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Abstract

Leaf area index (LAI) is an important vegetatiorustural variable for the quantitative analysis
of biophysical processes in the terrestrial ecesgstin particular, it can be a crucial parameter
related to hydrological modeling, carbon cycle atichate study at different spatial scales. The
main objective of the study was to evaluate andpare performances of LAI estimation using
three selected optical field instruments namelyi-RB0O0 plant canopy analyzer (PCA), TRAC
and hemispherical photography. These results shbequently be used to calibrate and validate
the estimation of LAl based on imaging spectromelata. The study involves diverse plant
functional types, namely grass, shrub and foresbpis, of a river floodplain along the river
Rhine in the Netherlands.

Ground-based LAl measurements were acquired frome 19 to 30, 2005 after acquiring the
Airborne Hyperspectral System (AHS) image on Julhe2005 of the Millingerwaard, a managed
natural ecosystem which consists of a wide rangplarit species and plant functional types.
Ground measurements were collected following theLRI sampling scheme. The Reduced
Simple Ratio (RSR) was used to derive LAl from &idS imaging spectrometer data and was
calibrated based on the ground measurements. fltg sompares the individual LAl estimates,
and the potential advantages and disadvantageschfreethod are discussed in relation to its use
in different plant functional types and to fieldtaacollection supporting remote sensing data
calibration and validation.

The comparison of LAI from optical field instrumsenndicates that TRAC and LAI-2000 PCA
underestimate the LAl for grass plots when compaxechemispherical photography. This
demonstrates that the LAl from TRAC and LAI-2000A°@oes not encompass the contribution
of the vegetation below the sensor height for shlartopies. The comparison of LAl from
hemispherical photography alone and the combinetthadeof hemispherical photography and
TRAC demonstrates a good agreemenf @R 0.74), which indicates their comparable
performance. Hemispherical photography proves téthbemost appropriate method to estimate
LAl of short canopy vegetation, and improved clfisaiion techniques in applied software
(CAN_EYE) give a good discrimination possibilityrfthe classification of foliage elements and
gaps, whereas the clumping index as derived froemTRAC instrument is more reliable in
determining the effect of spatial distribution ofiage elements. The clumping index from TRAC
instrument can then be used in combination withikgherical photography or LAI-2000 for a
more accurate estimation of the LAI. A key bendfiiwever, of all of these estimation methods
is that observations can be collected in a shatogef time. A poor correlation of RSR and the
LAI from all three methods of ground measuremenégenobtained in this study for all plant
functional types. A possible reason for this caridumd in the low dynamics of the reflectance in
the wavelength bands which are used to computB8ie.

Keywords. Leaf Area Index, LAI-2000 PCA, TRAC, Hemispherical Photography,
Imaging Spectroscopy.
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1. Introduction

1. Introduction
1.1. Background

The majority of world vegetation which is complexdawidely distributed ecosystem on
the Earth, affecting the life of most humans daéither as an economic good or an
environmental regulator is naturally occurring @mote and inaccessible area in wide
variety and extent of range. To study the charesties of vegetation, remote sensing
techniques are useful because they provide spyagallicit information and access to
remote locations. Remote sensing uses radianceotiéamed from air- or space-borne
sensors to indirectly estimate key characteristicthe biosphere (Gowest al., 1999).
These techniques allow scientists to examine ptigggeand processes of ecosystems and
their interannual variability at multiple scalexhase remote sensing observations can be
obtained over large areas of interest with highsitation frequencies.

Leaf area index (LAI) is one of the vegetation paeters that has importance in climate,
weather, and ecological studies, and has beemsdytestimated from remote sensing
measurements (Knyazikhet al., 1998; Cheret al., 2002; Myneniet al., 2002; Huet al.,
2003; Wanget al., 2004). The leaf area index, or LAI, defined mestently by Chen and
Black (1992) and Fassnaddtal. (1997)as half the total leaf area per unit ground surface
area is a vegetation structural parameter of furdaah importance for quantitative
analysis of many physical and biological procesekded to vegetation dynamics and its
effects on the global carbon cycle and climate.flagaa index drives both the within-
and the below-canopy microclimate, determines amdrols canopy water interception,
radiation extinction, water and carbon gas exchamgkis, therefore, a key component of
biogeochemical cycles in ecosystems (Breda, 200)ocess-based ecosystem
simulations are then often required to produce tjiadive analyses of productivity and
LAl is a key input parameter to such models. Ecapdiggists, but also managers
(farmers and foresters), ecologists, site and ¢lotmadelers of ecosystem productivity,
climate, hydrology and biogeochemistry, requesbrimiation about canopy leaf area
index.

However, calibration of remotely sensed data reguaften extensive ground truth data.
In addition, validation of remotely sensed vegetafproducts is important to determine
the accuracy of the products from different sensois variety of methods. Vegetation is
a challenging target as a consequence of its anthial heterogeneity, clumping of
optically active surfaces at multiple scales anatigp-temporal foliage dynamics.
Remote sensing of vegetation biophysical variablesh as LAl is further complicated by
the contribution of understory vegetation, littenil, bark as well as plant and relief
shadow, all of which influence the radiometric sib(iTianet al., 2002; Schlerkt al.,
2005). Additionally, the canopy reflectance depeadssun and viewing geometry that
impacts the estimation of the LAl based on emplimeathods (Strulet al., 2002).

Extensive research has been done on the estimattitorest LAl from remote sensing
data within the last one and half decades (Breinad., 2000; Cheret al., 2002; Hallet
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al., 2003; Stenbergt al., 2004; Wangget al., 2004; Mannineret al., 2005). Most of the
studies on forest are based on the relation of witth vegetation indices (VIs), such as
the simple ratio (SR) or the normalized differenegetation index (NDVI), computed
from broadband remote sensing data (Scléedl., 2005). However, the application of
such relationships to large areas or at differeassns is limited by being site and sensor
specific. Apart from this, the sensitivity of Vle thanges in LAl is often not dynamic
enough to allow accurate estimation of LAI. Thiodem has been encountered for
example in boreal coniferous forests, where ND\idglly has a very narrow range due
to the presence of a green understory (Mannahah, 2005).

Above and beyond, the broadband indices, usualhgtcacted with near-infrared (NIR)

and red (R) bands, use average spectral informatren broad bandwidths, resulting in
loss of critical information available in specif@rrow bands Also, VI-based relations
and are known to be heavily affected by soil backgd at low vegetation cover

(Erikssonet al., 2005). Now a days, the advent of airborne imagipgctrometers has

made it possible to construct more refined VIs tigio the use of distinct narrow bands.
Recent studies on LAI estimation (Browehal., 2000; Cheret al., 2002); suggest that

inclusion of shortwave infrared (SWIR) reflectanioe/ls may be useful to suppress the
background influence. For example the reduced gmglio (RSR) has been found to
perform well in coniferous forests (Stenbet@l., 2004; Wangt al., 2004).

The validation of the derived LAI products can lehiaved using a bottom-up approach,
i.e. from local field level measurements to globaimparison with satellite derived LAI
products (for example LAI products of MODIS, AVHRREGETATION, Landsat TM,
POLDER, and MERIS) (Morisettest al., 2005). International initiatives for LAl
databases and validation become increasingly irapofor users to determine the most
appropriate product, or combination of productgjge for their applications (for instance
global leaf area index data from field measuremeatsbe found through the period of
1932-2000Q(http://www-eosdis.ornl.gov/VEGETATION/lai_des.hdmField validation of
global or regional satellite-derived products gefigirelies on point measurements from
the field that need to be scaled up to comparéeacbrresponding moderate-resolution
global products. This question is generally addrésdy associating the field
measurements with high-resolution imagery to makegh-resolution map of the same
variable derived from field measurements. Thengtnaity of the large scale global LAI
products can be assessed by comparing it withigieresolution product.

There are several techniques of in-situ LAl deteation, generally categorized as direct
and indirect methods (Gowet al., 1999; Breda, 2003; Jonckheesteal., 2004a). LAI
can be assessed directly by using harvesting methoch as destructive sampling and
the model tree methoatr by non-harvesting litter traps during autumrf-fadl period in
deciduous forests (Jonckheetel., 2004a; Jonckheesgt al., 2004b). Direct methods of
LAI estimation are the most accurate, but they haeedisadvantage of being extremely
time-consuming and as a consequence making laaje-sicnplementation only
marginally feasible. Because of its time-consumargl labor-intensive character and
operational constraints, it can be said that dire&l determination is not really
compatible with long-term monitoring of spatial atemporal dynamics of leaf area
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development. LAI can also be estimated indireatbyrf the incident radiation transmitted
through the canopy at a given sun or view zenitfiearCommercial canopy analyzers are
a tool to locally characterize canopy structuredalibration and validation of satellite or
airborne remote sensing products. This methodasvk as the gap fraction method and
is used with a number of instruments (LAI-2000, TRADEMON, Ceptometer,
hemispherical photography; (Chetral., 1997; Weist al., 2004)).

1.2. Problem Definition

As many regional and global air- or space-borne tmlps are being produced regularly
(e.g., Mercury Search Todhitp://mercury.ornl.gov/ornldage/accuracy assessment and
validation of these products are of central conterthe potential users. There are several
in-situ techniques to determine LAI for up-scalipgrpose from plot to pixel level in
order to calibrate and validate spectrally retréeve&\l products from high or medium
resolution hyperspectral data. LAl can be measudiegttly by destructive methods, or
through allometric relationships (Chest al., 1997). However, these are quite time
consuming, and cannot be applied routinely to mpldtiocations. This is the reason why
various studies are mainly using indirect methaalsestimate LAI from gap faction
measurements. Accordingly, LAI for grass, shrub fomdst canopy was estimated in this
study using indirect optical field instruments.

However, the use of gap fraction to estimate LA$g®a number of problems. Among
these (Morisettest al., 2005): (1) the footprint corresponding to theseasurements
depends mainly on the device used and the canaoppled, (2) unequal illumination of
the canopy violates the assumption of the LAI-2@6@@ TRAC calculations or creates
thresholding problems (sky or soil vs. vegetationpHP software, (3) clumping occurs
at several scales, from the landscape to the shodt,influences greatly the LAI-gap
fraction relationship, (4) the optical field measment techniques are less apt at
distinguishing green leaves (green LAI) from noeear leaves and woody material
(Barclayet al., 2000) and (5) understory LAl can significantlypatt vegetation indices
commonly used to generate fine resolution LAl mapsaddition to these, the LAl
depends on the vegetation type and age and the miahthe growing season at which
measurements are carried out (Musseheal., 2001); of course the LAl of each
vegetation type is strongly dependent of the biatid climatic conditions at which the
vegetation grows. The sum of these factors, togethth the different methods used,
results in widely different LAl-values.

