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A B ST R A CT
The function of the arrangement of leaves (phyllotaxy) in a plant increases its ability to perform photosynthesis
by positioning the leaves to maximize the surface area available to intercept sunlight. In mangroves species, phyllotaxis is an unexplored phenomenon with the exception of early work from Tomlinson and Wheat. Available red
mangrove models do not provide the needed flexibility in representation of tree architecture, which is needed to
analyse and reconstruct the detailed architecture of saplings. The objective of the current study was to generate the
phyllotactic pattern for red mangrove saplings (Rhizophora mangle) based on our 3D digitized model, in situ measurements, photographic analysis and using an algorithm. Onsite mangrove saplings (between 1 and 2.5 m) from
Turneffe Atoll, Belize, were photographed. The above-ground part was digitized using the electromagnetic digitizing
equipment (FASTRAK® Polhemus Inc.), high-resolution photos of the leaf arrangements were taken along with field
notes and the model was constructed using the software GroIMP (Growth-grammar-related Interactive Modelling
Platform). Our algorithm, enriched by probabilistic approaches for the purpose of handling perturbations in phyllotactic patterns, was able to closely refoliate our 3D model. We then used the resulting hybrid model, composed of
the digitized branching structure and the algorithmically generated leaves, to simulate the interception of light by
individual leaves, employing the stochastic raytracing-based radiation model. This preliminary result allows us to
assess and visualize the photosynthetic contributions of single leaves throughout the canopy. Simulations of other
processes (flows in xylem and phloem; mechanical behaviour) could be based on such a model.
K E Y W O R D S : GroIMP; mangrove; plant modelling; phyllotaxis; Rhizophora mangle, structural downscaling.

1. INTRODUCTION

Mangroves are in decline worldwide but their importance and widely used
services have been extensively documented. Mangroves are also an integral component of coastal ecosystems and are unique amongst vegetation
communities in that they span the marine and terrestrial environment.
Turneffe Atoll, Belize, located in the Caribbean, has extensive mangrove
forests which are in close proximity with other significant ecosystems such
as coral reefs and seagrass beds. In this exposed coastal position, mangroves bear the full brunt of hurricanes and tropical storms which recur
frequently in these latitudes (Doyle and Girod 1997; Piou et al. 2006).
Rhizophora mangle forests are one of the most prominent features along

