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Title: Towards a better characterization of morphological plasticity and biomass partitioning
of trees in structural dynamics of mangrove forests
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Abstract:

Changing environmental conditions often impose stressful growing conditions in plant
communities. Until now, morphological plasticity, i.e. polymorphic growth physiognomies of
plants, has not been sufficiently studied as a pivotal strategy for the whole ecosystem
adaptation to environmental stress. We consider mangrove ecosystems as suitable models to
provide insights on this subject.

In the thesis, | investigate the ecological significance of tree morphological plasticity in the
structural development and the dynamics of mangrove forests. | conducted field experiments
in two regions located on both sides of the Amazon River mouths i.e. in French Guiana and
North Brazil. Forest inventories were carried out in contrasting mangrove stands in both
regions. The thesis combines empirical analysis of field data, terrestrial laser scanning (TLS),
and mechanistic, individual-based computer simulations.

We published results that proved the TLS-based analysis of individual tree structure useful for
a better knowledge on biomass allocation between trunk and branches in tall and large
Avicennia germinans mangrove trees reaching 45 m high and 125 cm of trunk diameter.
Combining structural descriptions of A. germinans trees found in both sites, | highlighted the
site-specific differences in tree allometries. The study suggests that regional differences in
mangrove tree structure and function could be captured through better description of crown
metrics, and that selected indicators of local morphological plasticity and consequent stand
structure could generate a plus-value in the understanding of mangrove stand dynamics
across contrasting coastal environments. Beyond extension of allometric models to large
Avicennia trees, we proposed new biomass equations with improved predictive power when
crown metrics is taken into account. Additionally, we developed a novel software tool, named
Lollymangrove, based on the AMAPStudio suite of software, with the objective of maximizing
the potential of further field descriptions and modeling works. Lollymangrove allows
standardized forest data capture, 3D visualization of structural data, aboveground biomass
computations from a configurable and export formats for forest dynamics and remote
sensing models.

Simulation experiments were conducted by means of the spatially explicit, individual-based
stand model BETTINA _IBM. This model describes the important mechanism of water uptake
limited by salt stress, and revealed insights into the relation between environmental
conditions, allometric variations and biomass partitioning of mangrove trees, and stand
characteristics. The simulation results suggest close matches with observed ecological
patterns (e.g., tree allometries, mortality distributions, and self-thinning trajectories) under
higher salinity. In low salinity conditions, however, the current parameterization
underestimates the maximum tree height and diameter, and consequently, aboveground
biomass and self-thinning trajectories of forest stands. This suggests that the morphology of
trees under low levels of salinity are explained by further regulation mechanism(s) that still
need to be addressed in a subsequent model improvement.

Overall, this work has essentially pointed out the need to elucidate how morphological
plasticity relates with structural development of forest stands. It establishes that TLS
measurements and structural data analysis associated to efforts for integrative software and
mechanistic modelling works could link mangrove dynamics to fast-changing coastal
processes.
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Titre : Vers une meilleure caractérisation de la plasticité morphologique et du partitionnement
de la biomasse des palétuviers pour I’étude de la dynamique des foréts de mangroves

Mots clés : Morphologie des plantes, allocation de biomasse, allometries, structure forestiére,
modélisation écologique, écosystémes de mangrove, dynamique cotiére

Résumé:

Les changements environnementaux sont souvent sources de stress pour la croissance des
plantes. Jusqu’a présent, la plasticité morphologique des arbres, c’est a dire leur capacité a
produire des physionomies différentes, n’a été que peu envisagée comme stratégie
d’adaptation du peuplement forestier a un environnement stressant. Etant donné Ia
variabilité des physionomies de palétuviers observée y compris au sein d’'une méme espéce,
I’étude des mangroves nous apparait pertinente a la fois pour aborder la question de
I’adaptation des formes de plantes a des environnements changeants mais également pour
apprendre sur le fonctionnement de cet écosysteme soumis en permanence a des
changements environnementaux.

J’ai donc cherché a caractériser I'importance de la plasticité morphologique des palétuviers
dans la structuration et la dynamique des foréts de mangroves. Pour cela, j’ai réalisé des
expérimentations de terrain dans deux grandes régions de mangroves situées de part et
d’autre de I’embouchure de ’Amazone, a savoir, la Guyane Francaise et la péninsule de
Braganca, dans I’état du Para au Brésil. Le travail de thése a combiné a la fois des analyses
empiriques de données forestiéres, I"acquisition et le traitement de données issues d’un
scanner laser terrestre (TLS) utilisées pour décrire la physionomie d’arbres adultes et de la
modélisation écologique.

Nous avons publié des résultats qui attestent du potentiel de données TLS pour obtenir une
meilleure connaissance de la distribution de biomasse entre le tronc et les branches dans le
cas de grands et larges palétuviers de I’espéce Avicennia germinans, pouvant atteindre 45 m
de haut et 125 cm de diamétre de tronc. En combinant les descriptions de structure arborée
acquises sur nos deux sites d’étude, nous avons mis en évidence des différences nettes dans
les allométries décrivant la croissance de cette espéce. J’ai proposé de nouvelles équations
allométriques qui integrent des parameétres descriptifs de houppiers. En paralléle, nous avons
développé un nouvel outil, nommé Lollymangrove, intégré a la suite de logiciels AMAPStudio
dans "objectif de maximiser le potentiel des futures descriptions et travaux de modélisation.
Lollymangrove permet de saisir des données d’inventaires forestiers, de visualiser les faciés
forestiers sous la forme de peuplements 3D en ‘sucettes’, de faire des calculs de biomasse
épigée a partir d’une interface configurable proposant la plupart des modeles allométriques
de la littérature et d’exporter dans des formats utilisables par les modéles de dynamique
forestiére et de télédétection.

En paralléle, des simulations ont été réalisées avec le modele BETTINA IBM. Ce modele
individu centré et spatialement explicite décrit les mécanismes d’absorption de '’eau sous
contraintes de salinité. 1l permet d’appréhender les relations entre les conditions
environnementales, les variations allométriques, le partitionnement de biomasse dans les
palétuviers et la structuration des peuplements forestiers. En conditions de forte salinité, les
résultats sont en bonne adéquation avec des processus écologiques simples (allométries,
trajectoires d’auto-éclaircie, densité de mortalité, etc.). Dans des conditions de faible salinité,
le paramétrage actuel sous-estime la hauteur et le diamétre maximaux observés. Les
mécanismes de régulation a faible niveau de salinité doivent donc étre mieux décrits dans le
modele utilisé.

Pour résumer, ce travail de these insiste sur le besoin d’élucider comment la plasticité
morphologique des palétuviers influence le développement structural et le fonctionnement
des foréts de mangroves. Il a établi que la combinaison de mesures TLS et d’analyses de
données de structure forestiére associée a des efforts de modélisation écologique pouvait
fournir des éléments indispensables pour lier dynamique des mangroves et dynamique des
processus cotiers.
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1 GENERAL INTRODUCTION

This chapter presents the main motivation for the current work and the research
objectives addressed in the course of my doctoral studies. Specifically, | present a
concise note on the impetus to analyze the ecological significance of trees and forests’
adaptations to environmental change, with a focus on mangrove ecosystems. | briefly
introduce the complementary nature of empirical studies, mechanistic modelling and
the prospects of remote sensing techniques in addressing the target study, and in the
end, | present the research objectives, scope and organization of the chapters covered
in the thesis.

1.1 Main motivation and challenges
1.1.1  Forests and plants adaptations to environmental change

Our environment is constantly changing, and the understanding and prediction of
the ecological feedbacks on plants and forest communities have arguably assumed
an active area of investigations among the contemporary ecologists. For about 370
million years, plants and forest ecosystems (e.g. Stein et al. (2007)) have interacted
with climate and environmental conditions (e.g. Retallack (1997)). They are now
composed in complex ecosystems, with varying echelons of responses, adaptations,
resilience or other capabilities to cope with local and global environmental changes
(Thompson et al.,, 2009). Accordingly, plants have evolved allometric patterns
characteristics of diverse selection pressures and constraints, and these patterns
scale from the individual levels to explain many emergent behaviours being observed
at the population or community levels (Weiner, 2004). In a bid to optimize resource
acquisition, utilization and growth under changing environment, plants do develop
structural features that are characteristic of the growing environment. Through
plasticity in growth forms and biomass allocation, for example, plants adapt to
ambient conditions, or changes that occur in the course of their development. Thus,
the signatures placed by the past and/ or currently prevailing environmental
conditions are conspicuously readable in the characteristic plant morphological
traits. Exploring this morphological plasticity’ and the ecological significance across
contrasting environments thus becomes fundamental to the understanding of the
causes and consequences of environmental change in plant communities.

There are well-established allometric frameworks linking many aspects of forest
structural and functional properties to the scaling of trees’ morphological and
physiological traits (Bohlman and Pacala, 2012; Muller-Landau et al., 2006; West et

' Morphological plasticity defines the phenomenon of a given plant genotype exhibiting divergent
growth forms and allometric scaling under different selection pressures in variable environments
(Sensu. Callaway et al. 2003; Weiner, 2004)
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al.,, 2009). Such relationships are rooted in the power-based dimensional ratio of
structure and function relationships (Huxley and Teissier, 1936). For these
conceptual models, the morphological scaling in trees is simply presumed to
converge in invariant allometric exponents (Enquist and Niklas, 2001; West et al.,
1999). Consequently, many predictive models of tree form and functions across sites
or regions are captured in simple allometric equations. Evidences however, suggest
that the allometric relationships of the tree structure and function are not always
linearly simple (Weiner, 2004), and can vary significantly both within and across sites
(Feldpausch et al., 2011; O'Brien et al., 1995; Pretzsch et al., 2014); they are largely
influenced by environmental constraints (Koch et al., 2004; Ryan and Yoder, 1997).
For instance, the morphology of shoot in relation to the respective root systems in
individual trees is fashioned in the sense that they meet individuals’ peculiar
functional need to obtain light, water or nutrients prevailing environmental cues
(Franklin et al., 2012; Poorter et al., 2012). Traversing to the ecosystem level, the
ecological significance of tree morphological plasticity for local tree interactions
(Callaway et al., 2003) has to be clarified in the scope of their contributions to the
structural dynamics and functioning of forest ecosystems in changing environments
(Banin et al., 2012; Berg and Ellers, 2010). Such knowledge is quite fundamental to
the prediction of forests and tree responses to environmental change (Nicotra et al.,
2010; Richter et al., 2012), imperative for understanding ecological feedbacks to ever-
changing climate. In the context of this thesis, the mangrove ecosystems were
considered as the subject of investigations for reasons demonstrated in the
following sections.

1.1.2  Mangrove ecosystems and the relevance for investigations of tree
morphological plasticity and forest dynamics in changing environments

Occupying the interface of land and oceans in the tropical and subtropical coastlines,
the global distribution (Figure 1-1) of mangrove forests are restricted to regions
under the combined influence from the continental and the oceanic climates
(Wolanski et al., 2009), where the isotherm of seawater temperature approximate
at 24°C and the air temperature of ca. 16°C isotherm (Chapman, 1977). When
mangrove forests are viewed in the mirror of the tropical (terrestrial) rainforests,
they are often classified as relatively simple in terms of species composition as well
as the vertical stratification. They are mostly of few species in one dominant vertical
layer with little or no understory scrubs and forbs (Alongi, 2009). The variety of
mangrove forest structure rather becomes distinguishable by how the interactions
of physical processes constrain the vigour and diversity of forest development
(Wolanski et al., 2009).
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Figure 1-1: Global distribution of mangrove forests showing the coastal extent and species
richness. (Map adapted from http://roomthily.tumblir.com)

For the heterogeneous nature and varying impacts of biophysical forcing functions
like tidal currents, nutrients, multiple stressors including salt accumulation, drought
and occasional disturbances such as typhoon and hurricanes across the world
mangrove belt, the architecture of mangrove forests substantially differ in local and
regional scales (Cintron and Schaeffer-Novelli, 1984). The fact thus remains that each
mangrove stand at a local scale has possessed a unique signature reminiscent of the
complex interplay of the temporal changes in coastal processes and geomorphology
and the resulting trees’ physiological tolerances and competitive interactions
(Alongi, 2008). Indeed, it is less conservative to state that each mangrove forest has
a unique story to show. As stress factors are high in mangrove forests, and the costs
of specialization are significantly high, a crucial strategy for plants’ survival remains
high levels of plasticity in both phenotypic features and physiological traits (Feller et
al., 2010).

Many empirical cases of morphological plasticity of mangrove trees are highlighted
in different studies (Feller et al., 2010; Vovides et al., 2014). In some instances, single
species were noted exhibiting divergent growth forms (polymorphism) in variable
environments, ensuring their survival over a wide ecological range (Feller et al.,
2010). A typical Avicennia germinans tree in the equatorial mangrove region can
attain a height of ca. 45 m (Fromard et al., 1998), but then grow in dwarf or scrubby
stands (examples in Figure 1-2) with a height of about 0.5 to 2 m in the sub-optimal
habitats (Vogt et al., 2014a). Likewise, Lugo (1997) showed that Rhizophora mangle
in the Neotropical forest can attain mature tree size between 0.5 m and 40 m high
depending on habitat salinity. In other instances, cases of neotenized growth or
precarious reproduction are documented (e.g., Dangremond and Feller (2016)).
Additionally, mud-bank colonization of A. germinans in French Guiana display high
local disparities in tree growth and morphology, which suggests that local and
tenuous differences of mud elevations and hydrological patterns can significantly
influence the initial stages of mangrove development (Proisy et al., 2009). These and
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other examples of highly plastic mangrove structure resulting from other abiotic
factors in variable environments (Dahdouh-Guebas et al., 2004; Lovelock et al., 2005)
place mangrove forests in an unrivalled position in the understanding of trees and
forests responses to environmental change.

~
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Figure 1-2: Photographic illustration of polymorphic growth forms in Avicennia trees

The plastic growth forms in mangrove tree species directly relate with the
preferential biomass partitioning to various tree components in the course of tree
development in variable environments (Feller et al., 2003; Lira-Medeiros et al., 2010;
Peters et al., 2014). In this case, an individual growing in a water or nutrient limited
environment prioritizes biomass allocation to root development (Ball, 1988;
Castafieda-Moya et al., 2011) in order to facilitate access to belowground soil
resources. On the other hands, trees direct allocation of more biomass to the crown
and leaf growth when light resource becomes limiting (Cintron and Schaeffer-
Novelli, 1984; Clough, 1992). In spite of these available knowledge on the
morphological plasticity of mangrove trees, the implications for structural
development and dynamics at the stand scale remains less understood, and hence
the contributions of the current thesis.
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1.1.3  Forest dynamics modelling and the incorporation of morphological plasticity

Forest simulation models are important tools in the investigations of complex
interactions of different mechanisms underlying trees and forests adaptations to
changing environment or habitat alterations (Berger et al., 2008). The beauty of
forest simulators is showcased in the fact that the trees’ or forests’ properties under
investigations may require large and costly to acquire datasets in natural systems
(Berger et al., 2008). More so, simulation modelling has facilitated testing of
hypotheses, in manipulated virtual experiments, concerning processes that could
otherwise take years to become observable in field conditions (e.g. Fourcaud et al.
(2008); Zurell et al. (2010)). Simulation models have attempted to demonstrate the
extent to which constraints in local geomorphological settings, coastal processes
and regional climatic forcing functions can influence the dynamics of mangrove
forest structure (Proisy et al., 2016a; Twilley and Rivera-Monroy, 2005). Also, their
usefulness in the understanding of how abiotic environments affect the
colonization, growth, productivity and mortality of mangrove species have been
demonstrated in various studies (Berger and Hildenbrandt, 2000; Berger et al., 2004;
Chen and Twilley, 1998; Grueters et al., 2014). With the application of mangrove stand
simulator, Piou et al. (2008) evaluated the importance of different perturbations
intensity and abiotic conditions on post-hurricane forest recovery. In a similar
manner, Vogt et al. (2013) and Vogt et al. (2014b) advanced the analysis of canopy
disturbances and the significance for forest regeneration and structural
heterogeneity in mangrove plantations. The work of Doyle and Girod (1997) is equally
one example demonstrating how simulation model was employed to analyze the
effect of hurricane histories on the structure and composition of mangrove forests
at the landscape scales. In the analysis of forest restoration trajectories, the work of
Twilley et al. (1999) was quite demonstrative. Beyond several applications in
ecological studies, simulation models have also tested satisfactorily in planning and
decision-making for management of mangrove forests (Fontalvo-Herazo et al., 2011;
Rivera-Monroy et al., 2004; Twilley et al., 1998).

With capabilities to capture the mechanisms that explain mangrove forest dynamics,
including the controlling role of stress factors, plant-environment interactions, and
scenarios for the impacts of natural and anthropogenic disturbances at different
scales, three major simulation models (FORMAN, MANGRO and KiWi) have received
wide applications. Their predictive ability is albeit limited by their lack of provision for
morphological plasticity of trees, among other factors (Grimm and Railsback, 2005;
Berger et al. 2008). Mostly, the models rely on the use of static growth functions
with deterministic relations between tree dimensional attributes such as stem
diameter, tree height or canopy projection area, etc. More recently, the mesoFON
model (Grueters et al., 2014) made a pioneering attempt to address issues of
morphological plasticity in mangrove stand modelling while describing crown shift
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related to light foraging of individual trees. Yet, the allometry relation of the tree
structure in this model remains size-dependent. In the scope of the current thesis,
we found the BETTINA single-tree model of Peters et al. (2014), that describes the
adaptation and allometric change of individual trees to environmental change, a very
promising to approach the simulation of structural development and dynamics of
mangrove forests to changing habitat conditions in coastal environments.

1.1.4 The prospects of coupling forest simulation models and remote sensing
techniques

In the previous section, a concise overview of the importance and potential of forest
simulation models was presented. Realizing an extensive validation of most models
over large spatial and temporal scales is often difficult to achieve due to lack of
multitemporal data of forest measurements. This step, perhaps, is required to meet
the predict-and-test cycle and evaluation process in forest modelling (Shugart et al.,
2015). Another aspect centers on realistic representation of tree architecture,
biomass partitioning and adaptive growth behaviors (Peters et al., 2014). Until now,
explicit representation of phenotypic plasticity in plants is lacking in the available
models (Grimm and Railsback, 2005). Meanwhile, remote sensing techniques have
potential to complementary role in extending modelling capabilities.

First, recent remote sensing facilities are providing opportunity to capture large-
scale datasets on forest structure, including detailed tree properties and biomass,
which allows for validation of forest models’ predictions (Shugart et al., 2015). More
so, remote sensing instruments have the potential for acquisition of forest and tree
properties that are difficult to achieve through ground measurements (Feliciano et
al.,, 2014; Kasischke and Christensen Jr, 1990). In general, remote sensing
observations have proved useful in providing multi-decadal data to support
monitoring of vegetation cover and changes mangrove shorelines (e.g. Nascimento
Jr et al. (2013); Walcker et al. (2015)). Such types of data are currently not wholly
integrated into the existing forest modelling framework (Proisy et al., 2016a), even
when they can support our understanding of the structural dynamics of mangrove
forests to changing coastal processes. Remote sensing techniques, in turn, have
much to gain for fine-tune calibration through a connection to forest models (Proisy
etal., 2016b; Shugart et al., 2015). This thesis highlighted the prospects of connecting
these two domains in realizing the set objectives.

1.2 Research objectives

The contributions of the current thesis are encapsulated in threefold objectives.
These include: 1) improved characterization of tree morphology and biomass
partitioning of mangrove trees, 2) empirical analyses of cross-regional differences in
tree morphological allometries and subsequent impacts on stand aboveground
biomass dynamics, and 3) simulation of the effects of plastic tree morphology and
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biomass partitioning on the emergent structure and dynamics of mangrove forests
under varying environmental conditions. Considering the challenges of field
measurements in the mangrove environment, the novelty of this work commences
with the application of terrestrial laser scanning techniques (TLS) to describe the
structure and biomass partitioning of mangrove trees, up to the very large stems
that are practically not feasible for direct cut-and-weight method. On top of the
empirical analyses of the significance of morphological plasticity for cross-regional
aboveground biomass dynamics, an integrated software for capturing structural
data and 3D visualization of mangrove forests was proposed. The augmentation of
the field studies with a mechanistic-based modelling approach, where morphological
plasticity and dynamic biomass partitioning were integrated, to simulate the
interplays of environmental (abiotic) factors, local competitive interactions and
growth forms of individual mangrove trees on the emergent forest structure, marks
a significant milestone. For simplicity’s sake, the context of environmental factors
was restricted to a gradient of habitat salinity and water stress conditions with the
scope of this thesis.

1.3  Study areas and datasets

1.3.1  Description of study sites

For the purpose of this thesis, we have conducted field studies in the Amazon-
influenced mangrove forests in French Guiana, a French department located 500 km
north of the Amazon River mouth and in the Braganca peninsula located about 150
km southeast of the Amazon River mouth, in the Para state, Brazil. Figure 1-3 shows
the map of the study areas outlining the specific location of the sample plots. These
sites demonstrated a good ability to inform on coastal changes (Fromard and Proisy,
2010; Fromard et al., 2004; Lara and Cohen, 2006; Souza Filho et al., 2006). The sites
are characterized by the dominance of two mangrove species (Avicennia germinans
and Rhizophora ssp.) as key structural components, and distinctive coastal settings.

The French Guiana mangroves stretch along a 350 km coastline, primarily covered by
sediment dispersal from the Amazon River (Baltzer et al., 2004). The spatio-temporal
distribution of mangroves is controlled by a succession of rapid and acute erosion
and accretion phases resulting from the drift of giant mudbanks to the northwest
(Allison and Lee, 2004; Gardel and Gratiot, 2004). Mangrove forests are distinctly
structured in varying growth stages, and patchily distributed across the coastal
landscape (Proisy et al., 2007). The French Guiana coast can be considered as a
pristine coast as industrial activities are still not extensively developed and
aquaculture does not exist.

The Braganca mangrove region, located in the Caeté estuary, extends over ~300 km
southeast of the Amazon estuary, near the city of Braganca (Menezes et al., 2008).
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The forests form riverine/ fringe mangroves in a 166-km* peninsula, crossed by
several tidal channels with macrotides of ~4 m range and strong oscillating currents
reaching ~1.5 m s velocities for spring tides (Lara and Cohen, 2006; Lara, 2003).
Highly dynamic sediment transport, with areas of rapid mud erosion and deposition,
forming similar geomorphologic features and the development of analogous
mangroves, and the correlation found between tree height and topography-
dependent inundation frequency (Cohen and Lara, 2003; Cohen et al., 2004) are
some of the intrinsic features of Braganga mangroves.
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Figure 1-3: Map of study locations in the Amazon-influenced coasts of French Guiana (upper-
right) and the Caeté estuary (lower-right) near Braganca (North Brazil). Experimental plots
are marked in coloured polygons.

1.3.2 Data collection

We conducted two field studies in the frame of my PhD work. The first one was
realized in Braganca (North Brazil) between January and April 2014 (3 months) and
the second field campaign took place in French Guiana from August to September
2014 (2 months). Complementing data from these field studies are the time-series
datasets of forest structure from 46 sample plots in French Guiana. These datasets,
obtained from 2001 to 2012, were made available for use in the current thesis by Dr.
Christophe Proisy. During the field campaigns, the measurement procedures were
cascaded into two levels: the stand structure descriptions and tree scale
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measurements. Other than the variations in plot sizes and the choice of device for
non-destructive characterization of three-dimensional (3D) mangrove tree structure
and biomass, nearly the same sampling strategies and measurement protocols were
deployed in all field studies.

Stand level measurements

The stand selection follows a purposeful sampling strategy. We have chosen to
concentrate on A. germinans as a focal species to test methods and thus, stands were
selected to ensure the presence and dominance of this species. We considered to
sample stands of varying DBH sizes and growth forms, species mixture and forest
structure across a range of habitat conditions where they commonly occur, both in
Braganca and the French Guiana. Once stands were located, we mapped all trees of
DBH greater than 5cm. The position within the plot, DBH, total height, crown
dimensions, and species name were recorded to describe the stand structure. In the
case of the French Guiana, the selection of sample stands was designed to capture
different forest types over a range of development stages, as classified by (Fromard
et al., 1998). A. germinans trees were found in the early colonization (pioneer) and
old-growth forests, spanning a wide range of growth stages. These growth stages
are patchily distributed across the coastal landscape with clusters of young trees,
sometimes in close vicinity to decaying stands (Proisy et al., 2007). In essence, the
selected plots also covered from predominantly monospecific Avicennia stands to
the most diverse mixed stands (containing mostly 3 mangrove species - A. germinans,
R. mangle and L. racemosa, and other associates).

Tree scale medsurements

The 3D architectural measurements were completed on 51 selected mangrove trees
across sample plots in the French Guiana using the FARO Focus3D X330 terrestrial
laser scanning (TLS) and a total-station laser tacheometer. Figure 1-4 illustrates a
typical set-up of the TLS device for tree measurements during the field studies in
French Guiana. Detailed descriptions of the scanning procedures and subsequent
analyses are provided in the Chapter 2 of this thesis. In Braganca, we used a
rangefinder device (LaserACE 1000) to characterize the 3D tree shape/ skeleton, tree
and trunk height (m), stem diameter (cm), crown dimensions (m) and projection area
(m?), and volume of biomass in trunk and branch components, from 26 dominant
(top height) trees systematically distributed across five mangrove forest stands.
Additionally, wood density measurements were obtained from representative trees
and the mean values of all observations were estimated accordingly for each species
encountered in all forest plots.
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Figure 1-4: Setting up the FARO 3D X330 laser scanner on a tripod in the mangrove forests

1.4 Organization of the thesis

This thesis is structured into six distinct, but complementary chapters. The current
chapter introduces the entire work, covering the main motivation and challenges,
research objectives and scope, and the thesis structure.

In Chapter 2, | present a method developed for non-destructive characterization of
the 3D aboveground morphology and biomass of mangrove trees, using terrestrial
laser technology. The chapter elaborated on the need for applying remote
measurement techniques in the study of mangrove structure and functioning while
showcasing a practical application to the measurements of A. germinans trees,
including the very large individuals (often difficult for direct field measurements) in
French Guiana. More so, | attempted the decomposition of tree biomass into main
constituent parts (trunk, branches, and leaves), towards the analysis of shifting
biomass allocation in mangrove species. The biomass data so obtained were applied
to extend the calibration and validation domains of biomass allometric models to
large trees. The main outcomes of this study were presented in the SilviLASER
conference (France) in 2015, and subsequently published in the journal, Trees -
Structure and Function.

Chapter 3 provides an empirical cross-regional analysis of tree morphological
changes and the implications for the dynamics of aboveground biomass in the
Amazon-influenced mangrove forests. In the study, | highlighted the extent of local
variations in tree morphology using ensemble inventory data from contrasting
mangrove forests in Braganca (North Brazil) and French Guiana. Here, | proposed the
inclusion of crown metrics in biomass allometric models to account for local
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morphological variation in biomass estimates. The study further extends to the
determination of collective plastic structural attributes that can explain the variation
of stand aboveground biomass from local to regional scales.

Chapter 4 centers on the description of a standardized platform, which was
proposed to facilitate the acquisition, processing and visualization of structural data
of mangrove forests. In this chapter, | demonstrate the capability of the software
tool to address site-specific variation in biomass allometric models through the
provision of a configurable biomass module. Furthermore, the application of the
platform towards an extensive data preparation for calibration and validation of
forest dynamics and remote sensing models was advanced.

In Chapter 5, | present a study on the application of mechanistic simulation modelling
to complement empirical data in investigating the consequences of morphological
plasticity and dynamic biomass partitioning for the structural development of
mangrove forests under variable environmental conditions. The emphasis was on
model description, and the evaluation based on field measurements and other
benchmarks, including known ecological patterns in scientific literature. An example
application of the model for canopy-based biomass analysis and the significance for
remote sensing studies was presented.

