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3 Introduction

This review seeks to define and document a suite of data primitives useful in describing woody
vegetation. The ultimate outputs of the research will be to identify landscape level woody
vegetation features (i.e. spatial layers) from field and remote sensing scaled-up woody vegetation
data primitives. The generated landscape features will be designed to be highly correlated with end
user land manager landscape metrics. As such these data primitives need to make sense as
functional descriptors at a landscape scale and be scale-able (i.e. function in a similar manner at a
range of spatial scales from the plot to community to landscape / catchment). Lastly, given that this
research is set in an Australian context the data primitives must have utility in Australian sclerophyll
environments.

The purpose of data primitives, in the context of CRC-SI project 2.07, is as a universal set of
functional descriptors which are recoverable both as field-measured variables and have an
analogue remotely sensed equivalent. The remote sensing of the data primitives consists of the
spatial assessment of those descriptors. For example, discolouration can be mapped as average
foliage pigment content and canopy height can be represented spatially as average height of the
dominant trees within a spatial unit. These data elements or primitives can be later compiled into
features and assembles useful for land management decision making. Moreover, several of these
indicators can be grouped into cohorts i.e. chemical composition and Discolouration; stem density
and basal area etc.

This document presents a literature review of the following selected data primitives:
- Canopy height
- Tree diameter
- Tree spacing
- Vertical structure
- Forest cover and leaf area
- Tree species composition
- Course woody debris
- Foliage chemical composition

These variables have good resonance with the needs analysis for the assessment of the 28
biological indicators (as described by the Santiago Declaration at the sixth meeting of the Montreal
Process Working Group (Montreal Process Working Group, 1995), see Appendix A for a full
overview).

To canvas the opinion of land management agencies (both federal and state), a web-based survey
was conducted targeting key personnel involved in land management in Australia and New
Zealand. The survey objectives were firstly, to better understand the needs of land managers for
decision and policy making; and, secondly, to gain feedback on the types of metrics commonly
used in forest attribution. The survey was sent to 81 people; with 32 completions during May 2012
—summary results presented here. For a full report on this survey please see appendix B.
When asked “What are the five most important forest metrics to capture using remote sensing from
a forest management perspective?” the top ten most popular metrics (of 31) were:

- Tree height

- Forest condition and health

- Density of tree crowns (LAl or FPC)

- Species/type mapping

- Change detection

- Forest cover extent

- Fire frequency and severity

- Vertical foliage density profile

- Biomass/Carbon

- Basal area
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Figure 1. Importance of the forest management metrics according to land management agents
participating in the web survey.

Respondents also ranked the importance of seventeen of these metrics from a forest management
perspective (Figure 1).

As a final indicative (not definitive) appraisal, a rudimentary analysis of key words cited in the
recent peer-reviewed literature was undertaken (Table 1). Leaf area, canopy cover, chlorophyll
content and basal area are the most common key words. Google scholar was used as a search
engine in order to consider not only ISI journal publications but also governmental
agencies/management reports and conference proceedings.

Based on these assessments the following review of data primitives is presented. Seven key areas
were focussed on Canopy height, Stem density, Overstorey/Understorey, Leaf area and Canopy
cover, Forest typology/Floristics, CWD and Chlorophyll content.

Table 1. Number of reported articles using data primitive key words since 2011 (Global & Australian
studies); source Google scholar 12" September 2012.

Data primitive Global Australian context
Course Woody Debris 1,850 588
Forest typology 64 12
Forest classification 732 130
Leaf area* 17,500 4,070
Canopy cover* 5,140 1,650
Understory / overstory 0 0
Canopy height 3,180 982
Stem density 1,660 502
Basal area 5,640 1,260
Chlorophyll content 7,480 1,110




In the following sections the main woody vegetation data primitives are defined. The
characterisation of those data primitives is presented together with methodologies and applications
for their measurement in the field and their spatial assessment through remote sensing. Finally, a
section addressing specific studies in the Australian environment is included for each of the data
primitives presented.

4 Metrics for woody landscape attribution

4.1 Canopy height

4.1.1 Definition

The height of a standing individual tree can be defined as the vertical distance from ground level to
its uppermost point (Empire Forestry Association 1953) or to the top of the live crown (Zimble et al.
2003). Canopy height is a metric describing the statistical aggregation of individual tree heights for
a region (Parker 1995).

4.1.2 Characterisation

An assessment of the height of all individual trees at a landscape level is inherently unfeasible
(Magnussen & Boudewyn 1998) and an aeral generalisation of individual tree heights is estimated.
Canopy height is considered important in forest planning (Neesset 1997) and is a key criteria in the
United Nations (UNFCCC 2002) and Australian (National Forest Inventory 1998) definitions of
forest at a landscape level; applied uses of canopy height are listed in Table 2. Canopy height can
be regarded as a categorical (Mellor et al. 2012) or continuous variable and is scale independent,
being reported at the plot (Lovell et al. 2003; Means et al. 1999), stand (Naesset 1997), regional
(Hudak et al. 2002) and global scale (Simard et al. 2011; Lefsky 2010). Canopy height at extents
beyond the plot are often reported as a 3-dimesnoinal canopy height surface model (CHM).

Mean canopy height can refer to either the mean height of all trees within a defined extent or an
objectively selected subsample (Neesset 1997). The commonly used “dominant height” is defined
as the mean height of all trees that are not overtopped and whose crowns are not shaded by
adjacent trees (Lefsky et al. 1999a). Terms that are synonymous with dominant height tend to
differ with regard to the sample size/area used, for example, “predominant height” is defined by
Lewis et al. (1976) as the tallest 100 trees per hectare whereas “top height” is the tallest 75 trees
per hectare Lovell et al. (2003), however these definitions may include trees that are not strictly
(co)dominant. Cohen & Spies (1992) defined the “upper canopy” as all co-dominant, dominant and
emergent trees. Maximum height and top-of-canopy are terms used particularly with regard to
LiDAR and derivation of CHM. A common forestry term for canopy height used in north America
and Scandinavia is “Lorey’s height” (h.); that is the basal area weighted mean canopy height
(Neesset 1997), it is calculated as in [1]. Lorey’s height gives more weight to larger trees that have
greater influence on canopy height (Lim et al. 2003).
i o
hy = Lz hig [1]

Jur)

4.1.3 Methods and application

Tree height has been traditionally assessed from the ground (Figure 2), utilising instruments such
as a clinometer, electronic total station or a hypsometer (Hollaus et al. 2006). Canopy height is
then estimated as a mean of all or a subsample of trees measured, canopy height is therefore a
funtion of plot or subsample size (Lovell et al. 2003). With the emergence over the passed three
decades of radar, optical and airborne laser scaning (ALS e.g. LIiDAR) remote sensing
technologies, the ability to accurately assess vertical canopy structure over large spatial extents
has become reality (Hudak et al. 2002; Sexton et al. 2009). Reviews of remote sensing
applications for canopy height estimation are provided by Wulder (1998), Lim et al. (2003) and
Waulder et al. (2008). This review will focus on canopy height from field plot and ALS due to their
applicability to project 2.07.
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Figure 2.  Triganmonetrical principles of tree height measurement (Victorian Department of
Sustainability and Environment 2012).

Height estimates synonymous with mean, dominant height and Lorey’s height can be derived from
small-footprint discrete-return airborne laser scanners (ALS). For example, Popescu et al. (2002)
defined mean height as the arithmetic mean of all first returns above a vertical threshold of 2.44 m.
Neesset (1997) calculated the square of height values for individual non-ground returns to report a
weighted mean canopy height analogous with Lorey’s height. It is generally accepted that ALS is a
more accurate method for height determination than other methods (Naesset & @kland 2002; Tickle
et al. 2006). However ALS can underestimate canopy height; as a pulse may not interact with the
apex of the tree (Lim et al. 2003; Hyyppa et al. 2008); the amplitude of energy reflected from “soft”
leafy targets may not be sufficient to exceed an arbitrary threshold to record a return (Lovell et al.
2003); and the effect of wind on the top of the canopy at the time of capture (Tickle et al. 2006).
Conversely, overestimation may be caused by emergent trees (Lovell et al. 2003). Accuracy at the
edge of a swath may also diminish as a result of uneven point spacing (Lovell et al. 2005).

A number height statistics can also be derived from large-footprint full-waveform ALS that are
synonymous with mean and dominant height. In a single waveform return, the point at where
sufficient return energy triggers the sensor to begin recording to the modal peak of the last
(ground) return is equivalent to vertical canopy height for a measured footprint (Lefsky et al. 1999a;
Means et al. 1999). RH100 (Ni-Meister et al. 2010) and CHP100 (Drake et al. 2002) i.e. the height
at which 100% of foliage volume is located below, are synonymous with vertical canopy height.
When referring to aggregated footprints, Lefsky et al. (1999a) defined mean height as the mean of
vertical canopy height for 5 x 5 returns. Simard et al. (2011) utilised RH100 when reporting canopy
height at a global scale; this was validated against predominant height i.e. the 3 tallest trees in
1600 m? plot.

Table 2. Applied uses of canopy height as a data primitive

Application Context Citation
Lefsky et al. (2001); Drake et al. (2002); Hurtt et al. (2004);
Global Patenaude et al. (2004); Asner et al. (2010); Koch (2010);

Forest Biomass Swatantran et al. (2011); Hudak et al. (2012);

Australia  Lucas et al. (2008b)

Global o€tz etal. (2007); Hyde et al. (2006); Hinsley et al. (2009); Hill &

Habitat Thomson (2005)
Australia  Brown (2001); Haywood & Stone (2011)
Global Hill & Thomson (2005)

Species/Floristics/cover : Tickle et al. (2006); Burgman (1996); Mellor et al. (2012); Zhang &
Australia Liu (2012)

Resource management / | Global Neesset (2007); Neesset (1997); Wulder et al. (2008)

forest inventory Australia  Lim et al. (2011); Turner (2007); Brack (2007)




4.1.4 Australian context

Definitions of field assessed dominant, predominant and top height vary across Australia. For
example the number of trees included in dominant height estimation in NSW and the ACT is 40
trees ha™, in QLD is 50 trees ha™, in SA is 75 trees ha™ (Research Working Group #2 1999).
Studies reporting canopy height tend to utilise small foot discrete return ALS (Table 2) and in this
regard dominant height has been calculated as the arithmetic mean for a subset of highest returns
(Lovell et al. 2003; Lee and Lucas 2007) or a percentile of all returns i.e. 99th percentile (Jenkins
2012) or 95" percentile (Haywood and Stone 2011). Tickle et al. (2006) calculated dominant
height for a plot as the mean height of the tallest trees within subplots which they then scaled to a
regional level stratified by forest type. Goodwin et al. (2006) found a good agreement with
maximum return height and maximum observed tree height at the plot scale. Using the satellite-
borne ICESat full-waveform LIDAR data to assess canopy height at a continental scale, Lee et al.
(2009) found the height from the centre of the ground pulse to the centre of the first vegetation
pulse (centroid height) was synonymous with ALS derived predominant height. Mellor et al. (2012)
defined canopy height using a classification system e.g. low, medium and tall, derived from aerial
photography interpretation.

4.2 Tree diameter and volume

4.2.1 Definition

The tree diameter and volume are important structural components related to stand age and
aboveground biomass. Tree diameter is generally measured during plot-based inventories in the
form of Diameter at Breast Height (DBH). In these inventories, usually only trees larger than a
threshold DBH (e.g. 5 or 10cm) are included in the survey. The stand mean DBH is the average
DBH of all surveyed trees in area, often expressed in centimeters. There is no widely agreed upon
definition of tree volume and it varies with the purpose of the inventory. Possibly, the most logical
and general definition is: the volume of stemwood from the root collar to the top (Zianis et al.
2005). Stemwood is the main part of the tree (excluding branches and roots). The stand volume,
expressed in m3 per area unit, is the combined stemwood volume for all trees within an area.

4.2.2 Characterisation

Mean DBH can be used to characterize the general tree size within an area or stand. It needs to be
used in conjunction with other plot attributes since it does not convey information about the number
of trees or total stand volume. There are a number of area-based metrics that can be derived from
the DBH of all trees within an area. These include mean DBH, quadratic mean stem diameter,
stand basal area, variation in DBH, and number of large trees.

Historically in forestry, the mean diameter sometimes refers to the quadratic mean square diameter
(QMSD). QMSD is calculated with equation [2].

- T

MsD = |25 2
Q.wsa_‘]n [2]

where d; d:is each individual tree and n the number of trees (Curtis and Marshall 2000). QMSD
can be regarded as a more informative attribute than the arithmetic mean DBH because it is more
closely related to stand volume (Gémez et al. 2012). It is related to mean basal area and gives
higher weight to larger trees.

Stand basal area is the cumulative basal area of all stems in a plot expressed in m2/ha. It is
closely related to stand volume and biomass. Jonson and Freudenberger (2011) found strong
relationships between stand basal area and stand biomass for mixed forests in south-western
Australia. Importantly, they determined that generic allometric relationships across species could
be justified. Basal area is also related to forest age and has been used for identification of old
growth forests. A study by Ziegler (2000) determined that basal area, as well as mean DBH,
increased with stand age in a hemlock-hardwood forest. Stand volume can be calculated from
basal area, sometimes in combination with tree height, using species-specific allometric equations.
It is related to above-ground biomass, carbon, and timber resources.



The diversity of tree sizes in a plot can be used as an indicator of the variability of succession
stages within a stand, and has been linked to structural complexity (Zenner 2000), the potential to
generate woody debris (Spies 1998), and biodiversity (Van Den Meersschaut and Vandekerkhove
2000; Neumann and Starlinger 2001). It can also be seen as a record of past disturbances and is
informative for decisions about thinning or harvesting of the forest (Spies 1998). This metric is
often quantified by the standard deviation of tree DBHs (SDDBH) [3].

sppBH = =i = D*

s 3]

where d; is tree DBH and d is the arithmetic mean DBH.

The number of large trees can be derived from an inventory of DBH of all trees in a plot. It is
another metric of relevance as an indicator of old-growth forests (Spies and Franklin 1991), and for
identifying habitats for fauna that depend on large trees for survival (Gibbons et al. 2002). The
definition of large trees varies between different studies and the ecosystem that is inventoried.
Spies and Franklin (1991) used DBH > 100cm in a Douglas-fir forest in western USA. Van Den
Meersschaut and Vandekerkhove (2000) defined large trees as 40cm < DBH < 80cm, and trees
with thicker stems were defined as very large, in a temperate Belgian forest.

4.2.3 Methods and applications

There is a wide range of applications for tree diameter derived attributes, both for timber production
and conservation purposes. These are summarised in Table 3 and include estimates of biomass
and carbon, identification of successional stages, and mapping of wildlife habitats.

In field based inventories, tree DBH is usually measured with a tape outside the bark. Inventory
protocols guideline how to measure the DBH for different stem forms (Figure 3). Tree volume can
be estimated from DBH and/or height using allometric equations (Zianis et al. 2005).

___DBH Measurement DBH Measurement

DBH Measurement

1.3m

DBH Measurement DBH Measurement - _ Yo} |- . __ DBH Measurement

1.3m 1.3m
1.3m

ﬂ DBH Measurement - - -
- - ?—"‘ DBH Measurementjr Average

| DBH Measurement

1.3m DBH Measurement ----

-
/r

Figure 3. Example of rules for DBH measurements for different stem forms (DSE, 2012).



Table 3. Applications of tree diameter and volume metrics.

Application Forest metric Reference

(Ziegler 2000; Kanowski et al.
2003; Woinarski et al. 2004)
Mean DBH (Ziegler 2000)

(Spies and Franklin 1991;
Wimberly and Spies 2001)
(Spies and Franklin 1991;
Wimberly and Spies 2001)

Stand basal area

Forest age and
successional stages SDDBH

Number of large trees

(Jonson and Freudenberger 2011,

Biomass and carbon Stand basal area Asner et al. 2012)

(Means et al. 2000; Burkhart and
Tomé 2012)

(Maltamo et al. 2004; Tonolli et al.
2011)

Stand basal area

Timber yields
Stand volume

(Smiet 1992; Bhat et al. 2000;

Disturbance Stand basal area Bhuyan et al. 2003)

(Van Den Meersschaut and
Biodiversity SDDBH Vandekerkhove 2000; Neumann
and Starlinger 2001)

Wildlife habitat Number of large trees (Gibbons et al. 2002)

From a remote sensing perspective, there have been several attempts to model structural
parameters using medium resolution spaceborne data such as Landsat and SPOT (Cohen and
Spies 1992). In the last decade, LIDAR has been the dominant technology because of its ability to
model vegetation structure in three dimensions. Of the DBH based metrics, basal area, mean
DBH, and stand volume are the most commonly estimated in the remote sensing literature. In
area-based inventories, a number of LIDAR metrics are derived from the point cloud and regressed
against field data in order to find empirical relationships. Often height percentiles, cover
percentiles, density percentiles, and their standard deviations are the most informative LIiDAR
metrics for modelling basal area and volume (Means et al. 2000; Holmgren 2004; loki et al. 2010;
Yu et al. 2010). There have also been attempts to use data from high-spatial-resolution satellite
sensors, such as Worldview2 and Quickbird, for estimating these attributes (Ozdemir and Karnieli
2011; Gomez et al. 2012). These studies rely on a set of textural features (e.g. entropy and
contrast) for explaining the variation in structure.

SDDBH and number of large trees are generally not estimated from remote sensing data, possibly
because they are difficult to estimate. However, Ozdemir, and Karnieli (2011) showed that SDDBH
could be mapped for an Israeli dryland plantation forest using high-spatial resolution WorldView-2
imagery. For estimation of the number of large trees using LIDAR, it is necessary to apply an
individual tree identification approach and estimate both location and size of trees. This requires
both high point cloud densities and computing-intensive algorithms which might not be
economically feasible to scale up to very large areas.

4.2.4 Australian context

In Australian landscapes, studies on estimating stand volume and DBH-based metrics using LIiDAR
data have so far mainly focused on plantation forests. Musk (2011) estimated basal area (r2=0.75)
and merchantable stand volume (r?=0.84) in a Tasmanian eucalypt hardwood plantation, and
Turner et al. (2011) estimated stand volume (r2=0.81 to 0.83) for a pine plantation in New South
Wales. One example of LIDAR-based estimation of basal area in a natural eucalypt forest is the
study by Haywood and Stone (2011). They found that the 50" height percentile and intensity
values were useful for predicting basal area (r?=0.56). Applications of LIDAR for wood resource
mapping are expected to continue growing and developing in the coming years (Turner et al.
2011). Studies on estimating biomass in native forests (e.g. Lucas et al. 2006) have generally not
estimated basal area or stand volume. Instead, biomass has been predicted directly from various
LiDAR metrics.



4.3 Tree spacing

4.3.1 Definition

Tree spacing refers to the number and spatial arrangement of stems in an area. The density of
stems is the most commonly inventoried metric in this category. It is measured in number of stems
per area unit. Generally, there is a minimum DBH (e.g. 5 or 10cm) and/or height for the stems
included in the field inventory.

4.3.2 Characterisation

Stem density is related to stand age and is often negatively correlated with mean DBH (Spies and
Franklin 1991; Acker et al. 1998). It is a measure of site occupancy and is central for modelling
growth and yield projections, and to guide decision-making about the need for thinning (Neesset
and Bjerknes 2001). From a silvicultural perspective, it has long been important to estimate the
degree of stand competition in order to apply thinning operations before natural self-thinning
occurs. Based on stem density and a metric for tree size (e.g. DBH), it is possible to estimate the
stand stocking level. Stocking refers to the number of trees in relation to an optimal number set by
some management regime (Burkhart and Tomé 2012).

Stem density does not convey information about the spatial arrangement, or clustering, of trees.
The degree of clustering is important because it can reveal information about forest growth
processes and competition (Pretzsch 1997). The Clark-Evans Index (Clark and Evans 1954) is
perhaps the most commonly utilised metric for these patterns (McElhinny et al. 2005). It measures
the ratio between the observed average distance Toz= from a tree to its nearest neighbour and the

expected average distance g based on a randomly distributed tree population [4]
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where 1; Tiis the distance from tree i ¢ to its nearest neighbour, n is the sample size, and N ¥ is
the number of trees per hectare (Clark and Evans 1954; Ozdemir and Karnieli 2011).

