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Abstract

Leaf Area Index (LAI) and vegetation cover are important metrics for deriving structural information of forest ecosystems
across multiple scales. Ground-based measurements of LAI are necessary for up-scaling to coarse resolution satellite products
as well as for calibrating and validating such products derived from airborne and satellite remote sensing datasets, which are
increasingly being used for forestry and ecosystem health applications across the globe. A crucial consideration when gathering
field measurements is determining a suitable sampling design, which ensures the collection of representative measurements. In
this study, we address this question by obtaining LAl measurements across the Terrestrial Ecosystem Research Network
(TERN) 25ha Robson Creek Supersite, which is representative of upland rainforests in Far North Queensland. The Robson
Creek supersite contains over 200 species of woody vegetation and has one of the highest levels of biomass found in forest
ecosystems globally. A variety of ad hoc and established sampling designs such as the State wide Land cover and Trees Survey
(SLATS) and the Validation of Land European Remote Sensing Instruments (VALERI) cross elementary sampling unit
protocol were applied across the site. Measurements obtained from the ground-based sampling designs were then compared to
measurements derived from satellite imagery (i.e., Landsat). Preliminary results indicate the measurements obtained from
between-plot sampling designs were highly correlated and comparable. On the other hand, there was disagreement between the
ground-based measurements and values estimated from the Foliage Projective Cover (FPC) satellite product. The study suggests
that at least in dense canopy forests, different sampling designs will yield similar results. Consequently, the sampling strategy
should ultimately be driven according to the desired spatial resolution of the final product.
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1.0 Introduction

Leaf Area Index or LAI, defined as one half the total surface area of green leaves per unit of ground area (Myneni et al., 1997),
is an essential climate variable (ECV) used in studies of climate, ecosystem productivity, agrometeorology, biogeochemistry,
hydrology, and ecology (e.g., Gobron, 1997; Garrigues et al., 2008b; GCOS, 2010). When quantified at scales larger than the
individual leaf, it becomes an integral component of the structure and functioning of vegetation, thus making LAI a basic
descriptor of vegetation condition (Asner et al., 1998; Garrigues et al., 2008a).

LAI can be derived across large areas using remotely sensed imagery. Historically, there have been many studies and
campaigns for calibrating and validating LAI products derived from coarse resolution sensors such as MODIS LAI and
CYCLOPES, and some of these are still ongoing (Hill et al., 2006; Morisette et al., 2006; Sea et al., 2011; Fang et al., 2012).
These studies rely on the collection of accurate and representative ground-based measurements of LAI. Morisette (2006)
outlined two main approaches for validating LAI products using ground-based measurements. The first is direct validation,
where the ground measurements are directly compared to the LAI product. This approach has successfully been used to validate
MODIS collection 4 and 5 LAI in Australia, predominantly using ground-based estimates of LAI derived from hemispherical
cameras (Hill et al., 2006; Sea et al., 2011). The second approach is to relate the ground-based measurements to an intermediate
high-resolution remote sensing dataset, in a technique known as up-scaling. Up-scaling allows the ground-based measurements
to be extrapolated across a larger area, where the mapped values are then used for product validation.

Ground-based measurements of LAI can be obtained directly or indirectly. Direct measurement consists of techniques like
destructive sampling, litter-fall collection, and point contact sampling. Indirect methods, on the other hand, derive LAI from
other variables taken through observations such as the proportion of sky obscured from vegetation, or the implementation of
allometric relationships from tree height and diameter at breast height or 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, they 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). In the
absence of direct measurements or allometric equations accurately relating structural metrics to LAI, indirect non-contact
measurements are the most suitable alternative for validating LAI across large areas (Jonckheere et al., 2004).

The more frequently used 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, terrestrial laser scanning (TLS) is also being used to derive
LAl indirectly (Lovell et al., 2003). These instruments are used to record information on LAI according to a sampling strategy,
which comprises of a number of measurements to be collected along a defined spatial arrangement (extent and location).

