modeled number of whole-tree prop roots.
The markers indicate the field data, and the solid or dotted lines indicate the modeled values.
The modeled values are derived from Eq. (4.4). A constant value (0.05 m) for HRmin, and the
site- and species-specific regression models for S and HRmax shown in Fig. 4.7 and Fig. 4.8,
respectively, are used for the modeled values. Note that the number of whole-tree prop roots

at Kar is plotted according to tree height because it showed a higher correlation than with DBH.

Fuk: O measured — modeled

Bak1: O measured — modeled
10

L aanu

1111110l

o
=

Whole-tree prop root
projected area (m?)

L1 1111l

0.01

T T ™TTTTTTr

001 0.1 1
DBH (m)

Figure S4.5. A comparison of the measured and modeled whole-tree prop root projected area.

Data are from 22 and 13 trees in Fuk and Bak1, respectively. The circle markers indicate the
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measured values, and the lines indicate the modeled values. The number of prop roots in the
vertical layers was predicted using a constant value for HRmin, and the regression models for
S and HRmax shown in Fig. 4.7 and Fig. 4.8, respectively. Then the modeled number of prop
roots was multiplied by 0.0043, as shown in Eq. (4.17), to estimate the whole-tree prop root
projected area.

do R. apiculata b R. mucronata
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0.1 4
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Figure S4.6. Comparison of relationships of (a, b) S and (c, d) HRmax with DBH among sites
for R. apiculata and R. mucronata.
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Chapter 5: Field measurement and
prediction of drag in a planted Rhizophora

mangrove forest

5.1.1 Abstract

Drag effects of mangrove forests with complex root systems modulate flow and
substance transport and promote sedimentation, all of which are linked to mangroves’
ecosystem services (e.g., coastal protection, trapping of suspended organic carbon) and
resilience (e.g., vertical accretion relative to sea-level rise). Previous flume studies proposed
a predictive model of drag by Rhizophora mangrove forests based on the quadratic drag law
using two parameters—drag coefficient (Cp) and vegetation projected area density (a).
However, its general applicability to mangrove forests in the field has not been tested. To fill
this knowledge gap, this study quantified drag in a 17-year-old planted Rhizophora mangrove
forest using comprehensive measurements of hydrodynamics and vegetation morphology.
The site showed a much higher value for a than the conditions assumed in previous flume
studies, mainly due to root branching and high tree density. We found that despite the much
higher vegetation complexity, the derived Cp was 1.0 £ 0.2 for tide-driven currents, consistent
with previous flume studies. By using the mean value of derived Cp (1.0), we confirmed that
the quadratic drag model expresses well the field-measured drag. We also showed that the
value of parameter a can be predicted by only two vegetation parameters (stem diameter and
tree density) using an empirical Rhizophora root model, and confirmed the successful
prediction of drag from these vegetation parameters and the derived Cp. This provides insights
into effectively implementing the drag model in hydrodynamic models for better representation

of flow, transport, and geomorphic dynamics in mangrove forests.

5.1.2 Introduction

Mangroves are one of the coastal vegetation ecosystems that grow in intertidal areas
in tropical and subtropical regions (Giri et al., 2011). They are characterized by complicated

patterns of above-ground root systems (Ezcurra et al., 2016; Tomlinson, 2016) that
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substantially attenuate flow and wave energy and provide coastal protection (Furukawa et al.,
1997; Horstman et al., 2014; Menéndez et al., 2018, 2020). Through the drag effects, they
also modulate flow and substance transport, prevent erosion, and promote sedimentation of
inorganic and organic matters (Adame et al., 2010; Chen et al., 2016, 2018; Bryan et al., 2017;
Best et al., 2022), all of which are linked to various mangroves’ ecosystem services and
resilience. For instance, mangrove forests trap and accumulate organic carbon transported
from outer systems (Sasmito et al., 2020; Suello et al., 2022), contributing to mangroves’
characteristic as globally important carbon sink (Donato et al., 2011; Taillardat et al., 2018;
Sharma et al., 2020). Mangroves’ geomorphic evolution driven by sedimentation and below-
ground organic matter production is considered as a key process of adaptation to threats due
to sea-level rise (Krauss et al., 2014; Rogers et al., 2014; Saintilan et al., 2020; Xie et al.,
2020).

Despite the valuable ecosystem services provided by mangroves, they have declined
globally predominantly due to deforestation (Friess et al., 2019). Rigorous evaluation of the
mangroves’ ecosystem services and resilience is needed to facilitate mangrove conservation,
management, and restoration (Macreadie et al., 2022). However, our understanding of the
drag effects of mangrove forests remains limited, despite their central role in the physical
processes that regulate the mechanisms behind the ecosystem services they provide. This is
especially true for the case of Rhizophora mangroves that form complex root systems known
as “prop root system” (Ong et al., 2004), which in itself is a challenging task to quantify. Thus,
the primary motivation of this study is the quantification and prediction of the drag effects of
Rhizophora mangrove forests — one of the most dominant mangrove genera in the Asia-Pacific
region and is often used for mangrove plantation (Primavera and Esteban, 2008; Friess et al.,
2019).

Recently, several studies have conducted flume experiments using model Rhizophora
trees to characterize the flow and drag in Rhizophora mangrove forests (Zhang et al., 2015;
Maza et al., 2017; Shan et al., 2019). They showed that the model based on the quadratic
drag law with the spatial average of streamwise depth-averaged velocity or cross-sectional
mean velocity ((U), m s7') can express well the drag exerted by mangroves (vegetation drag),
where angle brackets denote the spatial average of velocity that smooths over the velocity
heterogeneity due to vegetation obstacles. Note that this manuscript refers to velocities as
temporally averaged ones unless specified. This can be written as a spatial average as (Nepf,
2012; Xu and Nepf, 2021)

Fveg,model = %f__D(pA(U)l(U)l where A = foh a(z)dz (5-1)

where Feq moder is the modeled vegetation drag per bed area (m? s=2), Cp is the vegetation drag

coefficient, ¢ is the solid volume fraction occupied by vegetation, and A is the submerged
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vegetation projected area per bed area (m? m=2), calculated by vertically integrating the
vegetation projected area density a (m? m=23) for a water column with depth h (m). Here, Cp
values around 1 have been obtained in flows with Reynolds numbers (Re) high enough to
ensure turbulent wakes (Re > 120; Shan et al., 2019).

The drag model, Eq. (5.1), with suggested Cp values may move forward our
understanding of the physical process of mangroves’ ecosystem service and resilience (i.e.,
transport, sedimentation, and geomorphic evolution) once it is implemented in coastal
hydrodynamic models (Cao et al., 2021). However, the root systems of the model Rhizophora
trees examined by previous flume experiments were rather simple to adequately represent
the actual mangrove forests in the field that have complicated root systems. Hence, the
applicability of the insights obtained by previous flume experiments to mangrove forests with
complicated root systems is still uncertain, suggesting the need to investigate the applicability
of the drag model in the field. To date, only a few studies have quantified vegetation drag in
field mangrove forests. Mullarney et al. (2017) and Horstman et al. (2021) quantified drag from
pressure gradients by measuring water level differences along transects, however, Cp was
not derived because the parameter a was not quantified. Only Mazda et al. (1997) obtained
field estimates of Cp by putting additional efforts in measuring vegetation morphology for a.
The derived Cp showed high variability ranging from 0.4 to more than 10 in tide-driven currents
where turbulent wakes are usually expected, which contradicts the results of laboratory-based
studies. However, their estimates of Cp were based on velocity measured at a single point
while derivation of Cp requires velocity profiling as indicated in Eq. (5.1). Also, the
measurement of vegetation morphology was rather limited in terms of sampling number to
obtain the representative (or spatially averaged) value of a in more than 100-m long transects.
Thus, the reliability of the derived Cp is questionable, and we concluded that the drag model,
Eq. (5.1), has not been adequately tested in field mangrove forests yet.

The feasibility of the drag model, which is attributed to parameter a in Eq. (5.1), also
needs to be established. This parameter is labor-intensive to obtain in the field because it is
significantly influenced by tree density and individual tree morphology and could be highly
heterogeneous horizontally and vertically. Therefore, implementing the drag model in coastal
hydrodynamic models is challenging, especially in a forest-scale simulation (but see Horstman
et al., 2015 and Willemsen et al., 2016). In fact, numerical modeling studies often parameterize
mangrove drag effects in the bed roughness parameter without accounting for the spatial
heterogeneity of vegetation morphological structures (Li et al., 2012, 2014; Zhang et al., 2012;
Menéndez et al., 2020; Gijsman et al., 2021); this results in an inaccurate representation of

the physical process.
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Here, we aim to examine the following: 1) Is the drag model, Eq. (5.1), applicable to
real Rhizophora mangrove forests? 2) Can drag be predicted from limited vegetation
parameters rather than measuring the labor-intensive parameter, a, in Eq. (5.1), so that the
realistic drag effects of Rhizophora mangrove forests can be feasibly implemented in the
hydrodynamic models? To answer these questions, a comprehensive data set on
hydrodynamics and vegetation morphology needed for testing the drag model was collected
for the first time in the field to fill the knowledge gap between the model- and field-mangrove
forests. To reduce the uncertainty in obtaining the representative (or spatially-averaged)
information on hydrodynamics and vegetation structures (a), we selected a planted
Rhizophora mangrove forest having relatively homogeneous structural complexity as a site for
drag quantification. Unlike in previous studies, we shortened the transect length used for drag
quantification down to 30 m to obtain the value for a with high reliability from a limited number
of measurements of the vegetation morphology. Lastly, we applied the Rhizophora root
morphological model developed in Yoshikai et al. (2021a) as a predictor of the parameter a,

and examined the predictability of drag in the forest using the predicted values of a.

5.2 Materials and Methods

5.2.1 Study site overview and transect setting

This study was conducted in a planted mangrove forest (locally known as Bakhawan
Ecopark) found at the mouth of Aklan River in the province of Aklan, Panay Island, Philippines
(Fig. 5.1a, b). We chose 17-year-old (as of 2018) Rhizophora apiculata stands as the drag
measurement site (Fig. 5.1c, d). The site is characterized by well-developed above-ground
root systems, and uniformly sized and evenly distributed trees. Here, the trees were planted
following a 1.5 m x 1.5 m spacing rule. The canopy is closed and sheltered from winds. This
is also the site where the morphological structures of above-ground roots were investigated in
Yoshikai et al. (2021a) (referred to as site Bak1). The tide in the region is semi-diurnal with
the highest amplitude at 2.0 m. The flows in the forest and creeks are basically tide-driven and
sheltered from waves by a sandbar (Fig. 5.1b).

A 30-m long transect along the major flow direction (A—B: Fig. 5.1c) was set with a
reference tree located at the center of the transect. Afterwards, the x-coordinate was defined
to align with the direction of mean flow during ebb tide (the major axis is shown in Fig. 5.2d),
the y-coordinate oriented laterally, and the z-coordinate oriented vertically with z =0 m at the

bed. The x-coordinates of A and B were defined as x; and xz, respectively.
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Figure 5.1. (a) Location of the study site — Bakhawan Ecopark in Aklan province, Panay Island,
Philippines; (b) satellite images (Google Earth) of Bakhawan Ecopark (red box indicates the
measurement site), (c) locations of transect A—B and the reference tree for drag measurement;
and (d) photo of the drag measurement site taken near the reference tree. Shoreline data (as
shown in panel “(a)”) are from the Global Self-consistent, Hierarchical, High-resolution
Geography (GSHHG) database.

5.2.2 Measurement of vegetation variables

To obtain the value of the spatially averaged vegetation projected area density, a (m?
m~3), the morphological structures of above-ground roots and stems around the reference tree
were extensively measured from September 13—18, 2018. Data on some trees, including the
reference tree, are shown in Yoshikai et al. (2021a). Ten additional trees were compiled and
added for a total of 23 trees for this study. The information on the locations of the measured
trees are provided in Fig. 5.2a. Some information on the vegetation parameters is provided in
Table 5.1.

Table 5.1. Vegetation and topography information at the study site.
161



Parameter Unit Value

Forest age years 17
Tree density (Niree) trees 0.36

m-2
Number of measured trees (Niee) trees 23
Mean and standard deviation of DBH m 0.066 + 0.013
DBH range of measured trees m 0.045-0.105
DBH of the reference tree m 0.076
Mean and standard deviation of m 1.16 £ 0.27
maximum root height (HRmax)
Mean root diameter m 0.03
Scaling parameter (a in Eq. (5.9)) m-" 10-359
Scaling parameter (a1 in Eq. (5.9)) - —2.04
Scaling parameter (B in Eq. (5.9)) m 0.08
Scaling parameter (81 in Eq. (5.9)) - 15.38
Critical height (HRmin in Eq. (5.10)) m 0.01
Root angle of approximated root degree -34.5
shape (6,in Eq. (5.11))
Ground level at A relative to nearthe m 0.045
reference tree
Ground level at B relative to nearthe m —-0.049

reference tree

As described in Yoshikai et al. (2021a, b), four parameters of roots were measured;
these are height (HR, m), horizontal distance (L, m), angle relative to horizontal axis at a point
where a root emerges (6, degree), and diameter (Do, M) (see Fig. S5.1 for graphical
description of these parameters). We also recorded root order (branching level from the stem)
to characterize the significance of root branching to the total vegetation projected area. Then,
following Ohira et al. (2013), the shape of each root projected from the mean flow direction

was estimated with quadratic curve approximation as

_HR+Ltan9(L)2+(tan9) ($)+HR (5.2)

L2 cosy

where y is the azimuth angle of root to the mean flow direction; here, y = 0 at the location

where a root emerges from a stem or another root, i.e., the position of y-axis varies for each
root. Because the azimuth root angles were not measured, a random number for ¢ was given

for each root in the range 0° < w < 90° using the random number generator in MATLAB. The
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projected area of one root can be estimated by multiplying Do With the root length provided
by Eq. (5.2). Similarly, root volume can be estimated from these parameters. By summing the
projected areas of all roots in a tree per vertical height, dz (m), the whole-tree root projected
area per dz, aroti(z) (m tree™!, here and hereafter; i denotes tree index), is obtained; a value
0.01 m was used for dz throughout this manuscript.

The stem diameter at 1.3 m height was also measured for the 23 trees. When the root
in a tree exceeds the 1.3 m height, the diameters above the highest root were measured. Here,
the R. apiculata trees have multiple stems, where one tree has 3—7 stems. We defined the
measured diameter of the main stem as DBH (diameter at breast height) of a tree, which is a
standard parameter in forestry that characterizes tree size (e.g., Suwa et al., 2021) and was
used in the subsequent analysis of vegetation morphology. Some stems branched from other
stems, and in such cases, the height of the branching point was also measured. Then, the
whole-tree stem projected area per dz, asim,i(z) (m tree~'), was estimated by approximating it
as a patch of cylinders with vertically uniform diameters whose stem density varies with height
depending on the branching of the stems.

Three-dimensional point clouds of the measurement site were obtained using a hand-
held GeoSLAM Horizon laser scanner (GeoSLAM Ltd., Nottingham, UK) for the purpose of
site visualization (Fig. 5.2a). From the point clouds, locations of trees were identified, and tree
density of the site, n«ee (tree m=2), was computed from the visualized tree locations (Table 5.1).

From the derived parameters aooti, astemi, and Niee, the vertical profile of the parameter

a was calculated as

N
Ntree Zi:t{ee (aroot,i (Z)+astem,i(z))

Ntree

a(z) =

where Nyee is the number of measured trees (Table 5.1). Here, due to the randomness in the

(5.3)

azimuth angle in Eq. (5.2), the estimated value of a has some uncertainties. In this regard, the
value of a was computed repeatedly for 20 times, and the median value was taken as the

representative value of a in the area.

5.2.3 Measurement of hydrodynamic variables

The measurement of hydrodynamic variables for drag quantification was conducted on
September 10 and 11, 2018, which were spring tide conditions. A pressure sensor (U20L-04,
Onset Computer Corporation, USA), four electromagnetic velocity meters (EM; Infinity-EM,
JFE Advantech, Japan), and one Acoustic Doppler Velocimeter (ADV; Nortek Vector, Norway)
were deployed around the reference tree (Fig. 5.2a) for the two-days measurement. The EMs
were deployed to measure the near-bed (5 cm above the bed) velocities behind (P1), in front

(P3), and at the sides (P2, P4) of the reference tree relative to the flow direction during ebb
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tide (Fig. 5.2a, b). The ADV was deployed around 3 m away from the reference tree in a
downward-looking orientation (Fig. 5.2a, c), where the center of the sampling volume was
placed at 5 cm above the bed for bed drag quantification (Pope et al., 2006). The ADV was
set to collect data with 16 Hz for 1 minute (960 samples) every 10 minutes, while the EMs
were set to collect data at 1 Hz for 30 seconds with the same interval. The pressure sensor
was set to collect data on the water depth near the reference tree (hrr) every 10 minutes.
Using data from the deployed EMs, it was confirmed that the flows had a distinct axis and did

not rotate during the tidal cycles (Fig. 5.2d).

.~ :’f’ =% 3
= Flow during |
§ ebb tide

R NP G AT HE T 005
; Ea A S . = TN PR T v %)
T Feodtige [ b g ¢
SR, T3 o VR Y T SO TR WA = or
. “
O Reference tree Velocity sensor (EM) =
. - 0.05
@ Surrounding trees and velocity profiling =
-~ . Pressure sensor . . .
7, Trees of morphological -0
'« - 01 005 0 005 01
measurement ADV

(ub,EW) (ms™)

Figure 5.2. Visualization of the drag measurement set-up: (a) top view of LiDAR point clouds
around the reference tree with information on the locations of measured trees and deployed
sensors (The point clouds shown were cropped at heights between 0.1-1.7 m for a better
visualization of the root systems); photos of (b) velocity sensors (EM) deployed near the bed
around the reference tree (P1-P4) and (c) deployed ADV; and (d) near-bed spatially averaged
horizontal flow velocities of the eastern ({(usew)) and northern ({up,ns)) components indicating

the major axis (red line) obtained by averaging the velocities from the four EMs.
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Vertical profiling of flow velocity was conducted at the four locations around the
reference tree (P1-P4; Fig. 5.2) to obtain the cross-sectional mean velocity near the reference
tree ((Urr)) synchronized with the data collection by the deployed sensors. An electro-
magnetic current meter equipped with a pressure sensor (AEM213-DA, JFE Advantech) was
slowly moved (~1.0 cm s™') from the water surface to the bottom while collecting data at 1 Hz.
When the water became shallower than around 20 cm, a propeller velocimeter (CR-11, Cosmo
Riken, Japan) was used for the profiling instead of the AEM213-DA, the small propeller (~ 2
cm diameter) of which is well-suited to profile shallow waters. In this case, the flow velocities
along the transect (x-axis) at the surface, middle, and bottom layers were measured at the
four locations around the reference tree.

The water level differences between the transect ends A and B, An (m), were
measured during ebb tides using the water leveling method. We used this method because
the usual pressure sensors were not expected to accurately detect the small water level
differences across the 30-m long transect. A schematic of the measurement setup is shown
in Fig. 5.3a. The method is based on the principle that the water level at both ends of a conduit
will equalize based on atmospheric pressure. Plastic tubes (inner and outer diameters: 6 and
8 mm, respectively) were placed between the transect ends A and B, and at B vertically as
shown in Fig. 5.3a, b. The connectivity of the water within the tubes was assured by removing
any trapped air when the ground is submerged on a measurement day, so that the water levels
at A (n(x1)) and B (n(x2)) were made visible at B (Fig. 5.3c). We then measured An during ebb
tides using a caliper with 0.1 mm resolution every 10 minutes, synchronized with the timing of
data collection of other hydrodynamic parameters (Fig. 5.3c). The An was recorded as 0 mm
when the water level difference was too small to measure even though the waters were flowing.

The water depths at A, B, and near the reference tree were measured manually when
the water was still at high tide (i.e., uniform water levels). From these water depths, the ground

levels at A and B relative to the site near the reference tree were calculated (Table 5.1).
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Figure 5.3. Water level difference measurement: (a) schematic diagram of setup; photos of
(b) the pole set at B; and (c) a close view of the plastic tubes attached to the pole showing the
water level difference (An) between A and B. The n is the water level (m), and hyris the water
depth near the reference tree (m). Note that the schematic is not drawn to scale and the ground

level slope is not depicted in the diagram.

5.2.4 Data processing and bed drag estimation

To obtain the streamwise temporal mean flow velocity profile, the instantaneous
velocities along the x-axis, which were measured by the AEM213-DA, were binned using 0.05-
m depth-intervals and averaged in each bin. The cross-sectional mean velocity near the
reference tree, (Urr), was calculated by averaging the mean velocities in the bins (or layers,
in the case of data from the propeller velocimeter) of the four locations (P1-P4), based on the
assumption that the average of the four locations represents the spatial average in the area.
To check the validity of this assumption, a particle tracking velocimetry (PTV) survey was
conducted around the reference tree in March 2019. See Note S5.1 and Fig. S5.2 for the
details.

The bed drag, Fres (M? s72), was quantified from the measured Reynolds stress
provided by the ADV data (see Note S5.2 for the details). A bed drag coefficient (Cpeq) Was
then determined by fitting the measured Freq and (Urer) in following equation of the quadratic

drag law (Biron et al., 2004)
166



Fyea = Cpea{Urer)|(Ures)| (5.4)
where the value of Cpeq was determined as 4.2 x 10-2 with R? = 0.55 (see Note S5.2 and Fig.

S5.3). This equation was used to compute the bed drag in the subsequent analyses.

5.2.5 Estimation of vegetation drag and drag coefficient

Drag by vegetation was quantified from the depth-averaged momentum balance. The
inertial terms were significantly small compared to the pressure gradient (more than 20 times
smaller), and thus they were neglected as done in other works (Nepf, 1999; Mullarney et al.,

2017; Monismith et al., 2019; Horstman et al., 2021). The momentum balance can be then

reduced to
d_TI — Fyeg,obs __ Fped
I~ h h (5.5)

where g is the gravitational acceleration (m s=2), h is the water depth (m), and Fyegobs is the
vegetation drag (m? s2) quantified from field data. To account for the water depth variations
along the transect attributed to the ground elevation slope, we assumed that the water flux is
conserved between the transect, (U(x, t)h(x, t) = (Uwdt))hedt) so that (U(x, t)) =
(UredD))hred(t) h(x, T), where (Urer) and hrr are the cross-sectional mean velocity and water depth
near the reference tree, respectively, and the bed slopes between A—reference tree and B—
reference tree are constant. Then, following Lentz et al. (2017), Eq. (5.5) can be rearranged
by horizontally integrating between A (x1) and B (x2) as

(Fuegons)x(a = x1) = =g An [[* hdx = (Fpea)x (2 = x1) (5.6)

where the angle bracket with subscript “x” denotes the spatial average between the transect
ends A-B and (F,oq)x (X2 — x1) = Cheq f;f(U)I(U)I dx. This equation gives estimates of the
mean vegetation drag between the transect, (Fuegobs)x. Similarly, by assuming that the value
of Cp does not vary between the ends of the transect, integration of the drag model Eq. (5.1)

between x; and x; yields
1 AYU)]
(Foegmodet)x(z = x1) =5 Cp [[2 =7 Fdx (5.7)

The value of Cp was derived by equating Egs. (5.6) and (5.7) for each measurement.