4.3.3 Methods and applications

Applications of tree spacing are summarised in Table 4. While they can be important for
silvicultural purposes, they are mainly used in conservation and forest condition applications.

While there were early attempts to estimate stem density using Landsat and SPOT data (Cohen
and Spies 1992), most recent studies use LIDAR technologies. The local maxima in a LiDAR-
generated Canopy Height Model (CHM) (Persson et al. 2002), or the horizontal and vertical density
of points in the LIDAR point cloud (Lee and Lucas 2007), can be used to identify individual tree
locations. Stem density has also been derived using statistical distribution-based methods from
either LIDAR metrics (Naesset and Bjerknes 2001), or textural attributes of optical imagery
(Klobucar et al. 2011; Ozdemir and Karnieli 2011). Tree clustering is seldom estimated using
remote sensing, but it can be computed from any dataset that permits identification of individual
trees. Another approach, exemplified by a study by Ozdemir and Karnieli (2011), is to derive it
statistically using textural features from high-resolution optical imagery.

Table 4. Applications of tree spacing

Application Forest metric Reference

Successional stages and old- | Stem density (Spies and Franklin 1991; Acker

growth forests et al. 1998; Kanowski et al. 2003;
Woinarski et al. 2004)

Growth prediction and stocking Stem density (Neesset and Bjerknes 2001,
Burkhart and Tomé 2012)

Clark-Evans Index (Pretzsch 1997)

Fire risk and severity Stem density and clustering | (Richardson and Moskal 2011)

Disturbance Stem density (Bhat et al. 2000; Bhuyan et al.
2003)

Input to physical canopy models Stem density (Chen and Leblanc 1997; Zarco-
Tejada et al. 2004)




4.3.4 Australian context

Both individual tree and area-based approaches have been used in Australian forests. Haywood
and Stone (2011b) used the area based approach and found that a model based on height
percentiles, intensity, and skewness, derived from the LIiDAR point cloud, could predict stem
density reasonably well (r2=0.41). Turner et al. (2011) compared the individual tree and area-based
approaches on a pine plantation in New South Wales with good results for both. Stem density was
estimated with r2 of 0.85 and 0.88 for the area based and individual tree based approaches
respectively. Another area-based study (Musk 2011) mapped stem density in a Tasmanian
eucalypt hardwood plantation using a Random Forests (RF) algorithm with an r2 of 0.64. That is
weaker than the same study’s results for basal area (r2=0.75), mean dominant height (r2=0.96), and
stand volume (r2=0.84). Stem density is a comparatively difficult attribute to estimate, and it is
particularly hard in ecosystems characterised by complex vegetation structures (Richardson and
Moskal 2011). The native Australian sclerophyll forest is one such example. Here, trees are often
clustered and there is sometimes a layer of more shade-tolerant trees underneath the dominant
canopy. These characteristics make it difficult to identify individual trees in the CHM. Lee and
Lucas (2007) developed the Height-Scaled Crown Openness Index (HSCOI) as an alternative
method for identifying trees in more complex forests. It identifies trees based on the vertical and
horizontal density of points in the LIDAR point cloud. They obtained good results at a Queensland
study site composed of mixed species woodlands and open forests. About 70-80% of stems (DBH
= 5cm) were correctly located. The accuracy was lower when the same method was applied on a
denser and more structurally complex forest in northeast Victoria.

Kandel et al. (2011) proposed another methodology based on the assumption of a direct
relationship between mean DBH and stem density. They estimated stem density in Victorian native
sclerophyll forests. First, mean DBH was calculated based on an allometric relationship with mean
canopy height estimated using LiDAR. Then, stem density was derived from mean DBH using a
formula for tree competition. According to the authors, the results are promising for operational
applications in Australian forestry. However, a strong correlation between mean DBH and stem
density cannot be taken for granted. One of their two study areas exhibited a strong relationship
(r2=0.97), and the other a weaker correlation (r2=0.52). Other literature suggest that the relationship
between tree size and density is less straightforward, varying with age composition, species
composition, and the degree of exogenous disturbances (Coomes et al. 2003).

4.4 Vertical structure

4.4.1 Definition

Forest vertical structure can be defined as the as the configuration in space and time of vegetative
components in terms of position, extent, quantity, type and connectivity, from the canopy top to
forest floor (Brokaw & Lent 1999; Parker 1995).

4.4.2 Characterisation

Forest vertical structure can be characterised by configuration of vegetative layers i.e.
presence/absence of understorey (Morsdorf et al. 2010; Hill & Thomson 2005). Presence/absence
analysis can be applied to a three-dimensional domain where voxels are assigned to either
containing a void or vegetation (Lee et al. 2004; Lefsky et al. 1999a). Count of vegetation layers
within a vertical profile has been used to identify the presence of an understorey (Maltamo et al.
2005) and inference of single- or multi-layered forest has been achieved by determining variance in
height of all trees within a plot (Zimble et al. 2003). For a plot, vertical structure has been
described using foliage height profiles (FHP) (MacArthur & Horn 1969), that is the cumulative
percentage cover as a function of height. FHP is a function of gap probability vertically through the
canopy [5];

FHP.(h) = —In{1 — cover(h)) [5]

where FHP(h) is leaf area index expressed as a fraction of projected ground area above height h,
and cover(h) is the fraction of sky obscured by foliage above h (Lefsky et al. 1999a). This
assumes a uniform leaf angle and a radom distribution of leaves through the canopy which may
not be the case (Lovell et al. 2003; Jupp et al. 2008). Full descriptions of vertical profile derivation
are provided by Ni-meister et al. (2001) and Lovell et al. (2003). Terms synonymous with FHP
include canopy height profile (CHP) that includes all woody and foliage elements thought the



canopy (Lefsky et al. 1999a; Harding et al. 2001); “actual” and “apparent” foliage density profiles,
the latter as a result of ALS being unable to resolve leaf-angle distributions and clumping i.e. non-
random leaf distribution (Ni-meister et al. 2001); canopy height distributions (CHD) and canopy
height quantiles (CHQ) (Zhao et al. 2009); and verticle canopy profiles which represent the vertical
distribution of crown volume (Drake et al. 2002). As presented in Table 5, a metric of vertical
height is utilised widely in applied forest science and can be considered of greater importance than
canopy height (Goetz et al. 2007).

Table 5. Applied use of vertical structure as a data primitive

Use Location Citation

Drake et al. (2002); Zhao et al. (2011); Lefsky et al.

Global " 1999b): Lefsky et al. (2001); Naesset (2004)

Forest Biomass

Australia  Fensham et al. (2002); Lucas et al. (2008a)

Goetz et al. (2007); Turner et al. (2003); Graf et al. (2009);

Global :
Habitat Ferris & Humphrey (1999)
Australia
Global
Floristi : ;
onstics . Zhang & Liu (2012); Miura & Jones (2010); Lucas et al.
Australia

(2008a)

Global Morsdorf et al. (2010); Naesset (2004)
Resource management /

forest inventory Australia

4.4.3 Methods and applications

Methodologies to identify multi-layered forests or estimate vertical profile include using a calibrated
telephoto lens (MacArthur and Horn 1969) or laser range finder (Radtke and Bolstad, 2001) to
measure distances to first leaf interception. With regard to remote sensing, stereo
photogrammetry interpretation (Fensham et al., 2002), radar (Hyyppa et al., 2000), terrestrial
LiDAR (Parker et al., 2004) and discrete (Lovell et al., 2003) and full-waveform airborne laser
scanning (Means et al., 1999) have been applied to vertical structure determination. The
MacArthur and Horn (1969) method uses a calibrated telephoto lens to determine multiple
measurements of distance to first leaf interception, this method is still widely used as a validation
technique (Lefsky et al., 1999a; Lovell et al., 2003).

Discrete return ALS derived statistics of height such as standard deviation and percentiles can
provide information on vertical structure, even utilising systems restricted to recording first and last
returns (Popescu et al., 2002; Lovell et al., 2003; Magnussen and Boudewyn, 1998). A laser pulse
may not necessarily interact with the top of the canopy and therefore utilisng all returns will elicit
information from within and below the canopy (Magnussen and Boudewyn 1998; Maltamo et al.,
2005). Neesset (2004), for example, utilised height percentiles in a stepwise multiple regression to
estimate forest inventory variables including biomass. Discrete return ALS has also been used to
determine vertical profile and density profiles (Lovell et al. 2003; Coops et al. 2007). This method
calculates the probability of a gap from the top of the canopy to a given height (z) and compares
this to the total number of LiDAR pulses [6];

() = P35> 2) 6]



where #z; is the number of returns above z Z and N & is the total number of laser pulses. The
cumulative projected foliage area index is then calculated by a modified exponential transformation

(Aber, 1979) of (1-Pgap(2)) 1 ~ Fraz(2) [7]:
L(Z) == Iog(Pgap (Z)) [7]

where the derivative of L(z) is the foliage profile (Lovell et al. 2003). To stabilise L(z) a distribution
function can then be fitted, for example a Weibull function [8] where H is maximum canopy height
and a and g are fitted parameters (Lovell et al., 2003; Jaskierniak et al., 2011; Coops et al., 2007).
Coops et al. (2007) fitted Weibull distributions to canopy profiles derived from point quadrat,
inventories and LiDAR data; they noted a good agreement between Weibull parameters (a and ()
and mid crown depth as a ratio of total height and crown length respectively.

LE@)=1- L'(E)S] [8]

The authors concluded that LIDAR can be used to derive a vertical canopy profile and that bi-
modal distributions are required for multi-layered forests. Riafio et al. (2003) applied a cluster
analysis to multi return system to delineate between canopy and understorey; first aggregating the
discrete return to create a canopy density profile and then applying an exponential transformation
to account for shadowing of the understorey.

Full waveform LIDAR has also been used to characterise vertical structure (Lefsky et al., 1999a;
Harding et al. 2001; Drake et al. 2002; Means et al. 1999; Ni-meister et al., 2001). As with discrete
return ALS, percentile statistics or profiles can be derived from return waveforms to describe
vertical structure. Figure 4 (Lefsky et al., 1999a) illustrates the different structural metrics that can
be derived from a full-waveform system.

@ Horizontal Profile (Spies et al. 1990)
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Figure 4.  Characterising vertical structure with full-waveform LIiDAR; (A) a schematic of a
representative multi-layered canopy (Spies et al. 1990); (B) a canopy surface hypsograph, showing
the vertical distribution of the upper canopy surface; (C) a canopy height profile, showing the relative
vertical distribution of foliage, and; (D) a canopy volume profile, showing the vertical distribution of
four classes of canopy structure (Lefsky et al., 1999a).



4.4.4 Australian context

There are a number of studies to determine vertical structure of Australian forests. For example,
Crome and Moore (1992) applied the MacArthur and Horn (1969) method to estimate localised
disturbance caused by logging and Fensham et al., (2002) utilised stereo aerial photography to
distinguish different height strata. Laser scanning has been utilised in a humber of studies to
determine vertical structure, however analysis techniques have been varied. For example, Lovell
et al. (2003) derived vertical profiles at a number of sites in NSW using small footprint ALS,
highlighting its utility. Lee et al. (2004) described vertical structure at a site in QLD using a voxel
approach. Lee and Lucas (2007) developed the HSCOI model to estimate the relative penetration
of discrete-return ALS into the canopy therefore inferring structural complexity. Jupp et al. (2008)
used a full-waveform terrestrial laser scanner to estimate vertical profile demonstrating the utility
and accuracy of the Echidna instrument. Zhang et al. (2011) characterised Victorian cool
temperate rainforest by statistically comparing stratified vertical profiles. Jaskierniak et al. (2011)
fitted a number of distribution models to ALS derived bimodal vegetation profiles to characterise
Mountain Ash stands. Finally, Miura and Jones (2010) used vertical structure and ALS return type
to characterise Tasmanian dry sclerophyll forests.

45 Forest Cover and Leaf Area

45.1 Forest cover

45.1.1 Definition

Forest cover in the context of this review is a measure of the horizontal proportion of vegetation
overlap of an area with a forest land use/land cover classification.

45.1.2 Characterisation

The proportion of forest cover provides a useful measure of the amount and distribution of foliage
and allows for analysis at a number of spatial scales (White et al., 2000). Canopy cover, a common
descriptor of forest cover, is defined as the proportion of the forest floor covered by the vertical
projection of tree crowns (Jennings et al., 1999). Quantifying canopy cover is an integral
component of determining forest from non-forest (UNFCCC, 2001; ABARES, 2012). Forest cover
metrics provide significant insight to vegetation condition and are used for forest inventory
assessment (Jennings et al., 1999; Johansen and Phinn, 2006).

A wide range of cover and fractional variables exist which aim to characterise forest cover. Each
cover metric aims to measure the proportion of vegetation overlap with reference to ground area.
Cover is distinguishable from leaf area index (to be defined in section 4.5.2.2) as cover does not
usually include the vertical proportion of vegetation overlap, thus restricting its range of values if
given as a percentage from 0 to 100. Synonymous metrics have been grouped based on definition,
not method of derivation. The key distinguishing factors between the outlined metrics in Table 6
are their applicability to a particular cover metric (McDonald et al., 1990), whether in-crown gaps
are included, and if the cover metric distinguishes Photosynthetically Absorbing Radiation in the
canopy (PAR) elements from non-PAR canopy elements. Table 7 is a representative but not
exhaustive list of cover metrics.

Foliage Projective Coverage (FPC)

Foliage Projective Cover (FPC) is ‘a measure of the proportion of the ground area covered by
foliage (or photosynthetic tissue) held vertically above it’ (pp. 193, Specht and Morgan, 1981). FPC
appears to be the same as Projective Foliage Cover (PFC) as cited in McDonald et al. (1990). FPC
allows for gaps in tree crowns and irregularities in its outline, consequently giving a more realistic
estimate of foliage cover in open canopies (Specht and Morgan, 1981). This authors used the term
FPC to determine a ‘climax’ point or state of equilibrium for overstorey and understorey vegetation
for given plant communities or species. The ‘climax’ point will depend on factors affecting
vegetation growth such as climate, fire, disease and overgrazing to name a few. FPC provides a
useful measure of total foliage in all but the most densely vegetated environments (Specht and
Morgan, 1981). Therefore, FPC is suited to the rangelands in Australia containing Eucalyptus and
Acacia trees and shrubs (Specht and Morgan, 1981). However, careful consideration must be



given to the vertical projection measurement technigque with situations of vertical or near vertical
leaves (McDonald et al., 1990).

Canopy Cover

Canopy cover is an important environmental health indicator for riparian zones as it describes the
amount and distribution of vegetation cover (Johansen and Phinn, 2006). It is also required for
estimating forest stand statistics from remotely sensed images supporting forest inventory
(Jennings et al.,, 1999). Canopy cover is independent of tree height and the height of the
measurement (Jennings et al., 1999). Synonymous terms for canopy cover include canopy
projective cover (Specht and Morgan, 1981), canopy percentage foliage cover (CPFC) (Johansen
and Phinn, 2006), percentage canopy cover (PCC) (Johansen and Phinn, 2004), and crown cover
(McDonald et al., 1990; USDA, 1997).

Canopy cover is distinguishable from FPC. Firstly, because it includes non-photosynthetically
active radiation (nPAR) absorbing canopy elements such as branches and stems, whereas FPC
differentiates the PAR from nPAR elements. Secondly, canopy cover does not account for any
gaps in the canopy or irregularities in the canopy outline, and therefore provides a less realistic
measure of canopy coverage than FPC (Specht and Morgan, 1981). Lastly, FPC is able to
distinguish different strata in the forest, whereas canopy cover cannot (McDonald et al., 1990).
Canopy cover has been identified being able to exceed 100% in some studies, and limited to 100%
in others. Cover is usually measured between 0 and 100 when quantified as a percentage. USDA
(1997) stated canopy cover is as a measure being able to exceed 100%. However, in other studies
canopy cover is quoted as being limited to 100% (Elzinga et al., 1998; Jennings et al., 1999).
Canopy cover in USDA (1997) may exceed 100% if vegetation is split up into layers or stratum
based on height above ground, counted separately and then combined. However, a meaningful
result will not always be produced when quantified as a percentage if the layers are summed for a
singular ground point and then averaged over a large area or number of points. Therefore, a clear
distinction should be made if measuring canopy or vegetation layers as opposed to a general
measure of vegetation cover.

Canopy Closure

‘Canopy closure is the proportion of the sky hemisphere obscured by vegetation when viewed from
a single point’ (pp. 59, Jennings et al., 1999). Canopy closure measurements will vary depending
on the field of view (FOV) of the method employed and include both PAR and nPAR canopy
elements (Jennings et al., 1999). Canopy height and the height of the measurement viewing point
influence canopy closure measurements (Jennings et al., 1999). Canopy openness is the antonym
of canopy closure (i.e. 1 - canopy closure = canopy openness) (Jennings et al.,, 1999).
Synonymous terms for canopy closure are canopy density (Jennings et al., 1999) and plant
projective cover (Arroyo et al., 2010). Canopy closure is a more representative measure of light
penetration through a canopy than canopy cover, as canopy cover treats tree crowns as opaque.
Furthermore, canopy closure is a more robust measurement than canopy cover for foresters, as
canopy closure is ‘directly related to the light regime and microclimate and will therefore be linked
to plant survival and growth at the point of measurement’ (pp. 63, Jennings et al., 1999).

Foliar Cover

Foliar cover is ‘the percentage of ground covered by the vertical projection of the aerial portion of
plants’ (pp. 236, Anderson, 1986). Foliar cover is used in erosion models as it reflects variations in
the density of the plant canopy associated with leaf and twig mortality (Pellant et al., 2005). Foliar
cover also reflects the changes in the size and number of individual plants in a defined area
(Pellant et al., 2005).

Two distinguishing factors between foliar cover and FPC are that FPC includes only PAR canopy
elements and foliar cover can exceed 100% due to the inclusion of vegetation stratum. Foliar cover
has been adopted as a measure of cover instead of canopy cover by USDA (1997) due to
limitations of the canopy cover definition (Pellant et al., 2005). Foliar cover, unlike canopy cover,
does not include all spaces within the canopy regardless of whether there is vegetation due to
treating tree crowns as opaque. This will result in a higher estimate of ‘cover’ and does not
accurately reflect foliar cover (Pellant et al., 2005).

Foliage Cover



Foliage cover as defined by McDonald et al. (1990, pp. 81) is ‘the percentage of the sample site
occupied by the vertical projection of foliage and branches (if woody)'. Foliage cover has many
similarities with other key metrics listed in this review, however it is easier to distinguish based on
differences which will be listed below.

Key differences between foliage cover and other cover metrics:

e The single distinguishing factor between FPC and foliage cover is that FPC includes only
PAR canopy elements

o Foliage cover does not treat tree crowns as opaque and accounts for irregularities in the
canopy outline. Therefore, foliage cover will never exceed canopy cover (McDonald et al.,
1990). However, McDonald et al. (1990) identified an allometric equation that allowed
foliage cover to be converted from crown cover

e Foliage cover would be the same as canopy closure if it included a FOV in the
measurement (i.e. a deviation off the vertical projection including an area of measurement)

o A difference between foliar cover and foliage cover is that foliar cover may exceed 100%
Foliage cover is concerned with only woody vegetation elements, whereas other metrics do
not make this distinction

Canopy Continuity

Canopy continuity is a measure of gaps in a canopy along a transect of a specified length and
width (Dixon et al., 2006). It is quantified as a percentage between 0 and 100 (Dixon et al., 2006).
The importance of canopy continuity by identifying gaps between crowns is measuring the
connectedness of vegetation cover. Canopy continuity is a more approximate measurement of
canopy cover.

Mean Crown Completeness

Mean crown completeness is defined as 'the proportion of the sky obliterated by tree crowns within
a defined angle (or determined with a described instrument) from a single point’ (pp. 63, Jennings
et al., 1999). The main purpose of mean crown completeness is to analyse canopies on an
individual crown basis. Conversely, a defined field of view (FOV) could remain fixed for multiple
measurements, which may incorporate multiple tree crowns depending on tree density. The main
difference of mean crown completeness to canopy closure is that of scale, where measurements
may target individual crowns rather than sections of the canopy consisting of multiple crowns.
Furthermore, a distinction of mean crown completeness from other metrics is that mean crown
completeness defines an angle of measurement or FOV from a single point, where this
specification has been omitted by other definitions of cover metrics. Jennings et al. (1999)
concluded that it is better to use the terms 'canopy cover' and 'canopy closure' (or openness) to
differentiate between the two conceptually different variables instead of mean crown
completeness.