Presently, there is no consensus amongst the scientific community for best practice methods and optimal sampling strategy
through which to derive LAI at the ground scale (Gobron and Verstraete, 2009). The sampling strategy should ultimately be
tailored to the validation approach (single or multi-stage) and the resolution of the product being validated (Morisette et al.,
2006). Published studies which aim to validate LAI employ varying sampling strategies. In large area validation (greater than
9km?), ground-based measurements are generally aggregated into plots, where a number of plots are required to characterise the
site. For example, the Validation of Land European Remote Sensing Instruments (VALERI) project’s validation approach uses
a multi-stage methodology to up-scale their 0.2ha (n = 12) sample plots to high-resolution SPOT imagery (Baret et al., 2008).
Within Australia, the Statewide Landcover and Tree Study (SLATS) start transect method was developed to map woody
vegetation cover or Foliage Projective Cover (FPC) (Kuhnell et al., 1998). FPC is the percentage of ground area occupied by
the vertical projection of foliage (Specht and Morgan, 1981). A modified plot design for validating LAI based on the original
SLATS validation approach was developed using ground-based optical instruments such as hemispherical photography and the
LAI-2200 (TERN, 2012b). The SLATS plot design characterises a 1ha (n = 13) area. Through upscaling, these plots are used to
validate concurrently flown small-footprint airborne LiDAR used to estimate LAI (Armston et al., 2012).

This study aims to investigate and quantify the differences obtained when applying three sampling designs to derive plot scale
values of LAI in a representative rainforest in Queensland, Australia. The three designs compared are the VALERI cross, the
SLATS Digital Hemispherical Photography (DHP) protocol, and a one hectare grid sampled every 20-m (1 ha, n = 36; Figure
5). Specifically, the within measurement, within plot, and between plot variability is examined. In addition, the plot scale
assessments of fractional cover (fC) and FPC derived on the ground across the sampled plots is compared against results
obtained from an FPC satellite product (Armston et al., 2009) - where fC is the proportion of an area that is covered by a
specific land cover type (Scanlon et al., 2002), which in this case is rainforest.

2.0 Study Area

The study took place within the 25km? Robson Creek Supersite (Figure 1), an upland rainforest on the Atherton Tableland of
Far North Queensland (FNQ). Robson Creek is located in Danbulla National Park within the Wet Tropics World Heritage Area.
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The forest present (forest type is Simple Notophyll Vine Forest) has one of the highest rates of biodiversity in all of Australia.
In addition, it has some of the highest biomass per hectare ratios found in the world (TERN, 2012c; TERN, 2012d). The mean

yearly rainfall and temperature average is approximately 2300 mm and 19° C respectively, and the canopy height ranges from
around 26 m to 40 m (TERN, 2012a).
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Figure 1. Robson Creek study area location. Bottom-left shows the location of the 5 km x 5 km study area (outlined in black) with regards to
Cairns and Lake Tinaroo. The study area is expanded in the right and the 25ha permanent monitoring plot is outlined in yellow. A SPOT
image is used in the background.

The study site is part of the Terrestrial Ecosystem Research Network’s (TERN) FNQ Rainforest Biodiversity Node. It
specifically sits within the Australian Supersite Network which comprises 10 supersites throughout Australia that are
intensively studied to gain knowledge regarding how Australian ecosystems respond to environmental change. It is currently
managed by CSIRO, who began working here in 2009, even though the first 0.5 ha monitoring plot was established in 1972
(TERN, 2012a). A permanent 25 ha plot was established within the supersite (Figure 1), with steel markers placed every 100m.
In addition, the permanent plot was further subdivided every 20 m with 20 mm poly pipe. This plot includes an extensive and
comprehensive database of all the woody vegetated species that fall within it. Over 25,000 trees have been marked, geolocated,
identified to the species level and measured (e.g., tree height, DBH). More than 200 woody vegetation species have been
identified within the 25ha plot.

3.0 Methods

Various sampling designs that are commonly used amongst the remote sensing calibration/validation community to collect LAI
measurements from the ground were tested in a rainforest context. LAl was collected using several instruments. The ground-
based measurements were collected between 10" September and 15" September, 2012, during a TERN AusCover field-airborne
campaign. The following section details the steps followed in this study.

3.1 Sampling design

Three different sampling designs were investigated: VALERI ‘cross’, the SLATS DHP protocol, and a grid sample design.
Each of these represents a different spatial extent and arrangement, and is associated with the collection of different numbers of
measurements.