Chapter 6, finally, presents a summarizing discussion and the synthesis of the main
findings of this thesis, focusing on the contributions, potentials and limitations of the
different aspects, and perspectives regarding the study of structural dynamics and
functioning mangrove forests in changing coastal environments.
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Abstract

Accurately determining biomass of large trees is crucial for reliable biomass analyses in
most tropical forests, but most allometric models calibration are deficient in large trees
data. This issue is a major concern for high-biomass mangrove forests, especially when
their role in the ecosystem carbon storage is considered. As an alternative to the
fastidious cutting and weighing measurement approach, we explored a non-
destructive terrestrial laser scanning approach to estimate the aboveground biomass
of large mangroves (diameters reaching up to 125 cm). Because of buttresses in large
trees, we propose a pixel-based analysis of the composite 2D flattened images,
obtained from the successive thin segments of stem point-cloud data to estimate wood
volume. Branches were considered as successive best-fitted primitive of conical
frustums. The product of wood volume and height-decreasing wood density yielded
biomass estimates. This approach was tested on 36 A. germinans trees in French Guiana,
considering available biomass models from the same region as references. Our biomass
estimates reached ca. 90% accuracy and a correlation of 0.99 with reference biomass
values. Based on the results, new tree biomass model, which had R? of 0.99 and RSE of

! A modified version of this chapter was published as:

Olagoke, A., Proisy, C., Féret, J.-B., Blanchard, E., Fromard, F., Mehlig, U., de Menezes, M. M., dos
Santos, V. F., and Berger, U. (2016). Extended biomass allometric equations for large mangrove trees
from terrestrial LiDAR data. Trees 30, 935-947.
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87.6 kg of dry matter. This terrestrial LiDAR-based approach allows the estimates of
large tree biomass to be tractable, and opens new opportunities to improve biomass
estimates of tall mangroves. The method could also be tested and applied to other tree
species.

Keywords: Aboveground biomass; Coastal blue carbon; French Guiana; Mangrove;
Terrestrial LiDAR; Tree allometry

2.1 Introduction

Recent studies have demonstrated the importance of large trees as keystone
ecological elements (Lindenmayer et al., 2012; Lutz et al., 2013) in forest ecosystems.
Their significance extends beyond the characteristic contribution to regeneration as
mother trees and the provision of food and shelter for many living organisms,
because they also represent essential structures that shape ecosystem biomass
productivity and recurrent forest dynamics (Slik et al., 2013). In terms of wood
volume, biomass, and carbon stocks, they dominate the forest structure and this
may explain variations in biomass distribution across forest landscapes (Bastin et al.,
2015a). Thus, an accurate estimation of the biomass of large trees is crucial for
obtaining reliable estimates of the total biomass in such forests.

One key challenge is that the biomass data of large tropical tree are generally scarce
(e.g. only ca. 7% of the available pantropical tree biomass dataset, Chave et al. (2014))
. This is also the case for the tall mangroves that grow in the equatorial region.
Although the species diversity of mangroves is low compared with rainforests, the
variability in the tree structure of Avicennia species, for example, is higher. Avicennia
trees may exhibit a wide range of growth forms, from small to large/ tall trees,
depending on the habitat condition. Considering this variation in tree structure,
available models may actually fall short in their predictive power for out-of-sample
application. This situation may also limit the extent to which the existing general
pantropical biomass allometric models can be applied to mangrove trees, without
significant bias in the resulting estimates.

Meanwhile, there is a growing interest in attaining highly precise estimates of
biomass and carbon stock of tropical forests (Gibbs et al., 2007; Pistorius, 2012),
including mangroves, as in the case of the blue carbon projects. This necessitates the
refinement of the available methods, like the commonly used allometric models, for
biomass measurement. All the same, the available biomass models for mangrove
trees (Komiyama et al., 2008) only cover a range of small - medium sized trees (DBH
< 50 cm) and are deficient in respect of large trees. Collecting data, using the
conventional cutting and weighing method, to validate mangrove biomass models
for large trees is however difficult in the tidal environment.
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The terrestrial l[aser scanning (TLS), also knowns as terrestrial LiDAR (light detection
and ranging), offers a remote sensing technology that allows capturing the high
resolution three-dimensional (3D) structure of trees with relatively low time and
labour requirements. Earlier applications in the forest sciences and ecological studies
include the description of forest structural parameters (Strahler et al., 2008),
assessment of canopy metrics and gaps (Bayer et al., 2013; Hilker et al., 2010),
individual tree volume and biomass estimation (e.g., Calders et al. (2015); Dassot et
al. (2012)), to the application in estimating leaf area and foliage properties (Béland et
al.,, 2014). Interestingly, various approaches have tested satisfactorily in the
estimation of individual tree volume and biomass from TLS point cloud data: from
tree features extraction (Kankare et al., 2013; Pueschel et al., 2013), shape
reconstruction and primitive fittings (e.g., Raumonen et al. (2013)) to voxelization
(Hauglin et al., 2013).

Some automatic techniques have been proposed for reconstructing and modelling
of tree structure and topology (Akerblom et al,, 2015; Hackenberg et al., 2015;
Raumonen et al.,, 2013), and they achieved notably good results with regular,
cylindrical shaped tree trunks, and mostly in leaf-off conditions. Since such methods
are based on segmental geometric primitive fits, irregularities in the shape of large
tropical trees like mangroves remain challenging for direct application of such
automatic tree reconstruction. For irregular trunk shapes, we presume that
automatic techniques may require a combination with (semi-)manual interactive
steps. In any case, the application of TLS in the study of mangrove species remains
largely unexplored; the only pilot attempt was limited to mangrove trees with DBH
< 43 cm (Feliciano et al., 2014). In the present study, our aims were (1) to describe
and evaluate the performance of a simple TLS-based method for estimating the
wood volume and biomass of large mangrove trees, and (2) to propose revised
allometric models for the widespread mangrove tree species Avicennia germinans
(L.) L. with a validation domain extended to very large trees.

2.2 Methods

2.2.1 Study area

The study was performed in French Guiana (hereafter referred to as FG) where
mangroves stretch along a 320 km coastline (Figure 2-1), to cover an approximate
area of 70,000 ha. This coast can be considered as pristine, because there are still no
extensive industrial activities, and aquaculture and tree exploitation are not present.
It is subjected primarily to sediment dispersal from the Amazon River (Baltzer et al.,
2004). The spatiotemporal distribution of mangroves is controlled by a succession of
rapid and acute erosion and accretion phases caused by the drifting of giant mud-
banks to the northwest of the coastline (Anthony et al., 2010).
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The mangrove forests encompass new colonization on the freshly consolidated mud-
banks up to mature forests located several kilometers inland at the limit of tidal
influence. In this area, mangroves are unaffected by coastal instability (Anthony et
al., 2010) and this allows trees to reach their largest potential stature. Fromard et al.
(1998) described the different mangrove forest types of FG; A. germinans (L.) L. is
represented from pioneer to old-growth forest, spanning a wide range of growth
stages. These growth stages are patchily distributed across the coastal landscape
with clusters of young trees, sometimes in close vicinity to decaying stands (Proisy

et al., 2007).
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Figure 2-1: Map of the coastline of French Guiana showing the locations of the study sites

The sampling locations were selected in order to capture data from trees distributed
over a wide DBH range. This DBH range was distributed in three distinct forest stands,
as noted in Figure 2-1. First, a mixed old-growth Avicennia-Rhizophora forest stand
near Petit Cayenne 10 km upstream of the Cayenne river, with a stand density of 504
trees per hectare, total basal area of 26.2 m*>.ha™ and A. germinans trees reaching a
mean DBH of 56.2 cm. The second stand, located at about 3 km from the actual
mangrove shoreline along Guatemala road, was made up of small-medium size and
scattered large A. germinans trees. The tree density in this stand was 3733 trees per
hectare with a total basal area of 25.5 m*>.ha”, and average DBH of 15 cm.

The third stand, we considered an even-aged A. germinans forest located 6 km
backward of the mangrove seafront in the Sinnamary region. This stand contained

mainly A. germinans in a density of 1132 trees per hectare with basal area totalling
21.8 m%.ha™.
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2.2.2 Essential features of Avicennia germinans (L.) L.

In this study, we employed A. germinans as a proxy species to test a new method for
estimating the biomass of mangrove trees using TLS data. This is a keystone species
and the most dominant mangrove species on the FG coast (Fromard et al., 1998;
Fromard et al., 2004). A. germinans trees vary greatly in size and growth form. The
species grows from low-scrubby (ca. 0.4-1.5 m tall) in the sub-optimal habitats (Vogt
et al., 2014) to large trees approaching 42 m height and 125 cm diameter in favorable
and stable growth conditions, as found in some parts of French Guiana. Trunks are
roughly cylindrical to slightly angled or even canaliculated and may develop
buttresses and short fascicles of aerial roots. The trees reiterate to produce coppice
shoots when the main stem is damaged, resulting in frequently contorted stem
development.

Existing biomass allometric models for A. germinans

Fromard et al. (1998) developed biomass allometric models for aboveground
biomass (AGB) of mangrove trees in French Guiana. The models for A. germinans
followed a power function, with two coefficients (Table 2-1). They were calibrated
using data obtained from small to medium-sized trees with DBH of 4 - 42 cm and
corresponding AGB between 4.8 and 1543.7 kg of dry matter, respectively. These
models conformed to the biomass allometric model developed for the same species
in Guadeloupe (Imbert and Rollet, 1989). Other mangrove biomass models
applicable to A. germinans are the two generic equations develped by Chave et al.
(2005) and Komiyama et al. (2005), which were also calibrated with trees DBH < 60
c¢m. Anindependent dataset obtained by direct cutting and weighing of sample trees
(Fromard et al., 1998) at the same study locations as ours jointly with the predicted
biomass estimates of currently sampled trees, using the allometric models of
Fromard et al. (1998), were used for reference to evaluate the TLS-based biomass
values and new models in this study.

Table 2-1: Reference models from Fromard et al. (1998) for A. germinans trees (DBH < 42 cm)
based on power function of the tree diameter (o.DBHP)

Model ID o B R? n
AGB tree biomass (AGBref) 0.14 2.40 0.97 25
Trunk biomass (BTRref) 0.07 2.59 0.97 25
Branch biomass (BBRref) 0.03 2.33 0.97 25
Leaf biomass (BLeafrer) 0.04 1.77 0.91 25

The coefficients «a (intercept) and f (slope) are constant
parameters, and n is the number of sample trees.
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Wood density (WD) measurements at different heights

In most studies of allometric relationships, the WD is estimated at breast height. To
our knowledge, no WD measurements have been reported at different heights along
the main axis for A. germinans so far. Thus, we initiated an experiment that involved
coring A. germinans trees at different heights in various mangrove regions
throughout French Guiana. We climbed 20 trees (10 < DBH < 110 cm) and used hand-
powered drills to extract 52 samples. The wood core samples measured 4.3 mm in
diameter with lengths of 2-13 cm over bark. The core heights along the stem axis
ranged from 0.3 m for all trees up to 23 m for tall trees, corresponding to diameters
varying from 4.8 cm, at the top of small trees, up to 110 cm at the base of large trees.
All core samples were dried at a constant temperature of 105°C for several days until
constant mass, and subsequently weighted in relation to wood volume to obtain WD
as dry weight. High variability in the WD was observed at heights below 10 m, and
also around the breast height. The distribution of wood density along the main stem
vs. sampling height and diameter was fitted using a linear mixed effects model, with
the individual tree as random factor. This analysis was based on WD density data
from the outer wood core samples, since the outer wood density values are known
to strongly correlate to the WD values from any point along the radial spectrum,
without a significant bias (Bastin et al., 2015b).

2.2.3 TLS measurements and data processing

The TLS measurements used in this study were collected with a FARO Focus3P X330
device between August and September 2014. The instrument operates using a 1.55
um class 1 laser signal. The distance between the scanner and the object is
determined by analyzing the shift in the wavelength of the return beam. The device
can scan objects at a distance of up to 330 m; and with an accuracy of < 0.25 mm for
dark objects at a distance of 25 m. The vertical and horizontal fields of view are 300°
and 360°, respectively. Several scanning resolutions can be used for collecting point
cloud data from the focal surface. However, we chose the second finest scanning
configuration able to achieve complete scanning at about 20 min with a distance
accuracy reaching +3 mm over a horizontal range of 90° as the finest scan required
more than 1 hour for an accuracy slightly improved to £2 mm over the same distance.
A flowchart that illustrates the procedure for data acquisition and subsequent
processing is presented in Figure 2-2. Further methodical descriptions are provided
in the subsequent sections.
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Figure 2-2: Scheme showing the procedure employed for TLS data acquisition and processing
for biomass estimation of mangrove trees. AG = aboveground, WD = wood density, mWD =
mean WD value at tree DBH, and dWD = decreasing WD value with stem height

Mangrove tree scanning

The number of trees selected for each scanning operation ranged from a single
(large) tree to a group of six individual (small to medium-sized) trees. Before placing
the instrument, several viewpoints were identified for TLS placement around
selected individual(s), and subsequently distribution of the target spheres
(reference objects to aid merging/ alignment of multiscans). This was a crucial step
because it directly affected the quality of the 3D description of the focal mangrove
tree(s). In this experiment, five white target spheres were positioned in the
foreground and background surrounding the focal trees at different heights ranging
from 0-2 m using stands made of metal rods and pipes, at a minimum distance of ca.
3 m from the tree base (Figure 2-3).



Chapter 2 24

. 0 |
N
!’%} T H T ?LTLS Positions

A T= Target Spheres

Figure 2-3: Schematic representation showing the multi-scan analysis of a tree, involving four
placements for the TLS instrument and five white reference spheres (target spheres
mounted on metal rods)

The TLS instrument was mounted on a sturdy tripod stand, with additional support
from reinforced metal frames (ca. 60 cm long) embedded in the muddy sediment.
One can adapt the length of these support metal frames as required, until adequate
stability is reached before mounting the LiDAR system. The number of scan positions
was selected as a function of the horizontal and vertical projections of the target
trees. To minimize the chance of occlusions or missing parts in the 3D tree structure,
it was essential to scan large individual trees with buttresses from at least 5
viewpoints at high scanning resolution. Table 2-2 provides the summary attributes of
the sample trees.

Extraction of trunk and branches from point-cloud data

The TLS data processing comprised merging of multiple scans, filtering or removal of
background vegetation, and generating point clouds for individual trees of interest.
This process was conducted using the FARO SCENE 5.2 software. The process took
from ca. 1- 12 working hours to complete one large tree, depending on its structure.
The main trunk and primary branches (in the case of large trees) were manually
separated, and the 3D coordinates of the point cloud were exported for subsequent
processing. The computation routine for wood volume and biomass was
implemented in MATLAB. For control, we also fitted successive geometric primitives
on point cloud data of trunks and branches (> 4 cm at the branch base) using the
least squares method.
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Table 2-2: Descriptive metrics of sample trees selected for the TLS experiments
Site ID Location Forest type No.of TreelD DBH Total height
coordinates trees (cm) (m)
Guatemala 5.07N,52.54W Small - 17 GUAT1 13.4 14.8
medium size A.
germinans GUA2 15.8 17.2
stands  with GUA3  16.0 21.0
uneven ages GUA4 16.0 20.1
GUA5 16.1 18.5
GUA6 17.6 21.8
GUA7 179 21.6
GUA8 18.7 20.3
GUA9 20.9 23.8
GUA10 227 20.4
GUA11 2441 23.0
GUA12 26.0 21.3
GUA13  28.0 24.1
GUA14 285 22.3
GUA15  32.1 21.1
GUA16 50.0 18.4
GUA17  54.0 14.7
Sinnamary  5.41N,52.96 W Medium size 6 SIN1 26.8 23.8
A. germinans
stand with SIN2 335 29.7
similar ages SIN3 353 31.5
SINg  35.0 29.7
SIN5 35.7 31.2
SIN6 44.9 33.4
Petit 4.86 N, 52.40 W Mixed old- 13 CAY1 47.8 34.0
Cayenne growth
Avicennia and CAY2 546 36.5
Rhizophora CAY3  56.4 35.3
CAY4 58.5 32.1
CAY5  64.0 32.5
CAY6  69.2 34.1
CAY7  70.5 34.0
CAY8  81.0 37.9
CAY9 091.6 36.1
CAY10 93.5 38.2
CAY11  94.0 36.4
CAY12  99.7 37.9
CAY13  124.5 41.3

2.2.4 Computation of the trunk and branch volumes

Two volume computation procedures were performed for the trunks: (1) volume
estimation of successive best-fitted geometric shapes (primitive fitting), and (2) an
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automatic pixel count on 2D flattened projection of segmented thin trunk sections.
The trunk volume estimates from the composite primitive shapes fitted on the
selected trunks served for the validation of the pixel-based analysis. The
determination of the volume of tree branches was restricted to manual primitive
shape fittings in this study due to computational complexity.

Stem volume estimation by primitive fitting

For each tree, sets of conical frustums were extracted that corresponded to the main
trunk and each branch. The diameters at the base (Db) and the top (Dt), and the
height (Hc) of each solid shape were recorded. Thereafter, the geometrical volume
(Ve for trunk and Vcb for branches) of each primitive shape was estimated as a
truncated cone, as given by equation 1.

7 -Hc
Ve, = > ' -(Db,-2 +Db; - Dt +Dt,-2), (1)

All of the Vc values in a trunk were summed to obtain the trunk volume (VTrcone). The
addition of the component Vcb of each branch yielded the branch volume.

Trunk volume estimation with the pixel-based method

We implemented a program routine that decomposed 3D trunk shapes into
successive thin sections (Figure 2-4, a—c). The height of each section to the ground
level was recorded. These sections were converted into two-dimensional (2D) binary
images to obtain their flattened plan projections. Different segmentation heights
(section thickness), ranging from 1 cm to 1 m, were tested to find a trade-off between
complete shape outline and gaps in the 2D plan. When open shapes occurred in the
point cloud (due to occlusion on trunk part during scanning), they were filled
automatically by fitting a simple convex envelope around the missing region. The
area covered by the boundary of the section was then divided into a grid of 1 cm?
pixels. The number of pixels in the flattened image of each section was summed to
obtain its surface area, and the volume was obtained as the product of the surface
area and its thickness, and the trunk volume was obtained as the total stacked
constituent sections. These trunk volume estimates were compared with the volume
obtained from primitive fittings (described above) to validate the pixel-based
method.
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Figure 2-4: Trunk segmentation and sectioning for stem volume computation. a) Typical view
of alarge mangrove tree. b) A trunk with DBH = 93.5 cm. ¢) Typical flattened projection of a
trunk section extracted at a height of 1.3 m

2.2.5 Biomass estimation from TLS-derived wood volume
Conversion of stem volume to biomass

In this study, we systematically obtained two biomass estimates: the first used a
mean WD derived from our wood density sampling; and the second employed a
decreasing WD relative to height along the stem axis derived from the respective
linear mixed-effects model. In the latter case, we interpolated the height WD model
to obtain specific WD at each section height by reference to the bottom of the tree.
The biomass estimates for each of the trunk (BTRrs) and the branch (BBRiis)
components were obtained as the sum of the products of each section volume and
the corresponding WD. The sum of the branch and trunk biomass of each tree
provided its TLS-derived aboveground woody biomass (AGBWris). The leaf biomass
was only considered in this study as a proportional relation following the model of
Fromard et al. (1998) in Table 2-1, although it constituted an insignificant share of the
AGB estimates.

Evaluation of TLS biomass estimates for trees DBH < 42 cm

We applied a cross-validation procedure to evaluate the accuracy of the TLS-derived
trunk volume and biomass estimates of trees within the DBH range of the reference
data (Fromard et al., 1998). We calculated the root mean squared error (RMSE) and
the accuracy using equations 2 and 3, respectively:
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RMSE = 4 Z,ﬂ(FF,——TLS,) , (2)
n

RMSE (3)

%RMSE =100- ————
mean(FF) ’

where FF; denotes the reference values based on Fromard et al. (1998), TLS; is the
corresponding TLS-derived estimate, and n is the number of trees.

2.2.6 Fitting of allometric models using TLS-derived biomass data

Model calibration

We employed TLS-derived data for calibrating easily applicable biomass allometric
models. Based on tree diameter—biomass relationship of A. germinans, we fitted a
new non-linear AGB model with DBH as the predictive variable using a maximum
likelihood regression approach (AGB.M1, equation 4). The coefficients « and g are
parameters that characterized the new biomass models we obtained. As suggested
by Chave et al. (2005) and Komiyama et al. (2005), we considered other models
(AGB.M2-AGB.M4) that incorporated WD (denoted as p in the allometric equations)
and/or tree height (H), as given by equations 5 - 7:

AGB.M1: AGB=c-DBH” + ¢, (4)
AGB.M2: AGB=a - pDBH” + &, (5)
AGB.M3: AGB=q -(DBH?H)” + ¢, (6)
AGB.M4: AGB=a - p(DBH?H)” + ¢, (7)

where ¢ is the model error, which considers factors that may explain the difference
in biomass between two trees with the same DBH and H dimensions. The branch
(BBR.M) and trunk (BTR.M) models were fitted according to the model formulated in
AGB.M1. All of the variables in these models were considered as logarithmic
transformed variables to eliminate heteroscedasticity. To obtain biomass values by
back-transformation, we applied the correction factor (CF) described by Sprugel
(1983), which relies on the residual standard error (RSE) of the models, as given in
equation 8, thereby adjusting for the systematic bias associated with log-
transformations of data.

CF= exp[RSzE2 J (8)




Chapter 2 29

Evaluation of the biomass models

A thorough validation of a new model normally requires the use of independent
empirical datasets (Vanclay and Skovsgaard, 1997). However, due to the relatively
small sample size and paucity of separate validation datasets, we decided to employ
goodness-of-fit statistics, Akaike’s information criterion (AIC) for multi-model
inference, and graphical analysis to assess the performances of the new models in
comparison to the previous models produced by Fromard et al. (1998). All of the
model fitting procedures and statistical evaluation were performed using MATLAB.

2.3 Results
Height-dependent wood density

WD values ranged from 595 to 790 kg m3 (Figure 2-5) for trees over a DBH range of
10.4 — 110 cm, with a mean value of 728.7 = 8.91 kg m3 around the breast height. The
LME model fitted for WD as a function of sample height and tree DBH, with the
individual tree as random factor, demonstrated a decreasing trend along the stem
axis. From the tree base to the top, each increase the sampling height resulted in a
0.7% decrease in the basal mean WD value of 731.5 + 17.2 kg m3. The inclusion of a
measure of individual tree DBH in the model resulted in ca. 0.08% increase in the
predicted (P = 0.076). Thus, individual tree effect was not a significant factor in the
total effects found in the distribution of wood density along the stem axis.
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Figure 2-5: Decreasing wood density at different heights along the stem axis: black dots
denote the wood density values from tree samples; the green dot was consider an outlier;
and the dashed line shows the linear model with a 95% confidence interval



Chapter 2 30

2.3.1  Accuracy of pixel-based trunk volume estimation from TLS data

Based on the performance test of the pixel-based method, the best results were
achieved at a trunk section height of 10 cm during volume computation. These trunk
volume estimates were compared with the geometric volume based on successive
conical frustums for the analyzed trees (Figure 2-6, a & b). The RMSE between these
two methods reached 6.7% of the mean value for 18 trees with no pronounced
buttresses. The linear fit (R? = 0.99) of the trunk volume estimates nearly overlaid
the one-to-one line for the small, almost straight bole trees (Figure 2-6a). Higher
volume estimates were obtained from trees with more pronounced buttresses, with
the RMSE value increased to 16.7% of the mean value and the R? decreased to 0.96
for larger trees (Figure 2-6b). Overall, the pixel-based method produced trunk
volume with an accuracy of ca. 90%.
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Figure 2-6: Comparison of the trunk volumes estimated using the automatic pixel-based
analysis of TLS data and the successive trunk-fitted conical frustums for trees with DBH < 42
c¢m (@) and > 42 cm (b). Outline of girth form of typical trunks are shown in white with a grey
background (arrows 1-4). The dashed line depicts a one-to-one relationship and the blue
solid line corresponds to linear fit.
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2.3.2  Accuracy of TLS-based tree volume-to-biomass conversion

The two specific WD values were combined with the pixel-based trunk volume
estimates to produce biomass of trees in the diameter range of the reference data.
The mean value of WD yielded a mean deviation of 16.5% (dry matter) compared with
the reference biomass values for tree DBH < 42 cm. The dWD values lowered the
mean deviation of the TLS-derived trunk biomass to 6.7% for the trees analysed in
this study. Overall, the dWD-based biomass estimates strongly correlated with the
reference values (R = 0.99), where the RMSE was 41.23 kg (14.21%) for the trunk
biomass, 48.6 kg (13.6%) for the aboveground woody components, and 48.5 kg
(13.5%) for the total AGB (Figure 2-7, a—c), with biomass values ranging from ca. 70 to
900 kg (dry matter).

2.3.3 Aboveground woody biomass of large A. germinans trees

The sum of the TLS-derived branch and trunk biomass yielded the aboveground
woody biomass of large trees. These values ranged from 1242 kg for a tree with a
DBH of 44.9 cm to 17,367 kg for a tree with a DBH of 124.5 cm. The branch biomass
composition was almost uniform in small to medium-sized trees, i.e., 15-20% of the
tree biomass. For large trees, the branch biomass varied from ca. 20% to almost 50%
of the tree AGB in some cases (see Appendix).
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Figure 2-7: Comparison of the TLS method relative to the estimates to the reference values
for the trunk DBH<42 cm (@), trunk and branches (b), and total biomass estimates (c). The
dots correspond to the biomass values of the sample trees (cf. Fromard et al. 1998), the
dashed line is a 1:1 relationship, and the blue solid line indicates the linear fit

2.3.4 Revised allometric models of A. germinans trees

Using the new TLS-derived tree biomass and the available tree weight dataset,
revised allometric models’ parameters were proposed (Table 2-3). For the tree
branch biomass (BBR.M), we obtained a model with the same intercept coefficient
(a = 0.03) as the reference model (BBRref). Meanwhile, the model parameter 3 and
R? changed from 2.33 and 0.90 to 2.41 and 0.98, respectively. The curve describing
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BBR.M clearly shifted upward for trees larger than the diameter range of BBRes
(Figure 2-8a), indicating that the BBRes underestimated the branch biomass of large
trees. Our model for trunk biomass (BTR.M) was characterized by the model
parameters o = 0.11and 3 = 2.46, which yielded a clear power curve deflection below
the reference model (Figure 2-8b). The R? also increased from 0.95 in the reference
model (BTRref) to 0.99 in the BTR.M. We obtained the best fit for a total AGB (AGB.M1)
model, which has DBH as an explanatory variable (Table 2-3, Figure 2-8¢). The model
clearly had different parameters, where R* = 0.99 and corrected AIC were
significantly lower compared with the reference model (AGBry), but the
corresponding residual standard error (RSE) only decreased by 1.2 kg (1.4%). With the
exception of AGB.M2, which is similar to AGB.M1 in terms of model parameter and
statistical attributes, AGB.M3 and AGB.M4 models with additional variable(s) (tree
height and wood density) yielded higher residual standard errors compared with the
AGBref.

Table 2-3: Descriptions of the revised allometric models and associated statistical parameters

Model ID Model Form* DBH Number a B RSE R? AlC
range  of trees (kg)
(cm)
Branch Models
BBR¢f o.DBHP 4—-42 25 0.03 2.33 654 0.90 56.36
BBR.M 4 —125 60 0.03 2.41  54.7 0.98 40.14
Trunk Models
BTRref o.DBHP 4—-42 25 0.07 2.59 122.6 0.95 30.08
BTR.M 4 —125 60 0.1 2.46 60.9 0.99 27.44
AGB Models
AGBet o.DBHP  4-42 25 0.14 240 886 0.97 123
AGB.M1 4 - 125 60 0.16 2.42 87.4 0.99 -3.86
AGB.M2 a.pDBHP 4 -125 60 0.23 241 87.9 0.99 -3.82
AGB.M3 o(DBH?H)? 4 - 125 60 0.072 0.91 18.5 0.99 2.76

AGB.M4 o(pDBHH)P 4 -125 60 0.099 0.91 17.5 0.99 2.57
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Figure 2-8: Comparison of the TLS-based biomass functions and the reference models for A.
germinans. The branch (a), trunk (b), and total AGB (c) are distinguished. The red line and the
surrounding shade represent the new model and confidence interval. The blue line is the
prediction from the reference model, calibrated over the DBH range in the shaded area

2.4 Discussion

In this study, we evaluated the possible use of TLS for estimating the AGB of large
mangrove trees (A. germinans) to facilitate the development of improved, non-
destructive measurement procedures and to achieve higher precision in allometric
models.