5.2.6 Prediction of drag using a Rhizophora root model

The Rhizophora root model developed in Yoshikai et al. (2021a) was applied as a
predictor of a in the drag model, Eq. (5.1). This model basically predicts the vertical distribution

of root density per tree and has successfully predicted the complex root morphological
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structures in various Rhizophora mangrove forests (Yoshikai et al., 2021a). The model
assumes that the following equation applies for any root in the root system of a tree
HRy = HR,yq, S*1 (5.8)
where HRx and HRmax are the root heights (m) of the k™ highest and the highest root in a root
system, respectively (Fig. S5.1), and S is a scaling factor. The parameters S and HRmax can
be expressed as functions of DBH, and thus, HRx is a function of DBH as
HR, = (B;DBH + £)(1 — aDBH%) -1 (5.9)
where B, 81 and a, a; are the scaling parameters for HRnax and S, respectively. The values of
these parameters for our study site were derived in Yoshikai et al. (2021a) (Table 5.1).
Similarly, if the " highest root is the one with the minimum height in a root system, t is the
largest integer number that satisfies
HR, = (;DBH + B)(1 — aDBH?*)(*~D > HR .. (5.10)
where HRmin is the critical height (m) to be given as a model parameter. In this study, we
assigned 0.01 m to HRmin, based on the average of the minimum root height of sampled trees.
From Egs. (5.9) and (5.10), the vertical variation of root density per dz in a tree is modeled.
To compute the root projected area from the modeled root density, an empirical
relationship of nwoti(z) and aroto(z) provided in Fig. S5.4 was used, where nrpoti(z) is the
number of roots per dz in tree i (root m=" tree~"), and anot0,(2) is the root projected area per dz
with zero azimuth angles (m tree~'). The strong linear relationship between nqi(z) and
aroot0,i(Z) suggests that, assuming a uniform root diameter, the individual roots can be
approximated by a single linear shape, thereby reducing the number of parameters of root

shape from Eq. (5.2) as:
z = (tan6)) (ﬁ) +HR (5.11)

where 6 is the root angle of the approximated linear root shape. If Eq. (5.11) is applied, the
slope of the niwoti(z) and arot{z) relationship stands for Droidz/sin(—6)). By applying the
average root diameter (Dot = 0.03 m; Table 5.1), the value of the root angle 6, was determined
as —34.5° for our study site (Fig. S5.4a; Table 5.1). As with the field data, random numbers
were given to the root azimuth angle y in Eq. (5.11) for each root, and likewise, the model
value of a was obtained from the ensemble calculations; the observed value was used for
astem,i(Z), which can be easily measured in the field. The modeled a was then used in Eq. (5.7)
for prediction of the drag exerted in the measurement site. Lastly, we tested the use of 6,
determined for another mangrove forest in Ishigaki Island, Japan (site Fuk in Yoshikai et al.,
2021a; Fig. S5.4b) for drag prediction to quantify the sensitivity to this parameter, which

demands the determination of values of the labor-intensive parameters nyoti(z) and aroto,{2).
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5.3 Results

5.3.1 Vegetation parameters

Figure 5.4 shows the vertical profile of the spatially averaged vegetation projected area
density, a, with component-specific projected areas of the 15t order root, higher order root, and
stem. The variations in a attributed to the random factor of root azimuth angle (Eq. (5.2)) were
negligibly small (i.e., less than 2% of the value shown in Fig. 5.4); thus, these variations were
not considered in the subsequent results. The slightly lower projected area of stems at the
lower portion (z < 0.3 m) is attributed to the branching of stems. The parameter a showed
significant vertical variation and the root is clearly the dominant factor affecting the value of a
compared to the stem. While 1%t order roots showed a moderate increase in their projected
area towards the bed, the higher order roots showed a drastic increase below 0.3 m height,
reaching almost twice of the 15t order near the bed (z < 0.1 m). Consequently, the value of a
exhibited a nearly exponential increase with decreasing height and reached 1.06 m-! near the
bed (black solid line in Fig. 5.4). The vegetation solid volume fraction (¢) showed the same

depth-variation as a, with a maximum value of 0.025 near the bed (Fig. S5.5).
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Figure 5.4. Vertical profile of spatially averaged vegetation projected area density (a, m™'). The
values of a were calculated with 0.01 m vertical resolution. The black solid line shows the
median values of a from ensemble calculations (N = 20) while the red, blue, and yellow dashed

lines show the projected area density of 1%t order root (median values from ensemble
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calculations), higher order root (median values from ensemble calculations), and stem,

respectively.

5.3.2 Measured flow velocity and drag force

Figure 5.5 shows the time-series of measured hydrodynamic variables on September
10 and 11, 2018. Note that some data on (U.r) and An are absent due to instrument problems
and measurement setup maintenance, therefore the number of transect mean vegetation drag
measurements (Fueg,obs)x is smaller than those of (Urr) or An (Fig. 5.5). The (Urer) was generally
around 1.5 times larger than the velocities measured at 5 cm above bed by EM sensors but
became comparable when the water depth decreased (hrr< 0.2 m). While these patterns were
consistent during the two-days measurement, the (U.r) on September 10, 14:00, was smaller
than the velocity from EM sensors, possibly due to an unreliable measurement of (U, using
the propeller velocimeter (Fig. 5.5b).

The variations of the measured An were 1.2-11.4 mm (Fig. 5.5c¢, g). The An increased
as water depth decreased. Accordingly, the vegetation drag per water volume (Feg obs)x/href
showed an increase with decreasing water depth (Fig. 5.5d, h). The bed drag per water volume
(Foed)x/hrer was significantly smaller than the vegetation drag (Feg,obs)x/hrer, more than 15 times

smaller during most of the measurement time.
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Figure 5.5. Time-series measurements on September 10 and 11, 2018, respectively, of (a, €)
water depth near the reference tree (hr); (b, f) flow velocity (ADV-measured velocity (at 5 cm
above the bed), average of EM-measured velocities (at 5 cm above the bed), and cross-
sectional mean velocity (Us) near the reference tree provided by the velocity profiling); (c, g)
water level difference between the ends of transect A-B (An); and (d, h) transect mean bed
(Fred)x @and vegetation (Fiegobs)x drag divided by h.r. The angle bracket with subscript “x”

denotes spatial average between A-B. The values for (Frea)x Were given by Eq. (5.4).

Figure 5.6 shows the composite of velocity profile normalized by spatially averaged
velocity at z = 0.1 m ({(uo.1)) for the two-days measurement. The local velocity profiles (up)
normalized by (uo.1) showed some variations depending on the measurement locations (P1—
4) (Fig. 5.6a). Overall, the flow velocities measured at the sides of the reference tree (P2, P4)
were generally higher than the front (P3) or back (P1) of the tree, but these differences were

more notable at z > 0.25 m. The velocities were greatly attenuated below 0.25-m height and
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showed smaller variations among the locations. The profile of the spatially averaged velocity
((u)) also showed a significant decrease below 0.25 m (Fig. 5.6b), corresponding to a

significant increase in a (Fig. 5.4). The profile of (u) normalized by (uo1) showed agreement
with the profile of \/a, /a(z), a theoretical predictor of spatially averaged velocity profile (red

line in Fig. 5.6b) derived by Lightbody and Nepf (2006), where ao.1 is the value of a at 0.1 m
above the bed (see Lightbody and Nepf, 2006 for the detail).

P1 P2 P3 P4
05 t (a) | \ | 05 | (b)
O QA
04 | NO 04 | —-€- Measured
OA O —ap1/a(2)
e 037 @A o 03 f
~ AN O
02 F Al O 02 f
NTO
01 F A 01
ACO @
0 - - - - 0 - - - -
0 0.5 1 1.5 2 0 0.5 1 1.5 2
u,(2) /(g 1) (u(z))/(up1)

Figure 5.6. Vertical profile of streamwise horizontal velocity: (a) local velocity measured at P1—
P4 (up) normalized by the spatial average (P1-P4) of velocity at 0.1 m above the bed ((uo.1));
and (b) spatial average of velocity ({u)) normalized by (uo.1) (markers) with a predictor of
(u(z))/(uo.1) (red line), where ao 1 is the spatially averaged vegetation projected area density at
0.1 m above the bed. The normalized velocities shown are the mean values of the different
velocity measurements during the two-days measurement and the horizontal bars in panel

“(b)” indicate the standard deviation.

5.3.3 Drag coefficient and application of the drag model

The transect mean of cross-sectional mean velocity squared (U?)x and vegetation drag
averaged for unit water volume (Feq,0bs)x/hrer Showed significant correlation (R? = 0.870), but
separate line fittings for hrer > 0.3 m and hrr < 0.3 m exhibited different line slopes (Fig. 5.7a).
Initially, we assumed the conserved water flux ((Urer)hrer) across the transect, and therefore

the transect mean of (U), (U)y, is given from (U),(x; — 1) = (Upes)hres f;lz h~1dx. Note that

the data taken on September 11, 14:00, was excluded from the line fitting as the data of (Uyer)
may not be accurate (see Fig. 5.5b). Instead, the (U?)x and drag averaged for unit vegetation
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projected area (Fyegobs)x/{A)x showed higher correlation (R? = 0.901), and separate line fittings

did not show significant difference in the line slopes (Fig. 5.7b).
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Figure 5.7. Comparison of the velocity squared with (a) transect mean vegetation drag
(Fvegobs)x averaged for unit water volume and (b) for unit vegetation projected area. The
parameter (A) is transect-mean total submerged vegetation projected area per ground area
(m? m~2). The bracket with subscript “x” denotes spatial average between the ends of transect
A-B. The gray dashed line indicates linear fit with intercept fixed at zero while the black lines
indicate linear fit for her> 0.3 m and hr < 0.3 m, respectively; the data enclosed by the dashed

circle (data for September 11, 14:40) was excluded from the line fitting.

The value of Cp derived for each measurement using Egs. (5.6) and (5.7) is shown in
Fig. 5.8; a mean value and standard deviation of 1.01 £ 0.18 were obtained. The derived Cp
showed close values to the results obtained in laboratory-based studies of Zhang et al. (2015),
Maza et al. (2017), and Shan et al. (2019). The Reynolds number, Re, defined using the mean
root diameter Dyt as length scale, suggests the presence of the fully turbulent structures of
root-generated wakes (> 1,000) and the derived Cp showed no dependence on Re. The Cp

also did not show dependence on water depth (Fig. 5.8).
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Figure 5.8. Drag coefficient (Cp) estimated for each hydrodynamic measurement and plotted
against the Reynolds number (Re). The Re is defined by mean root diameter (Drot) as length
scale and v for kinematic viscosity. The ranges of Cp obtained by flume experiments of Zhang
et al. (2015), Maza et al. (2017), and Shan et al. (2019) (including both in-line and random
tree distributions) are also shown. The Re defined by Dy, in Zhang et al. (2015) is 360-720,
and 314 in Shan et al. (2019). For Maza et al. (2017), the Cp range shown is the one derived
in well-developed flow conditions with Re = 234-309, below which the dependence of Cp on

Re was diminished.

Given the independent trend of Cp from Re and water depth and the small variations
of the obtained values, it was inferred that Cp can take a constant value in the studied
mangrove forest regardless of the timing of tidal cycles. The vegetation drag was then
computed as model estimates using Eq. (5.7), a rearrangement of the drag model Eq. (5.1),
with the mean Cp value (1.0) and the measured a profile shown in Fig. 5.4. The result showed
a strong resemblance with the observations (near-unity correlation, R> = 0.86) for the

vegetation drag averaged for unit water volume (Fig. 5.9).
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Figure 5.9. Comparison of measured and modeled vegetation drag. The modeled values were
given by Eq. (5.7), a rearrangement of Eq. (5.1) with Cp = 1.0, and the measured profile for a

shown in Fig. 5.4.

5.3.4 Prediction of drag using the Rhizophora root model

The Rhizophora root model predicted well the overall vertical profile of a composed of
multiple order roots (Fig. 5.10a). This was achieved using a parameter setting for the root
angle of approximated linear root shape 6, = —34.5°, a value determined for the Bakhawan
Ecopark study site (Fig. S5.4a). The modeled vegetation drag computed with the modeled a
and Cp = 1.0 showed good agreement with the measured drag with a slope of 1.06 and R? =
0.84 of the linear fitted line (Fig. 5.10b). The use of 6, value obtained in another mangrove
forest (—41.9°; Fig. S5.4b) resulted in the underestimation of a due to the steeper angle of the
approximated root shape (Eq. (5.11)) specifically at the lower part (z < 0.3 m) (Fig. 5.10c).
Due to the underestimation of a, the predicted vegetation drag also showed an underestimated
trend with a fitted line slope of 1.18, while the R? value did not significantly differ compared to

when 6, = -34.5° (Fig. 5.10d).

175



1:1

(a) (b) linear fit
1.2 . 0.004
09 F\ 6=-345° e 0003 FCp=1.0 O
e w
= 06 — Fielddata| .& 0002 } QL
N ~ O
—— Model _— o
= o o
0.3 F 2‘3 0.001 F (@) y = 1.06x
i & Re=o0842
0 — 0 L L

0 0.0010.002 0.003 0.004
(Fveg.model)/href (m 5_2)

(d)

__0.004

ij o

£ 0003 F Co=10 O
- leYo)

,.',33 | 00
i: 0.002 OOO

=

2 0.001 OF™ y=1.18x
o @@ R2=0.842
- 0 1 1 1

0 0.0010.002 0.003 0.004
(Fveg.model)/href (m 5_2)

Figure 5.10. Comparisons of field-measured and modeled (a, c) a and (b, d) vegetation drag
using the parameter settings of the root angle of approximated linear root shape 6, = —34.5°
and 6, = —41.9°, respectively. The parameter setting 6, = —34.5° is the value derived for the
study site (see Fig. S5.4a) while 6, = —41.9° is the value obtained from another mangrove

forest (Fukido mangrove forest; Fig. S5.4b).

5.4 Discussion

5.4.1 Flow and drag in the studied field mangrove forest

The data presented here is the first to link the vegetation and hydrodynamic
parameters in an actual Rhizophora mangrove forest. It showed a significant impact of the
complex morphological structures of Rhizophora trees (Fig. 5.4) on flow structure (Fig. 5.6)
and drag (Figs. 5.5 and 5.7). The normalized local velocity (ux/{Uo.1)) showed larger spatial
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variations at higher elevation (z > 0.25 m) compared to lower elevation (Fig. 5.6a). Generally,
roots are more clumped around the stem at the higher part of the root system, making for
areas with low root blockage at the sides of the tree (P2, P4; Fig. 5.1d). The relatively higher
velocity at P2 and P4 may be due to flow redistribution to the low blockage area (Maza et al.,
2017), and the lower velocity at P1 or P3 may be due to the influence of wakes generated by
roots and stems or velocity deceleration upstream of the clumped roots (Chen et al., 2012).
Roots are spread widely at the lower part of the root system (Méndez-Alonzo et al., 2015; Fig.
5.1d) making a relatively uniform root distribution, which may explain the smaller spatial
variations of velocity at lower elevations.

The profile of normalized velocity averaged for P1-P4 ((u)) showed a good agreement
with the theoretical model of Lightbody and Nepf (2006), which predicts the profile of spatially
averaged velocity in vegetation with vertically-varying frontal area (Fig. 5.6b). The agreement
of (u) normalized with (u) at z = 0.1 m with the model that only uses the profile of a normalized
with a at z = 0.1 m as explanatory variable emphasizes the significant influence of vegetation
morphology on flow structures in the studied mangrove forest. This agreement also implies
the validity of the assumption that the velocity averaged for P1-P4 represents the spatially
averaged velocity.

One key feature observed in the field mangrove forest is the depth dependence of drag
per water volume as seen in Fig. 5.7a. The different slopes of the relationship between (U?)x
and (Fveg,00s)x/hrer depending on the water depth indicate the enhancement of vegetation drag
per water volume relative to flow velocity when the water depth decreased. This may be
considered the result of the vertical variation of the parameter a, leading to increased depth-
averaged vegetation projected area to exert drag per unit water volume as the water depth
decreases (Fig. 5.4). This highlighted the difference of drag characteristics in Rhizophora
mangrove forests from an array of vertical emergent cylinders and the difficulty in
parameterizing mangrove drag effects in roughness parameters such as Manning’s roughness
coefficient and Chezy coefficient (Li et al., 2012, 2014; Zhang et al., 2012). Interestingly, the
depth dependence observed in the relationship between (U?)x and (Fegobs)x/hrer Was not
evident when the (U?), was compared with (Fuegobs)x/{(A)x (Fig. 5.7b), suggesting that the drag
exerted per unit vegetation area solely depends on the square of flow velocity. This signifies

that the quadratic drag law is applicable to the studied field mangrove forest.

5.4.2 Applicability of the drag model in the field mangrove forest

The spatially uniform distribution of the Rhizophora trees with the same age at the site

investigated in this study resembles a setting that previous laboratory-based studies have
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examined using model mangroves (Zhang et al., 2015; Maza et al., 2017; in-line distribution
configuration in Shan et al., 2019). A notable difference between the field and model mangrove
forest is the complexity of the root system. For instance, while the Rhizophora tree models
used in Maza et al. (2017) and Shan et al. (2019) had only 1%t order roots, we observed a
significant contribution of the higher order roots to the projected area (Fig. 5.4). The tree
density at our study site (0.36 m=2; Table 5.1) was also higher than the conditions assumed in
the previous flume experiments (e.g., 0.07 m= in Maza et al., 2017 in field-scale).
Consequently, the spatially averaged vegetation projected area density, a, in our study site
exhibited a much higher value than the conditions examined by flume experiments (nearly 10
times higher near the bed than the one in Maza et al., 2017). Yet, the vegetation complexity
in this forest is not exceptional in terms of individual root system morphology (Yoshikai et al.,
2021a, b) and spatially averaged vegetation projected area in other natural mangrove forests
(Horstman et al., 2015; Norris et al., 2017).

Previous laboratory-based studies for flows in Rhizophora mangrove forest showed Cp
values around 1 at Re high enough to ensure turbulent wakes (Zhang et al., 2015; Maza et
al., 2017; Shan et al., 2019). Interestingly, the Cp derived for the studied field mangrove forest
also showed values around 1.0 without dependence on Re (> 1,000) (Fig. 5.8), close to the
ones obtained for the artificial laboratory model mangroves despite the complicated root
systems that field mangroves have. This value also agrees with the value (1.0) which is
typically used for the drag coefficient of other types of vegetation (e.g., seagrass) at high Re
(Nepf, 2012; Kalra et al., 2017; Moki et al., 2020; Cao et al., 2021). The independence of Cp
on water depth is consistent with the results of Maza et al. (2017), and Xu and Nepf (2020)
who investigated drag exerted by a salt marsh plant Typha with vertically varying frontal area.
The good agreement of the modeled drag using the mean value of obtained Cp (1.0) and
observed drag verifies that Eq. (5.1) is a good model for predicting drag in real mangrove
forests. The flow and drag in Rhizophora mangrove forests have been investigated mainly
through flume experiments (Zhang et al., 2015; Maza et al., 2017; Shan et al., 2019). Our
results provide the first evidence of the applicability of the drag model to field mangrove forests,
the morphological complexities of which have not been well represented by flume experiments.
Furthermore, given that observed vegetation projected area (Fig. 5.4) is much higher than the
conditions assumed in the flume experiments, our results suggest that Rhizophora mangrove
forests could have larger drag effects than what was shown by flume experiments. There may
also be additional drag effects at the relatively rough vegetation surface (i.e., tree barks)
compared to artificial mangrove models in previous flume experiments often made of
plastic/metals; this effect, however, is difficult to isolate from our results. Although not in our

site, the possible presence of biofouling fauna may provide additional drag in this effect
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(Liénard et al., 2016). The significance of the contribution of surface friction to the total drag
around natural vegetation remains uncertain and needs to be addressed in the future studies.

This study used spatially averaged equations (Egs. (5.1), (5.4)—(5.7)) for deriving Cp.
Therefore, the estimates of Cp could be significantly biased by the error in measuring the
cross-sectional mean flow velocity, (U). While it is challenging to obtain the true value of cross-
sectional mean velocity and assess the measurement error, we refer to the results of the PTV
survey conducted around the reference tree (Note S5.1, Fig. S5.2). The results suggest that
the velocity averaged for the four locations (P1-P4) deviates 10% to 20% from the PTV-
estimated spatially averaged velocity. This deviation leads to Cp error estimates of 20% to
35%, which are close to the variations of the derived Cp values (Fig. 5.8). Thus, we consider
that the derived Cp in the field mangrove forest may have errors of approximately 20-35% and
the variations of the obtained Cp are attributed to the errors in measuring the cross-sectional
mean flow velocity.

It should be noted that these results are for planted Rhizophora mangrove forests with
uniform tree distribution and size and with vegetation complexity up to a = 1.06 m~" and ¢ =
0.025 near the bed (Figs 5.4 and S5.4). Some factors which were not considered in this study
may be significant for drag specifically in natural mangrove forests. For instance, some flume
experiments showed elevated drag coefficient values for flows through high vegetation solid
volume fraction (e.g., ¢ > 0.15) due to enhanced inertial drag effects (Tanino and Nepf, 2008;
Liu et al., 2020; Gijon Manchenfo et al., 2021). Although this may not be the case for our study
site, Mazda et al. (1997) reported high solid volume fraction with such level in natural
Rhizophora mangrove forests (¢ = 0.1-0.3). Shan et al. (2019) investigated drag in model
Rhizophora mangrove forests with in-line and random tree distributions, and demonstrated
down to 23 % lower drag coefficients for in-line distributions than random distributions at high
tree density conditions (> 0.1 m=2 in field-scale). This was because trees of in-line distribution
tended to be located within the wake zones of upstream trees, experiencing diminished flow
velocity, thereby lowering the drag. However, we noticed that such conditions could change
with flow direction; in fact, trees in our site are not necessarily located just downstream of a
tree (see Fig. 5.2a), thus it is uncertain whether the drag coefficient derived in this study
reflects such effect or can be applied to natural Rhizophora mangrove forests (usually in
random distribution). Also, it is not particularly rare in natural mangrove forests that the
Rhizophora trees inhabit with other mangrove genera (e.g., Avicennia and Bruguiera) which
have different root morphological structures (Horstman et al., 2015; Yoshikai et al., 2022), and
flow and drag characteristics in such conditions are still uncertain. Additional investigations in

natural mangrove forests are therefore needed to consider these aspects.
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5.4.3 Implications for representing mangrove drag effects in

hydrodynamic models

Representing mangrove drag effects using Eq. (5.1) in hydrodynamic models has been
challenging because of the need for information on vegetation morphology for the parameter
a, which is labor-intensive to obtain in the field. This study showed that a can be estimated
from limited vegetation parameters (stem diameter and tree density) by using the Rhizophora
root model of Yoshikai et al. (2021a). This model is valid for complicated root systems
composed of multiple order roots, and accurately predicted the vertical profile of a in our study
site (Fig. 5.10a). The good agreement of the modeled drag using the field-derived Cp = 1 and
the predicted a with the measured drag (Fig. 5.10b) suggests that the drag in Rhizophora
mangrove forests in the field can now be predicted once the input parameters as well as the
site- or species-specific scaling parameters (a, ai, B8, B1) of the Rhizophora root model are
given. Note that we observed slight vertical variations in the stem projected area density
attributed to stem branching (~0.02 m-'; Fig. 5.4). However, these variations account for only
2.5 % of the submerged vegetation projected area per bed area (A) at maximum, indicating
the minimum importance of the vertical variations in stem projected area in drag prediction.

The input parameters of the Rhizophora root model are basically DBH of individual
trees (in Eq. (5.9)—(5.10)) and tree density, nee (in Eq. (5.3)), in the area to predict drag. These
are basic information collected for forest inventories and are easy to measure in the field;
these can be even estimated from remotely sensed data such as airborne LiDAR and UAV
optical imagery (Jucker et al., 2017; Fatoyinbo et al., 2018; Zhu et al., 2019). Therefore, we
expect that simulating the flows in mangrove forests using hydrodynamic models through the
implementation of the drag model Eq. (5.1) is now feasible.