In total, measurements were collected across 14 plots (4 SLATS DHP, 9 VALERI cross plots; and one grid); with a total of 186
individual measurements. The spatial location of each of the plots within the study site is shown in Figure 2. As can be noticed,
some of these are placed outside the permanent plot (5 VALERI cross and 1 SLATS DHP) whereas others are located within
the permanent plot (3 SLATS DHP, 4 VALERI cross, and the grid).
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25 ha permanent plot

Figure 2(a): Robson Creek 25 km? study area with plot locations overlayed on a SPOT image (not to scale). The black square represents the
outline of the 5 km x 5 km Robson Creek study area; the yellow cells show the 100 m grid markings for the 25 ha permanent plot (see Figure
2(b) for a close-up); the yellow star represents the only SLATS plot (RC4) completed outside the 25 ha permanent plot; the purple crosses
show VALERI plot locations. (b): close up of 25ha permanent plot with location of plots completed in this study overlayed on a SPOT image
(to scale). The yellow cells show the 100 m grid markings; the yellow stars are the SLATS plots RC1, RC2, and RC3; the purple shows
VALERI plot locations, and the orange square represents the 1 ha grid.

3.1.1  VALERI ‘cross’

Two VALERI plot designs were considered in this study (Figure 3). These are the ‘square’ and ‘cross’ design, both of which
are suited to locally continuous vegetated areas (Baret et al., 2008). Each plot aims to characterise a 20m x 20m area with 12
measurements using either the LAI-2000/2200 (Li-Cor. Inc.) or DHP methods. The performance of the ‘square’ design is
similar to the ‘cross’ design (Baret et al., 2008). However, only the ‘cross’ design was used in this study due to the increased
efficiency in establishing the measurement locations.
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Figure 3. The ‘square’ and ‘cross’ VALERI plot designs. The yellow circles show where measurements are collected. The green cross
represents the centre of the plot, which also has a GPS or known location associated with it.

3.1.2 SLATS DHP Protocol

The DHP protocol is based on a modified SLATS protocol established for the collection of field data for calibrating and
validating fractional cover products in Australia (Kuhnell et al., 1998; Muir et al., 2011). Three 100 metre measuring tapes or
transects are laid in a star shape (Figure 4). The first is oriented north to south, and the second and third at 60 and 120 degrees
from north, respectively. Measurements are captured in the centre of the plot, at the 25m interval and at the end of each transect,
totalling 13 measurements per plot.
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Figure 4. The SLATS sampling design. The yellow circles show the sampling points. The green cross represents the centre of the plot, which is
associated with a GPS or known location.

3.1.3  Grid Plot design

The grid sampling design employs a regular systematic sampling pattern to characterise a 100 m x 100 m area (Figure 5). Each
cell of the grid represents a 20 m x 20 m area, where one measurement is captured at each of the cell corners, totalling 36
measurements. The four corners of the grid were surveyed using a handheld GPS in combination with a differential GPS
providing an accuracy of 2.3 m £ 1.8 SD. The remaining measurement locations were surveyed in via sighting and a tape
measure, using the four corner points as control. Each of these points within the hectare is considered to have an accuracy of +1
m.

o
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Figure 5. The Grid plot design, with yellow circles indicating sampling point locations. Each cell is 20 x 20m.

3.2 Instruments Used

Two instruments were used to collect LAI measurements: CI-110 and DHP. The CI-110 (CID Inc.) is a passive self-levelling
imaging sensor. It has a 180° instantaneous field of view (IFOV) and a 24 sensor Photosynthetically Active Radiation (PAR)
wand used to measure the amount of incident solar radiation in the visible spectrum. The imaging device is restricted to a
resolution of 0.4 mega pixels (MP), which is much lower than the current commercially available digital cameras.

DHP is a passive sensing technology that provides a large IFOV image at the point of capture. The DHP setup used in this study
comprised a Canon EOS 50D Digital SLR camera with a Sigma 8mm EX 180° fisheye lens. The resolution of the camera was
15 MP.
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Due to field limitations, at three VALERI plot locations (RC1 and RC8) the CI-110 could not be used and instead, the results
obtained using DHP are presented. The root mean square relative error for effective LAl (LAl¢) and clumping (Q) (See section

3.4 for explanation) for 6 plots measured concurrently with both instruments at Robson Creek was 0.32 and 0.07 respectively
(results not presented in this paper).