the coastline and islands of Central America and the Caribbean with red
mangrove being one of the dominant species (Bacon 1994). Turneffe Atoll
is no exception where low-lying mangrove islands can be found exclusively
populated by R. mangle (pers. obs.). In view of the vast benefits mangroves
offer, it is important to understand the plant architecture of individual trees
in order to be able to make recommendations at the ecosystem and landscape scale. Given the importance of mangrove, it is interesting to note the
limited studies on red mangrove tree architecture and 3D modelling. It is
also understandable that working in these environments can be challenging and the use of sensitive electronic equipment can hinder field work due
to the harsh conditions in which mangroves tend to thrive.
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at a compromise between the requirements for illumination for photosynthesis and reduction of leaf surface temperature (Ball et al. 1988).
Mangrove architecture plays a particular key role in light absorption.
For example, the amount of cumulative absorbed light depends on the
form and branching of the canopy (Imai et al. 2009).
As far as we know existing mangrove models are process-based
and individual-based models, which do not allow for a more detailed
representation of mangrove architecture. Our model helps to reconstruct and analyse the detailed architecture of saplings, in this case
with the focus on the reconstruction of the phyllotactic pattern of
red mangroves. Available red mangrove models do not provide the
needed flexibility in representation of tree architecture. For example,
sprouting branches or any departure from the circular crown shapes;
although these characteristics play an important role in analysing system recovery after disturbances, like storms. According to the authors
(Berger et al. 2008), most available ‘virtual trees’ do not show ‘adaptive behaviour’. These models are unable to respond in terms of reproduction time, reproduction type or specific tree morphology which
includes the asymmetry of tree extension, scrub stature or tree shape.
We believe that the lack of phenotypic plasticity to date is a general
limitation of the red mangrove plant models available.
Tree architecture is the result of the genetic constitution and environmental influences that plants encounter; thus, to understand the
performance of red mangrove within its community it is imperative
to understand how structural and physiological processes interact.
The phyllotactic pattern of leaves and flowers are regulated by polar
auxin transport; this contributes to the plant’s reiterative nature, as
well as its regularity and stability (Reinhardt et al. 2003). The development of a 3D phyllotactic model of a mangrove is then extremely
useful, particularly for light simulations. In this context, an area in plant
modelling that has seen considerable progress is functional–structural
plant (FSP) modelling which emerged in the 1990s from the need to
combine process-based physiological models with spatially explicit
representations of plants in order to take interactions between plant
structure, functioning and environment into account (Sievänen et al.
1997, 2000; Vos et al. 2009).
FASTRAK Polhemus has been used extensively as a plant digitizing
equipment for temperate plants, e.g. fruit trees including walnut tree
and stone pine (Sinoquet et al. 1997; Surový et al. 2011), but as far as
we know has not been used extensively in the mangrove environment.
In Surový et al. (2011) it is clear that the digitizing process is tractable
but can be very challenging particularly for larger trees. The coordinates that are recorded from the electromagnetic digitizer can be used
to rebuild the 3D architecture of the tree with a computer (Wasilczuk
et al. 2013). A similar approach was taken by Sonohat et al. (2006),
whereby they were able to reconstruct 3D mock-ups of peach trees by
using simplistic reconstruction rules. Interestingly, their larger scale
mock-ups correctly rendered canopy light interception than that of the
reconstruction rules.
On the technical side, integrative platforms with support for independent components for different aspects of plant models have been
developed, like OpenAlea (Pradal et al. 2008; Boudon et al. 2012),
AMAPstudio (Griffon and de Coligny 2012), GroIMP (Growthgrammar-related Interactive Modelling Platform; Henke et al. 2013),
L-Studio (Karwowski and Prusinkiewicz 2004) and others more
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A common architectural plant model, Attim’s model (Tomlinson
1986), is frequently used to describe the red mangrove species. Attim’s
model, as described by Tomlinson, involves a reiterative process in
which new branches form and in turn, each of these new branches
can produce one or more offshoots. In terms of the physiognomy, it
can be described as uniform with no specific architectural variations.