Even though, significant amount of studies havenbmmnducted to estimate LAI using
either of most widely used ground measurement igales and/or using retrieval
techniques from imaging spectrometer data (Gehgl., 2003; Leeet al.,, 2003;
Berterretcheet al., 2005; Schlerfet al., 2005), there has nor been conducted ample
comprehensive study to combine in-situ LAl estimatiechniques. Additionally, optical
field instruments have different assumptions fa $ipatial distribution of canopy which
mainly depends on the plant-functional type. Thiggests that inter-comparison of
clumping corrections for optically-based in-situ ILAstimates should be investigated
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further. It is recommended (Che al., 1997) that TRAC be used to investigate the
foliage spatial distribution pattern while LAI-20@@mispherical photography is useful
to study foliage angular distribution pattern. TIHRAC clumping index can be applied to
correct LAI-2000 or hemispherical photography eaties of LAI for deviations from the
assumption of randomly distributed foliage usedhim LAI-2000 processing algorithms.
Hemispherical photography-based LAl estimates weoerected for clumping by
applying the TRAC clumping index algorithm for sassive zenithal rings in the field of
view (Leblanc, 2002; Leblarngt al., 2005). These have been shown to be well corcelate
with allometric LAl over a number of boreal sitas Canada (Goweet al., 1999).
However, most of the studies solely focus on egtoneof forest and agricultural crops
LAI and only minor work has been done for othempiunctional types such as shrub-
and grass-lands. Therefore, studies must be castietbr comparison and integration of
different methods and techniques to estimate LAlvafying plant-functional types.
Furthermore, sampling strategy has to be develémeshort canopy vegetation such as
grass-lands in order to minimize the error of LAllue which results from the footprint
of the instruments being used. This study assesddasibility of the selected three
optical field instruments for LAl determination palant functional type and evaluate the
potential of combination of these methods to enbdhe accuracy of LAI estimation.

As most of the above mentioned processes are egdnain a limited sample leaf area
basis, the LAI is necessary for scaling up the ltedo the level of the forest stand,
vegetation type or ecosystem. Remote sensing pmswuite only feasible alternative for
the estimation or monitoring of LAI at regional ka2 Models developed for application
to remotely sensed optical data rely on physichged relationships between LAI and
canopy spectral reflectance, typically expressetiénform of spectral vegetation indices
(SVIs). Numerous ratio-based SVIs have been sttt related to LAI, with the most
common being the simple ratio (SR) and the norredlidifference vegetation index
(NDVI) which uses red and infrared bands (Gowteal., 1999; Mannineret al., 2005;
Schlerfet al., 2005). In the near-infrared region the specefiectance and transmittance
of the leaves is high and absorptance is low. is sfiuation leaves from lower canopy
layers contribute considerably to total measurefiecnce (Clevers, 1989). This
multiple reflectance reveals that measured neaaned reflectance may be suitable
estimator of LAIl. However, background reflectancg.,esoil reflectance influence the
relationship between measured near infrared rafteet and LAI. To compensate for
differences in canopy closure and background reflee, studies have used shortwave
infrared (SWIR) reflectance to quantify canopy ales (Brown et al., 2000) and
modification have been made for other vegetatialices such as NDVI (Nemasi al.,
1993) and SR (Browst al., 2000; Cheret al., 2002).

Results from Browret al. (2000) and from a later study by Chenal. (2002) and
Stenberget al. (2004), comprising data from the major boreal Bpecies in Canada and
Finnish pine and spruce stands, showed that fdr boniferous and deciduous stands
RSR correlated better with LAI than did NDVI and .Shhis study focus on evaluating
and quantifying the suitability of the Reduced SenRatio (RSR) to estimate LAI of
forest, shrub and grass from Airborne Hyperspe&yatem (AHS) data.
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Generally, in this study, regional LAI of grasstudihand broad leaf soft-wood forest was
estimated using three ground-based measurememideels and subsequent analysis for
calibration and validation purposes of airborne ging spectrometer data of a river
floodplain vegetation in the Netherlands. The inatign of three in-situ LAl estimation
techniques namely: TRAC, LAI-2000 and hemispheriphbtography was used for
calibration and comparison of retrieved LAl valuenfi imaging spectroscopy data.
Furthermore, in-situ optical LAl determination teajues were evaluated for shrub- and
grass-land LAI estimation in addition to the foresnt-functional type which was the
major study target for the validation of differelbfl estimation methods (Chen and
Black, 1992; Roxburgh and Kelly, 1995; Goweral., 1999; Leblancet al., 2002a;
Breda, 2003; Coopat al., 2004)

1.3. Research Objectives

General objective

« Estimation of forest, shrub and grass leaf areaxingsing three indirect
ground measurement technigues and imaging specppysc

Specific objective

» Quantify leaf area index of grass, shrub and farasbpy using hemispherical

photography, TRAC and LAI-2000,

» Combine ground-based LAl determination methods foore accurate

estimation of LAI,

» Assess plant-functional type specific relationfR&R-LAI,

» Develop a strategy for reproducible and accuratgtinmeasurement of LAI
per plant-functional type as a base for validatddrremote sensing derived
LAl and
Documentation of sampling strategy, measurementguti variables,
processing techniques and computed outputs fdrdurtse.

Y

Research questions

» Is it possible to integrate different ground-bakead area index estimation
methods and techniques to achieve more accuratié?es

» How significant is the difference of the leaf amedex values using different
methods?

» How can we build a spatially distributed LAI maporn different ground
measurement techniques for calibration of imagipgcsometer data at the
stand scale?

» What is plant-functional type relation of RSR-LAI?

» How feasible are various optical field LAl determiion methods for different
plant-functional types?
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1.4  Structure of the Report

Chapter one of this report comprises an introdac@bout the general background,

overview of the context, definition of the topicdatine importance of leaf area index as a
key biophysical parameter. Description and deénibf the problem is also main part of

this chapter. The objectives of this study and aede questions are covered in this
chapter, as well. Chapter two deals with reviewhaf relevant literature and discusses
similar studies conducted in the field of the stwitga. The third chapter describes the
methodologies followed in order to achieve the aede objectives. The results of this

study are presented and discussed in chapter @mnclusion and recommendations are
given in the fifth chapter.




2. Literature Review

2. Literature Review

2.1. Definition of Leaf Area Index (LAI)

Leaf area index (LAl) is a dimensionless variabid aas first defined by Watson (1947)
as the total one-sided area of photosynthetic gispar unit ground surface area
(Jonckheereet al., 2004a). For broad-leaved trees with flat leawbss definition is
applicable because both sides of a leaf have thme sairface area. However, if foliage
elements are not flat, but wrinkled, bent or roll¢éde one-sided area is not clearly
defined. The same problem exists for coniferousstras needles may be cylindrical or
hemi-cylindrical (Chen and Black, 1992).

Leaf area index (usually abbreviated to LAI or dynp) is broadly defined as the
amount of leaf area in a vegetation canopy perland area:

LAl = S/G (1)

where S is the functional (green) leaf area of ¢hmopy standing on ground area G
(Scurlocket al., 2001). Because both S and G are normally measigadeas (m2), LAI
is dimensionless, although it is sometimes preseimte@inits of m2/m2. Most commonly
S is measured as the projected area (e.g., atempgl a sampled leaf on a horizontal
surface). However, LAl may be more precisely defime a number of different ways
(Chen and Black, 1992; Barclay, 1998; Scurlethl., 2001; Erikssoret al., 2005). For
example, leaf area may be measured as the tofacsuasrea of leaves in a canopy. This
will be equal to 2s for flat leaves and greatemt2& for needle-shaped and succulent
leaves and photosynthetic stems. Care should bentakhen making comparisons
between LAI determinations that may not necessasly the same methodology or even
the same definition of LAl (Chen and Black, 1992).

According to Barclay (1998), there are at lease faommon measures of LAI, which
partly reflect the different purposes for which Li&ldetermined :

(1) total leaf area per unit area of horizontaldldrelow, TLAI, is based on the total
outside area of the leaves, taking leaf shapeaotount;

(2) total one-sided leaf area per unit area ofZomtal land below is usually defined as
half of the total leaf area, even if the two sidéshe leaves are not symmetrical; it is a
commonly used parameter because it representathexghange potential;

(3) projected area of horizontal leaves per unhaizontal land below, PLAI, is defined
as the area of horizontal shadow that would belwas¢ath a horizontal leaf from a light
at infinite distance directly above it; this measuent is common in remote sensing
applications, because it represents the maximufmalea that could be seen by sensors
from overhead;

(4) projected area of leaves inclined to the haiiab called silhouette leaf area index
(SLAI) by Weisset al. (2004), is a useful measure for modeling the ¢dfexf light
penetration through a canopy (Chen and Black, 1€3fn and Black, 1992) and for
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remote sensing, because it is equivalent to tha fareintercepting light and represents
what would be observed by a nadir view from abayegring leaf overlaps; and

(5) projected area of inclined leaves, but countowgrlapping areas only once; this
measure is common in remote sensing applicaticgsause it represents the proportion
of ground obscured by foliage in a remotely acglineage.

Definition (1) is relatively rarely used dependimgon the details of the calibration of the
allometric equations (Scurlock al., 2001). Definition (2) suffers from the problemath
the meaning of “one-sided” is unclear for conifesaweedles, highly clumped foliage, or
rolled leaves (Chen and Black, 1992). Chen andkB(4892) suggest that the LAI of
non-flat leaves should be defined as half the totarcepting area per unit ground area,
and that definition (3) should be abandoned. LAdaading to definition (2) may exceed
LAI according to definition (3) by a factor rangirigpm 1.28 (hemi-circular cylinders
representing conifer needles), through 1.57 (repésy cylindrical green branches) to
2.0 (spheres or square bars representing highigped shoots and some spruce needles)
(Chen and Cihlar, 1996). Regrettably, many indigideports of LAI in the literature fail
to provide any details of the LAI definition assuimeand a significant fraction do not
even describe the methodology used (Scurkek., 2001).

So, in current literature and next to Watson (39difinition, LAI defined as one half
the total leaf area per unit ground surface aréiisg used (Chen and Black, 1991; Chen
and Black, 1992; Fassnac#ital., 1997; Stenbergt al., 2004). It is important to note that
these different definitions can result in significalifferences between calculated LAI
values (Jonckheemt al., 2004a). Consequently, for all plant functiongldg considered

in this study, LAI is defined as one half the tof area per ground surface area as
being used for flat leaves in current studies (Caed Black, 1991; Chen, 1996a; lsu

al., 1997; Browret al., 2000; Leblanet al., 2002b)

2.2. Methods for LAl Determination

There are two main categories of in-situ LAl detimation: direct and indirect methods
(Goweret al., 1999; Jonckheeret al., 2004a). Direct measurement approaches include
area harvest, application of allometric equatianstand diameter data, and leaf litterfall
collection. Numerous commercially available instants (e.g., Decagon ceptometer, Li-
Cor LAI-2000, DEMON, TRAC and hemispherical photaginy) are used to indirectly
estimate LAI (Cheret al., 1997). All of the instruments measure light traittance and
assume foliage is randomly distributed in the cgnop

Direct methods are the most accurate, but they titeveisadvantage of being extremely
time-consuming and as a consequence making laaje-sicnplementation only
marginally feasible. Accuracy problems may in tbaése result from the definition of
LAI, the up-scaling method, or from the error acalmtion due to frequently repeated
measurements (Jonckheeseal., 2004a). Because of its time-consuming and labor-
intensive character and apart from other operatiomastraints, it can be said that direct
LAl determination is not really compatible with theng-term monitoring of spatial and
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temporal dynamics of leaf area development (Chasah, 1991). However, the need for
validation of indirect methods remains, so the daireechniques can be considered
important as calibration methods.