3.3 Data Collection

Field data was collected with both instruments in accordance with the TERN/AusCover Hemispherical Photography Protocol
(TERN, 2012b) during mid September, 2012. Measurements were taken after levelling the instrument in diffuse lighting
conditions in day-time hours, when cloud cover was uniform. Furthermore, measurements were collected at approximately
1.6m above ground, ensuring that the foliage elements remained small compared with the IFOV of the instrument.

3.4 Theory and Data Processing

The data was analysed using CanEye v6.39. CanEye is an actively maintained free software developed at the French National
Institute of Agricultural Research (INRA). The CanEye software uses supervised classification to derive gap fraction (Pgp: the
proportion of sky obscured by foliage and plant elements), which can then be used to derive canopy structural variables such as
LAI, foliage inclination angle (G), and the degree of foliage clumping (£) (Equations 1 and 2). Since no distinction is made
between foliage and non-foliage elements (e.g., tree stems and branches are not distinguished from green vegetation in the
classification process), the variable derived is plant area index (PAI). However, for consistency in nomenclature it will be
referred to as LAI. As will be discussed below, several formulas were used to derive LAL.

3.4.1  General LAI formula relating Py, to LAI

Equation 1 follows the Poisson model which assumes a random distribution of leaves within a canopy.

_G(h,E)LAfg{h] s
Pgﬂp (9, h) =& CDB(E} Pgﬁp (6,h)=¢ cos )

(1)
Nilson (1971) demonstrated that LAI can be expressed as a function of Pgap, even if the assumptions of a Poisson model are
not met. The addition of a clumping factor (£2) corrects for this assumption (Equation 2), in this way converting effective LAI
(LAI) into true LAI (LAI) (Equation 3).

~6(n.8)0(8[3)LAI(h)

g —G (R8I0 BILAIR)
COS P__(B,h)=e  cos®
Pgap (5', h) =e (8) san ( ¢

Where;

(2)

LALy, = LAl .0 3)
3.42 CanEye LAI

LAI estimation in the CAN-EYE software is performed by model inversion. LAl and average leaf angle (ALA) are directly
retrieved by inverting Equation 1 in CanEye assuming an ellipsoidal distribution of the leaf inclination using look-up-table
techniques (Knyazikhin et al., 1998; Weiss et al., 2000). CanEye determines foliage clumping over zenith view angle based on
Lang and Yueqin’s (1986) formula and applies the correction to the image to convert LAI, to LAI,. Both LAI, and LAI, values
are reported in this study since clumping has been identified as the factor with most potential to introduce error when estimating
LAl in an indirect way Jonckheere et al. (2004).

Within each plot, the images were batch processed to produce one set of values per plot. The 0-60 degrees IFOV of the images
were analysed to minimise the influence of mixed pixels at larger zenith angles (Weiss et al., 2004).

3.4.3  Miller LAI

Welles and Norman (1991) proposed a practical method to derive LAI from gap fraction measurements in several directions
based on a formula of Miller (1967). Miller (1967) assumes that Py, depends only on view zenith angle. Welles and Norman’s
(1991) method assumes a horizontally homogenous canopy, as the view zenith angles further away from zenith are weighted
more heavily, thus reflecting the longer path length through a canopy. The Pg,, results from CanEye were used to compute LA,
for each image (Equation 4). The 0-60 degree view zenith angle range was analysed for consistency with the CanEye LAl
values.

T
LAIL, = 2 J: =~ InPyqp (6).cos(8).sin(8).d(6) @
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3.5 Foliage cover: ground based measurement and satellite product comparison

Ground-based measurements of fC and FPC were directly compared with values derived from an FPC satellite product (2010
FPC map of the Cairns region). The FPC mapping product is based on an automated decision tree classification technique
applied to dry season (May to October) Landsat 5 TM imagery for the period 1986-2010 (Armston et al., 2009). The Landsat
scenes were resampled to 25m pixels, which range from 0-100% FPC. For comparison in this study, FPC values from the
product were averaged over each of the four 1ha SLATS plots (RCL1, 2, 3 and 4), by selecting the 16 closest overlapping pixels.

On the ground measurements of fC were derived from the IFOV (30°) angles close to zenith, which can be treated as the near-
vertical projection of foliage cover. Because fC derived from the CI-110 does not distinguish between foliage and non-foliage
components, images derived with this instrument were classified in CanEye using a supervised classification. Furthermore, the
ground-based assessment of FPC was conducted following the protocol developed for the validation of the FPC product
(TERN, 2012¢). To maintain consistency, FPC values were recorded following the CI1-110 methodology (overstory greater than
2m above ground was considered).

