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Terrestrial laser scanning to quantify above-ground biomass of structurally
complex coastal wetland vegetation

Abstract

Above-ground biomass represents a small yet significant contributor to carbon storage in coastal
wetlands. Despite this, above-ground biomass is often poorly quantified, particularly in areas where
vegetation structure is complex. Traditional methods for providing accurate estimates involve harvesting
vegetation to develop mangrove allometric equations and quantify saltmarsh biomass in quadrats.
However broad scale application of these methods may not capture structural variability in vegetation
resulting in a loss of detail and estimates with considerable uncertainty. Terrestrial laser scanning (TLS)
collects high resolution three-dimensional point clouds capable of providing detailed structural
morphology of vegetation. This study demonstrates that TLS is a suitable non-destructive method for
estimating biomass of structurally complex coastal wetland vegetation. We compare volumetric models,
3-D surface reconstruction and rasterised volume, and point cloud elevation histogram modelling
techniques to estimate biomass. Our results show that current volumetric modelling approaches for
estimating TLS-derived biomass are comparable to traditional mangrove allometrics and saltmarsh
harvesting. However, volumetric modelling approaches oversimplify vegetation structure by under-
utilising the large amount of structural information provided by the point cloud. The point cloud elevation
histogram model presented in this study, as an alternative to volumetric modelling, utilises all of the
information within the point cloud, as opposed to sub-sampling based on specific criteria. This method is
simple but highly effective for both mangrove (r 2 = 0.95) and saltmarsh (r 2 > 0.92) vegetation. Our
results provide evidence that application of TLS in coastal wetlands is an effective non-destructive
method to accurately quantify biomass for structurally complex vegetation.
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5.1 Introduction

Coastal ecosystems, particularly mangrove and saltmarsh, provide essential ecosystem
services that have widespread benefits at local and global scales (Ewel et al., 1998;
Barbier et al., 2011; Zelder and Kercher, 2005; Lee et al., 2014). In particular, these ‘blue
carbon’ ecosystems reportedly sequester more atmospheric carbon per unit area than any
other natural ecosystem in the world (Duarte et al., 2005; Mcleod et al., 2011; Alongi,
2014). Increasing awareness of the need to attempt to mitigate the effects of climate
change has led to the inclusion of coastal ecosystems in national carbon accounts and off-
setting initiatives such as REDD+ (Alongi et al., 2015; Sutton-Grier and Moore, 2016;
Kelleway et al., 2017c). However, carbon storage services provided by blue carbon
ecosystems are not spatially homogeneous, varying in response to factors operating at a
range of scales (Twilley et al., 1992; Kelleway et al., 2016; Yando et al., 2016; Macreadie
et al., 2017b). Inclusion of coastal ecosystems in national carbon accounts and off-setting
initiatives requires accurate assessment of carbon storage. This is particularly important
to facilitate and validate broad-scale mapping relevant for national and regional
assessments of biomass and above-ground carbon storage (Gibbs et al., 2007; Chave et

al., 2014).

Providing accurate estimates of above-ground biomass in coastal wetlands has
traditionally involved destructive harvesting of vegetation (Kaufmann and Donato, 2012;
Howard et al., 2014). For mangrove, allometric equations are commonly developed by
harvesting a subset of mangroves of a particular species with a specific geographical area,
and correlating measured parameters from harvested trees, such as height, DBH and
crown area, to above-ground biomass (Komiyama et al., 2008). For saltmarsh vegetation,
above-ground biomass is determined by harvesting a small area of particular species,
typically on the basis of replicate quadrats (Howard et al., 2014). Allometric equations
have been developed for saltmarsh using stem height (Thursby et al., 2002; Craft et al.,
2013), however, this approach is impractical for many saltmarsh species that do not show

strong relationships between height and growth.

In addition to clear detrimental consequences of destructive harvesting, particularly given
the conservation status of mangrove and saltmarsh, developing allometric equations for

mangrove and averaging biomass of harvested saltmarsh replicates may not provide a



reasonable level of accuracy, as previously suggested (Soares and Schaeffer-Novelli,
2005; Estrada et al., 2014). Allometric equations developed for mangrove often do not
capture the full range of tree morphology required for a particular species and geographic
area, resulting in limited application or extrapolation resulting in substantial uncertainty
(Kauffman and Donato, 2012; Bonham, 2013; Olagoke et al., 2015). Saltmarsh biomass
can vary markedly in areas with high species diversity, where mosaicked distribution in
the landscape results in variable densities associated with salinity and inundation
gradients (Adam et al., 1988; Clarke, 1993; Clarke and Jacoby, 1994; Saintilan, 2009a).
Variability in biomass may be more pronounced in regions where mangrove and
saltmarsh vegetation are structurally complex, particularly in temperate regions where

they coexist (Morrisey et al., 2010).

Terrestrial laser scanning (TLS) is a technique that uses a ground-based active remote
sensor that collects high resolution three-dimensional point clouds capable of providing
detailed structural morphology of vegetation (Newnham et al., 2015). TLS has been
demonstrated to effectively measure biomass in forested and pasture environments,
providing clear benefits over traditional biomass measures as it is non-destructive and
captures a level of detail that cannot be achieved using traditional methods (Olsoy et al.,
2014; Calders et al., 2015; Greaves et al., 2015; Paynter et al., 2016; Cooper et al., 2017,
Wallace et al., 2017). However, current modelling approaches to measure biomass using
TLS have been criticised for oversimplifying vegetation structure and underutilising the

point cloud (Newnham et al., 2015).

For large trees, biomass has been estimated using TLS by deriving trunk and branch
volume, modelled using cylindrical shapes, and multiplying by wood specific gravity
(Hackenberg et al., 2015b; Stovall et al., 2017). This rudimentary shape fitting may
oversimplify tree architecture, particularly where structure is complex. Furthermore, non-
woody biomass has rarely been considered in TLS estimates (e.g. Belton et al., 2013;
Calders et al., 2013, 2015; Raumonen et al., 2013; Kaasalainen et al., 2014; Olagoke et
al., 2015). For shrub vegetation, modelling the general shape of the whole plant using 3-
D surface reconstructions is common, whereby scanned samples are destructively
harvested to establish relationships between volume and biomass (Olsoy et al., 2014,

2016; Greaves et al., 2015). This method, though relatively simple to execute,



underutilises the point cloud and results in oversimplifying vegetation structure.
Similarly, current modelling approaches for grass and pasture species limits capacity to
detect variation in density. A rasterised volumetric approach, whereby grass volume is
calculated using two modelled layers from the point cloud, assumes full density of
biomass relative to vegetation height. Linear models relating volume to harvested
biomass have produced varying results and are likely limited by assumptions of
vegetation density associated with the modelling approach (see Loudermilk et al., 2009;

Eitel et al., 2014; Greaves et al., 2015; Cooper et al., 2017).