Fractional Cover (fC)

Fractional cover is the proportion of an area that is covered by a specific land cover type (Scanlon
et al., 2002). Therefore, fC can be a flexible metric based on the fraction of the variable being
described. Carson and Ripley (1997) described fC as the proportion of cover which pertains to the
part of the vegetation canopy having no patches of bare soil between plants, where small holes in
the vegetation cover and sun flecks at the surface were allowed. LAl and fC are closely related
when fC values are less than 100% (Carlson and Ripley, 1997). fC can be measured at a range of
scales which will determine the ability to measure gaps between and within tree crowns (White et
al., 2000). Different scales of measurement of the same area will theoretically produce different fC
results. fC is also used for change detection in land cover and land use (Baret et al., 2007).
Depending on the scale and method of measurement, fC will produce similar results to FPC if the
fC variable includes only PAR elements of the canopy. The variation in results between FPC and
fC will occur from the method of derivation. Canopy cover and closure methods are both included
as measures of fC, which will produce biased fC results depending on the method chosen (White
et al., 2000; Baret et al., 2007).

Crown Coverage



‘Crown coverage is the proportion of forest land area covered by tree crowns’ (Husch et al., 1972).
Crown coverage has been used predominantly to derive timber volume per unit area as it is an
approximate measure of the density of trees (Husch et al., 1972). Crown coverage as described by
Husch et al. (1972) is ambiguous as both canopy closure and cover methods were specified,
where some methods also include gaps in the crown and some do not. Therefore, depending on
which method of derivation was chosen from Husch et al. (1972), crown coverage could be either
canopy closure or canopy cover.

4.5.1.3 Methods and applications

Forest cover metrics can be derived in situ via visual assessment, vertical or projective sighting
instruments, and digital photography to name a few (a full review can be found in Korhonen et al.,
2006). These methods are generally highly accurate but only characterise small areas when
compared to large area forest cover mapping from remote sensing technologies. Table 6 presents
applications of forest cover metrics utilised both within Australia and worldwide.

Table 6. Applications of forest cover metrics

Application Context Citation
(Friedl et al., 2002; Scanlon et al., 2002; Baret et al.,
Land Cover Classification Global 2007)
Australia (Armston et al., 2002; Guerschman et al., 2009)
Vegetation Condition Global (Covington et al., 1997; FAO, 2010a)
Australia (Johansen and Phinn, 2006; Barry et al., 2008)
Global (Husch et al., 1972)
Forest Inventory (McDonald et al., 1990; Scarth and Phinn, 2000;
Australia ABARES, 2012)
Ecological Modelling Global (Pellant et al., 2005)
Australia (Setterfield et al., 2005)

For large area applications of measuring and monitoring forest cover, remote sensing is the only
feasible alternative (Foody and Curran, 1994). Remote sensing technologies such as optical
imagery, LIDAR, and Synthetic Aperture Radar (SAR) have been utilised and are now widely
accepted assessment tools for forest cover mapping (Coppin and Bauer, 1996; Wollersheim et al.,
2011; Wulder et al., 2012). Forest cover and extent can be mapped through classification of
vegetation often through vegetation indices derived from optical imagery (Lucas et al., 2000);
allometric equations and scaling factors from LIDAR (Lefsky et al., 2002); reflectance, tone and
texture of SAR (Knowlton and Hoffer, 1981); or a combination of remotely sensed data (Vaglio
Laurin et al., 2013). Current cover products for monitoring and mapping vegetation include fC
derived from Landsat Thematic Mapper (Armston et al., 2002) and MODIS (Guerschman et al.,
2009) for Australia (AusCover, 2012), and Land Cover globally from MODIS (Friedl et al., 2002;
USGS, 2012).

45.1.4 Australian context

The application of the cover metric will mainly determine which variation of cover is utilised. Within
Australia, quantifying canopy cover is integral to distinguish forest from non-forest and for land
managers at the state at territory government levels to fulfil their reporting obligations (Scarth and
Phinn, 2000; DSE, 2007; ABARES, 2012). However, within Queensland FPC is widely used for
cover reporting and monitoring purposes as it provides a more realistic measure of cover in
rangelands containing Eucalyptus and Acacia trees and shrubs (Specht and Morgan, 1981). The
ability of the states and territories to classify forest has improved with increasing availability and
quality of remotely sensed data combined with advances in methodology (FAO, 2010b). For
example, Australia’s forest extent was reported in the three State of Forest Reports in 1998, 2003
and 2008 to be 156.4 million hectares, 164.4 million hectares and 149.2 million hectares
respectively. These variations were largely attributed to improvements in forest cover mapping
rather than actual on-ground change (FAO, 2010b). Other uses of forest cover metrics within
Australia include ecological assessments (Johansen and Phinn, 2004; Setterfield et al., 2005) and
input for forest typing (McDonald et al., 1990).



Table 7. Forest cover metrics grouped based on their definition, outlining the metric name, whether or not photosynthetic and non-photosynthetic vegetation

elements are distinguished, and whether gaps in the tree crowns are accounted. The cover classes “Closed or dense”, “Mid-dense”, “Sparse” and “Very sparse”
correspond to a foliage cover of >70%, 30-70%, 10-30% and <10% respectively (McDonald et al., 1990).

Metric Name PAR/NPAR Crown Gaps Cover Class Preference Citation

Foliage Projective Cover PAR Y Sparse or very-sparse (Specht and Morgan, 1981)
Projective Foliage Cover PAR Y Sparse or very-sparse (McDonald et al., 1990)
Canopy Percentage Foliage Cover Both N Sparse (Johansen and Phinn, 2006)
Percentage Canopy Cover Both N Sparse (Johansen and Phinn, 2004)
Canopy Projective Cover Both N Sparse (Specht and Morgan, 1981)
Canopy Cover Both N Sparse (Jennings et al., 1999)
Crown Cover Both N Sparse (McDonald et al., 1990; USDA, 1997)
Canopy Closure Both Y Mid-dense (Jennings et al., 1999)
Canopy Density Both Y Mid-dense (Jennings et al., 1999)

Plant Projective Cover Both Y Mid-dense (Arroyo et al., 2010)
Canopy Openness Neither Y Mid-dense (Jennings et al., 1999)
Foliar Cover Both Y Sparse (USDA, 1997)

Foliage Cover Both Y Sparse (McDonald et al., 1990)
Canopy Continuity Both Either Sparse or very-sparse (Dixon et al., 2006)

Mean Crown Completeness Both Y Sparse (Jennings et al., 1999)
Fractional Cover Either Y Any (Scanlon et al., 2002)
Crown Coverage Both Either Sparse to mid-dense (Husch et al., 1972)




45.2 Leaf area

45.2.1 Definition

Leaf area can be defined as the total surface area of the principal photosynthetic organ of
vegetation. When quantified at scales lager than the individual leaf, it becomes an integral
component of the structure and the functioning of vegetation making it a basic descriptor of
vegetation condition (Asner et al., 1998; Garrigues et al., 2008a).

45.2.2 Characterisation

Leaf area can be characterised by the total amount of leaf tissue in the canopy per unit of ground
area, which is commonly referred to as Leaf Area Index (LAI) (Watson, 1947; GTOS, 2009). Two
main definitions have been suggested based on the shape of the leaves (Chen and Black, 1992).
The first definition is for non-flat leaves, such as pine needles in coniferous canopies, where LAl is
defined as half the total intercepting area per unit ground area (Chen and Black, 1992). The
second definition is applicable to flat broad leaves, where LAl can be defined as the one-sided
green leaf area per unit ground area (Myneni et al., 1997). Within closed canopies LAI provides a
more meaningful description of the amount of foliage present than canopy cover (Wulder and
Franklin, 2003).

Multiple definitions and variations of LAl exist in the literature, mainly as a result of the method of
derivation and the area of application. Different definitions have their strengths and weaknesses
(Barclay, 1998; Asner et al., 2003). Table 9 identifies ten variations and similar indexes to LAI. The
metrics differ depending on the photosynthetic nature of the canopy element of interest, the broad-
or needle-leaf forest canopy in which the definition is to be applied, and the method of derivation.

4.5.2.3 Methods and Applications

The LAI of a forest canopy can be measured both directly and indirectly. Direct measurement is
limited to ground-based assessment and consists of destructive sampling, litter-fall collection, and
point contact sampling to name a few. Indirect methods derive LAI from other variables such as the
proportion of sky obscured from vegetation or estimated using allometric relationships from height
and diameter at breast height (DBH) (Gower et al., 1999). Direct methods are generally regarded
as more accurate than indirect methods due to their independence of the influence of confounding
factors such as leaf angle distribution, foliage clumping, variable sample size, and woody
vegetation components (Jonckheere et al., 2004; Weiss et al., 2004). However, direct methods are
inefficient and infeasible in some forest environments when compared with indirect methods due to
their time-, labor-intensive, and destructive nature (Bréda, 2003; Jonckheere et al., 2004).

Indirect methods provide a more efficient and cost-effective alternative to direct methods, which
makes them more suitable for validation initiatives at larger scales (Jonckheere et al., 2004). The
more prominent indirect ground-based methods include optical instruments such as; cameras (with
standard or fisheye lenses), the LAI-2200 Plant Canopy Analyser (Li-Cor Inc.), the Canopy Imager-
110 (CI-110, CID Inc.), the DEMON (CSIRO, Canberra, Aus), and the TRAC instrument (Tracing
Radiation and Architecture of Canopies, 3rd Wave Engineering) (Bréda, 2003; Jonckheere et al.,
2004; Keane et al., 2005). More recently, methods use terrestrial laser scanning (TLS) to derive
LAI indirectly (Lovell et al., 2003). Presently there is no consensus among the scientific community
for the best method to derive LAl at the ground scale (Gobron and Verstraete, 2009). The
Committee on Earth Observing Satellites (CEOS) Working Group on Calibration and Validation
(WGCV) Land Product Validation (LPV) sub-group is currently developing an international protocol
for LAI to increase the quality and efficiency of global satellite validation (CEOS, 2012). This
protocol aims to address the inconsistency among ground-based measurement and up-scaling
techniques. Efforts such as this will assist to ameliorate the issue of inconsistency among
definitions and methods to derive LAI.
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Table 8. Applications of LAI
Application Context Citation
Burn Severity Assessment Global (Bond-Lamberty et al., 2002; Amiro et al., 2006)
Australia | (Boer et al., 2008)
Evapotranspiration and Water Balance | Global (Cleugh et al., 2007, Leuning et al., 2008)
Assessment Australia | (Hatton et al., 1995)
(Cramer et al., 1999; Sitch et al., 2008; Stockli et
Climate and Growth Modelling Global al., 2008)
Australia | (Almeida et al., 2004, Stape et al., 2004)

In contrast to direct methods, indirect methods are not constrained to measurement from the
ground and can be derived at an airborne and space-borne level (Justice et al., 2000; Zheng and
Moskal, 2009; Armston et al., 2012). Airborne and space-borne sensors provide the only viable
means to monitor and model LAI from the regional to global scale. Active scanners such as LIiDAR
and RADAR emit their own energy source and provide more detailed structural information than
passive imaging sensors (Zheng and Moskal, 2009). The structural information provided by active
scanners can overcome limitations of passive sensors to model effective LAI. Active sensors at the
air- and space-borne levels can assist with mixed pixels from passively sensed imagery (Chen et
al., 2004), and are not affected by cloud cover or vegetation saturation to the same degree. Thus,
small footprint LIDAR is an attractive tool for validation of LAl at the regional scale (Zhao and
Popescu, 2009; Armston et al., 2012). However, global monitoring of LAl is only achievable from
satellite imagery products such as MODIS LAl (Knyazikhin et al., 1998)), CYCLOPES, and
GLOBCARBON (Global Land Products for Carbon Model Assimilation) (Gobron and Verstraete,
2009). These products vary based on satellite sensor used, accuracy, spatial, and temporal extent
(Garrigues et al., 2008a).

Table 8 summarises applications of LAl such as studies of climate, ecosystem productivity,
agrometeorology, biogeochemistry, hydrology, and ecology (Gobron, 1997; Garrigues et al.,
2008b).

LAI is recognised as an ‘Essential Climate Variable’ which supports ‘...research, modelling,
analysis, and capacity-building activities...” requirements of the United Nations Framework
Convention on Climate Change (UNFCCC) (pp. 1, GCOS, 2010). Running et al. (1986, pp. 273)
identified LAI as ‘the single variable both amenable to measurement by satellite and of greatest
importance for quantifying energy and mass exchange by plant canopies over landscapes’.
Furthermore, LAI directly influences the light penetration through to the understorey and thus is
related to the succession stage of a forest (Lambers et al., 1998). Figure 5 links the LAI of
Eucalyptus Regans to the forest growth stage. The LAI rises to 4 at about 15 years and then




decreases to 1.3 at 235 years coinciding with the regeneration and senescing growth stages
respectively (Jacobs, 1955; Vertessey, 2001).

45.2.4 Australian context

Within the Australian context LAl of forests has been used for a range of ecological and field
modelling studies. To date, the majority of studies relied primarily on ground-based assessments of
LAI. Specifically, it has been used to assess the burn severity of forest fires (Shugart and Noble,
1981; Boer et al., 2008); water balance assessment and the impact on dryland salinity (Knight et
al., 2002); estimating stand transpiration (Hatton et al., 1995); water stress and its impact on Net
Primary Production (NPP) (Battaglia et al., 1998); process-based growth modelling (Almeida et al.,
2004; Stape et al., 2004); and an input in water catchment modelling (Vertessy et al., 1998).




Table 9.

the canopy type in which it is to be used (Broadleaf/Coniferous), and the method of derivation.

LAI and or similar indexes. Specifically, it distinguishes the definitions based on; the photosynthetic nature of the canopy element of interest (PAR/NPAR),

Photosynthetic

Metric Name Nature Canopy Type Methods References

(Watson, 1947; Running et al., 1986;
Leaf Area Index PAR only B, C Direct/Indirect Morisette et al., 2006)

(Black et al., 1991; Chen and Black,
Effective Leaf Area Index PAR only B, C Indirect 1991; Chen et al., 1997)

(Hutchison et al., 1986; Chen et al.,
Vegetation Area Index, Plant Area Index | Both B, C Direct/Indirect 1991; Fassnacht et al., 1994)
Effective Plant Area Index Both B, C Indirect (Chen et al., 1991; CEQS, 2012)

(Fassnacht et al., 1994; Jonckheere
Foliage (Surface) Area Index PAR only C Indirect + conversion et al., 2004)
Hemispherical Surface or Hemisurface (Chen and Black, 1992; Fassnacht et
Area Index Either C Indirect + conversion al., 1994; Chen et al., 1997)
Wood Area Index, Woody Plant Area Indirect (leaf-off conditions for deciduous | (Neumann et al., 1989; Bréda, 2003;
Index nPAR only B, C forests) Kalacska et al., 2005)

Direct (distinguishes between dry and

Specific Leaf Area Both (foliage only) B, C green foliage) (Gower et al., 1999)

(Deblonde et al., 1994; Chen and
Shoot Area Index PAR only C Direct/indirect Cihlar, 1995)

Key:

Canopy types = (B) Broadleaf and (C) Coniferous forests
(n)PAR = (non-)Photosynthetically Active Radiation: part of the solar spectrum used in the photosynthetic process.




4.6 Tree species composition

4.6.1 Definition

Floristics can be analysed at different levels of detail; individual species, genera, and groups of
genera that share similar characteristics. Forest classification is the procedure of grouping together
entities that share similar characteristics (Delaney and Skidmore, 2001). The term forest type
commonly refers to classification based on the dominant genus (Commonwealth of Australia
2012).

4.6.2 Characterisation

When mapping floristics, the aim is either to map the dominant species, determine species
diversity/richness, or to map abundance/extent of specific key species. Studies on forest
biodiversity can be grouped into those that directly map species, and those that map habitats and
predict species distributions based on habitat properties and plant requirements (Nagendra 2001).
Mapping of specific key species is done for identifying the abundance of endangered plants,
species of special importance for the ecosystem, or alien species. In commercial forest
management, it is used for assessing the abundance of merchantable tree species. Information
about composition also plays an important role in mapping of forest structure and its further
conversion into biomass and carbon estimates. When mapping structural attributes using remote
sensing, relationships are often influenced by species composition and mapping accuracies can be
improved from knowledge about species distributions (Anderson et al. 2008). Appropriate
conversion factors (e.g. from stand volume to biomass) are also generally species dependent
(Somogyi et al. 2007).

The species composition at the ground, middle, and upper canopy layers are all important for
characterising the ecosystem. Field based inventories often collect species information in the
different strata. However, remote sensing studies are almost exclusively limited to classifying the
upper strata (Nagendra 2001). In most forest environments, the overstorey is simply too thick to
enable mapping of sub-canopy species. Studies that have mapped understorey species in forests
have either focused on a single species that grow in dense patches, e.g. bamboo (Linderman et al.
2004), or utilised statistical association with overstorey species (Joshi et al. 2006).

4.6.3 Methods and applications

Information about species composition has numerous applications (Table 10). Methodologies for
discriminating types or species range from classifying individual tree crowns at the local level to
estimating the dominant type or group of types at continental to global scales. Lucas et al. (2008)
used aerial photography, CASI, and Hymap data to delineate and classify tree crowns in a 40 x 60
km area in Queensland. They classified the dominant tree species with an overall validation
accuracy of 76%.

Table 10. Applications of typology/floristics.

Application Reference

Biodiversity assessment (Lindenmayer et al. 2000; Van Den
Meersschaut and Vandekerkhove 2000;
Clark et al. 2005)

Alien species mapping (Ustin et al. 2002; Asner et al. 2008)

Wildlife habitat mapping (Callaghan et al. 2011; Youngentob et al.
2011)

Disturbance (Ross et al. 2002; Bhuyan et al. 2003)

Successional stages (Franklin and Spies 1991; Woinarski et al.
2004)

Silvicultural planning (Goodwin et al. 2005)

However, for large-scale classification projects, it is currently not economically feasible to procure
such high spatial and spectral resolution datasets over very large areas. One alternative is to use
aerial photography, as suggested by Tickle et al. (2006). But the lack of automated routines makes




this approach reliant on aerial photograph interpretation (API). While API is a commonly used
methodology, it is labour-intensive and dependent on the experience of the interpreter. Other
disadvantages with aerial photography include the often limited spatial coverage that is dependent
on the needs of the original project, and the large digital space needed to store high-resolution
digital photographs (Morgan et al. 2010).

Species mapping generally rely on detecting the spectral differences between plants. With the
increased use of LIDAR technologies, there have also been recent studies attempting to map
species based on their structural differences. Dalponte et al. (2008) integrated hyperspectral and
LIDAR data for classification of species in an Italian forest and found the addition of LIDAR derived
heights useful for separating species with similar spectral characteristics but different mean
heights. Other studies have relied solely on LIDAR to map tree species based on differences in
crown shape and intensity features (Kim et al. 2009; @rka et al. 2009). The latter examples require
small footprint high density LIDAR data which seldom is available for operational inventories over
larger areas.

Forest type mapping over larger areas often rely on low to medium scale multispectral products.
For example, Xiao et al. (2002) used multi-temporal SPOT-4 VEGETATION data to map forest
types in Northeastern China, and Helmer et al. (2012) used Landsat data to map tropical forest
types in Trinidad and Tobago. Often mapping accuracies can be improved by combining satellite
data with ancillary data products, such as climate and soil maps. Essentially, the ancillary data is
used to model habitats, which are linked to the habitat requirements of different plants. Ruefenacht
et al. (2008) used a variety of MODIS-based products, together with elevation, soil, and climate
data, to map forest type and type group at 250m pixel resolution throughout the conterminous USA
and Alaska. The high temporal resolution of MODIS data ensures adequate coverage and enables
utilisation of phenological change as a predictor. They used classification trees to model 145 forest
types and 28 type groups, with an overall accuracy of 50% and 69% respectively.