Some considerations should be noted when using the Rhizophora root model,
especially on its parameter settings. First, the scaling parameters of root systems (Table 5.1)
are site- or species-specific (Yoshikai et al., 2021a, b), thus applying the model to a forest
without available information on the scaling relationship requires a field survey (see Yoshikai
et al., 2021a or Note S5.3 for the methods in obtaining the scaling relationship in the field with
reduced workload). Next, the value of the critical height HRmi» should be also properly defined
for the site, therefore we suggest the measurement of the minimum root heights in the field to
find a representative value of HRqin. Lastly, the root angle of the approximated linear root
shape in Eq. (5.11), 6,, seems to vary depending on the site or species (Fig. S5.4). The use of
the root angle determined for the other mangrove forest, which is 7.5° steeper than at our
study site, affected the prediction of the a and the drag to some extent as shown in Fig. 5.10c—
d. The 6,was determined from the relationship between the number of roots and root projected
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area, Nrpoti(Z) and arot,(z), and both parameters are labor-intensive to obtain in the field.
Hence, we suggest to take the response of the predicted drag with a different setting of 6
provided in Fig. 5.10 as model uncertainty when applying the value to other Rhizophora
mangrove forests. Nevertheless, the drag can still be predicted with reasonable accuracy
using estimates of 6, from other mangrove forests (Fig. 5.10c—d), thus highlighting the

significance of this work in contributing to a better prediction of drag in mangrove forests.

5.5 Conclusions

This study presents the drag force and drag coefficient estimated from a 17-year-old
planted Rhizophora mangrove forest based on comprehensive hydrodynamics and vegetation
morphology data collected in the field. We found much higher values of the vegetation
projected area density, a, in the field than the conditions assumed in previous flume
experiments mainly due to root branching and high tree density. Despite the difference in the
vegetation complexity, we confirmed the adherence of drag in the Rhizophora mangrove forest
to the quadratic drag law as in the flume experiments. The derived drag coefficient, Cp, also
showed comparable values to the ones derived for model-mangroves in previous flume
experiments. Thus, the drag model proposed by laboratory-based studies can be applied to
Rhizophora mangrove forests having high morphological complexity. However, the results
presented are for the planted Rhizophora mangrove forests with uniform tree distribution and
size; the applicability of results to other sites, specifically to natural Rhizophora mangrove
forests needs to be addressed in future studies. We also showed that a can be predicted from
stem diameter and tree density, which can be easily measured in the field, using an empirical
Rhizophora root model that employs site/species specific scaling parameters. While drag
prediction using the predicted a showed good accuracy, it also showed relatively high
sensitivity to 6, (root angle of approximated linear root shape) — a labor-intensive parameter to
obtain in the field. This should be taken as model uncertainty when applying the parameter
setting to other Rhizophora mangrove forests. These results provide a way to use the drag
model in hydrodynamic models by incorporating realistic values of the drag coefficient and
spatially variable vegetation projected area density for representing mangrove drag effects,
overall contributing to a better understanding of flow, transport, and geomorphic dynamics in

Rhizophora mangrove forests.
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Supporting Information for Chapter 5

Note S5.1. Particle tracking velocimetry survey

A particle tracking velocimetry (PTV) survey was conducted on March 20, 2019, during
spring tide, to examine the flow field around a reference tree (Fig. 5.1c). Four downward-
looking digital video cameras (RICOH WG-5) were attached on the stem of the reference tree
and oriented in such a way that the different camera views covered the entire root system. A
pressure sensor was deployed near the reference tree to monitor water depth. Floating
particles (represented by leaves of Moringa oleifera Lam, 1 cm dimension in average) were
prepared prior to the survey. The PTV was conducted twice at different water depths during
flood tide (22:00 and 22:40 on March 20, 2019; Fig. S5.2c). Before releasing the particles, a
square scale with known dimension was placed on the water surface seen by each camera
view; this was used for image rectification and scaling. The particles were then released, and
the movement of particles around the reference tree was monitored by the four video cameras
with a rate of 30 frames per second. After the particle release, velocity profiling using an
electro-magnetic current meter (AEM213-DA sensor) was conducted at four locations (P1-
P4), as performed in the drag survey described in the manuscript. However, note that profiling
was not done when the water depth was shallow for the profiling (22:40 on March 20, 2019).

The trajectories of particles were analyzed for each video data using the open-source
PTV software TracTrac developed by Heyman (2019). The video data with particle trajectories
were rectified and projected to real-world coordinates with a homography matrix determined
based on the square scale (Patalano et al., 2017). The projected data from each camera were
combined to make one mosaic image with trajectories that covers the entire root system of
the tree. The image was partitioned into 10 cm x 10 cm grids, and in each grid, particle
displacements per 10 frames (df = 0.33 second) were extracted for all particles as
displacement samples. The mean particle displacement per dt was calculated by averaging
all the displacement samples in a grid, and the mean velocity in the grid was derived from the
mean displacement (Fig. S5.2a-b).

The mean velocities in the grids were spatially averaged, and the major axis
component of the averaged velocity was represented as the stream-wise spatially averaged
velocity at the water surface, (u). The mean velocities of regions where velocity profiling was
conducted were also extracted (P1-P4; Fig. S5.2a—b), and the surface stream-wise velocity
averaged for the four locations (up1_s) were likewise derived. The (up1—s) was also estimated

from the surface velocities measured by the AEM213-DA sensor. The (up1—4) was then
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compared with (u) to examine the validity of the assumption that the average of the velocities
at the four locations, (up14), represents the spatial average in the area, (u).

The results showed that the (upi-4) derived from PTV and current meter sensor are
comparable with values 6.3 cm s~' and 6.6 cm s, respectively (Fig. S5.2d), which ensures a
certain accuracy of the PTV-derived velocity field. The comparison with (u) showed 10% to
20% deviation of (up14) from (u). The values of deviation were referred to as errors of

estimating the spatially averaged velocity from velocities at the four locations.

Note S5.2. Acoustic Doppler Velocimeter (ADV) data

processing

The instantaneous velocity data collected by the ADV were despiked using the phase-
space method described in Mori et al. (2007). The despiked velocities (eastward, northward,
and vertical) were rotated to give the velocities along the x, y, and z-axes, where the instrument

tilt was corrected to make the averaged vertical velocity zero (Lee et al., 2004). Bed drag (Fped,

m? s2) was then determined from Reynolds stress, (—u'w’), where v’ and w’ are the velocity
fluctuations of x- and z-axis components (m s'), respectively, and the overbar denotes the
time average (note that velocities in the equations in the manuscript denote time-averaged
values without the overbars).

As shown in Figs. 5.5b and 5.5f, the velocity measured by ADV during the flood tides
largely deviated from the EM-measured velocity and (U, possibly due to the local influence
of nearby roots (Fig. 5.2c). Thus, the Reynolds stress measured during flood tides might have
been affected by the wakes generated by the roots aside from the bottom friction. In this
regard, we excluded the data during flood tides when estimating the bed drag coefficient.

The estimated drag coefficient, Cpeq, was 4.2 x 103 (Fig. S5.3). This value is higher
but in the same order of magnitude as the drag coefficient observed in muddy tidal

environment (e.g., 2.5 x 10-3 in Mariotti and Fagherazzi, 2012).

Note S5.3. A simple field measurement method for the

derivation of scaling parameters for the root system

In this study we used two scaling relations in the Rhizophora root system — the DBH-S
relationship using parameters 8 and 1, and the DBH-HRax relationship using parameters a
and a4 as described in Section 5.2.6. We used the values reported in Yoshikai et al. (2021a)
for our study site (Table 5.1). In that work, the heights of all roots (HR) were measured for a

tree, then the vertical distribution of the number of roots was derived from height data. The
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value of S for a tree was then determined so that the modeled vertical distribution of roots
provided in Eq. (5.8) constrained by HRmi» fits the measured one.

While the DBH-HRax relationship can be easily obtained in the field, obtaining DBH-S
relationship by measuring the heights of all roots could be labor-intensive. In this regard,
Yoshikai et al. (2021a) proposed a simple method for the derivation of the value of S based
on the following equation, which is a rearrangement of Eq. (5.10)

log s = & fmin—08 Mmaz (S5.1)

From this equation, the value of S for a tree can be estimated by measuring the
maximum and minimum root heights (HRmax and HRmin, respectively) and the total number of
roots (f) of the tree. While the height measurement of 30 roots by two persons would take
around 10 minutes, the measurement of HRmax and HRmin and counting of roots can be done
within 3 minutes. This simplification greatly reduces the amount of field work needed to obtain

the site/species-specific scaling parameters.

1-stroot

(highest)

2-nd root
(second highest)

k-th root
(k-th
highest)

Figure S5.1. Numbering of roots and measured geometric parameters of roots (HRx: height,
Ly horizontal distance, 6«: angle, Dy, diameter of k-th root) and stem (DBH: diameter at breast
height). Modified from Yoshikai et al. (2021a).
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Figure S5.3. Relationship between (Ur)? and Reynolds stress |u'w’|. The slope of the fitted

line represents the bed drag coefficient.
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Figure S5.5. Vertical profile of solid volume fraction (¢, dimensionless), where the values of ¢
were calculated with 0.01-m vertical resolution. The black solid line shows the solid volume
fraction of total vegetation while the red, blue, and yellow dashed lines show the contributions

of 1t order root, higher order root, and stem to @, respectively.
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Chapter 6: Representing the impact of
Rhizophora mangroves on flow in a
hydrodynamic model: the importance of

three-dimensional root system structures

6.1.1 Abstract

Coastal wetland vegetations modulate water flow by exerting drag which has an
important implication on sediment transport and geomorphic dynamics. This vegetation effect
on flow is commonly represented in hydrodynamic models by approximating the vegetations
as an array of vertical cylinders or increased bed roughness. However, this simple
approximation may not be valid in the case of Rhizophora mangroves that have complicated
three-dimensional root structures. Here, we present a new model to represent the impacts of
Rhizophora mangroves on flow in hydrodynamic models. The model explicitly accounts for the
effects of the three-dimensional root structures on mean flow and turbulence, as well as the
effects of two different length scales of vegetation-generated turbulence characterized by stem
diameter and root diameter. The model employs an empirical model for the Rhizophora root
structures that can be applied using basic vegetation parameters (mean stem diameter and
tree density) without rigorous measurements of the root structures. We tested the model
against the flows measured in a model mangrove forest in the laboratory and an actual
mangrove forest in the field from previous studies. We show that compared to the conventional
approximation using an array of cylinders or increased bed roughness, the new model
significantly improves the predictability of velocity, turbulent kinetic energy, and bed shear
stress in the Rhizophora mangrove forests. Overall, the presented new model offers a more
realistic but feasible framework for simulating flows in Rhizophora mangrove forests with

complex root structures using hydrodynamic models.

6.1.2 Introduction
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Mangroves are one of the coastal wetland habitats that grow in intertidal areas in
tropical and subtropical regions (Hamilton and Casey, 2016). They have characteristic
aboveground root systems with varying morphological structures among genera, such as
pneumatophores or “pencil roots” of Avicennia and Sonneratia, and prop roots of Rhizophora
(Krauss et al., 2014). Especially due to the presence of aboveground root systems, mangroves
exert drag against water flow that lowers flow velocity. This creates conditions preferable for
the deposition and retention of tidally and fluvially transported sediments (Furukawa et al.,
1997; Krauss et al., 2003; Horstman et al., 2015; Chen et al., 2016, 2018; Willemsen et al.,
2016; Best et al., 2022) similar to other wetland habitats such as salt marshes (Temmerman
et al.,, 2005; Bouma et al., 2007; Mudd et al., 2010; Weisscher et al., 2022). The flow-
vegetation interactions coupled with sediment transport play a major role in driving the long-
term geomorphic evolution of wetland habitats (Mariotti and Fagherazzi, 2010; Mariotti and
Canestrelli, 2017; Brickner et al., 2019; Kalra et al., 2022; Willemsen et al., 2022). This further
determines the persistence of mangroves amidst threats due to sea-level rise (Fagherazzi et
al., 2012, 2020; Lovelock et al., 2015; Kirwan et al., 2016).

Representing the effect of vegetation on flow (vegetation drag) in hydrodynamic
models is important to advance our understanding of hydrodynamics in coastal wetlands with
implications on sediment transport and geomorphic dynamics (Temmerman et al., 2005;
Nardin et al., 2016; Lokhorst et al., 2018). Several modeling studies have shown that
depending on the magnitude of vegetation drag, the resulting geomorphic evolution can vary
dramatically, and correspondingly, the ecosystems’ fate in response to sea-level rise (Boechat
Albernaz et al., 2020; Xie et al., 2020). The vegetation drag in salt marshes and seagrass
beds is commonly represented in hydrodynamic models by an array of vertical cylinders
(cylinder drag model; Ashall et al., 2016; Zhu et al., 2020), the drag effect of which has been
well studied both for emergent and submerged cases (e.g., Nepf, 1999, 2012). Although fewer
compared to studies on salt marshes, some studies have incorporated the drag effects of
mangroves in hydrodynamic models to evaluate their role in controlling flow and sediment
transport (van Maanen et al., 2015; Bryan et al., 2017; Mullarney et al., 2017; Rodriguez et
al., 2017; Xie et al., 2020). However, most of them are limited to Avicennia or Sonneratia-
dominated mangrove forests whose aboveground roots (pencil roots) are geometrically simple
and resemble that of a cylinder array.

In contrast, the root system of Rhizophora genus (prop root system) has three-
dimensionally complicated structures that cannot simply be approximated by the array of
vertical cylinders. Consequently, the representation of drag by Rhizophora mangroves in
hydrodynamic models remains to be established despite the worldwide occurrences of this

mangrove genus (Friess et al., 2019). This knowledge gap can be seen in the studies that

195



have approximated the drag by Rhizophora mangroves with arbitrarily increased bed
roughness (Zhang et al., 2012) or cylinder arrays with arbitrary cylinder density (Xie et al.,
2020) without much theoretical and experimental support (reviewed in Le Minor et al., 2021).
One exception is a modeling study by Horstman et al. (2015) that approximated the root
structures of Rhizophora mangroves using a cylinder array with vertically variable cylinder
densities. However, their method requires an exhausting field survey of the root structures as
a requirement for proper model application, which may not be feasible for a forest-scale
simulation.

In addition to flow velocity, vegetation affects turbulence (Nepf, 2012; Xu and Nepf,
2020), which is also relevant to the transport of substances (e.g., sediment and solutes)
through turbulent diffusion (Tanino and Nepf, 2008; Xu and Nepf, 2021). While several
hydrodynamic models can account for vegetation-generated turbulence (e.g., Temmerman et
al., 2005, Marsooli et al., 2016), so far, no model has been established to predict the
turbulence structures in Rhizophora mangrove forests. A rigorous, but feasible representation
of the impact of Rhizophora mangroves on flow velocity and turbulence in a hydrodynamic
model is thus needed.

One of the challenges in modeling the flow in Rhizophora mangroves is the
quantification of the complex root structures that can be labor-intensive when applied to a
forest scale. Recently, an empirical model to predict the structures of Rhizophora root systems
from stem diameter was proposed by Yoshikai et al. (2021). The model’s general applicability
to the root structures of various tree sizes has been extensively confirmed (Yoshikai et al.,
2021). This empirical Rhizophora root model (hereafter denoted as Rh-root model) offers the
possibility to feasibly simulate the flow in the forest scale once it is implemented in the
hydrodynamic model.

In order to contribute to realistic but feasible simulations of hydrodynamics in
Rhizophora mangrove forests, here, we implement a new drag and turbulence model coupled
with the Rh-root model to represent the impacts of Rhizophora mangroves in a three-
dimensional hydrodynamic model-the Regional Ocean Modeling System (ROMS;
Shchepetkin and McWilliams, 2005) of the model framework COAWST (Coupled Ocean-
Atmosphere—Wave—Sediment Transport Modeling System; Warner et al., 2010). The impact
of the vertically varying projected area of roots on flow velocity and turbulence is specifically
taken into consideration by the new model. Furthermore, the new model accounts for two
different length scales of turbulence generated by Rhizophora mangroves—stem diameter and
root diameter—as characterized by a flume experiment by Maza et al. (2017). Here, we aim to
examine the following: (a) how does the consideration of the three-dimensional root structures

of Rhizophora mangroves in the hydrodynamic model improve the predictability of flow velocity
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and turbulence compared to the conventional drag approximation using cylinder arrays or
increased bed roughness? (b) how can the new model be effectively applied to Rhizophora

mangrove forests in the field with limited known root parameters?

6.2 Materials and Methods

6.2.1 Model description

A proposed framework for modeling the flow in Rhizophora mangrove forests is
presented in Fig. 6.1. We used a three-dimensional hydrodynamic model, ROMS, in the model
framework COAWST. The vegetation module has been added by Beudin et al. (2017) to
account for the drag by vegetation (such as seagrasses and salt marshes) in the momentum
equations in ROMS. The equations added by Beudin et al. (2017) are basically in the same
form as the cylinder drag model (see Note S6.1 in the Supporting Information). We modified
these equations to make them suitable for representing the impact of Rhizophora mangroves
on flow; these equations are described below (Sections 6.2.1.1 and 6.2.1.2). We added a new
module in COAWST-the Rhizophora root module—that provides the vertical profile of the
projected area density of root systems from stem diameter and tree density in each model grid
(Fig. 6.1; Section 6.2.1.3).

Data processing

Data collection - COAWST
for model input
v drag, tuybulence
Grid-scale forest Vegetation module production/

Tree census/ : b eg dissipation
- structural variables —, % —_—
Remote-sensing

1
- (2 Z
Fstemu 7 Cpastemtn/u* + v/ — model (ROMS)
1 = U@, v@)
Froot = ECDarour”- u? +v? Y

Dstem aves
Broo I l Z, Nirge

Hydrodynamic

€.9., Dstem,aver Mree

Root scaling Rhizophora root
Root measurement parameters —_— module
Compute vertical profile
€9. s, B T Brr of root projected area

given stem diameter

Figure 6.1. The proposed framework of modeling flow in Rhizophora mangrove forests using
COAWST. Dsiem,ave and nuee are the mean stem diameter and tree density, respectively, to be
given in each grid, asem and anot are the stem and root projected area density, where astem is
a product of Dstem ave aNd Niree. Fstem,u @and Froory are the drag forces exerted on the u-component
of flow by the stem and root, respectively. See Note S6.3 and Table S6.1 for explanations of

the root scaling parameters.
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This manuscript considers velocities as temporally averaged unless specified. We did
not consider the subgrid-scale spatial heterogeneity of velocity generated by vegetation as in
other modeling studies (e.g., King et al., 2012; Marsooli et al., 2016). The Reynolds number
(Re) defined using the root diameter as length scale could be higher than the value ensuring
fully turbulent structures of root-generated wakes (Re > 120; Shan et al., 2019) even for weak
currents (~1 cm s™') that could diminish the dependence of drag coefficient (Cp) on Re. Thus,
we treat Cp as a constant as in Beudin et al. (2017). For simplicity, we present equations in
the two-dimensional form on the x-z plane (zero velocity in y-direction) while the equations
implemented in ROMS are three-dimensional (x-y-z), where x-y represents the horizontal

plane and z represents the vertical direction.

6.2.1.1 Drag force

In Rhizophora mangrove forests, the stem and roots are the main components that
exert drag in tidal flows. We partition the drag by Rhizophora mangroves (vegetation drag)
into the contributions by stems and roots and calculated it using the quadratic drag law as
Foeg(2) = Fetem(2) + Froot(2) = 5 CoNereeDstem,avett(2)? + 5 Cplroot (2)u(2)? (6.1)
where Feq is the spatially-averaged vegetation drag (m s2), z is the height from bed (m), Fstem
and Frt are the contributions by stems and roots to F.eg, respectively, Cp is the drag coefficient,
Niree is the tree density (M=), Dstemave is the mean stem diameter (m), a0 is the spatially-
averaged projected area density of roots (m='), and u is the flow velocity (m s='). We
represented stems as cylindrical shapes with vertically uniform diameter (Maza et al., 2017)
and then calculated the Fs.em using the cylinder drag model-the same equations introduced
by Beudin et al. (2017) (Note S6.1 and Table 6.1). Here, we assumed the vertically constant

and uniform drag coefficient (Cp) for stems and roots.

6.2.1.2 Turbulence

In ROMS, the generic length scale (GLS) model is implemented as the turbulence
closure, where the equations can represent several two-equation closure models such as k—
€ and k—w models by adjusting the model parameters (Umlauf and Burchard, 2003; Warner et
al., 2005). In this manuscript, we present equations in the form of the k—¢ model for reference
purposes as this is the most studied two-equation closure model for flows in vegetated areas
(Lépez and Garcia, 2001; Katul et al., 2004; Defina and Bixio, 2005; King et al., 2012). Beudin
et al. (2017) have included an additional term for wake production due to vegetation (Py) in

the equation for turbulence kinetic energy (TKE) as
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where k is TKE (m? s72), v; is the eddy viscosity (m? s, ok is the turbulent Schmidt number
for k (1.0), Ps, B, and P, represent the production of k by shear, buoyancy, and wakes
generated by vegetation (m? s=%), respectively, and ¢ is the turbulent dissipation (m? s=3).

Similarly, they included an additional term (Dv) in the equation for € as

de 0s _ 6(vt6k
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0 0z
where 0 is the turbulent Schmidt number for € (1.3), ¢1 (1.44), c2 (1.92), and c; are the model
constants, where the value of c; varies depending on the stratification state (Warner et al.,
2005), and D, is the dissipation rate of wakes (m? s™). The wake production rate (P,) is
typically considered equal to the rate of work done by the flow against vegetation drag, i.e.,
Py = Fugu (Nepf, 2012). In contrast, the turbulence dissipation rate largely depends on the
turbulence length scale in addition to the TKE, which requires a prior knowledge of the
turbulence length scale of wakes for correctly predicting the Dy (King et al., 2012; Liu et al.,
2017; Li and Busari, 2019).

Previous flume studies for flow through vegetated areas have shown that the stem
diameter (or leaf width) is the plausible turbulence length scale of wakes (Tanino and Nepf,
2008; King et al., 2012). In the case of flow in Rhizophora mangrove forests, however, there
are two potential length scale: stem diameter and root diameter—that could significantly differ
from each other (Maza et al., 2017). This variation makes it challenging to parameterize them
into one representative length scale of wakes (L in Eq. S6.6 in Note S6.2). To resolve this, we

partitioned the P, and D, into the terms for wakes generated by stems and roots, respectively,

as
B, = Pw,stem + Pw,root = FstemU + Frporl (64)
Dy, = Dy, stem + Dw root = C2 Sustem C2 Bwroot (6.5)

Tstem Troot

where Py, stem and Py, oot (M? s73) are the production of k by stem- and root-generated wakes,
Dw stem and Dy root (M? s7#) are the dissipation rate of stem- and root-generated wakes, and Tstem
and T.o (S) are the time-scale of stem- and root-generated wakes, respectively; these are

given by

LStemz 1/3
Tstem = <—> (6.6a)

2
Cw“Pw,stem

LTOsz 1/3
Troor = (2222 (6.6b)

szpw,root
where Lsem and Lot (M) are the length scale of stem- and root-generated wakes, respectively,
and cy is the model constant. Here, we set mean stem diameter (Dstemave) and root diameter

(Droot,ave) as Lstem and Lroot, reSpeCt|Ve|y
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We considered cw in Eq. (6.6) as a calibration parameter whereas Beudin et al. (2017)
gave a value of 0.09. Tanino and Nepf (2008) predicted the TKE for a flow through an array

of emergent cylinders with cylinder projected area density, a, and cylinder diameter, d, using

2/3
k=vy lCDad u?, where vy is the scale coefficient that needs to be empirically determined.
2

We can relate ¢, with y as cw = Y32 by applying the k— model to a limiting case of a steady,
uniform, and neutrally-stratified flow through homogeneous emergent vegetation such that all
the terms in Egs. (6.2—6.3) except for k, €, Py, and Dy, can be neglected (King et al., 2012; Liu
et al., 2017). We adjusted the value of cw so that the corresponding y value falls within a
reported range (0.8—1.6; King et al., 2012; Xu and Nepf, 2020).

6.2.1.3 Root projected area density

We used the empirical Rhizophora root model (Rh-root model) developed by Yoshikai
et al. (2021) as a predictor of the root projected area density (ano) in Eq. (6.1). Based on
allometric relationships characterized by some site- and species-specific root scaling
parameters (as, Bs, aur, Bur in Eq. S6.7 in Note S6.3), the Rh-root model predicts the vertical
profile of root projected area per vertical interval (dz; 0.05 m in this study) for a tree “/” (Aroot.{(Z)
(m?)) from the stem diameter of the tree (Dstm,), Wwhere the subscript “/’ represents the tree
index. In short, Aot i(Z) is expressed as Aot i(Z) = f(Dstem,i), Where frepresents a function of the
Rh-root model (see Note S6.3 for the details).

