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a b s t r a c t
This study presents an improved theoretical formulation of the gap probability (Pgap) model, typically
applied to indirectly estimate LAI in woody ecosystems. Specifically, we present the woody element
projection function (GW), which characterises the angular contribution of non-leaf facets in woody
ecosystems, and explain how it may be used to improve the accuracy of indirect LAI retrieval via the
application of the Pgap model. GW enables separate treatment of the leaf and wood projection functions
in the theoretical model, important in the typical case when Pgap includes the influence of both leaf and
wood canopy elements. This study then validates the improved theoretical model using experimental
data. Here, Pgap was calculated from a 3D scattering model, parameterised with highly-detailed 3D
explicit tree models reconstructed from empirical data of a sampled forest stand. The experimental data
was then used to quantify additional effects of view zenith angle (VZA), leaf angle distribution (LAD), and
the influence of woody components on the indirect estimation of LAI and within-crown clumping via
application of the Pgap model. Additionally, we quantify within-crown clumping of reconstructed tree
models for leaf and woody elements both together and separately for the first time. LAI errors up to
25% at zenith were found when ignoring GW and were shown to be a function of VZA. Conversely, at
the approximate 57.3° (1 radian) VZA, results show that there was no effect of GW due to the wood
projection function converging with leaf projection functions. Within-crown clumping factors for the
modelled dataset were as low as 0.35. Consequently, making a common assumption of a random
distribution of canopy elements at the crown scale would lead to an LAI error of up to 65% for the 3D
forest stand. We also conclude that when estimating LAI via the Pgap model, separate treatment of
canopy material projection ‘G’ functions are required at VZA’s other than 1 radian. The findings of this
study and the extended physical formulation presented here impact upon indirect Pgap LAI retrieval
methods from sensors of all platforms in clumped canopy environments or canopies with woody
(non-leaf) elements contributing to the extinction of light.
Ó 2015 Elsevier B.V. All rights reserved.

1. Introduction
Leaf Area Index (LAI) is an essential climate variable (ECV)
functionally related to the energy and mass exchange of water,
⇑ Corresponding author at: Room 27, Level 11, Building 12, Remote Sensing
Centre, School for Mathematical and Geospatial Sciences, RMIT University,
Melbourne, Australia.
E-mail address: william.woodgate@rmit.edu.au (W. Woodgate).
http://dx.doi.org/10.1016/j.foreco.2015.09.030
0378-1127/Ó 2015 Elsevier B.V. All rights reserved.

carbon, and light fluxes through plant canopies (GCOS, 2011; Law
et al., 2001; Spanner et al., 1990). It is usually defined as the total
one-sided area of leaf tissue per unit of ground area (Chen and
Black, 1992). LAI is a key parameter used in plant growth and
radiative transfer models, coupling vegetation to the climate
system. Given its importance, LAI is a common product derived
from a number of active and passive remote sensing (satellite,
airborne, and ground based) instruments.
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There is an increasing need for more accurate and traceable
measurements in support of calibration and validation of Earth
Observation (EO) products. The Global Climate Observing System
(GCOS), whose goal is to provide comprehensive information on
the total climate system, has specified LAI product values to match
to within 20% of independently derived estimates, with the
requirement to increase that to within 5% for future applications
(Fernandes et al., 2014). These accuracy targets leave a small
margin for uncertainty, requiring higher order accuracies to be
achieved by methods used to benchmark LAI products. This poses
a challenge for commonly utilised indirect techniques to meet
accuracy targets for benchmarking, which typically suffer from a
greater level of uncertainty than direct methods (Jonckheere
et al., 2004). On the other hand, indirect methods are preferred
over direct methods due to their scalability and non-destructive
nature for large area attribution of plant communities.
A frequently employed indirect LAI estimation method involves
the application of the Pgap model. The theoretical model relates
structural attributes to the proportion and spatial distribution of
canopy gaps, usually characterised by the so-called gap probability
‘Pgap’. Pgap is defined as the probability of a ray of light passing
unobstructed through the canopy e.g. Nilson (1971). It is a function
of several structural attributes that affect the extinction of light
within plant canopies and consequently the remote sensing signal,
namely the; (i) proportion and density of leaf and non-leaf components (these attributes combine to give the metric Plant Area Index
‘PAI’), (ii) canopy element angle distribution, and (iii) degree of
canopy element clumping. Each of these structural attributes can
vary substantially with viewing angle, scale, and environment,
even amongst stands of the same species (Table 1). In addition,
the structural attributes are linearly related to LAI in the theoretical model, and thus have a significant impact on the final LAI estimate (Eq. (5)). In order to accurately calculate LAI using the
theoretical formulation, all model-input structural attributes are
required to be estimated or assumed with an acceptable level of
uncertainty. However, current practises do not typically consider
uncertainty in the input structural attributes among other limitations of the application of the Pgap model, further explained below.
Pgap estimates for LAI calculation are ubiquitous and are derived
from instruments across all platforms, thus enabling LAI estimation
from the local to global scale; see reviews by Bréda (2003), Weiss
et al. (2004), and Zheng and Moskal (2009). For example, Digital
Hemispherical Photography (DHP), LAI-2000/2200, and TRAC
instruments utilise the Pgap model to estimate LAI, and are commonly used to validate global LAI products (Camacho et al., 2013;
Garrigues et al., 2008; Sea et al., 2011). Although the primary function of these instruments is to measure Pgap, it is commonplace for
the final LAI estimates of these methods to assume a value for any
one or more of the input structural factors comprising its formulation (Weiss et al., 2004), in addition to ignoring uncertainty of these
inputs. Such a practise is limiting when some of these structural
factors can be highly variable with scale or view angle (Table 1),
especially when aiming to quantify LAI to an accuracy threshold
off less than 5% as requested by GCOS.

The formulation of the Pgap model was extended by Chen (1996)
to attempt to account for plant communities with a significant
woody-to-total plant area ‘a’ value (Section 2.2). In forested landscapes, a typically ranges between 0.1 and 0.4 (Gower et al.,
1999) and has been reported to be as high as 0.7 in Pinus banksiana
stands (Deblonde et al., 1994). It also reaches a value of 1 in deciduous forests during leaf-off conditions. Although the combined contribution of branches and stems can intercept a significant amount
of radiation, the intercepted proportion is a function of individual
plant structure, viewing angle, and instrument location (e.g. below
the canopy, mid-canopy or above). Therefore, the intercepting
woody components are likely to affect angular Pgap measurements,
yet are not explicitly accounted for in the same manner as foliage in
the current formulation of the Pgap model (Section 2.3). In other
words, the leaf angle distribution parameter is typically applied
incorrectly applied to all non-leaf or woody elements within the
instrument field-of-view. This current limitation of the Pgap model
is further explained in the typical context of applying a to convert
an estimate of PAI into LAI in the next paragraph.
The majority of Pgap estimation methods do not or have been
unable to separate the contribution of leaf from non-leaf elements.
Of the few studies that have separated leaf from non-leaf elements
in their Pgap estimates, the unknown degree of mutual shading or
occlusion of wood and leaf components is likely have introduced
errors into the method (Kucharik et al., 1998). Generally, two
methods have been employed which attempt to account for
non-leaf elements. The first is to ignore them and thus obtain an
estimate of PAI rather than LAI from the Pgap model; e.g.
Morsdorf et al. (2006), Pueschel et al. (2012), and Tang et al.
(2014). The second is to apply a to PAI estimates through
LAI = PAI  (1  a); where a – 0 Chen (1996). Employing the Pgap
model to estimate PAI or LAI in the typical circumstance of only
applying a LAD value assumes the woody elements have the same
angular distribution as leaf elements (i.e. the Leaf Angle
Distribution = Wood Angle Distribution ‘WAD’); e.g. Chen (1996),
Kucharik et al. (1998) and Sea et al. (2011). However, few studies
elucidate this assumption and no studies, to the authors
knowledge, have attempted to quantify the WAD or the LAI error
introduced when this assumption does not hold.
Nilson (1971) recognised a divergence in theoretical understanding in the application of Pgap and extinction of radiation formulae, citing models presented in Monsi and Saeki (1965) and
Monteith (1965) amongst others. The extinction coefficient ‘k’, a
widely incorporated parameter characterising the rate of light
extinction through a canopy, has been inconsistently utilised in
studies of forest environments. For example, Hopkinson et al.
(2013) and Zhao et al. (2011) defined ‘k’ as only varying with leaf
angle distribution ‘LAD’ and considered clumping separately,
whereas Ryu et al. (2012) and Verger et al. (2011) also defined ‘k’
as varying with only LAD, and did not consider clumping effects.
Ryu et al. (2012) reasoned that within-crown clumping was
negligible and therefore was excluded when calculating Plant Area
Index ‘PAI’ from the Pgap model. Additionally, Hu et al. (2014)
presented a clumping retrieval method based on path length distri-