4.6.4 Australian context
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The Australian national classification of forests is based on type (dominant genus) together with
height and crown cover classes. Australia is heavily dominated by the eucalypt forest type
(Eucalyptus, Corymbia, Angophora genera) covering 78% of the forested area. For national
reporting purposes (Figure 6), forests are grouped into only 8 distinctive types: eucalypt (78%),
acacia (7%), melaleuca (5%), rainforest (2%), casuarina (1%), mangrove (1%), callitris (2%), and
“other” (3%). In addition, plantation forests are categorised separately into hardwood and softwood




(Montreal Process Implementation Group for Australia 2008). The national forest type classification
is compiled by the National Forest Inventory (NFI) using data delivered by states and territories.

There is no consistent methodology behind data capture. Instead, each state and territory has
established their own inventory framework catering for their specific needs. The implementation of
common operational procedures, with focus on automatic processes, would likely lead to more
cost-efficient data capture and processing at the state level. Moreover, it would lead to more
consistent national products for reporting and for informing management and policy decisions.

For historical reasons, there is a range of different classification schemes used at the state level.
These are often based on floristics, structure, and physiognomy (growth form), and designed either
for wood production or conservation purposes (Sun et al. 1997). Delaney and Skidmore (2001)
reviewed some of these, illustrated their use in a eucalypt forest, and evaluated their advantages
and disadvantages. Some of the more widely used are listed below.

e The Specht system has been revised since its original presentation in 1970 (Specht, 1970).
It classifies forests based on:

(1) Structure of the dominant trees
(2) Floristic composition among dominant trees
(3) Floristic composition of the lower strata

o Johnston and Lacey’s classification (Johnston and Lacey, 1984) classifies forests based on
(1) Physiognomy, for example phenology, layering, foliage type, and leaf size and shape
(2) Floristic compositions
(3) Tree height and density (as expressions of disturbance and environmental conditions)

e Braun-Blanquet's classification is based on floristics; inter-species relationships, and
relationships between species and the environment. A number of key (or diagnostic)
species are identified and these are used to organise the community into a hierarchy.

Baur’s Forest Types was intended for use in forest management but has also been adopted for
conservation purposes. It describes the forest based on floristic composition, structure and habitat.

4.7 CWD
4.7.1 Definition

Coarse woody debris (CWD) consists of fallen trees, large branches and large woody fragments on
the forest floor (Waddell, 2002; Woldendorp et al., 2004; Woldendorp and Keenan, 2005).

4.7.2 Characterisation

The CWD of a given area can be characterised with the total volume of fallen trees, large branches
and large woody fragments on the forest floor (Victorian Government Department of Sustainability
and Environment 2012). Woldendorp and Keenan (2005) also include coarse roots. Woldendorp
et al. (2004) distinguish between standing dead trees (snags) and stumps and forest floor CWD;
whereas Miura and Jones (2012) do not make such a distinction. Pesonen et al. (2008) defines
CWD more broadly as downed trees that are not completely decayed. Hudak et al. (2012) define
CWD in terms of length of time required for moisture retained in the wood to equilibrate with
surrounding environments i.e. 1000-hour fuels (Fosberg et al., 1981); large CWD is often ignored
in fire studies due to the length of time taken to burn (Woldendorp and Keenan 2005).
Lindenmayer et al. (1999) characterise CWD as downed logs and woody debris with a diameter of
>10 cm and a length >1 m, excluding logs of non-angiosperm origin. Applying an object based
image analysis and LiDAR, Blanchard et al. (2011) characterised downed logs as between 0.25 —
1.5 m in width and between 5 — 25 m in length. Woldendorp and Keenan (2005) highlight the
disparity in threshold used to characterise (1 cm — 20 cm) in Australia whilst Meggs (1996) suggest
the need for consistency. Terms analogous with CWD include down logs, down wood, dead wood
and logging residue (Waddell 2002).

Quantification of CWD volume is essential for carbon accounting, however is often overlooked
Brown (2002). CWD plays an important role with regard to ecosystem health, for example, nutrient
cycling (Pesonen et al. 2008), refuge and habitat for wildlife and providing sites for germination
(Waddell, 2002). CWD has also proved useful for inferring successional stage Hudak et al. (2012).
A review of CWD, quantity and spatial distribution within Australian forests is provided by
Woldendorp and Keenan (2005).




4.7.3 Methods and applications

An assessment of CWD is included in the Victorian (Victorian Government Department of
Sustainability and Environment 2012), Finnish (Pesonen et al., 2008) and US (Waddell, 2002)
forest inventory programs, amongst others. Inventory techniques include line transects (Waddell,
2002), using a relascope (Ringvall et al., 2001) and fixed area assessments (Victorian Government
Department of Sustainability and Environment 2012). Use of line transects captures more
variability in CWD distribution when compared to other methods (Meggs, 1996). Woldendorp et al.
(2004) suggest measurement of attributes including size, mass, density and orientation.
Summaries of sampling techniques and rationale within Australia are provided by Woldendorp et
al. (2004). Classification systems for degree of degradation include those that record
decomposition (e.g. Lindenmayer et al., 1999) and classifications that also include size (Grove et
al., 2011).

Although difficult to quantify from remote sensing (Pesonen et al., 2008), RS approaches have
been presented and in particular utilising ALS. For example Aardt et al. (2011) regressed statistics
from ALS derived last-of-many distribution functions with field measured CWD volumes.

4.7.4 Australian context

CWD assessment within Australia have utilised both traditional and RS techniques, a review is
provided by Woldendorp and Keenan (2005). For example, Lindenmayer et al. (1999) used a 100
m transects to estimate CWD volumes in montane eucalypt forests, concluding that forest age
class correlated well with diameter of CWD. Miura and Jones (2012) successfully inferred CWD
volume by forest attribute characterisation using a vertical structure classification system.

4.8 Foliage chemical composition

4.8.1 Definition

In the context of this study, the foliage composition refers to the components existing in the leaf
tissue of a canopy and their mean concentration in a stand when the assessment is at the stand
level or over a specific unit area when the assessment is done at a larger scale. The foliage
composition of a canopy has been found to be correlated with canopy health and biodiversity in
Australian forest (Stone and Simpson, 2006; Asner et al., 2009). Moreover it can be used as input
for models to predict net ecosystem productivity (Martin and Aber, 1997; Smith et al., 2002). The
interaction between vegetation and herbivores within the ecosystem has also been studied as
function of the chemical composition of foliage and soils. According to Robertson (1991), leaf
chemical composition is a major influence on between species differences in leaf consumption by
insects. Herbivores feed from plants and are the proximal cause of mortality in eucalypt dieback,
but as a feedback they play an important role as seed dispersal agents. All the above-mentioned
demonstrates how critical the foliage chemistry is for the assessment of the ecosystem services
(Martin and Aber, 1997).

4.8.2 Characterisation

Forest managers assess foliage composition by means of crown visual discolouration. That
discolouration is based on the lack of pigmentation and later used together with defoliation to
estimate canopy health. Foliage composition is then characterised by estimating leaf pigment
content. That estimation can be done visually in the field or quantifying pigment concentration
through laboratory analysis. Besides, the leaf spectral information is also function of the pigment
concentration. The spectral reflectance of an individual leaf will vary as a function of three
parameters: leaf pigment (type and concentration); leaf surface features; and leaf cell(s)
(arrangement, physiological structure and water content). The relative contribution of each of these
factors is wavelength dependent.

Individual leaf signatures are characterised by low reflectance in the visible and middle infrared
wavelengths (dominated by pigment and water dependant absorption features) and high
reflectance in the near infrared (dominated by cell structural features). Since the primary purpose
of a leaf is photosynthesis, its first functional requirement is that photosynthetically active radiation
is able to penetrate its surface. This is possible, since the top layer of leaf cells (the epidermis) is
opague and acts as a diffuse filter to photosynthetically active radiation (Knipling, 1970).




Inside the leaf, pigmentation is responsible for the majority of photosynthetically active radiation
absorption. a and b chlorophyll, xanthophyll, the anthocyanins and the carotenoids are the main
photosynthetic pigments. Their relative concentrations are dependent on plant-species, leaf-age,
phenological stage and leaf-health, as well as site specific factors such as shading (Lloyd, 1989a;
1989b; 1989c; 1989d).
Leaf surface features such as hairs, spines, veins and cuticular wax all have an effect on leaf
reflectance (Brakke et al., 1989). Since these features vary from species to species, generalised
effects are difficult to quantify. Canopy stratum leaves do however tend to possess more
epidermal waxes than the leaves of the understorey vegetation. Their reflectance is therefore
expected to be more specular.
There is little or no electro magnetic radiation absorption by leaf pigments in the near infrared
wavelengths: Knipling (1970) and Gausman (1977) both estimate near infrared leaf absorption at
5%. Belward and Lambin (1990) offer an explanation for this low absorption, stating that the
energy levels of near infrared are too low to drive the photochemical reactions of photosynthesis.
The result is a region of high near infrared reflectance (0.75-1.3 um) that has been termed the near
infrared plateau. These reflectance and transmission events result from interactions:

1. with the refractive index discontinuities along cell membrane interfaces, in the upper half of

the leaf; and,
2. intercellular air spaces and hydrated cellulose cell walls of the spongy mesophyll, in the
lower half of the leaf (Gausman, 1977; Lloyd, 1989a; 1989b; 1989c; 1989d).

The rates of transmittance and reflectance are approximately equal since the scattering processes,
within the leaf, randomise the directions of radiation movement (Colwell, 1974). Other cell
organelles cited as relevant to this process include the lysosomes, chloroplasts, stomata, nuclei,
crystals, and cytoplasm. The intensity of the near infrared plateau in the spectral reflectance curve
of a leaf will therefore increase as a function of the number, size, orientation and thickness of the
spongy mesophyll cells (Gausman, 1977).
In the middle infrared wavelengths, reflectance is dominated by water absorption features. Liquid
water possesses four absorption peaks, at 970, 1190, 1450 and 1940 nm. Leaf reflectance in the
middle infrared wavelengths is therefore inversely related to total in vivo leaf water content (Gates,
1962; Gates and Tantraporn, 1952; Belward and Lambin, 1990;). Leaf surface water will increase
the magnitude of these absorption features. At the leaf scale, pigment concentration, mesophyll
cell orientation and leaf hydration are dependant not only on plant species but also on seasonal
developmental stage. Gates and Tantraporn (1952) cite increases in chlorophyll concentration as
leaves grow and mature, and decreases in chlorophyll concentration associated with leaf
senescence (chlorosis). These leaf pigmentation changes may be extremely rapid (i.e. a few
hours) (Daughtry and Biehl, 1985; Jacquemoud and Baret, 1990). During the initial stages of
senescence, dehydration causes internal leaf volume to decline and the number of cell interfaces
increase. This results in a rise in near infrared scattering and hence reflectance. As further
dehydration occurs, cell walls split and re-orientate themselves; further increases in near infrared
reflection may result. In the later senescent stages, cells collapse completely and form a series of
horizontal layers. The general effect is that reflectance in the red wavelengths increases, whilst
near infrared reflectance falls (Knipling, 1970; Rock, 1982; Rock et al., 1988).
Canopy leaves are highly efficient in terms of photochemical production, but can dry out quickly at
high temperatures. Waxy (water-retaining) derma are therefore common, as are recessed
stomata. Despite these adaptations, leaf longevity is comparatively short and leaves are
exchanged frequently to ensure optimum productivity. Plants in the understorey generally possess
large thin leaves which provide a plentiful and easily penetrated light-absorbing surface.
Chlorophyll content is high (to allow enhanced light absorption at low irradiance levels). As a result,
such leaves are characterised by low photo-chemical conversion efficiencies. The photosynthetic
pigments and pathways of shade species may become saturated at low (e.g. 100 umol m-2 s-1)
photosynthetically active radiation intensities, which equates to approximately 5% full sunlight.
High proportions of chlorophyll-b (relative to chlorophyll-a) further enhance light absorbing capacity
especially in the blue-green wavelengths, i.e. between the main red and blue absorbing bands of
chlorophyll-a. Leaf angle orientation is likely to be at a variety of inclination angles in order to
maximise absorption of photosynthetically active radiation that has already interacted with canopy
vegetation (and been scattered).




4.8.3 Methods and applications

Usually, the assessment in the field is based on a visual estimation of the percentage of
discoloured leaves in a crown. This assessment is made by a given operator, and in consequence,
can be subjective. Alternatively, remote sensing of foliar chemistry has been recognised as an
important element in producing large-scale, spatially explicit estimates of forest ecosystem function
(Mooney et al., 1987; Steudler et al., 1989; Wofsy et al., 1993). Field sampling is costly and time
consuming in the case of collecting leaves that later can be processed in the laboratory.

Nitrogen is a component of chlorophyll and is associated with important tree functions such as
growth, leaf production, flower initiation, fruit set, and fruit development and quality. There are
some indices specifically created for Nitrogen or pigment detection (Table 11). Many authors use
the far red region to assess Chlorophyll content (examples can be found in Gates et al., 1965;
Horler et al., 1983; Chappelle et al., 1992; Gitelson and Merzlyak, 1994; Datt, 1998; Curran et al.,
1990; Vogelmann et al., 1993; Filella and Pefiuelas, 1994), and others combine near-infrared and
blue/green regions (as Pefuelas et al., 1994; Broge and Leblanc, 2000; Daughtry et al., 2000;
Sims and Gamon, 2002; Haboudane et al., 2002), while the estimation of carotenoids is assessed
using bands located in the visible (Gamon et al., 1992; Gitelson et al., 2002). It has been confirmed
that the indices using multiple bands in their computations are more successfully applied to a wide
range of species (Blackburn, 2007).

Table 11. List of remote sensing indices developed for N or pigment content estimation.
Index Acronym |Formula Biophysiological Reference
parameter
. . (R790-R720)/ .
Normalized Difference Red Edge NDRE (R790+R720) Nitrogen Barnes et al. (2000)

Normalized Difference Nitrogen Index

NDNI

[log (1/R1510)-log
(1/R1680))/[log (1/R1510) +
log (1/R1680)]

Nitrogen

Fourty et al. (1996)

Nitrogen Reflectance Index NRI Nitrogen
[log (1/R1754)-log
Normalized Difference Lignin Index  [NDLI (1/R1680)]/[log (1/R1754) |Lignin content  [Serrano et al. (2002)
+log (1/R1680)]
Normalized Pigment Chlorophyll (R680-R430)/ ~
Index NPCI (R680+R430) Chlorophyll Pefiuelas et al. (1994)
Zarco-Tejada & Miller ZTM R750/R710 Chlorophyll Zarco-Tejada et al. (2001)
. . 0.5x[120x(R750-R550)-
Triangular Vegetation Index TVI 00X(R670-R550)] Chlorophyll Broge and Leblanc (2000)
. . . (R750-R445)/ .
Modified Simple Ratio mSR (R705-R445) Chlorophyll Sims and Gamon (2002)
Red Edge RE Chlorophyll
3X[(R700-R670)-
Hg‘gifc’rme" Chorophyll Reflectance lronp; 1o 2x(R700-R550) Chlorophyll Haboudane et al. (2002)
X(R700/R670)]
Modified Chlorophyll Reflectance [(R700-R670)-0.2x(R700-
Index MCARI R550)]x (R700/R670) Chlorophyll Daughtry et al. (2000)
) (NIR-R)/ Chlorophyll and ~
Structural Independent Pigment Index (SIPI (NIR-B) carotenes Pefiuelas et al. (1995)

Carotenoid Reflectance Index CRI 1/R510 - 1/R550 Carotenoids Gitelson et al. (2002)
. (R570-R531)/

Photochemical Reflectance Index PRI (R570+R531) Xanthophyll DPS |Gamon et al. (1992)

Simple Ratio Pigment Index SRPI R430/R630 Pigment content [Pefiuelas et al. (1995)

The indices developed at leaf scale are not always sensitive at canopy scale due to the
confounding structural effects. The interaction of photons within the canopy layers depends on the
leaf area index and the disposal of the leaves (leaf angle distribution) within the canopy (Norman et
al., 1985). Those structural effects modify the photon trajectory and the overall signal. Moreover,
the structure is also affecting the proportional soil signal influence within the surface reflectance of

a pixel.

Spectral ratios help normalizing for differences in illumination intensity resulting from overlapping
canopy. Blackmer et al. in 1996 and later Osborne et al. (2004) concluded that the ratio between
NIR and the green band was a good estimator of N content at the canopy scale. Gautam and
Panigrahi (2007) used the same index combined with textural information extracted from infrared
and red reflectance from imagery.




Some authors have found great utility in applying vegetation index ratios to overcome structural
effects at the canopy scale. In this way, the effectiveness of an index developed at the leaf scale is
not masked out by the structure of the vegetation and the soil background. For example, the case
of the ratio between the Transformed Chlorophyll Absorption Reflectance Index (TCARI) divided by
the Optimized Soil Adjusted Vegetation Index (OSAVI) developed by Haboudane et al. (2002) or
the Normalized Difference Red Edge (NDRE) divided by the Normalized Difference Vegetation
Index (NDVI) by Tilling et al., (2006).

Alternatively to the use of vegetation indices to estimate chlorophyll content, the inversion of
radiative transfer models can be used. At the top of the canopy, the interaction of the incoming
radiation within the vegetation depends on the contribution of several components such as leaves,
stems, soil, illumination and view properties of each canopy element, as well as on their number,
area, orientation and position in space (Goel and Thompson, 2000; Koetz et al., 2005). Radiative
transfer models simulate the interaction of the photons through the leaf and within the canopy
architecture and give as result the top of canopy reflectance for a given conditions. At the leaf
level, one of the inputs used to characterize the vegetation is the leaf chlorophyll content
(Jacquemoud and Baret, 1990). Canopy reflectance extracted from multispectral imagery can be
inverted with coupled leaf-canopy radiative transfer models to obtain leaf chlorophyll content
(Jacquemoud et al. 1995). This methodology has the advantage of being applicable to different
species, sensors and geometric conditions as it does not rely on empirical relationships obtained
between vegetation indices and biophysical parameters. Leaf chlorophyll content has been derived
from modeling inversion for grasslands (Darvishzadeh et al., 2008) and black spruce (Zarco-
Tejada et al., 2004Db).

There is not much documentation about remote sensing of nutrient deficiencies apart from
nitrogen. Although N is consider the most important nutrient to monitor, other element deficiencies
as Phosphorous can lead to lower shoot and root growth and eventually to a decrease in yield
(Milton et al.,, 1991; Osborne et al.,, 2004). The biggest spectral differences due to leaf P
concentration have been found in the 500-650 nm and near-infrared regions (Milton et al., 1991;
Osborne et al.,, 2002; Yaryura et al., 2009). Phosphate deficient leaves have less inorganic
phosphorous in the tissue water, lower photosynthetic and stomatal conductance rates and higher
number of small cells per unit area (Jacob and Lawlor, 1991). The impact on the near-infrared can
be attributed to the increase in the number of smaller cells in the palisade as leaf near-infrared
reflectance is mainly responding to structure. The limited photosynthetic rate and the decrease of
stomatal conductance are symptoms that are more affected by water or nitrogen stress. Changes
in the green-red region can be due to a decrease of the pigment pool due to severe stress
(Yaryura et al., 2009).

4.8.4 Australian context

The assessment of foliage chemistry in Australia has been done in the context of folivorous habitat
mapping (Dury et al., 2000), canopy health monitoring (Coops et al., 2003; 2004; Barry et al., 2008;
2011) or biodiversity assessment (Asner et al., 2009). Barry et al. (2009) used radiative transfer
modelling inversion to estimate chlorophyll content from eucalypt leaf spectra. Nevertheless, as
existing models were developed based on European leaf reflectance and transmittance databases,
difficulties arise when applying those models to leaves with a high content of oil and wax in the
palisade tissue (Jacquemoud and Baret, 1990; Dawson et al., 1998).

There are a number of studies using remote sensing to assess canopy foliage composition in
Australia. Most of the authors use specific vegetation indices (Coops et al., 2003; 2004; Barry et
al., 2008; 2011; Asner et al., 2009). Coops et al. (2003) used partial least squares (PLS) and
multiple regression models (MLR) to estimate crown N content using high-spatial resolution
satellite hyperspectral imagery.