The vertical profile of spatially-averaged projected area density of roots in each grid
can be calculated as a,,:(2) = N¢ree Z?':‘;ee f(Dstem,i )/ (Nereedz), where nyee is the tree density
(m~2) and Ny is the number of trees in each grid. While some variations in tree sizes (i.e.,
Dstem,i), and thereby, f(Dstem,i) within a grid are expected, it would be convenient if the subgrid-
scale variations can be parameterized using a grid-scale parameter for modeling purposes. In
this study, we propose that the mean stem diameter (Dswemave) Ccan be used for the
parameterization as %1% f (Dstem,:)/Neree = f(Dstem,ave): SO that aroot = Myesf(Dstem,ave) 0z,

We investigated the above assumption using tree census data collected from three
sites (Bak1, Bak2, and Fuk; see Fig. S6.1 and Note S6.4 in the Supporting Information for the
map and description of the sites). Using the Rh-root model, we computed the vertical
distribution of the mean projected area of individuals in the tree census plots,
Z?':fg"e f (Dstem_l-) /Niree, and its representation using the mean stem diameter, f(Dstem,ave), @and
compared them (Fig. 6.2). The results demonstrate that the use of Dstem ave Can well represent

the mean projected area density of individuals for all the three sites regardless of the

200



differences in the forest structures (e.g., stem diameter distribution, tree density) and root

scaling parameters (Table S6.1).
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Figure 6.2. Comparison of the vertical profiles of mean projected area per vertical height
interval (dz; 0.05 m) of individuals in tree census plots from three sites (Bak1, Bak2, and Fuk),
Zﬁvﬂeef(Dstem_i)/Ntree, and its representation using the mean stem diameter, f(Dstem,ave),
where Nyee is the number of Rhizophora trees in a plot, Dstem,ave is the mean stem diameter of

“m

Rhizophora trees in the plot, the subscript “/” represents the tree index, and f represents the
function of the Rhizophora root model that gives the vertical profile of the root projected area
of individuals. The black line indicates the 1:1 line and the blue dashed line indicates the best-

fitting line.

6.2.2 Model testing

We tested the new model implemented in the COAWST against the measurements of
flow in a laboratory model of the Rhizophora mangrove forest by Maza et al. (2017) and in a
planted Rhizophora mangrove forest in the field by Yoshikai et al. (2022a). Note S6.5 provides
some descriptions of the implementation of the new model to the COAWST. Both studies have
provided detailed information on vegetation and hydrodynamic parameters that allow us to
evaluate the model’s performance. Specifically, the mangrove forests in both studies have
spatially uniform vegetation distribution due to the uniformly sized and evenly distributed trees
(approximately, in the case of the real mangrove forest in Yoshikai et al., 2022a). Moreover,
both studies have measured flow structures at a location where the flow is well developed,

which eliminates the dependence of flow structures on the proximity to the forest leading edge.
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Given these conditions, we tested the model using a model grid assuming a schematized
mangrove forest with uniform bed elevation and vegetation variables described below, and
not with a grid representing the actual geometric/topographic conditions of the flume/field.
Table S6.3 summarizes the measured hydrodynamic variables in Maza et al. (2017) and
Yoshikai et al. (2022a), the variables controlled in the model, and the target variables to
reproduce for each test case.

We created an orthogonal computational grid of 200 m x 200 m area with a 5-m
horizontal resolution for the model runs (Fig. S6.2). We set 15 vertical layers with
approximately uniform layer thickness to be applied to the laboratory-based study of Maza et
al. (2017). For the field-based study (Yoshikai et al., 2022a), the number of vertical layers was
reduced to 5 because of the shallow water depths. To create a unidirectional flow in the model,
we set the eastern and western boundaries of the model domain closed (no water fluxes) and
the northern and southern boundaries open (Fig. S6.2). Then we imposed water level
differences between the northern and southern boundaries to drive the flow based on the
pressure gradient, where the water fluxes through the boundaries are given to equate the local
pressure gradient and the drag force (bed + vegetation). The model was run without wind in
the simulation. When the steady state of flow was attained in the simulation, we compared the
flow condition at the center of the model domain with the measured values (Fig. S6.2). This
means that the actual time-series of the flow during the tidal cycle was not reproduced when
the model was applied to the field mangrove forest; rather, steady states of flow were created
for each flow measurement. Table 6.1 summarizes the key vegetation and hydrodynamic
parameters for each test case.

We set different objectives for the applications of the model to laboratory- and field-
based studies. The main objective of applying the model to a laboratory-based study is to
examine the effectiveness of the formulations for the drag and turbulence terms (Eq. (6.1)—
(6.6)), which were newly implemented in the COAWST to predict the flow structures in the
Rhizophora mangrove forest, compared to the ones predicted by the cylinder drag model.
Here, we consider the vegetation frontal area density (a) as a known parameter. In contrast,
the parameter a is usually unknown and needs to be predicted in the case of mangrove forests
in the field. Hence, the main objective of the application to the field-based study is to examine
the effectiveness of the proposed framework (Fig. 6.1) that includes the Rh-root model — the
predictor of a—in the COAWST, compared to the drag parameterizations proposed in previous
studies. Table 6.2 summarizes the different model configurations tested to represent the
impact of Rhizophora mangroves for applications to the laboratory- and field-based studies.
Below we describe an overview of the measurements by Maza et al. (2017) and Yoshikai et

al. (2022a) and the model settings.
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Table 6.1. Vegetation and hydrodynamic parameter settings for model testing against flume

experiments (Exp 1 and 2) in Maza et al. (2017) and field measurement in Yoshikai et al.

(2022a). Figure S6.3 shows the location where the values of vegetation and hydrodynamic

variables in the table were derived in Yoshikai et al. (2022a). Note that the values of vegetation

and hydrodynamic variables in the flume in Maza et al. (2017) were converted to the real scale.

The row for y shows the values that best fit the measurements within the range of 0.8—-1.6.

Parameter Exp 1 Exp 2 Field

Stem diameter (Dstem, m) 0.2 0.2 0.066 @
Root diameter (Droot, m) 0.038 0.038 0.030@
Maximum root height (HRmax, m) 2.01 2.01 1102

Tree density (ntee, m=2) 0.072 0.072 0.36

Drag coefficient (Cp) 0.8 0.8 1.0

Water depth (h, m) 3.0 1.79 0.14-0.53°
Cross-sectional mean velocity (U, 0.31 0.58 ¢

ms)

Scale coefficient (y) 1.5 0.9 0.8

@ Mean value at the measurement site.
b Water depth varies depending on the tidal phase (see Fig. 6.6a, e).
¢ One of the target parameters for model prediction.

Table 6.2. Tested model configurations to represent the impact of Rhizophora mangroves

against flume experiments (Exp1 and 2) in Maza et al. (2017) and field measurement in

Yoshikai et al. (2022a). nyee: tree density; ny: cylinder density; Dstemave: mean stem diameter;

by: cylinder density; anor. root projected area density; Drootave: mean root diameter; zo: bed

roughness length; Niayer: number of vertical layers of model grid.

Test case Model Parameter settings
configuration Niree OF Ny (M~ | Dstemave OF | @root (M™") Droot,ave Zo (M) Niayer
%) by (m) (m)
Flume Rh model 0.072 (nee) | 0.2 Measured | 0.038 0.5x%x10- | 15
experiment (Dstem,ave) value 2 3e
Cylinder model | 1.22 (nv) 0.038 (bv) | - - 0.5%x10- | 15
for Exp1 3e
Cylinder model | 1.76 (nv) 0.038 (bv) - - 0.5x10- | 15
for Exp2 3e
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Field Rh model with | 0.36 (ntree) 0.066 Measured | 0.030 05%x10~| 5
measurement | actual arot (Dstem,ave) value ® 3
Rh model with | 0.36 (ntree) 0.066 Modeled 0.030 0.5x10" | 5
modeled aroot (Dstem,ave) value °© 3
Cylinder model | 13.5 (n) 0.030 (bv) | - - 05x10" | 5
(sparse) 3
Cylinder model | 32.3 (nv) 0.030 (b) | - - 05x10- | 5
(dense) 3
Generic  root | 0.36 (nwee) | 0.066 Eq. 0.010 05x10" | 5
model (Dstem,ave) (86.11) ¢ 8
Increased zo - - - - 0.02 3
No vegetation - - - - 05%x10-| 5
3

@ Corresponds to the value of black markers minus nireeDstem,ave in Fig. 6.3a.

b Corresponds to the value of black markers minus ngeeDstem,ave in Fig. 6.3b.

¢ Corresponds to the value of blue markers minus nireeDstem,ave in Fig. 6.3b.

4 Corresponds to the value of light green markers minus ntreeDstem,ave in Fig. 6.3b.
¢ Assumed value.

6.2.2.1 Application to a laboratory-based study

The model Rhizophora mangrove forest created in the flume by Maza et al. (2017) was
1/12t, while we ran our model in a real scale, i.e., we converted the velocities in the flume to
the real scale by keeping the Froude number (Table 6.1). The real-scale vertical profile of
vegetation projected area density (a) is shown in Fig. 6.3a. Maza et al. (2017) fabricated the
root systems based on the data in Ohira et al. (2013) and distributed the model trees in-line in
the flume. Maza et al. (2017) created two flow conditions by varying the water depth (h) and
cross-sectional mean velocity (U) (Exp 1 and 2; Table 6.1) and measured the vertical profiles
of velocities and TKE at five lateral positions in the model forest, at which flows were fully
developed (Table S6.3). We averaged the data taken at the five positions to estimate the
spatial average of the velocity and TKE to be compared with the model output.

We imposed the real-scale vertical profile of a examined in Maza et al. (2017) (black
markers in Fig. 6.3a) over the model domain. This means that the Rh-root module that predicts
aroot Was not applied for the simulations performed here. We optimized the water levels at the
boundaries to create the same flow conditions (h and U) at the center of the model domain as

the ones in Exp 1 and 2, respectively.
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Figure 6.3. Vertical profiles of vegetation projected area density, a, in (a) a model Rhizophora
mangrove forest examined by Maza et al. (2017) and (b) a real Rhizophora mangrove forest
examined by Yoshikai et al. (2022a), where the values were calculated with dz = 0.05 m
vertical interval (markers). HRmax is the maximum root height (2.01 m in Maza et al. (2017);
Table 6.1). The modeled a using the Rh-root model in panel “b” is given by the Rhizophora
root module using the parameters shown in Tables 6.1 and S6.1 (for Bak2). The projected
area density of cylinder arrays (in panels “a” and “b”) as well as the a predicted using the
generic mangrove root model (in panel “b”), which were used for comparison with the new

model to represent the impacts of Rhizophora mangroves, is also shown (dashed lines).

We used a value of 0.8 for the drag coefficient (Cp) in the model (Table 6.1), the value
of which was derived in fully developed flows with high Reynolds numbers (> 230) by Maza et
al. (2017). The value of the bottom roughness (zp) in the flume is unknown; hence we gave
0.5 mm to zo, which is the value derived in the field-based study (see Section 6.2.2.2). Due to
the uncertainty of the bottom roughness, we did not include the modeled near-bed velocity
and TKE for comparison with the measurements, above which the velocity and TKE were
insensitive to the bottom roughness. Another unknown parameter is the scale coefficient in
the turbulence closure, y (= c.??; see Section 6.2.1.2). We run the model by varying y in a

reported range (0.8—1.6) with an interval of 0.1 to seek a value that produced the best fit with
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the measurement, mostly for the TKE profile. Figure S6.4 provides the model sensitivity to the
varying y for the prediction of TKE profiles.

In addition to the simulation using the actual a (black markers in Fig. 6.3a), referred to
as the “Rh model”, we tested the use of the cylinder drag model, referred to as the “cylinder
model” (Table 6.2). We defined the cylinder array for Exp 1 and 2, respectively, where the
cylinder projected area density was set equal to the depth-average of the actual a for each
case (dashed lines in Fig. 6.3a); we set the cylinder diameter equal to the root diameter of the
model Rhizophora trees (0.038 m; Table 6.1). Cylinder height was set well higher than the
water level to create the condition that cylinders span the entire water column — this also

applies to the cylinder drag model examined in the next section.

6.2.2.2 Application to a field-based study

Yoshikai et al. (2022a) measured vegetation and hydrodynamic parameters at 17-
year-old planted stands of Rhizophora apiculata in a mangrove forest locally known as
Bakhwan Ecopark in Aklan, Philippines (Fig. S6.3). The site corresponds to Bak2 in Fig. 6.2.
Like in the flume condition of Maza et al. (2017), approximately uniformly sized trees are
evenly distributed. The measured spatially averaged vegetation projected area density (a) at
the site is shown in Fig. 6.3b. Due to the higher complexity of the root systems and higher tree
density (Table 6.1), the a near the bed showed almost 10 times higher value than the one in
Maza et al. (2017) (Fig. 6.3). Yoshikai et al. (2022a) conducted hydrodynamic measurements
during ebb tides on September 10 and 11, 2018 that corresponded to spring tide conditions.
The measured parameters were water depth, spatially averaged velocity profile (based on
measurements at four locations), water surface slope along a major flow direction, and bed
shear stress (Table S6.3). The flow at the site is considered fully developed.

We imposed the measured water surface slope at the boundaries to drive the flow,
where the water depths at the boundaries were adjusted to realize the same water depth at
the center of the model domain as the measurement. We used a value of 1.0 for the drag
coefficient (Cp) and 0.5 mm for the bottom roughness (zo) based on the results in Yoshikai et
al. (2022a) (Table 6.1). As in the previous section, we changed the value of y in a reported
range (0.8—1.6) with an interval of 0.1 to seek a value that produced the best fit with the
measured velocity profile. Note that the TKE profile has not been measured in the field, thus
it could not be validated.

We tested seven different model configurations (Table 6.2): Rh model using the
measured values for anot (actual a; black markers in Fig. 6.3b), Rh model using the modeled

arot (blue markers in Fig. 6.3b), cylinder model using two different cylinder densities (sparse
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and dense; purple and red dashed lines in Fig. 6.3b), use of the other predictive model for
Rhizophora root structures used in Xie et al. (2020) as the predictor of a.o in Eq. (6.1) (termed
as generic root model; green dashed line in Fig. 6.3b), increased bed roughness (zp), and a
case without imposing the vegetation drag (no vegetation). Among these, the proposed
framework (Fig. 6.1) was used for the case Rh model using the modeled ao: (the Rhizophora
root module provided the art in the simulation) with input parameters of measured mean stem
diameter (Dstem,ave) and tree density (niee). We set the sparse cylinder case based on Horstman
et al. (2013) who suggested the use of vegetation geometry measured at a height of around
0.25 m for cylinder array approximation. We set the dense cylinder array to produce an
equivalent resistance to Manning’s coefficient of 0.14 at a water depth of 0.5 m, a value often
used to represent the drag by mangroves (e.g., Zhang et al., 2012; Menéndez et al., 2020).
The generic root model used in Xie et al. (2020) predicts the mangrove root structure (ar.ot) as
an array of vertical cylinders with a fixed diameter (Do) and height (Hro:) from a given stem
diameter and tree density (see Note S6.6 for the model details). We use the term “generic”
because Xie et al. (2020) used this model to represent root structures of several different
mangrove genera including Rhizophora. Here, we used the same parameter values for Dioot
and Hoot as the ones used in Xie et al. (2020) for Rhizophora root structures: Dot = 0.01 m
and Hrot = 0.15 m. The vegetation frontal area (stem + root) predicted by the generic root
model using measured mean stem diameter (Dstem,ave = 0.066 m) and tree density (Ngee = 0.36
m-2) is shown in Fig. 6.3b. Here, the predicted a..: is used for calculating the drag by roots in
Eq. (6.1). In addition, Dstem,ave = 0.066 m and Dyt = 0.01 m were applied for Lsem and Lioot in
the turbulence dissipation term of Eq. (6.6) (Table 6.2). For the case of increased z,, we
reduced the number of vertical layers from 5 to 3 and set zo = 0.02 m (Table 6.2; see Note
S6.7 for the details of bed shear stress calculation and the choice of the value). We note that
the zp value equivalent to Manning’s coefficient of 0.14 at 0.5 m water depth is zg = 0.22 m,
but we were able to increase the value up to 0.02 m due to the numerical limitation of the
logarithmic velocity profile assumption implemented in the COAWST (Eq. (S6.13)). For the
case without vegetation, z; is kept as 0.5 x 10~ m, the same as the other vegetated cases. In
the increased z, and the no vegetation cases, the bed shear stress is the main force to equate

with the imposed pressure gradient.

6.3 Results

6.3.1 Comparison with a laboratory-based study
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Figure 6.4 shows a comparison of the modeled and measured vertical profiles of
velocity (u) and TKE (k) normalized by cross-sectional mean velocity (U) for Exp 1 and 2, the
conditions examined by Maza et al. (2017). The profile of normalized velocity was reasonably
predicted by the Rh model (Fig. 6.4a, c), especially at the lower part of the root system (i.e.,
ZIHRmax < 0.6) in Exp 1 where the velocity was greatly attenuated compared to the upper part
or above the root system (Fig. 6.4a). The higher values of the y lead to more homogeneous
velocity profiles because of the enhanced vertical momentum exchange by the elevated TKE,
while the sensitivity to the varying y was not significant. The Rh model also predicted well the
overall trend of the normalized TKE profile measured by Maza et al. (2017) for both Exp 1 and
2 by adjusting the value of y (Fig. 6.4b, d). Notably, the Rh model captured well the distinct
vertical variations in TKE observed in Exp 1 when y = 1.5 (Fig. 6.4b), while for Exp 2, the best
fit was obtained when y = 0.9 (Fig. 6.4d). Overall, y = 1.2 produced the smallest total error of
Exp 1 and 2 between the model and measured values (Fig. S6.4). It under- and overestimated
the TKE averaged over the measurement section by about 20 and 40 % for Exp 1 and 2,
respectively (Fig. 6.4b and d), which is generally a fairly good agreement for predicting TKE.

In contrast to the Rh model, the cylinder model predicted the nearly uniform vertical
profile of velocity except for the region close to the bed both for Exp 1 and 2 and largely
deviated from the measurements (Fig. 6.4a and c). The TKE predicted by the cylinder model
also showed a nearly uniform vertical profile (Fig. 6.4b and d). While the cylinder model
showed comparable TKE with the Rh model at the lower part of the root system (i.e., Z/HRmnax
< 0.4) for both cases, it showed a significantly smaller TKE at the upper region from the Rh

model and the measurement.
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Figure 6.4. Comparison of the vertical profiles of (temporally and spatially averaged) velocity
(u) and turbulent kinetic energy (k) normalized by the cross-sectional mean velocity (U)
predicted by the COAWST with different model configurations (Rh model and cylinder model)
and with different y values, and measurement by Maza et al. (2017) for (a, b) Exp 1 and (c, d)

Exp 2. HRmax is the maximum root height. Data on the measured values are provided in Table
S6.4.

6.3.2 Comparison with a field-based study

Figure 6.5 shows the comparison of modeled velocity profiles with measurements by
Yoshikai et al. (2022a) for some selected tidal phases in a Rhizophora mangrove forest
(Bakhawan Ecopark). The Rh model using the measured profile of root projected area density
(actual anot) predicted well the overall trend of measured velocity profiles in various tidal
phases (Fig. 6.5a). However, the model seemed to have underestimated the velocity
attenuation from the surface to the bottom, which resulted in slightly higher near-bottom
velocity and/or lower near-surface velocity compared to the measurement. Here, the value of
y was chosen as 0.8 from the range 0.8—1.6 (Table 6.2), which produced the best fit with the
measured velocity profile. The Rh model using the modeled a.o: provided by the Rhizophora

root module showed comparable performance with the use of actual an.: in predicting the
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velocity profile (Fig. 6.5a). However, although not significant, the use of modeled a..: tended
to further underestimate the velocity attenuation from the surface to the bottom due to the
underestimation of a,o near the bed by the Rh-root model (Fig. 6.3b).

The cylinder model with sparse arrays showed comparable velocities with
measurements near the water surface, but significantly overestimated the velocities near the
bed (Fig. 6.5b). Alternatively, the dense arrays showed comparable velocities near the bed,
but significantly underestimated the velocities near the water surface (Fig. 6.5c). The use of
generic root model as a predictor of ane in Eq. (6.1) led to significant overestimation of
velocities over the depths (Fig. 6.5d) due to the significantly underestimated vegetation
projected area density (Fig. 6.3b). The approximation of mangrove drag in the z, (increased
bed roughness case) predicted the significant attenuation of flow velocity from the surface to
the bottom due to the large bottom friction, which did not well represent the actual conditions
of velocity profile in the Rhizophora mangrove forest (Fig. 6.5e). The condition without
imposing vegetation drag effects led to a large overestimation of the velocities, approximately

3—4 times larger than the measurements (Fig. 6.5f).
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Figure 6.5. Comparison of the vertical profiles of velocity (u) predicted by the COAWST
employing (a) Rh model using actual and modeled root projected area density profile (arot),
(b) cylinder model with sparse and (c) dense array, (d) generic root model, (e) increased bed
roughness as an approximation of vegetation drag, and (f) without imposing vegetation drag

(no vegetation), and measurement by Yoshikai et al. (2022a) for some selected tidal phases
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during the measurement period. The root mean square error (RMSE) and R? values of the
modeled u against the measured data are also shown, for which computation of the predicted
value at the height of the measurement point was obtained by the interpolation of u computed

at adjacent vertical layers. Data on the measured values are provided in Table S6.5.

A fairly good reproduction of tidal flows by the Rh model can also be seen in agreement
with the measurement for the time-series of channel-mean velocity (U), (spatially averaged)
velocity at z = 0.05 m (Usottom), @and bed shear stress (7peq) during the 2-days measurement
period (Fig. 6.6). Note that we estimated the model prediction of velocity at z = 0.05 m from
linear interpolation of velocities computed at adjacent vertical layers. The upotom Was generally
overestimated by about 15 % (Fig. 6.6c, g), as also seen in Fig. 6.5a. As a result, the Tyeq Was
overestimated by about 30 % by the model, which is still a reasonable agreement (Fig. 6.6d,
h). As demonstrated in Fig. 6.5a, the Rh model employing the modeled a...: also showed a

comparable performance for the time-series data (Fig. 6.6).
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Figure 6.6. Time-series of (a, €) measured water depth (h), measured and predicted (b, f)
cross-sectional mean velocity (U), (c, g) (spatially averaged) velocity at z=0.05 m, and (d, h)
bed shear stress (7peq) during the two-days measurement in Bakhawan Ecopark. The
measured values are from Yoshikai et al. (2022a) and the predicted values are obtained
through the COAWST employing the Rh model using actual and modeled root projected area

density profile (anot). Data on the measured values are provided in Table S6.6.