Table 1
Structural attributes of the LAI formulation from Pgap measurements and their typical range in forests and woodlands. The structural attributes sensitivity to scale and view angle
are presented for a typical sampling scale of an undisturbed natural forest stand.

a

Structural attribute

Scale variant

View angle variant

Typical range

Reference

Clumping (X)
Wood-to-total plant area (a)
Leaf angle distribution (LAD)
Wood angle distribution (WAD)
Leaf Area Index (LAI)

High
Low
Med
Med
Med

Med
N/A
High
High
N/A

0.4–1
0.1–0.4
0.4–0.8a
0.2–0.6a
0.5–6

Zhao et al. (2012), Leblanc et al. (2005), Chen et al. (2005)
Kucharik et al. (1998), Gower et al. (1999)
Wang et al. (2007), Pisek et al. (2013)
This study
Gower et al. (1999), Asner et al. (2003)

Represents the typical projection function (G) range. Clumping levels are presented at the stand scale.
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bution and gap size measurements, yet the method assumes a
uniform and random distribution of plant material within crown
envelopes. Although studies recognise that clumping occurs at all
scales including within-crown, e.g. Fournier et al. (1997), accurate
within-crown clumping quantifications are lacking in the literature. The clumping parameter is essential to convert effective estimates of LAI from indirect methods that do not consider clumping
into ‘true’ estimates via: LAI = LAIe(h)/X(h) (Chen, 1996).
The typical assumption that within-crown clumping levels are
negligible requires further validation to ensure accurate LAI estimation via the Pgap model, e.g. (Macfarlane et al., 2007; Piayda
et al., 2015; Ryu et al., 2012). A 3D simulation and modelling
framework enables validation of theoretical formulations in an
environment where all structural factors can be calculated precisely and treated as a reference or truth. This is in contrast to studies evaluating structural retrieval methods via indirect means that
are also subject to large degrees of uncertainty, e.g. (García et al.,
2015; Piayda et al., 2015). Stenberg et al. (2014) quantified clumping of 3D reconstructed Scots pine trees, however within-crown
clumping estimates were coupled with a correction for non-leaf
area. Leblanc and Fournier (2014) implemented a 3D modelling
framework with virtual forest scenes to benchmark clumping
retrieval methods against the model reference or truthful clumping
value at the plot scale. However, to the authors knowledge no studies utilise these 3D frameworks to quantify within-crown clumping levels of specific or representative canopy types. Accurate
quantifications of within-crown clumping for particular canopy
types would prove the validity of the assumption of a random distribution of foliage and woody canopy elements at the crown scale.
The primary objective of this study was to present an improved
theoretical formulation of the Pgap model for indirect estimation of
LAI in woody ecosystems. This improvement consists of separate
treatment of the wood and leaf projection functions in the theoretical formulation. Specifically, a new parameter is coined, namely
the Woody Projection Function (GW), which characterises the angular contribution of non-leaf facets in woody ecosystems. When
combined with estimates of a, GW is used for improving LAI estimation from the application of the Pgap model in woody ecosystems.
Subsequently, an updated formulation of the extinction coefficient
is presented. The secondary objective was to validate the improved
theoretical model using experimental data. To achieve this, here, a
3D modelling framework precisely quantifies all structural inputs
comprising the theoretical Pgap model. Highly detailed 3D tree
models from an exemplar forest stand reconstructed from empirical field data were utilised – the first of its kind for an Australian forest. The 3D reconstructed trees, in combination with remote
sensing simulations of Pgap, were used to demonstrate the errors
introduced in indirect LAI retrieval when GW and within-crown
clumping are ignored via the typical application of the Pgap model.
The paper is organised as follows: first a theoretical background
and extension of the Pgap model for improving LAI estimation is
provided (Sections 2.1–2.3). Then, subsequent modified theoretical
formulations for the extinction coefficient are presented (Sections
2.4). Next, the study site and the 3D modelling framework developed to calculate the input structural parameters of the theoretical
Pgap model are introduced (Section 3). The input structural factors
are then quantified and presented (Section 4). Specifically, the
errors introduced when ignoring GW on LAI estimation from application of the Pgap model are then characterised (Section 4.3). A
description of within-crown clumping factors for leaf and woody
elements of the 3D forest stand are also presented to invalidate
the assumption of a random distribution of foliage at the withincrown scale for the study site (Sections 4.4 and 4.5). Finally, the
advantages of quantifying within-crown clumping factors, and the
implications of the improved Pgap model formulation and subsequent methods to utilise the new findings are discussed (Section 5).
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2. Theoretical treatment
This section describes the theoretical background of LAI computation through the ubiquitously applied Pgap model. It also extends
the formulation of the theoretical model to account for the angular
nature of woody components via the Wood Angle Distribution
‘WAD’; similar to the parameterisation of the Leaf Angle Distribution ‘LAD’. The extension of the theoretical model is essential when
the assumption of the LAD being equivalent to the wood angle distribution does not hold. This is especially relevant in environments
where woody elements contribute significantly to the extinction of
light. The theoretical treatment section concludes with a modification to the widely used extinction coefficient formulation, incorporating the WAD parameter and subsequent projection function of
woody material ‘GW’. The updated formulations of the Pgap model
and the extinction coefficient are applicable to all environments
where non-photosynthetic or woody elements contribute to the
extinction of light.
2.1. Element distribution functions and projection functions
The element projection function (G) quantifies the mean
projection of unit surface area on a plane perpendicular to the view
direction (Ross, 1981). G is typically derived for leaf elements only
(Nilson, 1971; Pisek et al., 2013; Weiss et al., 2004). However, G is
also applicable to woody canopy elements due to both leaf and
wood elements playing a large role in determining canopy gap
probability in a specified viewing direction. Following Wilson
(1960, 1967), G in a canopy with leaf and woody components
non-preferentially oriented in azimuth may be expressed as:

Z
GðhÞ ¼

p
2

Aðh; hE Þf ðhE ÞdhE

ð1aÞ

0


Aðh; hL Þ ¼

cos h cos hE ;

jcot h cot hE j > 1
cos h cos hE ½1 þ ð2=pÞðtan w  wÞ; otherwise
ð1bÞ

where h is the view zenith angle (VZA), hE is the element inclination
angle, f(hE) is the element inclination distribution function, and
w = cos1(cot h cot hE). The element inclination angle and distribution functions can be derived through measuring or querying the
leaf and woody element areas of trees or 3D tree models.
Three theoretical LAD functions from de Wit (1965), as provided
by Wang et al. (2007), were used in this study.
De Wit’s leaf angle distribution functions
Erectophile,

2

f ðhL Þ ¼

p

f ðhL Þ ¼

p

ð1  cos 2hÞ

ð2aÞ

ð1 þ cos 2hÞ

ð2bÞ

Planophile,

2

Extremophile,

f ðhL Þ ¼

2

p

ð1 þ cos 4hÞ

ð2cÞ

2.2. Theoretical Pgap model
Nilson (1971) demonstrated how the directional gap probability
Pgap(U, h) (U = azimuth angle, h = zenith angle) of an incident
beam of radiation will pass through a clumped canopy to reach a
given point inside or below the canopy using the modified
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Beer–Lambert law of light extinction (Eq. (3)). It is assumed that
the canopy comprises only leaves which are non-preferentially
oriented in azimuth; thus the Pgap becomes azimuthally
independent.



GðhÞXðhÞLAI
PgapðhÞ ¼ exp
cosðhÞ

ð3Þ

where G(h) is the element projection coefficient in the incident view
zenith angle direction and is assumed to be constant throughout the
canopy (Campbell and Norman, 1989), X(h) is the clumping or
dispersion coefficient which corrects for a deviation from a random
distribution of canopy elements, and LAI is the total one sided leaf
area per unit of ground area. When the clumping coefficient is unity
the element distribution adheres to the Poisson distribution; in the
cases where the clumping coefficient is greater than unity the distribution is regular, and if less than unity the distribution is clumped.
Assuming a canopy with no woody elements (i.e. only leaves),
Eq. (3) is solved for LAI to yield:

 log PgapL ðhÞ cosðhÞ
LAI ¼
GL ðhÞXL ðhÞ

ð4Þ

where PgapL(h) is the gap probability with only leaves visible, GL(h)
is the projection coefficient of foliage, XL(h) is the foliage clumping
factor.