2.4.1  Accuracy of the TLS-derived mangrove tree biomass

The results of the TLS-based biomass estimates reliably compare to the tree biomass
weighed in the field for DBH<42cm. In particular, the estimates for the small to
medium-sized trees had an accuracy of near 90% and they were highly correlated (R
= 0.99) with the reference biomass. Interestingly, the accuracy of results produced
using our simplified TLS data analysis achieved a comparable accuracy with results
reported in previous studies (e.g., Calders et al. (2015); Raumonen et al. (2013)). That
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the presence of buttresses in trees (Nogueira et al., 2006) may influence the overall
accuracy of the TLS-derived biomass estimates justified the consideration for a pixel-
based analysis adopted in this study. This approach respects the real shape of
buttressed trees, making it particularly suitable for biomass measurement in large
mangroves trees where basal protuberances are present.

Additionally, the careful selection of thickness for trunk sections in the segmentation
process, as well as the consideration for the WD variations along the stem axis during
the biomass conversion contributed to a high precision of the TLS-derived biomass
estimates. Notwithstanding, the approach that dwells on primitive shape fitting may
be sufficient when trees are near perfect shaped cylinder or conical forms, as is with
the case of small and medium sized trees. Overall, it is possible that the TLS-based
measurements insignificantly underestimate the actual tree biomass, especially for
the crown biomass where the omission of fine twigs may likely occur.

2.4.2  Modelling mangrove tree biomass with TLS-derived data

Given the significance of large-diameter trees in allometric models, the new sets of
biomass equations obtained in this study, which extend to very large trees, should
improve biomass analyses of mangrove forests. The models do not yield significantly
different predictions; model AGB.M1 where only DBH was used as an explanatory
variable was shown to produce the best results according to the evaluation
parameters. The TLS-based allometric models yielded new model parameters with
higher predictive power, especially for the aboveground tree components of large
trees. It should be noted that the overestimation of the trunks of large trees in
relation to the reference models was complemented by the corresponding
underestimation from the branch model in the total AGB estimates, with the new
model yielding only slightly lower AGB estimates for trees DBH > 42 cm. Contrary to
our expectations, the current results thus suggest that the reference model presents
considerably good estimates for the total AGB, even for the very large trees.

The distinction in the behaviour of our models for the branch and trunk biomass and
the reference models can be explained by the variations in the pattern of biomass
partitioning in the aboveground tree components beyond the DBH range of the
reference models. Fromard et al. (1998) confirmed that the small-medium size trees
used to produce their models mostly had allocated the largest share of the AGB to
their trunks, which was also demonstrated in our current study. The trees in these
growth stages usually exhibit continuous growth in height and consistent natural
pruning with no pronounced crown size. This growth pattern is likely related to
survival strategies for fast-growing trees in competitive growing conditions. Later,
trees will reach approach asymptotically a height where only secondary growth in
the tree girth and the crown development continue, and large trees may prioritize
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biomass distribution to the branches on the assumption of as a means for canopy
space-filling, and to ensure mechanical stability.

Since the allocation of biomass to different tree components is subject to
environmental effects, we suggest that considering the plasticity of tree
morphology in mangrove allometric models may greatly facilitate improved biomass
prediction in a range of environmental conditions. Indeed, Peters et al. (2014) have
demonstrated such an environment-related plasticity in a mechanistic approach in
their BETTINA model. This and similar models can be parameterized with TLS-derived
data to achieve a framework for accurate biomass analyses from natural scrubby to
tall mangrove forests.

In this study, the allometric model where mean WD was incorporated slightly
increased the residual error of the biomass predictions compared with the base
model. Since the WD varies with the individual tree size, but also at different heights
within an individual A. germinans tree, the use of global or site-specific mean values
may likely result in more biased estimates. Nevertheless, this factor has greater
importance when parameterizing allometric models for species-specific
comparisons among different sites or in multispecies applications (Chave et al., 2005;
Chave et al., 2014). In addition, the inclusion of tree height as an additional variable
in the current allometric models incurred higher residual error to biomass estimates.
More so that this variable is not always available and not easy to measure, we
suggest that the allometric model based only on the DBH is sufficient for estimating
the biomass of A. germinans trees under optimal growth conditions.

2.4.3 Challenges affecting the wider application of TLS in mangrove studies

The TLS provides an attractive, indirect method for the estimation of forest biomass,
but several challenges need to be addressed to maximize its usability in mangrove
studies. Deflection of tree crowns by the wind occurred during measurements in
some of our scanning operations, especially with small to medium-sized trees. Thus,
avoiding scanning during windy periods may reduce the likelihood of errors in such
conditions.

In addition, large mangrove trees occasionally have hollow trunks due to rotting of
the heartwood. This may lead to significant errors in the biomass estimates obtained
for large trees based on indirect non-destructive measurements (Nogueira et al,,
2006). However, it is questionable whether it is, in a real world scenario, feasible to
reliably capture the necessary information on hollow trees, even from conventional
destructive sampling. Without knowledge of the average volume of the cavities in
the different tree size classes and the respective probability of their occurrence,
subsequent estimation of biomass from regression models relying on DBH surveys
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will consequently fail, regardless of the calibration technique applied. Advances in
the application of ultrasonic tomography (Brancheriau et al., 2008) and Resistograph
measurements (Rinn et al., 1996) demonstrate non-destructive detection of volume
of cavities in trees. Integrating these measurements with the TLS-based method in
the future could address the uncertainty caused by the possible presence of tree
cavities. Meanwhile, in the current study, we have carefully avoided hollow trunks
by a systematic restriction of sampling to physically sound trees (i.e., without signs
of crack or rotten parts).

By considering the individual architecture of trees, our proposed TLS-based method
could have wide applicability to other mangrove species. The work of Feliciano et al.
(2014) already demonstrated a workaround for TLS application to Rhizhophora
species, considering the prop roots as toroidal objects to estimate their volumes and
biomass. Their approach and the one presented here are fundamental towards
ensuring the wider applicability of the TLS method for the studies on mangrove tree
architecture and ecosystem functioning. The approaches could also be supported by
tree architecture studies, which are scarce for mangroves at present, for example,
for species developing prop roots, or aerial appendages.

Conclusively, the TLS data analysis provides a viable substitute for the destructive
biomass measurement and allows estimates of large mangrove trees to be tractable.
This opens new research opportunities in mangroves studies with respect to tree
architecture, ‘biomass productivity and ecosystem functioning. Our current
allometric models may facilitate accurate determinations of the biomass for the
aboveground parts with potential benefit to the success of the coastal blue carbon
projects for conservation of mangrove forests. To advance the TLS method to other
mangrove forests, a fully automatic procedure for volume and biomass estimation is
desirable for use in the natural scrubby to tall mangrove forests, and this may require
further refinement of our current procedure for TLS data collection and processing.
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Appendix 2- I: Contribution of different tree components to total aboveground biomass of
Avicennia germinans (A. near uniform distribution in small trees (DBH< 42 cm); B. Variability of
branch biomass in large trees (DBH> 42 cm))
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3 COLLECTIVE PLASTIC TREE ATTRIBUTES EXPLAIN THE
DYNAMICS OF ABOVEGROUND BIOMASS IN CONTRASTING
AMAZON-INFLUENCED MANGROVE FORESTS!

Abstract

In an attempt to elucidate on how the cross-regional variations in mangrove tree
morphology relate to the dynamics forest structure, we investigated the relative
contribution of plastic tree attributes to the divergence of aboveground biomass in the
Amazon-influenced mangrove forests. Datasets from 45 plots of contrasting tree
morphology and stand structure in French Guiana (FG) and Braganga, state of Pard,
North Brazil were considered for this study. Using Avicennia germinans as a test species,
we highlighted the site-specific differences in tree allometries, thanks to the analysis of
covariance (ANCOVA) covering the dimensional relations of total height — stem
diameter, height-to-crown base — stem diameter and crown — stem diameter in
comparison to their respective cross-regional models. Marked differences in the tree
crown dimensions clearly suggest regional-scale allometric differences among
mangrove forests in FG and Braganca. To identify how far site-dependent tree
allometries can influence aboveground biomass at the tree scale, we optimized a
diameter-biomass allometry using height and crown dimensions as covariate
explanatory variables. Scaling to the stand level, selected collective indicators of local
variation in tree morphology and forest structure were considered in developing
parsimonious stand aboveground biomass (AGB.ha) models, allowing us to explain the
cross-regional divergence of aboveground biomass across the Amazon-influenced
forests. The potential of the models were tested in contrasting mangrove stands with
distinct tree morphology. Our results showed that local variation in tree allometries
reflected up to ca. 30% coefficient of variations in the tree-scale aboveground biomass
predictions from tall forests in FG to medium-height forests in Braganca. Models based
on the stand basal area (SBA.ha), quadratic mean stem diameter (Dq), maximum stem
diameter (Dmax) and height (Hmax) explained ca. 90% of local variation in the AGB.ha.
The best-fitted model (noted SM.4), with SBA.ha, Dg and Dmax das explanatory
variables, predicted the AGB.ha of mangrove forests in Braganca to the root mean
square (RMSE) of 13.9%. Conclusively, the site-specific variation in mangrove tree
morphology led to divergent allometric relations and that strongly impedes the
application of any cross-regional allometric model. The biomass allometric model
incorporating crown metrics apparently provided a measure of site-dependent
variations at the tree scale. This study thus suggests that regional differences in
mangrove tree structure and function could be captured through better description of
crown metrics, and that selected indicators of local morphological plasticity and
consequent stand structure could generate a plus-value in the understanding of
mangrove stand dynamics across contrasting coasts.

! Manuscript in preparation
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3.1 Introduction

Many aspects of forest structural and functional properties directly relate to the
allometric scaling of trees’ morphological and physiological traits (Bohlman and
Pacala, 2012; West et al., 2009). Such relationships are well established in allometric
framework (Muller-Landau et al., 2006; West et al., 2009), which are rooted on the
power-based dimensional ratio of structure and function relationships (Huxley and
Teissier, 1936). In the purview of these conceptual models, the morphological scaling
of tree species are simply presumed to converge in invariant allometric exponents
(Enquist and Niklas, 2001; West et al., 1999). Most general allometric models are
hinged on similar assumptions that tree form and functions across sites or regions
could be captured in simple allometric equations. Evidences however suggest that
the allometric relationships of tree structure and function are not always linearly
simple (Weiner, 2004), and can vary significantly from local to regional scales
(Feldpausch et al., 2011; O'Brien et al., 1995; Pretzsch et al., 2014); they are largely
influenced by environmental constraints (Koch et al., 2004; Ryan and Yoder, 1997).
This being that individual trees are shaped to maximize fitness and optimized
function in response to exacting abiotic stress and competitive interactions with
neighbouring others (Callaway et al., 2003; Chapin et al., 1987).

For instance, the morphology of shoot in relation to the respective root systems in
individual trees are fashioned in the sense that they meet individuals’ peculiar
functional need to obtain light, water or nutrients prevailing environmental cues
(Franklin et al., 2012; Poorter et al., 2012). Further support for allometric plasticity
rested on the assumption of increasing cost of hydraulic limitation with reduced
water availability, whereby trees respond with restricted height growth with no
corresponding change in stem diameter (Feldpausch et al., 2011). In a similar manner,
studies have shown that the average tree height in the tropical forests decreases
with increasing altitude (Grubb, 1977) as well as latitude (Méndez-Alonzo et al,,
2008), and the stem diameter less responsive in a comparable magnitude. The
question thus remains whether allometric relations of tree dimensions to the
respective functionalities (for example, biomass accumulation) hold constants or
rather converge in constant slopes at a regional scale, especially for tree species
exhibiting morphological plasticity.

In mangrove forests, numerous cases of morphological plasticity have been
documented (sensu. Feller et al. (2010); Vovides et al. (2014)) and this makes an
unrivalled opportunity to shed light to the understanding of changes in tree
allometric relations and the implications for biomass predictions across scales of
environmental/ coastal conditions. Local variations in abiotic conditions -
hydroperiod, salinity and resource distribution — and regional environmental settings
(Twilley and Rivera-Monroy, 2005) often do lead to diverse morphological



Chapter 3 43

expression within a single mangrove species. While a typical A. germinans tree in
equatorial mangrove region can attain a height of ca. 45 m (Fromard et al., 1998;
Olagoke et al., 2016), a dwarfy individual of the same species in an adverse
environment rarely exceed a height range of 0.5 mto 2 m (Vogt et al., 2014). Likewise,
Lugo (1997) showed that R. mangle in the Neotropical forest can attain mature tree
size between 0.5 m and 40 m high depending on habitat salinity. The differential
biomass partitioning to various tree components in the course of growth
development is mainly attributed with structural plasticity of mangrove trees in
variable environments (Feller et al., 2003; Lira-Medeiros et al., 2010; Peters et al.,
2014). In this case, an individual growing in a water or nutrient limited environment
prioritizes biomass allocation to root development (Ball, 1988; Castafieda-Moya et
al., 2011) in order to facilitate access to belowground soil resources. A reverse trend
comes to play when light resource becomes limiting, as trees are disposed to
increasing competition for light, and by implication direct more biomass proportion
to crown and leaf growth (Cintron and Schaeffer-Novelli, 1984; Clough, 1992).
Despite the knowledge of allometric plasticity in mangrove trees, the influence of
stand level structure and function is rarely explored (Vovides et al., 2014).

Earlier studies have highlighted the importance of allometric models in the study of
mangrove structure and functions (e.g. Fromard et al. (1998); (Komiyama et al.,
2002); Ong et al. (2004); Soares and Schaeffer-Novelli (2005)). Many of these works
pointed to the fact that allometric relations are site-dependent, leading to regular
proliferation of local mangrove diameter-biomass allometric models (Komiyama et
al., 2008). Of the available models, only a few studies have advanced common or
general biomass allometric models (Chave et al., 2005; Komiyama et al., 2002;
Komiyama et al., 2005), which are supposedly applicable for tree biomass estimation
in every mangrove regions. It however remains uncertain that specific wood gravity,
which appears the only precursor of environment conditions in such models is
sufficient to capture the variability being observed in nature. Beyond the tree scale,
the modelling attempts by Saenger and Snedaker (1993) and Hutchison et al. (2014)
tend to capture regional or global patterns in stand biomass, though they achieved
models that explained only ca. 7.6% and 13.9% of stand biomass variations
respectively using local latitude and/ or biophysical parameters. The above
notwithstanding, the common practice remains the application of common
allometric models to forests in the same region and beyond, especially where no
local allometric equations are available (Fourqurean et al., 2014). We opine that the
implication of local variations in tree allometries could impacts significantly on the
accuracy of biomass estimation at the tree scale, as well as the stand level estimates
of forest structure. Given this assumption, applying a common diameter-allometric
biomass models to sites beyond the region of calibration could result in gross



Chapter3 44

systematic errors over the stand-scale biomass estimates (Fourqurean et al., 2014),
as equally demonstrated in the tropical rainforest studies (Chave et al., 2004).

Accounting for site-specific allometric variations in biomass models is obviously
challenging and perhaps the reason for paucity of cross-regional biomass models.
Forests with largely distinct structural properties may indeed culminate in nearly the
same aboveground biomass estimates (Proisy et al., 2012; Proisy et al., 2016b). This
factor also limits the prospects of many sophisticated remote sensing techniques in
accurately mapping of mangrove forest biomass (e.g. Réjou-Méchain et al. (2014)).
As a practical contribution to the identification of variables that can explain
structural dynamics of mangrove forests, we analysed in this study the allometric
differences among amazon-influenced mangrove forests and the implications for
aboveground biomass estimation both at the tree scale and stand level. Our key aim
is to advance parsimonious models that can explain the cross-regional dynamics in
the aboveground biomass using site-dependent plastic tree indicators. In specific
terms, we addressed three important questions:

1. Do variations in mangrove tree morphology lead to convergence in allometric
relations in the Amazon-influenced regions?

2. If not, how much does the local variation reflected in the diameter-biomass
allometry across the regions?

3. To what extent can a parsimonious model explain the dynamics of
aboveground biomass across the amazon-influenced mangrove forests?

3.2 Materials and methods
3.2.1  Study locations

This work presents data from a series of mangrove forests located in contrasting/
diverse sites along the coasts of French Guiana and Braganca, North Brazil (Figure
3-1), all in the Amazon-influenced regions. In total, we have assembled tree
dimensions and forest structure data from 46 mangrove forest plots (39 in French
Guiana and 7 in Braganca), with sizes ranging from 0.03 to 1 ha (depending on tree
density). The sites are generally distinct in local environmental conditions, tree
growth forms and forest structure. Although the study was pre-designed to
represent contrasting Avicennia germinans dominated forests, some of the sites
contained sparse proportion of Rhizophora mangle and Laguncularia racemosa in
varying compositions. Further descriptions of the sites, forest structure and species
compositions are provided in the subsequent sections.
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Figure 3-1: Location of study sites in French Guiana coast and Braganca (North Brazil), with
selected plots in filled circles in the scale proportional to aboveground biomass per hectare.

In French Guiana (FG), the study plots are distributed along the 350 km mangrove
coastline, which is primarily exposed to the influence of sediment dispersal from the
Amazon River (Baltzer et al., 2004). The spatio-temporal distribution of mangroves
in this area is controlled by a succession of rapid and acute erosion and accretion
phases resulting from the drift of giant mudbanks to the northwest (Allison and Lee,
2004; Gardel and Gratiot, 2004). The main successional growth stages are distributed
in patchy forest mosaics across the coastal landscape, with clusters of young trees
sometimes occurring in close vicinity to decaying areas (Fromard et al., 1998; Proisy
et al., 2007). Here, the positioning of study plots specifically represents the span of
different developmental stages as characterized by their forest structure and
aboveground biomass ranging from 50 to ca. 400 Mg DM/ ha, with site salinity
between 10 - 20 ppt.

In Braganca (North Brazil), our plots are located within the mangrove peninsula
around the Caeté bay, which extends over ~300 km southeast of the Amazon
estuary (Lara and Cohen, 2006). The forests form riverine/ fringe mangroves in a 166
km? peninsula, crossed by several tidal channels with macrotides height range of ca.
4 m and strong oscillating currents reaching ~1.5 m s™ velocities for spring tides (Lara,
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2003). Highly dynamic sediment transport, with areas of rapid mud erosion and
deposition, forming similar geomorphologic features and the development of
analogous mangroves, and the correlation found between tree height and
topography-dependent inundation frequency are some of the intrinsic features
characterizing the mangrove forests in this area (Cohen and Lara, 2003; Cohen et al.,
2004). Here, we have selected seven study plots covering a range of Avicennia tree
height profile: from 2-11 m Medium Avicennia stand (BragM, 3 plots) through 5-25 m
in the mixed stand (BragMix, 2 sample plots) and ca. 5-30 min the Tall Avicennia stand
(BragT, 2 plots). More so, the classification based on tree height profile equally
matched a gradient of sediment salinity, from low (30 ppt) in the Tall Avicennia stand
to ca. 60 ppt in the Medium stand.

3.2.2 The datasets

Forest structure

We provide the summary descriptions of the forest stands presented in this study
in the Table 3-1 below. In French Guiana, the selected plots covered forest stands
with mean diameter ranging from 5.9 to 73.5 cm and mean height, from 10.2 to 35.7
m. In this area, the maximum stem diameter and height reached respective values
of ca. 125 cm and ca. 45 m. The corresponding aboveground biomass per hectare
(estimated as presented in section 3.2.3 below) ranged from 57.5 to 481.9 Mg
DM/ha. For the sites in Braganca, the mean stem diameter ranged between 9.5 and
12.9 cm in the BragM, 16.7 and 22.7 cm in the BragT, and 24.5 to 36.7 cm in the
BragMix. Across the Braganca sites, we recorded stand aboveground biomass
ranging from 90.2 to 288.8 Mg DM/ha.

The Dq in each plots was determined from the stem diameter measurements Dj, i =

1...N of all individual trees (N) in the plot using the formula:

and the Hq represented the corresponding mean height of trees with stem diameter
the nearest Dq (Pretzsch, 2009). We estimated stand basal area for each forest plot
as:

D?  plotsize

N
SBA.ha=pix )" ,
i 200 10000
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The stand aboveground biomass (AGB.ha) for each forest area correspond to the
sum of the component trees’ aboveground biomass (AGB), with individual tree AGB
estimated using allometric models as detailed in 3.2.3 below.

Table 3-1: Important structural attributes and habitat salinity range characterizing the
selected forest plots, including quadratic mean stem diameter (Dq), median stem diameter
(Dm), quadratic mean height (Hq), median height (Hm), maximum height (Hmax), maximum
stem diameter (Dmax), number of individuals per hectare (N.ha), stand basal area (SBA),
stand aboveground biomass (AGB.ha). Values denote range obtained from plots within the
same site categories.

Forest sites

variables  French Guiana BragancaTall Brag Medium  Brag Mixed
Dq (cm) 5.90-73.53 16.72-22.68 9.51-12.90 24.51-36.88

Dm (cm) 5.40-69.50 12.48-15.65 7.40-8.80 10.48 -18.05
Dmax (cm) 8.50-124.50 35.70 —43.10 24.65-24.70 92.00 - 95.60

Hg (m) 10.23 -35.66  13.46 — 17.11 5.68 — 6.53 12.90 - 17.27

Hm (m) 9.44 - 36.31 12.27 —16.58 5.36 — 6.13 9.81-19.10
Hmax (m) 14.21-42.39 23.80-29.20 8.08 -11.01  23.97 —24.58

N.ha (stems/ ha) 44 - 1599 533 - 888 1122 — 1411 256 — 533
SBA (m?/ha) 7.00-65.56  19.52-21.56 10.03-14.46  25.17 —27.30
AGB.ha (Mg DM/ha) 57.5 - 481.9 216.2-242.1  90.2-118.6  274.5-288.8
Salinity (ppt) 10 - 20 30-35 55 — 65 35-50

Tree scale measurements

The datasets include measurements of stem diameter (D), crown diameter (CD),
height-to-crown-base (HCb) and total height (Ht) from 341 individual mangrove trees
encountered in the studied plots, both in FG and Bracanca. We selected only data of
all living trees in the studied plots with stem diameter greater than 5 cm measured
at breast height (1.3 m) in most cases, or 0.5 m above buttresses or stilt root
formations where necessary. Complementing these data are 3D measurements of 51
selected trees in FG using the terrestrial laser scanning (TLS) and total-station laser
tacheometer. The description of the TLS measurements and subsequent analysis
was provided in details in Olagoke et al. (2016). In Braganca, we described simplified
3D structure of 26 individual trees described using a classic rangefinder (LaserACE
1000). Additionally, wood density measurements were obtained from representative
trees and the mean values of all observations were estimated accordingly for each
species encountered in all forest plots.
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Tree AGB estimations

We applied the species-specific allometric models of Fromard et al. (1998) to
estimate the AGB of trees in FG to the diameter limit of the models’ calibration data.
For Avicennia species larger than 42 cm diameter (the maximum diameter of Fromard
et al. (1998)), we used the model of (Olagoke et al., 2016) that extended to large
trees reaching 125 cm. For the trees in Braganca plots, we based our biomass
estimates on the model type proposed by Ploton et al. (2016), which decomposes
AGB measures into trunk mass and crown mass, using the 3D mangrove tree
measurements and tree weight presented in the previous chapter. Specifically, this
model optimized a diameter-biomass allometric model using crown dimensions as
covariate explanatory variables. The model was selected on the rationale that crown
measures provide good indicator of local morphological plasticity in tree allometry
(Vovides et al 2014). Using mean wood density (p) of 730 kg/m3, the parameterized
biomass model is written as:

AGB = exp(-1.767 + (0.305 x In(p x D>*x HCb))+ (0.015 x (In (p x D*>x CD)?)),
R*=0.98

3.2.3 Data analyses and statistics

Tree allometric relationships

We consider the use of allometric relationships to explore the variation of mangrove
tree morphology across sites in FG and Brazil, using A. germinans as a case study. The
analysis covered the allometries of tree height (Ht), height-to-crown-base (HCb),
crown diameter (CD) with stem diameter (D) in logarithmic scale as explanatory
variable. With each pair of variables, we first proceeded with sets of cross-regional
(joint) models using aggregated data from all sites while ignoring the site-specific
differences in tree morphology and the local variation in tree allometries. The
general form of cross-regional models is written as:

Y,.~N(ﬂo +p "n(xi)’gz)’

with Y; as estimate of a response variable (Ht, HCb and CD) for tree i from the
corresponding X; stem diameter, # as model parameters with residuals normally

distributed (N) against zero variance, 2.

In order to estimate and test whether the local morphological scaling could result in
significant statistical differences in the allometric slope values among sites, we
considered partitioning the datasets into regional categories through analyses of
covariance (ANCOVA) in nested generalized linear model design:
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Y, ~(ForestID | In(X;)-1),

with Forest ID as the categorical variable for regional partitioning. The standard
analysis of variance with F-statistics of the resulting cross-regional model and
corresponding ANCOVA model allowed us to infer on the significance of local
variation in intercepts and slopes across the regional categories. In addition, we
compared the estimates from the fitted cross-regional models and the site-specific
counterpart to obtain the deviation terms in root mean square deviation (RMSD) as
provided in 2.3.2 below.

Effect of site-dependent morphology on AGB estimates

We compared the diameter-biomass allometry and the estimate of the
reparameterized Ploton et al (2015) model to isolate the effect of changing tree
morphology on AGB estimates within the amazon-influenced mangrove forests. The
inference was based on the coefficient of variation (CV) of the root mean square
deviation (RMSD) of the two estimates. The RMSD was estimated as:

2

ZL()A’,'—Y;')

RMSD= ’
N

where V; and Y; are the respective allometric predicted and site-specific estimates.

The corresponding CV computed as:

N RMSD L T
V(§i—y; )= 5D 100, with  as the mean value from all i -

Morphological plasticity in stand AGB modelling

As a preliminary analysis, we assessed the linkages of some collective indicators of
local variation in tree morphology and forest structure to the aboveground biomass
at the stand level (AGB.ha). The variables tested include quadratic mean stem
diameter (Dq), median stem diameter (Dm), quadratic mean height (Hq), median
height (Hm), maximum height (Hmax), maximum stem diameter (Dmax), number of
individuals per hectare (N.ha), stand basal area (SBA). We selected variables with
strong correlation to the AGB.ha to advance the parsimonious stand aboveground
biomass models that could serve to explain the cross-regional divergence of
aboveground biomass across the Amazon-influenced forests. The fitting of models
of the models considered are expressed as:

AGB.ha; ~Nlexp(fy+ 5, In(X, )+ B, - In(Xy, )} o),

as in models tagged SM.1 and SM.2, and
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AGB.ha; ~NlexplBy + 8, -In(X,, )+ 8, - In(X;, J+ 4, In(x, o),

in models with code SM.3 and SM.4. The Xn; corresponds to a specific explanatory
variable for AGB.ha in forest stand i. In this case, we tested varying combination of
selected indicators of site-specific variation in tree allometry including SBA, Dq,
Dmax and Hmax as explanatory variables in four different models as presented in
Table 3-3 below. The percentage variance explained by individual explanatory
variable in each model was computed as:

SS
—=Xn_x100,

SSTotal

where SSxn corresponds to sum-of-squares for variable Xn, and the sum of all SSxn and
residual term yielded the SSrota. The sum of variance (%) of all variables provided the
total explained variance while the percentage value of sum of square error marked
the total unexplained variance. All statistical analyses and modelling presented in
this study were realized in R software 3.2.2 (R Core Team, 2015).

3.3 Results

3.3.1 Regional differences in tree morphological allometries

The variations in the allometries of mangrove tree morphology across the
investigated study locations in the Amazon-influenced mangrove regions are
summarized in Figure 3-2. In the first step, the joint models (in reds) based on
aggregated cross-regional datasets show significant relationships between 1) tree
height (Ht) and stem diameter (D), 2) height-to-crown-base and stem diameter, and
3) crown diameter and stem diameter, with respective R? values of 0.77, 0.60 and
0.76 (Table 3-2). These joint models are characterized by slope of 12.11 (CI? [11.39,
12.83]) and intercept of -18.55 (ClI [-20.69, -16.39]) for the Ht — D, slope of 4.91 (Cl
[4.45,5.36]) and intercept of -7.03 (Cl [-8.37, -5.70]) for the HCb - D, and slope of 4.07
(CI[3.79, 4.36]) and intercept of -5.59 (CI [-6.39, -4.79]) for the CD - D relationships,
respectively.