Scurlocket al. (2001) summarized common direct measurement tgahsiof LAI: (1)
destructive harvesting and direct determinationred-sided leaf area, using squared grid
paper, weighing of paper replicates, or an opfichised automatic area measurement
system; (2) collection and weighing of total ledfeffall, converted to leaf area by
determining specific leaf area (leaf area/leaf mdss sub-samples; and (3) allometry
(based on simple physical dimensions, such as giameter at breast height), using
species-specific or stand-specific relationshipselaon detailed destructive measurement
of a sub-sample of leaves, branches, or whole idaials.

Indirect methods, in which leaf area is inferreashfrobservations of another variable, are
generally faster, amendable to automation, andebyeallow for a larger number of
spatial samples to be obtained. For reasons ofetbence when compared to the direct
methods, they are becoming more and more importadirect methods of estimating
LAl in situ can be divided in two categories: (hilirect contact LAl measurements such
as plumb lines and inclined point quadrates (Gostex., 1999; Scurloclet al., 2001,
Jonckheeret al., 2004a); and (2) indirect non-contact measurements

Recently, much emphasis has been placed on usitigeéh optical measurement
techniques, particularly suited to measuring theopg gap fraction, to estimate LAl of
vegetation canopies (Moriseteal., 2005). Several optical instruments that measwee t
canopy gap fraction from beneath, or within, pleartopies, over a range of zenith angles
are now commercially available (Welles, 1990; Welend Cohen, 1996). Air- and
space-borne methods on the other hand are appliedAl determination on forest or
landscape level. These methods are based on difiesen spectral reflection between
vegetation and other coverage (Jonckhekat, 2004a).

However, a number of correcting factors need tajy@ied to such indirect estimates to
improve their accuracy and their comparability teeck measurement of LAl (Cheast
al., 1997; Kuchariket al., 1998). The optimum strategy for collecting exteesground
truth” LAI in the future may be to use a combinatiof several indirect optical methods,
corrected and calibrated against a more limitedbemof direct estimates of LAI (Chen
and Cihlar, 1996).

2.3. In-situ Optical LAl Assessment Techniques and Instruments

Indirect optical methods measure canopy gap fradioestimate leaf area index from
measurements of the transmission of radiation tjivalhe canopy, making use of the
radiative transfer theory (Breda, 2003). These odshare non-destructive and are based
on a statistical and probabilistic approach toafolelement (or its complement, gap
fraction) distribution and arrangement in the canophree optical instruments are
commonly used and investigated in this study:
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» the LAI-2000 Plant Canopy Analyzer (Li-Cor Inc.,ncoln, NB, USA), (Campbell
and Norman, 1990),

» digital hemispherical photographs (DHP) (Weiss,£00¢isset al., 2004), and

» the Tracing Radiation and Architecture of CanodiBRAC) instrument (3rd Wave
Engineering, ON, Canada) (Leblagtal., 2002a).

The use of gap fraction to estimate LAl and thengple of the aforementioned
instruments are discussed in the following section.

2.3.1. LAI Estimation Based on Gap Fraction Measurement

Many optical instruments measure canopy gap fradii@sed on radiation transmission
through the canopy. The gap fraction can be expdessathematically as (Norman and
Campbell, 1989):

P(e) — e—G(e,(p)LAI/cos ©) (2)

where Pg) is the gap fractionf is the zenith angle of view, is the leaf angle, ®( ¢) is
the projection coefficient of the foliage on a mafmormal) perpendicular to incoming
radiation (Norman and Campbell, 1989), épsé the zenith angle of view, and LAl is
the Leaf Area Index of the canopy including all edaround structural components
(branches, stems, cones, and epiphytes). The parjecoefficient G§,¢) depends
greatly on the angular distribution of the foliageand determines the light interception
by the canopy. Several foliage angle distributimg., planophile, spheric or elliptical)
are used to simulate real leaf angle (Norman andpbell, 1989). The foliage angle

is generally not known, and the LAI calculationuggs gap fraction measurements for a
range o angles of view (Breda, 2003).

The gap fraction-based methods are dependent drarigée distribution (Campbell,
1986). By inverting Eqg. (2), the expression for Ll

LAI = In(P(6))cos@)/G(®) 3)

as the G-function here is independent of the legfeadistributiongp. The "gap fraction'-
based methods (canopy analyzer systems and hemcshmages) use several ways to
solve this equation as described in theory papdie¢, 1967; Nilson, 1971; Norman
and Campbell, 1989; Breda, 2003).

An important consideration implicitly expressedHqg. (3) is that LAl can be calculated
without knowledge of foliage angle distributiortlife gap fraction is measured at several
zenith angles covering the full range from 0 tG @henet al., 1997), because most of
optical instruments assume foliage is azimuthalydomly oriented. The LI-COR LAI-
2000 is well suited for this purpose because odligity to measure BJ at five zenith
angles simultaneously from diffuse blue light tramssion through the canopy.
Hemispherical photography can also provide gaptifras in the full zenith angle range
and hence can be used to measure LAl (&hah, 1997)
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Although Eq. (2) was originally developed for theaulation of LAI, Chen et al. (1991)
regard the result from Eq. (2) as the effective L(AAle) because leaves in plant
canopies are often not randomly distributed in sp&ifective LAl (LAle), is leaf area
index (including branches, stems and cones) whschat corrected for non random
distribution of foliage elements. The meaning ak tterm is perhaps better understood
with the following expression (Nilson, 1971):

po(e) - e—G(e) QLAlt/cos (0) (4)

LAIt, is the plant area index including leaf and oglg areas, andQ is a parameter
determined by the spatial distribution pattern eéves. When the foliage spatial
distribution is randong is unity. If leaves are regularly distributed fexhe case: leaves
are all laid side by sided) is larger than unity. When leaves are clumpedéex¢ case:
leaves are stacked on top of each otlers less than unity. Foliage in plant canopies is
generally clumped, and hengeis often referred to as the clumping index (Cleeal.,
1997). Eq. (4) is derived based on the Markov clia@ory to estimate the probability of
beam penetration through multiple independent cameyers. It can be considered as a
modified Poisson model to account for the variatianfoliage spatial distribution
patterns. Whef2 = 1, the canopy is random, and Eq. (4) returnghéoPoisson model
(Chen, 1996a; Chen, 1996b). Sin@tAlt, is an important quantity determining the
canopy gap fraction and hence the radiation enmient in the canopy, it deserves the
separate term “effective LAI,” denoted by LAle (Qhet al., 1997).

When LAle is measured, LAIt can be obtained from:

LAIt = LAle/Q ) (5
By treating shoots as the basic foliage units, (Clred Cihlar, 1996) derived that

Q=Q E/ YE (6)
where ye is the needle-to-shoot area ratio quantifying dffect of foliage clumping
within a shoot (it increases with increasing clung)i andQ g includes the effect of
foliage clumping at scales larger than the shdaddcreases with increasing clumping).
For deciduous forests, individual leaves are careid as the foliage elements, ard-
1.

By combining Eq. (5) and (6) we have

LAIt = LAle * yv¢ /QE (7)

The plant area index LAlt, is the sum of leaf aredex, denoted by LAI, and the woody
area index, denoted by WAI, and therefore

LAI = LAIt — WAI = LAt (I o) (8)

11
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wherea is the woody-to-total area ratio, = WAI/LAI. By ing the factor (1 ), the
contributions of non-leaf materials are removed.

From Eq. (7) and (8), the final equation for LAethbecomes
LAl = (I- o) LAle * yg Q€ 9

The above equation shows that to obtain the les# Brdex (LAI), three corrections must
be made (Eq. (6), (7) and (8)) to the effectivé &aa index (LAle) obtained from multi-
angle gap fraction measurements (Chen, 1996a)

2.3.2. Optical Field Instruments to Measure LAI
LAI-2000 Plant Canopy Analyzer

The LAI-2000 plant canopy analyzer calculates & index (LAI) and other canopy
structure attributes from radiation measurementdemaith a “fish-eye” optical sensor
(148 field-of-view) (LAI-2000, 2005). The LAI-2000 plamtanopy analyzer is a portable
instrument that does not require additional datguesition and processing, but it is able
to provide immediate LAl estimates, measuring stamdously diffuse radiation by
means of a fisheye light sensor in five distinguaar bands, with central zenith angle of
7°, 22, 38, 53 and 68 (Jonckheeret al., 2004b). LAI-2000 measures the transmitted
blue sky light (400-490 nm) under the canopy irefsoncentric rings from°0to 75,
from which to calculate the gap fraction for fiventh angle ranges (Chehal., 1997).
The light level is measured in clearings withoetes and below the canopy. Moreover,
there is an in-built optical filter that rejectscaming radiation with wavelengths above
490 nm in order to minimize the radiation scattdsgdhe canopy. Thereby, a maximum
contrast between leaf and sky is achieved. The rati the two values gives the
transmittance simultaneously for each sky sectéil. ik then estimated by inversion of
the Poisson model comparing the transmittances(@)y.

In use, gap fractions at five zenith angles cambasured by making a reference reading
above the canopy (sensor aimed up at the sky)oaedor more readings beneath the
canopy (sensor again looking up). The below readarg divided by above readings to
obtain an estimate of the gap fraction at the &imgles. Snap-on view restrictors can be
used to limit the sensor’s azimuthal field of viéWhis is necessary in small plots, or very
clumped canopies, or when the sun is shining (\Wgell890).

The calculations, which are automatically derivedtie internal software, are based on
four assumptions (LAI-2000, 2005): (1) the foliagélack, it is assumed that the below-
canopy readings do not include radiation that leehlyeflected or transmitted by foliage;
(2) the foliage elements are small compared toattea of view of each ring; (3) the

foliage is randomly distributed within certain fadje containing envelopes, these
envelopes might be parallel tubes (a row croplngle ellipsoid (an isolated bush), an
infinite box (turf grass), or a finite box with s (deciduous forest with gaps); and (4)

12
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foliage is azimuthally randomly oriented. Thatiisgoes not matter how the foliage is
inclined, but the leaves should be facing all cosspdirections.

The LAI-2000 performs all computations on-board] atores measurements and results.
It has been used with success to estimate LAl migcoous and homogeneous canopies,
such as millet and grasslands, validated by destimates of LAl based on harvesting
(Levy and Jarvis, 1999). In discontinuous and logfeneous canopies, the potential of
this instrument is restricted by a general tendgoaards underestimating LAI (Chason
et al., 1991). Until now, the underestimation errors eauby clumping could not be
satisfactorily addressed including correction festmr adapting radiation models.
Adapted models such as the Markov model or the tveg®inomial model are not
compatible with the data measured by the LAI-2000 are not in an operational form
(Chasonet al., 1991). Impact of external factors (illuminatioanditions and boundary
effects) can be minimized by means of a 2view cap (Nackaertst al., 2000). A
disadvantage is that it captures the forest camaily only a coarse resolution of five
concentric rings using immediate integration prared, so making a posteriori detailed
spatial analyses (i.e. foliage distribution) impbks(Jonckheeret al., 2004b).