The application of TLS for estimating biomass should exploit the large amount of
structural information obtained (Newnham et al., 2015). Current volumetric modelling
approaches sub-sample the point cloud, resulting in considerable loss of detail. An
alternative approach to volumetric modelling is statistical analysis of the point cloud
elevation histogram to establish relationships with above-ground biomass. This approach
maximises utilisation of the information provided by the point cloud, avoiding
oversimplification, reducing computational time, and does not require extensive
modelling to extract volume. Statistical analysis of the point cloud elevation histogram
has been explored, demonstrating promising preliminary results (e.g. Hauglin et al., 2013;

Kankare et al., 2013; Srinivasan et al., 2014; Edwards, 2016; Rahman et al., 2017).

There have been few TLS applications in coastal wetlands in comparison to terrestrial
ecosystems. Modelling saltmarsh biomass has been attempted however with limited
success (Edwards, 2016). For mangrove, previous research has established TLS as a
viable alternative to harvesting for developing allometric equations to estimate biomass
(Feliciano et al., 2014; Olagoke et al., 2015). These studies use volumetric modelling to
determine mangrove woody biomass and present results showing high agreement
between TLS-derived biomass and allometric estimates. However, both studies are
limited to tall and relatively straight tropical mangrove stands, whereby tree morphology
is somewhat simpler than can be observed for mangrove at latitudinal extremes where
trees can be multi-stemmed, shrub-like and dwarfed (Morrisey et al., 2010). Accordingly,
the structure of mangrove in these studies is relatively well described, despite
underutilising the point cloud. Furthermore, no attempt to model non-woody biomass is

given, limiting the adoption of TLS for mangrove biomass.



The aim of this study was to apply different methods using TLS to estimate biomass of
structurally complex coastal wetland vegetation. The specific methods tested include 3D
surface reconstruction of mangrove and the saltmarsh shrub Tecticornia arbuscula,
rasterised volume modelling of grass, rush and herbs saltmarsh, and statistical analysis of
point cloud elevation histograms, hereafter known as the point cloud elevation histogram
model, to establish relationships with biomass of mangrove and saltmarsh. The
hypothesis was that methods using TLS data will give comparable above-ground biomass
estimates as traditional mangrove allometric and saltmarsh vegetation harvesting
techniques. Using TLS-derived point clouds of mangrove and saltmarsh vegetation the

specific objectives of this study are to:

1. Determine vegetation volume and biomass for mangrove and Tecticornia
arbuscula by applying 3-D surface reconstruction models to the point cloud that
are validated against biomass estimates derived using traditional allometric

equations and harvesting techniques

2. Determine vegetation volume for grasses (Sporobolus virginicus), rushes (Juncus
kraussii) and herbs (Samolus repens, Sarcocornia quinqueflora) saltmarsh using
a rasterised volumetric approach, and correlate biomass estimates derived using

traditional harvesting techniques

3. Develop relationships between point cloud elevation histograms and biomass
derived from traditional techniques to develop an alternative TLS-derived

biomass model

4. Compare volumetric models, 3-D surface reconstruction and rasterised volume,
and point cloud elevation histogram modelling techniques with biomass estimates

derived using traditional techniques

As an outcome of this study a modelling technique is developed that provides accurate
non-destructive estimates of biomass in coastal wetlands. This is particularly important
given the conservation status of coastal ecosystems within many jurisdictions globally;
to avoid traditional techniques that require harvesting of vegetation, and to establish

biomass inventories with the required confidence necessary for trading in carbon markets.



5.2 Methods

5.2.1 Study area

Southeast Australia has a wave-dominated coastline (Sloss et al., 2007). Extensive saline
coastal wetlands are restricted to estuaries and coastal embayments where low energy
hydrodynamic conditions are suitable for establishment and growth (Roy et al., 2001).
The temperate climate of southeast Australia supports mangrove and saltmarsh
communities, these co-occur along intertidal shorelines (Adam, 1990). These vegetation
communities exhibit strong zonation associated with tidal range, commonly occurring
above mean sea level (Adam, 2002). Mangroves typically occur lower within the tidal
frame, while saltmarsh occupy higher intertidal areas. The latitudinal range of this study
1s 32° S to 39° S. Data were collected from several sites in this region; Hexham swamp
(32°51” S, 151°41° E), Minnamurra River (34°38* S, 150°51° E), Currambene Creek
(35°1° S, 150°40° E), Kooweerup (38° 13’ S 145° 24’ E), and Rhyll (38° 27° S 145° 17°
E). Avicennia marina is the dominant mangrove species in the region. Aegiceras
corniculatum is also present in small patches of specific inundation and salinity. These
species of mangrove exhibit three dominant structural forms within the region (Figure
5.1a—c). Tall mangrove were typically 3 m to 8 m in height with a DBH greater than 15
cm. Shrub mangrove were typically 1.3 m to 3 m in height with a DBH less than 15 cm.
Dwarf mangrove were typically less than 1.3 m in height (Table 3.2). Avicennia marina
is present in all three dominant structural forms, however Aegiceras corniculatum is only
present in dwarf mangrove. Commonly present saltmarsh species are Sporobolus
virginicus, Samolus repens, Juncus kraussii, Tecticornia arbuscula, and Sarcocornia

quinqueflora (Figure 5.1d — h) (Adam et al., 1988; Clarke, 1993; Sainty et al., 2012).



Chapter 5: Terrestrial laser scanning

Figure 5.1 Field photo examples of mangrove structural form and saltmarsh species present in the region;
a) tall mangrove, b) shrub mangrove, ¢) dwarf mangrove, d) Sporobolus virginicus, €) Samolus repens, f)

Juncus kraussii, g) Tecticornia arbuscula, h) Sarcocornia quinqueflora.

5.2.2 Terrestrial laser scanning of mangrove and saltmarsh

TLS data capture was completed using a Leica ScanStation C10 (Appendix C). Locations
of scans and positions of reflective targets were strategically placed to avoid obstructions
to scanning selected mangroves or saltmarsh quadrats, as well as ensuring sufficient
survey redundancy for satisfactory registration of point clouds (Appendix C). All scans
were completed at low tide to ensure comprehensive data capture of vegetation. Due to

uneven and unstable wetland surfaces the tripod stand and reflective targets were mounted



on steel posts with a custom designed faceplate to ensure a stable level before scanning
(Appendix C). Hemispherical photos were automatically acquired after the scan was

complete.