4.0 Results

This study compared LAI and fC results obtained by applying three different sampling strategies in a rainforest environment.
The values obtained for LAI and fC across the different plots throughout the Robson Creek study area are summarized in Table
1. Both LAI, and LAl results are presented given clumping has been known to be the greatest error influence of indirect
estimation of LAI (Jonckheere et al., 2004). It is important to note that the LAI, and LAI,, measurements obtained produce an
R? = 0.70 (p < 0.01) when including only the plots measured with the CI-110, thus indicating the methods are significantly
correlated.

Table 1. Summary table of LAl and fC values for each plot. Plots have been grouped into the 1ha area they fall within. The Sampling Design
column denotes the sampling design used: G = grid, S = SLATS, V = VALERI (a indicates plots that also align with the centre of a SLATS
plot and * shows plots where the DHP method was used). The additional columns indicate the algorithm used to derive LAI: LAl and LAl
values from CanEye; LAl (SD) values from Miller formula; fractional cover (SD) values over a 30° IFOV.

Plot Area SamPling LAl LAl LAIL(SD)  fC(SD)
Design
RC1 G rclg 481 7.6 581 (0.64) 9456 (7.63)
S rcls 463  6.72 558 (0.35)  96.49 (3.16)
V rclva* 423 711 654 (0.20)  96.03 (3.06)
V rclvb* 488  7.06 533 (0.23) 9462 (10.76)
RC2 S rc2s 444 654 507 (0.44) 9402 (7.82)
\Y rc2va 418 588 519 (0.35)  94.28 (5.62)
\Y rc2vh 488  7.06 535 (0.35) 9260 (11.35)
RC3 S rc3s 420 6.21 527 (0.59) 9584 (5.20)
\Y rc3v 504 7.8 569 (0.46)  97.46 (4.88)
RC4 S rcas 464  6.96 517 (0.65) 9118 (12.64)
V rcdv 516 7.1 556 (0.48) 9545 (4.97)
RC5 V rcsv 553  7.67 6.11 (0.73)  96.47 (5.90)
RC6 Vv rcév 5.48 8.00 6.60 (0.35) 9235 (19.34)
RC7 \Y rc7v 516 755 6.11 (0.52)  97.22 (6.49)
RC8 V rc8v* 449 716 582 (0.21) 9750 (1.10)

Table 2 compares averaged FPC values obtained from the satellite product against oversotry FPC (greater than 2m above
ground) and fC values obtained from the ground-based methods for the four 1ha SLATS plots. The FPC values from the
satellite product vary by up to 8% (min = 76.25%, max = 84.44%), whereas the fC and FPC from the ground-based methods
vary by up to 5% (min = 91.18, max = 96.49) and 4% (min = 89%, max = 93%) respectively.

Table 2. Comparison of averaged FPC (SD) values. obtained from the satellite 2010 FPC product against overstory FPC (> 2m above
ground) and fC values (obtained from the ground) for each of the 1ha plot areas

Plot Area FPC from Satellite fC from SLATS plots FPC field values

RC1 80.13 96.49 89.00
RC2 77.56 94.02 91.00
RC3 76.25 95.84 93.00
RC4 84.44 91.18 90.50
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Figure 6 shows the proportion of gap or Py, per plot, as a function of view zenith angle. The four plots shown are those where
multiple coincident sampling designs were implemented. Except for RC1, where SLATS; VALERI; and the grid plot coincide,
the plots show results for VALERI cross and SLATS. Within each plot, the VALERI method co-aligns with the centre of a
SLATS plot. Figure 6 suggests that the different sampling strategies implemented to record gap fraction record quite variable

results at low zenith angles. However, the variability amongst the different sampling strategies implemented appears to decrease
with increasing zenith angles and eventually stabilizes near complete canopy closure between 50 to 55 degrees.
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Figure 6. Proportion of gap or gap probability (Py,,) for each plot as a function of view zenith angle. A) Py, as a function of zenith angle for
RC1 using the Grid, SLATS, and VALERI plot designs. B) Py, as a function of zenith angle for RC2 using the SLATS and VALERI plot
designs. C) P,y as a function of zenith angle for RC3 using the SLATS and VALERI plot designs. D) Py, as a function of zenith angle for RC4
using the SLATS and VALERI plot designs.