Rhizophora mangle exhibits growth of a monopodial trunk with equivalent branches initiated at fixed angles (Hallé et al. 1978). Nevertheless,
R. mangle trees are still able to show considerable variation in terms of
crown forms and shapes. The above-ground architecture of red mangrove is a widely used characteristic to describe morphological heterogeneity from different forest types (Araujo et al. 1997; Feller and
Mathis 1997). In the case of mangrove forests, mature tree size can be
highly variable. For example, for the neotropical red mangrove species
mature tree size varies between 0.5 and 40 m (Lugo 1997).
Research suggests that mangroves can reduce the height of wind
and swell waves over relatively short distances and the mangrove root
system in particular is capable of creating a buffer against waves and
erosion (Thampanya et al. 2006; Krauss et al. 2009; Zhang et al. 2012).
Mangroves sequester carbon, both in standing biomass, as well as in
the below-ground root biomass and the underlying soil (Alongi 2011;
Kauffman et al. 2011). Rhizophora mangle trees have a peculiar form,
especially their unusual prop roots. Mangroves inhabit mostly soft bottom areas and the above- and below-ground root architecture plays
an important part and enables them to maintain a bottom-heavy tree
form (Ong et al. 2004) or a low ratio of top biomass to root biomass
(Komiyama et al. 2000).
Plasticity of leaf and crown morphology across changing light conditions has been documented for R. mangle (Farnsworth and Ellison
1996). Red mangrove has the ability to adjust its leaf morphology
and physiology, including photosynthetic rates, and plant stature in
response to changing resource availability (Camilleri and Ribi 1983;
Tomlinson 1986; Choong et al. 1992). This species is also considered
as shade-tolerant (Ball 1980). In our case some of the saplings were
under a range of canopy heights. Under these conditions saplings
are always trying to maximize leaf exposure for the capture of sunlight. Leaf orientation and arrangement along the axis of the branch
is of great importance for their survival. It has also been suggested by
López-Hoffman et al. (2007) that the strategy of R. mangle is to constantly produce a large number of seedlings, by doing so it establishes
a seedling bank so that at least some are likely to directly colonize in
the event of a canopy gap formation. These gaps can be formed from
events such as insect damage, windstorms, lightning strikes and the
effects from the storm’s edge of a hurricane in the interior of larger
mangrove islands, as have been observed on Turneffe Atoll (pers.
obs.). Red mangrove can be described as both ‘light-demanding’ and
‘shade-tolerant’ species, and as such is very different from existing
successional paradigms for rain forest trees (Farnsworth and Ellison
1996). Lovelock and Clough (1992) found that a R. mangle strategy
is to position its leaves to near vertical to deal with high solar radiation
when compared to other mangrove species like Bruguiera gymnorrhiza.
Mangrove trees have the capability to change their leaf properties in
order to maintain leaf temperatures to near air temperatures, for example, by changing leaf inclination, area and succulence (Ball et al. 1988).
Leaf angle is used to regulate temperature as part of a strategy aiming
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signs of intense leaf or wood herbivory would be considered
an unhealthy sapling).
4. Thirty-centimetre sediment core close to the roots of the
sapling was inspected to validate similar and consistent sand–
peat substrate mixture for all 10 saplings.
Before each red mangrove sapling was harvested, the following measurements were taken: (i) total of four clockwise photos at each cardinal
direction towards the sapling and four away from the sapling, (ii) main
stem of the sapling was taken for the compass bearing relative to shoreline, (iii) sapling height from ground to its highest point and main stem
lean from vertical was measured using its main root as the centre (e.g.
propagule elongated hypocotyl), (iv) crown width at its widest and
narrowest points, (v) GPS coordinates taken of saplings and (vi) a root
or branch was either marked or flagged before harvesting to indicate its
orientation relative to the shoreline.
Due to windy conditions inside the mangrove forest, the 10 saplings were harvested and properly secured on an enclosed scaffold
made strictly from wood and PVC pipes which is a requirement for
using the 3D digitizer, since it is very sensitive to movement and metal
objects (Fig. 1). The digitization was conducted using the FASTRAK
Polhemus (Polhemus, Colchester, VT, USA), laptop computer and
portable generator. The software Fastrak Digitizer (version 1.0, 2013,
courtesy of Peter Surový) was used to communicate between the laptop and the FASTRAK Polhemus. The FASTRAK Polhemus consists