Once acquired, each scan was registered using the reflective targets to create a single
point cloud in the software Cyclone 9.1 (Leica, 2016). RMSE was below 0.03 m for all
registered point clouds and all points were colourised based on the hemispherical photos.
A total of 53 mangroves were scanned from various sites including 17 tall mangrove, 30
shrub mangrove and 6 dwarf mangrove. All scanned mangroves were Avicennia marina.
A range of saltmarsh species in varying stand densities were scanned. These were
Sporobolus virginicus, Samolus repens, Juncus kraussii, Tecticornia arbuscula, and
Sarcocornia quinqueflora. Selected mangrove and Tecticornia arbuscula individual
plants were extracted manually from the point cloud as well as selected saltmarsh quadrats
(25 x 25 cm) for Sporobolus virginicus, Samolus repens, Juncus kraussii and Sarcocornia

quinqueflora.

5.2.3 Above-ground biomass derived from traditional techniques

Each scanned mangrove was measured for height (cm), crown area (m?), and diameter of
the stem(s) (cm). Structure-specific allometric equations were used to calculate above-
ground biomass (AGB) of each mangrove (Chapter 4). Woody AGB, leaves plus

inflorescences AGB and total AGB were calculated for each mangrove.

Saltmarsh vegetation was harvested to determine above-ground biomass. Five individual
Tecticornia arbuscula plants were harvested, differing in height and crown area to capture
a range of growth morphologies. Scanned saltmarsh quadrats (25 x 25 cm) of Sporobolus
virginicus, Samolus repens, Juncus kraussii and Sarcocornia quinqueflora were
harvested in high, medium and low density stands. Four replicates were harvested in each
stand density. All harvested material was transferred to the laboratory. Vegetation was
rinsed to remove excess sediment, weighed, then oven dried at 60°C to a constant mass

and reweighed.



5.2.4 Mangrove 3-D modelling

TLS-derived volume for mangrove vegetation was determined by applying 3-D surface
reconstruction models to the point cloud. Several 3-D surface reconstruction models were

applied to compare volume estimates between mangrove individuals (Figure 5.2).

Due to structurally complex mangrove, two methods were employed for TLS-derived
mangrove volume. Where woody compartments could be automatically extracted, woody
and non-woody compartments were modelled separately (Figure 5.2b, c). This included
all tall mangrove and several larger shrub mangrove. Automatic extraction of woody and
non-woody compartments was completed using the toolset Extract Major Branches in
the open source software package Computree using the Simpletree plugin (Hackenberg
et al., 2015a). This toolset uses principal components analysis with user set eigenvalue
thresholds to define a point as stem or twig by analysing the neighbourhood of each point
in the point cloud (Raumonen et al., 2013; Hackenberg et al., 2015a). However, where
woody compartments could not be automatically extracted, due to occlusion by non-
woody compartments, mangrove compartments were not modelled separately. This

included shrub mangrove and all dwarf mangrove.

Volumes of woody compartments were calculated using two 3-D surface reconstruction
models; quantitative structure models (QSM) and Poisson surface reconstruction (Figure
5.2d, ). QSMs are based on cylinders that define the trunk and branches through a
regression algorithm (Raumonen et al., 2013). Poisson surface reconstruction is a
triangular mesh generation algorithm that is particularly useful with highly noisy data
(Kazhdan and Hoppe, 2013). Volume of non-woody compartments were calculated using
two 3-D surface reconstruction models; Poisson surface reconstruction and convex hull
(Figure 5.2f, g). The convex hull model is a triangular mesh generation algorithm that
represents the smallest surface area that contains all points in the point cloud (Barber
1996; Olsoy et al., 2014; Stovall et al., 2017). The same approach for calculating volume
using Poisson and convex hull 3-D surface reconstruction models was used for small
stature mangrove where woody compartments were occluded by non-woody
compartments and could not be modelled separately (Figure 5.21, j). Analysis of variance
(ANOVA) was used to establish relationships between TLS-derived volume estimates for

woody and non-woody compartments, as well as small stature mangroves, using different



3-D surface reconstruction models. All statistical tests completed in this study were

carried out using a 0.05 level of significance.

Above-ground biomass of mangrove for woody compartments was calculated by
multiplying the volume, determined by 3-D surface reconstruction models, by wood
specific gravity of each mangrove structure (Tall mangrove = 0.774 g/cm’, Shrub
mangrove = 0.734 g/cm®; Appendix C). For non-woody compartments and small stature
mangroves above-ground biomass could not simply be calculated by applying a density
factor. Rather, 3-D surface reconstruction volumes were converted to ‘crown volume’
(height x crown area). An average ratio was determined for this conversion for both
Poisson-derived volumes and convex hull-derived volumes for non-woody compartments
and small stature mangroves. These ratios were then used to estimate Poisson and convex

hull volumes for harvested mangroves in Chapter 4.

Above-ground biomass of woody and non-woody compartments was determined for each
harvested mangrove. Allometric equations were developed to estimate above-ground
biomass of scanned mangroves using 3-D surface reconstruction volumes of Poisson and
convex hull. Dependent variables were leaves plus inflorescences biomass and total
biomass. Independent variables were Poisson-derived and convex hull-derived volumes.
Response and independent variables were natural log (In) transformed prior to analysis to
achieve assumptions of normality. Developed equations were back transformed from log
transformation to facilitate calculating dependent variables. A correction factor (CF) was
calculated for all equations as back transformations from log transformations are
associated with underestimation of response variables (Sprugel, 1983). CF is calculated

as exp(RMSE/2). Allometric equations are in the form:

In(y) =a+ b X In(x) (5.1)

where y is the biomass, and a and b are constants. To establish the biomass and

incorporate the correction factor, equation 5.1 is written as:



y = (exp(a + b X In(x))) X CF (5.2)

Statistical analysis for linear regression models, including r?, RMSE and statistical

significance, was undertaken in JMP Version 11 (SAS Institute Inc., Cary, NC, USA).

TLS-derived above-ground biomass estimates of mangrove were compared with above-
ground biomass estimates from allometric equations developed in Chapter 4. ANOVA
was used to identify significant differences between estimates for woody and non-woody
compartments as well as total above-ground biomass. Mean confidence intervals (95%)
were calculated for biomass derived from allometric equations for each scanned

mangrove.