5.0 Discussion

In this study, three sampling strategies commonly used to measure LAI were compared in a rainforest environment. On average,
the standard deviation for LAI of all plots and plot types closely approximated the variability of LAl found within each plot —
indicating the study area is relatively homogenous. Furthermore, the LAI results obtained in this study (i.e., LAl range 4.18 —
5.53, u=4.78 [0.44]; LAI, range 5.88 — 8, u = 7.03 [0.54]; LAI,, range 5.07 — 6.60, u = 5.68 [0.49]) are consistent with results
obtained in other rainforests in Australia and other countries (see Nightingale et al., 2008 for a review of these).
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5.1 Within measurement variability

The results obtained demonstrate high variability in Py, for low zenith angles (less than 30 degrees) in each of the plots, which
is also consistent with other studies (i.e., Leblanc et al.,2005). Furthermore, at these low zenith angles, the standard deviation is
greater than the mean Pg,,, Which highlights the high variability present in these environments at the low zenith angles. This has
implications for fC, which is derived using low zenith angles (0-15 degrees). Due to the high level of variability present at low
zenith angles, a sufficient sample size must be collected in order to derive a value that is representative of the plot mean. Results
indicate that fC values derived from the CI-110 images closely match the ground-based FPC values, where the FPC method has
determined an optimal sample size per plot (n = 300) to characterise the FPC value.

5.2 Within plot variability

It was noted that the standard deviation of Py, at zenith angles greater than 30 degrees was consistently lower with the VALERI
designs than the SLATS design, and then again with the VALERI and SLATS compared to the grid plot design. Furthermore,
the standard deviation for each plot type from Miller’s formula decreased proportionally with the area of the plot and number of
measurements. Both of these findings are consistent with Tobler’s (1970) first law of geography, also known as the concept of
spatial dependence (Atkinson and Curran, 1995; Atkinson, 2000). Spatial dependence (or auto correlation) suggests that
measurements close together are more highly correlated than those that are further apart. Accordingly, the findings of the
standard deviation of each plot type increasing with the spatial coverage of the plot are consistent with this concept.

5.3 Sampling design comparison

An important factor to consider in any sampling design for validation purposes is the target resolution or scale of the product for
validation or up-scaling. Both the grid and SLATS plot designs aim to characterise a 1 ha area with a different spatial
arrangement and number of measurements. Results in Table 1 indicate that both managed to produce similar values of LA,
where LAl and LAl from each design were matching within 4%. When comparing the coincident VALERI plots with the
SLATS plots, LAI, and LAI,, differences ranged by up to 16% and 17% respectively. These differences suggest that the plot
area of 0.2 ha and 1 ha has a large effect on the derived LAI values from both plot designs within the study area, where the
number of samples for both methods was comparable.

5.4 Comparison of ground-based assessments of fC and FPC to the satellite FPC product

There was a minimum 10% difference when comparing foliage cover values derived from the FPC satellite product to those
derived on the ground. However, it is important to note that direct comparisons of satellite products and on-the-ground based
measurements is difficult at small scales given factors such as geo-location uncertainty (between 20-50 m for the FPC product
and 5-10 m for the plot centres). Other aspects such as woody to non-woody correction factors (none made in this study) also
have the potential to compound these differences. Nevertheless, it was noted that mean fC derived from the CI-110 matched
more closely with the FPC values derived following the field SLATS transect protocol.

6.0 Conclusion

This paper investigated the impact of plot and site scale variability of LAI and foliage cover metrics in a representative
rainforest. Three ground-based sampling designs were tested in the field to derive LAI and fC, and then related to an FPC
satellite product over the same area. The key distinguishing factors between the three sampling designs (VALERI, SLATS, and
Grid) were their number of measurements (12, 13, and 36); spatial representation (cross, star transect, and grid); and plot area
(0.2 ha, 1 ha, and 1 ha).