Considering the gap fraction of a canopy comprising leaf and
woody elements, Eq. (4) was modified by Chen (1996) via adding
a parameter which corrects for the proportion of woody-to-total
plant elements (a). In a canopy where a – 0, a converts Plant Area
Index (PAI), the total surface area of all canopy elements, to LAI by
PAI = LAI/(1  a), and assumes no other elements other than foliage
and woody components impact light attenuation in the canopy.
However, when applying the Pgap model the inclusion of a does
not correct for the influence of the angular nature of woody components, i.e. the wood angle distribution (WAD). In other words,
without explicit treatment of the wood angle distribution, the
woody elements are assumed to have a distribution and projection
function matching that of the foliage. To denote this subtle change
to the theoretical formulation, GT(h) representing the combined
projection function of leaf and woody elements replaces the leafonly projection function GL(h). The clumping correction reflects
the clumping of all elements together, not just the leaf elements
as presented in Eq. (4). Therefore, the projection function and
clumping parameters combine both leaf and woody elements
and are presented as such:

 log PgapT ðhÞ cosðhÞ
 ð1  aÞ
GT ðhÞXT ðhÞ

GT ðhÞ ¼ ð1  aÞGL ðhÞ þ a  GW ðhÞ

ð5Þ

where PgapT(h) is the gap probability of all canopy elements (i.e. leaf
and wood visible at the same time), GT(h) is the combined projection coefficient of wood and leaf elements (see Eq. (6)), XT(h) is
the total clumping factor of all canopy elements, and a is the
woody-to-total-area ratio. Note that LAI and a are independent of
view zenith angle ‘h’, as they are indexed values representing the
total area of leaf material and the proportion of woody material
over a specified ground area. Subsequently, a is also independent
of the distribution and spatial orientation of woody elements.
The total projection function GT can be estimated directly from
the total element distribution function (i.e. treating leaf and wood
elements as a single element type). Conversely, GT can be derived
from separately calculated wood and leaf projection functions with
a via Eq. (6) due to the nature of the projection function
formulation requiring only element distribution functions (Eq. (1))
with their proportional surface areas. Both these methods are

ð6Þ

Here, a acts as a weighting parameter in the derivation of total
element projection function from the leaf and wood projection
functions. The same assumptions outlined in Wilson (1960, 1967)
of non-preferentially oriented leaf and wood elements in azimuth
apply, therefore GT is only a function of view zenith angle (h).
Theoretical clumping formulations utilising the correct application of the G-function in woody ecosystems are presented in
Appendix A for clarity. Formulations are presented for the stand
scale and within-crown scale.
2.4. The extinction coefficient ‘k’
This section outlines the correct treatment of the extinction
coefficient parameter in woody ecosystems. Monsi and Saeki
(1965) provided a theoretical relationship of light extinction
coefficient ‘k’ to LAI in a plant community based on a form of the
Beer–Lambert law. Their model provided a basis for many subsequent studies, both experimental and theoretical, and continues
to be used to this day:

I
¼ ekLAI
Io

2.3. Extending the Pgap model for woody ecosystems

LAI ¼

equivalent. a relates the woody projection function ‘GW’ and leaf
projection function ‘GL’ coefficients to the total element projection
function ‘GT’ by:

ð7Þ

where I is the light intensity under the LAI layer, Io is the light intensity above the LAI layer, and k is the extinction coefficient. The ratio
I:Io is equivalent to light transmittance or Pgap at the point of
measurement.
k is essentially a function of leaf clumping, leaf angle projection
and VZA when the assumption of a horizontally continuous canopy
with no woody elements is met. A secondary assumption is that
woody and leaf elements have no preferential azimuth orientation.
However, as presented in Section 2.3 this model can be further
expanded to account for the impact of woody components on the
element projection function and clumping. The correct parameterisation of k based on the formulation in Eq. (7) is as follows for a
tree or canopy with foliage and woody elements:

Stand k :

kðhÞ ¼ GT ðhÞXT ðhÞ= cosðhÞð1  aÞ

Within-crown k :

kðhÞ ¼ GT ðhÞXT ðhÞ=lav e ðhÞð1  aÞ

ð8Þ
ð9Þ

Eq. (8) incorporates clumping at all scales, e.g. between-crown and
within-crown. Eq. (9) incorporates within-crown clumping only for
crowns encased in a geometric shape. lave refers to the average path
length ratio though which a ray of light passes through a 3D object
or reference volume enclosing a tree crown at the view zenith angle
(h), i.e. lave = l(h)/l(h = 0) where l is the average path length. Please
refer to Appendix A for in-depth calculation details of individual
parameters of these theoretical formulations.
3. Method
This section consists of two main conceptual parts. The first is
the presentation of methods relevant to the creation of the 3D tree
models reconstructed from empirical data (Sections 3.1–3.5).
These highly detailed 3D spatially explicit tree models are then
used as an exemplar dataset to validate the improvement of the
theoretical Pgap model as outlined in Section 2.3. The second conceptual part presents the methods directly applicable to validating
the improved Pgap model. This is achieved via quantification of the
individual input structural parameters comprising the theoretical
formulation (see structural parameters: Table 1; methods: Sections
3.6 and 3.7).
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3.1. Study site

3.2. Site characterisation

The Rushworth 5 km  5 km study site (36°450 S, 144°580 E),
located in central Victoria, Australia, was selected for parameterisation and reconstruction in a 3D computer simulation modelling
environment. The Rushworth study area is coincident with the
Rushworth Forest Reference Area – a protected area of natural vegetation (Reference Areas Act, 1978). Rushworth is representative of
a dry sclerophyll forest. The reference area is part of a Box Ironbark
forest that includes several eucalypt species such as Red Iron Bark
(Eucalyptus tricarpa), Red Stringybark (E. macrorhyncha), Red
Box (E. polyanthemos), Yellow Box (E. melliodora), and Grey
Box (E. microcarpa). The topography of Rushworth is mainly lowlying undulating land with a few minor gullies. Rushworth is also
characterised by a lack of understorey and consists of a predominantly single strata.
The Rushworth study site is of average site quality for Box Ironbark forests across Central Victoria (pers. comm. Woodward,
2014). In other words, the site encompasses a wide range of
structural characteristics (form, size, and shape) as well as stem
densities and distributions, thus being representative of an average
site quality. This characteristic also means that a subset of the sampled trees can be used to represent both high and poor quality sites
to a reasonable extent, due to the range of key metrics captured
(species, form, density, distribution, etc.).

The Rushworth study area was stratified into nine 1 km  1 km
grids in a square pattern (Fig. 1). During April 2012, at each
1 km  1 km grid a forest inventory plot was randomly located
and established following the Victorian Department of Primary
Industries (DEPI) forest inventory plot establishment protocol
(DSE, 2012) under the Victorian Forest Monitoring Program ‘VFMP’
(DEPI, 2014; Mellor et al., 2013). The protocols have been adopted
to support the widespread collection of consistent information
about Victoria’s forests by assessing and monitoring change in
the extent, state and sustainable management in a timely and
accurate manner (DEPI, 2014).
The 11.28 m radius field plots record a standard suite of structural and floristic metrics to characterise the plot. Tree metrics
including stem diameter at breast height (DBH), crown position
(suppressed, intermediate, dominant, emergent or free-standing),
tree status (live standing, dead standing, live fallen, etc.), species,
and identifying characteristics (e.g. forked, bent over, sweep, etc.)
were recorded for all trees with DBH > 10 cm (i.e. large trees). In
addition, ground cover and understorey diversity were also
recorded (Table 2).
Supplementary information to the forest inventory protocol for
each large tree was collected to aid in the tree characterisation and
model reconstruction process. This consisted of height to first
branch, stem diameter at base height (0.3 m), maximum crown
width, crown width at 90° to the maximum, and a reference photo
(Table 2).
Top-of-canopy harvesting of sun-lit branches was conducted
within the study area. Water and dry matter content per unit area
was also estimated from this data following the protocol outlined
in Suárez et al. (2012). Leaf dimensions such as width and length
for each species were calculated from the leaf scans. Leaf and bark
spectra of the four dominant tree species were collected in addition to ground cover and understorey spectra following Suárez
et al. (2012).

3.3. Leaf area allometric equations and stem locations

Fig. 1. Study area map showing the Rushworth forest reference area (white dashed
line). Google Earth image (2014) used as background.