2 . M AT E R I A L S A N D M ET H O D S

2.1 3D mangrove data from field measurements

In 2016, 10 mangrove saplings were collected on the north-eastern
part of Turneffe Atoll, Belize (lat/lon: ‘17.4230’, ‘−87.8132’). These
saplings were selected based on the following conditions:
1. All saplings collected were of the R. mangle species.
2. Understory saplings between heights of 1–2.5 m.
3. Saplings with healthy-looking leaves, stem, branch and prop
roots (health based on visual inspection of leaf and bark, e.g.

3

Figure 1. Digitizing setup of R. mangle sapling.
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recently. The free availability of these software platforms has helped to
establish the use of FSP models as research tools in various teams in
the plant sciences. Furthermore, with these tools it is possible to reconstruct realistic-looking virtual plant architectures, either directly from
field measurements (Pearcy et al. 2004; Auzmendi and Hanan 2018),
or by 3D interpretation of L-systems, which are used to model development of plant architecture over time.
GroIMP is an open-source platform focused on the development
and evaluation of FSPM (Kniemeyer 2008). The eXtended L-system
modelling language (XL; Kniemeyer 2008) is a programming language in its own right, but essentially an extension of the Lindenmayer
systems formalism (Kurth 1994). It is enriched and combined with
the possibilities of Java™ of which it is a superset and is currently available within the modelling platform GroIMP (http://sourceforge.
net/projects/groimp/). GroIMP contains a rich library of geometric primitives (e.g. spheres, cylinders, frustums, parallelograms), as
well as more advanced shapes (e.g. NURBS, PolygonMesh), which
can be used to build more complex objects. GroIMP furthermore
implements Relational Growth Grammars, a variant of parallel graph
grammars generalizing the L-systems formalism. An extension of this
graph-rewriting formalism allows to transform multiscale graphs representing a plant or a population of plants at several levels of spatial
resolution simultaneously (Ong 2012; Ong and Kurth 2012; Ong et al.
2014).
Phyllotaxis is a strategy used by plants to maximize light interception. Although available sunlight is generally not an issue in the tropics, red mangrove recruits can spend a considerable amount of time
in the understory before they can finally grow into mature trees. In
these reduced sunlight conditions, the arrangement of their leaves to
maximize light interception plays an important role for their survival.
This paper intends to shed light on the understanding of R. mangle
tree architecture and the design and implementation of a prototype of
an R. mangle model (phyllotactic and preliminary results on the light
interception model) within the generic GroIMP framework. Based
on previous field work using the Polhemus Fastrak digitizing equipment we wanted to explore the possibility of using this equipment in
a remote tropical mangrove environment. We envisaged to gather an
accurate and precise cloud of points to successfully build a 3D model,
representative of a mangrove sapling. Therefore, our objective was to
generate the phyllotactic pattern for red mangrove saplings based on
our 3D digitized model, in situ measurements, photographic analysis
and using an algorithm for filling gaps in the data. It is our hope that
this prototype model will facilitate the mangrove-related work that
both marine biologists and forestry modellers do.

•
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1. Digitize the main stem (axis) from bottom to top of sapling.
2. Digitize the prop roots surrounding the main axis from point
of insertion on main stem to tip and then move unto the
second- or third-order prop roots if there were any.
3. Digitize the first-order branches from point of insertion on
main stem to tip and then move unto the second- or thirdorder branches if there was any. This was done starting from
the lowest branches moving on towards the higher branches
along the sapling’s main axis.

2.2 3D reconstruction of tree architecture

The XML files produced from the Fastrak Digitizer were converted to
CSV files. The CSV files contained the following information for each
recorded 3D point: x-, y-, z-coordinates, branch or prop root diameter at that point, branch type (main stem, root or branch), number of
leaves on a given branch and additional notes, e.g. dead or alive branch
or prop root. An XL code was written in order to import the CSV files
for smoothing and processing within the GroIMP platform.
The processing included (i) conversion of the raw 3D data into a
GroIMP graph data structure, (ii) geometrical representation of recreated segments and (iii) automatic reconstruction of topology.
The positional information from the digitization process, together
with the measured diameters, was imported to GroIMP and transformed into an arrangement of simple geometrical shapes (frustums),
each standing for a stem, branch or root segment. By an XL program,
the adjacency information about connected objects (i.e. topology)
was reconstructed from geometrical closeness. Branch segments were
modelled as frustum with bottom and top radius based on measured
diameter.

For ‘refoliation’, two representations of leaves were used:
1. For realistic visualization, the leaves were modelled as
rectangles, with a photorealistic texture created from a
representative leaf photograph.
2. For light simulations and visualization, a triangulated leaf
mesh was reconstructed from a photograph (Fig. 6A and B),
using a MATLAB script (Ver. R2021a).

2.3 Phyllotaxis based on photos and implementation
of algorithm

A library of digital photographs and field notes from the mangrove forest of Turneffe Atoll, Belize, taken by one of the authors between 2006
and 2012, and as recently as 2016 were used as a guidance to develop
the R. mangle phyllotaxis model. Photographs of red mangrove were
selected based on the quality of the resolution, viewing angle and
objects within the photograph which can be used for scaling purposes.
Special attention was given to photos that showed the detailed layout
of leaves along the branch axis. Selected photos of the leafy part of a
branch were imported into ImageJ software (Ver. 1.49b) and the photo
was scaled based on a known distance within the photo. Internode distances were measured using ImageJ. These data were used to explore
and generate an internodal pattern specific for the arrangement of
leaves in R. mangle phyllotaxis (Fig. 2). Based on these findings an
algorithm was developed to describe R. mangle phyllotaxis. A specific
code was also implemented to account for the branch axis curvature
and insertion of leaves following the phyllotactic pattern based on
Tomlinson and Wheat (1979) for R. mangle.
The following mathematical expression (1) was developed to
‘dress’ the leafy part of our model. In order to compute consecutive
leaf attachment points for a branch over its leafy part of a certain length
L, along the polyline representing the longitudinal axis of successive
internodes, the algorithm makes use of the following telescopic series:
n−1