By controlling for the local variation in morphological scaling across the investigated
sites, the ANCOVA models indicated significantly divergent slopes and intercepts for
all allometric relationships (Table 3-2). Trees in FG forests are significantly higher than
trees of equivalent diameters in the tall mangrove forests in Braganca, which are
equally substantially higher that the counterparts in the medium-height forests in
Braganca. The differences in the site-specific ANCOVA models and the counterpart

2 Clindicates lower and upper intervals at 95 percent confidence level
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cross-regional joint models resulted in variable coefficient of variations (CV) for the
estimates obtained from both models across the region. For the Ht — D relationships,
the CV of the estimates ranged from ca. 16% in tall FG forests to ca. 84% in the medium
height forests in Braganga. The CV of 18.30% and 19.72% of the HCb — D marked a
comparable trunk ratio (height-crown-base) for trees in FG and Braganca tall forests,
while nearly a six-fold deviation (111.91) in trunk ratio was recorded in the Braganca
medium-height forests. For the crown allometry, the estimates from both the joint
models and the site-specific models yield the CV of 20.82% in FG forests compare to
8.49% and 31.69% in Braganca tall and medium-height forests respectively.
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Figure 3-2: Comparison of tree allometric relationships in the French Guiana, Braganca tall

(BragT) and medium-height (BragM) sites, all in the Amazon-influenced mangrove regions.
The red curves indicate cross-regional (joint) models from the aggregated datasets.
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Table 3-2: Comparison of site-based (Nested ANCOVA) and cross-regional (Joint) tree
allometries in contrasting Amazon-influenced mangrove forests across French Guiana (FG)
and Braganga. Specific allometric relationships tested include total height — stem diameter
(Ht - D), height-to-crown base - stem diameter (HCb - D), and crown diameter - stem
diameter (CD - D). Sites considered in Braganca were classified as tall (BragT) and medium-
height (BragM) forest stands. The SE represents the standard error of the parameter
estimates.

Model  Forest Intercept Slope Test CV (%) of
Allometry  type ID (SE) (SE) estimates
FG -8.29 (1.26) 10.52(0.35) 16.32
Ht-D Nested BragT -5.80(0.94) 7.27(0.33) Nested (R>=0.98)vs 25.19
ANCOVA BragM 2.00(1.24) 1.86(0.52)  Joint (R*=0.77) 84.32
Joint All -18.55 (1.10) 12.11(0.37) p< 2.2x107 -
FG 1.28 (1.08) 3.00(0.31) 18.30
HCb-D  Nested BraglT -0.82(1.06) 3.11(0.36) Nested (R*=0.94)vs 19.72
ANCOVA BragM 0.37(1.03) 0.86(0.44) Joint (R*=0.60) 111.91
Joint All  -7.03(0.68) 4.91(0.23) p< 2.2x107 -
FG  -14.70 (1.09) 6.89(0.30) 20.82
CD-D Nested BragT -4.89(0.51) 3.69(0.17) Nested (R*=0.96)vs 8.49
ANCOVA BragM o0.70(0.61) 1.32(0.26)  Joint(R*=0.76) 31.69
Joint All -5.59 (0.40) 4.07(0.14) p< 2.2x107 -

3.3.2 Morphological plasticity and aboveground biomass allometry

Common diameter — biomass allometric models in the study area (Fromard et al.,
1998; Olagoke et al., 2016) resulted in similar estimates for all sites, indicating the lack
of capability to isolate the effect of morphological plasticity at the local scale.
Decomposing the tree structure into trunk and crown components provided
indicators to account for local variations in tree aboveground biomass, using the
model of Ploton et al. (2016) parameterized and validated for mangrove species (see
Appendix). The results revealed substantially higher aboveground biomass for trees
in French Guiana than trees of similar diameter in the counterpart tall forests in
Braganca, which had trees with higher biomass than in Braganca medium height
forests. For trees of equivalent stem diameters, the aboveground biomass estimates
from this parameterized model yielded coefficient of variation of ca. 10% between
tall forests in French Guiana and Braganca, and this increased to ca. 31% between
French Guiana and Braganca medium-height forests. The deviations in tree
aboveground biomass were detectable from trees with stem diameter greater than
ca. 10 cm and 20 cm in the Braganca medium-height and tall forest stands
respectively (Figure 3-3).
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Figure 3-3: Differential diameter-biomass allometries as reflected by local differences in
morphological (trunk and crown) scaling in the Amazon-influenced mangrove forests. 3-3A
compared trees in Bragan¢a medium-height stands (BragM) with equivalent diameter sizes
in Braganca tall (BragT) and French Guiana forests, while 3-3B extends to the large trees in
the tall forests. The dashed lined marked the point of deviation of tree biomass between
sites.

3.3.3 Dynamics of stand aboveground biomass in divergent mangrove forests

Based on datasets from French Guiana forests, we built a correlation network (as
shown in Figure 3-4) that identifies the strength (measured by correlation
coefficient, r) of the link of selected indicators of site-specific variation in tree
morphology and stand structure to the characteristic stand aboveground biomass
(AGB.ha). The results revealed that variables including stand basal area (SBA),
quadratic mean stemdiameter (Dq), maximum stem diameter (Dmax), quadratic
mean height (Hq) and maximum height (Hmax) show strong positive relationships
with the AGB.ha, as the Pearson correlation coefficient (r) ranked well above o.5.
While number of trees per hectare (N.ha) had strong negative relationship with
stand biomass, other variables including median stem diameter (Dm) and height
(Hm) showed relatively weaker correlation (r < 0.5).
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Figure 3-4: Relationships of collective plastic tree and stand attributes to stand aboveground
biomass (AGB.ha), based on data from diverse French Guiana mangrove forests. Variables
tested include quadratic mean stem diameter (Dq), median stem diameter (Dm), quadratic
mean height (Hq), median height (Hm), maximum height (Hmax), maximum stem diameter
(Dmax), number of individuals per hectare (N.ha), stand basal area (noted as SBA.ha).

In attempting to explain the dynamics of stand aboveground biomass in forests
characterized by varying morphology and structural attributes, we explored the
models presented in Table 3-3. While the model tagged SM.1 explained ca. 86% of the
total variations observed in the stand biomass, the model SM.4 reached ca. 90%
credible performance. According to the Akaike’s information criterion (AIC), a model
with the least AIC value provide the best fit. In this case, the performances of the
fitted models are ranked in the decreasing order as:

SM.4 (AIC [-22.97]) > SM.2 (AIC [-21.08]) > SM.3 (AIC [-21.08]) > SM.1 (AIC [-12.72])

From the total variance explained by all models, we found that stand basal area
(SBA) made a relative contribution of ca. 55% as shown in Figure 3-5. In model SM.1,
SM.3 and SM.4, the quadratic mean stem diameter (Dq) contributed ca. 31% of the
total variance. While dominant stem diameter (Dmax) explained ca. 34% of total
variance in SM.2, the contribution was lowered to ca. 3% in SM.4 where the Dq was
incorporated.
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Table 3-3: Models linking the dynamics of stand aboveground biomass to parsimonious
collective plastic tree and forest structural attributes. The alphabets a - d are the model
parameters and the SE represents standard error of parameter estimates. Model selections
are based performance inference measured by the R?, residual standard error (RSE) and the
Akaike’s information criterion (AIC).

Explanatory variables Model parameters Performance
a b C d
Model In(X1) In(X2) In(X3)  (SE) (SE) (SE) (SE) R* RSE AIC
SM.1 SBA Dq - 1.57 0.62 0.56 - 0.86 0.19 -12.72
(0.27) (0.09) (0.06)
SM.2 SBA  Dmax - 1.51 0.54 0.53 - 0.89 0.17 -21.08

(0.24) (0.08) (0.05)
SM.3 SBA Dqg Hmax 0.12 0.53 0.32 0.72 0.88 0.18 -16.55

(0.66) (0.09) (0.12) (0.30)
SM.4  SBA Dg Dmax 149 0.54 0.36 0.21  0.90 0.177 -22.97

(0.24) (0.08) (0.10) (0.11)
Res‘ I
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Figure 3-5: Relative contribution of tree attributes as explanatory variables for dynamics of
aboveground biomass per hectare in contrasting mangrove forests. SM.1 — SM.4 are models
based on different combinations of stand basal area (SBA), quadratic mean stem diameter
(Dq), median stem diameter (Dm), maximum height (Hmax), maximum stem diameter (Dmax).
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Both as a measure of evaluation and application, the models were tested against
independent datasets from forests of contrasting tree morphology and structural
attributes in Braganca. The results showed that SM.2 and SM.4 explained nearly 90%
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variation of aboveground biomass in forests of diverse tree and stand structure
(Figure 3-6), with coefficient of variation (CV) standing at 14.57% and 13.90%
respectively.
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Figure 3-6: Comparison of stand aboveground estimates in Braganca forests to the
corresponding predicted values using models (SM.1 - SM.4) fitted on FG data. Common to all
models is the stand basal area (SBA), while other explanatory variables include quadratic mean
diameter (Dq) in SM.1, SM.3 and SM.4; Hmax in SM.3; and Dmax in SM.2 and SM.4.

3.4 Discussion

Our first intention in this study aimed at investigating whether local variations in tree
morphology between mangrove forests in French Guiana and Braganga converge in
cross-regional allometries, with no significant impacts on the estimates of tree
aboveground biomass. Our findings demonstrate that trees display markedly distinct
allometries between forests stands in French Guiana and Braganca, reflecting a
substantial measure of allometric plasticity (Vovides et al., 2014). Interestingly, the
significant differences recorded in tree allometries seemed preserved in the crown -
stem diameter relations across the investigated sites. We demonstrate how the
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divergence in tree allometries could restrain the application of diameter-biomass
allometric models calibrated for French Guiana (Fromard et al., 1998; Olagoke et al.,
2016) to other mangrove forests in the Amazon-influenced coasts, but a biomass
model incorporating crown metrics as a measure of local plasticity has a greater
prospect for cross-regional application. For the second objective, we explored to
what extent some collective indicators of tree plasticity and local variations in forest
structure can explain the cross-regional dynamics of aboveground biomass in the
contrasting Amazon-influenced mangrove forests. Our results showed that a model
(SM.4) based on stand basal area (noted as SBA.ha), quadratic mean diameter (Dq)
and dominant tree diameter (Dmax) in French Guiana accounted for ca. 90 % of
variation in the stand aboveground biomass (noted as AGB.ha). This model reached
a coefficient of variations of only 13.9% on application to sites of distinct tree
morphology and forest structure in Braganca. We expatiate on these findings in the
following discussion.

Of the two models (power function and logarithmic model) tested for the
investigated tree allometries, we selected the model based on the logarithmic
transformation of stem diameter. The reasons being that: 1) while power function
resulted in over prediction of large tree height and crown diameter, the logarithmic
model displayed a good fit for the asymptotic nature of tree growth (Feldpausch et
al., 2011; Olagoke et al., 2016); 2) the logarithmic model returned much lower error
estimates for trees in the lower and larger diameter size classes than the power
model. Apparently, our nested ANCOVA (site-dependent) models of allometric
relations differed significantly from the joint models obtained through data
aggregated from across the study sites. This reestablishes that cross-regional models
stand the chance to propagate significant error margin if the local site conditions are
not properly accounted for.

From the analyses of height — diameter allometric relations, tall trees in Braganca
were nearly 30% shorter that the equivalent diameter sized trees in the French
Guiana. Of the likely hypotheses for tree height growth in mangrove forests (Alongj,
2009; Clough et al., 1997; Twilley and Rivera-Monroy, 2005), one clear explanation
for allometric differences in the case of our study sites is the markedly different pore
water salinity. As Reef and Lovelock (2015) acknowledged, increasing soil salinity
limits the availability of utilizable belowground water resource for plant growth.
More so, the high salinity conditions come with high cost of water transport
(hydraulic conductivity) (Koch et al., 2004; Lovelock et al., 2006), possibly leading to
restricted height growth or crown recession as we noted in some mangrove trees in
Braganca. Another important explanation relates to the plastic and preferential
allocation of biomass/ carbon to organ(s) responsible for acquisition of limiting
resources (Ball and Passioura, 1995; Peters et al., 2014). By implications, trees
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growing in hypersaline conditions allocate more biomass to root region, and
consequently display shorter stem than individuals growing under intense-moderate
competition for light. These explanations however may not undermine the fact that
forest history, local coastal processes (Fromard et al., 2004; Proisy et al., 2016a) and
sediment biogeochemistry (Clough, 1992; Twilley and Rivera-Monroy, 2005) might
have contributed to the allometric variations observed among the study sites.
Specifically, Twilley and Rivera-Monroy (2005) pointed that sediment
biogeochemistry and associated processes can equally relate to the regional
divergence in the tree structure, and resulting allometries. Since the current study is
lacking in data on sediment quality, and the relative contribution of such factors to
the regional differences in tree allometries in the Amazon-influenced coasts contexts
could not ascertained.

The crown - stem diameter allometry was largely congruent to the tree height -
diameter allometric relations in terms of variations, from French Guiana to the two
forest classifications in Braganga. Our results revealed that the trees in French Guiana
yielded higher crown scaling ratio than trees from both the tall and medium-height
forests in Braganca, with the least value in the latter. These results largely agree with
previous findings suggesting variant crown — stem diameter allometric scaling in
mangrove trees (e.g. Vovides et al. (2014)), though in a clear contradiction to
predicted convergent scaling of the metabolic theory of ecology (Brown et al., 2004;
West et al., 1997) as largely demonstrated in studies with focus on terra-firme forests
(Blanchard et al., 2016; Clark et al., 2015; Poorter et al., 2006). Similar to tree height
allometry, both the available empirical and theoretical studies (e.g. Vovides et al.
(2014); Peters et al. (2014); Grueters et al. (2014)) supported the hypothesis that
mangrove trees prioritize dimensional growth such that the allometry of crown
proportion in relation to stem diameter reduces with increasing water and nutrient
limitations, where the need for increasing root extension to allow for extended
resource foraging prevails over crown development. By implication of these results,
it may suffice to point that remote sensing techniques linking crown — diameter
allometry or other tree allometric relations in the measurements of forest biomass
and other forest parameters (e.g. ; Proisy et al. (2007); Fatoyinbo and Simard (2013))
in mangrove ecosystems stand could gain improved accuracy with fine-scale
morphological variations adequately accounted for.

As expected, we found that local variations in tree morphology significantly impact
on aboveground biomass estimates when we considered diameter — biomass
allometric models calibrated for French Guiana mangroves for sites of contrasting
tree structure in Braganca, even when sites are located in the same geographical
region. Applying the model of Ploton et al. (2016) — parameterized for mangrove tree
species - that reflected a measure of morphological variations through the



Chapter 3 59

incorporation of crown metrics, our results revealed that both Fromard et al. (1998)
and Olagoke et al. (2016) diameter - biomass allometric models from the French
Guiana yielded coefficient of variation of ca. 15 % and ca. 31 % for trees in the tall and
medium-height mangrove forests in Braganga respectively. Further than the
explanation rooted on latitudinal variation in tree biomass (Twilley et al., 1992),
morphological plasticity here appears an important factor in the diameter — biomass
relationship. Where no site-specific diameter - biomass allometric models are
available, it may be worthwhile to consider using crown metrics in the biomass
allometric model to account for local morphological variations, which would
certainly reduce error propagation. The values presented here, however, may need
to be treated with cautions as they are yet to be validated with direct biomass
measurements in Braganca sites, but rather show estimates via the method of
Ploton et al. (2016) that was validated using data of tree weight and terrestrial laser
measurements from French Guiana.

At the forest stand scale, we investigated the relative contribution of various
collective indicators of morphological plasticity (Sensu Vovides et al. (2014)) in
explaining the dynamics of aboveground biomass across the Amazon-influenced
mangrove forests. We found that the stand aboveground biomass considerably
correlated with stand basal area, mean quadratic diameter, diameter and height of
the dominant trees, but more weakly linked to the median stem diameter and height,
and number of trees within the stand (stand density). The negative correlation of
stand density with the aboveground biomass is rather not unfounded, given their
generally known relationships in the context of self-thinning processes (West et al.,
2009; Yoda et al., 1963). Of all the selected variables, we identified stand basal area
as the most important explanatory variable for the stand aboveground biomass,
being that it contributed ca. 55% of the total variance in all tested models. This
perhaps directly relate to the point highlighted by Feldpausch et al. (2011) that stand
basal area could be indicative of local height — stem diameter allometry. The results
equally align with the findings of Vovides et al. (2014), where the authors suggested
an analogous trend for both stand basal area and height — stem diameter allometry
from forests of contrasting site conditions. Other than the stand basal area, both the
quadratic mean stem diameter (Dq) and dominant tree diameter (Dmax) accounted
for 31% and 34% of the total variance in models where they are separately considered.
Meanwhile the contribution of Dmax was reduced to ca. 4% in the model where Dq
was jointly included (SM.4). Even when this model behavior is partly explained by the
strong correlation between Dmax and Dq in the French Guiana region, our
motivation to retain them in a single model is predicated on the fact that forests with
the same Dq could differ in their Dmax and vice versa in forests of contrasting
environmental cues, and/or local history.
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The validation and application of the models presented in this work is still of limited
scope given the paucity of primary data on tree attributes and biomass required.
Nonetheless, the performance of the model integrating SBA and Dq (SM.2), and the
other adding Dmax to these two variables (SM.4) yielded satisfactory results on
application to independent and contrasting sites in Braganca. A comparison of our
biomass estimates and model predictions to the values presented in Hutchinson et
al. 2013, the stand aboveground biomass estimates from our models were ca. 1.5 - 2
fold higher than predicted by the model of Hutchison et al. (2014), which used only
precipitation and temperature as explanatory variables. It is most likely that our
current approach, which is based on collective indicators of local morphological
plasticity, lead the path accurate biomass mapping over large scale, from regional to
global level (Fatoyinbo and Simard, 2013; Hutchison et al., 2014; Proisy et al., 2012;
Saenger and Snedaker, 1993), especially when biophysical parameters as applied in
Hutchison et al. (2014) are considered in the modelling framework. The main
challenge to this task thus remains the remote retrieval of the plastic tree attributes
across diverse mangrove environments.

3.5 Conclusion

In general, this study has provided a ‘snapshot’ demonstration that a significant
variation in the tree allometries of mangrove species can be recorded from local to
regional levels, and cross-regional biomass model can result in substantial error
margin when no consideration is made for local variations. Interestingly, we noted
that crown allometry preserve local variation and a model incorporating captured
local variations way above the diameter-biomass allometry. Scaling to the stand
level, models based on collective indicators of local morphological plasticity
provided viable explanatory variables capable of explaining the dynamics of
aboveground biomass in contrasting mangrove forests. Although the validation of
the models presented here over more extensive ground-truth data from diverse site
conditions are still underway, we are optimistic that the current approach may be
informative towards achieving accurate mapping landscape patterns in
aboveground biomass of mangrove forests, from regional to global scale.
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Predicted AGB (Mg ha™)

Predicted AGB (Mg ha™)

Appendix 3- lll: Residuals against predicted values in log scale
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FOR DATA ACQUISITION AND 3D DESCRIPTION OF
MANGROVE FOREST STRUCTURE!'
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Software availability

Package: Lollymangrove is embedded in the forest scene implantation manager
(SIMEO) available in the AMAPStudio software platform dedicated to the study of
plant architecture http://amapstudio.cirad.fr/

Description: Software package for collecting forest inventory data made in
mangroves, visualizing 'lollypop-like' mangrove stands and biomass computations
using preselected or configurable allometric equations.

Availability: via email contact to: christophe.proisy@ird.fr
Cost: Free.

License: LGPL

Required software: Java 1.7; Linux or Windows

Required hardware: Standard machine configurations are enough.

' Manuscript in preparation for submission to Environmental Modeling & Software journal
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Abstract

Consistent monitoring framework and good quality data are quite fundamental to our
ability to predict the causes and consequences of environmental-induced changes in
structure and functioning of mangrove forests. To that effect, large amount of data are
becoming increasingly available from different part of the world. A perusal through
however reveals that the designs for data collection and presentation are rarely
harmonized, and thus forms a hindrance in achieving explicit comparison and modelling
of structural development to changing coastal processes across spatial and temporal
scale. In light of the foregoing, we developed a standardized software tool
(Lollymangrove) to meet three-fold objectives: 1) improve protocol for collecting forest
structural data on mangroves using a robust user interface, 2) workable platform for
sharing structural data using predefined formats to a large scientific audience and
decision makers in coastal management, and 3) robust data preparation for the
parameterization of the forest dynamics and radiative transfer models. Implemented
in the forest scene implementation manager (SIMEO) package of the AMAPSTUDIO
plant architecture models suite, Lollymangrove integrated all available tree allometry
and biomass models for ca. 40 mangrove species. In addition, we provided a
configurable biomass allometry module that allows for adjusting parameters of
proposed base models to account for local morphological variations in biomass
computation across variable sites. Other than the capability of the software to input
data in different formats, the editable 3D rendering module equally provided an
interesting feature for visualization and mock-up export. Further descriptions and
example application of the software are showcased in this paper.

Keywords: Data standardization, Forest inventory, 3D forest visualization, mangrove
biomass, SIMEO

4.1 Introduction

Our ability to model and predict the dynamics in the structural development and
functioning of mangrove forests to fast changing local coastal processes invokes the
demand for consistent monitoring framework and acquisition of good quality data
over large spatial scales. Other than for modelling, the need for multi-temporal
monitoring of mangrove forests also remains a major prerequisite in the planning
and decision-making for early preemptive degradation detection, integrated
management and conservation actions (Lewis Il et al., 2016). Just like the responses
and capabilities of mangrove tree species and forests to heterogeneous climatic
forcing functions and human impacts are diverse, so also is the ecological feedbacks
registered in the structure of different mangrove forests (Cintron and Schaeffer-
Novelli, 1984). At the extreme of such pressure-induced responses, degradation or
total collapse may results (Ellison, 2012; Lovelock et al., 2015); and once mangrove
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are lost to degradation, a complete reversal may be costly or even less possible to
achieve (Lewis lll, 2005; Lewis Il et al., 2016). Certainly, extensive monitoring
schemes and acquisition of large datasets on mangrove forest structure has no
compromise in this regards.

To date, large amount of data, especially on the structure and biomass distribution,
on mangrove forests are available from different parts of the world. One clear issue
that applies in most cases is, however, the lack of a standardized protocol for data
collection and presentation. Individual authors tend to present data in amanner that
addresses their interests or research goals as noted since early 80’s in mangrove
studies (Cintron and Schaeffer-Novelli, 1984), without a clear consideration for a
common structure that can allow for easy understanding and collaborative data
ensemble. Advancing a more fashionable and collective data presentation scheme in
line with the recent “open movement” (Bakillah and Liang, 2016), or the open access
database format (e.g. TRY (Kattge et al., 2011); DRYAD (Zanne et al., 2009)) appears
decisive to match the research need in the current era of scientific cooperation and
coordinated interdisciplinary studies in ecology.

On this note, we are present a standardized framework in the form of a software
tool (named, Lollymangrove) that is capable of ensuring a common structure for data
collection and representation for mangrove forests. Specifically, we describe in this
study the structure and practically demonstrate the potential applications of the
Lollymangrove software while addressing a threefold objective: i. the realization of
a standard protocol for collecting structural data of mangrove forests using a robust
user-friendly interface; ii. the advancement of predefined and ready formats for data
visualization and biomass computation at both tree and stand scales; iii. Provision of
versatile interface that allows for preparing and exporting data directly usable for
the parameterization forest dynamics and radiative transfer simulation models or
other relevant computer-aided study platforms.

4.2 Background and fundamentals
4.2.1  Sampling designs for characterizing mangrove forest structure

Scientists and forest managers working in mangrove ecosystems often embark on
forest measurements for different purposes or research goals, using diverse
sampling designs and inventory methods. Because of the differing measurement
techniques, the comparative value of forest structure data available in many
published mangrove studies appears less impressive (Cintron and Schaeffer-Novelli,
1984). For many authors (e.g. Di Nitto et al. (2014); Dahdouh-Guebas et al. (2004);
Piou et al. (2006)) whose primary aims are mostly rapid assessment of forest
structure in relatively small areas, plotless methods such as point sampling or
distance-based sampling like point-centered quarter method (PCQM) are favored
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basically because of ease of application, time and cost effectiveness. The work of
Dahdouh-Guebas and Koedam (2006) and Hijbeek et al. (2013) highlighted the
reliability of PCQM among other methods for mangrove studies, especially for tree
density estimation. These methods are however not without problems in some
circumstances. First, they are liable to biased results in highly heterogeneous
mangrove forests where local conditions usually culminate in diverse tree and forest
architecture. The accuracy is equally limited where inter-tree distances are wide and
uneven, though this could be compensated for by increasing the number of sampling
points (up to 50 sampling points in spatially random forests, Khan et al. (2016)) at an
increasing expense of time requirements.

When it comes to extensive characterization of forest structure over large-scale
temporal and spatial extents, the common practice in classical forestry remains the
establishment of forest plots (either circular or polygonal shapes) where variables,
including tree trunk diameters, tree height, tree positions, and other stand
characteristics are systematically measured (Couteron et al., 2012). From the
preliminary knowledge of canopy analysis (e.g. Proisy et al. (2007); Proisy et al.
(2012)) or satellite-based remote sensing (e.g. Fatoyinbo et al. (2008); Simard et al.
(2008)) in mangrove forests, polygonal plot areas are positioned more
representative of the beneath forest stand structure. These polygonal plots are
widely applied, especially in studies dealing with structural attributes, inter-tree
interactions (competition) and forest dynamics modelling (e.g. Berger et al. (2006);
Vogt et al. (2013)), but also biomass and carbon measurements in mangrove
ecosystems (e.g. Howard et al. (2014); Kauffman and Donato (2012)).

We postulate that sampling in polygonal areas hold greater benefits in studies aimed
at understanding the nature and extent of ecological processes and complex
interactions in mangrove forests. Although most forest inventories in mangrove
forests are limited to small plot areas, and sometimes include only stem diameter
measurements and possibly with stem mapping in X, Y Cartesian coordinates, due to
the expensive nature (both time and cost) of comprehensive plot-based forest
inventory. Such restricted measurements and small plot areas could sometimes
become less representative of local forest structure. The gain here is that recent
advancements in the area of physical modelling showcase good possibilities in the
realization of explicit three-dimensional (3D) virtual forest structure (e.g. Barbier et
al. (2012); Proisy et al. (2016)) from parsimonious forest measurements. We
expanded such capability in the framework of Lollymangrove software.

4.2.2 Tree and biomass allometric models

Numerous studies have highlighted the importance of allometric models in studies
with focus on structure and functions of mangrove forests (e.g. Fromard et al.
(1998); (Komiyama et al.,, 2002); Ong et al. (2004); Soares and Schaeffer-Novelli
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(2005)). From such allometric models, tree dimensions that are difficult or not cost-
effective to measure are conveniently estimated. Certainly, the application of these
allometric models forms the basis for a rapid rendering three-dimensional forest
structure (3D mock-ups) advanced in the Lollymangrove software. Since tree crown
dimensions are rarely measured in classical forest inventories, workable diameter-
crown allometries for specific sites are scarce. Besides, our analysis in the previous
chapter together with available literature (e.g. Vovides et al. (2014)) pointed the fact
that diameter-crown allometries are more variable from local to regional scale,
lowering the chance to transfer allometric model between sites. To this end, the
Lollymangrove software offers the possibility for a user-defined adjustment of
parameters to realize suitable mock-ups for specific site conditions.