5.2.5 Tecticornia arbuscula 3-D modelling

Saltmarsh volumetric calculations for Tecticornia arbuscula were similar to the approach
for mangrove non-woody compartments. Tecticornia arbuscula were structurally similar
to dwarf mangrove and often the woody compartment was occluded by the non-woody
components. Volume was calculated with Poisson and convex hull reconstruction models
(Figure 5.21, m). ANOVA was used to compare TLS-derived volumes from different 3-

D surface reconstructions.

Above-ground biomass, estimated using traditional harvesting techniques, was correlated
with TLS-derived volume estimates of Poisson and convex hull 3-D surface
reconstructions. The relationship between above-ground biomass and TLS-derived
volume was tested using a range of models. The selected model was chosen where the

relationship was significant (p < 0.05) and r*> was optimised.



Example: Tall mangrove (height 5.4 m) Example: Shrub mangrove (height 2.3 m) Example: Tecticornia arbuscula (height 0.6 m)

&

Poisson QSM Poisson Convex hull Poisson Convex hull Poisson Convex hull

Figure 5.2 Workflow for TLS-derived volume for mangrove and Tecticornia arbuscula saltmarsh. For a)
mangrove where b) woody and ¢) non-woody compartments could be automatically delineated, the woody
compartment was modelled by comparing 3-D surface reconstruction methods d) Poisson reconstruction
and e) quantitative structure models. The non-woody compartment was modelled by comparing 3-D surface
reconstruction methods f) Poisson reconstruction and g) convex hull reconstruction. Where mangrove
woody compartments were h) occluded by non-woody compartments and could not be automatically
extract, the point cloud was modelled similar to non-woody compartments; 3-D surface reconstruction
techniques were compared for i) Poisson reconstruction and j) convex hull reconstruction. For k)
Tecticornia arbuscula, the same workflow was undertaken as for non-woody compartments, 1) Poisson

reconstruction and m) convex hull reconstruction.

5.2.6 Saltmarsh rasterised volume modelling

TLS-derived volume for grasses (Sporobolus virginicus), rushes (Juncus kraussii) and
herbs (Samolus repens, Sarcocornia quinqueflora) saltmarsh was determined using the
rasterised volumetric approach developed by Loudermilk et al. (2009). This methodology
involves a volumetric surface differencing approach whereby a raster grid is generated at
a specified cell size and volume is calculated by summing the volumes of all cells within
the quadrat. Two layers are required to be defined before calculating; the ground surface,
DEM, and the canopy surface, DSM. The ground surface was calculated as a planar model
of the minimum points of the point cloud, as change in topography for small plots is
suggested to be minimal (Cooper et al., 2017; Wallace et al., 2017). Two canopy surface
models were calculated for analysis in this study, first using the maximum height of each

cell and second using the average height of each cell. This methodology was tested for



each species with differing cell sizes (i.e. 1 cm, 2 cm, 5 cm) for both maximum height
and average height, with interpolation between empty cells (if any) and no interpolation
between empty cells, as has been tested in previous studies in different environments
(Eitel et al., 2014; Cooper et al., 2017; Wallace et al., 2017). ANOVA was used to

determine if cell size and interpolation of raster DSM had a significant effect on volume.

Volume estimates were correlated with biomass estimates derived from traditional
harvesting techniques. Linear regressions were compared for above-ground biomass and
TLS-derived volumes. Models were selected for each species where the relationship was

significant (p < 0.05) and 1> was optimised.

5.2.7 Point cloud elevation histogram to biomass model

An alternate model was developed that did not require modelling volume of the point
cloud. Rather, all points in the point cloud for each mangrove/Tecticornia arbuscula
individual and saltmarsh quadrat were used to develop point cloud elevation histograms
(Figure 5.3). Descriptive parameters were calculated for each point cloud. These were
mean, standard deviation, range, median, median absolute deviation, number of points in
point cloud, summation of points in point cloud (point elevation x n), variance, skewness
and kurtosis. These parameters were selected as they represent the distribution of the point

cloud histogram.

Linear models were developed using the histogram descriptive parameters (independent
variables) and above-ground biomass (dependent variable) derived from traditional
allometric and harvest techniques. A stepwise linear regression model was used to explore
all models and combinations of independent variables. Separate linear models were
developed for each mangrove and saltmarsh species. All samples were used in model
development due to limited sample size. A model was selected for each species where the
Bayesian information criterion (BIC) was optimised and the equation was significant (p
< 0.1). Although other parameters have been used for model selection (i.e. r*, AIC,
RMSE), BIC was used in this study as it performs well with small data sets and penalises
the addition of dependent variables (Pitt and Myung, 2002; Aertsen et al., 2010; Fabozzi
et al., 2014). Where BIC was similar between optimised models (i.e. + 1), the equation

where RMSE was optimised was selected.



a) Tall mangrove (height 5.4 m) b) Shrub mangrove (height 2.3 m) ¢) Tecticorniaarbuscula (height 0.6 m)
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Figure 5.3 Examples of TLS-derived point clouds of mangrove and saltmarsh vegetation and associated
point cloud elevation histogram distributions. Elevation points are grouped into 5 cm bins for mangrove

and 1 cm bins for saltmarsh.

5.2.8 Model comparison

The point cloud elevation histogram method was compared to the 3-D surface
reconstruction model for mangrove and Tecticornia arbuscula, as well as the rasterised
volumetric method for Sporobolus virginicus, Samolus repens, Juncus kraussii and
Sarcocornia quinqueflora. Each model was used to estimate above-ground biomass and
this was compared to biomass estimates of mangrove and saltmarsh using traditional
allometric methods and vegetation harvesting techniques. Models were evaluated using
12 and analysis of covariance (ANCOVA). Each model was evaluated independently
using ANCOVA by comparing the regression model to the 1:1 regression (i.e. where
observed and estimated biomass were the same). Models were optimised where > was

higher and the model was not significantly different to the 1:1 regression (p > 0.05).

5.3 Results

5.3.1 Mangrove 3-D modelling



TLS-derived volume of woody and non-woody compartments varied with 3-D surface
reconstruction method. For woody compartments, variation between Poisson and QSM
derived volume estimates was insignificant (p = 0.9213). However Poisson and convex
hull volume estimates for non-woody compartments were significantly different (p =
0.0042). convex hull volume estimates were substantially higher than Poisson derived
volume estimates for non-woody compartments. Likewise, convex hull volume estimates
for small stature mangroves were significantly higher than Poisson volume estimates (p

<0.0001).