 (1 − δi0 ) · L
def
def
ln ≡ Sf (n) · Ln ≡ Sf (n) ·
(i + δi0 ) · (i + s)
(1)
i=0

Here, ln measures the distance from the starting point of the leafy part
that gives rise to the nth attachment point, δi0 stands for the Kronecker
delta (= 1 if i = 0, = 0 else), s is an offset parameter and Sf(n) describes
a scaling parameter, which could be of deterministic or probabilistic
nature and generally depends on n.
For the purpose of accounting for a certain degree of diversity,
besides selecting the values for Sf(n) deterministically, we also incorporated normally distributed disturbance factors. Using the simple mathematical fact that the linear transformation Y = σ·X + µ of a
(pseudo)random variable X ∼ N (0, 1) with the standard normal distribution respects the distribution and specifically gives the outcome
Y ∼ N (σ · 0 + µ, σ 2 · 1) = N (µ, σ 2 ), we picked σ = 0.01, µ = 1 and
introduced a multiplicative noise over the deterministic scaling factor,
thereby bringing an even more realistic look to the digitally reconstructed
and refoliated red mangrove saplings. Finally, we easily prevented overpopulation of leaves in the proximity of the bud base (a nearly unavoidable artefact due to the converging phyllotactic pattern of red mangrove)
just by requiring lk+1 − lk ≥ dmin with a threshold value of dmin = 0.3.
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of a magnetic source which produces a magnetic field and a pointer
containing magnetic coils. The pointer registers the magnetic fields
emitted by the source, that is, in a given 3D space around the source.
The values of induced current depend on the pointer location and
orientation with regard to the magnetic source, making it possible to
record the spatial coordinates and the orientation angles at the pointer
location (Polhemus 1993).
The software output files were in XML format and allowed additional notes to be entered directly unto the spreadsheet such as branch
diameters and text notes. Before digitizing the sapling’s branching
architecture, it was defoliated branch by branch in order to obtain a
far better accuracy of the branch axis curvature, since pointing the
stylus inside the leafy areas was not possible with the leaves in place
(the leafy part refers to the first leaf along the branch up to the last leaf
towards the base of the bud). The number of leaves per branch and
beginning and end coordinates for the leafy part were noted during the
digitization. Each sapling was digitized, and the length and curvature
of the branch axis was captured. However, depending on the grade of
the curved branch axis, the number of 3D points collected varied; for
example, a straight axis would only need two points to describe the
length, but a curved plant part would require more points to describe
the curvature. Points were generally collected on an average distance
of 3 cm and closer points were taken along the branch axis if required.
The general procedure that was conducted during the digitization
process was the following:

Reconstruction of phyllotaxis in red mangrove
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2.4 Light simulation

To perform light simulations, the textured leaf was replaced by a more
detailed representation of the leaf surface. The leaf blade was reconstructed from a photograph (Fig. 6A) using MATLAB. First, the convex hull of the leaf blade was calculated from a segmented picture. Then,
a 2D Delaunay triangulation was created from the points lying on the
convex hull and along the main vein. The result of the triangulation
was then imported to GroIMP and reconstructed using a MeshNode
object type (Fig. 6B). Leaf petioles were reconstructed as cylinders and
were modelled but were not included in the light simulations.
A light model of GroIMP, based on a Monte Carlo raytracing technique (Hemmerling et al. 2008), was used to estimate the amount of
light absorbed by the leaves. The light model was initiated with 20 million rays. Optical properties of the leaves for the band 550 nm were
used (Detrés et al. 2001), with reflectance and transmittance of 15 %
and 9 %, respectively. A dome and an arc of light sources were used
to represent the sky and the daily course of sun, respectively (Evers
and Bastiaans 2016). The intensity of the incoming light was calculated
according to Goudriaan and van Laar (1994), based on the site latitude
(Turneffe Atoll, Belize, 17.4°N) and day of year (353, 18 December
2016).