For biomass measurements, allometric models are usually established from the
relationships of tree weights of representative sets of trees to the corresponding
easy-to-measure tree dimensions, e.g. stem diameter or tree height. While there are
many site-specific diameter — biomass allometric models (Komiyama et al., 2008),
only a few integrated other tree variables like height or wood density to achieve
general allometric models (Chave et al., 2005; Komiyama et al., 2002; Komiyama et
al.,, 2005). These kind of general allometric models found application in every
mangrove regions. Although the complexity of local structural variations in
mangrove forests challenges the application of ‘general purpose’ allometric models,
the common practice remains the application of such allometric models to other
regions outside the domain of their calibration when appropriate local models are
not available. Meanwhile, forests with contrasting structural properties may yield
very similar aboveground biomass estimates (Proisy et al., 2012; Proisy et al., 2016).
This factor, perhaps poses a major limitation to the application of sophisticated
remote sensing techniques in accurately mapping of mangrove forest biomass (e.g.
Réjou-Méchain et al. (2014)) till date.

Towards achieving a flexible and versatile platform for estimating forest biomass,
we address the above issues in two distinct, but complementary ways in the
Lollymangove software. First, the software compiled available allometric models and
delivered an interface through which the user could indicate a choice of model
relevant for site-specific application. Secondly, we proposed a set of generic and
configurable model forms (Table 4-1) that allows for easy parameterization to site-
specific use using parameters estimated from input field measurements. On top, the
software offer possibility for a rapid comparison of outputs from different model
forms. Until now, the form of biomass models provided in the software is not so
exhaustive, and hence the need to validate and compare model outputs.
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Table 4-1: Configurable allometric models for estimating biomass of mangrove trees

Model  Aboveground biomass (AGB) model Example References
ID forms parameters
1 d, +d,xDBH® xp“3 % H% 20=0; 2,=0.14; A. germinans
a,=2.4; a3=0; Fromard et al.
24=0 (1998)

2 a, xexp (a, +a x log(DBH)) a:=1.00; A. marina
a,=0.25; Kairo et al. (2009)
a3=0.91

3 a, xexp (ct2 xDBH) a;=3.25;  General (all species)
a,=0.07 Sitoe et al. (2014)

4 a, +(a, x log(DBH))? +(a3 x log (Crv)) a1=2.13; A. germinans
2,=0.90; Ross et al. (2001)
a3=0.18

5 a, +CrD™ + H% a:=1.83; A. marina
a,=2.00; Fu and Wu (2011)
a3=1.02

6 pxexpla,+a,xlog(DBH)+ a:=-1.35;  General (all species)

a x(log(DBH))? +a, x(log(DBH))?] a,=1.98;  Chave et al. (2005)
a3=0.21;
a,4=-0.03

Units:

AGB: aboveground biomass (kg); DBH: diameter at breast height (cm); p: wood
density (kg/ m3); H: tree height (m); CrD: crown diameter (m); CrV: crown volume

(m?)

Note:

* A number of models originally use the natural logarithm 'In' instead of the
decimal logarithm 'log'. Coefficients must be divided by In(10) according to:

log(x) = In(x) / In(10) .

* 0, 10r dfitted real value can be assigned to any of the a; coefficient in order to
adjust both the number of variables and the equation form. Please refer to
examples given in the table to understand parameter settings for the highlighted

models.
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4.3 Description of the software package

The Lollymangrove is a software application integrated in the AMAPstudio suite for
plants architecture modelling (Griffon and de Coligny, 2014), more specifically in the
SIMEO framework for trees architecture modelling at the forest scale. SIMEO makes
it possible to build simulators / tools for natural forests, plantations or smaller groups
of trees interacting in the same stand, to study their structure or growth with
possibly the fine architecture of each tree.
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Figure 4-1: The basic structure of the Lollymangrove software, outlining main component
modules and output formats.

The software offers a simplified graphical user interaction interface providing dialogs
and comments in all component steps. Figure 4-1 provides the basic structure of the
Lollymangrove software with an outline of the main modules. At initialization, the
main interface features the menu items comprising project panel, which allows
access to the file import, export and save tabs; the selection panel that facilitates
isolation and edit of mock-up polygons; the tools panel for controlling CSV (comma-
separated values) file viewer and tree rendering; and most importantly the help
menu where a user can access guide to all component modules. Additionally, the
scene for 3D view and rendering adjustment tools are embedded in the main
graphical user interface (GUI). We provide an overview of the main modules of
Lollymangrove software in the following sub-sections.



Chapter 4 75

4.3.1 Input module

The input module starts with the opening and defining the name of a new project.
At the first step, the GUI allows for specification of general parameters including
species properties (among a list of 42 species registered with predefined coded
names), and biomass model types, and then the choice of input formats. Currently,
the Lollymangrove takes inputs in three different ways: 1) creation of a new
inventory, 2) loading a species-diameter inventory, and 3) importation of an encoded
DART (Discrete Anisotropic Radiative Transfer, Gastellu-Etchegorry et al. (2015))
compatible scene. Option 1 provides the possibility for direct input of data into the
Lollymangrove in-situ during forest data collection. In this case, the user can enter
forest parameters and tree variables as provided in Table 4-2. While option 2 loads
spreadsheet where tree species and the stem diameter are provided in CSV format,
the option 3 works with an encoded DART files. Added to the input GUI is the path
for loading and editing an existing detailed inventory file in text-tab delimited
format.

Table 4-2: A template table for a detailed inventory data layout in the Lollymangrove

# Lollymangrove detailed inventory, date: Wed Aug 28, 2016

Plot Name =

Plot XSize =100 m

Plot YSize =100 m

Species Code: AVge = Avicennia germinans, LAra = Laguncularia racemosa, etc

#Trees Species Status Diameter Tree position Tree height Crown
Code diameter
stemld Dbh X Y H1b Htot Axis— A Axis-B
@m m m m (M (M (m
1 AVge alive 36 57.4 29.8 15.9 30.7 11.4 11.3
2 AVge alive 38 40.4 117.5 16.0 30.9 1.9 12.0
3 AvVge alive 5 107.1 17.4 14.8 24.5 2.9 2.8
4 AVge alive 5 124.0 106.9 14.9 23.5 3.3 3.3
5 AVge alive 5 56.9 35.0 14.8 25.1 2.9 3.0

4.3.2 Processing module

Once data are imported, the processing module provides the user with dialog tools
to indicate choice of data processing methods in the processing module. Here, the
user may opt for existing allometric models (compiled from published literature)
relevant for local site application, or supply parameters for configurable model forms
(Table 4-1) for biomass computation. Embedded comments in this module guide the
user with examples on how to adjust parameters for local site application. Moreover,
the crown-diameter allometry for the rendering of 3D mock-up can be modulated
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accordingly. The rendering function also allows for adjustment of forest scene size
to suit user’s need through the interpolation or extrapolation of the input data. For
example, a user can generate a 1-hectare forest scene from measurements available
from o.1-hectare plot forest data.

4.3.3 Visualization module

The visualization module provides an interface that allows the user to visualize the
3D tree mock-ups characteristics of their forest plots. These mock-ups are generated
from the tree dimensions input and the integrated allometric relationships. For now,
forest scenes are modelled in geometric constructions with trunks represented in
cylindrical shapes corresponding to stem diameter, and crowns as ellipsoidal objects.
The position of each mock-up mimics the x- and y-coordinate position of each stem
as supplied in the forest data. Where such stem position data are not available, the
Lollymangrove software offers a built-in automatic ‘random forest’ generator able to
supply random position for component trees based on other forest properties.

4.3.4 Output module

With the output module, the user is able to specify and follow through the dialog to
export results at the completion of all processing and analyses. Basically, the
Lollymangrove software generates four types of output for export: 1) the image
(snapshot) of forest mock-ups, 2) Numerical encode (DART output) in ASC or TXT file
format, to meet input requirements for forest models, 3) detailed inventory data in
spreadsheet, and 4) biomass estimates from choice models. Thus, the user can
optionally request output given the specific needs or interests.

4.4 Example applications in South America

We illustrate the potential of the Lollymangrove software through example
applications to data from contrasting mangrove forest stands in the Amazon-
influenced coasts (South America). The data were obtained from plots of varying
sizes from 0.1 to 1-hectare forest plots, depending on the number of trees per unit
area in the sampling plots. We benefitted from the capability of the Lollymangrove
to standardize all plot data to achieve 1-hectare forest scene, representative of the
sample forest stands (Figure 4-2). Tree species were discriminated in different colors:
Avicennia germinans (light green), Rhizophora mangle (copper brown), and
Laguncularia racemosa (gray). The forest scene, marked GU1 represents a young
Avicennia stand near Guatemala (French Guiana), TC1 connotes an Old-growth mixed
mangrove stand in Petit Cayenne (French Guiana), the medium-height and tall
Avicennia dominated mangrove forests in Braganca (Brazil) are respectively tagged
BR1 and BR6, while the SU4 and SU5 are Avicennia-Rhizophora mixed mangrove
forest stands in Amapa (Brazil). From these modelled forest scenes, the variation in
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forest structure, tree density, species and size distribution are considerably
discernible.

GU1: AGB = 103 Mg/ ha (708 trees) BR1: AGB =91 Mg/ ha (400 trees) SU5: AGB = 258 Mg/ ha (372 trees)

Height (m)
§o 2 ¥4 8

go 3 ¥

Height (m)
o 3 8 8 38

Figure 4-2: Examples 3D forest scene (mock-ups) of forest stands from contrasting
mangrove ecosystems in the Amazon-influenced (South America)

4.5 Coupling with ecological and remote-sensing models

One key goal of the efforts demonstrated in this study centers on facilitating our
capability to maximize field measurements of forest structure in the
parameterization of ecological models, but also calibration of remote sensing
signals, in the overall objective of capturing variability in forest structural parameters
and canopy characteristics. With forest dynamics models, we stand to gain insights
into the ecological processes underlying structural patterns being observed in
nature. At the same time, formatted ensembles of multitemporal forest structure
observations from the Lollymangrove software can conveniently be connected to
forest models for rapid parameterization and subsequent modelling. The example
provided in Figure 4-3 forms the basis for linking field observations of forest
structure to remotely sensed information, like canopy analysis through Very High
Spatial Resolution (VHSR) satellite images (Proisy et al.,, 2012). Certainly, the
integration of modelled forest scenes and the simulated canopy images stands to
facilitate the interpretation of remote sensing images, and further the analysis of
remotely acquired structural data of mangrove forests (Kasischke and Christensen
Jr, 1990; Proisy et al., 2016; Viennois et al., 2016). Efforts are currently underway to
decipher the influence of ontogenetic- and species-specific crown porosity, leaf
clumping and canopy reflectance under variable environments, in order to achieve
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fine parameterization of DART models (Féret and Asner, 2011; Gastellu-Etchegorry et
al., 2015) from current parsimonious descriptions of mangrove forest structure.

GU1: 100 m?, 1-m resolution BR1: 100 m?, 1-m resolution SU5: 100 m?, 1-m resolution

Figure 4-3: Simulated canopy images (from DART model) of the forest scenes presented in
the Figure 4-2. Each image corresponds to a multi-spectral (RGB-colored composite)
WorldView-2 image acquisition at the configuration of 22.4° Zenith angle and 210° Azimuth
angle.

4.6 Conclusion and perspectives

This chapter presents the Lollymangrove software (specifically designed for
mangrove forests), which offers a standardized platform with capability to facilitate
data collection, visualization and sharing of forest structure descriptions among
mangrove ecologists. While the software provides a flexible and configurable
approach tolocalized biomass computation over the regular site-specific and general
allometric models, the extension for data preparation in compatible formats for
integration into forest simulation models gives a greater prospect in advancing data
acquisition, modelling and validation towards better understanding and monitoring
of structural development and dynamics of mangrove forests. By the time an
extensive validation and refinement are realized, this software would meet to
advance the calibration and parameterization of our simulation modelling and
remote sensing techniques, with prospects of simulating the consequences of
environmental change on mangrove forest dynamics. Certainly, the approach
presented here can be extended to find applications in other forest ecosystems.
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Abstract

Morphological plasticity of trees relates to changes in the partitioning of above- and
belowground biomass during growth, which is often a direct consequence of
environmental stresses or limiting resources (e.g. light, water, or nutrients). The
subsequent tree structure dffects local neighbourhood interactions and the
competitive strength of individual trees leading to a site-dependent forest stand
structure. In order to understand these complex interactions, a mangrove stand
simulator incorporating environment-dependent plastic tree morphology and biomass
partitioning, was parameterized (using published data in literature and a few assumed
parameters), and tested against field observations and published empirical forest
patterns. Simulation experiments were conducted to analyze the importance of pore
water salinity and related water stress on tree morphological scaling and the
subsequent dynamics of mangrove forest structure. Selected stand characteristics
matched well with observed ecological patterns (e.g., the growth trajectories of single
trees, mortality distributions, self-thinning trajectories) confirming the dependence of
mangrove tree growth and stand structural development on ambient environmental
conditions. Meanwhile the current parameterization only yielded a considerable lower
maximum tree height and diameter, but also aboveground biomass when compared to
field measurements in low salinity conditions. The deviation of the simulated self-
thinning trajectories from the slopes estimated for these low salinity sites also pointed
the need for a further model improvement. Overall, the study demonstrates that an
explicit consideration of tree morphological plasticity related to soil salinity and water
availability is indeed important in the analysis of mangrove structural development in
variable environments.

Keywords: Morphological plasticity, forest structure and dynamics, self-thinning
rule, density-dependent mortality, shifting tree allometry, biomass allocation
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5.1 Introduction

Recurrent changes in the abiotic factors or stresses surrounding plants and forest
growth are frequently observed in the coastal mangrove environment. Prominent
among these factors are hyper-salinity, anoxic soil conditions, water stress or
nutrient limitations (Cintron and Schaeffer-Novelli, 1984; Twilley and Rivera-Monroy,
2005). As a means of adaptation to such factors, mangrove trees have exhibited
plastic physiological processes as well as modification of morphological structures
(Ball, 2002; Feller et al., 2010; Lovelock et al., 2006). Accordingly, a number of
mangrove species, including Avicennia germinans and Rhizhophora spp are known
with ability to maximize the iconic “polymorphism” attribute resulting from
plasticity to persist over a wide ecological range (Clough et al., 1997; Vogt et al., 2014;
Vovides et al., 2014). This, according to Callaway et al. (2003), is consequent to
individual trees restraining morphological formations to optimize resource
acquisition, utilization and growth in the ambient environment. Thus, the expressed
tree forms become characteristic of the growing environment (Weiner, 2004). To
our knowledge, insights about the consequences of this environment-related
plasticity in tree morphology and biomass partitioning for the structural
development of mangrove forests are generally lacking and hence, the motivation
for the current study.

Efforts demonstrated in the previous chapters provided empirical observations
characterizing the dynamics of tree morphology and stand structure in contrasting
mangrove forests with the use of laser techniques (e.g. Olagoke et al. (2016)),
classical forest inventory, 3D modelling, etc. However precise, extending the
approach at both temporal and spatial scales to explore how morphological
plasticity and related ecological processes interplay to shape forest structure in
variable environments would require more extensive datasets over long-term
studies. More so, such approach and similar others are fairly limited when the
identification and descriptions of the ecological processes causing the observed
changes in tree and stand structure are subjects of investigations (Berger et al.,
2008). It is thus worth to complement the earlier experimental approach with a
spatially explicit mechanistic modelling, able to provide a forecast of stand
characteristics based on the parameterization from parsimonious tree and stand
measurements.

Spatially explicit forest stands simulators are recognized for modelling growth, yield
and structural dynamics of mangrove forests over different temporal and spatial;
scales (e.g., Berger and Hildenbrandt (2000); Twilley et al. (1999)). So far, no
mangrove forest simulator exists, which is suitable for characterizing the processes
underlying the plastic tree morphology and biomass partitioning in response to
varying environmental cues. Most of the stand simulation models that have been
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developed and tested for mangrove forests (e.g., Kiwi, FORMAN, MANGO, etc.) rely
on the use of static growth functions with deterministic relations between tree
dimensional attributes such as stem diameter, tree height or canopy projection area,
etc. The pioneering attempt to address issues of morphological plasticity in
mangrove stand modelling is the recent mesoFON model (Grueters et al., 2014) that
describes crown shift because of light foraging. Yet, the allometry relation of the tree
structure in this model remains size-dependent.

The BETTINA model (Peters et al., 2014) seems promising in this regards, since it
describes the factors controlling the individual tree’s adaptation to environmental
change mechanistically. Originally designed for single trees, the model captures the
environment-sensitive internal processes driving biomass allocation to different tree
compartments - leaves, branches, stem, fine and coarse roots. Based on the
established water transport resistance approach (Thornley, 1996), BETTINA model
derives the environmental-modulated tree dimensions expected for mangrove trees
growing under diverse salinity conditions (Vovides et al., 2014). Until now, the model
has been satisfactorily tested for theoretical response of simulated individual trees
to variable environments (Peters et al., 2014), though no explicit parameterization
and evaluation with ensemble empirical information. Given the currently mounting
interest in the analysis of the how plants are responding and adapting to the
changing environment and the consequences for forest stand dynamics, we consider
it necessary to advance the parameterization of the BETTINA as a single-tree model
and its incorporation into a spatially explicit stand simulator.

Therefore, the objectives of this study are: (1) to parameterize and evaluate the
BETTINA_IBM mangrove stand simulator, which uses the earlier published BETTINA
model to describe the growth of single trees; and (2) to apply the model to
understand how the complex interactions of water stress and local competition
influence individual tree growth and biomass partitioning, and the implications for
the dynamics of forest structural development at the stand level. For simplicity, we
restricted the simulation experiments to mono-specific stands of A. germinans in
variable environments, though the effects apply more generally to other mangrove
species too.

5.2 Methodology
5.2.1  Model description

In this study, we used the model BETTINA_IBM that describes (1) the growth and
allometric plasticity of individual trees to abiotic environmental conditions and (2)
the local tree-tree interactions among neighbouring individuals. A simplified
framework for integrating the environment-related tree development and biomass
partitioning to different tree components into this individual-based mangrove stand
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simulator is provided in the Figure 5-1. While the overview of component processes
implemented in the model is presented in the succeeding sub-sections, a version
with more explicit details following the standardized ‘ODD’ (Overview, Design
concepts, and Details) protocol (Grimm et al., 2006; Grimm et al., 2010) provided in
the annex. Model implementation was realized in the NetLogo (Version 5.3.1).

FOREST MOSAICS IN DIFFERENT HABITAT CONDITIONS - Salinity & water availability
TREE DEVELOPMENT IN BETTINA MODEL STAND STRUCTURE
nght.&.Caljbon Maintenance P e
assimilation £ 5

7 - - /
P A £ ¢

Crown structure

)

Available | (/"» !
— 'IIH‘

—> resources —
| =y
! T

=
=}
> & »| Water transport LOCAL TREE INTERACTIONS
3 A v Aboveground ‘ZOV approach
o . o . .
= Allocation respective INteIactionizone; j,;
£ to resource 1
o
w

availabilit
Water uptake Y

Root surface Belowground
interaction

zone

Abiotic
Environment

Biomass partitioning Resource acquisition Resource allocation
(allometric measures) (physiological parameters) (bottleneck)

Figure 5-1: The modelling framework integrating environment dependent tree development
and biomass partitioning (as represented in BETTINA model) for simulating stand structure
of mangrove forests along a gradient of habitat salinity and water availability conditions. The
Zone-Of-Influence (‘ZOr’) underlined the process of local interactions with pairwise set of trees
interacting in the overlapping areas.

Using the mechanistic approach, as presented in BETTINA single-tree model (Peters
et al., 2014), the BETTINA IBM described explicitly the processes underlying the
morphological development of individual trees and overcomes the empirical
formulation of tree allometric relations. Thus, trees evolve divergent shape and
biomass allocation patterns depending on the local environmental conditions
(basically, salinity and water availability) and inter-individual competition for
resources, below- and aboveground (two-dimensional neighbourhood interactions).
For initialization, each tree started with its characteristic Cartesian coordinate (x,y)
of stem position within the simulated forest area, crown radius (rcrown) describing the
projected crown area (aboveground Zone-of-Influence?, ZOl), and crown height
(hcrown) corresponding to the leaf volume per unit area. Other initialization attributes
include individual tree’s stem radius (rstem), stem height (hstem), root-zone radius

2 The zone-of-influence conceptually defines the area individual trees occupy, and compete for
resources with neighboring other(s) in areas they overlap (Weiner et al., 2001).
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(rroot) that describes the belowground ZOI and root height (hroot), which corresponds
to volume of fine root per unit area, as described in Table 5-1. The initial stem radius
and root-zone radius were adjusted by local salinity (sal) condition to achieve an
equilibrium in the above- and below-ground resources distribution using an auxiliary
modifier, kaux (see details in the ODD provided in the annex).

Table 5-1: Initialization variables characterizing individual trees in the BETTINA_IBM model

Variable  Unit Description Value Behaviour

X m Cartesian position - x random constant

y m Cartesian position -y random constant
Icrown m Crown radius 0.3 variable
herown m3.m? Leaf volume per unit area 0.004 constant
Istem m Stem radius estimated* variable
hstem m Stem height 0.0001 variable
Froot m Radius of root zone estimated* variable
hroot m3.m™ Fine root volume per unit area 0.004 constant
Icroot m Radius of coarse root 205 constant

* estimated from other measures at the initial state to achieve numerical stability.

Accordingly, the allometric measures of each tree are updated sequel to the growth
in dimensions at each growth cycle. Trees adapt growth to both the abiotic (salinity
and water availability) and biotic (local neighbourhood interaction) environment.
The shape of individual trees controls the prospect for resource acquisition, and vice
versa, the growth is predicated upon the available resources. Overall, the population
level features (e.g. the trajectories of plant mass-density relationships and tree
spatial distribution (as measured by the Clark-Evans index) naturally emerged as
trees grow and die over time, given the influence of resource availability and
neighbourhood competition intensity in varying habitats.

Individual tree growth

The conceptualized outlining of individual trees growth and biomass allocation to
component organs (leaf, branch, stem, fine- and coarse-root) is the core strength of
the BETTINA model. Using the transport-resistance modelling approach, we used a
number of numerical descriptions to obtain the volume of biomass distributed in
different plant components based on the model parameters provided in Table 5-2.
Our current parameterization is simply based on the literature studies, whereas
some parameters were either estimated from field measurements or assumed. The
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simulation commenced with each tree component simply conceptualized in an
approximated cylindrical structure and the volume estimated based on the
characteristic dimensions of the given component as stated in Table 5-1. The total
tree volume viee was obtained as the summation of the volume of all tree
components. This process, being modulated by the resistances in the root zone and
the stem flow path (see Figure 5-1, left-position), is repeated at every growth cycle.

Table 5-2: Parameters and values for simulating Avicennia germinans tree growth

Variable Unit Description Value Source
L xk * kgs'm+ Fine root permeability x 0.04 Estimated
S geom. constant
Kf, sap kg.s'm> Xylem conductivity 1.48 Krauss et al.
(2007); Muller et al.
(2009)
R xk . # kg.s'm> Solar radiation x water 0.038 Assumed
solar = “rel
resource factor
PSiteaf MPa  Minimum leaf water potential -7.86 Lopez-Portillo et al.
(2014)
Kmaint kg.s'm3  Maintenance cost per unit 0.28 Assumed
biomass
Kr, haifmax - Half of maximum height 0.1 Assumed
growth weight
Sfsig, 1 - Scaling factor for sigmoid 0.02 Assumed
function 1 (growth allocation)
Sfsig, 2 - Scaling factor for sigmoid 0.15 Assumed
function 2 (height growth)
Kgrow - Scaling factor for tree growth ~ 0.10 Assumed
death.threshold - Factor defining tree mortality 0.5 Assumed

* these assumed parameters occur in combinations and thus condensed to a single value

In the growth process, the resistances for water crossing the root surface (r;) and
the axial flow (r.) towards the leaf area are sensitive to some species-specific

parameters prk and k;, sap, and the current allometric measures of the

geom
individual trees (sensu Peters et al. (2014)). We computed the root surface resistance
(r1) as:

1 (1)

rl - 2
Lpx kgeom "7+ Froot “Nroot
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and the resistance for axial flow3 (r) as:

r,= 2'rcrown + hstem + r;:root “Troot (2)
kf,sap "7+ Fstem

The resource acquisition by an individual tree was partitioned into two: the
aboveground light interception and belowground water uptake. Both processes are
influenced by the individual’s above- and below-ground competitive strengths
(above c and below _c, respectively) to attain the optimal values, with the minimum
values corresponding to the available resources. We calculated the allocation of
aboveground light (resa) and belowground water (resp) using the formulae
presented in equations 3 and 4 respectively. The part available resources (resavair)
allocated for total biomass growth (equation 5) is dependent on the proportion
required for maintenance process.

2
res, =above_C-Krg X Rgopar 7 Iérown (3)

—(pSigar +(9.81kPa-M ™) (g +2- Foromn) + (85KPa- ppt ™) -sal)

res, =below _c =]
(rp+ry)-(9.81kPa-m™)

(4)

biomass growth=~Kgqy, - (réSayait —Kmaint “Viree) (5)

We applied four weight measures (two in the above- and another two belowground)
to distribute the biomass growth, such that the tree grows mainly to maximize the
increase in specific allometric measures for improving subsequent resource
acquisition at the bottleneck. In defining how strong the mechanism of either the
above- (wa;, wa;) or below-ground (wb; wb;) shall predominated, we set some
standardized criteria, with corresponding equations as shown below:

i. check to what extent the tree is lacking either of the above- or below-
ground resources, with the value Qresset as:
€S, —Iesy

r
Qres =

6)

res, +resy (

ii. check which of the resistance component limits the water, with the value
Qrsetas:

n-n

Qr = (7)

rl +I’2

3 The term in the formula’s numerator correspond to the length of the xylem flow path
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where the area of projected crown overshadows the root zone, the
aboveground competition is assumed dominating, and for this purpose,
we set the variable Qrqd to check the ratio of crown radius to root radius

as:
Ferown —T'root
Qrad = (8)
r-CI'OWH + r-I’OOt
The rules i - iii were implemented to define the weight measures for different tree

components as shown below:

the weight wa, modifies the rate of increment in stem height, hstem

K, , half max
wap =r—Qrad (9)
14¢ Ssig.2
and the stem height growth ( Agem ) set as:
wa, - growth
Ahgtem = 2—2 (10)
72 - Fstem

the crown radius (reown ) increment modifier, weight wa; was defined as:

1-wa
wa =——2 (1)
_ Qres
14¢ Ssigl
while the crown radius increment ( Afgroun ) was set as:
wa, - growth
Algrown = (12)

2
2- ”'(rcrown 'hcrown 'rstem)

the modifier for the growth of stem radius (rstem), the weight wb, was
estimated as:

1-wa; —wa,
__Qr
stig,l

Wb2 =

1+e
(13)

and the corresponding increment in the stem radius (Algem ) computed as:

wb, - growth

(14)

Algtem =
2
2+ 7 Tstem = (2 Terown + Nstem + eroot *Froot)

the root radius (rstem) growth modifier (wb;) thus weighed as:
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wb; =1—wa; —wa, —whb, (15)

with the actual increment in the root radius (Al ) set as:

wb, - growth

Alpoor =

(16)

2
2 7 Troot “Nroot + (Feroot * 77 * Ftem )

Tree-tree interactions

The incorporation of two-dimensional ZOlIs to the representation of each tree in
order to describe local tree-to-tree interactions allowed the advancement of the
original BETTINA single-tree model into a stand simulator, BETTINA_IBM. Basically,
trees interacted in the BETTINA_IBM model while competing for growing space and
light (aboveground), as well as they reach for belowground resources (e.g. water).
The concept of competition among neighbouring trees was implemented through
the resource sharing approach embedded in the Zone-Of-Influence (‘ZOI’, Weiner et
al. (2001); May et al. (2009); (Lin et al., 2012)). We presented a simplified illustration
scheme in the Figure 5-1 (bottom-right).The above- and below-ground ‘ZOI’ radii
correspond to the reownand rroot respectively. Individual trees compete for resources
with neighbouring other(s) in the overlapping parts of their ‘ZOI’. We implemented
disparate modes of competition in the aboveground canopy and the belowground
root zones. For the aboveground interaction (marked with an index above c), we
applied a “completely asymmetric” competition, which mainly allows the taller
individual of the competing neighbours to pre-empt the acquisition and utilization of
the available resources at the expense of the overshadowed neighbouring trees. As
an augmentation to the pure concept of “complete asymmetry” in tree competition
(e.g. Lin et al. (2013)), a simple ‘canopy light diffusion’ module was included in the
model to allow for the penetration of diffuse light through the canopy of a
‘suppressed’ tree depending on the availability and scale of gap mosaic(s) in the
individual’s vicinity. In the parallel, the belowground interaction mode (marked with
anindex below_c)was implemented as “completely symmetric”’ competition, where
equity in resource sharing largely plays out among neighbouring individuals. In
essence, neighbouring individuals can share the available belowground resources in
equal proportions. Further details on the implementation procedure are highlighted
in the appended ODD document.