5 References

Aardt, JANV, M Arthur, G Sovkoplas, TL Swetnam. (2011). LiDAR-based estimation of forest floor
fuel loads using a novel distributional approach. In SilviLaser. Hobart, Tasmania,
Australia, pp. 1-8.

ABARES (2012). Australia's forests at a glance 2012. ABARES. Canberra.

Aber, JD. (1979). A method for estimating foliage-height profiles in broad-leaved forest. Journal of
Ecology, 67(1): 35-40.




Acker, S, T Sabin, L Ganio, W McKee. (1998). Development of old-growth structure and timber
volume growth trends in maturing Douglas-fir stands. Forest Ecology and Management,
104(1-3): 265-280.

AFC, ANZECC (1992). National forest policy statement: a new focus for Australia's forests.
Canberra, Commonwealth of Australia.

Almeida, AC, JJ Landsberg, PJ Sands. (2004). Parameterisation of 3-PG model for fast-growing
Eucalyptus grandis plantations. Forest Ecology and Management 193(1-2): 179-195.

Amiro, BD, AL Orchansky, AG Barr, TA Black, SD Chambers, FS Chapin lii, ML Goulden, M Litvak,
HP Liu, JH McCaughey, A McMillan, JT Randerson. (2006). The effect of post-fire stand
age on the boreal forest energy balance. Agricultural and Forest Meteorology 140(1-4):
41-50.

Anderson, EW. (1986). A Guide for Estimating Cover. Rangelands, 8(5): 236-238.

Anderson, JE, LC Plourde, ME Martin, BH Braswell, ML Smith, RO Dubayah, MA Hofton, JB Blair.
(2008). Integrating waveform lidar with hyperspectral imagery for inventory of a northern
temperate forest. Remote Sensing of Environment, 112(4): 1856-1870.

Armston, J, T Danaher, B Goulevitch, M Byrne. (2002). Geometric correction of Landsat MSS, TM,
and ETM+ imagery for mapping of woody vegetation cover and change detection in
Queensland. ARSPC, Brisbane, Australia.

Armston, J, P Scarth, M Disney, S Phinn, R Lucas, P Bunting, N Goodwin. (2012). Estimation of
Foliage Projective Cover, Leaf Area Index, and Crown Cover from airborne LIiDAR across
multiple Bioregions in Eastern Australia. ISPRS. Melbourne, Australia.

Arroyo, LA., K Johansen, J Armston, S Phinn. (2010). Integration of LIDAR and QuickBird imagery
for mapping riparian biophysical parameters and land cover types in Australian tropical
savannas. Forest Ecology and Management 259(3): 598-606.

Asner, GP, BH Braswell, DS Schimel, CA Wessman. (1998). Ecological Research Needs from
Multiangle Remote Sensing Data. Remote Sensing of Environment 63(2): 155-165.

Asner, GP, JMO Scurlock, JA Hicke. (2003). Global synthesis of leaf area index observations:
Implications for ecological and remote sensing studies. Global Ecology and Biogeography
12(3): 191-205.

Asner, GP, DE Knapp, T Kennedy-Bowdoin, MO Jones, RE Martin, J Boardman, RF Hughes.
(2008). Invasive species detection in Hawaiian rainforests using airborne imaging
spectroscopy and LIDAR. Remote Sensing of Environment, 112(5): 1942-1955.

Asner, GP, RE Martin, AJ Ford, DJ Metcalfe, MJ Middell. (2009). Leaf chemical and spectral
diversity in Australian tropical forests. Ecological applications, 19(1): 236-253.

Asner, GP, GVN Powell, J Mascaro, DE Knapp, JK Clark, J Jacobson, T Kennedy-Bowdoin, A.
Balaji, G Paez-Acosta, E Victoria, L Secada, M Valqui, RF Hughes. (2010). High-
resolution forest carbon stocks and emissions in the Amazon. Proceedings of the
National Academy of Sciences of the United States of America, 107(38): 16738—42.

Asner, G, J Mascaro, H Muller-Landau, G Vieilledent, R Vaudry, M Rasamoelina, J Hall, M van
Breugel. (2012). A universal airborne LIDAR approach for tropical forest carbon mapping.
Oecologia, 168(4): 1147-1160.

AusCover. (2012). Landsat Fractional Ground Cover, from
http://data.auscover.org.au/xwiki/bin/view/Product+pages/Landsat+Fractional+Cover.
Retrieved 06/06/2012

Barclay, HJ. (1998). Conversion of total leaf area to projected leaf area in lodgepole pine and
Douglas-fir. Tree Physiology, 18(3): 185-193.

Baret, F, O Hagolle, B Geiger, P Bicheron, B Miras, M Huc, B Berthelot, F Nifio, M Weiss, O
Samain, J L Roujean, M Leroy. (2007). LAI, fAPAR and fCover CYCLOPES global
products derived from VEGETATION. Part 1: Principles of the algorithm. Remote Sensing
of Environment, 110(3): 275-286.

Barnes, EM, TR Clarke, SE Richards, PD Colaizzi, J Haberland, M Kostrzewski, P Waller, C Choi,
E Riley, T Thompson, RJ Lascano, H Li, MS Moran. (2000) Coincident detection of crop
water stress, nitrogen status and canopy density using ground-based multispectral data.
In: Proc. 5th Intern. Conf. on Precision Agriculture and Other Resource Management, PC
Robert, RH Rust, WE Larson, eds. Madison, Wisc.: ASA—-CSSA-SSSA.

Barry, KM, C Stone, CL Mohammed. (2008). Crown-scale evaluation of spectral indices for
defoliated and discoloured eucalypts. International Journal of Remote Sensing, 29(1): 47-
69.



http://data.auscover.org.au/xwiki/bin/view/Product+pages/Landsat+Fractional+Cover

Barry, KM, GJ Newnham, C Stone. (2009). Estimation of chlorophyll content in Eucalyptus
globulus foliage with the leaf reflectance model PROSPECT. Agricultural and forest
meteorology, 149, 1209-1213.

Barry, KM, R Corkrey, H Pham Thi, S Ridge, CL Mohammed. (2011). Spectral characterization of
necrosis from reflectance of Eucalyptus globulus leaves with Mycosphaerella leaf disease
to artificial lesions. International Journal of Remote Sensing, 32, (24): 9243-9259.

Battaglia, M, M Cherry, C Beadle, P Sands, A Hingston. (1998). Prediction of leaf area index in
eucalypt plantations: effects of water stress and temperature. Tree Physiology, 18(8-9):
521-528.

Belwad, AS, E Lambin. (1990) Limitations to the Identification of Spatial Structures from AVHRR
Data, International Journal of Remote Sensing, 11(5): 921-927.

Bhat, D, M Naik, S Patagar, G Hegde, Y Kanade, G Hegde, C Shastri, D Shetti, R Furtado. (2000).
Forest dynamics in tropical rain forests of Uttara Kannada district in Western Ghats, India.
Current Science, 79(7): 975-985.

Bhuyan, P, M Khan, R Tripathi. (2003). Tree diversity and population structure in undisturbed and
human-impacted stands of tropical wet evergreen forest in Arunachal Pradesh, Eastern
Himalayas, India. Biodiversity and Conservation, 12(8): 1753-1773.

Black, TA, J-M Chen, X Lee, RM Sagar. (1991). Characteristics of shortwave and longwave
irradiances under a Douglas-fir forest stand. Canadian Journal of Forest Research, 21(7):
1020-1028.

Blackburn, GA. (2007) Hyperspectral remote sensing of plant pigment. Journal Experimental
Botany, 58(4):855-867.

Blackmer, TM, JS Schepers, GE Varvel, EA Walter-Shea. (1996) Nitrogen deficiency detection
using reflected shortwave radiation from irrigated corn canopies. Agronomy Journal, 88:1-
5.

Blanchard SD, MK Jakubowski, M Kelly. (2011). Object-Based Image Analysis of Downed Logs in
Disturbed Forested Landscapes Using Lidar. Remote Sensing, 3(11): 2420-2439.

Boer, MM, C Macfarlane, J Norris, RJ Sadler, J Wallace, PF Grierson. (2008). Mapping burned
areas and burn severity patterns in SW Australian eucalypt forest using remotely-sensed
changes in leaf area index. Remote Sensing of Environment 112(12): 4358-4369.

Bond-Lamberty, B, C Wang, S Gower, J Norman (2002). Leaf area dynamics of a boreal black
spruce fire chronosequence. Tree Physiology 22(14): 993-1001.

Brack, CL, (2007). National forest inventories and biodiversity monitoring in Australia. Plant
Biosystems, 141(1), 104-112.

Brakke, TW, JA Smith, JM Harnden. (1989) Bidirectional Scattering of Light from Tree Leaves,
Remote Sensing Environment, 29: 175-183.

Bréda, NJJ. (2003). Ground-based measurements of leaf area index: A review of methods,
instruments and current controversies. Journal of Experimental Botany 54(392): 2403-
2417.

Broge, NH, E Leblanc. (2000) Comparing prediction power and stability of broadband and
hyperspectral vegetation indices for estimation of green leaf area index and canopy
chlorophyll density. Remote Sensing of Environment 76:156-172.

Brokaw, NVL, RA Lent. (1999). Vertical structure. In M. L. Hunter, ed. Maintaining biodiversity in
forest ecosystems. Cambridge, UK: Cambridge University Press, pp. 373-399.

Brown, GW. (2001). The influence of habitat disturbance on reptiles in a Box-Ironbark eucalypt
forest of south-eastern Australia. Biodiversity and Conservation, 10: 161-176.

Brown, S. (2002). Measuring carbon in forests: current status and future challenges. Environmental
pollution, 116(3), pp.363—72.

Burgman, M. (1996). Characterisation and delineation of the eucalypt old-growth forest estate in
Australia: a review. Forest Ecology and Management, 83(3), pp.149-161.

Burkhart, HE, M Tomé. (2012). Quantifying Stand Density Modeling Forest Trees and Stands (pp.
175-200): Springer Netherlands.

Callaghan, J, C McAlpine, D Mitchell, J Thompson, M Bowen, J Rhodes, C de Jong, R
Domalewski, A Scott. (2011). Ranking and mapping koala habitat quality for conservation
planning on the basis of indirect evidence of tree-species use: a case study of Noosa
Shire, south-eastern Queensland. Wildlife Research, 38(2): 89-102.

Carlson, TN, DA Ripley. (1997). On the relation between NDVI, fractional vegetation cover, and
leaf area index. Remote Sensing of Environment, 62(3): 241-252.

CEOQOS (2012). Global LAI Product Validation Protocol v1.3. R. Fernandes, S. Plummer.




Chappelle EW, MS Kim, JE McMurtrey 1l (1992) Ratio analysis of reflectance spectra (RARS): An
algorithm for the remote estimation of the concentrations of chlorophyll a, chlorophyll b,
and carotenoids in soybean leaves. Remote Sensing of Environment, 39:239-247.

Chen, JM, TA Black. (1991). Measuring leaf area index of plant canopies with branch architecture.
Agricultural and Forest Meteorology, 57(1-3): 1-12.

Chen, JM, TA Black. (1992). Defining leaf area index for non-flat leaves. Plant, Cell & Environment,
15(4): 421-429.

Chen, JM, TA Black, RS Adams. (1991). Evaluation of hemispherical photography for determining
plant area index and geometry of a forest stand. Agricultural and Forest Meteorology,
56(1-2): 129-143.

Chen, JM, J Cihlar. (1995). Plant canopy gap-size analysis theory for improving optical
measurements of leaf-area index. Applied Optics. 34(27): 6211-6222.

Chen, JM, PM Rich, ST Gower, JM Norman, S Plummer. (1997). Leaf area index of boreal forests:
Theory, technigues, and measurements. Journal of Geophysical Research. 102(D24):
29429-29443.

Chen, X, L Vierling, E Rowell, T DeFelice. (2004). Using lidar and effective LAl data to evaluate
IKONOS and Landsat 7 ETM+ vegetation cover estimates in a ponderosa pine forest.
Remote Sensing of Environment, 91(1): 14-26.

Clark, ML, DA Roberts, DB Clark. (2005). Hyperspectral discrimination of tropical rain forest tree
species at leaf to crown scales. Remote Sensing of Environment, 96(3—4): 375-398.

Clark, PJ, FC Evans. (1954). Distance to Nearest Neighbor as a Measure of Spatial Relationships
in Populations. Ecology, 35(4), 445-453.

Cleugh, HA, R Leuning, Q Mu, SW Running. (2007). Regional evaporation estimates from flux
tower and MODIS satellite data. Remote Sensing of Environment 106(3): 285-304.

Cohen, WB, B Warren, TA Spies. (1992). Estimating structural attributes of Douglas-fir/western
hemlock forest stands from landsat and SPOT imagery. Remote Sensing of Environment,
41(1): 1-17.

Colwell, JE. (1974) Vegetation Canopy Reflectance, Remote Sensing Environment, 3(3): 175-183.

Commonwealth of Australia. (2012). Australia’s forests at a glance 2012. Canberra, Australian
Government Department of Agriculture, Fisheries and Forestry.

Coomes, DA, RP Duncan, RB Allen, J Truscott. (2003). Disturbances prevent stem size-density
distributions in natural forests from following scaling relationships. Ecology Letters, 6(11):
980-989.

Coops, NC, C Stone, DS Culvenor, LA Chisholm, RN Merton. (2003). Chlorophyll content in
eucalypt vegetation at the leaf and canopy scales derived from high resolution spectral
data. Tree physiology, 23, 23-31.

Coops, NC, C Stone, DS Culvenor, L Chisholm. (2004). Assessment of crown condition in Eucalypt
vegetation by remotely sensed optical indices. Journal of Environmental Quality, 33(3):
956-964.

Coops, NC, T Hilker, MA Wulder, B St-Onge, GJ Newnham, A Siggins, J Trofymow. (2007).
Estimating canopy structure of Douglas-fir forest stands from discrete-return LiDAR.
Trees, 21(3): 295-310.

Coppin, PR, ME Bauer. (1996). Digital change detection in forest ecosystems with remote sensing
imagery. Remote Sensing Reviews, 13(3-4): 207-234.

Crome, FHJ, LA Moore. (1992). A study of logging damage in upland rainforest in north
Queensland. Forest Ecology and Management, 49: 1-29.

Curran, PJ, JL Dungan, HL Gholz. (1990) Exploring the relationship between reflectance red edge
and chlorophyll content in slash pine. Tree Physiology, 7:33-48.

Curtis, RO, DD Marshall. (2000). Technical Note: Why Quadratic Mean Diameter? Western Journal
of Applied Forestry, 15(3), 137-139.

Dalponte, M, L Bruzzone, D Gianelle. (2008). Fusion of hyperspectral and LIDAR remote sensing
data for classification of complex forest areas. IEEE Transactions on Geoscience and
Remote Sensing, 46(5): 1416-1427.

Daughtry, CST, LL Biehl. (1985) Change in Spectral Properties of Detached Birch Leaves, Remote
Sensing of Environment, 17: 281-289.

Darvishzadeh, R, A Skidmore, M Schlerf, C Atzberger. (2008) Inversion of a radiative transfer
model for estimating vegetation LAl and chlorophyll in a heterogeneous grassland.
Remote Sensing of Environment, 112(5):2592-2604.




Datt, B. (1998) Remote Sensing of Chlorophyll a, Chlorophyll b, Chlorophyll a+b, and Total
Carotenoid Content in Eucalyptus Leaves. Remote Sensing Environment, 66(2):111-121.

Daughtry, CST, CL Walthall, MS Kim, E Brown de Colstoun, JE McMurtrey. (2000) Estimating corn
leaf chlorophyll concentration from leaf and canopy reflectance. Remote Sensing of
Environment, 74:229-239.

Dawson, TP, PJ Curran, SE Plummer. (1998). LIBERTY- Modeling the effects of leaf biochemical
concentration on reflectance spectra. Remote Sensing of Environment, 65, 50-60.

De Kauwe, MG, MI Disney, T Quaife, P Lewis, M Williams. (2011). An assessment of the MODIS
collection 5 leaf area index product for a region of mixed coniferous forest. Remote
Sensing of Environment, 115(2): 767-780.

Deblonde, G, M Penner, A Royer. (1994). Measuring Leaf Area Index with the Li-Cor LAI-2000 in
Pine Stands. Ecology, 75(5): 1507-1511.

Delaney, J, A Skidmore. (2001). Classifying Eucalyptus forest vegetation data: a comparison of
techniques. Australian Forestry, 64(1): 14-25.

Dixon, |, M Douglas, J Dowe, D Burrows. (2006). Tropical Rapid Appraisal of Riparian Condition
Version 1 (for use in tropical savannas), Land & Water Australia, Canberra.

Drake, JB, RO Dubayah, RG Knox, DB Clark, JB Blair, C Rica. (2002). Sensitivity of large-footprint
lidar to canopy structure and biomass in a neotropical rainforest. Remote Sensing of
Environment, 81: 378-392.

DSE (2007). Criteria and Indicators for Sustainable Forest Management in Victoria. Victorian
Government Department of Sustainability and Environment. Melbourne, CMA Print.

DSE (2012). FPMRIS Guidelines for Ground Plot Measurement, version 1.2. Victorian Government
Department of Sustainability and Environment. Melbourne.

Dury, S, B Turner, B Foley, | Wallis. (2000). Use of high spectral resolution remote sensing to
determine leaf palatability of eucalypt trees for folivorous marsupials. International Journal
of Applied Earth Observation and Geoinformation, 3(4): 328-336.

Elzinga, CL, DW Salzer, JW Willoughby. (1998). Measuring and monitoring plant populations. U.S.
Bureau of Land Management Papers, 17. http://digitalcommons.unl.edu/usbimpub/17

Fang, H, S Wei, S Liang. (2012). Validation of MODIS and CYCLOPES LAl products using global
field measurement data. Remote Sensing of Environment, 119: 43-54.

FAO (2010a). Forest and Climate Change Working Paper 4. Choosing a Forest Definition for the
Clean Development Mechanism. T Neeff, Hv Luepke, D Schoene. Rome, FAO.

FAO (2010b). Global Forest Resources Assessment 2010 Country Report: Australia. Rome, FAO.

Fassnacht, KS, ST Gower, JM Norman, RE McMurtric. (1994). A comparison of optical and direct
methods for estimating foliage surface area index in forests. Agricultural and Forest
Meteorology, 71(1-2): 183-207.

Fensham, RJ, RJ Fairfax, JE Holman, J Whitehead. (2002). Quantitative assessment of vegetation
structural attributes from aerial photography. International Journal of Remote Sensing,
23(11): 2293-2317.

Ferris, R, JW Humphrey. (1999). A review of potential biodiversity indicators for application in
British forests. Forestry, 72(4).

Foody, GM, PJ Curran. (1994). Estimation of tropical forest extent and regenerative stage using
remotely sensed data. Journal of Biogeography 21(3): 223-244.

Fosberg, MA, RC Rothermel, PL Andrews. (1981). Moisture content calculations for 1000-hour
timelag fuels. Forest Science, 27(1):19-26.

Fourty, T, F Baret, S Jacquemoud, G Schmuck, J Verdebout. (1996) Leaf optical properties with
explicit description of its biochemical composition: direct and inverse problems. Remote
Sensing of Environment, 56:104-117.

Franklin, JF, TA Spies. (1991). Composition, function, and structure of old-growth Douglas-fir
forests. USDA Forest Service general technical report PNW-GTR-Pacific Northwest
Research Station.

Fréchet, M. (1927), "Sur la loi de probabilité de I'écart maximum", Annales de la Société Polonaise
de Mathematique, Cracovie, 6: 93-116.

Friedl, MA, DK Mclver, JCF Hodges, XY Zhang, D Muchoney, AH Strahler, CE Woodcock, S
Gopal, A Schneider, A Cooper, A Baccini, F Gao, C Schaaf. (2002). Global land cover
mapping from MODIS: algorithms and early results. Remote Sensing of Environment,
83(1-2): 287-302.