The LAI results obtained are consistent with those found in the literature for tropical rainforests. In addition, the following
summarizes findings in terms of within study area variability, within plot variability, and within measurement variability. In
terms of within study area variability and according to the sampled plots (each of which represents an area that ranges between
0.2 ha to 1 ha), the study area was found to be relatively homogenous since the standard deviation of LAI values obtained
amongst the plots was on average consistent with the standard deviation found within each plot. Within plots, it was found that
plot size is proportional to LAI variability. Despite the number of measurements taken, LAI variability increases as plot size
increases. This agrees with Tobler’s first law of geography and the spatial auto-correlation of objects. A recommendation is
then to choose a plot size which is most relevant to the purpose of use, such as a resolution comparable to the medium satellite
product to be validated. When looking at the individual LAl measurements collected, the variability of gap fraction was also
noted. High variability was detected at low zenith angles, whereas the opposite occurred and even appeared to stabilize with
increasing zenith angles. Finally, the ground-based vegetation cover estimates from the fC and FPC methods matched closely
with each other, but not to the same degree with the FPC satellite product.

Acknowledgements

This work was supported by the Australian Government’s Terrestrial Ecosystems Research Network, a research infrastructure
facility established under the National Collaborative Research Infrastructure Strategy and Education Infrastructure Fund - Super
Science Initiative - through the Department of Industry, Innovation, Science, Research and Tertiary Education. The work has

Geospatial Science Research_2

* Review Paper — accepted after double-blind review.
ISBN: 978-0-9872527-1-5 Melbourne: Geospatial Sciences, RMIT 2012



School of Mathematical and Geospatial Sciences,
G S R 2 RMIT University

— Monday 10 to Wednesday 12 December 2012

also been supported by the Cooperative Research Centre for Spatial Information, whose activities are funded by the Australian

Commonwealth's Cooperative Research Centres Programme. We wish to thank Matt Bradford (CSIRO) for his advice,

guidance, and assistance on-site; members of the September 2012 AusCover Robson Creek field campaign for their assistance

with fieldwork and advice (Kasper Johansen, Rebecca Trevithick, David Frantz, and Peter Scarth); and Ivan Santiago Gutierrez

for assistance with camera calibration parameters. We would also like to thank our anonymous reviewers for their comments
and feedback.

References

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

Armston, JD, RJ Denham, TJ Danaher, PF Scarth and TN Moffiet (2009). Prediction and validation of foliage projective cover
from Landsat-5 TM and Landsat-7 ETM+ imagery. Journal of Applied Remote Sensing 3: 033540

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

Atkinson, PM (2000). Geostatistical classification for remote sensing: an introduction. Computers & Geosciences 26: 361-371.

Atkinson, PM and PJ Curran (1995). Defining an optimal size of support for remote sensing investigations. IEEE Transactions
on Geoscience and Remote Sensing 33: 768-776.

Baret, F, M Weiss, D Allard, S Garrigues, M Leroy, H Jeanjean, R Fernandes, R Myneni, J Privette, J Morisette, H Bohbot, R
Bosseno, G Dedieu, CD Bella, B Duchemin, M Espana, V Gond, XF Gu, D Guyon, C Lelong, P Maisongrande, E
Mougin, T Nilson, F Veroustraete and R Vintilla (2008) VALERI: a network of sites and a methodology for the
validation of medium spatial resolution land satellite products.

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.

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

Garrigues, S, R Lacaze, F Baret, JT Morisette, M Weiss, JE Nickeson, R Fernandes, S Plummer, NV Shabanov, RB Myneni, Y
Knyazikhin and 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 and 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.

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.

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

Gower, ST, CJ Kucharik and 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.

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

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

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

Knyazikhin, Y, JV Martonchik, RB Myneni, DJ Diner and SW Running (1998). Synergistic algorithm for estimating vegetation
canopy leaf area index and fraction of absorbed photosynthetically active radiation from MODIS and MISR data.
Journal of Geophysical Research 103(D24): 32, 257-232, 275.

Kuhnell, CA, BM Goulevitch, TJ Danaher and DP Harris (1998). Mapping Woody Vegetation Cover over the State of
Queensland using Landsat TM Imagery. 9th Australasian Remote Sensing and Photogrammetry Conference, Sydney.

Lang, ARG and X Yueqin (1986). Estimation of leaf area index from transmission of direct sunlight in discontinuous canopies.
Agricultural and Forest Meteorology 37(3): 229-243.

Leblanc, SG, JM Chen, R Fernandes, DW Deering and A Conley (2005). Methodology comparison for canopy structure
parameters extraction from digital hemispherical photography in boreal forests. Agricultural and Forest Meteorology
129(3-4): 187-207.

