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ARTICLE INFO ABSTRACT

Keywords: The so-called clumping factor (Q) quantifies deviation from a random 3D distribution of material in a vegetation
Leaf Area Index canopy and therefore characterises the spatial distribution of gaps within a canopy. Q is essential to convert
Clumping effective Plant or Leaf Area Index into actual LAI or PAI, which has previously been shown to have a significant

Woody-to-total area

3D modelling
Hemispherical photography
Eucalypt

impact on biophysical parameter retrieval using optical remote sensing techniques in forests, woodlands, and
savannas. Here, a simulation framework was applied to assess the performance of existing in situ clumping
retrieval methods in a 3D virtual forest canopy, which has a high degree of architectural realism. The virtual
canopy was reconstructed using empirical data from a Box Ironbark Eucalypt forest in Eastern Australia.
Hemispherical photography (HP) was assessed due to its ubiquity for indirect LAI and structure retrieval.
Angular clumping retrieval method performance was evaluated using a range of structural configurations based
on varying stem distribution and LAIL The CLX clumping retrieval method (Leblanc et al., 2005) with a segment
size of 15° was the best performing clumping method, matching the reference values to within 0.05 €2 on average
near zenith. Clumping error increased linearly with zenith angle to > 0.3 Q (equivalent to a 30% PAI error) at
75° for all structural configurations. At larger zenith angles, PAI errors were found to be around 25-30% on
average when derived from the 55-60° zenith angle. Therefore, careful consideration of zenith angle range
utilised from HP is recommended. We suggest that plot or site clumping factors should be accompanied by the
zenith angle used to derive them from gap size and gap size distribution methods. Furthermore, larger errors and
biases were found for HPs captured within 1 m of unrepresentative large tree stems, so these situations should be
avoided in practice if possible.

1. Introduction

The fluxes of radiation, heat and water in a vegetation canopy are
primarily determined by the total amount of vegetation and spatial
distribution, characterised by Plant and Leaf Area Index or ‘PAI’ and
‘LAY’ respectively (Law et al., 2001; Spanner et al., 1990). LAI is re-
cognised as an essential climate variable and key input into global
climate models among other applications (GCOS, 2011). It is usually

defined as one half the total green leaf area per unit horizontal ground
surface area (GCOS, 2011).

LAI is typically estimated indirectly in situ from optical remote
sensing instruments, which measure the proportion and spatial dis-
tribution of gaps in plant canopies (see reviews by (Bréda, 2003;
Jonckheere et al., 2004; Zheng and Moskal, 2009)). These methods
often utilise a theoretical model of canopy gap probability, Pgap, to
estimate LAI (Monsi and Saeki, 1965; Nilson, 1971; Woodgate et al.,
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2015a). The spatial distribution is characterised by the angular dis-
tribution of material in the canopy and the so-called clumping index or
factor ‘Q2’, which describes the typically non-random (clumped) dis-
tribution of material in a canopy over a defined 3D volume (Chen and
Black, 1991, 1992; Nilson, 1971).

Clumping factors can vary with spatial scale and viewing angle, and
are typically in the range of 0.4-1 at the stand scale for broadleaf forests
(Chen et al., 2005; Leblanc et al., 2005; Zhao et al., 2012). Clumping
factors < 1 imply that canopy elements are arranged in such a way that
more gaps are found than if they were distributed randomly. Con-
versely, clumping factors > 1 are associated with regularly distributed
canopy elements, meaning a lower gap proportion than if they were
distributed randomly. A clumping factor of 1 is associated with a the-
oretically random spatial distribution of canopy elements. A main as-
sumption of the Pgap model is that the clumping factor is equal to 1
unless explicitly accounted for, and therefore the model provides an
estimate of effective (non-clumped) PAI or LAI (Chen and Cihlar,
1995a). However, in forests a clumping factor of 1 is typically invalid
due to the clumping of canopy elements at all scales, from shoot/twig,
to branch, to crown, to whole canopy or stand (Chen and Black, 1991;
Fournier et al., 1997; Pisek et al., 2011). This can lead to up to a 50%
LAI underestimation if the clumping factor is 0.5 for example (Leblanc
et al., 2005).

In situ clumping estimates are used to support calibration and vali-
dation activities of Earth Observation global LAI and clumping products
(Fernandes et al., 2014; Pisek et al., 2015). In situ clumping retrieval
methods are an area of ongoing development and research (see Section
2). The traditional approach to benchmark and evaluate retrieval
method performance has been to compare with other in situ methods
deemed to be most accurate, such as destructive harvesting, allometric
relationships and litter traps (c.f. Leblanc et al., 2014). However, this
approach is no longer viable when trying to achieve a high level of
accuracy in the order of < 10% LAI uncertainty, especially given errors
also arise in the benchmark in situ methods in forests and woody eco-
systems where clumping is particularly important. For example, Chen
et al. (1997) reported difficulty in keeping total LAI error budgets
below 25% using the direct and semi-direct techniques of harvesting
and extrapolation to larger areas via allometry. Similar error budgets
have been reported for litter-trap collection methods (Kalacska et al.,
2005). This high uncertainty tolerance is unacceptable for current LAI
product calibration and validation accuracy targets, which aim to
match within 20% of independently derived in situ estimates, with the
requirement to improve that to within 5% for future applications
(Fernandes et al., 2014).