Allometric equations were developed to calculate biomass from TLS-derived volume
estimates of non-woody compartments and small stature mangroves. Average ratios were
determined for conversion of Poisson-derived volumes and convex hull-derived volumes
for non-woody compartments (Poisson = 0.12 £ 0.05 m?, convex hull = 0.44 + 0.16 m?)
and small stature mangroves (Poisson = 0.19 = 0.07 m?, convex hull = 0.55 + 0.16 m?).
Volume estimates from Poisson and convex hull surface reconstruction models were used
as independent variables (Table 5.1). Robust equations were developed, however those
developed for total above-ground biomass of small stature mangroves had greater r* and

lower RMSE than leaves plus inflorescences developed for non-woody compartments.

Table 5.1 Allometric equations for mangrove biomass from TLS-derived volumes. AGB (kg), Poisson
volume (m?), convex hull volume (m?). Equations should be calculated as y = (exp (a + b x In(x,))) x CF.

SE Standard error of variable, CF correction factor, n sample size.

AGB Predictor (x/)y  a (SE) b(SE) Adj-r? RMSE CF n
2z g Leaves plus Poisson 0.4875 0.9203 0.79 047 1.1173 24
§ g inflorescences (0.0905) (0.0970)
<
g g‘ Leaves plus Convex hull -0.7143 0.9203 0.79 047 1.1173 24
Z 8 inflorescences (0.1511) (0.0970)
Total AGB Poisson 2.0186 1.1115 0.92 0.43  1.0983 30

(0.1237)  (0.0590)

Total AGB  Convex hull 0.8146 L1115 092 043  1.0983 30
(0.0850)  (0.0590)

Small stature
mangrove

TLS-derived above-ground biomass estimates were comparable with estimates from

traditional allometric equations developed in Chapter 4. Above-ground biomass estimated



using allometric equations was not significantly different to TLS-derived biomass
estimates for woody components (QSM p = 0.7235, Poisson p = 0.6511), non-woody
components (Poisson p = 0. 7758, convex hull p = 0.6931), or shorter stature mangroves
(Poisson p = 0.9728, convex hull p = 0.9426). On average TLS-derived woody
compartment biomass estimates deviated from allometric estimates by 21% for QSM and
20% for Poisson. For non-woody compartments, average deviation from allometric
estimates were greater in tall mangrove than shrub mangrove for both Poisson (tall
mangrove 35%, shrub mangrove 25%) and convex hull (tall mangrove 30%, shrub
mangrove 24%) derived estimates. Poisson and convex hull deviation from the allometric
equation estimates was small for shorter stature mangroves, however shrub mangrove
(Poisson 24%, convex hull 24%) had greater average deviation than dwarf mangrove

(Poisson 17%, convex hull 13%).

A minority of TLS-derived biomass estimates were outside the 95% confidence interval
of the allometric equation estimates (Figure 5.4). For woody compartment estimates, one
of 17 tall mangrove and one of 13 shrub mangrove measured was greater that then 95%
confidence interval. This was similar for small stature mangrove where the majority of
both shrub and dwarf mangrove TLS-derived estimates were within the 95% allometric
confidence interval (shrub mangrove 16 of 17, dwarf mangrove 5 of 6). However, for
non-woody compartments three of 17 tall mangrove were greater than the 95%

confidence interval, as well as two of 13 shrub mangrove.

5.3.2 Tecticornia arbuscula 3-D modelling

The relationships between above-ground biomass of harvested Tecticornia arbuscula and
TLS-derived volume estimates using 3-D surface reconstruction were optimised using a
logarithmic model (Figure 5.5). Convex hull volume estimates were substantially higher
than Poisson derived volume estimates, however this was insignificant (p = 0.1284). Both
TLS-derived volume estimates had similar 1> (Poisson r* = 0.84 p = 0.0004, convex hull

> = 0.84 p = 0.0005).
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Figure 5.4 Comparison of mangrove above-ground biomass estimates derived from allometry (error
bars indicate 95% CI) and 3-D surface reconstruction models using TLS-derived point cloud. Where
mangrove woody components could be delineated from the point cloud (i.e. tall and some shrub
mangrove) the a) woody and b) leaves plus inflorescences above-ground biomass were estimated
separately. Where mangrove woody components could not be delineated from the point cloud (i.e.
shrub and dwarf mangrove) due to occlusion, above-ground biomass was estimated for c) the entire
plant. Note: graphs have overlapping axis due to sample heights that were similar with markedly

different biomass. No sample has been repeated on overlapping graphs.
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Figure 5.5 Comparison of 3-D surface reconstruction models, Poisson and convex hull, and their

relationships to above-ground biomass for harvested Tecticornia arbuscula.

5.3.3 Saltmarsh rasterised volume modelling

The optimal equation for three of the four saltmarsh species utilised the average height
raster as the DSM for each saltmarsh quadrat. For Sporobolus virginicus and Samolus
repens above-ground biomass was best described by 2 cm cell size, while for Juncus
kraussii and Sarcocornia quinqueflora biomass was best described by 5 cm cell size

(Table 5.2). Samolus repens had the highest r> and lowest RMSE of all species.

Interpolating empty cells of a raster did not significantly change the calculated volume
for Sporobolus virginicus, Samolus repens or Juncus kraussii, irrespective of cell size or
DSM used to calculate volume (p-value consistently > 0.05, Appendix C). However,
interpolating the DSM for Sarcocornia quinqueflora at a cell size of 1 cm did significantly
modify volume calculations (maximum height p = 0.0004, average height p = 0.0003).
Varying cell size for the rasterised volume method did significantly influence volume
calculations for Sporobolus virginicus, Samolus repens and Sarcocornia quinqueflora (p-
value consistently < 0.05, Appendix C), whereby increasing the cell size increased
calculated volume. However, this was not the case for Juncus kraussii (p-value

consistently > 0.05, Appendix C).



Table 5.2 Optimised linear models for estimating above-ground biomass for each species of saltmarsh
(Sporobolus virginicus, Samolus repens, Juncus kraussii and Sarcocornia quinqueflora) using the

rasterised volume method. AGB (g). All linear models provided in Appendix C.

Linear model for each species Adj-r* (r¥) RMSE p

Sporobolus virginicus
AGB =332 + (75926 x 2cm max height non interpolated)

0.46 (0.51) 384 0.0095

Juncus kraussii

42(0.4 494 .0131
AGB = 685 + (17952 x 5cm average height non interpolated) 0.42(048) ? 0.013

Samolus repens
.64 (0. 131 .0012
AGB =-11+ (41267 x 5cm average height non interpolated) 0.640.67) 3 0.00

Sarcocornia quinqueflora
AGB =- 157 + (154384 x 2cm average height interpolated)

0.56 (0.60) 254 0.0032

5.3.4 Point cloud elevation histogram to biomass model

Optimised point cloud elevation histogram models for mangrove and saltmarsh utilised
greater than seven dependent variables to estimate AGB, with the exception of
Tecticornia arbuscula (Table 5.3). Only Juncus kraussii utilised all descriptive
parameters of the histogram as dependent variables. Common to all optimised models
were the descriptive parameters of mean and range. All equations were significant (p <
0.1) with optimised BIC. The equation for Samolus repens had the lowest r?, however r
for all species was greater than 0.9. For each addition of a dependent variable in stepwise

linear regression modelling, the optimal equation was recorded (see Appendix C).