The cylinder model with a sparse array led to a significant overestimation trend of the
U, usottom, and Tpeq OVer the tidal phases especially when the water depth decreased (Fig. 6.7).
The cylinder model with a dense array led to the underestimation of U in most of the tidal
phases but showed an agreement with the measurement for upotom and Tseq (Fig. 6.7). The use
of generic root model resulted in consistently higher U, Upottom, and Theg cOompared to the

measured values (Fig. 6.8), similar to the trend seen in Fig. 6.5d. Although the case using the
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increased zo showed a large overestimation of flow velocities as much as the case using the
generic root model when the water depth is relatively high (e.g., h > 0.3 m), it approached the
measured values with decreasing water depth (Fig. 6.8); we will discuss these contrasting
results in the following section. Because the bed drag is the main force to counteract the
imposed pressure gradient in the increased zo case, the T,e¢ Showed a large overestimation
over the tidal phases as expected (Fig. 6.8c, f). The model without imposing vegetation drag
led to a large overestimation of these parameters over the tidal phases (Fig. S6.5), similar to

the result shown in Fig. 6.5f.
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Figure 6.7. Time-series of measured and predicted (a, d) cross-sectional mean velocity (U),
(b, e) (spatially averaged) velocity at z = 0.05 m, and (c, f) bed shear stress (7seq) during the
two-days measurement in Bakhawan Ecopark. The measured values are from Yoshikai et al.
(2022a) and the predicted values are obtained through the COAWST employing the cylinder

model with sparse and dense arrays.
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Figure 6.8. Time-series of measured and predicted (a, d) cross-sectional mean velocity (U),
(b, e) (spatially averaged) velocity at z = 0.05 m, and (c, f) bed shear stress (7seq) during the
two-days measurement in Bakhawan Ecopark. The measured values are from Yoshikai et al.
(2022a) and the predicted values are obtained through the COAWST employing the generic
root model and the increased bed roughness as an approximation of drag by mangroves,

respectively.

6.4 Discussion

6.4.1 Performance of the previously proposed drag

parameterization

Due to the general lack of information on the vertically varying projected area of the
complicated root systems, the drag by Rhizophora mangroves has been represented by the

increased Manning’s roughness coefficient values (e.g., Zhang et al., 2012) or an array of
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cylinders with arbitrary cylinder density (Horstman et al., 2013; Xie et al., 2020) in
hydrodynamic models with 2D configuration. We evaluated these drag parameterizations
using the cylinder array or increased bed roughness approximation in 3D configuration
(dashed lines in Fig. 6.3 for the cylinder arrays). Consistent with previous studies (Liu et al.,
2008; King et al., 2012), the cylinder array approximations showed the vertically uniform
velocity and TKE profile except near the bed, which largely deviated from the measurements
(Figs. 6.4 and 6.5). Moreover, for the tidal flows with changing water depth, the two different
cylinder array configurations (sparse and dense) failed to capture the velocity changes over
the tidal phases (Fig. 6.7) due to the inability to capture the changes in submerged vegetation
projected area of Rhizophora mangroves.

The generic mangrove root model used in Xie et al. (2020) predicts the Rhizophora
root system as an array of vertical cylinders having a fixed height and diameter. However, the
root system structures of Rhizophora mangroves cannot be simply approximated as the array
of vertical cylinders as shown in Fig. 6.3b. Although the shape of the velocity vertical profiles
predicted using the generic root model resembles that of observed profiles as indicated by the
high R? value in Fig. 6.5d, the model failed to predict the absolute values as indicated by the
high RMSE due to the significant underestimation of the a (Fig. 6.3b). Because the shape of
a predicted by the generic root model is similar to those of submerged vegetations, it is
expected that the velocity inflection at the top of the root zone (z = Ho) Will form as the
projected area density of roots (anot) further increases (e.g., King et al., 2012; Nepf 2012),
which would further deviate the results from the actual velocity profiles.

Unlike the cylinder array approximations including the generic root model where the
total projected area of submerged cylinders changes with the water depth, the approximation
with increased bed roughness inherently assumes the invariant area of obstructions to flows.
This means that the impact of bed roughness on flow velocity becomes more significant as
the water depth decreases. This effect can be seen in the prediction of cross-mean flow
velocity (U) at different tidal phases where the predicted U, which was largely overestimated
under the relatively high water depth (h > 0.3 m), approached the measured values as the
water depth decreases, unlike the case using the generic root model (Fig. 6.8b, e). The
approximation with increased bed roughness leads to the large overestimation of 1.4 (Fig.
6.8c, f), hence making it not suitable for applications to sediment transport modeling in
mangrove forests. Overall, none of the previously proposed drag parameterization captured

well the flow structures in the Rhizophora mangrove forests examined in this study.

6.4.2 Performance of the new model
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We proposed a new drag and turbulence model for flows in Rhizophora mangrove
forests that works on the 3D hydrodynamic model, ROMS, and implemented in the COAWST.
The model explicitly accounts for the vertically varying projected area of the root systems for
drag force and TKE production in 3D configuration. In addition, the model accounts for the two
different length-scales of wakes (roots- and stem-generated wakes) in the turbulence closure
model (k—¢ model in this study), an aspect none of the modeling studies has examined yet
(e.g., Lopez and Garcia, 2001; King et al., 2012). With the relatively simple modifications made
to the equations introduced by Beudin et al. (2017) (Egs. 6.1, 6.4—6.6), our results showed
significantly improved reproducibility of ROMS for the vertical profiles of velocity and TKE, and
velocity changes over the tidal phases in Rhizophora mangrove forests (Figs. 6.4, 6.5, and
6.6). The new model also reasonably predicted the bed shear stress together with these
parameters (Fig. 6.6d and h). Although some studies have accounted for the vertically varying
vegetation projected area in hydrodynamic models for salt marshes (Temmerman et al., 2005)
or mangrove forests with Rhizophora stands (Horstman et al., 2013, 2015), the efficacy of
accounting for the vegetation 3D structures in the model has not been demonstrated. Overall,
this is the first modeling study to introduce the realistic representation of the influences of
Rhizophora mangrove morphological structures on the flow that was validated with existing
data. The good performance of the model in both the model- and real-Rhizophora mangrove
forests suggests the model’s applicability to forests having the vegetation density a in the
range of 0.09-0.9 m-' near the bed (Fig. 6.3) and an in-line tree distribution like planted
mangrove forests. However, the applicability to forests having a > 0.9 m~' and/or
heterogeneous tree sizes and distribution, a condition often observed in natural mangrove
forests, needs further investigation in future studies.

The laboratory-based study of Maza et al. (2017) provided valuable data for evaluating
the new model for TKE in a Rhizophora mangrove forest, which is currently unavailable from
field-based studies. They observed the elevated TKE at the upper root zone and above the
root zone (z/HRmax > 0.5; Fig. 6.4b). Maza et al. (2017) discussed the TKE production by shear
(Ps in Eq. 6.2) as one of the main reasons for the elevated TKE. However, we found that the
different dominance of the root- and stem-generated wakes over the depth can explain these
observations. For instance, the lower root zone that is dominated by root-generated wakes
with length-scale set as root diameter (0.038 m; Table 6.2) resulted in a higher dissipation rate
(Eq. 6.6a), thereby lower TKE (Fig. 6.4b). On the other hand, the higher root zone dominated
by stem-generated wakes with length-scale set as stem diameter (0.2 m; Table 6.2) resulted
in a lower dissipation rate (Eq. 6.6b), thereby higher TKE (Fig. 6.4b). This result is similar to
the observation by Xu and Nepf (2020) that found vertically varying turbulence integral length-

scale in a canopy of a salt marsh plant Typha. Without accounting for the two different length
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scales, the model failed to reproduce the TKE profile while the velocity profile remained similar,
suggesting the minor importance of shear production in reproducing the TKE (Fig. S6.6). The
model also predicted the gradually increasing TKE upwards in the lower root zone (z/HRmax <
0.5), which is consistent with the measurements (Fig. 6.4b, d). While the model showed good
reproducibility of the TKE profile, it should be noted that different y values produced the best
fit with the measurement for Exp1 and Exp2 (Fig. 6.4b, d). At this moment, the exact
explanation for this observation is yet to be determined, whether it can be attributed to
measurement uncertainty or processes that were not represented in the model. Further
research on the turbulence structures in Rhizophora mangrove forests is needed. Unlike the
TKE profiles predicted for the model mangrove forest, the TKE predicted for the field mangrove
forest (Bakhawan Ecopark) having much higher vegetation complexity (higher a; Fig. 6.3)
showed nearly uniform vertical profiles (Fig. S6.7); these results cannot be validated at this
moment due to lack of necessary data. Field studies on turbulence structures are likewise
needed in this sense.

From the results shown, we highlighted the importance of accounting for the vertically
varying projected area of the root systems with 3D configuration for capturing the flow
structures (Figs. 6.4-6.8). The model predictability is therefore dependent on the root
projected area, which is typically unknown and labor-intensive to measure (Yoshikai et al.,
2021). For the practical use of the model, we implemented in COAWST an empirical model
for the Rhizophora root system (Rh-root model; Fig. 6.1) with parameterization of subgrid-
scale tree variations (Fig. 6.2) that enables the model application without rigorous
measurements of root structures. The simulation for flows in Bakhawan Ecopark using the
modeled a0t provided by the Rhizophora root module showed almost identical results to the
one using the measured ao in the field (Figs. 6.5 and 6.6). This indicates the applicability of
the model framework for predicting the flows in real Rhizophora mangrove forests. The grid-
scale parameters required are mean stem diameter (Dstemave) and tree density (niee), which
are basic information collected during tree census surveys (Simard et al., 2019; Suwa et al.,
2021). Although the process of collecting these spatial data exceeds the scope of the study,
we expect that even remotely sensed data such as airborne LiDAR (Jucker et al., 2017; Dai
et al., 2018) or UAV optical imagery (Otero et al., 2018), which can detect basic tree features
(e.g., tree height and crown width) that have a strong relationship with stem diameter (Jucker
et al., 2017; Azman et al., 2021), can provide such information effectively. Obtaining the root
scaling parameters requires field surveys (Fig. 6.1); however, these parameters can be
relatively easily obtained by sampling 10-20 trees at the site (see Yoshikai et al., 2021, 2022a
for the procedure). The collection of these data is far less exhaustive than extensively

measuring the vertical profile of anot in the area of interest as done by Horstman et al. (2015).
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Therefore, the model presented in this study may achieve a realistic forest-scale numerical

modeling of flows in Rhizophora mangrove forests in the field.

6.4.3 Further model improvement

In order to extend the application of the presented model to sediment transport
modeling, an accurate representation of vegetation impacts on both mean flow and turbulence
structures that control sediment horizontal flux, retention/erosion, and turbulent mixing, is of
primary importance (Nardin and Edmonds, 2014; Xu et al., 2022). Specifically, the greatly
reduced near-bed velocity compared to the upper region that may significantly contribute to
the sediment retention function of Rhizophora mangroves may be a key factor for the sediment
transport modeling in this kind of forest, which was captured by the new model only (Rh-model
in Figs. 6.4-6.5). While we expect the improved prediction of the sediment transport process
in Rhizophora mangrove forests given the improved prediction of overall flow structures using
the presented new model, future studies on model application and validation with the field data
on sedimentary processes are needed.

Several recent laboratory-based studies have shown that the turbulence generated by
vegetation could contribute to sediment erosion, and in that case, TKE may be a better
predictor of erosion rate than bed shear stress (Tinoco and Coco, 2016; Yang and Nepf, 2018;
Liu et al., 2021). Currently, most numerical models evaluate sediment erosion based on bed
shear stress even for the region with vegetations (e.g., Zhu et al., 2020; Breda et al., 2021;
Zhang et al., 2022). Accounting for the impact of vegetation-generated turbulence on the
sediment erosion in the model may be the next step to better represent the sediment transport
process in Rhizophora mangrove forests, where the presented model has the potential to
contribute to it. Yet, the insights into the effects of turbulence on sediment erosion in
Rhizophora mangrove forests are very limited at present, necessitating further laboratory- and
field-based studies.

In order to predict the long-term geomorphic evolution of mangrove forests, the
interactive feedback of vegetation-flow-sediment needs to be precisely simulated (van
Maanen et al., 2015; Rodriguez et al., 2017; Xie et al., 2020). This process involves dynamic
vegetation models that can capture long-term changes in root structure complexity in
accordance with forest growth/development (e.g., Xie et al.,, 2020)-a process poorly
represented in previous studies in the case of Rhizophora mangrove forests. An advantage of
the proposed model is that the root structures of Rhizophora mangroves are allometrically
predicted in the hydrodynamic model from the basic forest structural variables—mean stem

diameter and tree density, of which long-term dynamics can now be predicted using dynamic
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vegetation models for mangroves (e.g., Yoshikai et al., 2022b). The coupling of the
hydrodynamic-sediment transport model and the dynamic vegetation model is one of the next
challenges that will advance our understanding of the long-term geomorphic evolution in

mangrove forests.

6.5 Concluding remarks

Modeling flow in Rhizophora mangroves has been challenging due to their complex
root structures. This manuscript presents a new model to represent the impacts of Rhizophora
mangroves on flow implemented in the COAWST model framework toward a better
understanding of hydrodynamics in mangrove forests. The new model explicitly accounts for
the effect of the three-dimensional root structures on drag and turbulence as well as the two
potential length scales of vegetation-generated turbulence. We showed that the new model
significantly improves the prediction of velocity and TKE in Rhizophora mangrove forests
compared to the conventional approximations of the impact of Rhizophora mangroves using
cylinder array or increased bed roughness. Specifically, the greatly attenuated near-bed
velocity and the consequently lowered bed shear stress due to the high root density at the
lower portion of the root systems are captured by the new model only. This has an important
implication when expanding the model to simulate sediment transport. Thus, accounting for
the realistic morphological structures of Rhizophora mangroves in the hydrodynamic model
with a three-dimensional configuration is important. While obtaining information on root
structures in the field could be challenging, the new model is now feasible in its application
due to the incorporation of the empirical model for Rhizophora root structures to the COAWST.
The model developed here may thus serve as a fundamental tool to advance our
understanding of the hydrodynamics and related transport processes in Rhizophora mangrove

forests with complex root structures.
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Supporting Information for Chapter 6

Note S6.1. Vegetation module implemented by Beudin et al.
(2017)

As in the main text, we describe the equations in the two-dimensional form (x-z plane;
zero velocity in y-direction) for convenience, while the equations implemented in ROM are
three-dimensional; see Beudin et al. (2017) for the complete equations. The vegetation
module implemented by Beudin et al. (2017) is for seagrasses/marshes that were represented
by the cylinder drag model. They implemented the vegetation impacts not only on flows but
also on wave damping. They also included additional functions of leaf bending considering the
flexibility of submerged vegetations. Here we only describe the equations for impacts of rigid
vegetation (no bending) on flow; these equations were used for comparison with the newly
implemented drag and turbulence model for Rhizophora mangrove forests.

The drag by vegetation is calculated using the quadratic drag law as
Foeq(2) = 5 Conybyu(z)? (86.1)
where F.4 is the spatially-averaged vegetation drag (m s2), z is the height from bed (m), Cp
is the drag coefficient, n, is the number of plants (stems or leaves) per unit area (m=2), b, is
the stem or leaf width (m), and u is the flow velocity (m s™").

The production of turbulence kinetic energy (TKE) by vegetation drag is expressed as
Py = Fyequ (S6.2)
where P, is the production of TKE by vegetation-generated wakes (m? s=3). The dissipation

rate of wakes is expressed as

Py, Py,
Cy —;
Min(T free Treg)

(S6.3)

DW =Cy _Teff =

where D, is the wake dissipation rate (m? s), ¢, (1.92) is the constant of the k—& model, and
Terr (S) are the effective time-scale of wakes, which takes the minimum of time-scale of free
turbulence (1mee) and time-scale regulated by spaces between the nearest-neighbor plants

(Tveg)- These are described as

k

Tfree = =

(S6.4a)

1/3 1/3

Toeg = (o) = (%) (S6.4b)

cw?Py cw?Py

where k is the TKE (m? s72), ¢ is the turbulent dissipation (m? s=2), ¢ is the model constant,

which was set as 0.09 in Beudin et al. (2017), and L (m) is the length-scale of wakes, which
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was set as the mean spacing of nearest-neighbor plants (s) in Beudin et al. (2017) where s is

calculated from the density, width, and thickness of stem/leaf.

Note S6.2. Minor modifications of k—¢ model introduced by
Beudin et al. (2017)

In Beudin et al. (2017), the time-scale of wakes (7.#) was defined by the minimum of
Tiee @Nd Tveg @s described in Eq. (S6.3) in S1. However, we noticed the minimum function used
for 1e yields complicated results. This may be because of the interactive feedback between
Tiee @Nd Tveg, SUCh that a case of Terr = Tueg IN EQ. (S6.3) at one moment affects rree at the next
moment through the equations for k (Eq. 6.2) and ¢ (Eq. 6.3); these in turn will affect e in Eq.
(S6.3). As a result, the original model by Beudin et al. (2017) predicted TKE significantly
smaller than the model predictions using the time-scale set as either of 7ree and 1veg, Which are
difficult to interpret (results not shown). This minimum function for the time-scale of wake
turbulence has not been well supported by previous theoretical and experimental works. As
such, we avoided the use of the minimum function for 7ein our analysis.

The use of Tsee fOr Ter corresponds to the time-scale used such as in Lépez and Garcia
(2001), Defina and Bixio (2005), and Baptist et al. (2007). However, King et al. (2012) and Liu
et al. (2017) found that the use of 1.4 for Terr, which explicitly specifies the length-scale of
wakes (L in Eq. S6.4b), would produce much better results than the use of Tee fOr Tes.

For 1vq, the use of s for the length-scale, L, in Eq. (S6.4b) inherently assumes the
conditions s < d, where d is the cylinder diameter, which is equal to b, for the
seagrasses/marshes, where otherwise d should be applied for L (Tanino and Nepf, 2008; Nepf,
2012). In our analysis performed in the main text, the cylinder approximations (Fig. 6.3) did
not satisfy the conditions s < d, thus the d (= b,) would be appropriate for L.

Based on these, we modified Egs. (S6.3-6.4) as

Pw

Dy =c;

(S6.5)

Tveg

12
Tyeg = (==
veg (CWZPW)

These modified equations were used for the model analysis using the cylinder array

1/3

_ ( by” ) (S6.6)

2
Cw“ Py

1/3

approximations in the main text.

Note S6.3. Rhizophora root model
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The vertical profile of root projected area density (anot) Was computed using the
empirical model for Rhizophora root structures (Rh-root model) proposed by Yoshikai et al.
(2021); the procedure is summarized below.

The model was designed to predict the structure of the individual root system. It
predicts the vertical profile of the number of roots of a tree using two parameters—S (scaling
factor) and HRmax (maximum root height). The S and HRmax are strongly related to tree size
represented by the stem diameter measured at 1.3-m height (Dst.em). The k' highest root in a

root system can be then expressed as

HRy = HRp0,,S*™V > HR i, (S6.7a)
S=1- ﬁSDstem,iaS (86-7b)
HRp oy = aHRDstem,i + ﬁHR (86-70)

where HRmin in Eq. (S6.73a) is a model parameter (critical root height) that limits the minimum

ul'”

root height of a tree, Dsiem,i is the stem diameter (m) where the subscript “/’ represents tree
index, and as, Bs, aur, Brr are the scaling parameters for S and HRmax, respectively. The as,
Bs, aur, Bur are considered site- and species-specific parameters, thus the values need to be
derived through a field survey. See Yoshikai et al. (2021) or (2022a) for the procedure to obtain
these parameter values in the field with reduced workload. The value of HRqin also needs to
be determined for a site through a field survey.

From Eq. (S6.7), the heights of all roots of a tree can be predicted. Yoshikai et al.
(2022a) suggested that the individual roots can be approximated as a linear shape to estimate
the projected area of roots. The linear shape of a root projected from the direction along the

X-axis can be expressed as
z = (tand)) (ﬁ) +HR  where 0<z<HR (S6.8)

where y and z represent the horizontal and vertical coordinate of a point, where y = 0 at the
location where a root emerges from the stem or another root and z = 0 at the ground, HR is
the height of a root (m), 6, is the angle of the approximated linear shape relative to the
horizontal axis, and y is the azimuth root angle around the z-axis relative to the x-axis. The
value of 6, was empirically determined in Yoshikai et al. (2022a). The projected area of a root
can be calculated by multiplying the root length provided by Eq. (S6.8) and the mean root
diameter (Dot ave). Then, by summing up the projected areas of all the roots per vertical height
interval, dz (0.05 m in this study), the vertical profile of root projected area per dz of a tree “/
(Arooti(z) (m?)) can be calculated. Here, because the root azimuth angle in Eq. (6.8), y, is
unknown, Yoshikai et al. (2022a) employed random numbers to w and estimated Aot from
the ensemble approach. Based on the ensemble computations, we found that the Ao

computed using random numbers for y is approximately 80 % of the Aoti computed using the
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zero value for y for all the roots, which is referred to as Aot below. Hence, we calculated
the Aroti @s

Aroot,i(2) = 0.8 X Arooro,i(2) (S6.9)
where the multiplication by 0.8 represents the effects of random azimuth angle on the
projected area. This approach (Eq. $S6.9) does not require the ensemble approach to estimate

Arooti; Which is convenient for implementation to the numerical model.

Note S6.4. Tree census data

We used tree census data collected from three sites—two from Bakhawan Ecopark,
Aklan, Philippines (11° 43’ N, 122° 23’ E; Suwa et al., unpublished data), and one from Fukido
River mangrove forest, Ishigaki, Japan (24° 20’ N, 124° 15’ E; Suwa et al., 2021)—to investigate
the validity of the proposed parameterization of tree size variations (see Section 6.2.1.3). We
refer to the two sites of Bakhawan Ecopark as Bak1 and Bak2, respectively, and Fukido River
mangrove forest as Fuk.

The sites Bak1 and Bak2 are 30-year-old and 17-year-old planted stands, respectively,
of Rhizophora apiculata; Bak2 includes the site where the vegetation and hydrodynamic data
were collected by Yoshikai et al. (2022a), which were used for model evaluation in this study.
The site Fuk is a natural mangrove forest vegetated by Rhizophora stylosa and Buruguiera
gymnorrhiza. Along with the soil salinity gradient, a notable change in the forest structural
variables (stem diameter, tree height, species composition) was observed at this forest
(Yoshikai et al., 2022b). As described in Suwa et al. (2021), a 7-m radius circular plot was
established and the stem diameter at 1.3-m height (Dstem) was measured for all the trees. The
number of plots for the tree census is 6 for Bak1, 6 for Bak2, and 15 for Fuk, respectively. We
did not use the data of 10 plots out of a total of 24 plots in Fuk collected in Suwa et al. (2021)
because of the absence of R. stylosa trees.

The root structures of R. apiculata and R. stylosa at these three sites were investigated
in Yoshikai et al. (2021) and the values of the Rh-root model parameters were derived (Table
S6.1). These parameter values were used for the computation of the vertical profile of root
projected area per dz of a tree, Aoti(Z), for each site using the Rh-root model; these are shown
in Fig. 6.2.

Table S6.1. Rhizophora root model parameters for three tree census sites.

Parameter Bak1 Bak2 Fuk

Scaling parameter for S (as) -0.91 —2.04 -1.76
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Scaling parameter for S (Bs) 107200 107359 10-318
Scaling parameter for S (aur) 2.06 15.38 2.71
Scaling parameter for S (Bur) 0.82 0.08 0.50
Critical root height (HRmin, m) 0.012 0.01 0.012
Root angle of approximated -34.52 -34.5 -41.9
linear root shape (6, degree)
Mean root diameter (Drootave, m)  0.032 0.03 0.03
@ Value determined for Bak2 was used.
(b)
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Figure S6.1. Map of the sites (Bak1, Bak2, and Fuk) indicated in Fig. 6.2. The white dots in

panels “d” and “e” represent the tree census stations from which data are used in Fig. 6.2. In
panel “e”, the approximate locations of the 30-year-old (Bak1) and 17-year-old (Bak2) planted
stands are also indicated. Shorelines in panel “a—c” are from the Global Self-consistent,
Hierarchical, High-resolution Geography (GSHHG) database. The aerial photo in panel “d” is
from Asia Air Survey Co. Ltd., Japan, and the satellite image in panel “e” is from © Google

Earth.