Gamon, JA, J Pefiuelas, CB Field. (1992) A narrow-wave band spectral index that track diurnal
changes in photosynthetic efficiency. Remote Sensing of Environment, 41:35-44.



http://en.wikipedia.org/wiki/Maurice_Fr%C3%A9chet

Garrigues, S, R Lacaze, F Baret, JT Morisette, M Weiss, JE Nickeson, R Fernandes, S Plummer,
NV Shabanov, RB Myneni, Y Knyazikhin, W Yang. (2008a). Validation and
intercomparison of global Leaf Area Index products derived from remote sensing data.
Journal of Geophysical Research G: Biogeosciences, 113(2).

Garrigues, S, NV Shabanov, K Swanson, JT Morisette, F Baret, RB Myneni. (2008b).
Intercomparison and sensitivity analysis of Leaf Area Index retrievals from LAI-2000,
AccuPAR, and digital hemispherical photography over croplands. Agricultural and Forest
Meteorology, 148(8-9): 1193-1209.

Gates, DM, W Tantraporn (1952) The reflectivity of deciduous trees and herbaceous plants in the
infrared to 25 microns. Science, 115:613-616.

Gates, DM, (1962) Energy Exchange in the Biosphere, New York.

Gates, DM, HJ Keegan, JC Schleter. (1965) Spectral properties of plants. Applied Optics, 4(1):11-
20.

Gausman, HW (1977) Reflectance of Leaf Components, Remote Sensing Environment, 6: 1-9.

Gautam, RK, S Panigrahi (2007) Leaf nitrogen determination of corn plant using aerial images and
artificial neural networks. Canadian Biosystems Engineering Journal, 49.

GCOS (2010). Implementation Plan for the Global Observing System for Climate in Support of the
UNFCCC. http://www.wmo.int/pages/prog/gcos/documents/GCOSIP-
10_DRAFTv1.0_131109.pdf.

Gibbons, P, DB Lindenmayer, SC Barry, MT Tanton. (2002). Hollow selection by vertebrate fauna
in forests of southeastern Australia and implications for forest management. Biological
Conservation, 103(1), 1-12.

Gitelson, A, MN Merzlyak. (1994) Spectral reflectance changes associated with autumn
senescence of Aesculus hippocastanum L. and Acer platanoides L. leaves. Spectral
features and relation to chlorophyll estimation. Journal of Plant Physiology, 143:286-292.

Gitelson, AA, Y Zur, OB Chivkunova, MN Merzlyak. (2002) Assessing carotenoid content in plant
leaves with reflectance spectroscopy. Photochemistry and Photobiology, 75:272-281.

Gobron, N. (1997). Theoretical limits to the estimation of the leaf area index on the basis of visible
and near-infrared remote sensing data. IEEE Transactions on Geoscience and Remote
Sensing, 35(6): 1438-1445.

Gobron, N, MM Verstraete. (2009). Assessment of the status of the development if the standards
for the Terrestrial Essential Climate Variables. GTOS. Rome. 2.

Goel, NS, RL Thompson. (2000) A snapshot of canopy reflectance models and a universal nodel
for the radiation regime. Remote Sensing Reviews, 18(2):197-225.

Goetz, S, D Steinberg, R Dubayah, B Blair. (2007). Laser remote sensing of canopy habitat
heterogeneity as a predictor of bird species richness in an eastern temperate forest, USA.
Remote Sensing of Environment, 108(3): 254-263.

Gbmez, C, MA Wulder, F Montes, JA Delgado. (2012). Modeling Forest Structural Parameters in
the Mediterranean Pines of Central Spain using QuickBird-2 Imagery and Classification
and Regression Tree Analysis (CART). Remote Sensing, 4(1), 135-159.

Goodwin, N, R Turner, R Merton. (2005). Classifying Eucalyptus forests with high spatial and
spectral resolution imagery: an investigation of individual species and vegetation
communities. Australian Journal of Botany, 53(4), 337-345.

Goodwin, NR, NC Coops, DS Culvenor. (2006). Assessment of forest structure with airborne
LiDAR and the effects of platform altitude. Remote Sensing of Environment, 103(2): 140—
152.

Gower, ST, CJ Kucharik, JM Norman. (1999). Direct and indirect estimation of leaf area index,
f(APAR), and net primary production of terrestrial ecosystems. Remote Sensing of
Environment, 70(1): 29-51.

Graf, RF, L Mathys, K Bollmann. (2009). Habitat assessment for forest dwelling species using
LiDAR remote sensing: Capercaillie in the Alps. Forest Ecology and Management,
257(1), 160-167.

Grove, SJ, L Stamm, TJ Wardlaw. (2011). How well does a log decay-class system capture the
ecology of decomposition? — A case-study from Tasmanian Eucalyptus obliqua forest.
Forest Ecology and Management, 262(4): 692—700.

GTOS (2009). Assessment of the status of the development of the standards for the Terrestrial
Essential Climate Variables: LAl. GTOS 66. GTOS.

Guerschman, JP, MJ Hill, LJ Renzullo, DJ Barrett, AS Marks, EJ Botha. (2009). Estimating
fractional cover of photosynthetic vegetation, non-photosynthetic vegetation and bare soil



http://www.wmo.int/pages/prog/gcos/documents/GCOSIP-10_DRAFTv1.0_131109.pdf
http://www.wmo.int/pages/prog/gcos/documents/GCOSIP-10_DRAFTv1.0_131109.pdf

in the Australian tropical savanna region upscaling the EO-1 Hyperion and MODIS
sensors. Remote Sensing of Environment,113(5): 928-945.

Haboudane D, JR Miller, N Tremblay, PJ Zarco-Tejada, L Dextraze. (2002) Integration of
hyperspectral vegetation indices for prediction of crop Chlorophyll content for application
to precision agriculture. Remote Sensing of Environment, 81(2-3):416-426.

Harding, DJ, MA Lefsky, GG Parker, J Blair. (2001). Laser altimeter canopy height profiles:
Methods and validation for closed-canopy, broadleaf forests. Remote Sensing of
Environment, 76: 283 — 297.

Hatton, TJ, SJ Moore, PH Reece. (1995). Estimating stand transpiration in a Eucalyptus populnea
woodland with the heat pulse method: measurement errors and sampling strategies. Tree
Physiology, 15(4): 219-227.

Haywood, A, C Stone. (2011a). Mapping eucalypt forest susceptible to dieback associated with bell
miners (Manorina melanophys) using laser scanning, SPOT 5 and ancillary topographical
data. Ecological Modelling, 222(5): 1174-1184.

Haywood, A, C Stone. (2011b). Using Airborne Laser Scanning Data to Estimate Structural
Attributes of Natural Eucalypt Regrowth Forests. Australian Forestry, 74(1): 4-12

Helmer, EH, TS Ruzycki, J Benner, SM Voggesser, BP Scobie, C Park, DW Fanning, S Ramnarine
(2012). Detailed maps of tropical forest types are within reach: Forest tree communities
for Trinidad and Tobago mapped with multiseason Landsat and multiseason fine-
resolution imagery. Forest Ecology and Management, 279(0): 147-166.

Hill, RA, AG Thomson. (2005). Mapping woodland species composition and structure using
airborne spectral and LIDAR data. International Journal of Remote Sensing, 26(17):
3763-3779.

Hill, MJ, U Senarath, A Lee, M Zeppel, JM Nightingale, RJ Williams, TR McVicar. (2006).
Assessment of the MODIS LAI product for Australian ecosystems. Remote Sensing of
Environment, 101(4): 495-518.

Hinsley, SA, RA Hill, RJ Fuller, PE Bellamy, P Rothery. (2009). Bird species distributions across
woodland canopy structure gradients. Community Ecology, 10(1): 99-110.

Hollaus, M, W Wagner, C Eberhofer, W Karel. (2006) Accuracy of large-scale canopy heights
derived from LIDAR data under operational constraints in a complex alpine environment.
ISPRS Journal of Photogrammetry and Remote Sensing, 60(5): 323—-338.

Holmgren, J. (2004). Prediction of tree height, basal area and stem volume in forest stands using
airborne laser scanning. Scandinavian Journal of Forest Research, 19(6), 543-553.

Horler, DNH, M Dockray, J Barber. (1983) Red edge measurements for remotely sensing plant
chlorophyll content. Advance Space Research, 3(2): 273-277.

Hudak, AT, MA Lefsky, WB Cohen, M Berterretche. (2002). Integration of lidar and Landsat ETM+
data for estimating and mapping forest canopy height. Remote Sensing of Environment,
82, 397-416.

Hudak, AT, EK Strand, LA Vierling, JC Byrne, JUH Eitel, S Martinuzzi, MJ Falkowski. (2012).
Quantifying aboveground forest carbon pools and fluxes from repeat LIDAR surveys.
Remote Sensing of Environment, 123, 25—40.

Hurtt, G, R Dubayah, JB Drake, PR Moorcroft, SW Pacala, JB Blair, MG Fearon. (2004). Beyond
potential vegetation: combining lidar data and height-structured model for carbon studies.
Ecological Applications, 14(3): 873—-883.

Husch, B, CI Miller, TW Beers. (1972). Forest Mensuration. New York/Santa Barbara/ Chichester/
Brisbane/Toronto, John Wiley & Sons.

Hutchison, BA, DR Matt, RT McMillen, LJ Gross, SJ Tajchman, JM Norman. (1986). The
Architecture of a Deciduous Forest Canopy in Eastern Tennessee, U.S.A. Journal of
Ecology, 74(3): 635-646.

Hyde, P, R Dubayah, W Walker, JB Blair, M Hofton, C Hunsaker. (2006). Mapping forest structure
for wildlife habitat analysis using multi-sensor (LIDAR, SAR/INSAR, ETM+, Quickbird)
synergy. Remote Sensing of Environment, 102(1-2): 63—73.

Hyypp&, H, M Inkinen, M Engdahl. (2000). Accuracy comparison of various remote sensing data
sources in the retrieval of forest stand attributes. Forest Ecology and Management, 128:
109-120.

Hyyppa, J, H Hyyppa, D Leckie, F Gougeon, X Yu, M Maltamo. (2008). Review of methods of
small footprint airborne laser scanning for extracting forest inventory data in boreal
forests. International Journal of Remote Sensing, 29(5): 1339-1366.




loki, K, J Imanishi, T Sasaki, Y Morimoto, K Kitada. (2010). Estimating stand volume in broad-
leaved forest using discrete-return LIDAR: plot-based approach. Landscape and
Ecological Engineering, 6(1): 29-36.

Jackson, RD. (1986). Remote sensing of biotic and abiotic stress. Ann Rev Phytopathol, 24:265-
287.

Jacob, J, DW Lawlor. (1991) Stomatal and mesophyll limitations of photosynthesis in phospheate
deficient sunflower, maize and wheat plants. Journal of Experimental Botany, 42:1003-
1011.

Jacobs, MR. (1955). Growth Habits of the Eucalypts. Canberra, Forestry and Timber Bureau.

Jacquemoud, S, F Baret. (1990) PROSPECT: a model of leaf optical properties spectra, Remote
Sensing of Environment, 34:75-91.

Jacquemoud, S, F Baret, B Andrieu, FM Danson, K Jaggard. (1995) Extraction of vegetation
biophysical parameters by inversion of the PROSPECT + SAIL model on sugar beet
canopy reflectance data - Application to TM and AVIRIS sensors, Remote Sensing of
Environment, 52:163-172.

Jaskierniak, D, PNJ Lane, A Robinson, A Lucieer. (2011). Extracting LIiDAR indices to characterise
multilayered forest structure using mixture distribution functions. Remote Sensing of
Environment, 115(2), pp.573-585.

Jenkins, RB. (2012). Airborne laser scanning for vegetation structure quantification in a south east
Australian scrubby forest-woodland. Austral Ecology, 37(1): 44-55.

Jennings, SB, ND Brown, D Sheil. (1999). Assessing forest canopies and understorey illumination:
Canopy closure, canopy cover and other measures. Forestry 72(1): 59-73.

Johansen, K, S Phinn. (2006). Mapping structural parameters and species composition of riparian
vegetation using IKONOS and Landsat ETM+ data in Australian tropical savannahs.
Photogrammetric Engineering And Remote Sensing, 72(1): 71-80.

Johansen, K, SR Phinn. (2004). Mapping indicators of riparian vegetation health using IKONOS
and Landsat-7 ETM+ image data in Australian tropical savannas. Geoscience and
Remote Sensing Symposium. IGARSS. Anchorage, USA, IGARSS: 1559-1562.

Johnston, R, C Lacey (1984). A proposal for the classification of tree-dominated vegetation in
Australia. Australian Journal of Botany, 32(5): 529-549.

Jonckheere, |, S Fleck, K Nackaerts, B Muys, P Coppin, M Weiss, F Baret. (2004). Review of
methods for in situ leaf area index determination Part I. Theories, sensors and
hemispherical photography. Agricultural and Forest Meteorology, 121(1-2): 19-35.

Jonson, JH, Freudenberger, D. (2011). Restore and sequester: estimating biomass in native
Australian woodland ecosystems for their carbon-funded restoration. Australian Journal of
Botany, 59(7), 640-653.

Joshi, C, J De Leeuw, J van Andel, AK Skidmore, HD Lekhak, IC van Duren, N Norbu. (2006).
Indirect remote sensing of a cryptic forest understorey invasive species. Forest Ecology
and Management, 225(1-3): 245-256.

Jupp, DLB, DS Culvenor, JL Lovell, GJ Newnham, AH Strahler, CE Woodcock. (2008). Estimating
forest LAI profiles and structural parameters using a ground-based laser called “Echidna”.
Tree physiology, 29(2): 171-81.

Justice, C, A Belward, J Morisette, P Lewis, J Privette, F Baret. (2000). Developments in the
'validation' of satellite sensor products for the study of the land surface. International
Journal of Remote Sensing, 21(17): 3383-3390.

Kaldcska, M, JC Calvo-Alvarado, GA Sanchez-Azofeifa. (2005). Calibration and assessment of
seasonal changes in leaf area index of a tropical dry forest in different stages of
succession. Tree Physiology, 25(6): 733-744.

Kandel, YP, JC Fox, SK Arndt, SJ Livesley. (2011). LIiDAR estimation of mean dominant height,
guadratic mean canopy height and stem density in native sclerophyll forests. Proceedings
of SilviLaser, Hobart, Tasmania, Australia, Conference Secretariat.

Kanowski, J, CP Catterall, GW Wardell-Johnson, H Proctor, T Reis. (2003). Development of forest
structure on cleared rainforest land in eastern Australia under different styles of
reforestation. Forest Ecology and Management, 183(1-3): 265-280.

Keane, RE, ED Reinhardt, J Scott, K Gray, J. Reardon. (2005). Estimating forest canopy bulk
density using six indirect methods. Canadian Journal of Forest Research, 35(3): 724-739.

Kim, S, RJ McGaughey, H-E Andersen, G Schreuder. (2009). Tree species differentiation using
intensity data derived from leaf-on and leaf-off airborne laser scanner data. Remote
Sensing of Environment, 113(8): 1575-1586.




Klobucar, D, M Subasic, R Pernar. (2011). Estimation of stands parameters from IKONOS satellite
images using textural features. 7th International Symposium Image and Signal
Processing and Analysis (ISPA), 2011.

Knight, A, K Blott, M Portelli, C Hignet. (2002). Use of tree and shrub belts to control leakage in
three dryland cropping environments. Australian Journal of Agricultural Research, 53(5):
571-586.

Knipling, EB. (1970) Physical and physiological basis for the reflectance of visible and near-
infrared radiation from vegetation. Remote Sensing of Environment, 1:155-159.

Knowlton, DJ, RM Hoffer. (1981). Radar Imagery for Forest Cover Mapping. LARS Symposia.

Knyazikhin, Y, JV Martonchik, RB Myneni, DJ Diner, SW Running. (1998). Synergistic algorithm for
estimating vegetation canopy leaf area index and fraction of absorbed photosynthetically
active radiation from MODIS and MISR data. J. Geophys. Res. 103(D24): 32257-32275.

Koch, B. (2010). Status and future of laser scanning, synthetic aperture radar and hyperspectral
remote sensing data for forest biomass assessment. ISPRS Journal of Photogrammetry
and Remote Sensing, 65(6): 581-590.

Koetz, B, M Schaepman, F Morsdorf, P Bowyer, K Itten, B Allgouwer. (2004) Radiative transfer
modeling within heterogeneous canopy for estimation of forest fire fuel properties,
Remote Sensing of Environment, 92: 332-344.

Korhonen, L, KT Korhonen, M Rautiainen, P Stenberg. (2006). Estimation of Forest Canopy Cover:
a Comparison of Field Measurement Techniques. Silva Fennica, 40(4): 577-588.
Lambers, H, FS Chaplin Ill, TL Pons. (1998). Plant physiological ecology. New York, Springer-

Verlag.

Latifi, H. (2012). Characterizing Forest Structure by Means of Remote Sensing: A Review.

Lee, AC, RM Lucas, C Brack. (2004). Quantifying vertical forest stand structure using small
footprint lidar to assess potential stand dynamics. In Laser scanners for forest and
landscape assessment instruments, processing methods and applications. Freiburg,
Germany: International Archives of Photogrammetry, Remote Sensing and Spatial
Information Sciences: 213-217.

Lee, AC, RM Lucas. (2007). A LiDAR-derived canopy density model for tree stem and crown
mapping in Australian forests. Remote Sensing of Environment, 111(4), 493-518.

Lee, AC, P Scarth, A Gerrand. (2009). A New Dataset for Forest Height Across Australia: Pilot
Project to Calibrate ICESat Laser Data with Airborne LIDAR. In S. Jones & K. Reinke,
eds. Innovations in Remote Sensing and Photogrammetry. Berlin, Heidelberg: Springer
Berlin Heidelberg, pp. 37-50.

Lefsky, MA, WB Cohen, SA Acker, GG Parker. (1999a). Lidar Remote Sensing of the Canopy
Structure and Biophysical Properties of Douglas-Fir Western Hemlock Forests. Ecological
Applications, 361(May): 339—-361.

Lefsky, MA, D Harding, WB Cohen, G Parker. (1999b). Surface Lidar Remote Sensing of Basal
Area and Biomass in Deciduous Forests of Eastern Maryland , USA. Remote Sensing of
Environment, 67: 83-98.

Lefsky, MA, W Cohen, DJ Harding. (2001). Lidar remote sensing of above - ground biomass in
three biomes. International Archives of Photogrammetry and Remote Sensing, XXXIV-3,
pp.155-160.

Lefsky, MA, WB Cohen, GG Parker, DJ Harding. (2002). Lidar Remote Sensing for Ecosystem
Studies. BioScience, 52(1).

Lefsky, MA. (2010). A global forest canopy height map from the Moderate Resolution Imaging
Spectroradiometer and the Geoscience Laser Altimeter System. Geophysical Research
Letters, 37(15): 1-5.

Leuning, R, Y Zhang, A Rajaud, H Cleugh, K Tu. (2008). A simple surface conductance model to
estimate regional evaporation using MODIS leaf area index and the Penman-Monteith
equation. Water Resources Research 44(10): W10419.

Lewis, NB, A Keeves, JW Leech. (1976) Yield regulation in south Australia Pinus radiata
plantations. Bulletin 23. Woods and Forests Department, Adelaide, Australia: A.B. James
Government Printer.

Lim, K, P Treitz, MA Wulder, B St-Onge, M Flood. (2003) LIiDAR remote sensing of forest structure.
Progress in Physical Geography, 27(1): 88—-106.

Lim, S, J Trindera, R Turner, R. (2011). Full Waveform Lidar Remote Sensing for Forest Inventory
in New South Wales, Australia. In Proc. Int. Symp. LIDAR & Radar: Technologies &
Applications. Nanjing, China, 26-29 May.




Lindenmayer, DB, RD Incoll, RB Cunningham, CF Donnelly. (1999). Attributes of logs on the floor
of Australian Mountain Ash (Eucalyptus regnans) forests of different ages. Forest Ecology
and Management, 123: 195-203.

Lindenmayer, DB, CR Margules, DB Botkin. (2000). Indicators of Biodiversity for Ecologically
Sustainable Forest Management. Conservation Biology, 14(4): 941-950.