3. R E S U LTS

3.1 Descriptive traits of the mangrove saplings

The understory R. mangle saplings which were measured had an average height of 170 cm (SD = 51 cm) and an average canopy size of
126 cm at its widest (SD = 30 cm) and 96 cm at the narrowest distance
(SD = 18 cm). The average number of leaves and branch lengths per
sapling and the pooled averages is described in Table 1. There was a
maximum of a fifth-order branch on one of the saplings, but the average branch order was 2 (SD = 0.92). Calculations were then made
by branching orders, e.g. total length of branch axis from point of

insertion to tip of apical bud, length of branch without bud and length
of leafy part. To look at trends, minimum, maximum and average values were calculated for the above lengths including number of leaves
per branching order and per sapling.
The internodal distances calculated from the close-up images of the
sapling branches with leaves are represented on the graph (Fig. 2).

3.2 Geometry and topology reconstruction

In GroIMP, the reconstructed 3D structure (Fig. 3A) is represented as
a graph (Fig. 3B). This structure can be interactively edited either by
clicking on a selected shape in the 3D view or by clicking on the corresponding node in the graph view. This feature is useful during visual
comparison with the photos and for manual correction of digitization
errors (e.g. small positional shifts). The same graph data structure is
then used in the next steps on GroIMP when the leaves are added, and
the light absorbed by them is calculated.

3.3 ‘Refoliation’ of 3D model

The defoliated 3D red mangrove model was ‘dressed’ based on the
algorithmic phyllotactic pattern by using the GroIMP platform for
implementation of phyllotactic angle (81.7°), leaf angle (75°), leaf
length (12 cm), leaf width (5 cm) and spacing of leaves along the leafy
part. The ‘dressed’ model was then used for visualization (Fig. 4B) and
for the light interception model (Fig. 6C).
Real data in terms of branch lengths and number of leaves per
branch collected from the 2016 fieldwork were used for the refoliation of the model. Figure 4A through F shows the sapling with
intact leaves, output of the defoliated sapling during digitization and
after refoliation using our algorithm. Based on the refoliated output
we controlled once again for the number of leaves attached to each
branch. A visual inspection of the refoliated model was also compared
to our field photos (Fig. 5A and D).
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Figure 2. Cumulative length of five individual mangrove sapling branches. X-axis, first pair of leaves start at 0 to last pair of leaves
at base of apical bud.
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Table 1. Individual and pooled averages for the R. mangle saplings (ABL, average branch length; ALL, average length of leafy;
ALB, average length of bud; ANL, average number of leaves; SD, standard deviation). Length of leafy refers to the first leaf along
the branch up to last leaf towards the base of the bud. Lengths in cm.
ABL

ALL

ALB

ANL

TF-01
TF-02
TF-03
TF-04
TF-05
TF-06
TF-07
TF-08
TF-09
TF-10
Pooled data
Average
Maximum
Minimum
SD

39.0
35.0
34.0
27.0
27.0
33.0
38.0
22.0
25.0
26.0

6.0
8.0
4.0
3.0
4.0
4.0
6.0
2.0
2.0
3.0

6.0
5.0
3.0
5.0
5.0
5.0
5.0
4.0
5.0
5.0

8.6
7.2
3.9
7.4
8.5
8.9
8.5
6.2
6.5
6.8

31.0
39.0
22.0
6.0

4.0
8.0
2.0
2.0

5.0
6.0
3.0
1.0

7.0
9.0
4.0
2.0

Figure 3. Geometry and topology reconstruction of a sapling visualized with GroIMP. (A) Reconstructed geometry with
segments modelled as frustums. Colour represents the type of segment (brown—branch, grey—root, green—apical bud). (B)
Topological representation of the sapling. The nodes of the graph represent the reconstructed segments; the edges represent the
relation between them (successor or branch).