A potential practical weakness of the LAI-2000 aggmh is the requirement for an above
canopy reference reading in order to get an aceurAti estimation (Welles, 1990).
There exists the potential for sky conditions tarale between the reference and below
canopy readings. If two separate systems are emgane system can be made to log
readings unattended outside the canopy, while tiher system is used to collect the in-
canopy data. Later, the two datasets can be meagddcalculations performed. This
merging can be done by connecting the two contoakb together, or else by using an
external computer with software supplied with thetiument (Welles, 1990).

Different software codes exist to analyze LAI-208f@asurement such as: FV2000,
C2000.EXE, and the 1000-90 DOS communications pragi~V2000 is a Windows™
application for downloading, viewing, and manipurgtdata files from the LI-COR LAI-
2000 Plant Canopy Analyzer. It replaces the DOganm C2000.EXE, and the 1000-90
DOS communications program. FV2000 adds some fomality, especially in the area
of visualizing and designing isolated canopy modetsdetermining path lengths, and
also for general data graphing and analysis (FV22005).

Tracing Radiation and Architecture of Canopies (TRAC)

TRAC is an optical instrument for measuring the fL&sea Index and the Fraction of
Photosynthetically Active Radiation absorbed bynpleanopiesKPAR) (Leblancet al.,
2002a). The LAl andFPAR absorbed by plant canopies are biophysical pasmet
required in many ecological and climate models.spite of their importance, the
commercially available techniques for measurings¢hguantities are often less than
adequate. Many studies have relied on commercstuments such as the LAI-2000
Plant Canopy Analyzer (LI-COR), AccuPAR Ceptome(®ecagon), and Demon
(CSIRO) as well as hemispherical photography (Lebkt al., 2002c). However, these
optical instruments have been repeatedly found nderestimate LAI of forests and

13
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discontinuous canopies where the spatial distidputif foliage elements is not random.
TRAC was developed to cope with this problem.

TRAC measures canopy "gap size" distribution initeald to canopy "gap fraction".
Plant canopies, especially forests, have distinchitectural elements such as tree
crowns, whorls, branches, shoots, etc. Since thstsgctures dictate the spatial
distribution of leaves, this distribution cannot bBesumed to be random. Previous
commercial instruments have been based on thergeioh principle. Because of foliage
clumping in structured canopies, those instrumagitsn considerably underestimate
LAI. A canopy gap size distribution contains inf@ation of canopy architecture and can
be used to quantify the effect of foliage clumpiog indirect (i.e., nondestructive)
measurements of LA

TRAC (including the recording and data analysis ponents) is hand-carried by a
person walking at a steady pace (about 0.3 metesgmond). Using the solar beam as a
probe, TRAC records the transmitted direct lightaahigh frequency (32 Hz). Such
measurements are recorded and stored as spike eaenespike, large or small, in the
time trace represents a gap in the canopy in th& slirection. These individual spikes
are converted into gap size values to obtain asgapdistribution. A gap size distribution
curve like reveals the composition of the gap foactand contains much more
information than the conventional gap fraction nueasients. A gap size distribution
contains many gaps that result from non-randomoésbke canopy, such as the gaps
between tree crowns and branches. Since we knowishéution for a random canopy,
based on Welles and Norman (1991), the gaps neguitom non-randomness can be
identified and excluded from the total gap fracteeccumulation using a gap removal
method (Chen and Cihlar, 1995a). The differencevéen the measured gap fraction and
the gap fraction after the non-random gaps remaeaa then be used quantify the
clumping effect (Leblanc and Fournier, 2005).

The clumping index obtained from TRAC can be useddnvert effective PAI to PAI.
Leblanc (2002) showed that the TRAC can accurateiasure a change in PAI when
trees are cut, inducing clumping in a canopy. WhBAC is used for half a clear day, or
at solar zenith angle near 57.3°, an accurate laMesfor a stand can also be obtained
using TRAC alone. TRAC technology has been vallateseveral studies (Chen and
Cihlar, 1995; Chen, 1996b; Che al., 1997; Kuchariket al., 1998; Leblanc, 2002;
Leblancet al., 2002a; Leblanet al., 2002c). For deciduous stands the clumping index
measured from TRAC includes the clumping effecalascales, but in conifer stands it
only resolves the clumping effect at scales latgan the shoot (the basic collection of
needles) because conifer needles are blow theutesolof TRAC instrument. The
TRAC device is suitable for computing PAI, but (@het al., 1997) advised correcting
indirect LAl measurements (e.g. from the LAI-20Q&)jng the clumping factor derived
from TRAC estimates (Breda, 2003).

14



2. Literature Review

Hemispherical Canopy Photography

In recent years, off-the-shelf digital cameras hfavally reached a quality standard that
can start competing with film-based camera. Hehaspal canopy (fisheye)
photography is a technique used to measure subgdighp conditions (Roxburgh and
Kelly, 1995). Jonckheeret al. (2004a) defined explicitly as, it is a techniqoe $tudying
plant canopies via photographs acquired througheraigpherical (fisheye) lens from
beneath the canopy (oriented upwards) or placesteatiee canopy looking downward.
Digital cameras acquire photographs using a coclpdege device (CCD) matrix. A CCD
is a light-sensitive integrated circuit that isqad at the focal plane of an optical imaging
system and is assumed to have a linear respotighttorhe cameras’ resolution, usually
quantified in mega pixel, can now allow an anguésolutions better than §,5vhich is
the sun angular disc solid angle (Leblahal., 2005).

A hemispherical photograph provides a permanemrdeand is therefore a valuable
information source for position, size, density, addtribution of canopy gaps

(Jonckheereet al., 2004a). It is able to capture the species-, sted age-related

differences in canopy architecture, based on ligiénuation and contrast between
features within the photo (sky/soil versus canopigmispherical photographs generally
provide a 18Bfield of view. In essence hemispherical photograptugiuce a projection

of a hemisphere on a plane (Rich, 1990). The eratire of the projection varies
according to the used lens.

Hemispherical photography provides also informatarthe clumpiness through the gap
size distribution (Chen and Cihlar, 1995). Duehis quality and use of the images for
future processing, hemispherical photographs aagrpssively replacing LAI-2000
devices. Furthermore, hemispherical photographsisee in the case of low vegetation
canopies by taking downward looking photographsyTare also used in more variable
illumination conditions, particularly when lookingipwards, which make the
measurements more flexible as compared to LAI-2000.

Traditionally, hemispherical canopy photographyectlon conventional black and white,
or color films (negatives or diapositives), andrgeacoupled device (CCD) scanners to
produce digital images for analysis (Fraeeal., 2001). Today, however, high-resolution
(2-6 million pixels) consumer-grade digital camerafer forest scientists better
alternative to traditional film photography. Witthet advent of affordable digital
technologies, standard graphic image formats, aack rpowerful desktop computing,
digital image analysis techniques have been usadasingly to examine hemispherical
canopy photographs (Rich, 1990). In that contexalyssis of hemispherical photographs
has been successfully used in a diverse rangeudfest to characterize plant canopy
structure and light penetration (Jonckhestral., 2004a).

To date, few published data are available to asesperformance of digital pictures
compared with classical ones from film (Frageal., 2001; Hale and Edwards, 2002).
Digital cameras are available now with a very largember of pixels that provides a
spatial resolution close to that of classical pgaaphic films (Hale and Edwards, 2002).
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In comparison to analogue cameras, these digitelose have better radiometric image
guality (linear response, greater dynamic rangegdewispectral sensitivity range
(Jonckheerest al., 2004a) and offer some practical advantages: iffifatlimages make
the expense and time associated with photographicffim development, and scanning
unnecessary and thereby eliminate errors that nsayraduring this procedure; (2) the
potential of real time processing and assessmeheifield; and finally (3) the unlimited
image treatment possibilities.

One of the main problems cited in the literature heimispherical photography for
determination of LAl is the selection of the optimaightness threshold in order to
distinguish leaf area from sky area thus produeitmgnary image (Leblanc and Fournier,
2005; Zhanget. al., 2005). A series of software packages for hemisphkiimages
processing have been developed, Hemiview (Delta-EBvid@), SCANOPY
(http://www.regentinstruments.com/products/Scanopg®py.htnm), GLA  (Forest
Renewal BC) and CAN_EYE (Weiss al., 2004; Barett al., 2005). Previous research
demonstrated that with a high resolution digitaheaa, the choice of the threshold level
would be less critical, because the frequency aknhipixels is reduced in comparison to
the aggregation of pixels in cameras with loweokhason.

Jonckheeret al. (2004a) described characteristics of an idealadgefor measuring LAI.

It should be a hemispherical sensor in order tausaneously measure the canopy gap
fraction at a range of zenith angles, enabling nedfieient sampling than is possible
with linear sensors (Welles and Norman, 1991)htiudd permit derivation of the gap
fraction distribution as a function of the zenitigée to get information on leaf clumping.
It should have predefined exposure, and abilitgddtect green and non-green elements.
Further, it should permit acquisition of data ol@mv vegetation by looking downward. It
should also provide a visualization of the canopijch can help identify possible
measurement problems. In addition to the estimaifahe leaf area index, such an ideal
hemispherical device could also be used to charaetdirectly the light climate within
canopies. Obviously, hemispherical cameras hawsethetential features. Hemispherical
photography, a technique that is markedly chedpen alternatives, has already proven
to be a powerful indirect method for measuring asi components of canopy structure
and under story light regime. Numerous advancdsgemispherical analysis, which have
taken place over the last decade, are directlye@le evolving computer, photographic,
and digital technologies and scientific modelingmoes. Hemispherical photographs can
be archived, reprocessed when improved models beewvailable and used to perform
other measurements, for example, fractal dimensiorhitecture and light regime below
the canopy.

2.3.3. Combination of Techniques

Although indirect measurements of LAl using optica@truments have the advantage of
convenience and low labor costs, many researclases een deterred by the drawbacks
of the indirect methods. The difficulties arisenfréhe complexity of radiation transfer in
vegetation canopies. The problems include (Bre@@3p (1) the unknown foliage angle
distribution, (2) the error due to nonrandom foéiadjstribution, and (3) the contribution
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of supporting woody material to the radiation ioggtion. Each of these (2 and 3) errors
is in the range of 5-10%, making the sum of th@em the range of 15-30% (Chehal .,
1997). LAI can be calculated without knowledge alfidge angle distribution if the gap
fraction is measured at several zenith angles auyédhe full range from 0 to §GChen
etal., 1997).

Several papers have compared plant area index asumegl by indirect methods with
direct LAl estimates (Chasod al., 1991; Nemaniet al., 1993; Chenet al., 1997,
Fassnachét al., 1997; Barclayet al., 2000; Breda, 2003; Jonckheetel., 2004b). Most
of these papers concluded that indirect methodsema@stimated LAl compared with
direct measurement. The reported underestimatioes/érom 25% to 50% in different
stands (Goweret al., 1999). It is now widely accepted that a reason tloe
underestimation is the non-random distributionadiaf elements within the canopy.

All estimates based on indirect optical methodsesgond to the Plant Area Index (PAl),
because they include the contribution of stemstaadches. The recent review by Gower
et al. (1999) makes the contribution of woody parts tol R& measured by indirect
methods ranges from 5-35%. Calculation of woody anelex can be found based on in
situ measurements of foliage and woody area pes, tderived from destructive
measurements of the branches and measured to&alhtight, bole length, crown
dimensions and crown length, and plotted againgdt @Bnckheeret al., 2004b). They
found woody area index value from destructive messent consistent with analysis of
the digital hemispherical images, where the amofintoody material was estimated by
means of image classification, assuming the starmdseanches seen on the photographs
were simple cone shapes (Barcéhal., 2000).