Three-dimensional modelling and computer simulation frameworks
are an attractive alternative to traditional field-based benchmarking
approaches, e.g. Leblanc and Fournier (2014); Walter et al. (2003);
Widlowski et al. (2015); Woodgate et al. (2016). These frameworks
enable retrieval method accuracy to be quantified precisely using the
known model ‘truth’ as a benchmark for comparison. Of the few fra-
mework studies that assess LAI and clumping retrieval methods, ray
tracing models coupled with a limited degree of canopy architectural
realism were typically employed. For example, Jonckheere et al. (2006)
simulated Hemispherical Photography (HP) in beech and Scots pine
forest canopies to evaluate the divergence of theoretical foliage dis-
tribution models to the reference model value. Walter et al. (2003)
evaluated two angular clumping retrieval techniques using simulated
HPs. Virtual scenes comprised flat foliage (10 cm X 10 cm X 1 cm di-
mensions) of varying densities and clustering percentage. Gonsamo and
Pellikka (2009) utilised the virtual scenes from Walter et al. (2003) to
investigate five clumping retrieval methods from HPs on level and
sloped terrain. More recently, Leblanc and Fournier (2014) evaluated
the accuracy of four indirect clumping retrieval methods. HPs were
simulated in virtual forest scenes comprising a broad range of stand
structures.

A main challenge of modelling frameworks is the adequate
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representation of canopy architectural realism, where the spatial dis-
tribution of gaps at all scales should closely reflect empirical data.
These simulation studies cited above found retrieval methods need to
be further tested under conditions where canopies better represent the
structural properties of an actual forest stand, such as including internal
branching structure. The advantage in this case is to permit better de-
finition of the accuracy, strengths and limitations of these indirect es-
timation methods. Consequently, there is a need for more complex 3D
models created specifically for this purpose that accurately reflect the
tree and stand structure of real forests.

The primary objective of this study was to determine the accuracy of
several clumping retrieval methods when applied to a mature Eucalypt
woodland. HP was assessed due to its ubiquitous and low-cost use for
indirect LAI and structural retrieval (Leblanc and Fournier, 2014).
Secondary objectives included quantitatively determining how the ac-
curacy of the clumping retrieval methods vary with view zenith angle,
stem distribution, and stand LAI. A simulation framework was applied
to a virtual forest canopy with a high degree of architectural realism
reconstructed from empirical data, representative of a Box Ironbark
Eucalypt forest in Eastern Australia (Woodgate et al., 2016).

This manuscript first reviews briefly the theoretical background of
in situ clumping retrieval methods (Section 2). Next, the 3D modelling
and simulation framework is presented (Section 3) enabling the eva-
luation of clumping method performance from HP’s to a range of stem
distributions and LAI values (Section 4). The paper concludes with a
discussion on the practical implications and recommendations for users
of in situ clumping retrieval methods (Sections 5 and 6).

2. Theoretical background: in situ clumping retrieval methods

Canopy clumping retrieval methods are used to determine the de-
gree of non-randomness of an observed canopy. The following sections
present a categorisation and description of in situ clumping retrieval
methods, typically applied from measurements of gap size and gap size
distribution. As such, the clumping factor is a function of view zenith
angle and can be retrieved over narrow angle ranges from instrument
measurements such as HP images (Leblanc and Chen, 2001; Leblanc
and Fournier, 2014; Pisek et al., 2011).

2.1. Logarithmic averaging (Qrx)

Lang and Xiang (1986) proposed a method to retrieve clumping
based on logarithmic averaging, using finite segments ‘k’ of gap size
distribution measurements, hereafter referred to as LX or Qx:

Q1x(6) = In[Pgap(8)]/In[Pgap(8)] = nIn[Pgap(@)]/ ), In[Pgap, (6)]

k=1
(€]

Where In[Pgap(0)] is the logarithm of averaged gap fraction over a
predefined area (i.e. a proportion of a single measurement of gap sizes
or multiple measurements), In[Pgap (8)] is the average logarithm of gap
fraction over the same area. Pgap, () is the gap fraction of segment k
relating to a sub-domain of the gap size measurement. For example,
k = 90° equates to the 360° azimuth ring of a HP image being divided
into four 90° segments containing gap and canopy pixels. The size of k
should preferably be at least 10 times the mean canopy element width,
typically corresponding to leaf size. Two assumptions are made: (i) the
canopy elements at the k scale are distributed randomly, and (ii) seg-
ments contain gaps, due to the undefined logarithm of Pgapy = 0.
Due to the undefined calculation of a logarithm with a null-gap
segment, a gap value of half a pixel is assigned. The maximum LAI value
within a segment therefore becomes a function of k and zenith angle.
Gonsamo et al. (2010) proposed a clumping retrieval method based on
the LX principle, that utilises the minimum segment size for which a
gap is present, as opposed to a fixed segment size that could lead to null
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