Additional field data was obtained as part of the Victorian
Climate Change Adaptation Plan ‘CCAP’ (CCAP, 2013). The data
was collected in 2012 within the Box Ironbark forest at three plots
(Fig. 1). The 80 m diameter circular plots were established coincidentally with a variety of structural measurements including
weight of all tree components from tree felling. A sub-sample of
trees within plots R06 and R07 were selected for felling based on
height and DBH stratification. Key plot measurements included
the location of all tree stems, and estimating DBH, live and dead
biomass, moisture content, and tree length (length of tree measured when felled) following standard procedures (CCAP, 2011a,
2011b) adapted from the National Carbon Accounting System
(NCAS, 2000, 2001).

Table 2
Species attributes recorded across the nine sample plots in Rushworth.
Attribute
Stem density
Height
DBH
First branch height
Crown diameter major axis
Crown diameter minor axis
Leaf lengtha
Leaf widtha

(N ha1)
Mean (m)
Mean (cm)
Mean (m)
Mean (m)
Mean i
Mean (mm)
Mean (mm)

E. tricarpa

E. macrorhyncha

E. polyanthemos

E. melliodora

E. microcarpa

178
12.6 ± 4
26.1 ± 15.7
5.6 ± 1.8
5.6 ± 2.8
4 ± 2.1
105 ± 22
23 ± 5

145
10.4 ± 2
13.6 ± 3.3
5.5 ± 1.6
2.9 ± 1
1.7 ± 0.9
101 ± 13
25 ± 5

106
9.7 ± 1.7
16.1 ± 7.3
4.3 ± 1.6
4.7 ± 1.8
3.2 ± 1
72 ± 11
41 ± 10

64
14.1 ± 2.7
16.4 ± 4.4
5.4 ± 1.7
5 ± 2.1
3.5 ± 1.4
106 ± 21
29 ± 8

22
16.3 ± 2.4
18.8 ± 4.1
7.3 ± 1.6
5.4 ± 1.1
3.3 ± 1
101 ± 29
22 ± 5

a
Mean leaf length and width were estimated from field collection outside the sample plots, but within the central 3 km  3 km study area. Mean estimates are
accompanied by ±1 standard deviation. Trees <10 cm DBH were not included.
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3.4. Tree parameterisation and reconstruction
A library of deterministic 3D tree models was created to be representative of the stand sampled at Rushworth. A total of 51 trees
were selected to be reconstructed from the stratified sampled population (Fig. 1). The 51 trees were a subsample from those measured in the DEPI forest inventory plots. The sample population
was stratified first by species, then by height and DBH to ensure
the reconstructed tree models covered a range of key structural
attributes. Dead trees were not included in the modelling process
as they accounted for only 1% of the total population of trees.
Geometrically explicit tree objects were created using the
OnyxTreeÓ software, which uses proprietary techniques based on
parametric modelling of plant anatomy, topology, and growth
(Armston, 2013). OnyxTreeÓ has previously been used to generate
3D plant models for broadleaf tree species in a number of radiative
transfer simulation studies (Armston, 2013; Calders et al., 2013;
Disney et al., 2010, 2011, 2009).
The 51 selected trees were reconstructed to match key structural attributes with field measurements. These structural attributes were tree height, height to first branch, maximum crown
diameter, crown diameter at 90° to the maximum, DBH, and stem

E. tricarpa
13.7 cm2

E. macrorhyncha
17.2 cm2

diameter at 0.3 m. Reference photos were used to guide the main
branching structure of the tree models. The top of stem diameter
was estimated using tapering functions from Bi (2000), developed
for Australian eucalypts. As species specific tapering functions did
not exist, the tapering functions of the closest matching trees
based on soil type, bark type, height and DBH were used. Similar
identified species from Bi (2000) were cross-referenced with attributes from the Rushworth Box Ironbark species to ensure a valid
match.
Species-specific leaf templates were chosen based on a collection of top-of-canopy leaves used to calculate mean leaf widths
and lengths (Table 2). For each species, a leaf template was chosen
from the sampled leaves that matched closest with the species’
mean leaf and width measurements (Table 2), in addition to being
characteristic of the species leaf shape (Fig. 2).
Leaf angles of the reconstructed trees were modified to fit
pre-defined distributions using LibratTools (Armston, 2013). Leaf
distribution functions and leaf templates were applied to the
reconstructed models after being exported from OnyxTreeÓ
software. The woody element projection function remained
constant across the different leaf projection functions due to the
woody structure remaining unchanged.

E. polyanthemos
26.9 cm2

E. melliodora
21.6 cm2

E. microcarpa
14.8 cm2

Fig. 2. Leaf templates and area for each Rushworth species.

Fig. 3. The relationship between DBH and crown leaf area for the destructively harvested species; Eucalyptus tricarpa (a), E. microcarpa (b), E. leucoxylon (c), and all three
species combined (d). The black line denotes the best-fit power curve with ±1 SD (dashed lines). The equations and R2 are also displayed for each sub-figure.
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Anderson (1981) found the general range of leaf inclination
(hL) of eucalypt species to be around 60–80°, which is consistent
with their generally pendent mature leaves. Leaf angle measurements of different Australian eucalypt species have been observed
to fit spherical and erectophile LAD functions (de Wit, 1965;
Wang et al., 2007). The three chosen functions applied to the tree
models were erectophile, planophile, and extremophile. This
resulted in three different 3D tree models per tree. These three
functions encompass the extremes of LADs, from predominantly
vertically inclined leaves (erectophile) through to predominantly
horizontally inclined leaves (planophile). The extremophile distribution is a mid-point between the planophile and erectophile
functions where oblique leaf angles are least frequent.
The total leaf area of each tree model was estimated from allometric equations developed between DBH and total leaf area from the
same or similar species that were destructively harvested in the
nearby CCAP plots (Fig. 3). Strong relationships have been observed

(a) E. tricarpa
Height 18.6 m, DBH 28.3 cm

between total leaf area and DBH for most tree species, which extends
to eucalypt species (e.g. Cherry et al. (1998), Vertessy et al. (1995),
and this study). A power function was used to quantify the relationship between total leaf area and DBH for the destructively harvested
trees at Rushworth. The number of leaves for each reconstructed
tree was calculated by dividing the total leaf area of the tree crown
by the species specific representative leaf size (Fig. 2). The location
of the leaves in the branching structure of the tree model was determined by parametric modelling within the OnyxTreeÓ software.
3.5. 3D tree model evaluation
3.5.1. 3D tree models
A qualitative comparison of the main branching structure and
form of a subset of reconstructed trees in OnyxTreeÓ (i.e. no bark
spectra, leaf templates, or LAD applied) with a reference photo
taken in the field is provided in Fig. 4.

(b) E. macrorhyncha
Height 9.6 m, DBH 12.8 cm

(d) E. polyanthemos
Height 10.1 m, DBH 20cm

(c) E. microcarpa
Height 21.8 m, DBH 27.2 cm

(e) E. polyanthemos
Height 9.9 m, DBH 14.6 cm

Fig. 4. OnyxTreeÓ reconstructions (left) with the reference photograph (right) for a subset of modelled trees. Height and DBH values from field measurements are listed.
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3.5.2. Comparison with field measurements
Modelled and measured key structural metrics of each tree
model were then compared quantitatively, particularly height,
DBH, and total leaf area (Fig. 5).
Results show close agreement between measured attributes
and modelled attributes for most trees. The uncertainty between
measured and modelled attributes is in many cases within the
uncertainty of the measurement accuracy in the field. For
example, tree height as measured by the TruPulseÒ laser range
finder has uncertainties in the measurement process relating
to; distance to tree (0.3 m), tree inclination angle (0.25°), and
instrument precision level (±0.05 m), to name a few. These result
in a 0.4–0.5 m maximum instrument uncertainty for tree height
at Rushworth. The most accurately reconstructed attributes with
small Root Mean Square Errors (RMSE) and Mean Absolute
Errors (MAE) were those which could be directly controlled in
the OnyxTree software, such as DBH and height (e.g. top height
and height to first branch). The attribute displaying with the
largest deviation from the 1:1 line was crown area (Fig. 5d). This
is likely due to the fact that crown area calculated from field
measurements was estimated as an ellipse using the two
horizontal crown dimensions as input, whereas crown area of
the models was calculated from fitting a convex hull. This
explains the small level of bias where crown area measured in
the field was generally larger than crown area measured from
the models.