Canopy architecture may be separated into two #abeattributes: foliage angle
distribution and foliage spatial distribution. Theommercial instruments and
hemispherical photography techniques are well dde measuring LAl without a priori
knowledge on the leaf angle distribution by acaugrimultiple angle gap fraction data,
but estimates of LAI, are often incorrect becauskade spatial distribution is not
random, a key assumption to gap fraction modelenGind Cihlar (1995) developed an
optical instrument named TRAC (tracing radiatiord aarchitecture of canopies) and
theory to measure LAI of clumped canopies. The headtilizes canopy gap size
information in addition to canopy gap fraction gmebvides a foliage clumping index
which quantifies the effect of nonrandom spatiastribution of foliage on LAl
measurements.

Clumping factors estimated by the TRAC have regdngen validated (Chen and Cihlar,
1995; Chen, 1996a; Chenal., 1997; Kuchariket al., 1998). The TRAC device can be
used for computing LAI, but Chemst al. (1997) advised correcting indirect LAI
measurements (e.g. from the LAI-2000 or hemisphérighotography) using the
clumping factor derived from TRAC estimates. Itrecommended (Cheet al., 1997,

Leblanc and Chen, 2001; Leblanc, 2002; Lebleainal., 2002a; Leblane&t al., 2002c;

Leblanc and Fournier, 2005) that TRAC can be usethtestigate the foliage spatial
distribution pattern (clumpiness) while LAI-2000Mispherical photography is useful to
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study foliage angular distribution pattern. The bamed use of TRAC and LAI-
2000/hemispherical photography allows quick andieate LAl assessment of a canopy.

The TRAC clumping index was applied to correct LZIO0 estimates of LAI for
deviations from the assumption of randomly disti@oufoliage used in the LAI-2000
processing algorithms. Hemispherical photograplsetda Al estimates were corrected
for clumping by applying the TRAC clumping indexgatithm for successive zenithal
rings in the field of view (Leblanc and FournieQ05%). These have been shown to be
well correlated with allometric LAl over a numbeir lmoreal sites in Canada (Gowwer
al., 1999) up to an LAI of six.

Currently, the global validation activity (Morisett al., 2005) of leaf area index is based
on either a combined use of LAI-2000/TRAC or herhagical photography/TRAC
method for in-situ LAl measurements.

However, to combine optical field instruments aggasted by Leblanet al. (2002a),
care must be taken when a stand is not homogen@twesplot size and number of
measurements (points or transects) has some genks) but an understanding of the
geometry of the measurements can be used to estifmiie plot design correspond to
the desired area to be sampled (Leblanc and Fou2tie5). The footprint corresponding
to optical field measurements depends mainly on dbeice used and the canopy
sampled. For devices based on multidirectional fgagtion measurements such as LAI-
2000 or hemispherical photography, observationtowig =60-70° are used; wheb® is
the angular measure of view from zenith. Thereftine, footprint will correspond to a
disk with diameter D=2 * taf().H, where H is the canopy height (Morise#teal.,
2005). For TRAC, to be used under clear sky comaitj the footprint depends mainly on
the sun zenith angle6g) and tree height. The TRAC instrument requiresidect
sampling, preferably along transects oriented pefigelar to the sun direction. The foot
print will therefore be a rectangle the length bé ttransect, and a width defined by
tan@s) * H (Morisetteet al., 2005).

2.4. LAl Validation Procedure

Initiated in 1984, the Committee Earth Observingtelites’ Working Group on
Calibration and Validation (CEOS WGCYV) pursues\atiéis to coordinate, standardize
and advance calibration and validation of civilsatellites and their data (Bareital.,
2005; Morisettest al., 2005). One subgroup of CEOS WGCYV, Land Produdidgtion
(LPV), was established in 2000 to define standatdlation guidelines and protocols and
to foster data and information exchange relevatiteéovalidation of land products.

Having multiple global LAI products and validati@ctivities related to these products,
presents the opportunity to realize efficiency tigio international collaboration. The
global validation activity can be achieved usin@paitom-up approach, i.e. from local
field level measurements to global comparison wdtellite derived LAI products. Field
validation of global or large regional satellite- @ir-borne-derived products generally
relies on point measurements from the field th&tdn® be scaled up to compare to the
corresponding moderate-resolution global produliiss question is generally addressed
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by associating the field measurements with higloltg®n imagery to make a high-
resolution map of the same variable derived froatdfimeasurements (Moriseieal.,
2005). Then, the quality of the moderate-resolupooduct is assessed by comparing it
with the high-resolution product. Fig. 1 shows tékationship between the major steps.

50-100 | Global validation |

Medium resolution
products to be validated

20-100 .
ESUs/site [ Value(s) at he site level ‘
High spatial resolution
, image (SPOT/ETM/ASTER ...)
- 10-100

o measurements/ESU l Value at the ESU level ‘

l Individual measurements ‘

Fig. 1. General validation procedure applied to Ladcording to CEOS LAl intercomparison overview
submission. Source, (Morisetal., 2005)

Various optical methods have been used to acquiesge number of data points for
validation of LAI values from high resolution rereosensing. The Validation of LANnd
European Remote sensing Instruments (VALERI) (:Hitgvw.avignon.inra.frivaler)
supported mainly by CNES and INRA, has focusedhendevelopment of an effective
methodology to generate high spatial resolution snap biophysical variables from
satellites and the use of those maps for the waideof moderate-resolution global
products. The methodology developed by VALERI igum& enough to be applied on a
routine basis.

The local measurements performed over the seriEseafientary Sampling Units (ESUS)
will be extended to the whole site using a dedatg@®cess (Fig.1). The transfer function
relates the high spatial resolution radiometricad&ab the corresponding ground
measurements. It can be calibrated or evaluatedtbgeESUs, and subsequently applied
to the high spatial resolution image to deriverst fversion of the high spatial resolution
map of the LAI product. Several types of transferdtions were investigated that can be
either derived from radiative transfer model inv@msor purely empirical (Baredt al.,
2005).
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Establishing the relationship between the fieldeblad Al estimates and imagery is
known as up-scaling. Methodology for up-scaling éaslved over the last five years and
iS now starting to stabilize. The up-scaling precissmainly based on the calibration of
empirical transfer functions that establish a retethip between the average LAI values
from each ESU and the multispectral values fromatellte or airborne image. Selection
of the optimal transfer function is site-specifiedathe one that reduces the difference
between the observed LAI values and those predioyethe transfer function or other
cross validation techniques (Morisetteal., 2005).

A “bottom-up” approach is used in this study toidale the regional LAl products from

local field measurements. LAl values are computednfground data for each ESU in
order to make the subsequent comparison from thesmonding pixel value of AHS

data after degrading AHS LAI map to low resolut{@d x 20m) so as to correspond with
VALERI plot size.

2.5. Imaging Spectroscopy for Estimation of LA

Leaf area index (LAI) is a significant ecologicatribute that controls physical and
physiological processes in vegetation canopies B&ndvidely used as input to
biogeochemical process models over extensive teelesreas (Berterretchet al.,
2005). For such purposes, LAI predictions are ofteeded as maps, which can be
derived from remotely-sensed data using empiricdlyived regression relationships
based on spectral vegetation indices (SVIs). SWéscalculated from reflectance data
and, through regression, often related to fieldedalsAl measurements of the dominant
canopy (Chen, 1996a; Turneral., 1999; Broge and Leblanc, 2001; Gagical., 2003;
Stenberget al., 2004). Measuring LAl on the ground is difficulbdarequires a great
amount of labor and cost. To produce an LAl map tdrge area, a model relating field
data with remote sensing data is typically devalppgbe model is inverted, and the
remote sensing data are then used to extrapokatediationship to the landscape (Lete
al., 2003; Leest al., 2004).

The majority of studies for extracting biophysie@riables from remotely sensed data
have used empirical techniques to relate the sgeatleasurements to biophysical
parameters (Schledt al., 2004; Berterretchet al., 2005; Schlerkt al., 2005) although
several have used canopy reflectance models (Neehahi, 1993; Leeet al., 2004).
With few exceptions, such studies used broad-banitispectral data, like Landsat TM
or ETM+ rather than narrow-band, hyperspectral @emns Above and beyond, the
broadband indices, usually constructed with nefiaiied (NIR) and red (R) bands, use
average spectral information over broad bandwidtfesulting in loss of critical
information available in specific narrow bands, amd known to be heavily affected by
soil background at low vegetation cover (Eriksgbal., 2005). Now a days, the advent
of airborne imaging spectrometers has made it ples$d construct more refined Vs
through the use of distinct narrow bands.
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2.5.1. Vegetation Indices for LAl Estimation

A lot of research has been done on the estimafiéorest LAl from remote sensing data
within the last one and half decades (Tumed., 1999; Browret al., 2000; Jacquemoud
et al., 2000; Cheret al., 2002; Hallet al., 2003; Sun-Hwa and Kyu-Sung, 2003; Lete
al., 2004; Wangt al., 2004; Pwet al., 2005; Schaepmaat al., 2005). Most of the studies
on forest are based on the relation of LAl with etagion indices (VIs), such as the
simple ratio (SR) or the normalized difference \agen index (NDVI). However, the
application of such relationships to large areaatatifferent seasons is limited by being
site and sensor specific. Apart from this, the gigitg of VIs to changes in LAl is often
not dynamic enough to allow accurate estimationLAf. This problem has been
encountered for example in boreal coniferous fereshere NDVI typically has a very
narrow range due to the presence of a green undg(8dannineret al., 2005).

In practice, LAI prediction from remotely sensedadéces two major difficulties: (1)
vegetation indices approach a saturation level psytically when LAl exceeds certain
value, depending on the type of vegetation ind@;there is no unique relationship
between LAI and a vegetation index of choice, bther a family of relationships, each a
function of chlorophyll content and/or other canoglyaracteristics. To address these
issues, a few studies have been carried out tes@ss®l compare various vegetation
indices in terms of their stability and their predin power of LAI (Schlerkt al., 2004;
Berterretcheet al., 2005) while others have dealt with modifying somegetation indices
to improve their linearity with, and increase thansitivity to, LAl (Nemanet al., 1993;
Chen, 1996a; Chen and Cihlar, 1996; Brostral., 2000). Consequently, some indices
have been identified as best estimators of LAl bseathey are less sensitive to the
variation of external parameters affecting the spéceflectance of the canopy, namely
soil optical properties, illumination geometry, aatmospheric conditions. There are
extensive literature for most widely used Vs fohlLestimation (Schlerf et al., 2004;
Schlerfet al., 2005).

Recent studies on LAI estimation (Browehal., 2000; Cheret al., 2002), suggest that
inclusion of shortwave infrared (SWIR) reflectane/ls may be useful to suppress the
background influence. For example the reduced smalio (RSR) has been found to
perform well in coniferous forests (Stenbestgal., 2004; Wanget al., 2004), and is
discussed in the following section.