Tree mortality

The process of natural mortality was programmed in connection to individual tree
biomass productivity and growth repression, emerging in three distinct categories:
i. suppressed growth due to competition ii. old age and the associated decline in
biomass productivity and iii. water shortage and the increased cost of transport
through the stem to the crown part (high maintenance cost). Trees die to any of the
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indicated reasons when the biomass productivity falls below an assumed critical
threshold. Specifically, when the tree volume increment at a particular time falls
below a defined factor (mortality threshold) of one percent fraction of the accrual
tree volume, such tree is designated for death. Once an individual is marked for
death, the dimensions of the particular tree are recorded right before the eventual
mortality takes place.

5.2.2 Simulation settings

We simulated monospecific forests of A. germinans in four contrasting mangrove
environments (10 ppt, 30 ppt, 50 ppt and 70 ppt) to account for the effect of the
interplay of salinity conditions and water stress on tree growth and structural
development. The simulations ran for a span of 1000 time steps in 20 replications for
each of the environmental settings (porewater salinity). In this study, porewater
salinity essentially marks the degree of water stress in different habitat conditions.
Further settings for the simulation experiments were cascaded into three levels:i. a
scenario that mimicked the growth of an isolated (single) tree growing without any
influence of a competing neighbouring individual (“solitary tree” scenario); ii. a
scenario depicting the population of an even-aged tree cohorts where individual tree
growth and mortality is co-influenced by its competitive strength and the local
neighbourhood tree interactions (“plantation forest” scenario); and iii. a scenario
that reflects the succession cycle of a population of trees competing with
neighbouring others, natural mortality and recruitment of saplings, in resemblance
of successional trajectories in natural forests (“natural forest” scenario).

During the simulation runs in the steps ii. and iii., the model was initialized by 8000
individual trees randomly distributed across an initially empty 1 hectare plot, to make
an initial sapling density of 0.8 m™. In the case of stepiiii., 100 new individual saplings
are randomly released for regeneration during each growth year. The chance of
saplings’ establishment largely depends on the Cartesian position at recruitment in
relation to the local neighbourhood; only the saplings in the forest gaps and porous
areas under crown boundaries become established while those completely
overshadowed under the crown of existing trees died shortly after recruitment. For
each simulated scenario, the growth metrics and the stem position of individual
living trees were logged for subsequent data analyses. The logged data were
analysed and compared to field measurements and selected benchmark ecological
patterns in scientific literature.

5.2.3 Benchmarks for model evaluation

We have combined the use of the field measurements and some general patterns
known to plant ecology, forestry and mangrove ecology as benchmark for
evaluating the results from BETTINA_IBM model simulations against the empirical
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and theoretical mangrove growth strategies in variable environments. Our
evaluation procedure, which aimed at applying the model to reproduce known
emergent tree growth and stand structural patterns, was cascaded into 3 levels as
described under the simulation settings (1. individual tree level - “solitary tree”
scenario, 2. stand structure of even-aged cohorts - “plantation forest” scenario, and
3. forest stand with regeneration - “natural forest” scenario).

The field measurements were obtained from the mangrove peninsula surrounding
the Caeté bay, which extends over ~300 km southeast of the Amazon estuary near
Braganca (Lara and Cohen, 2006), Pard (North Brazil). Our data collection efforts
focussed on non-destructive characterization of 3D mangrove tree structure and
biomass from contrasting growing conditions (at porewater salinity of 30 ppt and 50
— 70 ppt). The mangrove stands at the 30 ppt consisted mainly of tall A. germinans
trees (ca. 30 -35 m high), while the plots characterized by 50 - 70 ppt were dominated
by shorter individuals (max. height of 11 m). We used a rangefinder device (LaserACE
1000) to characterize the 3D tree shape/ skeleton, tree and trunk height (m), stem
diameter (cm), crown dimensions (m) and projection area (m?), and volume of
biomass in trunk and branch components, from 26 dominant (top height) trees
systematically distributed across five plots of 900 m* mangrove forest stands. In
addition, the stem position, diameter, tree height and crown dimensions of all trees
> 5 cm diameter at the breast height were registered to characterize forest structure
in the studied forest plots. We recorded ca. 17 — 25 % Rhizophora mangle and 6 — 10 %
of Laguncularia racemosa individuals in the 30 ppt and 50 — 70 ppt mangrove stands
respectively.

Specifically, model evaluation was based on the trends of height and diameter
increments, biomass assimilation, root-to-shoot biomass partitioning, height-
diameter relation (slenderness) of single tree growing under varying habitat
conditions in comparison to the expected patterns, in similitude of the known tree
responses to site quality in forestry (Berger and Hildenbrandt, 2003). At the stand
level, we studied the environment-dependent trends of total accrued stand biomass
over time (Berger et al., 2004); the trajectories of plant mass-density relation (the
“self-thinning” process) as influenced by the environment-dependent plastic tree
morphology and local interactions (Berger et al., 2002; Lin et al., 2013); and the “U-
shaped” cumulative distribution of mortality across tree sizes. In addition, we used
a selection of other forest structure indices as a further benchmark for the simulation
results. The height-diameter relations of top trees at the end of simulations were
compared to the field observations. The observed spatial point patterns using the
pair correlation function of Baddeley and Turner (2005) and the Clark-Evans
aggregation R index (Clark and Evans, 1954) were juxtaposed against the patterns
recorded in the simulated stands.
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5.2.4 Data analyses and statistics

At the individual tree level, we compared the patterns of tree development under
varying salinity and water stress conditions. Specifically, we analysed the rate of
stem diameter and height growth increments in relation to the stem diameter (often
used as a surrogate for tree age), but also the increment in tree biomass assimilation
over time. We obtained tree biomass as a product of model predicted tree volume
and the specific wood gravity (730 kg.m?3 of dry mass, in the case of A. germinans).
For comparison sake, we considered the estimation of tree aboveground dry
biomass from the tree stem diameter using the species-specific allometric models
(Fromard et al., 1998; Olagoke et al., 2016). In addition, the trend of allometric
relations of tree height and trunk height to the corresponding stem diameter
(proxies for tree slenderness) in the course of tree development was considered.

To characterize the structure of simulated forest stands, we analysed a selection of
indices across the studied scenarios. These include the trajectories of plant mass -
tree density relations (self-thinning scaling) using the metabolic scaling theoretical
value (West et al., 2009) as a reference, the relative distribution of tree mortality
across size ranges over time, changes in the local tree interactions as measured by
the Clark-Evans index for spatial aggregation (Clark and Evans, 1954). We computed
the Clark-Evans, R index as:

R=1A..0<R<215 (17)
re

where I'Arepresents the average distance from a tree to its nearest neighbour, with

l'Eas the mean expected value in a population at complete spatial randomness
(CSR) where R = 1. The value of R < 1 results in tree clustering (spatial aggregation)
while the structure shows increasing regular patterns as the value tend towards the
upper limit of 2.15. We conducted the Friedman’s two-way test to verify the statistical
differences in all stand attributes over equivalent time-range (sensu, Davey and
Flores (1993)) in the course of temporal stand development across the investigated
salinity and water stress conditions.

As an example application of the BETTINA IBM model, we considered to
demonstrate that trees of similar crown sizes in contrasting environment (e.g. 30 ppt
and 50 ppt) can develop with different quantity of aboveground tree biomass,
depending on the environmental conditions, based on the hypothesis that the tree
slenderness and diameter-crown allometric relation change with the prevailing
abiotic environment. Thus, it makes a substantial implication for biomass estimations
using remotely sensed aerial observations where pertinent information on the site
factor is not properly resolved. The crown classes were defined dividing the crown
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projection area (i.e., CPA:ﬂ-rCZrO\,\,n ). We carried out the Mann-Whitney U test to

verify the statistical differences of the biomass distribution in different crown classes
as influenced by the site factor (salinity and water stress).

All statistical analyses were conducted in R software 3.2.2 (R Core Team, 2015) using
the packages: spatstat (Baddeley and Turner, 2005) to compute the pair correlation
functions and the Clark-Evans R index and pgirmess (Giraudoux, 2016) for analysing
the attributes of simulated forest stands.

5.3 Results
5.3.1 Model evaluation
Individual tree development

From the analyses presented in Figure 5-2, we observed that adaptation of tree
growth and biomass partitioning explicitly resulted from the parsimonious
description of selected physiological and allocation processes in accordance to the
current parameterization. Simulated trees showed a differential rate of realized
periodic diameter increment in response to the prevailing ambient environmental
conditions. For trees of similar stem diameters, the results revealed that the
diameter increment was lowered by near 20% between a tree growing at simulated
10 ppt salinity condition and the counterpart in the 70 ppt habitat salinity (Figure
5-2a). Similarly, divergent rate of height growth was demonstrated for simulated
trees of similar stem diameter when grown under contrasting salinity and water
stressed habitat conditions. For instance, we recorded a periodic height increment
of ca. 0.5 m a tree for a simulated tree at 10 ppt condition against the 0.1 m noted for
corresponding sized tree at 70 ppt salinity over the same growth period. While the
potential stem diameter and height climaxed at ca. 100 cm and 36 m respectively at
10 ppt salinity condition, we recorded the maximum of ca. 80 cm stem diameter and
14 m height under the 70 ppt condition (Figure 5-2¢).

Individual tree in low salinity condition exhibited high stem slenderness, which
decreased with increasing salinity. As individual in high salinity responded
significantly to water limitation and increasing cost of water transportation, the tree
shape showed adaptation with a maximum trunk height of ca. 3 - 4 m with an
equivalent stem diameter sized tree reaching 15 m trunk height in the low salinity
condition where no water shortage is encountered. Ditto to the intrinsic
modification in tree forms, the simulated biomass assimilation and allocation
patterns differed significantly in variable environmental conditions. Equivalent sized
individuals displayed as high as a 50% difference in the biomass growth between low-
and high salinity site conditions. Of the total tree biomass productivity, the root-
shoot allocation ratio increased significantly from low- to high salinity habitats
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(Figure 5-2f), demonstrating the adaptive tree root responses to limiting below-

ground water supply.
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Emergent patterns at the forest stand level

Here, we aimed at scrutinizing the model performance in realistically reproducing
the emergent forest structural patterns known to empirical observations in nature.
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Figure 5-3: Diameter distribution of trees in the forest stands (“natural forest” scenario)
under different salinity conditions at the final simulation time step

We observed that the diameter distribution of pooled trees in the simulated stands
culminated in the general log-normal (“inverted-J’’) size-density structure of natural
forest stands. Specifically, we recorded high proportion of small diameter trees and
gradual decline with increasing tree sizes, until a relatively small proportion of the
largest individuals in all investigated scenarios of stand salinity conditions (Figure
5-3). For low salinity conditions, few individuals of trees as large as 80 cm stem
diameter were observed. In contrast, the largest individuals had stem diameters
peaked at ca. 55 cm and 25 cm for stands simulated at 50 ppt and 70 ppt salinity
conditions respectively.

Relatedly, we showed in Figure 5-4 that the maximum total height attained by the
largest individuals decreased from ca. 38 m to 3 m in the order of simulated stand
salinity conditions. The height-diameter allometry of all trees larger than 5 cm stem
diameter at the final simulation period in the simulated stands in relation to the field
measurement in stands of comparable salinity conditions (Figure 5-4). Most tree
measurements from the two contrasting site salinity conditions (30 ppt and 50-70
ppt) clustered around the predicted curves fitted for trees in corresponding
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simulated habitat conditions. The scaling exponent of tree height to a corresponding
diameter decline from ca. 0.63 to 0.35 between the investigated low- and high
salinity environments in comparison to 0.66 - 0.28 exponents recorded in the
empirical observations.
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Figure 5-4: Height-diameter allometric relations of simulated stands (‘“natural forest”
scenario) in comparison to the field observations under different site salinity and water
limitations

We examined the temporal spatial structure of tree distribution to gain
understanding into how the emergent patterns of local tree-to-tree interactions
change in the course of time given the influence of the environment-induced
plasticity of tree forms and biomass partitioning in the simulated stands (Figure 5-5).
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Figure 5-5: Temporal changes in the local tree-to-tree interactions (competition), as
measured by the average Clark-Evans aggregation R index. Left: even-aged cohort plantation,
Right: dynamics in regenerating natural forest scenario
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The results of the Friedman test for comparison of Clark-Evans aggregation R index
showed significant differences in competition intensities (p < 0.001) in the course of
stand development under variable salinity conditions, both in the even-aged
plantation and regenerating natural forest scenarios. On the average, the intensity
of tree-to-tree local competition decreased with increasing ambient salinity in the
simulated stands. The interactions of environment-induced tree forms and local
competition intensity produced a significant effect on the trajectories of plant
biomass-density relations, the so-called “self-thinning” process (i.e., how the
number of trees in a particular stand changes with average biomass in the course of
stand development) in the simulated stands. With reference to the theoretical slope
of “-4/3’ , we observed a clear shift in the self-thinning slope of the simulated even-
aged plantation forest scenarios from -1.34 to -0.99 (Table 5-3) between the
investigated low- and high salinity forest stands (Figure 5-6).

Table 5-3: Mean slopes and intercepts of plant biomass - density relations in simulated
stands of contrasting habitat salinity and water stress conditions.

Salinity Slope* Intercept*
(ppt) Upper Mean Lower Upper Mean Lower
C.l. value C.l. C.l. value C.l.
10 -1.325  -1.338  -1.352  6.335 6.305 6.274

30 -1.298 -1.312 -1.326 6.300 6.268 6.237
50 -0.996  -1.024  -1.052 5.712 5.702 5.692

70 -0.981  -0.988 -0.995 5.445 5437  5.428
* Values were obtained from logarithmic transformed scale.

Sequel to the ‘self-thinning’ phase, all stands seemed to attain the asymptotic stage
where the decline in the number of trees and subsequent biomass change balanced
out. This quasi-equilibrium stage in the plant biomass — density trajectories were
reached at different periods under varying site salinity, marking the divergence of
biomass growth rate and mortality from competition effect in different habitat
conditions. From the current parameterization, the low salinity forest stands
approached the asymptote after about 200 growth cycles, while the phase was
delayed until ca. 400 and 600 growth cycles in the 50 ppt and 70 ppt high salinity
forest stands respectively. When systematic field observations from the 30 - 60 ppt
salinity conditions were distributed around the corresponding self-thinning lines, the
data from 10-20 ppt forest stands suggest a steeper slope in the approximate range
of Yoda “-3/2” self-thinning rule (Yoda et al., 1963).
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Figure 5-7: Distribution of tree mortality in relation to the diameter size classes in the course
of simulated stand development (under “natural forest” scenario) in different habitat
salinity-water stress conditions.

In Figure 5-7, we illustrate the changes in the pattern of mortality with increasing tree
sizes and the influence of variable ambient environmental conditions. While the
mortality rate-size distribution patterns fairly correspond to the empirically known
U-shaped curve in general ecology and biostatistics, the rate at which smaller
individuals died at the early phase in the successional development decreased
significantly with increasing effect of salinity and water stress in the investigated
forest stands. In effect, the average mortality rate related to the initial tree density
shifted from over 20% to ca. 2% between the 10 ppt and 70 ppt simulated forest
stands.
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5.3.2 Example model application: relating tree biomass to crown structure

For a demonstration of the significance of the current modelling approach, we
analysed biomass of trees with similar crown projection area (CPA) growing in two
stands of contrasting water stress conditions, with site salinity of 30 ppt and 50 ppt
respectively. The experiment expound on the hypothesis that tree slenderness and
inherent biomass composition are restrained by water stress, that trees with
equivalent CPA sizes differ significantly in their aboveground biomass. Apparently,
these forest stands showed distinct tree size structure and ditto for crown
formations, as presented in the simplified stand mock-ups (Figure 5-8a &b). All trees
in the simulated stands were classified into 5 m? CPA class intervals, and the
comparative analysis of tree biomass was restricted to CPA classes with
representatives in both stands.

For trees of equivalent crown dimensions, stem diameters differ significantly: trees
in the 50 ppt simulated stands displayed as twice the sizes of the counterparts in the
30 ppt site conditions (Figure 5-8¢c). Meanwhile, the trees in the 50 ppt stands
exhibited less slenderness in comparison to individual trees in the 30 ppt stands
(Figure 5-8d). Moreover, trees in the 30 ppt stands had 2-fold measures of the ratio
of crown diameter to stem diameter (KD-ratio) than trees with similar crown
projection area in the simulated 50 ppt stands (Figure 5-8e). Consequently, we
recorded significantly different tree biomass (Mann-Whitney-Wilcoxon Test, p <
0.001) from trees of equivalent crown dimensions, with a coefficient of variation
reaching 23%, between these two simulated stands (Figure 5-8f). In this case, the
individuals growing in the high salinity conditions had higher biomass than the low
salinity counterparts did.
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Figure 5-8: Tree structure and biomass distribution in different crown classes under
contrasting habitat conditions. a. & b. provided simple 3D tree mock-ups in the simulated 30

¢. & d. compared the diameters and

ppt and 50 ppt mangrove forest stands respectively;

and e. compared the average (+/-

bidirectional standard errors) of aboveground biomass in corresponding crown classes and the

slenderness coefficient of trees in selected crown classes;
dashed line represents the 1:1 scenario.
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5.4 Discussion

Understanding how the environment-induced morphological plasticity of mangrove
trees and the underlying ecological processes interplay in the dynamics of forest
structural development generally require long-term studies and extensive datasets.
The previous chapters, for example, have demonstrated some advancements
towards acquiring such datasets using laser scanning (e.g., Olagoke et al. (2016)) and
classical inventories supported by 3D processing tools. The precision of these and
similar empirical approaches is well acknowledged, but the efforts, costs and time
requirements are equally substantial. To this end, we consider stand simulation
modelling as a viable complementary approach. The case of BETTINA IBM presented
in this study showcase for the first time the consideration for morphological
plasticity in the simulation of structural development of mangrove forests growing
in variable environments.

Here, we present the evaluation of the BETTINA IBM mangrove stand simulator in
the objective of demonstrating its suitability to describe how the individual tree’s
response to changes in abiotic conditions (mainly salinity and water stress) shapes
the structural development of mangrove forests. In addition, we demonstrated
through the current modelling approach how the accuracy of remotely measured
tree biomass through crown metrics can be impacted by the variability of tree
slenderness and crown-diameter relation in variable environments. Our simulation
results largely suggest that the model reproduced comparable patterns to empirical
ecological observations on the plasticity of tree morphology and the associated
consequences for stand level forest dynamics in variable environments. The
following discussion of our modelling results and observations in informative on the
prospect of this model in the study of mangrove forest dynamics.

Mangrove trees typically display high morphological plasticity to salinity, water and
nutrient limitations (Ball, 2002; Feller et al., 2010), with several empirical cases
recorded in the literature (Lovelock et al., 2006; Vogt et al., 2014; Vovides et al., 2014).
From these studies, there emerge a consensus that the metabolic processes and
growth rates of individual trees decline with increasing salinity conditions (Ball 2002;
Feller et al., 2010), leading to restricted height growth and productivity (Cintron et
al., 1978). In a similar manner, the results of our simulation study yielded differential
growth rates under varying salinity conditions. The model predicted decreasing
height and diameter growth with decreasing biomass productivity along a gradient
of increasing salinity. These results equally relate to the behaviour of empirical site
quality models for terrestrial forests (e.g., Bowman et al. (2013); Palahi et al. (2008);
Uzoh and Oliver (2006)).
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According to That simulated trees increase investment in the root components as
salinity increases and utilizable water resource becomes less available, places
BETTINA_IBM model more in consonance to various empirical observations from
mangrove forests (e.g. Nguyen et al. (2015); Castafeda-Moya et al. (2011); Cintron
and Schaeffer-Novelli (1984); (Soto, 1988)). Apparently, the description of
preferential biomass partitioning to component tree parts at the bottleneck of water
uptake (Peters et al., 2014), but also the costs imposed by water transport (hydraulic
conductivity) from the root to the leaves (Koch et al., 2004) sufficiently drive trees
to divergent architecture and biomass growth across variable salinity conditions in
the BETTINA_IBM simulation. This feature, perhaps, marks a key strength of the
model as compared to earlier modelling efforts (Berger and Hildenbrandt, 2000;
Grueters et al., 2014) that explain tree growth solely by deterministic functions.

Generally, many aspects of forest structure and underlying ecological processes do
emerge directly from the expressed architecture of the component trees in the
course of their interactions with each other and the ambient environment (Kerkhoff
and Enquist, 2007; King, 1990; West et al., 2009). In the case of mangrove forests,
Feller et al. (2010) highlighted that high levels of trait plasticity in trees can yield
forests of widely divergent structure. In consonance with these assertions, the
results from the simulated forest stands under varying salinity and water stress
conditions culminated in significantly diverse forest structures. As demonstrated in
Figure 5-4, the fits of height — diameter allometry of simulated trees obtained with
the current parameterization practically match the overlaid field measurements.
Although, the maximum height and diameter values predicted for low salinity
conditions (10 — 30 ppt) are relatively lower than observed in some tall mangrove
forests (e.g. Fromard et al. (1998); Olagoke et al. (2016)). Refining the model to
achieve tree simulation reaching the potential maximum height and diameter under
favourable conditions are certainly of interest to improve current model
formulations.

As suggested by Grime (1977), and more recent studies in light of the stress gradient
hypothesis (e.g., Bertness and Callaway (1994); Maestre et al. (2009)), the intensity
of competitive interactions reduces with increasing gradient of stressful
environmental cues, and could possibly shift to a facilitative form in more adverse
conditions (Callaway et al., 2003). The occurrence of such phenomenon in mangrove
forest stands was highlighted in the work of Vogt et al. (2014). In the frame of our
simulation experiments, the impact of divergent tree morphological scaling on
neighbourhood competition in habitats of contrasting salinity conditions was clearly
detectable. First, the importance of asymmetric competition for light reduces as
contact between trees decreases with declining biomass investment in crown
growth along a gradient of increasing salinity. The second possible explanation
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relates to the fact that increasing allocation to the root, when water becomes
limiting, would mean an increasing magnitude of belowground symmetric
interactions leading to an overall decrease in the effect of competition with
increasing site salinity. Though we initiated all stand simulations in a randomly spatial
structure, we recorded nearly threefold differences in the magnitude of tree
competition intensity between the relatively low- and high salinity conditions. As
much as the results appear very reasonable, we still lack sufficient data and
published information to validate or generalize on the exactness of the competitive
strength obtained under the simulated site conditions.

One interesting results from our simulation experiments appears promising in
shedding light to the lingering debates on the “universality” of the trajectories of
density-dependent mortality, the so-called “self-thinning rule” in even-aged plant
communities. While Yoda et al. (1963) postulated a self-thinning trajectory with a
constant slope of -3/2’ on the basis that tree relative to a given growing space shapes
in simple Euclidean geometry, the formulations of West et al. (1999) and Enquist et
al. (1998) in the frame of metabolic scaling theory suggested a contrasting trajectory
with ‘-4/3’ slope. Like demonstrated empirically in Pretzsch (2006), but also in some
theoretical works (e.g. Deng et al. (2006); Lin et al. (2013)), the slope of self-thinning
line (plant biomass-density relationship) is largely dependent on tree shapes,
consequently resulting from the interactions of the abiotic environment and
neighbourhood competition. Our analysis resulted in self-thinning slopes ranging
from ca. -1.34 in the low salinity (10 ppt) stand to ca. -0.99 in the higher salinity stand
(70 ppt). These results generally agree with earlier studies (Deng et al. (2006); Lin et
al. (2013)) that the slopes of self-thinning trajectories become shallower with
increasing water or nutrient limitations. However, a comparison of the simulation
results with field measurements show that self-thinning process could reach steeper
slopes in the low salinity conditions, suggesting that the current model formulation
under-predicted tree biomass in low salinity conditions.

Relatedly, the analysis of size-dependent rate of tree mortality in the course of stand
development displayed the U-shaped mortality curve commonly described in various
empirical time-series studies (e.g. Monserud and Sterba (1999); Holzwarth et al.
(2013)) as well as earlier simulation studies (e.g. Berger et al. (2004)). Common to all
simulated forest stands was the high mortality of small-sized trees at the early
successional stage when the asymmetric competition for light is relatively dominant,
and declined to the lowest point at the intermediate developmental stage prior to a
rise at the later successional stage when much larger individuals died. The rise of
mortality in the late successional stage is, however driven by differing factors in our
model. While the later rise in the death of larger individuals might have resulted from
age-related mortality in the low salinity condition, our results showed that mortality
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is consequent to the increasing water limitation and cost of hydraulic conductivity in
the high salinity forests.

One aspect in the application of remote sensing technology receiving much
attention in the recent time centres on linking canopy structure to tree or forest
aboveground biomass (e.g. Popescu et al. (2003); Proisy et al. (2007)) and other
forest structural parameters (Barbier et al., 2012; Couteron et al., 2005). Mostly, the
available techniques rely on crown-diameter allometric relations for predicting
forest parameters of interest on the assumption that the allometry mostly converge
at the stand levels (Bohlman and Pacala, 2012; Muller-Landau et al., 2006), or
universally constant (West et al., 2009). The challenge remains that the accuracy of
these methods can easily be compromised should a change local environmental
condition results in a significant change in crown allometry, simply crown plasticity
(Grueters et al., 2014; Purves et al., 2007).

With the application of BETTINA IBM model, we assessed how changes in tree
allometric relations under different salinity conditions could influence the accuracy
of biomass estimates from crown metrics. Our results clearly demonstrated that
trees simulated at 50 ppt salinity conditions are higher in aboveground biomass in
comparison to equivalent projected crown-size trees in the lower salinity condition
(30 ppt). One clear explanation is that trees in the higher salinity conditions prioritize
less biomass to crown development for a given diameter size, and thus the
characteristic crown — diameter ratio (KD ratio) of a tree in high salinity becomes
relatively lower than in low salinity conditions. These results agree with the findings
of Vovides et al. (2014), where a decrease in the KD ratio of A. germinans trees with
increasing salinity was empirically demonstrated. Based on this analysis, a coupling
of mechanistic modelling to the remote sensing methods may thus be a worthwhile
effort to benefit the study of forest biomass, but also the dynamics of forest
structure at large. While the remote sensing techniques offer potentials to supply
data for improved parameterization of mechanistic models, chances are high that
mechanistic modelling provides finer calibration for remote measurements.

5.5 Conclusion

Conclusively, the BETTINA IBM model presented here offer new opportunities to
link morphological plasticity and biomass allocation with prevailing ambient
environmental conditions in realizing observed forest structural patterns in a
mechanistic modelling framework. Through this model, chances abound that various
factors shaping tree morphological changes and the resulting influence of forest
structure and dynamics could be probed and quantified at different temporal and
spatial scales. Furthermore, the example demonstration in this study found a footing
as the fundamental step in the coupling of mangrove simulation modelling and
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remote sensing techniques. While we are optimistic that time series analyses of
remotely sensed data could provide additional information to optimize current
model parameters and/ or constrain the modelling processes in various scales, the
current effort has a prospect for providing relevant information for calibrating some
satellite-based observation of forest structure.
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Appendix 5-1: Comparing the spatial patterns of simulated forest stand against field
observations in contrasting habitat salinity conditions
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Appendix 5-ll: Pattern of stand biomass accumulation under different simulated site
conditions in “Natural forest” and ‘“Plantation forest” scenarios. Values represent the sum
of aboveground and belowground biomass.
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A quasi-equilibrum stand biomass growth can be inferred from these results, where some
slight fluctuations in the peak biomass values can be related to the random death of big
tree(s) and subsequent stand biomass growth. Given the known empirical pattern or the
results of simulation studies, e.g. Berger et al. (2004), tree productivity was expected to
increase to reach a climax, and then, decline substantially with tree age. The forest stand
simulations from the BETTINA IBM apparently showed a characteristic decline in the total
stand biomass that mimics the age-related decline in biomass productivity. This iconic
behaviour can largely be attributed to the death of some “keystone” large trees, which are
known for contributing substantial amount of stand biomass.
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Appendix 5-1lI: Comparison of aboveground biomass of selected trees based on BETTINA
predictions and allometric model (Olagoke et al 2016) estimates. The size of the dots
corresponds to the tree diameters (cm) and the dashed line, being the 1:1 scenario
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ODD of the BETTINA_IBM Model
Ronny Peters

May 25,2016

The model description follows the ODD (Overview, Design concepts, De- tails)
protocol for describing individual- and agent-based models (Grimm et al. 2006, 2010).