Lovell, JL, DLB Jupp, DS Culvenor and NC 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.

Geospatial Science Research_2

* Review Paper — accepted after double-blind review.
ISBN: 978-0-9872527-1-5 Melbourne: Geospatial Sciences, RMIT 2012



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

School of Mathematical and Geospatial Sciences,
G S R 2 RMIT University
— Monday 10 to Wednesday 12 December 2012

Miller, JB (1967). A formula for average foliage density. Australian Journal of Botany 15: 141-144.

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 and R Cook (2006). Validation of global moderate-resolution LAI products: A framework
proposed within the CEOS land product validation subgroup. IEEE Transactions on Geoscience and Remote Sensing
44(7): 1804-1814.

Muir, J, M Schmidt, D Tindall, R Trevithick, P Scarth and J Stewart (2011). Field measurement of fractional ground cover: A
technical handbook supporting ground cover monitoring for Australia. prepared by DERM for ABARES. Canberra.

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

Nightingale, JM, MJ Hill, SR Phinn, ID Davies, AA Held and PD Erskine (2008). Use of 3-PG and 3-PGS to simulate forest
growth dynamics of Australian tropical rainforests: |. Parameterisation and calibration for old-growth, regenerating and
plantation forests. Forest Ecology and Management 254(2): 107-121.

Nilson, T (1971). A theoretical analysis of the frequency of gaps in plant stands. Agricultural Meteorology 8(C): 25-38.

Scanlon, TM, JD Albertson, KK Caylor and 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.

Sea, WB, P Choler, J Beringer, RA Weinmann, LB Hutley and R Leuning (2011). Documenting improvement in leaf area index
estimates from MODIS using hemispherical photos for Australian savannas. Agricultural and Forest Meteorology 151:
1453-1461.

Specht, RL and 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.

TERN. (2012a). FNQ Rainforest Supersite. Retrieved 15/10/2012, from http://www.tern-supersites.net.au/index.php/fng.

TERN. (2012b). Hemispheric Photography Protocol. Retrieved 12/10/2012, from
http://data.auscover.org.au/xwiki/bin/view/Field+Sites/Hemispheric_Protocol.

TERN. (2012c). Many hands make light work at Robson Creek. Retrieved 16/10/2012, from

http://www.tern.org.au/Newsletter-2012-Sept-ASNRobsonCreek-pg23539.html.

TERN (2012d). Scientists Leaf Through Rainforest's Secrets. Cairns Post. Cairns, News Ltd.: 2.

TERN. (2012¢, 06/12/11). SLATS Star Transect Protocol. Retrieved 12/04/12, from

http://data.auscover.org.au/xwiki/bin/view/Field+Sites/Star+Transect+Protocol+Web+Page.

TERN. (2012f). Terrestrial Ecosystem Research Network Homepage. Retrieved 16/10/2012, from http://tern.org.au/.

Tobler, WR (1970). A computer movie simulating urban growth in the Detroit region. Economic geography 46: 234-240.

Weiss, M, F Baret, RB Myneni, A Pragnere and Y Knyazikhin (2000). Investigation of a model inversion technique to estimate
canopy biophysical variables from spectral and directional reflectance data. Agronomie 20(1): 3-22.

Weiss, M, F Baret, GJ Smith, | Jonckheere and P Coppin (2004). Review of methods for in situ leaf area index (LAI)
determination: Part 11. Estimation of LAI, errors and sampling. Agricultural and Forest Meteorology 121(1-2): 37-53.

Welles, J and J Norman (1991). Instrument for indirect measurement of canopy architecture. Agronomy journal 83(5): 818-825.

Geospatial Science Research_2

* Review Paper — accepted after double-blind review.
ISBN: 978-0-9872527-1-5 Melbourne: Geospatial Sciences, RMIT 2012


http://www.tern-supersites.net.au/index.php/fnq
http://data.auscover.org.au/xwiki/bin/view/Field+Sites/Hemispheric_Protocol
http://www.tern.org.au/Newsletter-2012-Sept-ASNRobsonCreek-pg23539.html
http://data.auscover.org.au/xwiki/bin/view/Field+Sites/Star+Transect+Protocol+Web+Page
http://tern.org.au/