Table 5.3 Optimised point cloud elevation histogram linear models for mangrove and saltmarsh. For
mangrove AGB (kg). For saltmarsh AGB (g). Optimised linear models for each variable addition in

stepwise model provided in Appendix C.

Linear model for each species BIC Adj-r’(r) RMSE p

Mangrove (4. marina)

AGB =-2.6 - (11 x mean) - (10 x standard deviation) -

(0.0001 x number of points) + (0.0000004 x sum of points) + 642  0.94 (0.95) 78 <0.0001
(0.02 x variance) + (8.9 x median) + (2.6 x range) + (3.8 x

mean absolute deviation)

Tecticornia arbuscula
AGB =24 + (230 x mean) + (2376 x skewness) - (115 x 21 0.99 (0.99) 2.1 0.0022
range)

Sporobolus virginicus

AGB = -3184 + (1754 x mean) + (7846 x standard deviation)

- (0.8 x number of points) - (335 x variance) - (4066 x 153 0.96 (0.99) 109 0.0356
skewness) - (4588 x kurtosis) - (2687 x median) + (791 x

range) - (9906 x mean absolute deviation)

Juncus kraussii

AGB =-44254 + (1231 x mean) + (9852 x standard
deviation) + (1.3 x number of points) - (0.01 x sum of points)
- (290 x variance) + (17462 x skewness) + (2391 x kurtosis) +
(945 x median) - (1931 x range) + (1902 x mean absolute
deviation)

129 0.99 (0.99) 52 0.0589

Samolus repens
AGB = 7191 - (370 x mean) - (3365 x standard deviation) +

(0.03 x number of points) + (407 x variance) + (901 x
skewness) + (510 x median) - (63 x range)

154 0.79 (0.92) 100 0.0412

Sarcocornia quinqueflora

AGB = 3003 - (1726 x mean) - (2154 x standard deviation) -

(2.7 x number of points) + (0.2 x sum of points) + (167 x 155 0.90(0.98) 120 0.0781
variance) + (2113 x skewness) - (824 x kurtosis) + (1812 x

median) + (122 x range)

5.3.5 Model comparison

Above-ground biomass estimates using the point cloud elevation histogram method were
compared with 3-D surface reconstruction estimates for mangrove and Tecticornia
arbuscula and biomass estimates for Sporobolus virginicus, Samolus repens, Juncus
kraussii and Sarcocornia quinqueflora using the rasterised volume method (Figure 5.6).
For mangrove, the AGB estimates of 3-D surface reconstructions were the average of the
two 3-D surface reconstruction methods employed (QSM and Poisson for woody

compartment; Poisson and convex hull for non-woody compartment). For mangrove



where woody and non-woody compartments were delineated the average of the 3-D
surface reconstruction methods was added together for total AGB. Similarly for
Tecticornia arbuscula, the estimated AGB of the 3-D surface reconstruction was the

average of the two methods employed (Poisson and convex hull).

Overall the point cloud elevation histogram models for mangrove and saltmarsh were
more robust than volumetric models. For mangrove 3-D surface reconstruction methods,
biomass was overestimated compared to allometric derived biomass estimates. These
results are similar to trends in Figure 5.4. The 3-D surface reconstruction model and point
cloud elevation histogram model had similar r* (0.95), however biomass estimates using
the 3-D surface reconstruction model were significantly different to the 1:1 line (p =
0.0001). For Tecticornia arbuscula biomass estimates, the point cloud elevation
histogram model was more robust (r* = 0.99) than the 3-D surface reconstruction model
(12 = 0.88), despite both models being similar to the 1:1 regression (p = 0.4547, p =
0.9977).

For Sporobolus virginicus, Samolus repens, Juncus kraussii and Sarcocornia
quinqueflora, r* was substantially higher for the point cloud elevation histogram model
compared to the rasterised volume model (see Table 5.2 and Table 5.3). All biomass
estimates using the rasterised volume model were significantly different to the 1:1
regression, however differences between the point cloud elevation histogram model and
1:1 regression were insignificant (Sporobolus virginicus p = 0.0053, p = 0.6749; Samolus
repens p = 0.0375, p = 0.3711; Juncus kraussii p = 0.0034, p = 0.9409; Sarcocornia
quinqueflora p = 0.0167, p = 0.6739).
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Figure 5.6 Model comparison between 3-D surface reconstruction, rasterised volume and point cloud
elevation histogram modelling techniques for estimating above-ground biomass. Observed above-ground
biomass derived using traditional mangrove allometric and saltmarsh vegetation harvesting techniques. a)
mangrove b) Tecticornia arbuscula c) Sporobolus virginicus, d) Juncus kraussii, €) Samolus repens, f)

Sarcocornia quinqueflora. 1:1 line shown for reference.



5.4 Discussion

5.4.1 Synthesis of results

This study applied TLS to demonstrate its effectiveness in determination of biomass in
structurally complex wetlands. TLS-derived biomass estimates for mangrove were
consistent with biomass estimates derived from traditional allometric techniques, similar
to results found elsewhere (Feliciano et al., 2014; Calders et al., 2015; Olagoke et al.,
2015). Substantial variability in biomass estimates was established, likely due to
structural complexity of temperate Avicennia marina (Morrisey et al., 2010). Established
relationships between biomass and volume using the rasterised volumetric approach for
saltmarsh were broadly similar to previous studies (Loudermilk et al., 2009; Eitel et al.,
2014; Cooper et al., 2017; Wallace et al., 2017). However, results in this study suggest
that this approach may oversimplify the structural complexity of saltmarsh, and
underutilises the information provided by the point cloud. The point cloud elevation
histogram model presented in this study provides an alternate approach that utilises all of
the information within the point cloud, as opposed to sub-sampling based on specific
criteria. Model comparisons show that the point cloud elevation histogram models were
more robust than both 3-D surface reconstruction models and rasterised volumetric

models, suggesting this method is preferable and should be used in future studies.