1 Purpose

The BETTINA IBM model is designed as a mangrove stand model for describing the
growth and the allometric plasticity of the trees as aresponse to abiotic con- ditions
and the specific competition with neighbours. The underlying single-tree BETTINA
approach (Peters et al. 2014) explains the allometric development of an individual
tree mechanistically and overcomes the empiric formulation of allometric relations.
With this, different individual neighbourhood settings lead to a variation in shape
and biomass allocation of the trees.

2 Entities, state variables and scales
2.1 Agents

The agents of the model are mangrove trees. For now, the model is set up and
parametrized for one single species, Avicennia germinans. The agents are characterized
by the following state variables:

variable unit explanation initializatio behaviour
X [m] X-position random constant
y [m] y-position random constant
rcrown [m] crown radius 0.3 variable
hcrown [m3 m—z] leaf volume per ground 0.004 constant
I'stem [m] stem radius calculated* variable
hstem [m] stem height 0.0001 variable
rroot [m] root zone radius calculated* variable
hroot [m3 m—z] fineroot vol. per ground 0.004 constant

2.2 Collectives

None. Different species may differ in parameters up to now attributed to global
variables.

2.3 Spatial units

The size of the spatial units (patches),i.e. the spatial resolution canbe chosen (size-
factor, see global variables).
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variable unit explanation initialisation

behaviour

sal [ppt] salinity scenario

constant**

2.4 Temporal resolution

The meaning of a time step is not defined. Nevertheless, there is a parameter
controlling the length of a time step: kgrow- With the current value of 0.05,a time

step is in the magnitude of a few months. For a (not yet implemented) seasonal

variability of the boundary conditions solar radiation and salinity, this parameter has

to be defined properly.

2.5 Global variables

Beside Rsolar (and, if constantin space, salinity sal) there are no real environmental

variables. As for now, we consider just onesingle species, the plant parameters are

technically global variables.

variable unit explanation value behaviour
Lp xkgeom *** [kgs™" m—4 ] fine root permeability = 0.04 const.
geometric const.
kf,sap [kgs—! m—2] xylem conductivity 1.48 const.
Rsolar x krel**  [kgs=1 m—2] solarradiation x factor 0.038 const.
(water per light)
psileaf [MPa] minimum leaf water -7.86 const.
potential
kmaint [kgs—1 m—3] maintenance costper 0.28 const.
biomass
kr,half max [-] half of maximum height 0.1 const.
growth weight
sfsig,1 [-] scaling factor for sigm. 0.02 const.
function
sfsig,2 [-] scaling fac. for sigm. 0.15 const.
function (height)
kgrow [-] growth scaling 0.05 const.

*) calculated from other measures to ensure resource equilibrium at initial state for

numerical stability.

**) constant in time (no feedback). Spatial variation possible, but not used.

*%%) these unknown parameters only occur as combinations, and are therefore

condensed to one single value.
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3 Processoverview and scheduling

All the individuals act simultaneously. l.e. first, the growth of the plant components
of all trees is estimated and then the state variables get updated. Figure 1shows
schematically the information flow for anindividual in asingle time step.

The individual trees are determined by their location and the allometric measures.
These variables determine the competition indices of the individuals’ above c and
below_c and with this, the reduction of resource uptake. This is done within the
sub-model Competition.

From the allometric measures, the submodel Resistances calculates both root surface
resistance r1 and sap flow resistance r>.

In Resources, the resistances control water uptake, crown size controls light
interception and the competition indices above ¢ and below c account for loss by
competition. The available resources resqvail are estimated.

From the allometric measures via the determination of the Volume of Plant
Components, the costs for Maintenance of Biomass are estimated.

In Growth, the increment of biomass (growth) is calculated as the differencebetween
available resources resqvgil and maintenance costs. (Growth and Maintenance of

Biomass are parts of the sub-module Resources.)
Negative values of growth lead to the Death of the individual.

The sub-model Weights determine, how the biomass increment gets allocated onto
the specific plant components. Root and crown radius (as drivers of competition)
definethe proportion of height growth. Available below-and aboveground resources
determine the shares for crown growth and water up- take improvement. For the
enhancement of water uptake, the resistances define the distribution into diameter
growth and root radius growth.

With the growth of biomass and its distribution to the plant components, the
Increase of Allometric Measures are calculated. Finally, the allometric measures are
updated.

4 Design concepts
4.1 Basic principles

The considered resources are restricted to light (aboveground) and water
(belowground). The model describes resource uptake and growth mechanistically. The
resource uptake depends on the allometric measures of the plant. Light interception
is proportional to crown area. Water uptake is described with Darcy’s law. According
to the assumptions of the pipe-model theory (Rennolls, 1994), the characteristics of
the vertical flow path is homogeneous alongthe flow axis.
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Further basic assumptions of the model are:
- proportional use of above- and below-ground resources.
- maintenance costs are proportional to the total biomass.

- resources for plant growth are the difference between available resources and
maintenance costs.

- growth allocation to improve resource uptake at the bottleneck. (and thus,
influencing allometry.)

Leaves Branches : Tree Height / - Flow Length/
Stem -T:r- Crown Radius -Er- Flow X-Section
Cable Roots . . Crown :
e J L Root Radius P Jal ::‘"Erhfm

Figure 1: Sub-models and information ow for a time step on the individual scale.
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4.2 Emergence

The features at the population level, e.g. Clark-Evans-Index and self-thinning
trajectories, emerge from the individual growth and death. These are influenced by
resource availability due to abiotic variables and competition with neighbours.

4.3 Adaptation

Adaptation to the (both biotic and abiotic) environment is a key element of the
BETTINA-model (see ’Basic principles’). The shape of the individual con- trols the
resource availability. Vice versa, the resource availability controls the allometric
measures: they increase in a way to perfectly improve the resource availability
regarding the individual’s environment.

4.4 Objectives

The “objective” of the individual is an equilibrated uptake of below- and above-
groundresources. The parameter measuring the disparity of resources and con- trolling
growth allocation to balance the availability of the resources is Qres.

A secondary objective is to keep both the root surface resistance and the axial flow
resistance equal. Measure and control parameteris Qr.

Besides this, (stem) height growth is a feature to get advantages in competition for
light. Height growth is controlled by Qrad. (For a detailed description of these
parameters, see the paragraph on ’weights’ in the ’Process overview and scheduling’
section.)

4.5 Learning

4.6 Prediction

4.7 Sensing

4.8 Interaction

Interaction is taking place as competition. Individuals compete for light
(aboveground) and water (belowground). The concept of resource sharing is the Zone
of Influence (ZOIl, Weiner et al. 2001, May et al. 2009).

Below-ground competition The below-ground ZOI radius is equal to rroot. The

competition modeis’complete symmetry’. l.e., resourceson patches claimed by several
individual are shared to equal proportions.
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Above-ground competition The above-ground ZOI radius is equal to rcrown. The

competition mode is ’complete asymmetry’. The better competitor (the
“winner””) is the taller individual, which is not necessarily the one with the big- ger
ZOl-radius. The “winner” gets all of the resources from a competed patch. Deviating
from the pure concept of ’complete asymmetry’, the model accounts in a very
simplified way for the availability of diffuse light penetrating the canopy depending
on the share of gaps in the closer environment of an individual. (For a detailed
description of these parameters, see the paragraph on ’competition’ in the ’Process
overview and scheduling’ section.)

4.9 Stochasticity

The only stochasticcomponent is the random spatial distribution of the individuals
at modelinitialization.

4.10 Collectives
4.1 Observation
Measures related to state variables:

- stem diameter ( 2:rstem )

- tree height ( hstem +2*rcrown )

Variables describing the growth process of the individual:
- weights for growth allocation

-growth

Emerging variables at population level:

- Clark-Evans-Index CEI

- average tree volume Vtree

- density of individuals

Measures related to primary state variables of individuals dying at the cur-rent time
step:

- stem diameter ( 2:rstem )
- tree height ( hstem + 2-rcrown )
5 Initialization

A chosen number of individuals are created and distributed randomly in space. The
state variables are initialised as described in the section ’Entities, state vari- ables and
scales’. Initial stem radius and root zone radius depend on salinity to provide an
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equilibrium in above- and below-ground resources in the beginning. They are
calculated using an auxiliary variable kqux:

o Viea +(9.81kPa m™).(Ngterm +2Torown ) + (85 kPa ppt ™) -sal

aux —

2Ryopqr -7 -r>crown-(9.81 kPa m™)

1
Moot = : 2
Lp ngeom '”"hroot ’ kaux

r —

-0.5 1
2-Ierown +hstem +2 “Troot } 5

tem =
e kf,sap'”' kaux

6 Input data

7 Sub-models

7.1 Competition

The sub-models on competition account for the interactions between the trees and
consider the spatial location of the agents. Competition indices for every tree are
calculated for both above- and belowground processes. The ZOI- concept is applied.
The belowground competition is assumed to be completely symmetric. For the
aboveground competition, a modification of the ZOl approach with complete
asymmetry is implemented.

aboveground:

- set the patch-owned variable compete above to the tallest tree being present there.
(The criterion of presence is whether the distance between patch and tree is less than
the crown radius.)

- set the tree-owned variable countabove to the number of patcheswithin the crown
radius.

-setthe tree-owned variable win countabove to the number of patches within the crown
radius with the specific tree being the tallest one. (i.e. by comparison of the tree
height with compete above of the patches)

(To avoid runtime errors the last two steps must at least consider one patch. If spatial
resolution is bigger than initial crown radius, there is possibly no patch center (i.e.
patch location) within the radius. Therefore at least the patch the tree is on is
checked. Note, that in such cases the model is not very precise anyway, at least for
small trees. Similar for belowground, see below.)
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- calculate the above-ground competition index above c of the trees as the ratio of
win_ countabove and countabove

- to account for indirect solar radiation (assumed to be 50% of total), the share of
the gap area (patches without presence of any tree’s crown) in the radius of 20 meters
contribute to light interception of the tree:

gap area in20 meter radius

above c=above c+(1—above c)-50%- ; -
ared in20 meter radius

belowground:

- set the tree-owned variable countbelow to the number of patcheswithin the root

radius, but at least 1. (if no patch center within distance < rroot)

- set the patch-owned variable compete_below-to the reciprocal of the number of trees
being present there. (The criterion of presence is whether the distance between patch
and tree is less than the root radius.)

-set the tree-owned variable win countbelow to the sum of the values compete_below of
all the patches in the root zone (distance < rroot), but at least 0.5 (if no patch center

within distance < rroot)

- calculate the below-ground competition index below c of the trees as the ratio of
win_countbelow and countbelow.

7.2 Growth

The individual growth of the plant and the distribution onto the different plant
components is the heart of BETTINA. In general, the sub-models accord to the steps
as described in section 3. Last, not least there are some explanations about numerical
issues.

Volume of plant components

- set leaf volume vleaf to the volume of a cylinder with radius rcrown and height

hcrown.

- set branch volume vbranch to the volume of a cylinder with radius rstem and

height 2-rcrown-.

- set stem volume vstem to the volume of a cylinder with radius rstem and height

hstem.

- set cable root volume vcroot to the volume of a cylinder with radius279-5 - rstem
and height rroot.

- set fine root volume vfroot to the volume of a cylinder with radius rroot
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and height hroot .
- add up all these volumes to total vtree

resistances:

The resistances for the water crossing the root surface and the axial flow towards
the leaves are determined by the species specific (global) parameters Lp x kgeom

and kf,sap and the current allometric measures (state variables) of the individuals.
- setroot surface resistance rq to

1

2
Lp ngeom 7T Troot 'hroot
- set axial flow resistance ra to

0

— .5
2-Terown +hstem +2 “Troot

kf,sap 'ﬂ'rsztem
(The term above the fraction line is the length of the flow path.)

resources:

The resource uptake is divided into light interception water uptake. Both processes
are influenced by the respective competition indices. The available resources are the
minimum of both. The part for growing is reduced by biomass- proportional
maintenance.

- set the above-ground resources resg to
2
above_c'krel ><Rsolar 7T Terown

- set the below-ground resources resp to

— (w,eaf +(9.81kPa-m™") (gt +2 Ferown ) + (85kPa- ppt ') sal)
(r,+r,)-(9.81kPa-m™)

below c-

- set available resources resqvail to the minimum of both resg and resp
- set the total growth variable growth to
kgrow - (resavail — kmaint -vtree)

- if growth < o the tree will die. But thereis still time for that, we still need the
individual for some measurements and plots. Therefore, set deathflag of this agent to
value 1.
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weights:

The weights are set to distribute growth mainly in the way to predominately
increase specific allometric measures for improving resource uptake at the
bottleneck. To define, how strong a mechanism shall be promoted, first some
standardized criteria are calculated.

- to quantify, whether the treelacks either above- or below-ground resources,
Qres is setas the ratio

res, —resy,
res, +res,

- to quantify, which of the resistances limits water flow, Qr is set as the ratio

ry—r

ry+r,

- Stem height growth is to give advantage for above-ground competition. Assuming,
if the crown radius is bigger than the root radius, aboveground competition is
expected to be stronger, we set Qrad as the ratio

r

crown

root
r crown + root

With these auxiliary variables, the weights are estimated.

- set the weight way (for increasing stem height hstem) to

k. ,half max
_ Qrad

of:
1+e fsig,>

- set the weigth waq (for increasing crown radius rcrown) to

1-wa,
_ Qres

.
1+e fsig, 1

- set the weigth wby (for increasing stemradius rstem) to

1—-wa, —wa,
_Q

Sf:
1+ e Hig

- set the weigth wb (for increasing root radius rroot) to

1—wd1 —wdy —wb>
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Increase of allometric measures:

The remaining resources growth account for a specific increase of biomass (volume).
The allometric relations allow for a calculation of the increase respec- tive measure
(state variable).

- the stem height hstem increases by

wa, - growth

2
7T Tstem
- the crown radius rcrown increases by

wa, - growth

2
2 ”'(rcrown 'hcrown 'rstem)
- the root radius rroot increases by

wb, -growth

-0.5 2
2'7["—root""root""(2 '”'rstem)
- the stemradius rstem increases by

wb, -growth

-0.5 2
2'71"rs1tem'(Z'rcrown"'hstem+2 'rroot)
numerical issues:

For small trees, when growth is big in comparison to biomass and temporal changes
of weights are bigger, numerical instabilities may occur. One way to avoid that is to
decrease the growth scaling factor kgrow. The trees develop almost identically,

but it takes more time stepsand thus, more computation costs. It should be noted,
that if a computation time step is associated to areal time step, this relation would
change.

Another opportunity is to add a routine restricting the growth to maximum 2
percent of the tree volume vtree and estimate the share of a time step passed for

that growth:

- set the passed fraction of a time step stepfrac to o

Viree

- if growth > do not add the calculated increments to the state variables, but

instead:
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1. calculate frac (the applied fraction of both time step and growth) as the minimum

v
— €€ and1- stepfrac
50-growtl

2. set growth to growth- frac

3. calculate the increase of allometric measures (see above) with this up- dated
growth

4. update the allometric measures, the volume of the tree components, resistances,
resources and weights.

5. update stepf rac with stepfrac + frac

6. while stepfrac < 1, repeat steps 1to 4.

When stepfrac =1, an entire time step has passed. At early growth stages this routine

Viree

will be needed, with bigger trees growth will become much smaller than

7.3 Clark-Evans-Index

To measure the deviation from the complete spatial randomness (CSR) at initialization
of the model, the Clark-Evans-Index CEI was calculated. The CEI in the ratio of
average minimum distance to nearest neighbouring individual distmin and the

expected value for CSR distmin, CSR
dist

CEl= ——min__
dist..,CSR

min?’

with

1
distmin, CSR =

A
2 \n

A is the area of the stand and n the number of individuals.
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6 CONCLUDING DISCUSSION

This chapter presents the synthesis of the main findings of the current thesis, focusing
on the main contributions, prospects and limits of the different aspects, and general
perspectives regarding the study of structural dynamics and functioning of mangrove
forests in changing coastal environments.

6.1 Main contributions

In this thesis, the central objective was to contribute to the understanding of the
significance of tree morphological plasticity and shifting biomass partitioning for the
structural development and dynamics of forest stands, considering the case of
mangrove forests in changing environments. To this end, empirical field studies,
remotely sensed data and process-based mechanistic modelling were considered as
complementary tools. More specifically, the potentials of remotely sensed data
using terrestrial laser scanning (TLS) in the measurement of aboveground
morphology and biomass distribution of mangrove trees, including very large trees,
were elaborated in this thesis. Additionally, the relative contribution of different
indicators of morphological plasticity and structural attributes to the dynamics of
aboveground biomass of forest stands from local to regional scales was investigated
in variable mangrove stands. The proposition of a standardize software tool to
facilitate capturing, processing and 3D modelling of forest structure data allows the
preparation of our ensemble field data for the calibration and validation of forest
stand simulators and remote sensing models. Furthermore, the thesis took benefit
of amechanistic mangrove stand simulator to provide insights into how the interplay
of processes underlying morphological changes in the trees and local
neighbourhood interactions in shaping structural development and dynamics of
mangrove forests. Overall, the contribution of this current thesis found relevance for
various aspects of mangrove ecology, from adaptive tree growth, biomass
distribution, spatial structure and tree interactions to ecosystem dynamics under
changing environmental conditions.

6.1.1  Morphological plasticity and allometric analyses at the tree scale

Given the soft-muddy sediments and frequent tides in mangrove environments
(Cintron and Schaeffer-Novelli, 1984), the field survey and detailed measurements of
tree traits and forest structural parameters including biomass often present huge
difficulties (Komiyama et al., 2008; Proisy et al., 2007). This challenge may partly
explain why structural data and biomass of large mangrove trees are rarely available.
Meanwhile, tools like terrestrial laser scanning (TLS) and other remote sensing
technology have offered possibility for non-destructive and high resolution three-
dimensional (3D) structure of trees with relatively low time and labour requirements
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(Dassot et al., 2011). These remotely sensed measurements have found extensive
applications in various ecological studies, although it is largely unexplored in
mangrove studies. In Chapter 2, | have proposed a method to capture tree
morphological attributes and biomass of mangrove trees, which was tested for a
wide range of tree sizes, up to very large trees. By employing a pixel-based analysis
in segmented tree sections, the TLS-based biomass estimation approach presented
in this thesis specifically addressed issues of irregular tree shapes or presence of the
buttresses that may impact on the overall accuracy (e.g., Nogueira et al. (2006)).
Accordingly, it is particularly relevant for extensive application to large mangrove
trees, which may present protuberance or buttresses at the lower parts.

Allometric models found applications in various studies concerning the structure and
functioning of mangrove forests (Fromard et al., 1998; Kauffman and Donato, 2012;
Komiyama et al., 2008). Common to most available allometric models is the fact that
they are mostly calibrated based on measurements from small trees for the lack of
large tree data. This factor marks a potential source of error propagation, especially
when such models are applied to sites dominated by large trees, like the case of
French Guiana. Besides, such large trees represent keystone structures explaining
variations in forest biomass distributions, stand productivity and ecosystem
dynamics (Bastin et al., 2015; Slik et al., 2013). The case is true for the tall mangrove
forests common in the equatorial axis (Proisy et al., 2012).

| have integrated the data so obtained via TLS measurements to extend the validity
domain of allometric models of Avicennia germinans to very large trees up to ca. 125
cm diameter size. In particular, a significant shift found in the partitioning of biomass
to different aboveground components between small-moderate diameter size trees
and the larger individuals, marks the basis extending allometric models to large
trees. Even when the biomass allometric models achieved at this stage significantly
improve on the predictive power of the preceding models, it is worth to consider the
fact that trees growing in different shape and allocate biomass in a divergent manner
to the influence of environmental conditions. This factor establishes the need to
move beyond static allometric models into a more mechanistic approach in
mangrove biomass modelling. In this direction, the work of Peters et al. (2014) that
proposed a single-tree model mechanistically explaining environment-induced
changes in tree allometric relations and biomass allocation made the first leap, upon
which | built on in my thesis to explore the implications of morphological plasticity
and changing biomass partitioning for biomass distributions and forest structure in
variable environmental settings (Chapter 5).

Combining structural descriptions of A. germinans trees found at both sites, we
highlighted the site-specific differences in tree allometries and the implication for
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cross-regional biomass modelling (Chapter 3), thanks to the analysis of covariance
(ANCOVA). Apparently, our nested ANCOVA (site-dependent) models of allometric
relations differed significantly from the joint models obtained through data
aggregated from across the study sites. The crown — stem diameter allometry was
largely congruent to the tree height — diameter allometric relations in terms of
variations, from French Guiana to the two forest classifications in Braganga. This
aligns with the behaviours of mangrove trees growing in sites of varying salinity and
water stress conditions, earlier documented in other mangrove regions (e.g.,
Vovides et al. (2014)). Of the two models (power function and logarithmic model)
tested for the investigated tree allometries, we selected the model based on the
logarithmic transformation of stem diameter. The reasons being that: 1) while power
function resulted in over prediction of large tree height and crown diameter, the
logarithmic model displayed a good fit for the asymptotic nature of tree growth
(Feldpausch et al., 2011; Olagoke et al., 2016); 2) the logarithmic model returned much
lower error estimates for trees in the lower and larger diameter size classes than the
power model.

Consequently, it was relevant to investigate the extent to which the tree scale
plasticity can impact on the accuracy of diameter-biomass allometric equations,
when found applications at the cross-regional levels. The parameterization of
biomass model that decomposes aboveground tree part into the trunk and crown
components (Sensu. Ploton et al. (2016)) with the 3D architectural data of selected
trees (based on laser scanning and tacheometer measurements) thus became
advantageous in this respect. Indeed, local variations in tree morphology
significantly impact on aboveground biomass estimates of diameter — biomass
allometric models calibrated for French Guiana mangroves when tested against for
sites of contrasting tree structure in Braganga, even when sites are located in the
same geographical region. Further than the explanation rooted on latitudinal
variation in tree biomass (Twilley et al., 1992), morphological plasticity here appears
an important factor in the diameter — biomass relationship. The study concludes that
regional differences in mangrove tree structure and function could be captured
through better description of crown metrics could generate a plus-value in the
understanding of mangrove stand dynamics across contrasting coastal
environments.

Together, these tree scale allometric studies may facilitate accurate determinations
of the biomass for the aboveground parts with potential benefit to the success of
the coastal blue carbon projects (Howard et al., 2014) in the effort for conservation
of mangrove forests.
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6.1.2 Relating morphological plasticity to the structural dynamics of forest stands

Generally, many aspects of forest structural and functional properties directly relate
to the allometric scaling of trees’ morphological and physiological traits (Bohlman
and Pacala, 2012; Kerkhoff and Enquist, 2007; West et al., 2009). Interestingly, many
earlier studies have analyzed and confined such relationships to general (or
invariant) allometric models (e.g., Enquist and Niklas (2001); West et al. (1999))
mostly based on the power law of Huxley and Teissier (1936). Nonetheless,
controversies abound on this position given the mounting evidence of significant
variations in allometric relationships in different environments (Feldpausch et al,,
2011; O'Brien et al., 1995; Pretzsch et al., 2014), and the same is true for mangrove
species too (Castafeda-Moya et al., 2013; Clough et al., 1997; Vovides et al., 2014). In
spite of these tree scale evidences, the implications for forest communities and
dynamics seemed rarely explored.

Towards this scope, the study presented in Chapter 3 undertook the analysis of the
relative contributions of known attributes (indicators) of morphological plasticity
(Vovides et al., 2014) and structural divergence to the dynamics of aboveground
biomass in mangrove forest stands. | found that the stand aboveground biomass
considerably correlated with the stand basal area, mean quadratic diameter,
diameter and height of the dominant trees, but more weakly linked to the median
stem diameter and height, and number of trees within the stand (stand density). The
negative correlation of stand density with the aboveground biomass is rather not
unfounded, given their generally known relationships in the context of self-thinning
processes (West et al., 2009; Yoda et al., 1963). Interestingly, the combination of
stand basal area, diameter and height of the dominant trees from heterogeneous
mangrove stands in French Guiana yielded a parsimonious model that explained up
to 90% variance of the stand aboveground biomass. On top, the best-fitted model
predicted stand biomass estimates of independent, but contrasting mangrove
forests in Bragancga to the coefficient of variation values of ca. 88%. Certainly, such
collective indicators of morphological plasticity, as identified in Vovides et al. (2014),
hold the key for improved predictions of mangrove dynamics in changing
environments.

Many datasets and models on tree allometry, biomass and forest structure are
available from different mangrove studies in the literature (e.g., Hutchison et al.
(2014); Komiyama et al. (2008)). Such datasets would have potential for supporting
further studies on the dynamics of mangrove forests beyond the scope presented in
this thesis, but for the divergent sampling designs and data presentation. This thesis
thus presents a novel tool, named Lollymangrove, integrated in the AMAPStudio
suite of software for tree architecture, with the objective of maximizing the potential
of further field descriptions and modeling works (Chapter 4). The Lollymangrove
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allows standardized forest data capture, 3D visualization of structural data,
aboveground biomass computation from a configurable interface and export
formats for forest dynamics and remote sensing models. While the software
provides a flexible approach to localized biomass computation over the regular site-
specific and general allometric models, the extension for data preparation in formats
compatible for integration into forest simulation models gives a greater prospect in
advancing data acquisition, modelling and validation towards a better understanding
and monitoring of structural development and dynamics of mangrove forests.

6.1.3 Predicting morphological plasticity and stand dynamics in changing
environments

Apparently, predicting the influence of morphological plasticity on the structural
dynamics of mangrove forests in changing environments through empirical studies
would require extensive datasets, achievable over long-term studies. Even at that,
the intrinsic tree and stand attributes being observed in various mangrove forests
might have resulted from a complex interaction of diverse processes (Cintron and
Schaeffer-Novelli, 1984; Proisy et al., 2016; Twilley and Rivera-Monroy, 2005),
identifying and describing the interplay of causal processes on shifting tree
morphology and stand structure represent an herculean task for empirical studies
(Berger et al., 2008). Given the advantage of computer simulation modelling in this
regards (Berger and Hildenbrandt, 2000; Berger et al., 2008; Rivera-Monroy et al.,
2004), the study presented in Chapter 5 establishes the methodological basis for
complementing the empirical analysis of morphological plasticity and the
significance for structural dynamics of mangrove forests.

The study took benefit of the BETTINA model (Peters et al., 2014), which was
originally designed to factors controlling the individual tree’s adaptation to
environmental change mechanistically. This lends an opportunity to integrate
morphological plasticity in a spatially explicit mangrove stand simulator for the first
time. Upon parameterization and subsequent simulation experiments, | made
efforts to describe the general model behaviours while considering our field
measurements and ecological patterns known to scientific communities as
benchmarks. Generally, the simulation experiments revealed insights into the
relation between environmental conditions, allometric variations and biomass
partitioning of mangrove trees, and stand characteristics. The model describes an
important mechanism, namely water uptake limited by salt stress underlying plastic
biomass allocation. The results suggest close matches with observed ecological
patterns (e.g., the growth patterns, mortality distributions, self-thinning
trajectories) under higher salinity. In low salinity conditions, however, the current
parameterization underestimates the maximum tree height and diameter, and
consequently, aboveground biomass and self-thinning trajectories of forest stands.
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In consonance to Grime (1977) and studies highlighting the stress gradient
hypothesis (e.g., Brooker and Callaghan (1998); Maestre et al. (2009)), the behaviour
of BETTINA_IBM model clearly established a trend of reducing intensity of
competitive interactions as salinity-induced water stress increases in the simulated
stands. This behaviour equally matches the empirical observations of Vogt et al.
(2014) in mangrove forests growing on a gradient of hypersaline conditions. More
importantly, the results from simulated monospecific Avicennia cohorts shed light on
the potential influence of morphological plasticity of trees and subsequent local
interactions on the trajectories of plant mass-density relationships in the course of
stand development, the so-called “self-thinning rule” in even-aged plant
communities. So far, the generalization on the self-thinning process is polarized
between two postulations. For Yoda et al. (1963), self-thinning takes place following
a constant slope of ‘-3/2’. The same process, however, was conceptualized as ‘-4/3’ in
the frame of metabolic scaling theory (West et al., 1997; West et al., 1999). Based on
our simulation results, the contribution of the current thesis is such that slope of self-
thinning trajectories can be variable, depending on the realized tree shape and
exerting competition intensities. These factors, in turn, are determined by the
prevailing environmental conditions.