Note S6.5. Implementation of the new model to the COAWST
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We replaced the equations for drag force and turbulence introduced by Beudin et al.
(2017) with the ones presented in Sections 6.2.1.1-6.2.1.2 (Egs. (6.1)—(6.6)) in the COAWST.
The Rhizophora root module that gives arot(z) from niee and Dstem,ave Using the Rh-root model
was newly added in the COAWST (Fig. 6.1). Table S6.2 shows the grid-explicit input
parameters related to this study. Parameters related to root structures are inputted to the
model as universal parameters (not grid-explicit; Table S6.1). We introduced a new input
parameter, species index (spe), that identifies the vegetation as Rhizophora species (spe = 1)
or seagrass/marsh species (spe = 0). Depending on spe, the model interpretation of the
inputted parameters varies (Table S6.2). If spe = 1, the vegetation module interacts with the
Rhizophora root module for ano: (Fig. 6.1) to compute the drag by the roots (Frot in Eq. (6.1))
and the TKE production and dissipation of the root-generated wakes (Pu,ro0t and Dy, oot in EQs.
(6.4)—(6.6)). Otherwise (spe = 0), zero value is given to a..o:, which vanishes all the root-related
terms in Eqgs. (6.1), (6.4)—(6.6), making them identical to the ones introduced by Beudin et al.
(2017) and thus applying the cylinder drag model (however, see S2 for the modification of the
equations of Beudin et al. (2017)). This means that the equations presented can be used both

for Rhizophora mangroves and seagrasses/marshes by switching the value of spe.

Table S6.2. Grid-explicit input parameters. Symbols used in Beudin et al. (2017) are also
shown. Parameters absent in the column of Beudin et al. (2017) are the ones newly added in
this study. Mean tree height (Have) is only relevant for some extreme conditions when the water

level becomes higher than Haye.

Symbol Unit  Interpretation by the model

This study  Beudin et al. Case spe =1 Case spe =0
(2017)

spe - Rhizophora species  Seagrass/marsh

Dstem,ave by m Mean stem Leaf width or stem

diameter diameter
Nree ny m=2  Tree density Leaf or stem density
Have I m Mean tree height Leaf or stem length

Note S6.6. Generic mangrove root model used in Xie et al.
(2020)

We examined the use of the mangrove root model used in Xie et al. (2020) (termed as

generic root model in the main text) as a predictor of a.: in Eq. (6.1). In Xie et al. (2020), the

233



shape of roots was simplified to cylindrical objects with a fixed diameter and height, hence to
the array of vertical cylinders. The number of roots of a tree is given by the function of stem

diameter as:
1

(S6.10)

Nroot,ind = Nroot,max stem.max

1+exp|frooe(PLEMEE D )x100)]
where nroting is the number of roots of a tree having a stem diameter of Dstem (M), Nroot max IS
the maximum number of roots of a tree, fot = 0.1 is a constant describing the rate of increase
of roots with Dstem, Dstemmax iS the maximum stem diameter (m), and the factor 100 is for the
unit conversion of stem diameter from meter to centimeter. In Xie et al. (2020), the parameters
are set as Nrootmax = 5000, Dstemmax = 1.0 (M) for Rhizophora trees. In addition, Xie et al. (2020)
gave the root diameter (Do) and height (Hroot) Values as Drot = 0.01 m and Hroot = 0.15 m,
respectively.

We applied the generic root model to the field mangrove setting of Bakhawan Ecopark.
We used the measured mean stem diameter Dstem,ave = 0.066 m (Table 6.1) for Dsem in Eq.
(S6.10), then calculated the nrotind With the same parameter setting as Xie et al. (2020). The
aroot, Which is used for calculating the drag by the roots in Eq. (6.1), is then given as:
Aroot = NereeMroot,indProot  fOr Z < Hroot (S6.11a)

Aroot = 0 for z > Hioot (861 1b)

Note S6.7. Calculation of bed shear stress in the COAWST and

the choice of bed roughness value for the case of increased zo

In the COAWST, bed shear stress is computed based on quadratic law using the
velocities at the bottom computational cell as (Warner et al., 2008):
Thed = PwCheald’ (56.12)
where Tpeq is the bed shear stress (N m=2), py is the water density (kg m=2), Cpes is the bed drag
coefficient, and u is the flow velocity (m s~') computed at the bottom cell. It assumes that the

flow in the bottom boundary layer has the classic vertical logarithmic profile as:

Ju = % In (Zettom) (S6.13)

Zo
where u- is the friction velocity, \/Tpeq, K = 0.41 is the von Karman constant, Zpotom is the

elevation of the middle point of the bottom computational cell above the bed (m), and zo is the

bed roughness length (m). From Egs. (S6.12)—(S6.13), the Cyeq is calculated using zo as:

Chea = K*In (Zbaﬂ)]_2 (S6.14)

Zo
The value of zo or Cpes can be related to the Manning’s coefficient (Nmanning) considering

turbulent open channel flow as follows. In an open channel flow with depth-averaged velocity
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Unmean, Water depth h, and bed slope Sy, the Umean can be described using the Manning’s

coefficient as:

Umean = - h'2/3501/2 (S6.15)

Nmanning

Assuming a steady flow where the momentum balance can be reduced to an equilibrium
between the bed shear stress 1,e¢ and the gravitational (or pressure) forces driving the flow,
the bed shear stress can be expressed as (Crompton et al., 2020):

Thea = PwghSo (S6.16)
where g is the gravitational acceleration (m s2). From Eq. (S6.15)—(S6.16) and assuming that
the depth-averaged form of Eq. (S6.12), Tbed = PwCbedmeanUmean?, is valid, the Manning’s

coefficient can be expressed as:

C ed,mean
Nmanning = ht/6 ’% (S6.17)

where Chpeamean IS the bed drag coefficient which is used for computing 7seq USing the Upmean.
Also, by relating the depth-averaged form of Eq. (S6.14), Cped.mean Can be expressed using zo

as (Lenz et al., 2017):
-2

Coeamean = k2 [In (2)] (S6.18)
Considering the Manning'’s coefficient of 0.14, which is a value typically used for approximating
the drag by mangroves (e.g., Zhang et al., 2012), and a water depth of 0.5 m, based on Egs.
(S6.17)—(S6.18), the equivalent bed roughness zp is 0.22 m.

The application of Egs. (6.12)—(6.14) needs the condition zg < Zpottom, Which limits the
applicable z, value for representing the mangrove drag depending on the water depth or
thickness of the bottom cell. In the application to the field-based study, the lowest water depth
for examination was around 0.15 m (Fig. 6.6; Table S6.6), where the Zyottom is decreased down
to 0.015 m. In order to increase the applicable z value in our analysis, we reduced the number
of vertical layers from 5 to 3 (Table 6.2), which increased the minimum Zzuottom up to 0.025 m.
We then conducted the analysis using zo = 0.02 m as a case of increased z,. However, this
value is considered generally lower compared to the typical Manning’s coefficient value of 0.14

(of which the equivalent value is zo = 0.22 m under the water depth 0.5 m).

Table S6.3. Measured flow variables in the model and field mangrove forest by Maza et al.
(2017) and Yoshikai et al. (2022a), respectively, the variables controlled in the model, and

target variables to reproduce for application to the respective mangrove forest.

Model mangrove forest Field mangrove forest in
in Maza et al. (2017) Yoshikai et al. (2022a)
Measured flow variables h, U, u(z), k(z) h, An, u(z), U, Thed
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Controlled variables in

model

Target variables to reproduce

the h, U

u(z), k()

U(Z), U, Thed

Table S6.4. Data from the flume experiments of Maza et al. (2017) that were used for the
model validation in Figure 6.4. The values of geometric and flow parameters were converted
from the scale in the flume to the real scale. The velocity (u) and turbulent kinetic energy (k)
were taken by averaging the measurements at five lateral positions (ADV3p1-p5; see Fig. 6.5
of Maza et al., 2017) in the model mangrove forest where the flows were fully developed,

which were taken as spatially-averaged values in the mangrove forest. HRmax: maximum root

height, h: water depth, U: cross-sectional mean velocity, z: height above the bed.

Experiment# | HRmax (m) | h(m) | U(ms™) z (m) ulu kIU?
Exp 1 2.016 3.0 0.31 0.08 0.54 0.012
0.32 0.62 0.013

0.56 0.66 0.015

0.80 0.64 0.032

1.04 0.69 0.026

1.28 0.75 0.024

1.52 0.84 0.053

1.76 0.97 0.035

2.00 1.05 0.033

2.24 1.10 0.043

Exp 2 2.016 1.79 0.58 0.08 0.75 0.018
0.20 0.77 0.021

0.32 0.80 0.017

0.44 0.84 0.016

0.56 0.83 0.021

0.68 0.83 0.026

0.80 0.86 0.023

0.92 0.85 0.023

Table S6.5. Data from field measurements of Yoshikai et al. (2022a) that were used for the
model validation in Figure 6.5. Velocity (u) was obtained by averaging the measurements at
four locations around the reference tree shown in Fig. S6.3c which was taken as spatially-

averaged values in the mangrove forest.

Local time h (m) z (m) u(ms™)
2018/9/10 12:50 0.45 0.35 0.060
0.30 0.064
0.25 0.060
0.20 0.057
0.15 0.055
0.10 0.044
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0.05 0.036
2018/9/10 13:40 0.21 0.18 0.096
0.11 0.082
0.04 0.059
2018/9/11 13:00 0.53 0.45 0.046
0.40 0.039
0.35 0.045
0.30 0.044
0.25 0.044
0.20 0.041
0.15 0.034
0.10 0.028
0.05 0.022
2018/9/11 14:00 0.28 0.23 0.085
0.14 0.072
0.05 0.052

Table S6.6. Data from field measurements of Yoshikai et al. (2022a) that were used for the
model forcing and validation in Figures 6.6—6.8. The An is the water level difference imposed
across the open boundaries in the model (see Fig. S6.2), h is the water depth, U is the cross-
sectional mean flow velocity, usottom is the spatially-averaged velocity at z=0.05 m, and 7seq is

the bed shear stress.

Local time An (m) h (m) U(mMs™) | Usotom (M S™") | Tped (N m2)
2018/09/10 12:50 0.0143 0.45 0.050 0.036 0.023
2018/09/10 13:10 0.0189 0.36 0.063 0.036 0.039
2018/09/10 13:20 0.0273 0.32 0.064 0.041 0.032
2018/09/10 13:40 0.0462 0.21 0.079 0.064 0.023
2018/09/10 13:50 0.0572 0.16 0.074 0.066 -
2018/09/11 13:00 0.0065 0.53 0.038 0.022 0.008
2018/09/11 13:10 0.0078 0.50 0.038 0.023 0.004
2018/09/11 13:20 0.0124 0.46 0.047 0.027 0.008
2018/09/11 13:40 0.0163 0.37 0.051 0.034 0.014
2018/09/11 13:50 0.0228 0.33 0.054 0.036 0.010
2018/09/11 14:00 0.0260 0.28 0.070 0.053 0.012
2018/09/11 14:10 0.0345 0.23 0.071 0.053 0.031
2018/09/11 14:20 0.0449 0.18 0.070 0.060 0.037
2018/09/11 14:30 0.0585 0.14 0.078 0.077 -
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Figure S6.2. Model grid (40 x 40 with 5 m horizontal resolution) used for testing the model
against laboratory-based and field-based studies. The red circle indicates the location of the

monitoring point at which the simulated flow variables were compared with the measured data.
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Figure S6.3. (a) Satellite image (© Google Earth) of the study site of Yoshikai et al. (2022a) —
Bakhawan Ecopark (red box indicates the area of panel “b”), (b) locations of transect A—B
across which the water level gradient was measured together with the hydrodynamic
parameters around the reference tree (the satellite image is from © Google Earth), (c) top view
of LIDAR point clouds around the reference tree with information on the locations of trees
whose morphological structures were measured, where velocity profiling was conducted, and
where sensors were deployed (velocity sensor: electromagnetic velocity meter deployed near
the bottom; ADV: Acoustic Doppler Velocimeter deployed to estimate the bed shear stress). It
has been shown in Yoshikai et al. (2022a) that the average of the velocity measured at the
four locations represents well the spatially-averaged values. The point clouds shown were
cropped at heights between 0.1-1.7 m for better visualization of the root systems. Figures are

modified from Yoshikai et al. (2022a).
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Figure S6.4. Root mean square error (RMSE) of modeled turbulent kinetic energy (k) against
the measured data in (a) Exp 1, (b) Exp2, and (c) both Exp 1 and 2 of the flume experiment,
by varying the value of scale coefficient (y), for which the computation of the predicted value

at the height of the measurement point was obtained by the interpolation of k computed at

adjacent vertical layers.
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Figure S6.5. Time-series of measured and predicted (a, d) cross-sectional mean velocity (U),
(b, e) (spatially averaged) velocity at z = 0.05 m, and (c, f) bed shear stress (Tseq) during the
two-days measurement in Bakhawan Ecopark. The measured values are from Yoshikai et al.
(2022a) and the predicted values are obtained through the COAWST without imposing

vegetation drag (no vegetation).
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Figure S6.6. Comparison of the vertical profiles of (temporally and spatially averaged) velocity
(u) and turbulent kinetic energy (k) normalized by the cross-sectional mean velocity (U)
measured by Maza et al. (2017) and predicted by the COAWST using the Rh model with
different length-scales of stem- and root-generated wakes (Lstem and Lot respectively) defined
— blue markers: Lstem and Lot set to the stem diameter (Dstem,ave) and root diameter (Dioot ave),
respectively; dark-gray markers: Lsiem and Lot both set to Dioot ave; light-gray markers: Lsiem and

L oot both set to Dsem,ave. The scale coefficient (y) was set to 1.2 for all the cases.
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Figure S6.7. Vertical profiles of turbulent kinetic energy (k) predicted by the COAWST
employing (a) Rh model using modeled root projected area density profile (anot), (b) cylinder
model with sparse and (c) dense arrays, (d) generic root model, (e) increased bed roughness
as an approximation of vegetation drag, and (f) without imposing vegetation drag (no

vegetation) for some tidal phases corresponding to the ones shown in Fig. 6.5.
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Chapter 7: Modeling flow and sediment
transport in an estuarine mangrove forest

and adjacent areas

7.1.1 Abstract

Mangroves, a coastal wetland ecosystem with complex above-ground root systems,
are known to modulate flow and sediment transport and promote sedimentation — processes
that could drive the sequestration of allochthonous organic carbon and the long-term
geomorphic evolution of mangrove forests. However, insights on how and to what extent
mangrove forests impact the sediment transport in the forest and their adjacent areas are
limited. This study aims to address these challenges by using a hydrodynamic-sediment
transport model. A new model incorporating the impacts of species-specific three-dimensional
root structures (e.g., “prop roots” of Rhizophora species and “pencil roots” of Avicennia and
Sonneratia species) on flow and sediment transport was applied to a restored riverine
mangrove forest in the Philippines influenced by tidal and fluvial processes. The model
suggested the significant impact of the mangrove forest reducing the flow velocity coming into
the forest and regulating sediment resuspension. The model also suggested a threshold-like
response of sedimentation rate in mangrove forest to the river runoff events such that the rise
of water level in the adjacent channel brought by the increase in the river runoff could initiate
the overland flow on the mangrove forest and supply a significant amount of fluvial sediments
to the mangrove forest, facilitating sedimentation. Simulations without imposing the impact of
mangroves on flow showed a significant increase in flow velocity and a significant amount of
sediment loss in the mangrove forest due to sediment erosion. The increase in the river
discharge further increases the sediment loss amount, contrary to the trends observed in the
simulations with imposing the mangrove impact. These results highlight the vital role of
mangroves in retaining the sediments and thus soil organic carbon, which may significantly

contribute to the mangroves’ carbon sequestration function.

7.1.2 Introduction
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Mangroves are known as biogeomorphic ecosystems that interact with hydrodynamics-
sedimentary processes and affect landform (Krauss et al., 2014; Woodroffe et al., 2016;
Rodriguez et al., 2017; Xie et al., 2020; Temmink et al., 2022). Especially due to the presence
of above-ground roots, they exert drag and slow down the water flow (Furukawa et al., 1997;
Horstman et al., 2015; Chen et al., 2016, 2018; Willemsen et al., 2016; Mullarney et al., 2017;
Best et al., 2022). This creates favorable conditions for sediment deposition, which is known
as the mangroves’ “sediment trapping” function. Because some of the sediments are in the
form of particulate organic matter transported from outer systems, this biogeomorphic
feedback could significantly contribute to the carbon sequestration in mangrove forests
(Sasmito et al., 2020; Suello et al., 2022). However, the control of biogeomorphic feedback on
the carbon sequestration in mangrove forests is largely unknown. The evaluation of the
biogeomorphic feedback in the mangrove forests is challenging because it is influenced by
the mangroves’ complicated root system structures.

The sequestration of allochthonous carbon in a mangrove forest depends also on its
geomorphological settings, such as the presence of a river that transports the land-derived
organic carbon to the mangrove forest (Lovelock et al., 2015; Sidik et al., 2016). Because of
the strong dependence on the geomorphological settings, the evaluation of the geomorphic
feedback requires the understanding of the flow and sediment transport in a large-scale that
could include the whole mangrove forest and the adjacent creeks/river. This further makes the
evaluation of geomorphic feedback challenging because the mangrove forest could have
significant spatial heterogeneity in the vegetation morphological structures affecting flow and
sediment transport, attributed to the spatial heterogeneity in the species composition, tree
sizes, and tree density.

It is generally considered that the sequestration of allochthonous carbon is determined
by the two factors — effectiveness with which mangroves trap sediments transported from
rivers, and the amount of supply of the fluvially transported sediments to the mangrove forest.
Therefore, the allochthonous carbon sequestration should be significantly influenced by the
amount of river discharge aside from the vegetation structures. Yet, many modeling studies
have used constant river discharge rate for evaluating the sedimentation in coastal vegetation
habitats subject to river-influences (e.g., Nardin and Edmonds, 2014; Nardin et al., 2016; Baar
et al., 2022). If the above-mentioned factors nonlinearly change with the changes in river
discharge, it yields a significant uncertainty in the prediction of the allochthonous carbon
sequestration or sedimentation in the river-influenced mangrove forests.

This study aims to explore how mangroves affect flow and sediment transport and
contribute to the sedimentation of fluvial sediments, which is considered as a primary process

of the biogeomorphic feedback. We also aim to examine the dependence of sedimentation
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rate in the mangrove forest on river discharge. We address these aims by a large-scale
modeling of flow and sediment transport in a riverine mangrove forest and its adjacent area in
the Philippines. We specifically take into account the spatially-explicit impacts of mangroves
on the flow and sediment transport, which has not been achieved by previous studies. Here,
we leverage the newly developed hydrodynamic model (COAWST rh v1.0; Yoshikai et al.,

2023), remotely-sensed data, and field data to achieve this large-scale modeling.

7.2 Materials and Methods

7.2.1 Study site

We selected a planted riverine mangrove forest (locally known as Bakhawan Ecopark)
at the mouth of Aklan River located in the Aklan province, Panay Island, Philippines (Fig. 7.1).
The large amount of sediment discharge from the Aklan River formed tidal flat down the river.
The plantation of Rhizophora apiculata took place in the early 1990s in a mudflat. Subsequent
plantations were periodically conducted, producing zones characterized by R. apiculata
stands with different ages (e.g., ~10 years old, ~20 years old, and ~30 years old). Additionally,
natural recruitment of other species such as Avicennia marina and Sonneratia alba took place
on the mud bank (Ray et al., 2023). Over the years, this mangrove forest has shown expansion
of its area, mainly following river runoff events that may have supplied a large amount of
sediments as a base of mangrove development. The baseflow of Aklan River in wet season
is considered around 100 m® s'. However, at an extreme condition, the river discharge of
~10,000 m?3 s*! has been reported when Typhoon Fengshen approached in 2008. The tide is

semi-diurnal with the highest amplitude of 2.0 m.
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Figure 7.1. Satellite image (Google Earth) of the study site — downstream of Aklan River

including Bakhawan Ecopark.

7.2.2 Field data collection

7.2.2.1 Ground elevation and bathymetry data

The spatial measurement of the ground elevations in the mangrove forest were
conducted in October 2022. We derived the ground elevation by measuring the water depth
at high tides assuming a uniform water level in the forest at these conditions. The
measurement was conducted at the plots of tree census along four transect established for
natural Avicennia and Sonneratia stands, and ~30 years old, ~20 years old, and ~10 years
old planted stands of R. apiculata (Suwa et al., unpublished). In total, data on the 22 stations
were taken (Fig. 7.2).

The bathymetry of Aklan River downstream and some creeks in the Bakhawan

Ecopark was measured using single-beam echosounder in February 2022.

248



T1 (Avicennia &
5 Sonneratia)

o ®

T4 (Rh~10 yrs)

T2 (Rh ~30 yrs)

T3 (Rh~20 yrs)

elevation (m)
-0088 - -0036
-0036 -0016
0016 - 0068
0068 - 0120
0120-0172
0172 -0224
0224 - 0276
0276 - 0328

o)oNoN X X X ¥

Figure 7.2. Measured ground elevation in the mangrove forest along the four transect (T1-
T4).

7.2.2.2 VVegetation data

In each plot shown in Fig. 7.2, tree census measurement was conducted in 2018
(Suwa et al., unpublished data).

Aside from the usual tree census data, we collected the data on above-ground root
structures in some selected sites. Especially, we measured the prop root systems of
Rhizophora mangroves at the 20 years old and 30 years old stands (Yoshikai et al., 2021). In
addition, we measured the geometry of pneumatophores of Avicennia and Sonneratia
mangroves at some stations. Specifically, we randomly established 0.25 cm x 0.25 cm
quadrats at each station, and we measured the height and the diameter at the middle height
of all pneumatophores in the quadrat. We also calculated the density of pneumatophores (root
density) in each quadrat. Assuming the cylindrical shape of the pneumatophores and using
tree density data (Zanne et al., 2009), we calculated pneumatophore biomass in each quadrat.
We average the calculated pneumatophore biomass values in the quadrats in a plot as a
representative value of the plot.

We calculated the above-ground biomass (AGB, kg m-) and pneumatophore biomass
per species in the plots where the data were collected, and compared them. Figure 7.3 shows
the measured diameter, height, and AGB-pneumatophore biomass relationships for A. marina

and S. alba. The data shows the variations of diameter and height of pneumatophore are
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relatively small (Fig. 7.3). It also shows the high correlation between the AGB and

pneumatophore biomass.
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Figure 7.3. (a) Measured pneumatophore diameter at the middle height (dmiqdie), (b) height of
pneumatophores (h), and (c) the relationship of above-ground biomass (AGB) and
pneumatophore biomass for Avicennia marina and Sonneratia alba. The number of measured

pneumatophores is 701 for A. marina and 319 for S. alba, respectively.

7.2.3 Mapping ground elevation and vegetation parameters

We used LIiDAR data obtained in 2014 by the Phil-LIDAR Project for mapping the
ground elevation and vegetation parameters in the study site. For the ground elevation, we
generated a digital elevation model (DEM) that reflects the ground elevation and a digital
surface model (DSM) that reflects the canopy top elevation with a 10-m horizontal resolution.
We derived the canopy height model (CHM) by subtracting the DSM from DEM. We then
compared the DEM with the measured ground elevation data (Fig. 7.4). The comparison
suggested that the LiDAR-derived DEM can well represent the ground elevation in the
mangrove forest in our study site, despite the differences in the year when the data were taken
(2014 for the LiDAR data and 2022 for the ground elevation measurement).

We also found that the LiDAR-derived CHM compares well with the measured mean
tree heights in the plots (Fig. 7.5). However, the LiDAR-derived CHM showed generally higher
values than the measured mean tree height. This may be because the LiDAR-derived CHM
may reflect the information of the height of the highest tree in the area, while the data is for
the mean tree height.

We used the LiDAR-derived DEM as the present-day ground elevation in the

Bakhawan Ecopark based on the result shown in Fig. 7.4. We mapped the mean tree height
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using the LiDAR-derived CHM based on the relationship shown in Fig. 7.5. Additionally, we
obtained the spatial variation of the mean stem diameter and tree density based on some

allometric relations.
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Figure 7.4. Comparison of the LIDAR-derived DEM and the measured ground elevation in the

Bakhawan Ecopark.
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Figure 7.5. Comparison of the LiDAR-derived CHM and the measured mean tree height in the
Bakhawan Ecopark. The black line indicates the 1:1 relationship and the blue line indicates

the best linear fit.