Linderman, M, J Liu, J Qi, L An, Z Ouyang, J Yang, Y Tan. (2004). Using artificial neural networks
to map the spatial distribution of understorey bamboo from remote sensing data.
International journal of remote sensing, 25(9): 1685-1700.

Lloyd, D. (1989a) A Review of Radiometric Data from Satellite-Borne Sensors for
Phytogeographical Applications, in Satellite Remote Sensing for the Hydrology and Water
Management of Medterranean Coasts and Islands, (Eds) Barret, E. C., Power, C. H.,
Micaleff, A., pp. 117-136, Gordon and Breach, Amsterdam.

Lloyd, D. (1989b) Phytogeographical Change Detection Using Imagery from Satellite-Borne
Sensors, in Satellite Remote Sensing for the Hydrology and Water Management of
Medterranean Coasts and Islands, (Eds) Barret, EC, Power, CH, Micaleff, A, pp. 167-184,
Gordon and Breach, Amsterdam.

Lloyd, D. (1989c) Mapping Phytophenology Using Shortwave Vegetation Index Imagery,
Proceedings of the 4th AVHRR Users Meeting, Darmstadt, (EUMETSAT).

Lloyd, D. (1989d) A Phenological Description of Iberian Vegetation Cover Using Shortwave
Vegetation Index Imagery, International Journal of Remote Sensing, 10: 827-833.

Lovell, J, DLB Jupp, D Culvenor, N Coops. (2003). Using airborne and ground-based ranging lidar
to measure canopy structure in Australian forests. Canadian Journal of Remote Sensing,
29(5): 607-622.

Lovell, JL, DLB Jupp, GJ Newnham, NC Coops, DS Culvenor. (2005). Simulation study for finding
optimal lidar acquisition parameters for forest height retrieval. Forest Ecology and
Management, 214(1-3): 398—-412.

Lucas, RM, M Honzak, PJ Curran, GM Foody, R Milne, T Brown, S Amaral. (2000). Mapping the
regional extent of tropical forest regeneration stages in the Brazilian Legal Amazon using
NOAA AVHRR data. International Journal of Remote Sensing 21(15): 2855-2881.

Lucas, RM, N Cronin, M Moghaddam, A Lee, J Armston, P Bunting, C Witte. (2006). Integration of
radar and Landsat-derived foliage projected cover for woody regrowth mapping,
Queensland, Australia. Remote Sensing of Environment, 100(3): 388-406.

Lucas, RM, AC Lee, J Armston, J Breyer. (2008a). Advances in forest characterisation, mapping
and monitoring through integration of LIDAR and other remote sensing datasets.
SilviLaser 2008, 4:.2—-12.

Lucas, RM, AC Lee, PJ Bunting. (2008b). Retrieving forest biomass through integration of CASI
and LiDAR data. International Journal of Remote Sensing, 29(5), pp.1553-1577.

Lucas, R, P Bunting, M Paterson, L Chisholm. (2008c). Classification of Australian forest
communities using aerial photography, CASI and HyMap data. Remote Sensing of
Environment, 112(5), 2088-2103.

MacArthur, RH, HS Horn. (1969). Foliage Profile by Vertical Measurements. Ecological Society of
America, 50(5): 802-804.

Magnussen, S, P Boudewyn. (1998). Derivations of stand heights from airborne laser scanner data
with canopy-based quantile estimators. Canadian Journal of Forest Research, 28(7):
1016-1031.

Maltamo, M, K Eerikdinen, J Pitkdnen, J Hyypp&, M Vehmas. (2004). Estimation of timber volume
and stem density based on scanning laser altimetry and expected tree size distribution
functions. Remote Sensing of Environment, 90(3): 319-330.

Maltamo, M, P Packalén, X Yu, K Eerikdinen, J Hyyppa, J Pitkdnen. (2005). Identifying and
guantifying structural characteristics of heterogeneous boreal forests using laser scanner
data. Forest Ecology and Management, 216(1-3): 41-50.

Martin, ME, JA Aber. (1997). High spectral resolution remote sensing of forest canopy lignin,
Nitrogen, and ecosystem processes. Ecological applications, 7(2): 431-443.

McDonald, RC, RF Isbell, JG Speight, J Walker, M Hopkins. (1990). Australian Soil and Land
Survey Field Handbook, Department of Primary Industries and Energy and CSIRO.

Means, J, S Acker, DJ Harding, J Blair, MA Lefsky, WB Cohen, ME Harmon, WA McKee. (1999).
Use of large-footprint scanning airborne lidar to estimate forest stand characteristics in
the Western Cascades of Oregon. Remote Sensing of Environment, 67: 298-308.




Means, JE, SA Acker, BJ Fitt, M Renslow, L Emerson, CJ Hendrix. (2000). Predicting forest stand
characteristics with airborne scanning lidar. PE & RS- Photogrammetric Engineering &
Remote Sensing, 66(11), 1367-1371.

McElhinny, C, P Gibbons, C Brack, J Bauhus. (2005). Forest and woodland stand structural
complexity: Its definition and measurement. Forest Ecology and Management, 218(1-3),
1-24.

Meggs JM. (1996). Pilot Study of the Effects of Modern Forestry Practices on the Decaying-Log
Habitat in Wet Eucalypt Forest in South-East Tasmania. Report to the Tasmanian RFA
Environment and Heritage Technical Committee, Forestry Tasmania, Hobart.

Mellor, A, S Jones, A Haywood, PTV Wilkes. (2012). Using random forest decision tree
classification for large area forest extent mapping with multi-source remote sensing and
GIS data. In ARSPC. Melbourne, pp. 1-9.

Miles, PD. (2002). Using biological criteria and indicators to address forest inventory data at the
state level. Forest Ecology and Management, 155: 171-185.

Milton, NM, BA Eiswerth, CM Ager CM. (1991) Effect of phosphorous deficiency on spectral
reflectance and morphology of soybean plants. Remote Sensing of Environment, 36: 121-
127.

Miura, N, SD Jones. (2010). Characterizing forest ecological structure using pulse types and
heights of airborne laser scanning. Remote Sensing of Environment, 114(5): 1069-1076.

Miura, N, SD Jones. (2012). Estimation of Coarse Woody Debris using Airborne LIiDAR. In: 16th
Australasian Remote Sensing and Photogrammetry Conference, 27-28th August.
Melbourne, Australia.

Mooney, HA, PM Vitousek, PA Matson. (1987). Exchange of materials between terrestrial
ecosystems and the atmosphere. Science, 238: 926-932.

Morgan, J. L., S. E. Gergel and N. C. Coops (2010). Aerial photography: a rapidly evolving tool for
ecological management. BioScience, 60(1): 47-59.

Morisette, JT, F Baret, JL Privette, RB Myneni, JE Nickeson, S Garrigues, NV Shabanov, M Weiss,
RA Fernandes, SG Leblanc, M Kalacska, GA Sanchez-Azofeifa, M Chubey, B Rivard, P
Stenberg, M Rautiainen, P Voipio, T Manninen, AN Pilant, TE Lewis, JS liames, R
Colombo, M Meroni, L Busetto, WB Cohen, DP Turner, ED Warner, GW Petersen, G
Seufert, R Cook. (2006). Validation of global moderate-resolution LAl products: A
framework proposed within the CEOS land product validation subgroup. IEEE
Transactions on Geoscience and Remote Sensing 44(7): 1804-1814.

Morsdorf, F, A Marell, B Koetz, N Cassagnhe, F Pimont, E Rigolot, B Allgéwer. (2010).
Discrimination of vegetation strata in a multi-layered Mediterranean forest ecosystem
using height and intensity information derived from airborne laser scanning. Remote
Sensing of Environment, 114(7): 1403-1415.

MPIGA. (2008). Australia’s State of the Forests Report: Five yearly report 2008.

Musk, R. (2011). Stand level inventory of eucalypt plantations using small footprint LiDAR in
Tasmania, Australia. SilviLaser, Hobart, Tasmania, Australia, Conference Secretariat.

Myneni, RB, R Ramakrishna, R Nemani, S Running. (1997). Estimation of global leaf area index
and absorbed PAR using radiative transfer models. IEEE Transactions on Geoscience
and Remote Sensing, 35(6): 1380-1393.

Nagendra, H. (2001). Using remote sensing to assess biodiversity. International journal of remote
sensing, 22(12): 2377-2400.

National Forest Inventory, (1998). Australia’s State of the Forests Report 1998, Canberra.

Neumann, HH, G Den Hartog, RH Shaw. (1989). Leaf area measurements based on hemispheric
photographs and leaf-litter collection in a deciduous forest during autumn leaf-fall.
Agricultural and Forest Meteorology, 45(3-4): 325-345.

Neumann, M, F Starlinger. (2001). The significance of different indices for stand structure and
diversity in forests. Forest Ecology and Management, 145(1-2), 91-106.

Ni-Meister, W, DLB Jupp, R Dubayah. (2001). Modeling Lidar Waveforms in Heterogeneous and
Discrete Canopies. IEEE Transactions on Geoscience and Remote Sensing, 39(9):
1943-1958.

Ni-Meister, W, S Lee, AH Strahler, CE Woodcock. (2010). Assessing general relationships
between aboveground biomass and vegetation structure parameters for improved carbon
estimate from lidar remote sensing. Journal of Geophysical Research, 115: 1-12.

Norman JM, JM Welles, EA Walter. (1985). Contrasts among bidirectional reflectance of leaves,
canopies, and soils. IEEE Transactions Geoscience and Remote Sensing, 23(5):659-667.




Neesset, E. (1997). Determination of mean tree height of forest stands using airborne laser scanner
data. ISPRS Journal of Photogrammetry and Remote Sensing, 52(2), pp.49-56.

Neesset, E, K-O Bjerknes. (2001a). Estimating tree heights and number of stems in young forest
stands using airborne laser scanner data. Remote Sensing of Environment, 78(3): 328-
340.

Neesset, E, T @kland. (2002). Estimating tree height and tree crown properties using airborne
scanning laser in a boreal nature reserve. Remote Sensing of Environment, 79: 105-115.

Neesset, E. (2002). Predicting forest stand characteristics with airborne scanning laser using a
practical two-stage procedure and field data. Remote Sensing of Environment, 80(1), 88-
99.

Neesset, E. (2004). Practical large-scale forest stand inventory using a small-footprint airborne
scanning laser. Scandinavian Journal of Forest Research, 19(2): 164-179.

Neesset, E. (2007). Airborne laser scanning as a method in operational forest inventory: Status of
accuracy assessments accomplished in Scandinavia. Scandinavian Journal of Forest
Research, 22(5): 433—-442.

@rka, HO, E Naesset, OM Bollandsas. (2009). Classifying species of individual trees by intensity
and structure features derived from airborne laser scanner data. Remote Sensing of
Environment, 113(6): 1163-1174.

Osborne SL, JS Schepers, DD Francis, MR Schlemmer. (2002) Detection of phosphorus and
nitrogen deficiencies in corn using spectral radiance measurements. Agronomy Journal,
94 (6): 1215-1221.

Osborne SL, JS Schepers, MR Schlemmer. (2004) Detecting nitrogen and phosphorus stress in
corn using multi-spectral imagery. Communications in soil science and plant analysis,
35(3-4): 505-516.

Ozdemir, |, A Karnieli. (2011). Predicting forest structural parameters using the image texture
derived from WorldView-2 multispectral imagery in a dryland forest, Israel. International
Journal of Applied Earth Observation and Geoinformation, 13(5), 701-710.

Parker, GG. (1995). Structure and microclimate of forest canopies. In M. Lowman & N. Nadkarni,
eds. Forest canopies: a review of research on a biological frontier. San Diego, CA:
Academic Press.

Parker, GG, DJ Harding, ML Berger. (2004). A portable LIDAR system for rapid determination of
forest canopy structure. Journal of Applied Ecology, 41(4): 755-767.

Patenaude, G, RA Hill, R Milne, DL Gaveau, BBJ Briggs, TP Dawson. (2004). Quantifying forest
above ground carbon content using LIDAR remote sensing. Remote Sensing of
Environment, 93(3): 368—380.

Pellant, M, P Shaver, DA Pyke, JE Herrick. (2005). Interpreting Indicators of Rangeland Health -
Version 4. B. 0. L. M. U.S. Department of the Interior, National Science and Technology
Center, Denver, CO. BLM/WO/ST-00/001+1734/REV05. 122 pp.

Pefiuelas J, JA Gamon, AL Fredeen, J Merino, CB Field. (1994) Reflectance indices associated
with physiological changes in nitrogen- and water-limited sunflower leaves. Remote
Sensing of Environment, 48:135-146.

Pefuelas J, F Baret, | Filella. (1995) Semi-empirical indices to assess carotenoids/chlorophyll a
ratio from leaf spectral reflectance. Photosynthetica 31(2):221-230.

Pefiuelas J, | Filella. (1998) Visible and near-infrared reflectance techniques for diagnosing plant
physiological status. Trends in Plant Science, 3(4):151-156.

Persson, A, J Holmgren, U Séderman. (2002). Detecting and measuring individual trees using an
airborne laser scanner. Photogrammetric engineering and remote sensing, 68(9), 925-
932.

Pesonen, A, M Maltamo, K Eerikdinen, P Packalen. (2008). Airborne laser scanning-based
prediction of coarse woody debris volumes in a conservation area. Forest Ecology and
Management, 255(8-9): 3288—3296.

Popescu, SC, RH Wynne, RF Nelson. (2002). Estimating plot-level tree heights with lidar: local
filtering with a canopy-height based variable window size. Computers and Electronics in
Agriculture, 37(1-3): 71-95.

Pretzsch, H. (1997). Analysis and modeling of spatial stand structures. Methodological
considerations based on mixed beech-larch stands in Lower Saxony. Forest Ecology and
Management, 97(3), 237-253.

Radtke, PJ, PV Bolstad. (2001). Laser point-quadrat sampling for estimating foliage-height profiles
in broad-leaved forests. Canadian Journal of Forest Research, 31(3): 410-418.




Research Working Group #2 (1999). Code of Forest Mensuration Practice: A guide to good tree
measurement practice in Australia and New Zealand. Wood, Turner and Brack (Eds)

Riafo, D, E Meier, B Allgower, E Chuvieco, SL Ustin. (2003). Modeling airborne laser scanning
data for the spatial generation of critical forest parameters in fire behavior modeling.
Remote Sensing of Environment, 86(2): 177-186.

Richardson, JJ, LM Moskal. (2011). Strengths and limitations of assessing forest density and
spatial configuration with aerial LIDAR. Remote Sensing of Environment, 115(10): 2640-
2651.

Ringvall, A, G Stahl, V Teichmann, JH Gove, MJ Ducey. (2001). Two-phase approaches to point
and transect relascope sampline of downed logs. Canadian Journal of Forest Research,
31(6): 971-977.

Robertson, Al. (1991) Plant-animal interaction and the structure and function of mangrove forest
ecosystems. Australian Journal of Ecology, 16, 433-433.

Rock, BN. (1982) Mapping of Deciduous Forest Cover Using Simulated Landsat Data,
Proceedings of the International Geoscience and Remote Sensing Symposium, 5: 3.1.

Rock, BN, T Hoshizaki, JR Miller. (1988) Comparison of the in situ and Airborne Spectral
Measurements of the Blue Shift Associated with Forest Decline, Remote Sensing
Environment, 24: 109-127.

Ross, KA, BJ Fox, MD Fox. (2002). Changes to plant species richness in forest fragments:
fragment age, disturbance and fire history may be as important as area. Journal of
Biogeography, 29(5-6): 749-765.

Ruefenacht, B, M Finco, M Nelson, R Czaplewski, E Helmer, J Blackard, G Holden, A Lister, D
Salajanu, D Weyermann. (2008). Conterminous US and Alaska Forest Type Mapping
Using Forest Inventory and Analysis Data. Photogrammetric Engineering & Remote
Sensing, 74(11), 1379-1388.

Running, SW, DL Peterson, MA Spanner, KB Teuber. (1986). Remote sensing of coniferous forest
leaf area. Ecology, 67(1): 273-276.

Scanlon, TM, JD Albertson, KK Caylor, CA Williams. (2002). Determining land surface fractional
cover from NDVI and rainfall time series for a savanna ecosystem. Remote Sensing of
Environment, 82(2-3): 376-388.

Scarth, P, S Phinn. (2000). Determining Forest Structural Attributes Using an Inverted Geometric-
Optical Model in Mixed Eucalypt Forests, Southeast Queensland, Australia. Remote
Sensing of Environment 71(2): 141-157.

Serrano L, J Pefiuelas, SL Ustin. (2002) Remote sensing of nitrogen and lignin in mediterranean
vegetation from AVIRIS data: Decomposing biochemical from structural signals. Remote
Sensing of Environment, 81:355-364.

Setterfield, SA, MM Douglas, LB Hutley, MA Welch. (2005). Effects of Canopy Cover and Ground
Disturbance on Establishment of an Invasive Grass in an Australia Savannal. Biotropica
37(1): 25-31.

Sexton, JO, T Bax, P Siqueira, JJ Swenson, S Hensley. (2009). A comparison of lidar, radar, and
field measurements of canopy height in pine and hardwood forests of southeastern North
America. Forest Ecology and Management, 257(3): 1136-1147.

Shugart, HH, IR Noble. (1981). A computer model of succession and fire response of the high-
altitude Eucalyptus forest of the Brindabella Range, Australian Capital Territory.
Australian Journal of Ecology 6(2): 149-164.

Simard, M, N Pinto, JB Fisher, A Baccini. (2011). Mapping forest canopy height globally with
spaceborne lidar. Journal of Geophysical Research, 116(4):1-12.

Sims DA, JA Gamon (2002) Relationships between leaf pigment content and spectral reflectance
across a wide range of species, leaf structures and developmental stages. Remote
Sensing of Environment, 81:337-354.

Sitch, S, C Huntingford, N Gedney, PE Levy, M Lomas, SL Piao, R Betts, P Ciais, P Cox, P
Friedlingstein, CD Jones, IC Prentice, FI Woodward. (2008). Evaluation of the terrestrial
carbon cycle, future plant geography and climate-carbon cycle feedbacks using five
Dynamic Global Vegetation Models (DGVMs). Global Change Biology 14(9): 2015-2039.

Smiet, AC. (1992). Forest ecology on Java: Human impact and vegetation of montane forest.
Journal of Tropical Ecology, 8(2): 129-152.

Smith, ML, SV Ollinger, ME Martin, JD Aber, RA Hallet, CL Goodale. (2002) Direct estimation of
aboveground forest productivity through hyperspectral remote sensing of canopy
nitrogen. Ecological Applications, 12(5): 1286-1302.




Somogyi, Z, E Cienciala, R Mé&kipadd, P Muukkonen, A Lehtonen, P Weiss. (2007). Indirect
methods of large-scale forest biomass estimation. European Journal of Forest Research,
126(2), 197-207.

Specht, R. (1970). Vegetation. In ‘The Australian Environment’.(Ed. GW Leeper.) pp. 44-67,
CSIRO and Melbourne University Press: Melbourne.

Specht, RL, DG Morgan. (1981). The balance between the foliage projective covers of overstorey
and understorey strata in Australian vegetation. Australian Journal of Ecology 6(2): 193-
202.

Spies, TA, JF Franklin, M Klopsch. (1990). Canopy gaps in Douglas-fir forests of the Cascade
Mountains. Canadian Journal of Forest Research, 20(5): 649-658.

Spies, TA, JF Franklin. (1991). The structure of natural young, mature, and old-growth Douglas-fir
forests in Oregon and Washington. L. E Ruggiero, KB Aubry, AB Carey, and M. Huff,
technical coordinators. Wildlife and vegetation of unmanaged Douglas-fir forests. General
technical report PNW-GTR-85. US Department of Agriculture Forest Service, Pacific
Northwest Research Station, Portland, Oregon, 91-109.

Spies, TA (1998). Forest structure: a key to the ecosystem. Northwest Science, 72, 34-36.

Swatantran, A, R Dubayah, D Roberts, M Hofton, JB Blair. (2011). Mapping biomass and stress in
the Sierra Nevada using lidar and hyperspectral data fusion. Remote Sensing of
Environment, 115(11): 2917-2930.