Certainly, the modelling of mangrove forest dynamics by connecting field measured
parameters, remote measurements and individual-based simulation modelling.
While current advancements in remote sensing technology offer potentials to
provide a basis for improved parameterization of simulation models, chances are
high that finer calibration of remote measurements can be achieved through
mechanistic modelling. In the anticipation of coupling the simulation modelling to
remote sensing observations (e.g., Kasischke and Christensen Jr (1990); Shugart et
al. (2015)), | attempted to explore in this thesis the extent to which change in
morphological allometries of trees can impact of the estimates of forest parameters
made from canopy observations in a simulation experiment. Even when the test was
restricted on the aboveground biomass of trees growing in contrasting site
conditions, the results clearly suggest that trees of equivalent projected crown areas
displayed divergent biomass compositions. This partly explains why forests that may
appear similar in structure to remote sensing observations could in reality return
varying biomass estimates in direct field measurements (Proisy et al., 2012; Proisy et
al.,, 2007). The next steps would be to complete extensive validation of the
simulation modelling approach, decompose the effect of exerting ecological
processes on various signals from forest structure in ranges of environmental
conditions, and then advance the consolidation to the canopy-based and geospatial
approaches the remote sensing can offer while maximizing the Lollymangrove
initiative.
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6.2 Methodological issues and perspectives

Generally, the results and conclusion presented in this thesis are based on case
studies, and in some instances the sample sizes are relatively small (Chapter 2, 3).
This is partly due to the time constraint during field studies, and the challenges of
field measurements on soft-muddy sediments in tidal mangrove environments.
Other than for the incongruent sampling designs and data presentations, a
substantial amount of data already available in published literature could have
served for validation and generalization on various approaches presented in this
thesis. In the meantime, | have demonstrated the potential of the Lollymangrove
platform (Chapter 4) in this thesis as a tool to help allay such challenges in
subsequent studies.

The TLS-based method implemented in Chapter 2 is very promising, and thus
presents a window for non-destructive measurements of tree architecture and
biomass in mangrove forests. Potential applications can also be extended to various
other aspects of field measurements in coastal wetlands in general. In order to
maximize the potential of the TLS-based method proposed in this study, a number
of issues are still pending. Due to time limitation, the method was only tested and
validated over a very limited scope. It may be worthwhile to ascertain the
consistency of the method on further samples, especially in very different terrains.
During the scanning operations for the TLS measurements, deflection of tree crowns
by wind was clearly an issue for small to medium sized trees. No doubt, this issue
marks a potential source of error for estimates so obtained using the TLS approach.
| have only controlled instances of such error in my studies by avoiding scanning
operations during pronounced wind blowing.

Another issue that may limit the accuracy of biomass measurement with TLS is the
likelihood of cavities, occasionally found in large mangrove trees. It is questionable
how feasible it is, in a real world scenario, to reliably factor out error due to hollow
effect, even in direct ‘cut-and-weigh’ biomass measurement. Without knowledge of
the average volume of the cavities in the different tree size classes and the
respective probability of their occurrence, subsequent estimation of biomass from
regression models relying on DBH surveys will consequently fail, regardless of the
calibration technique applied. Advances in the application of ultrasonic tomography
(Brancheriau et al.,, 2008) and Resistograph measurements (Rinn et al., 1996)
demonstrate non-destructive detection of volume of cavities in trees. Integrating
these measurements with the TLS-based method in the future could address the
uncertainty caused by the possible presence of tree cavities.

For the individual based simulations, the results obtained from the current modelling
approach and parameter settings yielded are quite encouraging (Chapter 5), and
demonstrate the prospects for further applications in mangrove studies. However,
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the current parameterization underestimates the maximum tree height and
diameter, and consequently, aboveground biomass and self-thinning trajectories of
forests under low salinity conditions. This suggests that the morphology of trees
under low levels of salinity are explained by further regulation mechanism(s) that
still need to be addressed in a subsequent model improvement. Until now, the model
assumes a number of parameters; it is most likely that empirical measurements in
such instances could significantly drive the model to achieve results that are more
realistic in low salinity conditions. For instance, the model can substantially benefit
from data on sap flow and hydraulic measurements in microcosm experiments under
contrasting salinity conditions. Additional details on current geometric description
can also be achieved through the integration of tree architectural measurements
from the TLS measurements.

6.3 Towards an integrative modelling framework for mangrove dynamics

Achieving reliable forecast of changes in the structure, spatial extent and functioning
of mangrove ecosystem largely depends on how well multiple biotic and abiotic
factors interplay at the local scale (e.g. Alongi (2009)) to regulate mangrove
development are captured in modelling framework. This being that these factors are
themselves constrained at varying scales by tides, winds, waves, nearshore currents
or sediment transport (e.g. Anthony et al. (2010); Twilley and Rivera-Monroy (2005)).
Aspects encapsulated in the current thesis apparently advance the simulation of
mangrove growth and structural development to local environmental conditions
(abiotic factors) at forest stands scale. The consolidation of the current findings and
the demonstrated modelling efforts consist in coupling our forest dynamics models
with hindcast, nowcast and forecast scenarios of changing coastal processes being
captured in remote sensing observations (Proisy et al., 2016).

The proposition of an integrative, multiscale landscape-modelling framework
through the use of Ocelet (Degenne et al., 2009) has good prospects in this regards.
Ocelet is a domain-specific language designed for modelling of spatial dynamics
within a model-building environment known as the Ocelet Modelling Platform
(OMP). This platform allows for a flexible usage of Interaction graphs, an approach
that distinguishes the Ocelet from other modelling approaches consisted in other
system dynamics modelling platforms. Using the concept of graph (a set of vertices
connected with edges), elements of a dynamic system are represented in vertices
linked through the edges where interaction functions can be applied to change the
state of the entities connected. This way, relations are built by indicating which entity
interacts with which another entity in the graph structure via functions (interaction
functions) that are applied when different entities interact. Proisy et al. (2016)
provides further description of the ocelet and the potential towards a multiscale
simulation of mangrove forest dynamics in changing environments.
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The test application of this multiscale modelling approach in French Guiana (Proisy
et al., 2016) was quite demonstrative. In this coast, the structural development and
dynamics of mangrove forests are largely influenced by the massive discharge fine-
grained sediments from the Amazon River (Fromard et al., 2004). Moreover, the
hydrodynamics and sedimentary processes regulating the spatial structure, the
extent and physiognomy of mangrove forests in this region, like in many mangrove
regions are more interlinked in their effects at different spatial and temporal scales.
Massive and rapid removal of mangrove forest areas can be observed over several
square kilometers in a few years within the inter-bank zones (Anthony et al., 2010).
According to these authors, shoreline retreat is mainly attributed to the impact of
waves propagating across stretches of coast between banks. Upon continuous
consolidation process (Gensac et al., 2015), rapid and extensive colonization of
mangrove areas over hundreds of hectares generally follows (Proisy et al., 2009).

Currently, the results of test simulation in the proposed modeling framework largely
demonstrate that the descriptions of the underlying processes were suitable enough
to explain some of the coastal erosion and subsequent recolonization in the Guiana
mangrove shorelines (Proisy et al., 2016). The flexibility of the Ocelet language
permits an intuitive establishment of relationships between entities, such as the
oceanic processes, the mud banks and the mangrove areas. These entities have
rarely been linked in the studies dealing with mangrove changes. When fully
developed, a tool capable of spatially explicit modelling of mangrove forest
dynamics integrating impacts of large-scale oceanic processes should yield, for
example, the timing and location of mangrove colonization, adaptation and erosion
processes. More so, high spatial resolution images could be used to detect the initial
time (Proisy et al., 2009), the mangrove growth stage (Proisy et al., 2007) and
mangrove destruction. In essence, the prospects of this multiscale modelling
perspective can be harnessed through interdisciplinary research in forecasting the
highly variable fate of mangrove forests in changing coastal environments.
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Vers une meilleure caractérisation de la plasticité morphologique et du
partitionnement de la biomasse des palétuviers pour I’étude de la dynamique
des foréts de mangroves
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Introduction

Les changements environnementaux sont souvent sources de stress pour la
croissance des plantes. Jusqu’a présent, la plasticité morphologique des arbres, c’est
a dire leur capacité a produire des physionomies différentes, n’a été que peu
envisagée comme stratégie d’adaptation du peuplement forestier a un
environnement stressant. Etant donné la variabilité des physionomies de palétuviers
observée y compris au sein d’'une méme espece (Figure 1), I’étude des mangroves
nous est apparue pertinente a la fois pour aborder la question de I’adaptation des
formes de plantes a des environnements changeants mais également pour
apprendre sur le fonctionnement de cet écosystéme soumis en permanence a des
changements environnementaux.

Nous avons focalisé notre étude sur trois objectifs. Le premier était ’lamélioration
de la caractérisation des morphologies de palétuviers et du partitionnement de
biomasse au sein des individus. Le deuxiéme objectif visait a analyser les différences
inter-régionales des allométries et de discuter de leur impact sur le partitionnement
de la biomasse. Le dernier objectif était plus théorique et s’intéressait a simuler et
comprendre les effets de la plasticité morphologique des palétuviers sur
I’émergence de structures et de dynamiques forestiéres dans différentes contraintes
environnementales.

Si 'on considére les difficultés inhérentes aux expérimentations de terrain en
mangroves, une originalité de ce travail a été sans aucun doute de tenter de décrire
avec un scanner laser terrestre la physionomie de grands palétuviers pour
caractériser le partitionnement de biomasse alors qu’il est impossible de prétendre
réaliser des coupes et pesées in situ.
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Une seconde originalité de ce travail vient probablement aussi du développement
d’un outil de saisie d’inventaires forestiers proposant une représentation visuelle
simplifiée de peuplements de palétuviers et des estimations de biomasse a partir
d’une interface configurable. Notre vision a terme est de valoriser '’ensemble des
descriptions de structures arborées et forestieres afin de simuler al’aide d’'un modéle
mécanistique la plasticité morphologique des arbres et le partitionnement en
biomasse dans des gradients de salinité et de stress hydrique.

Figure 1: lllustration de la variabilité des formes de croissance chez le palétuvier Avicennia germinans en Guyane
Frangaise et dans le nord du Brésil.

J’ai réalisé des expérimentations de terrain dans deux grandes régions de
mangroves situées de part et d’autre de ’embouchure de ’Amazone, a savoir, la
Guyane Francaise et la péninsule de Braganca, dans I’état du Para au Brésil (Figure

2).
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Figure 2: Localisation de régions d’étude en Guyane Frangaise (en haut a droite) et dans la péninsule de Braganga,
(en bas, a droite), état du Parg, Brésil. Les parcelles forestieres inventoriées sont indiquées par les points en
couleur.

Le manuscrit de thése est structuré en 6 chapitres incluant :

1. Une introduction sur les enjeux d’obtenir des meilleures descriptions de la plasticité
morphologique des arbres, notamment en mangroves, le détail des objectifs abordés et
I’organisation du manuscrit.

2. La description d’une méthode non destructive obtenue a partir de I’analyse de
données laser permettant de mieux estimer le partitionnement de biomasse au sein de
grands palétuviers avec un focus spécial sur ’espéce Avicennia germinans. Ce travail a fait
I’objet d’une communication internationale avec acte et d’un article paru dans le journal
Trees — Structure and Function.

3. Une analyse inter-régionale des différences de morphologies de palétuviers et de
leurs implications pour la dynamique de biomasse des mangroves amazoniennes. L’intérét
d’inclure dans les modeles d’estimation de biomasse épigée des paramétres descripteurs
des formes de houppiers a été montré.

4. Le développement d’un logiciel facilitant la de saisie d’inventaires forestiers en
mangroves permettant également de produire des représentations visuelles en forme dites
de ‘sucettes’ et quiintégre la possibilité de calculer les biomasses d’arbres et de peuplement
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a partir d’'une interface configurable. Par ce travail, nous avons renforcé la possibilité de
mener des études de modélisation écologique et d’interprétation d’images de télédétection.
5. Une étude théorique basée sur ’emploi d’une modéle mécaniste de I'influence du
stress hydrique ou d’un gradient de salinité sur le partitionnement de biomasse au sein
d’individus.

6. Une synthése et une discussion générale des principaux résultats obtenus et
comment ils contribuent a mieux lier dynamique forestiéere en mangrove et dynamique
cOtiére des processus cotiers.

Voici un résumé étendu des 5 derniers chapitres.

Chapitre 2: Caractérisation de la structure et de la biomasse de
palétuviers a partir de mesures issues d’'un scanner laser et extension

La biomasse des grands arbres doit étre mieux quantifiée afin de réaliser des
bilans corrects de biomasse a I’échelle des massifs forestiers. Cependant, la plupart
des modeéles allométriques n’a pas été calibrée a partir d’'un échantillonnage
suffisant de grands arbres. C’est un probléme majeur pour I’étude de la dynamique
des mangroves de forte biomasse, eu égard a leur r6le dans le stockage de carbone.
Nous avons exploré une alternative non destructrice au travail fastidieux et peu
envisageable de coupe et de pesée in situ de grands palétuviers grace a Iutilisation
d’un scanner laser terrestre (Figure 3). En Guyane Francaise, nous avons scanné 36
palétuviers de I'espéce A. germinans a partir de positions multiples autour de chaque
arbre sélectionné (Figure 3). Ces palétuviers présentaient des hauteurs variant entre
15 m et 45 m pour des diameétres troncs a hauteur de poitrine (DBH) variant entre 13
cm et 124.5 cm. L’idée sous-jacente était d’estimer la biomasse arborées a partir de
I’estimation par laser du volume de bois dans le tronc et les grosses branches en
utilisant un profil de densité volumique de bois (kg/m3) dépendant de la hauteur de
tronc et estimé a partir de carottes de bois prélevées sur une gamme de hauteurs de
tronc allant de 0 a 25 m.
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Figure 3: Préparation d’un scan laser d’un grand palétuvier avec I'instrument FARO 3D X330 monté sur un trépied
en mangroves guyanaises (a gauche). Schéma d’implantation de I'instrument autour de I’arbre (en bas, a droite).
Scan résultant d’un grand palétuvier aprés un premier nettoyage des points externes a I’arbre (en haut, a droite).

De maniére a bien calculer les volumes de troncs non cylindriques ou présentant
des contreforts, nous avons développé notre propre méthode d’analyse de nuages
de points laser en projetant successivement de bas en haut du tronc ’ensemble des
échos laser compris dans des sections de 10 cm avant d’utiliser une estimation de
surface.

D’une part, nos estimations de biomasse a partir du volume correlent a 99% avec
les biomasses de référence pesées apres avoir coupé des palétuviers de diametre de
troncs inférieurs a 42cm. D’autre part, nous avons établi un nouveau modele DBH-
Biomasse épigée qui présentait un coefficient de corrélation R*de 0.99 et une erreur
quadratique moyenne de 87.6 kg de matiére seche. Notre nouveau modéle, établi
sur une plus gamme d’arbres, estime des biomasses totales d’arbres supérieures a
ce que propose le modeéle de référence. Il suggere que le modele de référence établi
(avant ’'avenement des scanners lasers) par pesée pour les individus de DBH<42 cm
sous-estime la biomasse des branches alors qu’il surestime la biomasse du tronc.
Nous avons conclu qu’il était important de bien caractériser la structure et la
biomasse des houppiers dans les grands arbres.
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Figure 4: Comparaison des estimations de biomasses sur pied estimées par I"approche laser et celles estimées a
partir du modeéle de référence (Fromard) utilisé au-dela de son domaine de validité (représenté par la bande
bleue). Nous distinguons le partitionnement de biomasse suivant: la biomasse des branches (a), la biomasse des
troncs (b) et la biomasse totale (c). La ligne rouge donne les estimations du modéle basé sur les mesures laser
de volume de bois (et I'intervalle de confiance) alors que la ligne bleue présente les estimations que donnerait le
modéle de Fromard pour nos palétuviers scannés.

Chapitre 4: La plasticité des palétuviers explique bien la dynamique de
biomasse observée dans différentes régions de mangroves
amazoniennes

Nous avons cherché a évaluer I'influence des variations inter-régionales de physionomies
de palétuviers sur les biomasses épigées de peuplements forestiers dans nos deux régions
pilotes situées de part et d’autre de I’embouchure de I’Amazone (Figure 5). La base
d’inventaires incluait 45 parcelles de structuration diversifiée composée d’arbres de
morphologie contrastée. Les différences marquées dans les dimensions de houppier
suggerent clairement une influence régionale sur les relations allométriques entre les
mangroves guyanaises et brésiliennes de la région de Braganca (Figure 5).
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Figure 5: Comparaison des relations allométriques entre la Guyane Franqaise (F. Guiana), les foréts de grande

taille (BragT) et celles de taille moyenne (BragM) dans la région de Braganga. La courbe rouge indique un modéle
régional agrégeant I’ensemble des données.

En prenant I’espéce Avicennia germinans comme test, nous avons cherché a optimiser une
équation diametre de tronc-biomasse (AGB.ha) par intégration de la hauteur et des
dimensions de houppiers comme variables explicatives supplémentaires. Les résultats issues
de I'analyse de covariance menée sur différents modeles basés sur différentes relations
telles que hauteur totale versus diametre de tronc, hauteur de houppier versus diamétre de
tronc ou diameétre de houppier versus diamétre de tronc montrent que la variabilité locale
des allométries d’arbres explique environ 30% de la variabilité des estimations de biomasse
des individus pour tous les types de foréts considérés. Les modéles basés sur la surface
terriere (SBA.ha), le diameétre quadratique moyen de tronc (Dq), le diamétre maximal de
tronc (Dmax) et la hauteur maximale des individus (Hmax) expliquent jusqu’a 90% de la
variabilité des estimations de biomasse produites par le modeéle AGB.ha. Le meilleur modéle
(noté SM.4), combinant SBA.ha, Dq and Dmax comme variables explicatives, prédit AGB.ha
des mangroves des Braganca avec une erreur RMS de 13.9%. Par conséquent, ces résultats
insistent sur le peu de précision générée par I'application de modeles allométriques
régionaux. Par contre, incorporer dans un modéle de biomasse des paramétres descripteurs
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de houppiers pourrait aider a rendre compte des différences inter-sites et donc de mieux
appréhender les dynamiques structurales des foréts dans différentes régions cotiéres.

Resi ’
SM.1
Dq

Res

™

SM.2

SBA SBA
Hmax
— ;‘ Res
‘i
SM.3
SBA

Dq

Figure 6: Contribution relative des descripteurs de physionomies d’arbres comme variables explicatives de la
variabilité des biomasses de peuplements forestiers observée dans nos deux régions d’étude. SM.1 - SM.4
représentent quatre modeles basés sur différentes combinaisons de descripteurs comme la surface terriére (SBA),
le diamétre de tronc quadratique moyen (Dq), le diamétre médian de tronc (Dm), la hauteur maximale de I'arbre
(Hmax) et le diamétre maximal de tronc (Dmax).

Chapitre 5: Lollymangrove: un logiciel de saisie de données
d’inventaires forestiers, de représentation 3D simplifiée de
peuplements de palétuviers, de test de différents modéles de biomasse
et de couplage avec des modeéles écologiques et de télédétection

L’acquisition de données forestieres de bonne qualité et suivant des standards
bien adaptés est essentielle pour mener des travaux de modélisation et avancer sur
notre capacité a prédire les causes et les conséquences des changements dans la
structuration des écosystemes forestiers. Or de plus en plus de données sont
collectées au travers le monde réelle harmonisation, ceci empéchant le partage, les
comparaisons inter sites et les suivis temporels nécessaires a la compréhension des
dynamiques forestiers. Pour le cas mangroves, nous avons décidé de contribuer a
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résoudre ce probleme via le développement d’un nouveau logiciel nommé
‘Lollymangrove’ a partir des outils disponibles (et le savoir-faire de nos collegues
ingénieurs de PUMR AMAP) dans la suite logicielle AMAPStudio
(http://amapstudio.cirad.fr; Figure 7).
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Figure 7: Structure de fonctionnement du logiciel Lollymangrove au travers quatre modules principaux qui
incluent la saisie ou I’édition d’un inventaire forestier (cf. Input Format), le choix et le paramétrage de modéles
allométriques diamétre de tronc-dimensions de houppiers et diamétre de tronc-biomasse pour chaque espéce
de l'inventaire et I’ajustement des coefficients du modele (cf. Processing module), le module de visualisation et
d’exportation formatée de fichiers et I’export des calculs de biomasse pour chaque arbre et parcelle (cf. Biomass
estimates).

Nous avons mis au point Lollymangrove avec les trois objectifs suivants :

1. Proposer un protocole de saisie d’inventaires forestiers utilisant une interface
robuste connectée a une base de données permettant de choisir parmi plus de
quarante espeéces de palétuviers puis d’ajuster avec des mesures locales disponibles
des modeéles allométriques ‘diamétre de tronc-dimension de houppier-hauteur
d’arbres’.

2. Proposer uneinterface de sélection de modéles de biomasse parmi ceux disponibles
dans la littérature permettant d’ajuster les coefficients des modéles choisis pour
chacune des especes présente dans I'inventaire forestier.

3. Proposer une visualisation 3D simplifiée de peuplements forestiers ou chaque arbre
est représenté sous la forme d’une ‘sucette’, le houppier correspondant a une
ellipsoide, I’exportation dans des formats variés de descriptions structurales de


http://amapstudio.cirad.fr/
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peuplements pour assurer un couplage avec des modéles de dynamique forestiére
(Figure 8, 9) ou des modeles de télédétection et, enfin, des estimations de
biomasses totale pour tous les arbres de la parcelle inventoriée.

GUL AGB = 103 Mg/ ha (708 trees) BRL: AGB =91 Mg/ ha (400 trees) SUS:AGB =258 Mg/ ha (372trees)

£
v
£
=
(]
E

Figure 8: Examples 3D forest scene (mock-ups) of forest stands from contrasting mangrove ecosystems in the
Amazon-influenced (South America).

GU1: 100 m? 1-m resolution BR1: 100 m?, 1-m resolution SUS: 100 m?, 1-m resolution

Figure 9: Simulated canopy images (from DART model) of the forest scenes presented in Figure 8. Each image

corresponds to a multi-spectral (RGB-colored composite) WorldView-2 image acquisition at the configuration of
22.4° Zenith angle and 210° Azimuth angle.
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Chapitre 5: Simulation de 'influence de la plasticité morphologique et
du partitionnement de biomasse sur le développement structural des
foréts de mangrove

La plasticité morphologique des arbres induit une variabilité du partitionnement
de la biomasse aérienne (et probablement souterraine) au fur et a mesure de la
croissance de I'individu en fonction des conditions environnementales plus ou moins
stressantes en termes d’apports lumineux, de nutriments ou d’eau. En conséquence,
la physionomie en cours de modification continue d’un individu va également
impactée les interactions de voisinage et les niveaux de compétition inter-arbres au
sein d’un peuplement forestier. Afin de mieux comprendre ces interactions
complexes, nous avons réalisé un travail théorique de simulation avec le modele
BETTINA_IBM (Figure 10).

FOREST MOSAICS IN DIFFERENT HABITAT CONDITIONS — Salinity & water availability
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Figure 9: Le cadre de modélisation utilisé dans le modéle BETTINA pour simuler la structuration de peuplements
de palétuviers en fonction de gradients de salinité et de disponibilité en eau. L’approche ZOI (Zone d’Influence)
décrit les interactions locales entre 2 individus voisins au niveau du houppier et du sol.

Ce modele individu centré et spatialement explicite décrit les mécanismes
d’absorption de I’eau sous contraintes de salinité (Figure 11). Il permet
d’appréhender les relations entre les conditions environnementales, les variations
allométriques, le partitionnement de biomasse dans les palétuviers et la
structuration des peuplements forestiers. En conditions de forte salinité, les
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résultats sont en bonne adéquation (Figure 12) avec des processus écologiques
simples (allométries, trajectoires d’auto-éclaircie, densité de mortalité, etc.). Dans
des conditions de faible salinité, le paramétrage actuel sous-estime la hauteur et le
diamétre maximaux observés. Les mécanismes de régulation a faible niveau de
salinité doivent donc étre mieux décrits dans le modéle utilisé.
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Figure 11: Relations allométriques entre le diametre de tronc et la hauteur totale de I’arbre pour I’ensemble des
parcelles inventoriées comparées avec les sorties du modéle BETTINA_IBM pour 4 valeurs de salinité.
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Figure 12: Trajectoires d’auto-éclaircie et relations simulées de biomasse aérienne-nombre de tiges sous
différentes contraintes de salinité.
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Chapitre 6 : Synthése

Ce travail de theése a donné lieu aux publications suivantes.

Olagoke, A., Proisy, C., Féret, J.-B., Blanchard, E., Fromard, F., Mehlig, U., de Menezes,
M. M., dos Santos, V. F., and Berger, U. (2016). Extended biomass allometric equations
for large mangrove trees from terrestrial LiDAR data. Trees 30, 935-947. doi: 10.1007/
S00468-015-1334-9

Proisy, C., Degenne, P., Anthony, E., Berger, U., Blanchard, E., Fromard, F., Gardel, A.,
Olagoke, A., Santos, V. F., Walcker, R., and Lo Seen, D. (2016). A multiscale simulation
approach for linking mangrove dynamics to coastal processes using remote sensing
observations. Journal of Coastal Research, Special Issue, No. 75, 810-814, doi: 10.2112/SI75-
163.1.

Olagoke, A., Peters, R., Juliane Vogt, J., Proisy, C., Berger, U. (2016). Scaling mangrove
tree responses and stand structure dynamics to environmental change: a simulation
study, MMM4 Conference holding from 18-22 July 2016 at St. Augustine, Florida (USA)
(Accepted abstract for oral presentation)

Olagoke, A., Proisy, C., Féret, J-B., Fromard, F. and Berger, U. (2015). On the potential of
Terrestrial Laser Scanning for revising biomass allometric models of mangrove trees,
SilviLaser 2015 held at La Grande Motte (France) from 28-30 September 2015 (Invited
Talk)/ short paper in proceedings, pp 99 — 101

En préparation pour une soumission dans le trimestre qui vient, nous avons les

articles suivants (par niveau décroissant de finalisation) :

1.

Olagoke, A., C. Proisy, U. Berger, S. Costa Neto, G. Estrada, F. Facundes, R. Peters, M.
Soares, V. Santos, F. de Coligny (xxxx). Lollymangrove software: A standardized tool
for data acquisition and 3D description of mangrove forest structure. To be submitted
to Environmental Modeling and Software.

Olagoke, A., Proisy, C., Mehlig, U., de Menezes, M. M., dos Santos, V. F., and Berger, U.
(xxxx). Collective plastic tree attributes explain the dynamics of aboveground biomass
in contrasting Amazon-influenced mangrove forests. To be submitted to Applied
Vegetation Science.

Olagoke, A., Peters, R., Vovides, A., Mehlig, U., Proisy, C., and Berger, U. (xxxx). Do
plastic morphology and biomass partitioning of trees matter in structural development
and functioning of mangrove forests? To be submitted to Ecological Modelling

L’ensemble de mon travail, je pense, montre bien le besoin d’élucider comment la

plasticité morphologique des palétuviers influence le développement structural et le

fonctionnement des foréts de mangroves. Il a établi que la combinaison de mesures

TLS et d’analyses de données de structure forestiére associée a des efforts de

modélisation écologique pouvait fournir des éléments indispensables pour lier

dynamique des mangroves et dynamique des processus cotiers (cf. Proisy et al.
2016).
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https://silvilaser2015.teledetection.fr/files/Proceedings_Silvilaser_22_09_2015_2.pdf
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