2.5.2. Reduced Simple Ratio

Three bands (RED, NIR, and SWIR) were used to farnew vegetation index named
reduced simple ratio (RSR). It is defined as fodiq. (10 ) (Browret al., 2000):

RSR =pnir[1 — pswirR- pswirmin ] (20)
Prep PSWIRmax~ PSWIRmIn

where pnir, prep, and pswir are the reflectance in NIR, RED, and SWIR band,
respectively.pswirmin @Nd pswirmax are the minimum and maximum SWIR reflectance
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found in each image and defined as the 1% minimadhraaximum cutoff points in the
histogram of SWIR reflectance. The major advantafd®SR over simple ration VI are
(Chenet al., 2002): (1) the difference between cover types ry weuch reduced so that
the accuracy for LAI retrieval for mixed cover tgpean be improved or a single LAl
algorithm can be developed without resorting tooaegistered land cover map as the
first approximation, and (2) the background (untteys moss cover, litter, and soil)
influence is suppressed using RSR because the MR is most sensitive to the
amount of vegetation containing liquid water in baekground.

Results from Brownret al. (2000) and from a later study by Chenal. (2002) and
Stenberget al. (2004), comprising data from the major boreal Bpecies in Canada and
Finnish pine and spruce stands, showed that fdr boniferous and deciduous stands
RSR correlated better with LAI than did NDVI and .9Rfferent algorithms are applied
to retrieve LAI using different vegetation indiceswhich RSR is selected for this study
by determining the reduced effect of backgrounteotdince and increase the sensitivity
to changes in LAI throughout its natural range.
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3. Methodology

3.1. Study Area

The study area for the validation of the remotessen data (AHS imaging
spectrometer) and ground measurements is locatadaatje flood-plain of the river
Rhine, very close to the German-Dutch border caleilingerwaard (Fig. 2). The
floodplain Millingerwaard is part of the Geldersed? nature reserve and was one of
the first nature rehabilitation projects for rivioodplains in the Netherlands. The
Millingerwaard is located at a distance of appraatiely 10 km east of the city of
Nijmegen (Barendregdt al., 1998). It is located south of the river Waal, whis the
main branch of the river Rhine in the Netherlaniillingerwaard was established in
1986 for the purpose of development of natural ystesn by restoring natural
processes (Barendregtal., 1998) and covers approximately an area of 16 kins
situated at 515N and 5E. The mean altitude of this site is 12 m a.s.khwihe
minimum of 8.8 m a.s.l. and a maximum of 15.6 ml.a.s

The Millingerwaard is a managed natural ecosystdnchvcovers a wide range of
species (Appendix 3) and softwood forests comprise&alix fragilis L. (crack
willow), Salix alba L. (white willow), Populus nigra L. (Lombardy poplar) with
dense undergrowth dfirtica dioica L. (common nettle)Calamagrostis epigejos L.
(wood small-reed)Rubus caesius L. (European dewberry). It consists also scrub and
woodland species nameGalamagrostis epigejos, Sambucus nigra, Rubus caesius L.
(European dewberry); and grass lands with domigaspecies ofMedicagini-
Avenetun puescentis, Bromo inermis-eryngientum campestris and mosaic of low and
tall grassesRanunculo alopecuretum).
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Fig. 2. Location of the study area, MillingerwaaSburce,
http://home.wanadoo.nl/jelle.ferwerda/researchtiocehtml
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3.2. Methodological Conceptual Model

The general working methodology of this study falém the schema indicated by a
conceptual model in Fig. 3. There are generally fioput data sets: TRAC; LAI-
2000; hemispherical photographs and AHS imagingtsp@eter data. The ground
measurements were used for calibration and vatidaif imaging spectrometer data.
Finally, the outputs were compared for each plamicfional type, methods and
instruments employed.

Maximum Liklihood

SWIR min. &
max.

Calculating
RSR

Classfication

Aggregating pixel
(20x20 m)

Calibration by
ground
measurements

Spatial
averaging of
LAlper ESU

LAIvs RSR
correlation

Aggregating pixel
(20x20m)

Cross validation

Fig. 3. Flow chart of working scheme to estimatd krea index of forest, shrub and grass canopiesg u
ground measurement techniques and imaging specfrpsc
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3.3. Ground Measurement Sampling Technique

A total of 19 plots were located within the studgacovering the full range of plant-
functional types present namely grass, shrub aftv@od forest. The ground plots
were selected based on a random sampling schemevés the representative soft
wood forest, shrub and grass canopy densities.if@ig, the locations were setup
according to the VALERI protocol http://www.avignowa.fr/valeri/ as described
hereafter. For each elementary sample unit (ESWjjuare area of 20m x 20 m was
defined by its 12 subplots starting from the cepi@nt and continues systematically
(Fig. 4 (A)). However, because of the time consttadnly nine sub-plots were taken
for hemispherical photography and LAI-2000 measa@s (Fig. 4 (B)).

The location of each ESU was determined using ¢lpbsitioning systems (GPSSs),
which have an accuracy of about £5 m. The ESUssateandomly over the study
area so that all plant-functional types are repriese The objective here is to set the
minimum number of ESUs at the optimal location &t goth: (1) a good and
efficient description of the LAI value for the ramgf vegetation considered over the
river floodplain in the Millingerwaard, and (2) testablish robust relationships
between the ground based measured LAI value anddiresponding high spatial
resolution radiometric values over an ensembleSi& For these reasons, five ESUs
in the softwood forest were selected for ground sueaments with hemispherical
photography and TRAC instruments. In grass andbsptats, eight and six ESUs,
respectively, selected for ground measurement wethispherical photography, LAI-
2000 and TRAC.
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Fig. 4. Sampling method. (A) Experimental set-up safmpling plot according to VALERI-protocol
(www.avignon.inra.fr/valer), and (B) sampling scheme used for this study.

From each ESU, 9 sub-plots were selected for thasmement of LAI-2000 and
hemispherical photography for all plant functiotygdes (Fig. 5 (B)). At each sub-plot
in the VALARI ESU, two measurements were taken gigsiemispherical camera for
shrub and forest plots. One measurement was takkrl &0 upward looking and the
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other was taken downward looking with the samethemngle away from the trunk.
For grass plots only downward looking hemisphergtabtographs were taken. LAI-
2000 measurement was taken only for grass and stambpy at each point of the

ESUs.

%;;

Location reference spec
Location forest LAI
Location vegetation TOC/soil/TRAC/thermal

Location DGPS/box/sunphotometer
Location parking
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(A) N
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H
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Fig. 5. Spatial distribution of ESUs. (A) Distribution of ESUs in the floodplain vegetati on top of
HyMap (2004) image, and (B) the sampling schem&®8 for digital hemispherical photography, LAI-

2000 and TRAC (transect).

The TRAC data were collected by slowly walking ajahe transects, holding the
instrument level to the ground (as much as pogsibiaunderstory of shrub and forest
plots and grass plots, and holding above understdrghrub and forest plots with the
TRAC instrument in front. One transect measuremetit the TRAC were made at
each plot with varying length and number of segmevithin ESUs. One additional

understory transect was measured for shrub andtfplets.
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3.4. LAl Estimation from Optical Field Instruments

3.4.1. LAI-2000 Plant Canopy Analyser

The LAI-2000 plant canopy analyzer is designeddasbed in diffuse light conditions
with either no cloud or complete cloud cover. Imsthtudy, all measurements were
made in uniform overcast cloud condition to redtiee effect of scattered blue light
in the canopy and to have diffuse radiation frohdakctions in the hemisphere. An
azimuth mask of 180view caps were used on LAI-2000 sensor of bothrimsénts
all the time to block the bright sky near the sudisection and to eliminate the
shadowing effect of instrument operators.

Two instruments were used to measure shrub plosuaderneath the shrub canopy
and the second mounted in a nearby open cleared (aiéh no obstruction) to
provide an open-sky reference of radiation condgid~inally, two data are merged
using FVv2000 software
(http://www.licor.com/env/Products/AreaMeters/I1ai®02000_ FV2000.j5p by
closest in time records to each other for the eszfee data which is made at the same
day and by interpolating the records from existieference measurements for those
plots reference measurements were not availabtegfass plots, only one instrument
is used to measure reference irradiance above #@mepy and under canopy
measurement, since all grass plots have short gart&@und measurements using
LAI-2000 plant canopy analyzer is made only for sgraand shrub plots. No
measurements were done for forest plots becauseefieeence LAI-2000 plant
canopy analyzer was not available on the lated figlys.

The within canopy measurements were made by plabmgensor on ground surface.
Four records were made for each sub-plot of ESldsase above canopy reference
record was made for each sub-plot when there wasfeoence equipment. Finally,

measurements were averaged per ESU to get pldtlave

In addition to full range of view zenith angle, L&ilis also computed from the first
two rings; 0.6-12.3 and 16.7-28.6° which are centered af and 23 zenith angle,
respectively. This is due to, the malfunctionirfghe other rings of the instrument.
Consequently, comparative computation of LAle isn@&ofrom hemispherical
photography for the same range of view zenith angle

3.4.2. Tracing Radiation and Architecture of Canopies (TRAC)

Ground measurement using TRAC was done for alltplanctional types (grass,
shrub and forest). One transect was selected foh emass plot to take the
measurement, and one transect above understorgrandransect below understory
were selected for shrub and forest plots. The fet#l area index of each ESU for
shrub and forest plots was obtained from below tstdey measurements. Leaf area
index and clumping index were assessed from measunts using the TRACwin.exe
version 3.7 software (Leblanc et al., 2002a). Thenping index obtained from
TRAC is used to convert LAle from hemispherical wgraphy and LAI-2000 to
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LAIt. For flat leaf and grass species the clumpingdex measured from TRAC
includes the clumping effect at all scales (Cheal.etLl997).

To correct for clumping within a stand at all ssatgeater than the shoot, including
within-crown clumping Qe was obtained from TRAC (Leblanc et al., 2002a) as:

Qe = [1 + (Fn— Fu)] InFn (11)
1-F Inky
whereFm is the measured total canopy gap fractionfamd is the gap fraction of an
imaginary canopy with the same LAI as the clumpadopy, but where the foliage
elements are considered spatially random (Chen Gihtar, 1995). Averaging of
clumping index is made per plant-functional typel applied for correction of LAl
from hemispherical photography and LAI-2000, sifé®AC measurements were not
done for all ESUs and clumping index does not skmmificant variation with in the
same type of vegetation class and stand (@haln, 1997).