3.6. Calculation of G and Pgap
The 3D modelling and simulation framework employed here
enables each of the parameters comprising the Pgap model to be
calculated precisely for each and every 3D tree model (Table 1,
Eq. (5)). This section describes the derivation of these parameters
from the exemplar 3D tree model dataset.
3.6.1. The projection function G
GL(h), GW(h), and GT(h) were calculated for each of the 51 reconstructed individual tree models for all three LADs parameterised;
namely the erectophile, extremophile and planophile theoretical
functions (de Wit, 1965) (see Section 3.4). This was achieved using
the known element distribution functions derived by querying
every facet or surface from each 3D model for their area and zenith
angle, and then applying Eq. (1). Utilising three different LADs per
tree enabled the impact of LAD on within-crown clumping to be
explored. GL(h) residuals for each 3D model were calculated by
subtracting the theoretical GL(h) for de Wit’s (1965) LADs from
the estimated or ‘actual’ GL(h) value from querying the 3D model
leaf surfaces. The theoretical LADs were accurately represented in
the 3D models, with mean GL(h) residuals typically less than
0.005 for all three distributions. Non-preferentially oriented wood
and leaf elements over all azimuth angles was also established for
the 51 tree models, thus validating the assumption of the
G-formulation being only a function of view zenith angle (h).

Fig. 5. Comparison of structural parameters as measured or estimated in the field versus the reconstructed model value for all 51 trees; (a) total leaf area per tree, (b) DBH, (c)
tree height, (d) crown area, (e) maximum horizontal canopy width, and (f) height to first branch. Mean absolute error (MAE) and Root Mean Square Error (RMSE) for each
comparison is provided inset. Figure b, c, and d represent direct input parameters into OnyxTreeÓ software, whereas (a, d, and e) represent parameters that are not directly
controllable via the software.
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The actual GL(h) values were used in the formulations to
calculate within-crown clumping described in the next section.
Therefore, G calculated from leaf and wood elements of the 3D tree
models represent the precise value, and contribute no error in the
application of the Pgap model. Uncertainty introduced from
estimating G for leaf and wood elements in situ is discussed later
in the manuscript (Section 5).
3.6.2. Pgap
The projected crown cover of each individual tree crown and
Pgap was estimated using the librat ray-tracing model (Lewis,
1999), in combination with known crown dimensions (Fig. 6). Element cover maps for each tree model were separately simulated at
a 1 cm  1 cm resolution. A single ray for each pixel was traced

from a point above the tree in the direction of the pixel centroid
to the ground, i.e. implementing a reverse ray-tracing approach
(Disney et al., 2000). Although librat can be used to simulate
canopy reflectance using radiative transfer theory, this element
intersection approach effectively produced a pre-classified binary
cover image (Fig. 7). Therefore, these images represent reference
transmittance or Pgap images, i.e. without classification error. This
approach is also far more computationally efficient than stochastic
ray tracing method simulations, requiring three wavelengths and
multiple sampling rays per pixel to provide an RGB image.
The projected crown cover proportion or individual crown Pgap
was equivalent to the number of pixels intercepting canopy elements divided by the number of pixels within the projected crown
envelope area ‘PEA’. Pgap was calculated by subtracting 1 from the
proportion of intercepting canopy element pixels within the PEA (i.
e. Pgap = 1  cover). The view angle specific PEA was calculated
from fitting a convex hull or geometric shape around the crown
outline (e.g. spheroid or cylinder). The average PEA of the individual tree models at VZA = 0° was 15 m2 (using a convex hull method
for the planophile LAD). Image resolution sensitivity analysis
showed Pgap uncertainty for the 1 cm  1 cm resolution to be
<0.002, typically less than 0.001. Therefore, crown cover images
with higher resolution than 1 cm  1 cm were deemed
unnecessary for the estimation of crown Pgap. This also meant that
the Pgap estimated for each tree crown could be treated as almost
without error, thus not incorporating uncertainty into the
application of the Pgap model for LAI calculation.
Leaf and wood elements were alternatively made transparent to
simulate; (i) leaf-off, (ii) only-leaf, and (iii) all elements visible
scenarios respectively (Fig. 7). This also enabled separate quantification of clumping factors for these three scenarios. Tree models
were rotated in librat to simulate different view angles, such as
the 0° and 57.3° scenarios in Fig. 6.

3.7. Errors of not accounting for GW
The LAI errors of the typical approach of applying a correction
factor for only LAD from the application of the Pgap model, and
therefore ignoring the Wood Angle Distribution (WAD) is
quantified as:
Fig. 6. Schematic diagram of the method to calculate projected envelope area ‘PEA’
of an individual tree crown, demonstrated at view zenith angles of 0° and 57.3°. The
geometric object used to enclose the tree crown was a cylinder (grey-dotted lines).
The diameter ‘d’ and height ‘h’ of the cylinder were defined as: d = maximum crown
width; h = (tree height  height to the first branch). The grey lines indicate the
direction of the crown cover image pixels. The PEA values of the tree shown were
17.3 m2 and 38.6 m2 for 0° and 57.3° view angles, respectively (Eq. (A4)).

G error ¼ GT ðhÞ  GL ðhÞ

ð10Þ

In a plant community with no woody elements, i.e. a = 0, this error
is equivalent to zero as GT(h) = GL(h). Due to the nature of the
interaction of the G values with LAI in the Pgap model (Eq. (5)), this

All elements

Leaf-only

Wood-only

(a) Projected area 7.6m2

(b) Projected area 6.5m2

(c) Projected area 1.9m2

Pgap 0.74

Pgap 0.78

Pgap 0.94

Fig. 7. Projected cover simulations for a single tree at a VZA of 0° (top-down) for three scenarios: (a) all canopy elements visible, (b) leaf-only visible, and (c) leaf-off scenario.
The erectophile leaf angle distribution was applied to (a) and (b). Pgap was estimated using the convex hull projected area envelope from the scenarios with all canopy
elements visible.
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G error is proportional to the LAI error, i.e. a 0.1 G error is equivalent
to a 10% LAI error.
3.8. Within-crown clumping, LAI and PAI calculation
The following steps were taken to calculate within-crown
clumping of the 3D tree models:
1. Determine the reference total leaf and wood area of each tree
model (e.g. 3D model area query). The proportions were then
used to calculate a for each tree model.
2. Simulate the projected area of each tree model in the 3D ray
tracing model librat. All three LAD tree model sets were utilised
at the 0° and 57.3° view zenith angles (VZAs) for leaf-on,
leaf-off, and wood-only simulation scenarios. The projected
area was calculated as the number of pixels intercepting canopy
elements multiplied by the known pixel size (1 cm  1 cm).
3. Determine the projected envelope area ‘PEA’ of each crown at
VZA 0° and 57.3°. Cylinders were used to delineate the crown
boundary. The PEA of the planophile LAD was used as a
benchmark for all three LADs tested.
4. Calculate Pgap by subtracting one from the division of the
projected area over the PEA (i.e. Pgap is VZA specific and LAD
specific). Refer to Appendix B for background information on
the quantification of LAI, PAI, Pgap and clumping metrics via
the 3D modelling and simulation framework.
5. Apply Eq. (A3) to calculate within-crown clumping factors of
individual 3D tree models.
Pgap was the only estimated structural variable of the Pgap
model, using the modelling approach. All other metrics were
calculated precisely from the known 3D tree model attributes.
Therefore, subsequent derivation of clumping factors using
Eq. (A3) following the 3D modelling approach implemented this
study are only subject to Pgap uncertainty, which was shown to
be negligible, and can thus be treated as reference clumping values
without error.
4. Results
4.1. Tree model leaf GL(h) and wood GW(h) projection functions
Projection ‘G’ functions of the reconstructed trees were
calculated for both leaf GL(h) and wood GW(h) elements. These were

calculated using the precisely known element angle distribution
functions of the 3D tree model wood and leaf elements (Eq. (1);
Section 3.6). Tree model LADs were made to fit the theoretical erectophile, planophile, and extremophile LADs of de Wit (1965).
The woody G projection function, GW(h), displayed a similar
trend to the erectophile function, with the smallest projected area
visible at a 0° view zenith angle (VZA) and the largest projected
area occurring at the 90° VZA (Fig. 8a). The low GW(h) at nadir is primarily attributable to the woody element distribution functions,
where the majority of the woody material was vertically inclined.
This is due to a high proportion of the woody material being situated in the stem of the tree, which of course was predominantly
vertical. Furthermore, all element projection functions of the 51
tree models displayed the highest variability at high and low VZAs.
However, the GW(h) value at the nadir view was on average one
half, one third, and one quarter of the erectophile, extremophile,
and planophile distribution functions, respectively.
The GW(h) function increased with view angle and intersected
the other three leaf angle functions in the 52–58° VZA range. The
VZA close to 57.3° (1 radian) has been shown to be the angle
where the majority of leaf angle projection functions converge at
G  0.5 (Nilson, 1971; Wilson, 1963). At 57.3°, all canopy element
G values of the 51 models were within 0.01 of each other. The
GW(h) projection function consistently displayed the largest
standard deviation (SD) of all projection functions, with the highest
SD (0.07) occurring at nadir. The higher degree of variation
displayed by GW(h) compared to the three leaf G values, GL(h),
can be attributed to a combination of: (i) the modelled tree leaf
angles which were made to closely fit theoretical distributions,
thus reducing variability between trees, and (ii) GW(h) variation
that was largely a function of the reconstruction process, where
angular variation in tree structure between models was common
(e.g. some bent-over trees).
4.2. Tree model total element projection functions GT(h)
Fig. 8b demonstrates the average total G value (GT) for all 51
tree models, taking into account wood and leaf orientation and
proportions. The planophile LAD exhibited the largest observed
change in GL(h) for GT(h) (Fig. 8). This was due to planophile GL(h)
values consistently having a larger offset to GW(h) over most VZAs
compared with erectophile and extremophile LAD’s (Fig. 8a).
G total ‘GT(h)’, representing the combined projection function of
both woody and leaf facets, matched more closely with GL(h) than
GW(h). This was due to a weighting GL(h) more strongly than GW(h)