5.4.2 Mangrove biomass from 3-D surface reconstruction models

Above-ground biomass estimates for mangrove vegetation derived from 3-D surface
reconstruction models produced similar results to traditional allometric equation
estimates developed in Chapter 4. Estimates derived using allometric equations were not
significantly different to estimates derived from 3-D surface reconstruction models,
however several outliers were identified. These outliers are due to the inability of
allometric equations to account for tree measured variables that are outside the normal
range. For example, one mangrove individual with a height of 5.5 m had a total stem
diameter of 47.2 cm, substantially different from the majority of mangroves with similar
height (i.e. total stem diameter 15 — 30 cm). This resulted in TLS-derived biomass
estimates being two-fold greater that the allometric-based estimate. For non-woody
estimates of larger mangroves, five of the 30 mangrove individuals were outside the 95%

confidence interval using the allometric equation. This may be due to outliers with



markedly different tree measured variables, however non-woody compartments of
mangroves can have considerable variability and may not correlate to plant growth

(Soares and Schaeffer-Novelli, 2005; Kauffman and Donato, 2012).

The majority of large mangrove individual biomass was within the 95% confidence
interval, however markedly different biomass estimates occurred in some mangroves,
particularly those larger than 5 m in height. Of the 12 mangrove individuals larger than 5
m in height, eight have higher biomass for estimates derived from 3-D surface
reconstruction models, with an average of 30% increase. Large older mangroves typically
undergo decay and form hollows and cavities (Saenger, 2002), however for woody
compartments, TLS-derived estimates assume full density of wood in modelled volume.
This has been discussed previously regarding mangrove woody estimates (Olagoke et al.,
2015) and may explain why TLS estimates for tall mangrove woody compartments in this

study are higher than allometric derived estimates.

Although mangroves in temperate settings have less species diversity than tropical and
sub-tropical regions, research suggests that structural complexity is high, influencing
above-ground biomass (Morrisey et al., 2010). This may explain why mangrove woody
compartment biomass estimates in this study were substantially more variable than
previous studies in mangrove forests. Average deviation of TLS-derived biomass
estimates from allometric estimates was 20% for mangrove woody compartments.
Previous studies in southern Florida and French Guiana suggest up to 90% agreement
between TLS-derived estimates and allometric estimates (Feliciano et al., 2014; Olagoke
et al., 2015), however, these studies model relatively tall trees (i.e. up to 23 m Feliciano
et al.,, 2014, 14 — 41 m Olagoke et al., 2015) with simple structure (i.e. fairly straight
trunks, minimal branching and similar growth forms between juvenile and mature trees).
Differences between TLS and allometric biomass estimates in this study may be further
exacerbated by variability in growth forms of Avicennia marina in temperate settings,

particularly in southeast Australia (Saintilan, 1997b; Morrisey et al., 2010).

Several 3-D surface reconstruction models were tested in this study to determine the
optimal model for estimating biomass for wetland vegetation that is structurally complex.

Previous studies have used QSMs, or similar geometric shapes (Feliciano et al., 2014;



Ishak et al., 2015), to model tree woody compartments with reasonable success (Calders
et al., 2013, 2015; Raumonen et al., 2013; Kaasalainen et al 2014; Hackenberg et al.,
2015b; Paynter et al., 2016; Stovall et al., 2017). It was expected that the Poisson surface
reconstruction model may perform better than QSMs, particularly when tree architecture
is complex, as a continuous surface model is created rather than discrete objects.
However, the results in this study demonstrate that both QSMs and Poisson surface
reconstruction models are appropriate for structurally complex mangrove, whereby

differences in volume and biomass estimates was insignificant (p = 0.9213).

For non-woody mangrove compartments, small stature mangroves and Tecticornia
arbuscula, Poisson and convex hull surface reconstruction models produced markedly
different volume estimates. Both reconstruction models have been used in previous
research with varying success, particularly in reconstruction of small stature plants (Olsoy
et al., 2014, 2016; Stovall et al., 2017). Volume estimates derived using convex hull
surface reconstruction models were greater than Poisson surface reconstruction models,
however estimates were highly correlated. This was not surprising as Poisson
reconstruction is particularly resistant to outliers in the point cloud, whereas convex hull
reconstruction ensures the volume estimate encompasses all points (Barber 1996;
Kazhdan and Hoppe, 2013; Olsoy et al., 2014). Differences in volume estimates are likely
exacerbated by structural complexity of vegetation. However, as volume estimates were
highly correlated, biomass estimates for both reconstruction models were not

significantly different.

Non-woody biomass has rarely been considered in TLS biomass studies, with many
studies focusing on woody compartment biomass (e.g. Belton et al., 2013; Calders et al.,
2013, 2015; Raumonen et al., 2013; Kaasalainen et al., 2014; Olagoke et al., 2015). This
is likely due to the comparatively lower contribution of non-woody compartment biomass
to total biomass, as well as difficulty in modelling the canopy from the point cloud. This
study provides a method to derive non-woody biomass estimates which can also be
applied in a similar fashion to smaller stature plants and shrubs where the woody
compartment cannot be delineated and modelled separately. A canopy correction factor
for mangrove was applied in Feliciano et al. (2014), assuming non-woody biomass

accounted for 20 + 10% of total biomass based on estimates from previous research



(Clough et al., 1997; Fromard et al., 1998; Komiyama et al., 2005). However non-woody
biomass contribution to total biomass can be highly variable, ranging from 2 — 25% in
mangrove forests (Fromard et al., 1998, Alongi et al., 2003; Comley and McGuiness,
2005; Bulmer et al., 2016a; Hossian et al., 2016). Results from biomass estimates of
mangrove in this study suggest that average non-woody biomass contributes 13 + 3% of
total above-ground biomass. Future studies should include non-woody compartment
estimates as current approaches that only focus on woody compartment biomass limit the
adoption of TLS for biomass estimates. Furthermore, measuring only woody
compartments limits studies to larger trees, and restricts the use of high precision non-
destructive approaches for small stature mangroves and other shrub vegetation. This is
the first attempt to derive non-woody biomass estimates for mangroves, and subsequently

small stature mangrove biomass, using TLS.

In this study allometric equations are used to estimate mangrove biomass as a reference
to compare the validity of TLS-derived biomass estimates. However, allometric equations
can have considerable uncertainty in estimates, particularly for structurally complex
mangroves (Soares and Schaeffer-Novelli, 2005). Recent research by Calders et al. (2015)
compared TLS-derived biomass estimates and allometric equation estimates by
harvesting 28 trees in a eucalypt forest. Their results suggest that TLS overestimates
biomass by 10%, compared to allometric equations which underestimate biomass by
30%. Previous studies in mangrove forests have used allometric equations as a reference
to compare TLS-derived biomass estimates (Feliciano et al., 2014; Olagoke et al., 2015),
however TLS is yet to be applied where mangrove are subsequently harvested. To verify
relationships established in this study (and others) a subset of scanned mangrove should

be harvested and compared to TLS approaches for estimating biomass.