3.4 Results from the light interception model

For each leaf segment, the amount of absorbed light was calculated and also
the fraction of absorbed global radiation (Fig. 6C). The amount of global radiation was measured by a reference sensor. At the leaf scale, leaves positioned
at the base of the leafy part absorbed about 40 % less radiation when compared to the top leaves near the apical bud (Fig. 7A). We varied the leaf angle
from the stem in the range described by Ball et al. (1988). Increasing leaf angle
resulted in more exposed (flat) leaves and higher absorbed radiation (Fig. 7B).

4. D I S C U S S I O N A N D C O N C LU S I O N

Rendering of 3D plant models by digitization is widely used in the
plant modelling community. FASTRAK Polhemus is in many cases the
equipment of choice for collecting the cloud of 3D coordinate points

for single plants, which is then rendered into a representative 3D plant
model. This equipment has a static accuracy of 0.76 mm RMS for
the X, Y or Z position and 0.15° RMS for receiver orientation, which
makes it suitable for digitizing and eventually using these points to represent very accurately, e.g. plant architecture, and the detailed stem and
branching curvature of plants. One of the drawbacks during the digitizing process is movement of the targeted object, e.g., due to windy
conditions. In order to collect 3D points along the plant’s axis, the user
also needs to use the stylus and be able to come in contact with the
targeted area of interest. This becomes a problem when the targeted
area is obstructed, e.g., by leaves. For example, in our case, measurements with leaves introduced glaring errors on the 3D model which
were significantly reduced after defoliation.
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During the digitization process of the red mangrove saplings, we
realized that in order to use the FASTRAK Polhemus and to obtain
a very smooth and accurate curvature and lengths of the sapling
branches, it was required of us to defoliate the branches. This had two
positive effects which increased tremendously the accuracy of the
3D branch architecture. First, by digitizing branches without leaves,
we were able to use the stylus along the axis in an unhindered way,
thus increasing the accuracy of 3D coordinates; and second, without
leaves, we were able to reduce greatly the effect of wind resistance on
the branches. The challenge arises during the digitization process for
plants that exhibit very crowded terminal leaf rosettes, as was the case
with R. mangle. These saplings produce orthotropic (vertical axis)
shoots with terminal clusters of opposite leaves with a radial phyllotaxy. Interestingly, the visible leaf scars can easily be counted and can
be used as an index of leaf turnover (Farnsworth and Ellison 1996).
We are aware that defoliation is not always possible for all 3D digitization scenarios. However, we are also aware that in some cases defoliation occurs naturally, for example, on temperate trees. It is plausible to
digitize the tree architecture of a certain plant when it is bare of leaves
and then in spring document the phyllotactic pattern of its branches.
By using our approach, it is possible to refoliate the 3D model for further analysis. This study provides insights to the above-ground red
mangrove sapling architecture concerning the phyllotactic arrangement of its leaves. The use of digital photos in the field is very common to document visually what in many cases cannot be explained
or described textually. In our case, the high-resolution digital photos
taken of the saplings were easily scaled and analysed using free software
like ImageJ. Additional information such as internodal lengths was easily measured from the photos.
The organization and alignment of leaves along an axis are strategically positioned by plants to maximize light interception. Based on
simulations, Strauss et al. (2019) confirmed that the golden angle of
137.5° is indeed optimal for light capture and that morphological traits
can influence the light capture curve. However, their work also showed
the existence of many optimal angles in conjunction with other plant