Woody-to-total area ratio was determined usingitalidqnemispherical images, where
the amount of woody material was estimated by mezngnage classification,
assuming the stems and branches seen on the piqutegwere simple cone shapes
(Barclay et al., 2000). First, wood (including stems and un-shademhdhes by
foliage) area index is estimated using CAN_EYE waft by classifying wood as
green vegetation element, and leaves and soil/skgap. Then, wood area index
(WAI) is divided by plant area index of the sametpb geta (Eq. (12)). This value is
used for TRAC input parameter and for correctiorLAf value from hemispherical
photography. The value of woody area index (WAI)doysidering the clumping of
stems and branches ranges from 0 — 0.15 and 000Q4—for shrub and forest plots,
respectively. Then after, woody-to-total area rdtip is computed by dividing the
WAL to LAIt which is computed from the same photaghs. The computed ranges
from 0 — 0.02 and 0.001 — 0.008 for shrub andsfiopéots, respectively. This value is
much lower than what was obtained by Cleeal. (1997) and Kucharikt al. (1998),
woody components comprise between 0.1-0.25 ofdted plant area index for pine
species. Broad leaf species are believed to hasge geoportion ofo than conifer
species, Barclagt al. (2000) obtained value afless than 0.1. In addition to thisjs
also calculated only for the above story of shra #orest canopy and ranges from 0
—0.048 and 0.003 — 0.015, respectively.

a = WAI/ (WAI + LAI) (12)

Mean element width (W) which is average width & ghadow of a foliage element
projected on a horizontal surface is calculatednfrieaf scans of representative
species per plot for TRACwin.exe input. Pre-protessf scans is done using Adobe
Photoshop version 9, in order to set up the cdlogshold and prepare the scans for
pixels2 software which calculates the area of daah with in scan. The scans are
made from field collection of leaves using resantof 600 x 600 dots per inch. This
resolution size was found too big for pixel2 softevand it was reduced to 300 x 300
dots per inch. All the scans had hole effect alédfiusing the stamp filter operation
of Adobe Photoshop. The same steps have beenccarrid¢o the objects which have
known area to validate the whole process and gatisfactory value of area and
dimensions of the objects (Appendix 11). W is chdtad using the following
equation which is proposed for broadleaf (Lebleira ., 2002a):
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W =VG(0)A (13)

whereA is the projected (one-sided) leaf area. For cropsreatural canopie§;(0) =
0.5 is valid in many cases, especially if the sakmith angle is near 57.3°. Leaf scan
is done for the dominant species of the represeatatots per plant functional type
(see Appendix 4). Percentage of each species eridtse plot is computed from
species abundance field data (Appendix 3). Thexeafhe ratio of only dominant
species abundance is used to compute rAeper plot (Table 1).

Table 1 TRAC input parameters: average woody-tatatea ratio and mean element
width (mm) per plant functional type.

Plant function | Woody-to-total area ratio Mean element width(mm)
type (o) (W)
Grass - 25.02 (19.51 - 30.09)
Shrub 0.005 (0 —0.02) 29.65 (28.45 — 30.09)
Overstory 0.015 (0 — 0.048) 29.65 (28.45-9p.0
Forest 0.0042 (0.001 — 0.008) 23.99
Overstory 0.0085 (0.003 — 0.015) 12.88

3.4.3. Hemispherical Photograph Acquisition and Processing

Hemispherical photographs were acquired after bshafig ESUs for forest, shrub
and grass canopies of the study area. The photognapre captured by the use of
Nikon hemispherical digital camera. For the fordstées five ESUs, for shrub six
ESUs and for grass areas eight ESUs were randagfégted to represent the river
floodplain vegetation of Millingerwaard. For foremtd shrub canopy, two series of
hemispherical images were acquired: one looking mdeavd to characterize
understory, the other looking upward to estimat tcharacteristics. The images
captured were arranged in similar orders in a foldebe processed by software
developed for this specific purpose. Accordinglige timages in one elementary
sample unit were arranged in folders named UP anwrCfor upward and downward
photos (Fig. 6) for the processing purpose. Theseegplures are implemented on the
photographs arranged in folders according to tihection and the plot from which
they are taken based on CAN- EYE soft ware (h#tpwiv.avignon.inra.fr/can_eye/)
The two kind of images (upward and downward lookimgere processed as two
separate series and resulting characteristics bembined to represent the whole
canopy of each plot.
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@ (B)

Fig. 6. Hemispherical photographs of plot FR 1@rmflassification. (A) Upward looking hemispherical
photographs, and (B) downward looking hemisphépbatographs.

For grass canopy, the digital camera was placekirigodown ward, in such a way
not too close from the foliage, so that one leafsdnot cover the whole field-of-view.
Also, the camera was not placed too high to avwedsky ring in the image.

The dedicated software, CAN_EYE, which was develope process the color
hemispherical photographs with special emphasigreen element, was used to do
the classification and processing of a series ok rphotographs at a time. The
software processes with optimal performances aelangmber of photographs to
derive canopy characteristics. This neural netvsystem based CAN_EYE version
4.1 software was used to compute the gap fractionLz\l. As compared to currently
existing software available for processing hemisighéimages, CAN_EYE has a set
of specific features that improves its efficienagcuracy, flexibility, portability and
traceability (Baret and Weiss, 2004). All the plgyaphs were processed using the
following calibration parameters and angular resotuof the CAN_EYE software:

Image size (lines) = 2448,

Image size (rows) = 3264,

Optical center (lines) = 1224,

Optical center (rows) = 1632,

Horizon (pixel) = 2448,

Radius = 90°,

Sub-sampling factor = 2,

Circle of interest = 60° and 30°

Zenith angular resolution = 2.5°,

Azimuth Angular Resolution = 5°, and

fCover max zenith angle = 10°.

All the calibration parameters determined by thieixof the photographs i.e., size in
pixel and field of view of the hemispherical cameised. Both the angular and the
calibration parameters defined by default optiothef software and those values were
used for processing of the hemispherical photogragkcept the changes in sub
sample factor and circle of interest. Because eflitnited memory of the computer
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used and the size of the photographs, the sub sdagibr of computing was changed
into two. Besides, the photographs were computedffain addition to 60 circle of
interest.

Images may include the legs of the observers, drignad stars from the sun. These
undesirable parts of the image were excluded duhegpreprocessing of the image
through masking. In addition, the gamma factor wsed to increase the brightness of
the image or darkening the image to provide bettral discrimination between the
vegetation elements and the background. At theoémmteprocessing, the colors are
reduced to a sufficient number to get good discration capacities. The
classification step differentiates the leaf andrba leaf areas in to different classes.
Then after, the gap fraction is computed to detid. The technique to derive the
canopy architecture variables leaf area index (LAMd average leaf inclination
(ALA) using CAN_EYE is based on the use of a logktable (LUT), i.e. a reference
table composed of gap fraction value in differemtw zenith angles and the
corresponding LAl and ALA parameters (details, Bared Weiss (2004)).

Much care has been made to avoid the errors (R&88) during different processing
steps of hemispherical photographs using CAN_EY#wsoe. Photographs were
investigated for the quality and another picture waptured when the quality was not
good. Some pictures were affected by the moistaréhe lens and were excluded
from further processing. Since most of the shrulisptlidn’t have overstory for all
sub-plots visited, the value of upward looking migvaphs from those sub-plots
which didn’t have overstory was set to the O ineortb average the result to plot
level. LAl is computed for range of 0-60iew zenith angle to avoid mixed pixels
which results from course resolution of near tazwrtal zenith angles. In addition to
this; LAl is also computed for the range of (®30ew zenith angle to make
comparison of the result from the first two annuiugis of LAI-2000 instrument (see
section 3.4.1). Wood area index is calculated seelyrfor the shrub and forest plots
(see details of process in section 3.4.2).

3.4.4. Combination of Techniques

The suitability of each instrument to measure cgnegriables are summarized in
Table 2. All three instruments can measure gagira@t different zenith angle. The
hemispherical photography systems and LAI-2000 omeathe gap fraction over a
wide range of zenith angle. TRAC is limited by theal solar zenith angle available
and requires half a day to produce such measuremetawever, with the gap
fraction, only the so called effective LAl (LAley &Ale can be retrieved. To get an
estimate of LAIt, gap size information is neededheTgap and the non-gap size
information have been used in retrieving the clurgpindex (Leblanc, 2002) that is
used in transforming the so-called effective LAbihAlt (PAIt) based on Eg. (6) and
(7). Thereatter, by applying woody-to-total aretorad Alt is transformed to LAI (Eq.
(8) and (9)). The average clumping index per pfanttional type from TRAC based
on Chen (1996b), and Chen and Cihlar (1996) anddy«o-total area ratio retrieved
from hemispherical photography is used to corre&teLwhich is estimated using
LAI-2000, TRAC and hemispherical photography. Despithe fact that,
hemispherical photography can be used to retribu@pging index using CAN_EYE
software (parenthesis in Table 2), the algorithmduss not documented and the
performance is not validated unlike TRAC derivednaping index. In this report the
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term LAI was used to describe; (1) the general téeaf area index’, and (2) the leaf
area index estimate which is corrected for clumpiactor and non-leaf elements
(stem and branch).

Table 2 Suitability of optical field instrumentstimeasure canopy characteristics.

LAI- TRAC Hemispherical LAI-2000 Hemispherical photography
2000 photography &TRAC & TRAC

Clumping index Q) N () N N

LAle (PAle) \ \ \ V v

LAIt (PAIt) \ () \ V

LAI () V

WAI V V

3.5. LAl Retrieval from AHS Hyperspectral Image

The AHS image is spatially clipped to study ared anly the first 21 bands are
selected for further process. Plant functional typep is produced using maximum
likelihood classification algorithm. The end mentbare collected from the image for
five possible classes of the area namely; soilewafrass, shrub, and forest. The other
cover types than plant functional types are mergmgkether to class ‘others’
(Appendix 10). The ‘others’ land class was maskeito calculate the 1% minimum
and maximum cutoff points in the histogram of SWHRectance (Fig. 7) for RSR
vegetation index. The 1% histogram cut-off pointsS8VIR band reflectance were
computed and resulted 0.015791 and 0.341475 as iasimam and maximum,
respectively and used to compute RSR for Millingeaivd area. After computing RSR
per pixel, the image is aggregated to the pixet giz ground plots (20 x 20 m);
consequently, RSR was extracted for each ESU ltertifying the ground plots in
the scene.
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Fig. 7. Histogram of SWIR reflectance (band 2176fS image.

The relationship between LAI measured using optfedt instruments and RSR
vegetation index was made for each plant functidgpe. This vegetation index
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3. Methodology

considers SWIR band in addition to the RED and B#Rds (Eq. (10)). Least squares
regression analysis with LAle and LAI as independemiable was used to evaluate
the relationships between RSR and LAl of each plamictional type. Linear,
logarithmic and exponential models were investigdte asses best fit of LAI-RSR.
To evaluate the relative influence of RED, NIR éBM/IR reflectance on the LAI-
RSR relationships, plots of LAl against reflectan¢¢he aforementioned bands were
also inspected.

In the analysis of this case the reflectance dbtsHS spectral bands 8 (659 nm), 14
(833 nm) and 21 (1622 nm) were considered for REIR and SWIR bands,

respectively. The regression correlation was evathdetween the RSR and all
ground measurements for each plant-functional tfgter applying the regression
coefficients for the RSR image to determine the Lwllue, the pixel size is

aggregated to 20 x 20 m which is the dimensiorrofigd data VALERI plots.

3.6. Field and Airborne Data

The hyperspectral images were acquired by the AHBoane imaging spectrometer
sensor on June 19, 2005. At the same time, awWiellt was coupled to this campaign
and ground measurements were taken from June 1® 2085 and supposed that
there is no significant variation of leaf area indiring field data collection period.