5.4.3 Tecticornia arbuscula biomass from 3-D surface reconstruction models

This study is the first to present data on above-ground biomass of Tecticornia, and makes
the first attempt to model Tecticornia arbuscula biomass with TLS-derived volume
estimates. Despite limited sample numbers, the methodology used in this study was
demonstrated to be useful for non-destructive assessment of Tecticornia arbuscula
biomass. Results in this study are consistent with previous studies that used 3-D surface

reconstruction models to estimate biomass of shrub vegetation. For example, Olsoy et al.



(2014) modelled and harvested 91 sagebrush individuals from the Great Basin USA,
demonstrating similar relationships to those found in this study for Tecticornia arbuscula.
Future research should build upon the results of this study by harvesting an increased
number of Tecticornia arbuscula, and develop traditional allometric equations and TLS-
derived relationships so that above-ground biomass can be estimated confidently using
non-destructive techniques. Tecticornia arbuscula can be extensive in some estuaries of
southeast Australia (Adam and Hutchings, 1987; Adam et al., 1988) and represents an

important biomass contribution that should be accounted for.

5.4.4 Rasterised volumetric model for saltmarsh grasses

Saltmarsh vegetation in temperate settings such as southeast Australia is structurally
complex, varying with species distribution and stand density in response to edaphic
conditions (Adam et al., 1988; Clarke, 1993; Clarke and Jacoby, 1994). In this study the
rasterised volumetric model was used to correlate volume with harvested biomass for four
saltmarsh species. Relationships established in this study show variability between
species, with r? ranging from 0.48 to 0.67. These results are broadly similar to other
established relationships for grass and crop species in terrestrial environments (> = 0.83,
Loudermilk et al., 2009; 2 = 0.72-0.79, Eitel et al., 2014; r> = 0.46-0.57, Cooper et al.,
2017; 1> = 0.69-0.75, Wallace et al., 2017). This study also tested various rasters with
different cell sizes and found these similarly varied among species, consistent with

previous studies (Eitel et al., 2014; Cooper et al., 2017; Wallace et al., 2017).

The rasterised volumetric approach is a relatively simple technique to obtain volumetric
calculations of biomass for grass and crop vegetation that cannot be modelled similarly
to woody vegetation. However results from this study suggest that this approach may
oversimplify the structural complexity of saltmarsh and underutilises the information
provided by the point cloud. The rasterised volumetric approach assumes full biomass
density calculated from the DSM (Loudermilk et al., 2009; Eitel et al., 2014; Greaves et
al., 2015; Cooper et al., 2017). Although height may be proportional to biomass for some
grass species, this is not the case for saltmarsh. For example substantial variation in
biomass can occur between stands of Juncus kraussii that have similar height but
markedly different density (Clarke and Jacoby, 1994). This study demonstrated that the

rasterised volumetric approach does not provide the required confidence in biomass



estimates for saltmarsh, particularly in areas of high species diversity and variability in

density.

5.4.5 Biomass and point cloud elevation histograms

TLS as a non-destructive method for estimating biomass has received considerable
attention due to the large amount of structural information it can provide. Despite
equipment and analytical costs being a significant deterrent for adoption of TLS for
biomass estimates (Newnham et al., 2012; Eitel et al., 2014; Cooper et al., 2017), current
modelling approaches have also discouraged widespread application due to expert
knowledge and computational time required, as well as oversimplification of the point
cloud (Newnham et al., 2015). The point cloud elevation histogram model presented in
this study provides a method that maximises utilisation of the TLS point cloud and applies
relatively simple data analysis techniques. Similar approaches have been used in previous
research to analyse canopy distribution and biomass of large terrestrial trees with varying
success (e.g. Hauglin et al., 2013; Kankare et al., 2013; Srinivasan et al., 2014; Newnham
et al., 2015; Rahman et al., 2017). A preliminary study by Edwards (2016) utilises the
point cloud elevation histogram to investigate the relationship between above-ground
biomass of two saltmarsh species in the USA. The results from Edwards (2016) show
promising capability of using the histogram to model above-ground biomass, however
their model approach is complex, site-specific and difficult to replicate elsewhere. The
method presented in this study utilises several descriptive parameters from the point cloud
elevation histogram to explain above-ground biomass of both mangrove and saltmarsh
vegetation. This method is simple but highly effective for both mangrove (r* = 0.95) and
saltmarsh (r2 > 0.92) vegetation.

It is proposed that future biomass modelling using TLS-derived point clouds should apply
the point cloud elevation histogram model demonstrated in this study. Unlike other the 3-
D surface reconstruction models and rasterised volumetric approach presented in this
study, the point cloud elevation histogram model does not require delineation of woody
and non-woody vegetation and can be applied to both mangrove and saltmarsh vegetation.
Model comparisons demonstrate that the point cloud elevation histogram models were
more robust than both the 3-D surface reconstruction model and rasterised volumetric

model. Limited harvest data, due to the conservation status of mangrove and saltmarsh in



southeast Australia, required all samples to be used in model generation, and further
validation could be achieved by comparison of modelled biomass estimates with

independently harvested biomass.

5.5 Conclusions

This study demonstrates that TLS is a reliable non-destructive method for estimating
biomass of structurally complex coastal wetland vegetation. The results in this study
demonstrate that current volumetric modelling approaches for estimating TLS-derived
biomass are consistent with traditional mangrove allometrics and saltmarsh harvesting.
However, volumetric modelling approaches oversimplify vegetation structure by
underutilising the large amount of structural information provided by the point cloud. As
a result, many studies using TLS have focused on estimating woody compartment
biomass of large trees, overlooking non-woody compartment biomass and shrub biomass,
which can account for considerable carbon storage over large extents. Current modelling
approaches that focus only on woody compartment biomass limit the adoption of TLS for
biomass estimates. It is proposed that future biomass modelling using TLS-derived point
clouds should apply the point cloud elevation histogram model demonstrated in this
study. This approach maximises utilisation of the information provided by the point
cloud, avoiding oversimplification, reducing computational time, and does not require
extensive modelling to extract volume. Furthermore, the point cloud elevation histogram
model can be applied to both mangrove and saltmarsh vegetation. The research presented
here advances modelling methods using TLS as a non-destructive method for estimating

biomass in coastal wetlands.
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