Fig. 8. (a) Mean ± 1 SD (shaded) individual element G values of the 51 models for woody elements (brown); and leaves with erectophile (black), planophile (red),
extremophile (green) theoretical leaf angle distributions (de Wit, 1965). (b) Mean ± 1 SD (shaded) G total (GT) values for the erectophile, planophile and extremophile
distributions (refer to Eq. (6)). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in the computation of GT(h) (Eq. (6)). For the tree models a was typically in the range of 0.32–0.44 (mean 0.37 ± .06 1 SD, Fig. 9a), thus
weighting GL(h) more strongly. A strong linear relationship (R2
0.99) was observed between total plant area (range 5–195 m2)
and total leaf (range 3–133 m2). This indicates the possible suitability of using a robust representative a value for the population
of trees without introducing a large error. The gradient of the linear
equation was equivalent to the mean a value (0.37). This was also
approximately equivalent to reference a for total model plant area
and leaf area of all models considered together (0.38).
4.3. LAI errors when not considering the angular contribution of woody
components GW(h): Rushworth case study
The LAI or PAI errors when applying the Pgap model to the 3D
tree models were quantified for the typical circumstance of not
considering the woody projection function GW(h). This is the error
for the common practice example where only GL(h) is considered
and accurately parameterised, shown for the exemplar dataset of
the 51 Rushworth tree models and their three LADs (Fig. 10). In this
circumstance GW(h) is ignored, meaning that GW(h) is implicitly
assumed to be equal to GL(h). The implication is that the G error
is equivalent in proportion to LAI or PAI error, as G(h) is linearly
related to LAI and PAI (Eqs. (3) and (5)). For example, a G error of
0.1 is equivalent to a 10% error in LAI or PAI.
The zenith angle with the largest error is at nadir (VZA = 0°). The
LAD with the largest error proportion is planophile (Fig. 10), due to
planophile GL(h) having the largest degree of separation to GW(h)
over most zenith angles (Fig. 8a). For the planophile LAD, there is
on average up to a 25% LAI overestimation at a VZA of 0°. Conversely, at the VZA  57.3°, the G error is approximately zero given
the leaf and wood angle projection functions converge. The G error
then increases at zenith angles larger than 57.3° for all LADs, thus
leading to an underestimation of LAI.
4.4. Impact of viewing angle and leaf angle on within-crown clumping
The role of view angle on within-crown clumping estimates was
further explored for each tree model. The clumping estimates presented can be treated as reference clumping estimates based on
the precise calculation of each of the parameters comprising the
Pgap model. All 51 modelled trees displayed a degree of clumped
foliage at VZAs of 0° and 57.3° (i.e. X < 1, Fig. 11). It is important
to note that the within-crown clumping value will vary with the

Fig. 10. G assumption error; the mean error proportion in PAI or LAI estimation for
the 51 individual Rushworth 3D tree models when estimating Pgap with leaf and
woody components assuming GL(h) = GT(h), i.e. ignoring GW(h). The error is
calculated by subtracting mean GL(h) from mean GT(h) values (±1 SD, shaded) for
the erectophile (black), planophile (red), and extremophile (green) leaf angle
distributions. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

definition of the crown boundary. Our results showed that the
within-crown clumping factor differences between the cylinder
(most gaps) and a fitted convex hull (least gaps) was on average
less than 0.05 for all LADs, with the cylinder providing lower
clumping values.
A main finding was that the clumping factor for an individual
tree with the erectophile, planophile, and extremophile LAD was
unequal at the 0° VZA (Fig. 11a and b), yet equivalent at 57.3°
(Fig. 11c and d). This was exemplified by the higher offsets of the
non-fitted reduced major axis (RMA) linear regression equations
for the 0 radian VZA clumping factors compared with the 1 radian
VZA. Furthermore, this viewing angle effect was consistent for the
entire population of tree models, exemplified by the high coefficient of determination (R2 P 0.96) for the RMA linear regression
equations.
The leaf and wood angle distribution in combination with the
degree of clumping and total amount of leaf and wood area determine the proportion of projected canopy area. The unequal foliageclumping factors between LADs at the 0° VZA reflect different gap
sizes and gap size distributions. Fig. 12a shows the projected area
of a single tree model for different view angle and LAD scenarios. It

Fig. 9. (a) Box plot of the alpha ‘a’ values for the 51 Rushworth models. (b) Reference total plant area versus total leaf area for all 51 tree models. The fitted linear reduced
major axis regression function (grey line) is provided inset.
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Fig. 11. Within-crown leaf-only clumping (Xleaf or XL) comparisons at two different view zenith angles (VZA) demonstrated with three leaf angle distributions (LAD) for the
51 tree models. Each circle represents an individual tree model clumping value calculated from Eq. (A3). (a) Compares XL erectophile to XL planophile (black circles) and
extremophile (blue circles) LADs at the 0 view zenith angle (VZA); (b) compares XL planophile with XL extremophile (green circles) at the 0 VZA; (c) compares XL erectophile
to XL planophile (black circles) and extremophile (blue circles) LADs at the 1 radian VZA; and (d) compares XL planophile with XL extremophile (green circles) at the 1 radian
VZA. Linear reduced major axis (RMA) regression functions for each comparison were added (grey line). 1:1 line (dashed). A cylinder was used as the reference geometric
object to encompass the tree crown. The cylinder shape remained unchanged with LAD. The height of the cylinder was the crown depth (tree height minus lowest leaf height)
and the diameter of the cylinder was the maximum horizontal crown diameter with a planophile LAD. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

demonstrates a more dramatic change in spatial arrangement and
proportion of projected foliage with LAD at the 0° VZA over the
57.3° VZA. At the 57.3° VZA the projected area for all LADs become
almost equal, thus leading to similar clumping factors due to G
(57.3°) also being approximately equivalent. Additionally, the gap
sizes and their distribution are similar for each LAD shown, making
it almost impossible to distinguish LAD from visual inspection
(Fig. 12b).
The magnitude of within-crown foliage clumping XL(h) was
variable amongst models, ranging between 0.3 and 0.8
(Figs. 11 and 13). At the 0° VZA, the planophile LAD models displayed the highest degree of clumping followed by extremophile,
and lastly erectophile LAD (Fig. 13). The clumping offset of the
linear RMA equations between the three LADs coincided with
the degree of separation of G(h) (Fig. 8a). For example, at zenith
the largest and smallest offsets were observed for erectophile with
planophile and extremophile distributions respectively (X(0) offset 0.14 and 0.05, respectively). This coincided with the largest
and smallest offsets in G(0) for erectophile with planophile and
extremophile distributions respectively (G(0) offset = 0.42 and
0.17, respectively).

decrease for each LAD when both leaf and woody materials are
included. For the Rushworth species, the larger the proportion of
horizontal leaves, the closer the leaf-only clumping level was to
the leaf and wood clumping levels (i.e. the mean absolute differences for leaf-only clumping with leaf and wood clumping for erectophile, extremophile, and planophile LAD’s were 0.08, 0.06, and
0.04 respectively). This may result from reduced apparent projected area of woody components, since leaves are clustered
around branches, hence less difference in Pgap compared with
the leaf only tree models when everything else is constant. The
maximum clumping value decreases by around 10%, whereas the
minimum increased by less than 1%. This is explained by the level
and distribution of woody element clumping, which is overall
comparatively lower than leaf clumping levels (Fig. 13). The
within-crown clumping factor range of woody elements for the
reconstructed tree models were much smaller than the leaf
clumping factors. Therefore, within-crown clumping variation
between tree models was primarily driven by foliage position
rather than branch or stem location within the crown envelope.