Stape, JL, MG Ryan, D Binkley. (2004). Testing the utility of the 3-PG model for growth of
Eucalyptus grandis x urophylla with natural and manipulated supplies of water and
nutrients. Forest Ecology and Management 193(1-2): 219-234.

Steudler, PA, RD Bowden, JM Melillo, JD Aber. (1989). Influence of nitrogen fertilization on
methane uptake in temperate forest soils. Nature, 341: 314-316.

Stockli, R, T Rutishauser, D Dragoni, J O’keefe, P Thornton, M Jolly, L Lu, A Denning. (2008).
Remote sensing data assimilation for a prognostic phenology model. Journal of
Geophysical Research 113(G04021): G04021.

Stone, C, JA Simpson. (2006). Leaf, tree and soil properties in a Eucalyptus saligna forest
exhibiting canopy decline. Cunninghamia, 9(4): 507-520.

Sun, D, RJ Hnatiuk, VJ Neldner. (1997). Review of Vegetation Classification and Mapping Systems
Undertaken by Major Forested Land Management Agencies in Australia. Australian
Journal of Botany, 45(6): 929-948.

Tickle, PK, A Lee, RM Lucas, J Austin, C Witte. (2006). Quantifying Australian forest floristics and
structure using small footprint LIDAR and large scale aerial photography. Forest Ecology
and Management, 223(1-3): 379-394.

Tilling, AK, GJ O'Leary, JG Ferwerda, SD Jones, G Fitzgerald, D Rodriguez, R Belford. (2007).
Remote Sensing of Nitrogen and Water Stress in Wheat, Field Crops Research, 104, 77-
85.

Tonolli, S, M Dalponte, M Neteler, M Rodeghiero, L Vescovo, D Gianelle. (2011). Fusion of
airborne LIDAR and satellite multispectral data for the estimation of timber volume in the
Southern Alps. Remote Sensing of Environment, 115(10): 2486-2498.

Turner, W, S Spector, N Gardiner, M Fladeland, E Sterling, M Steininger. (2003). Remote sensing
for biodiversity science and conservation. Trends in Ecology & Evolution, 18(6): 306—-314.

Turner, R. (2007). An overview of Airborne LIDAR applications in New South Wales state forests.
In Australian and New Zealand Institute of Foresters. Coffs Harbour, 1-22.

Turner, R, N Goodwin, J Friend, D Mannes, J Rombouts, A Haywood, E Precinct. (2011). A
national overview of airborne lidar application in Australian forest agencies. SilviLaser,
Hobart, Tasmania, Australia, Conference Secretariat.

Turner, R, C Stone, A Kathuria, T Penman. (2011). Towards an operational lidar resource
inventory process in Australian softwood plantations.

UNFCCC (2001). Report of the conference of the parties on its seventh session. Marrakesh.
Available at: http://unfccc.int/resource/docs/cop7/13a01.pdf.

UNFCCC (2002). Report of the Conference of the Parties on its seventh session, held at
Marrakesh from 29 October to 10 November 2001 (FCCC/CP/2001/13/Add.1, UNFCCC,
Marrakesh, Morocco, 2001). Available at:
http://unfccc.int/resource/docs/cop7/13a0l.pdf#page=54.

USDA (1997). National range and pasture handbook. (190-vi-NRPH, September 1997)
Washington, DC. U.S. Department of Agriculture.



http://unfccc.int/resource/docs/cop7/13a01.pdf

USGS. (2012, 10/11/2011). MODIS Products Table. Retrieved 21/09/2012, from
https://Ipdaac.usgs.gov/products/modis_products_table.

Ustin, SL, D DiPietro, K Olmstead, E Underwood, GJ Scheer. (2002). Hyperspectral remote
sensing for invasive species detection and mapping. 2002 IEEE International Geoscience
and Remote Sensing Symposium, 2002. IGARSS '02.

Vaglio Laurin, G, V Liesenberg, Q Chen, L Guerriero, F Del Frate, A Bartolini, D Coomes, B
Wilebore, J Lindsell, R Valentini. (2013). Optical and SAR sensor synergies for forest and
land cover mapping in a tropical site in West Africa. International Journal of Applied Earth
Observation and Geoinformation 21(0): 7-16.

Van Den Meersschaut, D, K Vandekerkhove. (2000). Development of a stand-scale forest
biodiversity index based on the state forest inventory. In: Hansen, Mark; Burk, Tom, eds.
Integrated tools for natural resources inventories in the 21st century. Gen. Tech. Rep.
NC-212. St. Paul, MN: U.S. Dept. of Agriculture, Forest Service, North Central Forest
Experiment Station. 340-350.

Vertessy, RA, FGR Watson, SK O'Sullivan (2001). Factors determining relations between stand
age and catchment water balance in mountain ash forests. Forest Ecology and
Management 143(1-3): 13-26.

Vertessy, R, F Watson, S O’Sullivan, S Davis, R Campbell, R Benyon, S Haydon. (1998).
Predicting water yield from mountain ash forest catchments, Cooperative Research
Centre for Catchment Hydrology. Report 98/4. ISBN 1 876006 30 7

Victorian Department of Sustainability and Environment (2011). FPMRIS Guidelines for Ground
Plot Measurement, version 1.1.

Vogelmann TC. (1993) Plant tissue optics. Annual Review of Plant Physiology and Plant Molecular
Biology 44: 231-251.

Waddell, KL. (2002). Sampling coarse woody debris for multiple attributes in extensive resource
inventories. Ecological Indicators, 1(3): 139-153.

Watson, DJ. (1947). Comparative physiological studies on the growth of field crops: I. Variation in
net assimilation rate and leaf area between species and varieties, and within and
between years. Annals of Botany 11(1): 41-76.

Weiss, M, F Baret, GJ Smith, | Jonckheere, P Coppin. (2004). Review of methods for in situ leaf
area index (LAIl) determination: Part Il. Estimation of LAI, errors and sampling.
Agricultural and Forest Meteorology 121(1-2): 37-53.

Wimberly, MC, TA Spies. (2001). Influences of environment and disturbance on forest patterns in
coastal Oregon watersheds. Ecology, 82(5): 1443-1459.

White, MA, GP Asner, RR Nemani, JL Privette, SW Running. (2000). Measuring Fractional Cover
and Leaf Area Index in Arid Ecosystems: Digital Camera, Radiation Transmittance, and
Laser Altimetry Methods. Remote Sensing of Environment 74(1): 45-57.

Woinarski, JCZ, J Risler, L Kean. (2004). Response of vegetation and vertebrate fauna to 23 years
of fire exclusion in a tropical Eucalyptus open forest, Northern Territory, Australia. Austral
Ecology, 29(2): 156-176.

Woldendorp, G, RJ Keenan, S Barry, R Spencer. (2004). Analysis of sampling methods for coarse
woody debris. Forest Ecology and Management, 198(1-3): 133-148.

Woldendorp, G, RJ Keenan. (2005). Coarse woody debris in Australian forest ecosystems: A
review. Austral Ecology, 30(8): 834—-843.

Wollersheim, M, MJ Collins, D Leckie. (2011). Estimating boreal forest species type with airborne
polarimetric synthetic aperture radar. International Journal of Remote Sensing 32(9):
2481-2505.

Waulder, MA. (1998). Optical remote-sensing techniques for the assessment of forest inventory and
biophysical parameters. Progress in Physical Geography, 22(4): 449-476.

Wulder, MA, CW Bater, NC Coops, T Hilker, JC White. (2008). The role of LIiDAR in sustainable
forest management. The Forestry Chronicle, 84(6): 807—826.

Wulder, MA, SE Franklin. (2003). Remote sensing of forest environments: concepts and case
studies. Boston, USA, Kluwer Academic Publishers.

Wulder, MA, JC White, RF Nelson, E Naesset, HO @rka, NC Coops, T Hilker, CW Bater, T
Gobakken. (2012). Lidar sampling for large-area forest characterization: A review.
Remote Sensing of Environment 121(0): 196-209.

Wofsy, SC, ML Goulden, JW Munger, SM Fan, P Bakwin, R Daube, S Bassow, FA Bazzaz. (1993).
Net exchange of CO2 in a mid-latitude forest. Science, 260: 1314-1317.




Xiao, X, S Boles, J Liu, D Zhuang, M Liu. (2002). Characterization of forest types in Northeastern
China, using multi-temporal SPOT-4 VEGETATION sensor data. Remote Sensing of
Environment, 82(2-3): 335-348.

Yaryura P, G Cordon, M Leon, N Kerber, N Pucheu, G Rubio, A Garcia, MG Lagorio. (2009) Effect
of phosphorus deficiency on reflectance and chlorophyll fluorescence of cotyledons of
oilseed rape (Brassica napus L.) Journal of Agronomy and Crop Science, 195(3): 186-
196.

Youngentob, KN, DA Roberts, AA Held, PE Dennison, X Jia, DB Lindenmayer. (2011). Mapping
two Eucalyptus subgenera using multiple endmember spectral mixture analysis and
continuum-removed imaging spectrometry data. Remote Sensing of Environment, 115(5):
1115-1128.

Yu, X, J Hyyppa, M Holopainen, M Vastaranta. (2010). Comparison of area-based and individual
tree-based methods for predicting plot-level forest attributes. Remote Sensing, 2(6):
1481-1495.

Zarco-Tejada PJ, JR Miller, GH Mohammed, TL Noland, H Sampson. (2001) Scaling-up and model
inversion methods with narrow-band optical indices for chlorophyll content estimation in
closed forest canopies with hyperspectral data. IEEE Transactions Geoscience and
Remote Sensing, 39(7):1491-1507.

Zarco-Tejada, PJ, JR Miller, A Morales, A Berjon,J Aglera. (2004a) Hyperspectral indices and
model simulation for chlorophyll estimation in open-canopy tree crops. Remote Sensing
of Environment, 90(4): 463-476.

Zarco-Tejada PJ, JR Miller, J Harron, B Hu, , TL Noland, N Goel, GH Mohammed, PH Sampson.
(2004b) Needle chlorophyll content estimation through model inversion using
hyperspectral data from Boreal Conifer Forest Canopies. Remote Sensing of
Environment, 89(2):189-199.

Zenner, EK. (2000). Do residual trees increase structural complexity in pacific northwest coniferous
forests? Ecological Applications, 10(3): 800-810.

Zhang, Z, X Liu, J Peterson, W Wright. (2011). Cool temperate rainforest and adjacent forests
classification using airborne LiDAR data. Area, 43(4): 438-448.

Zhang, Z, X Liu. (2012) Support vector machines for tree species identification using LiDAR-
derived structure and intensity variables. Geocarto International, (August 2012), 1-15.

Zhao, K, S Popescu. (2009). Lidar-based mapping of leaf area index and its use for validating
GLOBCARBON satellite LAI product in a temperate forest of the southern USA. Remote
Sensing of Environment 113(8): 1628-1645.

Zhao, K, SC Popescu, RF Nelson. (2009). Lidar remote sensing of forest biomass: A scale-
invariant estimation approach using airborne lasers. Remote Sensing of Environment,
113(1): 182-196.

Zhao, K, SC Popescu, X Meng, Y Pang, M Agca. (2011). Characterizing forest canopy structure
with lidar composite metrics and machine learning. Remote Sensing of Environment,
115(8): 1978-1996.

Zheng, G, LM Moskal. (2009). Retrieving Leaf Area Index (LAI) Using Remote Sensing: Theories,
Methods and Sensors. Sensors 9(4): 2719-2745.

Zianis D, P Muukkonen, R Makipaa, M Mencuccini. (2005). Biomass and stem volume
eguations for tree species in Europe. Silva Fennica Monographs 4. 63.

Ziegler, SS. (2000). A comparison of structural characteristics between old-growth and postfire
second-growth hemlock—hardwood forests in Adirondack Park, New York, U. S. A. Global
Ecology and Biogeography, 9(5): 373-389.

Zimble, DA, DL Evans, GC Carlson, RC Parker, SC Grado, PD Gerard. (2003). Characterizing
vertical forest structure using small-footprint airborne LIDAR. Remote Sensing of
Environment, 87(2-3): 171-182.




6 Appendix A

Needs analysis for the assessment of the 28 biological indicators (Miles, 2002) as described by
the Santiago Declaration at the sixth meeting of the Montreal Process Working Group
(Montreal Process Working Group, 1995). The needs analysis assumes equal weight to each
indicator. Metrics used to derive non-woody indicators are not included in this table and are
labelled in the last column accordingly.

Tree/canopy height

Canopy coverage

Canopy/Understorey

Functional type

Flora species (Canopy

[ understorey)

Ground cover

Stem density

Basal area

CWD

Chlorophyll

Discolouration

Crown dieback

Non-woody metric

Extent of area by forest type relative to total forest area

Extent of area by forest type and by age class or successional stage

Extent of area by forest type in protected area categories

Extent of areas by forest type in protected areas defined by age class or successional stage

Fragmentation of forest types

X | X | X [X|[X

X | X [ X | X [ X

X | X | X [X|[X

X | X [ X | X [ X

OO WIN|F

The number of forest dependent species

The status (rare, threatened, endangered, or extinct) of forest dependent species at risk of not maintaining viable
breeding populations, as determined by legislation or scientific assessment

Number of forest dependent species that occupy a small portion of their former range

Population levels of representative species from diverse habitats monitored across their range

10

Area of forest land and net area of forest land available for timber production

11

Total growing stock of both merchantable and non-merchantable tree species on forestland available for timber
production

12

The area and growing stock of plantations of native and exotic species

13

Annual removal of wood products compared to the volume determined to be sustainable

14

Annual removal of non-timber forest products (e.g. fur bearers, berries, mushrooms, game), compared to the level
determined to be sustainable

15

Area and percent of forest affected by processes or agents beyond the range of historic variation, e.g. by insects,
disease, competition from exotic species, fire, storm, land clearance, permanent flooding, salinization, and
domestic animals

16

Area and percent of forest land subjected to levels of specific air pollutants (e.g. sulfates, nitrate, ozone) or ultra
violet B that may cause negative impacts on the forest ecosystem

17

Area and percent of forest land with diminished biological components indicative of changes in fundamental
ecological processes (e.g. soil, nutrient cycling, seed dispersion, pollination) and/or ecological continuity
(monitoring of functionally important species such as nematodes, arboreal epiphytes, beetles, fungi, wasps, etc.)




18 | Area and percent of forest land with significant soil erosion X

19 Area and percent of forest land managed primarily for protective functions, e.g. watersheds, flood protection, X
riparian zones

20 Percent of stream kilometres in forested catchments in which stream flow and timing has significantly deviated X
from the historic range of variation

21 Area and percent of forest land with significantly diminished soil organic matter and/or changes in other soll X
chemical properties

29 Area and percent of forest land with significant compaction or change in soil physical properties resulting from X
human activities

23 Percent of water bodies in forest areas (e.g. stream kilometres, lake hectares) with significant variance of biological X
diversity from the historic range of variability
Percent of water bodies in forest areas (e.g. stream kilometres, lake hectares) with significant variation from the

24 | historic range of variability in pH, dissolved oxygen, levels of chemicals(electrical conductivity), sedimentation or X
temperature change

25 | Area and percent of forest land experiencing an accumulation of persistent toxic substances X

26 Total of forest ecosystem biomass and carbon pool, and if appropriate, by forest type, age class, and successional X X X X
stages
Contribution of forest ecosystems to the total global carbon budget, including absorption and release of carbon

27 - ; ) - X X X X
(standing biomass, coarse woody debris, peat and soil carbon)

28 | Contribution of forest products to the global carbon budget X X X X X
SCORE 14 11 | 11 | 12 17




7 Appendix B — Forest Attribute Survey

We constructed a short web-based survey and sent to people involved in land management. The
objectives were to (1) better understand the needs of land managers, and (2) learn about
additional forest attributes of importance for the potential user community. The survey was sent to
81 people of whom 32 responded. It was sent on May 4™, 2012, with the deadline set to May 31°'.
We used the SurveyMonkey web survey application (SurveyMonkey, Palo Alto, CA) for
constructing the survey form and compiling the results. The survey was sent to professionals,
directly or indirectly engaged with forest management, at a variety of agencies; state and federal
government, private companies, and universities. Most were active in Australia and a few in New
Zealand.

Table 1. Questions asked in the survey form.

# Question Type Rationale
1 What type of agency do you work for? Multiple choices. One Learn about the perspective of
answer allowed. the respondents.

> What is your primary land management Multiple choices. One Learn about the perspective of
responsibility? answer allowed. the respondents.

3 What data do you currently utilise for forest ~ Multiple choices. One Learn about current inventory
assessment and reporting? answer per category. methods.
What are the five most important forest Let the respondents

4  metrics to capture using remote sensing Open-ended question. brainstorm their own list of
from a forest management perspective? metrics.

5 Rank the importance of forest metrics from  Multiple choices. One Let respondents rank our list
a forest management perspective. answer per metric. of metrics.

The survey contained five questions (Table 1) about both forest attributes and the professional
background of the respondents. The respondents were not forced to fill in answers to all parts of
the survey form. In questions 3 and 5, respondents could tick some of the choices and leave others
blank. Results for those questions are therefore presented in % of received answers. Question 4 is
open-ended and generated a variety of answers. These were then grouped together with answers
of similar meaning. The term forest metric, in questions 4 and 5, is used interchangeably with
forest attribute. For question 5, we compiled a list of important forest attributes based on the
literature and our own knowledge. Question 4 was intentionally placed on a page before question 5
so that the respondents did not see our list of forest metrics before compiling their own.

Of the 32 survey respondents, about half were employed by state agencies and most of these
were engaged with either timber production or biodiversity/conservation (Table 2). The second
largest employment type was research institute, which is dominated by the responsibility category
of research.

Table 2. Employment type and primary responsibility of respondents.

Employment Federal State Research Private sector  Total

Primary type agency agency institute

responsibility

Timber production 1 5 1 1 8
Biodiversity/ 1 7 1 9
Conservation

Water 1 1
Fire management 2 2
Research 2 3 6 1 12

Total 5 17 7 3 32
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Figure 1.  Currently used data sources for assessment and reporting. MS and HS stand for
multispectral and hyperspectral.

Figure 1 shows which data is currently used in forest inventories. Respondents with “research” as
primary responsibility are displayed as a separate group in order to highlight differences between
current operational and research methodologies. All of the listed methodologies are widely used,
either routinely or occasionally. The more routinely used methodologies are field monitoring plots
(72% of respondents), followed by spaceborne multi- or hyperspectral imagery (65%), and aerial
photography (62%).

The respondents list of important attributes (Table 3) reveals some clear trends. Tree height was
considered the most important attribute, followed by condition and health, crown density, and
species/type mapping.

Figure 2 contains results for the ranking of our list of forest attributes. The respondents assigned a
level of importance to each attribute. Interpretation of the results depends on if focus is set on the
extremely important, the very important, or the important level. With focus on the important level,
attributes are ordered based on the percentage of votes at the important to extremely important
levels. That results in aboveground biomass at the top, followed by change detection and canopy
health. With a focus on the very important, change detection would be first, followed by canopy
height and fire fuel loads. At the bottom, canopy water content, litter, and nutrient status, are the
three least important according to either focus. Figure 3 compares the results for respondents
divided into the three most common primary responsibility categories; biodiversity/conservation,
timber production, and research. It only shows the percentage of votes at the important to
extremely important levels.

[The list of important forest attributes listed by the respondents (Table 3) is similar to the one we
compiled (Figure 2). One attribute that was considered important, but was not on our list, is crown
density. To summarise, the results show that the most important attributes are tree height, canopy
health and condition, crown density, floristic composition, aboveground biomass, change detection,
stem density, forest extent, and fire frequency/severity. Change detection is probably more
accurately described as a methodology than a forest attribute. Nevertheless, its high ranking
indicates a need for running monitoring programmes over longer time periods in order to detect
changes.

Table 3. Important forest attributes listed by the respondents.

Forest attribute* 1st 2nd 3rd 4th 5th  Total
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Fire risk, DEM, water stress, nativeness of non-woody
vegetation, drainage mapping, canopy connectivity,
understorey LAI, main substructure type (small
tree,shrub,grass), fuel load

*Attributes receiving one or two votes are aggregated; only the total number of votes is shown.
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Figure 2.  Ranking of forest attributes.
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Figure 3.

Comparison of attribute importance between respondent groups.
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