7.2.4 Update of the COAWST mangrove root module
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In the Bakhawan Ecopark, A. marina and S. alba stands dominate at some areas,
aside from the Rhizophora stands. Therefore, it is important to model the above-ground root
structures of A. marina and S. alba (pneumatophores) for modeling the hydrodynamics and
sediment transport in this forest. We have added a new model in the mangrove root module
in COAWST representing the Avicennia and Sonneratia roots (Fig. 7.6). The model of the
Avicennia and Sonneratia roots is based on the allometric relationship shown in Fig. 7.3c, and
estimate the projected area of roots from stem diameter and tree density by assuming a
constant root diameter and height which are shown in Fig 7.3a and b, respectively.

The linkage of the vegetation structures of Avicennia and Sonneratia mangroves with

the hydrodynamics is same as the generic mangrove root model presented in Chapter 6.
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Figure 7.6. Updated COAWST incorporating the model for Avicennia and Sonneratia roots

(pneumatophores).

7.2.5 Model set up

We generated a model grid for the Aklan River downstream covering the mangrove
forest (Bakhawan Ecopark) and its adjacent area and some part of the outer sea (Fig. 7.7).
The horizontal grid resolution is about 33 m. The vertical layers were partitioned into four
layers with approximately same layer thickness for the three-dimensional simulation. The
initial and boundary conditions were given from a larger-scale model (offline nesting).

To incorporate the mangrove drag effects on hydrodynamics, we also inputted the
spatially-explicit vegetation information such as species composition, mean tree height, and
tree density (Fig. 7.8a and b). The species composition is based on the map provided by Dr.
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Rene Rollon (unpublished data). Using the updated COAWST incorporating the models for
the Rhizophora prop root systems and the Avicennia and Sonneratia pneumatophores (Fig.
7.6), the horizontally and vertically variable vegetation structures were given to the model
simulation (Fig. 7.8c—f). Here, due to the lack of information, we assumed the even tree density
of A. marina and S. alba stands in the mixed stands of these species.

In this study, the sediment module (CSTM) was also activated (Fig. 7.6). We inputted
a sediment type with a median sediment grain diameter of 0.012 mm representing muddy
sediments. The particle settling velocity was set as 0.1 mm s-'. In the COAWST, the sediment

resuspension (erosion) flux is calculated (E, kg m2s') as

E = max(E, (=) -10) (7.1)

Ter

where, Eo is a surface erosion rate which was set as 10 kg m? s, 1 is the bottom shear
stress (N m) and the 7. is the critical shear stress for erosion (Warner et al., 2008). Here we
gave 0.1 N m~ to 1, following previous modeling study (Horstman et al., 2015). Because the
sediments in the river channel are usually coarser than those in mangrove forests due to the
high flow energy, we imposed the initial condition of these muddy sediments only in the
mangrove forests (zero-sediment thickness outside the mangrove forest). Note that even with
the zero-sediment thickness, the model accepts the sedimentation at these areas. The module
calculating the morphological change following sediment deposition/erosion was not activated
in this study.

We conducted two simulations — a wet season baseflow simulation and a flood event
simulation. We tested the model configurations using and without using the vegetation module
for both simulations to examine how mangroves could affect hydrodynamics and sediment
transport in and around the mangrove forest.

For the baseflow simulation, we run the model for about two weeks to cover both neap
and spring tides. Here, an estimated baseflow of 100 m3 s*' of Aklan River was constantly
given to the model as point source. We gave a constant suspended sediment concentration
(SSC) of 70 mg L as the river discharge. A spin-up simulation for about one-week period was
run prior to the actual simulation to make the steady-state conditions of the SSC.

For the flood event simulations, we examined the impact of the short-term river runoff
on sediment transport. We examined the river runoff of 200, 400, 600, 800, 1000, 2000, 3000,
4000, 5000, and 6000 m? s*'. The given suspended concentrations were linearly increased
corresponding to the increase in the river runoff, which are 140, 280, 420, 560, 700, 1400,
2100, 2800, 3500, and 4200 mg L™, respectively. We gave these river runoff conditions for
one day during a neap tide condition. Between the runoff period, we gave a smooth transition

from and to the baseflow for six hours.
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Figure 7.8. Inputted (a) mean tree height and (b) species composition, and modeled vegetation
frontal area density at (c) z=0.05m, (d) z=0.10 m, (e) z = 0.20 m, and (f) z = 0.40 m around

the Bakhawan Ecopark which was given by the COAWST mangrove root module.
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7.3 Results and Discussion

7.3.1 Baseflow simulation

The simulated SSC at low and high tides during a neap and a spring tide condition are
shown in Fig. 7.9. During the flood tide, the seawaters come into the river mouth connecting
to the channel adjacent to the mangrove forest (Bakawan Ecopark) while the seawater
intrusion is not observed for the other river mouth (Fig. 7.9a and c¢). Specifically, at the channel
beside the mangrove forest, the water is influenced both by the seawater intrusion during the
flood tide and the river discharge mainly during the ebb tide. The results also show that the
flow velocity and SSC in the mangrove forest are greatly lower than those in the adjacent
channel (Fig. 7.9).

The tidal stage plots showed the similar trends (Fig. 7.10). At the channel, the SSC
increases when water level is going down, but decreases after the low tide. Notably, the SSC
is significantly low, at the level of the negligible river-influence, when the increasing water level
crosses the ground level of the adjacent mangrove forest (Fig. 7.10b). This indicates that the
most of the fluvial sediments are discharged to the ocean, and almost negligible amount of
sediments go into the mangrove forest during the baseflow conditions. As shown in the Fig.
7.10c, the flow velocity in the mangrove forest is greatly attenuated from the channel, and the

SSC is very low throughout the tidal phase.
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Figure 7.9. Simulated suspended sediment concentrations in the Aklan River downstream at
(a) high tide and (b) low tide during a neap tide condition and at (c) high tide and (d) low tide
during a spring tide condition. The arrows indicate flow direction and velocity magnitude

(reference vector for 1 m s is provided in the maps). The location of Bakhawan Ecopark is
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Figure 7.10. (a) Locations of the channel and the adjacent mangrove stations (red circles) for
analysis of tidal stage plots; Tidal stage plots for the simulated flow velocity along the major
axis during a spring tide condition for (b) the channel and (c) the adjacent mangrove stations.

The color of the markers indicates the simulated suspended sediment concentrations.

Figure 7.11 compares the flow velocity and SSC at a peak flow condition (during a
flood tide) simulated with and without the effect of mangroves on flow. The result clearly
demonstrated the significance of the mangrove impact on flow and sediment transport.
Because of the drag by mangrove forest, the flow is concentrated on the channel (Fig. 7.11a),
and the flow velocity inside the mangrove forest is low (< 0.1 m s'), similar to results of
modeling studies on salt marshes (e.g., Temmerman et al., 2005; Oliver et al., 2020). As a
result, the bed shear stress inside the forest remained relatively low and did not cause
sediment resuspension, as indicated by the very low SSC inside the forest (Fig. 7.11b).
However, if the effect of mangroves is turned off in the simulation, the flow velocity inside the
forest is significantly elevated to the level of > 0.2 m s*', and instead, the flow velocity in the
channel is lowered, compared to the case with the effect of mangroves (Fig. 7.11c).
Consequently, the bed shear stress inside the forest exceeded the critical value (), and
caused sediment resuspension as indicated by the high SSC (Fig. 7.11d).

Figure 7.12 shows the averaged sedimentation rate both for the case with and without
the mangrove effects. The model suggested near-zero sedimentation rates inside the
mangrove forest in the case with mangrove effects, consistent with the result implying the very
small fluvial sediment inputs to the forest (Fig. 7.10) and the sediment resuspension (Fig.
7.11b). Without the mangroves, however, the large part of the mangrove forest showed
negative sedimentation rate indicating the loss of sediments, due to the elevated flow velocity
and bed shear stress (Fig. 7.12b). Note that some part of the mangrove forest showed the
positive sedimentation rate due to the redistribution of the resuspended sediments in the
adjacent areas. These results clearly showed that the mangroves are efficient in attenuating
the flow velocity and retain sediments inside the forest. However, the river-influence on

sedimentation in the forest seems negligible during the baseflow condition.
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Figure 7.11. Snapshot of the simulated (a) flow velocity and (b) suspended sediment
concentrations when the overall flow velocity is peaked during a spring tide condition (flood
tide) with imposing the impact of mangroves on flow, and (c-d) without imposing the impact of
mangroves. The arrows indicate the direction and magnitude of flow velocity.
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Figure 7.12. Averaged sedimentation rate for the two-weeks wet season baseflow simulation

(a) with imposing and (b) without imposing the mangrove impact on flow.

7.3.2 Flood event simulation
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Figure 7.13 shows the flow velocity, SSC, and sediment mass change from flood event
simulations using the river discharge of 600 m3 s, 1000 m3 s*, 2000 m? s-', 4000 m® s'. As
shown in Section 7.3.1, the hydraulic resistance of mangrove forest lowered flow velocity
inside the forest and increased the flow velocity in the adjacent channel. When the river
discharge is 600 m s™' or 1000 m s, although the amount of fluvially-transported sediments
is greatly increased compared to the baseflow conditions, the supply of fluvial sediments to
the mangrove forest is still quite small. This is because the water level at the adjacent channel
is lower than the ground level of the mangrove forest, and also the water flux to the forest is
very small due to the greatly attenuated flow velocity. Consequently, the model suggested
nearly zero sedimentation in the mangrove forest.

When the river discharge further increased to 2000 m® s*' or 4000 m? s, the water
level in the channel elevated to higher than the ground level of the adjacent mangrove areas,
which caused the overland flow from the channel to the mangrove forest (Fig. 7.13g-l). This
led the supply of a significant amount of fluvial sediments to the mangrove forest. The
accretion of sediments is more pronounced in the areas near the channel compared to the
interior areas (Fig. 7.13i and ). The dependence of sedimentation on the water level increase
by the increased river discharge can be seen in the comparison of the changes in the
sedimentation amount and the water depth in the mangrove forest against the river discharge
(Fig. 7.14). We also estimated the amount of organic carbon deposition in the mangrove forest
by a flood event using the simulated amount of sediment deposition. Due to the lack of data
on the particulate organic carbon concentration in the river, we used a mean value of the
particulate organic carbon fraction in suspended sediment concentration in rivers in Asian
region (1.23 weight %) reported in Kandasamy & Nagender Nath (2016). The result showed
that the organic carbon deposition in the mangrove forest by one flood event could be the
same level as the one-year carbon accumulation rate in the 20 years old planted stands in
Bakhawan Ecopark estimated by Ray et al. (2023) when the river discharge is 6000 m? s
(Fig. 7.15). This suggests the significance of the sedimentation of river-originated sediments
in the carbon sequestration in riverine mangrove forests. The model also suggested the
significant amount of sedimentation at the front of mangrove forest, of which accreted
sediment may provide mangroves with a base for establishment. This is consistent with the
recent trend of this mangrove area showing the areal expansion towards the further

downstream following flood events.
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from the flood event simulations with river discharge of (a—c) 600 m® s, (d—f) 1000 m3 s, (g—
i) 2000 m3 s, (j—1) 4000 m3 s'. The flow velocity and suspended sediment concentration are
snapshots during an ebb tide when the offshore water level crossed 0 m mean sea level. The
sediment mass change is the difference of the amount of sediments before and after the one-

day flood event. The arrows indicate flow velocity magnitude and direction.

20

-
N

sedimentmass
change

15 -0~ water depth

-2-

—_

©
™

10

o
~

the mangrove forest (kg m2)
o
(]

mean sediment mass change in
o
@D
water depth in the mangrove
forest during low tide (m

0
0 2000 4000 6000

river discharge (m3s™)
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Figure 7.15. Estimated amount of organic carbon deposition in the mangrove forest by a flood
event as a function of river discharge. The red dashed line indicates the one-year carbon
accumulation rate in the 20 years old planted stands in Bakhawan Ecopark estimated by Ray
et al. (2023).

Figure 7.16 compares the results of simulations with imposing and without imposing
the impact of mangroves on flow with the river discharge 4000 m? s*'. Without imposing the
mangrove impact, however, the flow velocity in the mangrove forest is not well decelerated
and showed flow velocity around 0.6 m s-' (Fig. 7.16d). The high bed shear stress attributed
to the high flow velocity then induced sediment resuspension in wide area of the mangrove
forest as suggested by the much higher SSC than the case with the mangrove impact, of
which resuspended sediments are flowing away to the offshore (Fig. 7.16b and e). As a resullt,
the entire mangrove forest showed large loss of sediments (Fig. 7.16f). Figure 7.17 shows the
response of the mean sediment mass change in the mangrove forest to the river discharge
both for the simulation cases with and without imposing the mangrove impact on flow. In the
case with imposing the mangrove impact, a threshold-like notable increase in the sediment
deposition is observed at the river discharge of 2000 m? s, probably due to the elevated water
level in the channel that initiated the overland flows in the mangrove forest (Fig. 7.14). In
contrast, the case without imposing the mangrove impact showed the nonlinearly increased
loss of sediments as river discharge increased. This may be because of the increased flow
velocity magnitude in the forest by the increase in the river discharge, which elevated bed
shear stress and induced sediment resuspension. Notably, the effect of switching-off the
mangrove impact is far more significant than the effect of changes in the river discharge on
sedimentation with the impact of mangroves. These results clearly demonstrated the function
of mangroves to effectively retain sediments. If mangroves are cleared by deforestation, the
mangroves’ sediment retention function is lost. It is likely that this causes erosion and loss of

a significant amount of the sediment, thereby soil organic carbon, from the mangrove forest.
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These results suggest that soil organic carbon stored in mangrove forests is retained by the

mangroves’ function to attenuate the flow energy coming into the mangrove forest.
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Figure 7.16. Flow velocity, suspended sediment concentration, and sediment mass change
from the flood event simulations with river discharge of 4000 m?3 s (a—c) with imposing and
(d—f) without imposing the impact of mangroves on flow. The flow velocity and suspended
sediment concentration are snapshots during an ebb tide when the offshore water level
crossed 0 m mean sea level. The sediment mass change is the difference of the amount of
sediments before and after the one-day flood event. The arrows indicate flow velocity

magnitude and direction. The panels “a”-“c* are same as Fig. 7.13j-l.
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7.4 Conclusions

This study investigated the sediment transport processes in a riverine mangrove forest
through a model analysis. Notably, the impact of spatially-variable mangrove morphological
structures was implemented in a forest-scale flow simulation for the first time. The model
showed that the mangroves significantly reduce the flow velocity coming into the forest and
regulate sediment resuspension through the lowered bed shear stress. Alternatively, the
model suggested negligibly small sedimentation rates in the mangrove forest when the river
discharge is in baseflow conditions. This is because the fluvial sediments are pushed by the
flooding tides further upstream than the site facing the mangrove forest when the water level
reaches the ground level of the forest. Through the flood event simulations, the model
suggested that the increased river runoff could rise the water level in the channel which causes
overland flow on the mangrove forest. This overland flow supplies a significant amount of
fluvial sediments to the mangrove forest, facilitating sedimentation. Simulations without
imposing the impact of mangroves on flow showed significantly increased flow velocity
compared to the case with imposing the mangrove impact. A significant amount of sediment

loss in the mangrove forest occurs due to resuspension caused by the increased flow velocity.
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The increase in the river discharge further increased the sediment loss amount, contrary to
the trends observed in the simulations with imposing the mangrove impact. These results
underscore the vital role of mangroves in retaining the sediments and thus soil organic carbon,

which may significantly contribute to the mangroves’ carbon sequestration function.
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Supporting Information for Chapter 7

Note S7.1. Consideration on modifying the horizontal mixing

terms in ROMS for flows in mangrove forests

In Chapter 6, the effect of Rhizophora mangroves on turbulence has been
implemented in k—~¢ model of the ROMS. This effect is considered in the ROMS as vertical
mixing of momentum in the momentum equations (e.g., second term in the right-and side of
Eq. S7.1 below) and of scalars in the advective-diffusive equations. Alternatively, the effect of
Rhizophora mangroves on horizontal mixing of momentum and scalars have not been
considered in the model yet. This effect might be relevant in the case of simulations for
spatially heterogeneous flow field, which is examined in this chapter.

The momentum equation in the x-direction in ROMS can be written as

ou L, 10RO (TR 5_u)
tu—+tu y+uaz fv= (uw v + FE, + Dy, (S7.1)

where u, v, w are the velocities in the x-, y-, and z-directions, fis the Coriolis parameter, po is
the reference density of seawater, P is the pressure, v is the molecular viscosity, F, is the
external force in the x-direction, and the D, is the horizontal mixing of momentum, where an
overbar indicates a time average, and a prime () indicates a fluctuating turbulent quantity
(Warner et al., 2005, 2008).

The horizontal mixing term can be written as

_ OTyy 6‘Exy
D, =24 22 (S7.2)
d a d
Tox = 24y 52, Ty = 24y (ﬁ +2) (S7.3)

where, Au is the eddy viscosity (Mellor, 2002). This term represents the mixing of momentum
by eddies of which scale is smaller than grid size, the effect which cannot be resolved by the
model grid. And hence, the eddy viscosity to be given depends on the grid size, which is

estimated using the Smagorinsky model as

ou\? | (ov\? | (ov | ou)?
Ay = CyAxAy J (%) + (ﬁ) +(5+ ﬁ) /2 (S7.4)
where Cy is the constant (= 0.1) Ax and Ay are the grid sizes of x- and y-directions (Klingbeil
et al., 2018).

However, in the mangrove forests, the size of the largest eddies may be regulated by
plant-related parameters such as spacing of individual trees (Tanino and Nepf, 2008), which
could be significantly smaller than grid size. For example, the tree spacing in the 20 years old

planted stands in the Bakhwan Ecopark is estimated as 1.66 m by assuming a uniform tree
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distribution while the grid size used in this study is 33.3 m. This suggests that the model may
overestimate the subgrid-scale eddy size in the mangrove forest, and hence overestimate the
horizontal mixing term (D, in Eq. S7.1).

In order to see how significantly the horizontal mixing occurs in the model, we extracted
the velocity distribution across the river-mangrove interface where it is considered that the
largest horizontal mixing occurs (Fig. S7.1a). The result shows that the velocity at a mangrove
grid adjacent to the channel is somewhat elevated compared to the grid in the interior forest
possibly because of the horizontal mixing, while in the grids further inside the mangrove forest,
the velocity is almost constant, indicating the negligible impact of horizontal mixing (Fig. S7.1b).
This suggests that the mangrove areas that are affected significantly by the horizontal mixing
in the model are limited to the grids adjacent to the channel even though the model may

significantly overestimate the horizontal mixing term in the mangrove forest.
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Figure S7.1. (a) Flow velocity from the flood event simulation with river discharge of 4000 m3
s! indicating the transect set from the river to the mangrove forest in the perpendicular
direction to the river flow, and (b) the depth-averaged flow velocity along the transect during

the peak flow velocity condition.

We also set up another model assuming a schematic mangrove forest with a channel
for investigating the impact of the horizontal mixing term (Fig. S7.2a). The grid size was set
as 10 m while the vegetation parameters were set as the same as the model set for Bakhawan
Ecopark. The results showed that the mangrove grid adjacent to the channel is slightly
elevated compared to the grid in the interior forest, while the velocities in the grids further
inside the forest are almost constant (Fig. S7.2b). The stress by the horizontal mixing term is
elevated to the level of the vegetation drag term at the grid adjacent to the channel while in

the further inside the forest, the stress by the horizontal mixing term is almost zero (Fig. S7.2c).
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These results suggest that the significant impact of horizontal mixing is limited to the grid
adjacent to the channel in this case as well.

As a conclusion, it is considered that the significant impact of the horizontal mixing is
limited only to the grids adjacent to the channel or river even though the grid size is significantly
larger than the tree spacing and therefore it is considered that the model overestimates the
horizontal mixing term in mangrove forests. However, the model may overestimate the flow
velocity at grids adjacent to the creek/river, due to the overestimated horizontal mixing with
the momentum in the creek/river. The modification of the Smagorinsky model (Eq. S7.4) for
mangrove forests may be required depending on the aim of study. The present model may be
able to reasonably predict the overall flow and sediment transport patterns in mangrove forests
because the impact of horizontal mixing term is limited to the grids adjacent to creek/river only.
However, the present model may somewhat overestimate the flow velocity at the grids
adjacent to the creek/river due to the overestimated horizontal mixing, which may cause
significant errors in long-term geomorphic dynamics simulations, hence requiring further
model modification for mangrove forests. Further research is needed for obtaining the insights
into the horizontal eddy size and horizontal momentum mixing in mangrove forests, and how

to implement the effects of regulated eddy size in mangrove forests into the model.
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Figure S7.2. (a) Model grid for a schematic mangrove forest with a channel for investigating

the impact of the horizontal mixing term indicating the transect set from the channel to the
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mangrove forest in the perpendicular direction to the channel flow, (b) depth-averaged flow
velocity along the transect during a flood tide condition, and (c) a comparison of the horizontal

mixing term and the vegetation drag term along the transect.

References for the Supporting Information

Klingbeil, K., Lemarié, F., Debreu, L., & Burchard, H. (2018). The numerics of hydrostatic
structured-grid coastal ocean models: State of the art and future perspectives. Ocean
Modelling, 125, 80-105.

Mellor, G. L. (1998). Users guide for a three-dimensional, primitive equation, numerical ocean
model. Princeton, NJ: Program in Atmospheric and Oceanic Sciences, Princeton
University.

Tanino, Yukie, and Heidi M. Nepf. "Lateral dispersion in random cylinder arrays at high
Reynolds number." Journal of Fluid Mechanics 600 (2008): 339-371.

Warner, J. C., Sherwood, C. R., Arango, H. G., & Signell, R. P. (2005). Performance of four
turbulence closure models implemented using a generic length scale method. Ocean
Modelling, 8(1-2), 81-113.

Warner, J. C., Sherwood, C. R., Signell, R. P., Harris, C. K., and Arango, H. G.: Development
of a three-dimensional, regional, coupled wave, current, and sediment-transport model.
Computers & geosciences, 34(10), 1284-1306.
https://doi.org/10.1016/j.cageo.2008.02.012, 2008.

270



Chapter 8: Assessment of the impact of
typhoon events on wave and sediment

erosion in a fringing mangrove forest

8.1.1 Abstract

Mangroves protect coasts by attenuating wave and flow energy, contributing to the
retention of sediments and soil organic carbon in mangrove forests. However, the insights into
at what extent and degree mangrove forests would attenuate flow and wave energy and
protect sediments from erosion and loss. This study aims to assess the impact of extreme
conditions — high waves and storm surges induced by typhoons — on the potential sediment
erosion and loss in a fringing-type mangrove forest through a model analysis. We incorporated
the mangroves’ wave damping effects into a wave model and conduct flow-wave simulations
in a schematized pseudo 1-D fringing mangrove forest. We varied typhoon intensity in the
simulation up to a level of future-intensified super typhoons projected for 2100. We showed
that the mangroves significantly attenuate the wave height within the mangrove forests.
However, the forest-averaged sediment erosion rate nonlinearly increase as the typhoon
intensity increases, due to the amplified and less attenuated wave heights propagating from
reef flat to the mangrove forest. Alternatively, the clearance of the mangrove forest induces
much higher sediment erosion rate than the increase in typhoon intensity. This suggests that
the loss of mangroves by typhoon impacts or deforestation may drastically increase the
sediment loss even during regular typhoon conditions, while the mangroves effectively reduce
the amount of sediment and soil organic carbon loss. These results stress the need for

management and restoration efforts of mangrove forests under the impact of climate change.

8.1.2 Introduction

Mangroves are known to protect coasts from waves and surges by attenuating wave
and flow energy (Temmerman et al., 2023). This mangroves’ coastal protection function also
retains the sediments in the mangrove forest effectively and contributes significantly to the

mangroves’ carbon sequestration function by reducing the sediment erosion potential against
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incoming high flow and wave energy. However, it is unknown at what extent and degree
mangrove forests would attenuate flow and wave energy and protect their sediments and the
sequestered soil organic carbon from erosion and loss. This study concerns the impact of
extreme conditions — typhoon-induced storm surges and high waves — on sediment loss from
a mangrove forest. Specifically, we focus on the impact on fringing-type mangrove forests
which are subject to the impact of waves coming from offshore.