4.5. Within-crown clumping of leaf and wood components

This paper analyses the importance of the woody projection
coefficient GW(h) when estimating LAI in woody ecosystems via
the Pgap model. Until now, GW is a physical quantity that has not
been yet been explicitly considered in the indirect estimation of
LAI via the theoretical Pgap formulation. The woody angular distribution, its subsequent projection function GW(h), and the propor-

Fig. 13 depicts the distribution of within-crown clumping at
zenith of leaf and wood both separately and together. The clumping distributions are sensitive to LAD, as seen by the RMA linear
equation offsets in Fig. 11a and b. Overall, the clumping factors

5. Discussion
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Extremophile

Planophile

Projected area 8.24 m2

Projected area 10.01 m2

Projected area 11.63 m2

Projected area 8.14 m2

Projected area 8.43 m2

Projected area 8.32 m2

(b) View zenith angle 57.3°

(a) View zenith angle 0°

Erectophile

Fig. 12. Simulations of projected crown area of leaf-only scenarios for a single tree with erectophile, extremophile, and planophile leaf angle distributions (columns) from de
Wit (1965) at VZAs of 0° (row a) and 57.3° (row b).

tion of wood-to-total plant area (a) are essential to accurately calculate LAI from Pgap measurements in a canopy with woody
components.
Here, we used a generic 3D modelling framework to quantify
the impact of GW, applied to the specific case of the reconstructed
Rushworth field site as an example. The advantage of the 3D
framework is that it enables theoretical formulations to be tested
and validated against known or truthful values of the 3D models.
In this case, when applying the Pgap model to individual trees,
LAI errors introduced by ignoring GW(h) were up to 25% for the typical case where only GL(h) is considered; when GW(h) is assumed to
be equal GL(h). In other words, an assumption is made that the
angular distribution of woody surfaces or facets is the same as
leaves. This would generally not be the case for most trees at low
and high viewing angles, especially for vertically oriented single
stem trees with crown break some distance away from the base
of the stem. Under this circumstance, the majority of the woody
area is in the stem, which is predominantly vertical thus potentially leading to a G function with similar characteristics to
Fig. 8a. Fig. 10 showed the error proportion for LAI estimation of
the Rushworth models if wrongly making this assumption. Additionally, the error proportions in Fig. 10 do not consider or introduce uncertainty from estimates of Pgap(h), G(h) or a due to their
values being known precisely. The LAI errors in Fig. 10 varied with
LAD, where the largest errors were encountered at zenith when
GW(h) was furthest from GL(h) (Fig. 8). The largest errors for other
forest types are also expected to occur at zenith for this same
reason.

Accurate LAI calculation requires the physical, measureable
quantities of GW(h), GL(h), XT(h), a and Pgap(h) (Eq. (5)). These variables together determine the light extinction coefficient k (Eqs.
(7)–(9)). Traditionally, studies defined k to vary with only GL(h)
due to its original application in agriculture or plant canopies with
no woody components (Monsi and Saeki, 1965; de Wit, 1965).
Firstly, this assumption is invalid for a canopy with woody elements, as the projection coefficient of all elements, GT(h), should
instead be used. Secondly, most forest canopies exhibit clumping
to some degree due to their complex and heterogeneous nature.
Therefore, clumping needs to be explicitly considered if the canopy
is clumped. Only in the case when the canopy is randomly distributed at all scales and in all dimensions (i.e. x, y, z), the canopy
comprises only leaves, and is horizontally homogenous, would k
vary only with GL(h) and view zenith angle. The physical quantities
comprising the Pgap model can be estimated or calculated independently in order to obtain LAI or PAI. A key implication of the
results presented here is a recommendation to split k into its
sub-components to explicitly differentiate known or measured
quantities from those assumed. This will help users of the metric
to correctly utilise the variable and to better understand the LAI
error budget.
Many instruments and methods utilise the approximate 57.3°
view angle due to the convergence of leaf projection functions to
be near equivalent (G  0.5). Examples include: TRAC (Leblanc,
2002), PASTIS-57 (Simic et al., 2012), and VEGNET instruments
(Culvenor et al., 2014); DHP (Leblanc and Fournier, 2014;
Neumann et al., 1989; Weiss et al., 2004), LAI-2200 (Leblanc and

316

W. Woodgate et al. / Forest Ecology and Management 358 (2015) 303–320

Fig. 13. Box plots of within-crown clumping factors for all tree models at a view zenith angle of 0°. Three scenarios are presented; erectophile, planophile, and extremophile
leaf angle distributions for (i) leaf-only (white boxes), (ii) both leaf and wood elements visible (dark-grey boxes), and (iii) woody-only clumping factors (light-grey box). Mean
and standard deviations (in brackets) are presented for all scenarios.

Chen, 2001), and TLS LAI/PAI inversion methods (Jupp et al., 2009).
However, this study showed the woody projection function GW(h)
of the reconstructed Rushworth tree models also converged at
the 57.3° viewing angle (GW(57.3) = 0.52 ± 0.01). Therefore, both
GL(h) and GW(h) may not need to be measured in the field if estimating LAI over a narrow gap fraction range (±2.5°) centred on
the 57.3° zenith angle. Additionally, if GW(h) matches GL(h) over
other VZAs used for inversion for a particular canopy type, then
only GL(h) is required. Characterising GW(h) per forest type warrants further investigation due to potential differences.
A number of direct and indirect techniques to measure leaf
inclination angles exist (e.g. directly with a plumb-bob and protractor or indirectly from levelled photos, Ryu et al., 2010). A key
limitation of this approach is the number of samples required to
get an accurate estimate. A discouragingly large number of inclination measurements are required (400 (de Wit, 1965) or even
>1000 (Monteith, 1969; Philip, 1965)) to obtain acceptable
precision levels for determining LADs of some plant types. Further
difficulties in estimating GL(h) may be encountered for species with
varying LAD as a function of plant height or position within the
canopy (Baldocchi et al., 1984; Niinemets, 1998). Additionally,
GW(h) may be difficult to characterise over large areas due to factors such as species diversity. It may be challenging to replicate
leaf angle measurement techniques on woody components. This
is due to the requirement of the inclination angle of woody material as well as their proportions in order to estimate the distribution function (f(h, hE), Eq. (2a)). However, due to recent advances
in semi-automated tree reconstruction methodologies (Côté
et al., 2009; Raumonen et al., 2013), 3D computer reconstruction
models can be efficiently queried to determine the element
distribution functions and subsequently to derive GW(h) and GL(h)

precisely. The precise determination of key structural metrics such
as G(h) and clumping are relevant for parameterised 3D models of
plant or forest landscapes acting as replications of the real-world
(Disney et al., 2006, 2011; Widlowski et al., 2013).
The advancement of 3D tree reconstruction methods combined
with ray-tracing models provides a means to investigate and quantify truthful or reference within-crown clumping values. This technique is in contrast to traditional field-based clumping retrieval
methods predominantly based on gap size distribution (Leblanc,
2002; Leblanc and Fournier, 2014; Pisek et al., 2011). Field-based
techniques typically operate at the plot or stand scale and are subject to error (Leblanc and Fournier, 2014). Additionally, theoretical
models of varying complexity have been used to invert for canopy
structure variables (Nilson, 1999; Nilson and Kuusk, 2004).
Although some clumping inversion methods from gap size
accumulation require leaf dimensions as input (Chen and Cihlar,
1995), our study does not since the calculation is achieved using
the known LAI or PAI of each 3D model combined with the
precisely estimated G (Eq. (A3)). The method employed in this
study enables reference clumping values without error to be established for the 3D models.
In this study, all tree models were clumped (X < 1) at both VZAs
of 0° and 57.3° (Figs. 11 and 13). The degree of clumping shown in
this study conforms with qualitative descriptions of the eucalypt
species (Jacobs, 1955). Therefore, the common assumption of a
random distribution of foliage and woody components within a
crown envelope would introduce large LAI errors up to 65%, as
shown by this study. This highlights the importance of accounting
for clumping via retrieval techniques in this environment.
Quantifying and representing this clumping is especially relevant
for models simulating radiative transfer, as the degree of
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within-crown clumping has shown to have a large influence on the
remote sensing signal (Calders et al., 2013; Widlowski et al., 2014).
Within-crown clumping of the 3D explicit tree models was sensitive to LAD. The planophile LAD displayed the highest degree of
clumping, while the erectophile LAD the least at VZA = 0°. Such a
result is expected due to the increased amount of overlap in the
horizontal of the planophile LAD compared to the erectophile
LAD. However, at the VZA of 57.3°, the clumping level was almost
insensitive to LAD, due to an equivalent projected leaf area and
Pgap. Pisek et al. (2013) investigated stand-scale clumping of a
birch stand with a theoretical model based on Nilson (1999).
Although at a different scale, they also found the planophile LAD
demonstrated the highest degree of clumping, while erectophile
the least, with clumping converging at VZA  57°. Such results
emphasise the utility of the 57.3° VZA for clumping retrieval and
the importance of accounting for LAD when applying Pgap model
at all other zenith angles.
The average value of a for the 51 reconstructed eucalypt trees in
this study was 0.38. This a value is on the upper range of values
found for a variety of Northern Hemisphere forests, typically in
the range of 0.2–0.3 (Gower et al., 1999). Similar to leaf G, there
are a number of direct (Gower et al., 1999) and indirect methods
(Kucharik et al., 1998; Sea et al., 2011) to estimate a both in the
field and by querying surface areas of reconstructed models.
Although some authors contend that a does not largely impact
the radiation regime of a stand and thus does not significantly
impact LAI retrieval, results from this study suggest this would
be forest type and species specific.