traits. They also showed that light capture efficiency (LCE) of plants
can also be influenced by characteristics such as petiole length, leaf
shape, leaf complexity and leaf angle. In addition, varying environmental conditions, for example the angle of incident light, can also influence LCE. According to them an exception is the internode length
whereby long internodes can substantially alter the light capture curve
and enable plants to achieve little leaf overlap with non-optimal angles.
In the case of Rhizophoreae a bijugate phyllotaxis has been described
by Tomlinson and Wheat (1979). Interestingly, they found that only
two mangrove species, Bruguiera and Ceriops, fall close to a theoretical half-Fibonacci angle of 68.8°. In the case of Kandelia obovata
Sheue et al. (2003) found that the successive leaf pairs form an angle
of 69–70°. But the leaves of K. obovata are more upward and reflexed
than the ones from Kandelia candel. The simulations from Strauss et al.
(2019) make the case for rosette plants. Red mangrove species also
exhibits crowded terminal rosettes or leaf tufts as was observed from
the saplings that were digitized. The use of our algorithm was able to
reproduce very closely the phyllotactic pattern found on red mangrove
saplings.
Our approach rendered a detailed 3D mangrove architecture considering location of specific plant structures, curvatures and angles
along the plant’s axis. In the literature most of the mangrove 3D models have been descriptive in nature, coarsely made or constructed
with basic measuring tools (Gill and Tomlinson 1971; Farnsworth
and Ellison 1996; Brooks and Bell 2005; Imai et al. 2009; MéndezAlonzo et al. 2015). In some cases, Terrestrial Laser Scanners have
been used to capture mangrove architecture for looking at stand
dynamics (Feliciano et al. 2014; Olagoke et al. 2016). This method
also works for tall trees, but a clear line of view is needed. And as
Feliciano et al. 2014 pointed out a major drawback for imaging the
canopy was the lack of a clear line-of-sight. The lack of precise and
handy instrumentation has forced botanists and plant ecologists to
concentrate on mostly descriptive approaches to the study of mangrove plant form. This is understandable particularly in the mangrove
environment where the conditions are much more challenging than
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Figure 4. Close-up view of reconstructed leaf positions along the leafy part (in yellow). (A) Schematic view of the leaf positions.
(B) Visualization with textured leaves.
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inside a higher-ground rain forest. Our approach can thus be used as
a time-saving method during field measurements. With this method
the number of leaves, location of the first leaf pairs and the bud base
leaf pairs of the branch need to be measured in order to later generate the phyllotactic pattern of the leafy part of the branch. Similar to
Sonohat et al. (2006), we use a ‘hybrid’ approach, where we combine
digitization of shoots with reconstruction of non-digitized leaves.
However, in our approach, the user does not need to record information about tree topology during the digitization process. This is
reconstructed automatically in GroIMP, based on geometrical closeness of digitized objects. This further speeds up the digitization
process.
This study has demonstrated that although the mangrove forest can
be challenging to study particularly with the use of sensitive electronic
equipment, it was possible to harvest these saplings and transport them
to nearby higher ground in order to digitize the plant architecture.

With much care it was possible to maintain practically intact all aboveground roots and branches including the leaves.
Plant form can be very complex due to the combination of regular
and irregular pattern-formation processes. Architectural models are a
convenient starting point for interpreting plant forms. Modelling sapling crown architecture at the detailed level is important for making
comparative analysis within sapling cohorts or with mature trees and
can also be used for light interception models. Our algorithm offers a
time-saving method during field measurements; namely three parameters are needed in order to refoliate the leafy part of the branch. One of
the advantages of our algorithm is that it can be easily modified to produce different phyllotactic patterns of other plant species if the length
of the leafy part on the growth units and the trends of leaf sizes and
orientations within this zone are recorded. For example, both of the
parameters s (offset parameter) and Sf(n) (scaling parameter) can be
freely manipulated in order to regulate the degree of spreading for the
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Figure 5. Comparison of R. mangle saplings with refoliated mangrove model. (A and D) Photographs; (B and E): digitized
model; and (C and F) simulation results.
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Figure 7. Analysis of the light distribution of the sapling from Fig. 6. (A) Average relative absorbed radiation by leaf rank along
the leafy part (rank 0—basal leaves, leaf angle was set to 75°). (B) The effect of changing leaf angle on the relative absorbed
radiation at the whole sapling level.
arrangement of leaves along the leafy part. For the sake of clarity, the
L
, where
parameter values we currently use are s = 1 and Sf (n) = Lmax
Lmax stands for the unscaled last leaf attachment on a branch, at the
bud base.

Getting this model together forms the basis for future work to
improve our understanding of phyllotaxis, crown formation, sapling
architecture and light interception in a mangrove forest environment. Phyllotaxis impacts not only tree crown but also the functional
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Figure 6. Estimated light distribution on the leaves of a sapling. (A) Leaf texture with transparent background; (B) triangulated
leaf mesh; (C) visualization of the absorbed light. The colour represents the fraction of absorbed global radiation.
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