In November of 2013, a super Typhoon Haiyan hit central Philippines. While the
mangrove forests in the wide area of the central Philippines have been damaged by Typhoon
Haiyan, specifically mangroves in Eastern Samar and Western Samar showed the greatest
damage in terms of extent and severity (Long et al., 2016; Villamayor et al., 2016). The fringing
mangrove forests in Hernani in Eastern Samar are such sites where mangroves were severely
damaged (Long et al., 2016; Fig. 8.1). The typhoon cleared some part of the mangrove forests
(Fig. 8.1c). Although the mangroves show some recovery, the damages still remain even in
2021 (Fig. 8.1d). As well as the damages to mangroves themselves, trace of sediment erosion
probably due to high waves and storm surge brought by Typhoon Haiyan has been observed.
This implies that a large amount of organic carbon stored in mangrove sediments could be
lost by typhoons. Furthermore, in the phase of climate change, it is expected that the typhoon
intensity will be enhanced in the future (Mei et al., 2015). Therefore, it is important to assess
how the potential amount of sediment loss would increase with the increasing intensity of
typhoons.

This study aims to assess the impacts of waves and storm surges induced by typhoons
on the sediment erosion in fringing mangrove forests through a model analysis. We
incorporate the mangroves’ wave damping effect into the wave model of COAWST, and enable
to account for the mangrove impacts on both flow and waves for the first time. We set up a
schematized mangrove forest model for the analysis and assessed the sediment erosion in
the mangrove forest during typhoon conditions through a flow-wave simulation. Specifically,
we varied the typhoon intensity in the model up to a level of future-intensified super typhoons
projected for 2100 (Mei et al., 2015).
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Figure 8.1. (a) Location of Hernani, Eastern Samar, in the Philippines, satellite images of a
fringing mangrove forest in (b) 2008 (before the impact of Typhoon Haiyan in 2013), (c) 2014
(after the impact of Typhoon Haiyan), and (d) 2021 (Google Earth).

8.2 Materials and Methods

8.2.1 Inclusion of mangroves’ wave damping effect in the
COAWST

We have implemented the effects of mangroves on wave damping in the ROMS-
SWAN coupled model under the model framework COAWST. The effect of cylinder-type
vegetation on wave damping has been implemented by Suzuki et al. (2011) based on the

model of Dalrymple et al. (1984), which has been formulated as

2 k\3 sinh3 kh,+3 sinh kh,,
Stsweg = f- G?CobyN, (£) Sni khutasinhichy 7, 0 (8.1)

where Sgseq is Wave energy dissipation by vegetation (m? s), g is the gravity acceleration (m

s?), Cp is the vegetation drag coefficient, b, is the plant (stem) diameter (m), N, is the plant
density (m2), h, is the vegetation height (m), k is the wave number (m'), o is the wave
frequency (s), E:wt is the total wave energy (m?), and E is the variance density 2D spectrum
(m? s). Note that the actual equation implemented by Suzuki et al. (2011) can account for the
vertically variable vegetation parameters (e.g., b,, N\) by adapting the Eq. (8.1) for multiple
layers; however, we do not consider this multiple layer-approach for our analysis as described
below.

A laboratory study of Maza et al. (2019) investigated wave attenuation in a Rhizophora
mangrove forest. They derived the wave damping coefficient of the Rhizophora mangrove

forest for random waves which can be described as
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Hyms(X) _ 1 (82)

Hpms,i 1+Bx

where x is the horizontal position along the forest (m), Hms is the root mean square wave
height for random waves (m), Hms,i is the root mean square of incident wave heights (m), and
B is the wave damping coefficient. From Eqgs. (8.1) and (8.2), the drag coefficient for the
cylinder-type vegetations can be described using the wave damping coefficient as (Maza et
al., 2019)

Co = 3Wm (sinh 2kh+2kh) sinh kh
D ™ NybyHpmsik sinh3 khy,+3 sinh kh,,

B (8.3)
Maza et al. (2019) modified Eq. (8.3) to estimate the drag coefficient for Rhizophora

mangroves to account for the vertically variable vegetation structures of Rhizophora

mangroves as

3Vm (sinh 2kh+2kh) sinh kh
Cp = d - Ly (8.4)

" AvegHrmsik sinh3 kh+3sinhkh

where Awg is the vertically averaged submerged vegetation frontal area density of the
mangroves (m™). Using Eq. (8.4), Maza et al. (2019) found a nearly constant Cp value of 1.0
for the Rhizophora mangrove forest for variable wave conditions. This indicates that by using
the vertically averaged vegetation parameter represented by A.eg, the wave damping effect of
Rhizophora mangroves can be reasonably estimated. Based on these, we modified Eq. (8.1)

for Rhizophora mangroves as

2 k\3 sinh3 kh+3 sinh kh
Saspeg = \[;QZCDAWQ () T heain VEoE@.0) (8.5)
We implemented this equation in the SWAN (Simulating Waves Nearshore; Booij et al., 1999)
under the framework COAWST (Fig. 8.2). The parameter A, is provided by the mangrove
root module implemented in Yoshikai et al. (2023). This framework enables the ROMS-SWAN

coupled model in mangrove forests.
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Figure 8.2. Model system incorporating the impact of mangroves on flow and waves.

8.2.2 Testing the implemented mangroves’ wave damping

effect

We tested the implemented mangroves’ wave damping effect using a simple model
grid having a uniform Rhizophora mangrove forest area as shown in Fig. 8.3. The model grid
is adapted from the one used in Beudin et al. (2017) which was used for testing the
implemented cylinder-type vegetation effects. The model domain 10 km x 10 km with 100 m
horizontal grid resolution and has uniform water depth of 1.0 m. We assumed a 1 km x 1 km
spatially uniform Rhizophora mangrove forest located at the center of the model grid (Fig. 8.3).
For tree parameters (stem diameter, tree density) and the root scaling parameters, the values
derived in a planted Rhizophora mangrove forest in Aklan, Philippines (Bakhawan Ecopark)
by Yoshikai et al., (2022) were used. We used a constant value of 1.0 for the drag coefficient
based on the results of Maza et al. (2019)

Figure 8.4 shows the tree density imposed in the model and the H,»s along a transect
established perpendicular to the open boundary crossing the center of the model grid, and the
wave decay in the Rhizophora mangrove forest represented by Hims/Hmsi. The model showed
the significant wave decay from the edge of the forest compared to the non-vegetated area
(Fig. 8.4a and b). We also estimated the wave decay analytically using the Eqgs. (8.4)—(8.5),
and found a nearly exact agreement with the results from the model (Fig. 8.4c). This confirms

that the effect of mangroves’ wave damping has been properly implemented in the COAWST.
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Figure 8.3. Model grid used for testing the Rhizophora mangroves’ wave damping effect in the
COAWST. The information on the imposed boundary conditions for waves, and the model grid

and vegetation parameters are also provided.
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Figure 8.4. (a) Tree density imposed in the model, (b) simulated root mean square wave height
(H:ms) along the transect perpendicular to the open boundary crossing the center of the model
grid, and (c) simulated H,»s normalized by the incident value at the forest edge (Hmsi). The

estimated wave attenuation from an analytical model is also shown in the panel “c”.
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Model grid used for testing the Rhizophora mangroves’ wave damping effect in the COAWST.
The information on the imposed boundary conditions for waves, and the model grid and

vegetation parameters are also provided.

8.2.3 Assessment of the impact of typhoon events on sediment

loss

We assessed the impact of typhoon events on sediment loss in fringing-type mangrove
forests using the model described in Section 8.2.2. Based on the mangrove forest in Hernani,
Eeastern Samar as a typical fringing-type mangrove forest formed on reef flat (Fig. 8.5a), we
generated a model grid representing a schematized fringing mangrove forest (Fig. 8.5b). The
grid dimension is 102 in the cross-shore direction and 50 in the along-shore direction with the
grid resolution of 50 m. However, because we set uniform condition in the along-shore
direction for the topography and vegetation parameters, the model can be basically regarded
as one-dimensional model. The model domain includes a mangrove forest, reef flat, reef slope,
and some part of offshore (Fig. 8.5b) We set the topography of -0.5 m relative to the mean
sea level (MSL) for the reef flat and from -0.5 m to 1.0 m relative to MSL for the mangrove
forest. We assumed a uniform Rhizophora mangrove forest having a ground level slope of
0.001 based on the data on a fringing mangrove forest from Montgomery et al. (2019). We set

the same vegetation parameters used in Section 8.2.2 (Fig. 8.3) for this analysis.
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Figure 8.5. (a) Satellite image of a mangrove frorest in Hernani, Eastern Samar in 2008
(Google Earth) as a typical fringing type mangrove forest, and (b) a cross-shore profile of a

schematized fringing-type mangrove forest for a model analysis.

Because the scale of the model domain is much smaller than the scale where high
waves and storm surge are generated by typhoons, we gave the high wave and storm surge
conditions to the model as boundary conditions. As such, we gave wave height and the water
level to the offshore boundary, and a cyclic boundary condition to the across-shore boundaries.
Because of the 1-D nature of the model grid, we cannot simulate the strong flows by storm
surges. Therefore, the storm surge is represented only by the elevated water level imposed at
the boundary, and zero flow velocity was given to the boundary. Here, we did not consider
tidal variations in water levels and flows, and assumed a condition when the 0 m tide level
relative to MSL (with absence of the storm surge). In addition, we gave zero wind speed in the
model because wind is not significant on waves and storm surges in the scale of the model
grid considered in this study. In this study, the wave height and wave period for the boundary

at a given wind speed (Uy, m s™') was given as (Bethel et al., 2021)

2
H U
wave — < w ) (8 6)
Hwave,0 Uw,0
T, H U
wave _ Jwave o w,0 (87)
Twave,o UW Hwave,o

where Huave (M) and Tuave (S) is the wave height and wave period at a given wind speed U,
(m), and Hwaveo (M) and Twaveo (S) is the wave height a at a reference wind speed Uw,0. We
estimated the maximum wind speed at a given typhoon central air pressure (P, hPa) using
the empirical typhoon wind field model of Holland (1980) and use this value as U.. We
estimated the maximum wind speed of a typhoon of which P; is 900 hPa — a level observed
for Typhoon Haiyan — and use it as the reference wind speed (Uw,0) in Egs. (8.6)—(8.7). We
gave the reference wave height (Hwavweo) 12 m and reference wave period (Twaveo) 15 s,
respectively, based on a numerical wave simulation for Eastern Samar region during the
period of Typhoon Haiyan by Bautista et al. (unpublished). Storm surge occurs mainly due to
the two processes — the atmospheric pressure effect and the wind effect. In general, water
level rises for about 1 m with 100 hPa difference with the ambient atmospheric pressure. The
contribution of the wind effect to the rise of water level (An, m) was estimated assuming a

momentum balance of wind stress and pressure gradient as

_ lpaCD,aierz
An = |, R dx (8.8)

where An is the rise of water level (m), ps is the air density (kg m=), Cp .iris the drag coefficient
for wind stress, pw is the water density (kg m3), h(x) is the local water depth at a position x

(m), and / is the cross-shore length subject to the impact of wind (m). Equation (8.8) requires
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information on the offshore topography represented by the h(x) and /, which is not included in
the model. In this study, we gave 75 km to /, and set h assuming a constant slope of 0.0017
from water depth of 30 m at the model’s offshore boundary (h(x=0)), assuming a typical
continental shelf.

The sediment resuspension flux is calculated by the COAWST as

E = max (E, (=) - 10) (8.9)

Ter

where Ey is a surface erosion rate which was set as 104 kg m? s, 1is the bottom shear stress
(N m?) and the 1. is the critical shear stress for erosion (Warner et al., 2008). We gave 0.2 N
m-2 to 1., following a previous modeling study on fringing mangrove forest (Xie et al., 2020).
In this study, because of the one-dimensional nature of the model simulation, flows associated
with storm surge do not occur, and hence the eroded sediments is not flushed out from the
mangrove forest. This means that the model cannot directly evaluate the sediment loss from
the mangrove forest. Therefore, we calculated the forest-mean sediment erosion rate and
used as a indicator of sediment loss amount during the typhoon event.

We conducted the wave simulation during the typhoon conditions by varying the central
pressure of the typhoon from 860 hPa to 1000 hPa with 20 hPa intervals. Currently, the
minimum typhoon pressure is around 900 hPa; therefore, the conditions with 860 hPa and 880
hPa assumes intensified super typhoons by the climate change in the future. Note that we
gave constant wave and surge conditions and did not consider the temporal change in these
parameters during the typhoon conditions. The model result was retrieved when the model

simulation reached a steady state.

8.3 Results and Discussion

Figure 8.6 shows the simulated mean water level, wave height, bed shear stress, and
the sediment resuspension flux under the different typhoon intensity. The water level rises as
the typhoon intensity increases, up to about 4 m when the typhoon central pressure is 860
hPa (Fig. 8.6a). The waves break at the reef slope-flat transition, but the increased water level
weakens the wave breaking effects of the reef flat. As a result, higher waves (up to about 2.2
m when the central pressure is 860 hPa) propagate through the reef flat towards the mangrove
forest (Fig. 8.6b). The model showed a notable wave attenuation within the mangrove forest
(Fig. 8.6b). However, as expected, the wave heights in the mangrove forest are higher
throughout the forest as the incoming wave height increases. The higher waves induce higher
bed shear stress through wave excursion over the bed. The model showed from 1.5 N m2 to
5 N m2 bed shear stress at the forest edge as the typhoon intensity increases from 980 hPa
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to 860 hPa (Fig. 8.6¢), which is significantly higher than the critical shear stress for erosion for
the mangrove sediments (0.2 N m2). Note that these values are only by waves, and the
potential contribution of storm surge currents are not considered in this study as described in
Section 8.2.3. Hence, the bed shear stress may become higher than those simulated values
in actual conditions. The model showed that the increased bed shear stress induced by the
higher waves increases the sediment erosion (resuspension flux; Fig. 8.6d). On the other hand,
the attenuation of bed shear stress within the forest affected the area where the substantial
erosion occurs, suggesting the effectiveness of mangroves in reducing the impact of typhoons

on sediment loss (Fig. 8.6d).
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Figure 8.6. Simulated (a) mean water level, (b) wave height, (c) bed shear stress, and (d)
sediment resuspension flux along the cross-shore profile under the different typhoon intensity
from 860 hPa to 980 hPa with 20 hPa intervals. The region where the mangrove forest is
imposed is indicated in the panel “a”. Note that the sediment resuspension flux is shown only

for the mangrove forest in the panel “d”.
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Figure 8.7 compares the results from simulations with and without imposing the
mangroves’ wave damping effect under the typhoon intensity of 960 hPa. It highlights the role
of mangroves in attenuating the waves and lower bed shear stress significantly within the
forest (Fig. 8.7b—c), resulting in the limited sediment erosion rate compared to the case without
mangrove effects (Fig. 8.7d).
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Figure 8.7. Simulated (a) mean water level, (b) wave height, (c) bed shear stress, and (d)
sediment resuspension flux along the cross-shore profile under the typhoon intensity of 960

hPa with and without imposing the effect of mangroves.

When compared the forest-averaged sediment resuspension flux with typhoon
intensity represented by the maximum wind speed, a nonlinear relationship emerged (Fig. 8.8).
This nonlinear increase is because of the higher sediment erosion rate at a given forest
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position and the larger area where the sediment erosion occurs within the forest (Fig. 8.6d),
which are both amplified by the higher incoming waves and elevated mean water level (Fig.
8.6a, b). This indicates that the sediment loss potential from the mangrove forest, thus
mangrove soil organic carbon loss potential would further increase nonlinearly with the future
increase in typhoon intensity, suggesting the need to account for such increased episodic loss

of blue carbon for management action in the future.
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Figure 8.8. Response of the simulated forest-averaged sediment resuspension flux against
the typhoon’s maximum wind speed. The level of Typhoon Haiyan’s maximum wind speed is

also indicated.

However, when compared with the results from the simulation without imposing the
mangroves’ wave damping effects, we found far greater resuspension flux than the simulation
with the mangrove effects (Fig. 8.9). Notably, the model suggested that the effect of clearance
of the mangrove forest (disappearance of the mangroves’ wave damping effect) on the
sediment loss from the mangrove forest (represented by the forest-averaged sediment
resuspension flux) is more significant than the effect of increase in wind speed. For example,
the resuspension flux in a mangrove forest under the wind speed 80 m s*! is generated with
the wind speed less than 40 m s if there are no mangroves. This suggests that the loss of
mangroves may drastically increase the sediment loss even during regular typhoon conditions.
Hence, it will be critical for mangrove soil organic carbon loss if another typhoon hit the
damaged and unrecovered (e.g., Fig. 8.1d), or deforested mangrove forests, urging the

management and restoration efforts of mangroves under the changing climate. Alternatively,
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the results suggested that the wave damping by mangroves effectively reduce the amount of

sediment and soil organic carbon loss from high waves during typhoon condition.
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Figure 8.9. Comparison of the responses of simulated forest-averaged sediment resuspension
flux with and without imposing the mangrove impact against the typhoon’s maximum wind

speed.

This study assessed the impact of typhoons on sediment loss from a mangrove forest
using a new model incorporating the impact of mangroves on flow and waves. However, there
are some aspects that need to address further for more reliable estimates. For example,
Roeber and Bricker (2015) showed that the wave heights could be amplified in the fringing
reef due to the presence of infragravity waves, and such phenomenon was observed in
Hernani (Roeber and Bricker, 2015). This process requires a phase-resolving model to
account for, while the SWAN used in this study is a phase-averaged model. Recently,
Olabarrieta et al. (2023) introduced an infragravity wave driver to the COAWST, and
implementing the mangrove impact in it is one of the future topic to address. The sediment
resuspension largely depends on the critical bed shear stress (7¢- in Eq. (8.9)); however, the
insights into this parameter for mangrove forests are very limited. Furthermore, when the
mangroves are cleared or damaged, it is expected that the fine root’s soil-holding capacity is
eventually lost which may also affect the critical shear stress. These knowledge gaps need to

be addressed in future studies. This study used a pseudo 1-D schematized model domain
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which does not generated storm surge currents in the simulation. While it is expected that the
strong storm surge currents would induce the soil erosion further, some studies suggested
that the strong currents of storm surges transport sediments to salt marshes promoting
sedimentation (e.g., Pannozzo et al., 2022, 2023), which may depend on local topographic
conditions. Application of the model to an actual mangrove forest condition to investigate the
wave and storm surge impacts on the mangrove sediment loss potential is also one of the
topics to address in the future studies. Lastly, not only the typhoon intensity but also the
typhoon frequency should be accounted for the assessment of the impact of future increase

in the typhoon intensity on sediment loss from mangrove forests.

8.4 Conclusions

This study incorporated the mangrove wave damping effect in the wave model of the
COAWST to enable it to account for the mangrove impacts on both flow and waves for the
first time. Using the model, we assessed the impact of typhoons on sediment loss in a fringing-
type mangrove forest associated with the waves and storm surges. The mode suggested the
significant role of mangroves in attenuating the wave height within the forest. As the typhoon
intensity increases, both the offshore water level and wave height increase. This increases
the wave heights propagating to the mangrove forest, leading to the increase in both the
sediment erosion rate and the area where the substantial erosion occurs. As a result, the
forest-averaged sediment erosion rate showed a nonlinear increase against the increase in
typhoon maximum wind speed. This alarms a significant future increase in the sediment loss
potential from mangrove forests due to the future increase in typhoon intensity. However, the
clearance of the mangrove forest induces much higher sediment erosion rate than the
increase in typhoon intensity. These results highlight the role of mangroves in reducing the
amount of sediment and soil organic carbon loss during typhoon conditions and the

importance of management and restoration efforts of mangroves under the changing climate.
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Chapter 9: Conclusions

Biomass dynamics and hydrodynamics-sediment transport are key processes
governing blue carbon dynamics, yet our understanding of these processes in the blue carbon
ecosystems are limited. This thesis presented modeling works towards a better understanding
of the ecological and physical processes shaping the blue carbon dynamics.

Chapters 2—-3 addressed a better understanding of biomass dynamics of seagrass
meadows and mangrove forests. In Chapter 2, a new seagrass growth model driven by a
coupled hydrodynamic-biogeochemical model was introduced. This model was applied to a
seagrass meadow in the Philippines, which has been impacted by the unregulated mariculture
activities in adjacent areas. The model successfully reproduced the distribution of above-
ground seagrass biomass for two co-existing species. It highlighted the impact of high nutrient
loads on underwater light and seagrass growth rates and a potential of recovery of seagrass
meadows through mariculture regulation. In Chapter 3, a new mangrove growth model was
developed and applied to a mangrove forest in Japan. This model incorporates a plant
hydraulic module to consider the soil salinity control on plant water uptake and its linkage to
photosynthesis and nutrient uptake. The model showed a remarkable performance in
predicting the patterns in forest structures composed of two co-existing species across the soll
salinity gradient. It unveiled the roles of salinity and tree competition in shaping the forest
structures, and identified crucial plant traits.

Chapters 4-6 addressed a better understanding of hydrodynamics-sediment transport
in mangrove forests, with a specific focus on the flow-vegetation interaction of Rhizophora
mangroves, characterized by their complicated above-ground root structures (prop root
systems). In Chapter 4, the morphological structures of the prop root systems were extensively
investigated by collecting data from 156 trees in Indonesia, the Philippines, and Japan. This
research established an allometric relationship between root structures and stem diameter
and develops an empirical model for predicting Rhizophora root structures, demonstrating an
excellent fit with the collected data. In Chapter 5, a detailed measurement of hydrodynamics
in a planted Rhizophora mangrove forest was presented. This included quantifying the drag
force exerted by the mangroves and estimating the drag coefficient of Rhizophora mangroves
in the field for the first time. This research demonstrated a reasonable prediction of drag using
the obtained drag coefficient and the empirical Rhizophora root model. In Chapter 6, the
impact of Rhizophora mangroves on flow was formulated and implemented into a
hydrodynamic model. It incorporates the empirical Rhizophora root model, which enables the

forest-scale simulation of hydrodynamics without rigorous measurements of root structures.
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The model's reasonable performance in predicting mean flow and turbulence in Rhizophora
mangrove forests was verified using data from previous studies.

Chapters 7-8 featured two case studies applying the developed hydrodynamic model
to investigate sediment transport processes in mangrove forests. In Chapter 7, the model was
applied to a riverine mangrove forest in the Philippines. The results revealed that the increased
hydraulic resistance of the mangrove forest significantly attenuates flow within the forest,
leading to retention of sediments. When the effect of mangroves on flow was deactivated in
the model, a substantial loss of sediments occurred due to soil erosion. In Chapter 8, the
model was extended to consider the effect of mangroves on wave damping. It assessed the
impact of typhoon events on sediment loss in a mangrove forest. The model demonstrated
that mangroves effectively dissipate wave energy, regulating sediment loss. It also suggested
that as typhoon intensity rises, sediment loss increases nonlinearly. However, the loss of
mangroves has a far more significant impact on sediment erosion than an increase in typhoon
intensity. These results underscore the vital role of mangrove forests in retaining sediments
and thus soil organic carbon. Altogether, this thesis advances our understanding of ecological
and physical processes in blue carbon ecosystems, providing a solid foundation for modeling
the blue carbon dynamics under the impacts of climate change.

Future research should address the coupling of those ecological and physical models.
Although there still are many challenges and knowledge gaps to achieve it, this coupled model
enables the evaluation of coastal vegetation ecosystems’ fate under the impact of climate
change, which would provide valuable information for managing the ecosystems. Furthermore,
modeling of biogeochemical aspects in the blue carbon dynamics needs to be addressed and

integrated with those models to finally achieve the evaluation of blue carbon dynamics.
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