6. Conclusion
Advances in retrieval techniques of structural attributes combined with 3D modelling methods have enabled representative virtual forests to be reconstructed. Increasingly accurate 3D tree
reconstructions will provide an alternative means to estimate single tree and stand scale metrics, such as clumping, that are notoriously hard to quantify accurately. An advantage of the 3D
modelling environment is that key structural factors affecting the
extinction of light, such as GL, GW, clumping, and a, can be quantified precisely and without error for each tree model. This enabled a
more detailed evaluation of the assumptions underlying LAI calculation from the Pgap model.
This study presented an improvement in the Pgap model formulation for LAI estimation in woody ecosystems. Specifically, this
study demonstrated the need for separate treatment of the projection function of woody components GW to leaves GL. Errors across
most VZAs up to 25% LAI were found when GW was not accounted
for. The exception was at the approximate 57.3° VZA where GW and
GL converge. Therefore, careful consideration of VZA for LAI retrieval is suggested due to potential difficulties quantifying GW and a
in the field using traditional techniques.
In order to minimise LAI estimation error, all structural attributes contributing to light attenuation through the canopy need
to be considered in the Pgap formulation. Subsequently, a recommendation from this study is to split the extinction coefficient ‘k’
into its sub-components utilising the formulation presented in this
paper to explicitly differentiate known or measured structural
metrics from those that are assumed. This would assist in crossstudy comparisons and quantification of error budgets required
for traceability of remote sensing products.
The findings presented here are also important for studies utilising 3D tree models or canopies to better link the remote sensing
signal to quantifiable structural parameters for biophysical parameter retrieval. Overall, the findings of this study and the extended
Pgap model presented translate to a more accurate LAI retrieval.
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This applies to sensors of all platforms estimating Pgap in clumped
canopy environments or canopies with woody elements that contribute to the extinction of light.
A logical extension of this work is to utilise the 3D explicit tree
reconstructions coupled with computer simulation models to facilitate benchmarking, calibration, and validation of biophysical
parameter retrieval methods. For example, simulated bidirectional
reflectance factors (BRF) of individual tree models would enable
more thorough evaluation of the link between key structural attributes and the remote sensing signal. Specifically, this would enable
exploration of the effect of the quantifiable structural attributes of:
clumping, LAD, WAD, and a on multi-angular imagery and image
resolution (spectral and spatial). Additionally, exploring the impact
of the proportion of canopy element clumping on the LiDAR signal
is integral to convert transmittance and effective foliage profile
estimates to the physically measurable LAI quantities and real foliage profiles. This can be achieved using modelling framework such
as the one employed in this paper, where 3D simulations integrate
realistic canopy structure parameterised with BRF properties.
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Appendix A. Theoretical clumping formulations
A.1. Stand clumping
When gap fraction (h), G(h) and PAI (LAI and a) are measured or
known, we can solve for total element clumping XT(h) of a horizontally continuous vegetated area or forest stand.

XT ðhÞ ¼

 log PgapT ðhÞ cosðhÞð1  aÞ
GT ðhÞLAI

ðA1Þ

Note: XT(h) makes no distinction between leaf and woody elements. Recall PAI = LAI/(1  a), where a – 0, so substituting this
into Eq. (A1) yields:

XT ðhÞ ¼

 log PgapT ðhÞ cosðhÞ PAIe
¼
GT ðhÞPAI
PAI

ðA2Þ

where PAIe is the effective PAI, which is the product of PAI with
XT(h) (Chen, 1996).
A.2. Crown or individual plant clumping
Eqs. (3)–(5), (7) and (8) assume a horizontally continuous layer
of canopy, i.e. no border effects. When quantifying clumping for an
individual tree crown, this assumption becomes invalid as the
canopy is discontinuous. Therefore, the weighting for path length
(m) through a continuous layer (e.g. cos(h) in Eqs. (A1) and (A2))
may be replaced with the ratio of average path length lave(h) at
h = 0 to average path length at h. In other words, in a horizontally
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continuous canopy this ratio is equivalent to h/l; where h is the
height of the canopy and l is the average path length at h. This path
length ratio yields lave(h) equal to unity at h = 0. Utilising this path
length ratio also enables within-crown clumping to be quantified
using the Pgap model, further explained in the next paragraph.
lave(h) can be calculated for geometric volumes encasing a tree
object (e.g. cylinder, cone, etc.), where it can be estimated as a
function of VZA. Therefore, total element clumping of an individual
tree crown XT IND encased by a geometric object can be written as:

XT IND ðhÞ ¼

 log PgapT ðhÞlav e ðhÞ
GT ðhÞPAI

ðA3Þ

PgapT(h) is the gap probability of a ray passing through the projected envelope area ‘PEA(h)’ of the geometric volume encasing a
tree object. PgapT(h) is equivalent to 1  [PPA(h)/PEA(h)], where
PPA is the projected plant area on a plane perpendicular to the
viewing direction (m2 m2). GT(h) is the combined projection coefficient of wood and leaf elements (Eq. (6)).
The projected envelope area of a cylinder (PEAcylinder), with
diameter ‘d’ and height ‘h’, that encloses a tree volume with respect
to VZA can be written as:

PEAcylinder ðhÞ ¼ cosðhÞpðd=2Þ þ dh sinðhÞ
2

ðA4Þ

The average path length through a cylinder, lcylinder, with respect
to VZA can be written as following Deakin (2015):

lcylinder ðhÞ ¼

2dh

ph sinðhÞ þ 2d cosðhÞ

ðA5Þ

Eq. (A4) considers the circular correction of average path length ‘lave’
as well as accounting for the two sections of the cylinder that can be
viewed as wedges of the cylinder at both ends when tilted. In other
words, it is the average path length of a probability density function
of an infinite number of rays passing through the cylindrical envelope at any particular view zenith angle. This average path length
and path length ratio is equivalent to Eqs. (11) and (10) presented
in Hu et al. (2014).
Appendix B. Calculation of the Pgap model parameters via a 3D
modelling and simulation framework
In the case of using 3D tree models in combination with
ray-tracing computer simulation models such as librat (Lewis,
1999), all parameters on the right-hand side of Eqs. (A1) and
(A2) can be derived directly and independently. For example,
PgapT(h) can be calculated from the simulated PPA and PEA via
PgapT(h) = 1  [PPA(h)/PEA(h)] (see Eq. (A4) for PEA of a cylinder);
lave(h) is calculated as the ratio of average path length lave(h) at
h = 0 to average path length at h > 0 (see Eq. (A5) for a calculation
of the average path length through a cylinder); GT(h) is calculated
directly from the known distribution functions of leaf and woody
surfaces after applying Eqs. (1) and (6), respectively; and PAI is calculated as the sum of the known total leaf and wood surface area,
divided by a horizontal reference area of the tree model, i.e. the
PEA(h = 0°). It is important to use a stable reference area, i.e. PEA
(h = 0°), for individual tree models or discontinuous areas when
quantifying angular clumping values using this method. This will
aid in meaningful clumping factor comparisons over the same area
domain for different VZAs. In addition, quantifying clumping using
precisely known model parameters leads to the calculation of a reference clumping value. This reference value can be used to benchmark clumping retrieval methods that do not know the total or
reference PAI a priori, e.g. Leblanc and Fournier (2014).
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