3.6.1. Field Data
Ground Plot Description

Table 3 shows the plot codes, geographic locatiod summary of vegetation
structural information of each ESU. The geograpocthing and Easting coordinates
refer to the center of each ESU (sub-plot ‘I’ iy (B)). Because of time constraint,
the stand minimum and maximum height measuremeeaite done only for 16 ESUs.
Stand height information was acquired for all gragsis. The grass/herbs height
information of shrub and forest plots stands far Height of understory vegetation.
From height information which is presented in TaBlene can see high variation of
vertical structure of each ESU. Besides this, ApipeB reveals high species richness
of the study area. Generally, Millingerwaard vegeta is characterized by
considerably heterogeneous managed ecosystem (3 ableé Appendix 3).

Table 3 Plot code, location and summary of standcstral information at each ESUYGH =
Grass/herbs, SH = Shrub and FR = Forest. Projestistem: UTM, Zone 31 North)

Plot Northing Easting Plant Height (m)

Code functional Grass/herbs Shrub Tree
type Min | Max | Min |[Max [Min |Max

GH1 5750334.330 | 706101.733 grass/herbs 1.6 2

GH?2 5750262.254 | 705770.418 grass/herbs 005 | 15

GH3 5750294.722 | 705786.352 grass/herbs 0.05| 15

GH 4 5750370.623 | 705965.634 grass/herbs 001] 15

GH5 5750428.011 | 705930.346 grass/herbs 1.5(mean)

GH 6 5750444.447 | 705864.750 grass/herbs 0.2 1

SH7 5750532.409 | 705968.869 shrub 05 | 15 | 25 3

SH8 5750547.835 | 706180.251 shrub 01 | 15 2 3
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SH9 5750535.831 | 706152.001 shrub 1 15 2 2.5

SH 10 | 5750558.173 | 706193.240 shrub

SH 11 | 5750801.567 | 706034.443 shrub

GH 12 | 5750733.425 | 705947.289 grass/herbs 0 1

SH 13 | 5751022.338 | 706072.596 shrub 1 2 5(mean)

GH 14 | 5751428.314 | 706388.907 grass/herbs 005] 1.2

FR 15 | 5750921.008 | 706695.433 forest

FR 17 | 5750405.864 | 706717.824 forest 0.2 2 20 29
FR 18 | 5750342.296 | 706579.805 forest 1.5 2 19 20
FR19 | 5750219.780 | 706597.331 forest 0.5 2 15(mean)
FR 20 5750231.410 | 706356.774 forest 15 2 10(mean)

LAI-2000 Plant Canopy Analyzer

Field measurements using LAI-2000 were made onlygiass and shrub plots,
because the reference device was not availablaten field days for forest plots. A
total of 12 ESUs data was obtained using LAI-2008krument. However, for the
measurements which were made in June 22, 2005 (@H &, SH 9 and GH 14) the
outermost three rings of the instrument sensor wais functioning so that the
measurements were obtained only for ring 1 & 2. ifoldially, for the same date,
only the within canopy measurements were obtain#ibwt reference measurements.
Two instruments were used for June 21, 2005 meamnes, one for the within
canopy measurements and the other for referenceumgmaents whereas only one
instrument was used for both within canopy andregfee measurements in June, 30,
2005. Four measurements were acquired for eachnef sub-plots (Fig. 5 (B)) of
ESUs. However, for plot GH1, SH 7, SH 9 and GH & tireasurements were made
only for 5, 7, 6 and 7 sub-plots, respectively (€ad).

Table 4 Summary of LAI-2000 data description.

Plot code| Number of point Method Date
measurements

2rings | 5rings 1 2 1 instrument

(0.0°- (0.0 — | instrument | instrument (with out

28.6) 75°) reference

measurement)

GH1 20 20 N June 30, 2005
GH 2 36 36 N June 21, 2005
GH 3 36 36 N June 30, 2005
GH 4 36 16 \ June 21, 2005
GH 6 36 N June 22, 2005
SH7 28 N June 22, 2005
SH 8 36 36 N June 30, 2005
SH9 24 \ June 22, 2005
SH 11 36 36 N June 30, 2005
GH 12 36 36 N June 30, 2005
SH 13 36 36 \ June 30, 2005
GH 14 28 \ June 22, 2005
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TRAC

Field measurements using TRAC were made for 6,d33aBSUs of grass, shrub and
forest canopies, respectively. Because of timetcains, only a total of 12 ESUs data
was obtained using TRAC instrument. The measuresnegate done at two levels of
canopy strata for shrub and forest ESUs. From Taplbelow’ measurements were
made at ground surface by placing TRAC sensor lleneaderstory vegetation of
shrub and forest ESUs so that it includes the Lstingation of the whole vegetation
of each ESU. The ‘above’ measurements were doneealaderstory vegetation for
shrub and forest ESUs so that it estimates LAl wdrstory canopy. However, for
shrub plot SH 8 only ‘below’ measurement was ol#djnbecause there was no
overstory canopy strata whereas since there wasderstory vegetation for young
willow forest plot FR 15, only ‘below’ measurements obtained. Mean element
width and woody-to-total area ratio were determinetdowing the procedure
explained in section 3.4.2 from field leaf scangl dremispherical photography,
respectively.

Table 5 Summary of TRAC and input data descript{Below = measurements below understory, Above
= measurements above understory).

Plot code Mean solar| Number Mean Woody-to Date
zenith angle of element -total
©) segments | width (mm) | area ratio
()
GH 1 59.85 1 24.65 June 21, 2005
GH 2 45.68 8 19.51 June 21, 2005
GH 3 43.68 2 20.28 June 21, 2005
GH 4 32.61 2 25.64 June 21, 2005
GH5 34.22 11 29.95 June 21, 2005
GH 6 53.08 3 30.09 June 21, 2005
SH 8 54.49 5 28.45 0 June 20, 2005
SH | Below 42.66 1 31.39 0.006 June 20, 2005
11 | Above 41.97 1 31.39 0.025 June 20, 2005
SH | Below 38.71 2 28.67 0.021 June 20, 2005
13 | Above 38.97 1 28.67 0.048 June 20, 2005
FR 15 31.81 8 12.88 0.008 June 20, 2005
FR | Below 36.30 6 23.99 0.006 June 19, 2005
19 | Above 37.40 3 12.88 0.015 June 19, 2005
FR | Below 59.19 1 23.99 0.003 June 19, 2005
20 | Above 58.65 2 12.88 0.011 June 19, 2005

Hemispherical Photographs

Hemispherical photographs were taken from all oEB®s sampled in the study area.
One picture per sub-plot point was captured fromheaf grass ESUs whereas for
shrub and forest canopies, two pictures per subgadmt were captured one looking
downward to understory and the other looking upwardverstory. Each picture has
the dimension of 3264 by 2448 pixels storage c#éypatable 6 shows the number of
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captured pictures for some of the upward lookingtpgraph serous of shrub ESUs is
less than the number of sub-plots (nine) samplad i because of the pictures were
taken only if there was overstory vegetation in\feav width of the camera for each
sub-plot point. For ESU GH 3 and SH 13, some efgghotographs were not in good
quality so that they were excluded from furthergassing. All pictures were taken in
June 22 and 26, 2005. However, additional pictwere taken in June 30, 2005 for
those ESUs i.e., the picture quality of the presidays was not good and the best of
the two serous was used for further process.

Table 6 Number and date of hemispherical photograalken. (Down = downward looking
photographs for grass plots and understory of shnabforest plots, Up = upward looking photographs
for overstory vegetation of shrub and forest plots)

Plot Code Number of Number of photographs | Date picture
photographs taken processed taken
(out of 9 sub-sample
points)

GH1 9 9 June 26, 2005
GH 2 9 9 June 26, 2005
GH 3 9 8 June 26, 2005
GH 4 9 9 June 30, 2005
GH5 9 9 June 26, 2005
GH 6 9 9 June 26, 2005
SH7 9 9 June 22, 2005
SH 8| Down 9 9 June 30, 2009
Up 4 4 June 30, 2005
SH 9| Down 9 9 June 22, 2005
Up 4 4 June 22, 2005
SH | Down 9 9 June 22, 2005
10 Up 7 7 June 22, 2005
SH | Down 9 9 June 22, 2009
11 Up 5 5 June 22, 200%
GH 12 9 9 June 22, 2005
SH | Down 9 7 June 30, 2005
13 Up 9 8 June 30, 2005
GH 14 9 9 June 30, 2005
FR | Down 9 9 June 30, 2005
15 Up 9 9 June 30, 2005
FR | Down 9 9 June 30, 2005
17 Up 9 9 June 30, 2005
FR | Down 9 9 June 30, 2009
18 Up 9 9 June 30, 2005
FR | Down 9 9 June 22, 2005
19 Up 9 9 June 22, 2005
FR | Down 9 9 June 22, 2005
20 Up 9 9 June 22, 2005
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3.6.2. AHS Data Description

The hyperspectral images were acquired by the AHBoane imaging spectrometer
sensor on June 19, 2005. The flight specificatiogiven in Table 7. The Airborne
Hyperspectral System (AHS) data are delivered imfasa reflectance after

radiometrical, atmospherical and geometrical céisaqVITO, 2005).

Table 7 AHS 2005 flight specificatiofAdapted from,http://campaigns.vgt.vito.be/quicklook2005.htm

Acquisition | Scene Title Location Acquisition Coordinates Flightlines (UTM/WGS84) Altitude
date time (UTC) | Start_Lat | Start_Lon | End_Lat End_Lot | (feet/m,
19/06/2005 Millingerwaard Millingerwaard 10:38 51.89209 5.95387 51.84386 6.03069 QOGOLO)/1834
19/06/2005 %Iingerwaard (N 10:46 51.83168 5.99209 51.90359 | 5.99306 6000/1834
19/06/2005 ﬁlingerwaard 10:56 51.86781 5.95627 51.86744 | 6.02886 6000/1834
19/06/2005 ﬁlingerwaard 11:04 51.84496 5.95460 51.88960 | 6.02983 6000/1834

The metadata of the AHS image used in this

studytha general parameters and

metadata explained in Table 8. In Appendix 1, thedopositions and FWHM (Full
Width at Half the Maximum) band of the AHS sensm presented, while Appendix
2 shows the quicklooks for the acquired AHS images the Millingerwaard. AHS
image of scene one (Appendix 2) was used in thigysto compute LAI from

imaging spectroscopy.

Table 8 AHS 2005 Imaging spectrometer parametersnagighdata (Source for general parameters,

http://campaigns.vgt.vito.be/documents/

General Parameters**

Description/unit

Field of View

90°

Instantaneous field of view 2.5 mrad
No. of Channels 80
No. of Samples/line 750
Scan Principle whiskbroom
Scan Frequency variable
Ground Resolution 25-10m
Radiometric Resolution 12 bit
Spectral Configuration**
Visible and Near Infrared

Number of bands 20

Spectral region

430 to 1030 nm

Band width

30 nm

1A Short Wave Infrared

Number of bands

1

Spectral region

1550 to 1750 nm

Band width

200 nm

2 Short Wave Infrared

Number of bands

42

Spectral region

1994 to 2540 nm

37




3. Methodology

Band width 13 nm
Mid Infrared
Number of bands 7
Spectral region 3300 to 5400 nm
Band width 300 nm
Long Wave Infrared
Number of bands 10
Spectral region 8200 to 127002640
Band width 400 nm
Sampling: Millingerwaard area
Pixel size 5.375025 x 6.000464 Meters
Projection UTM, Zone 31 North
Datum North America 1927
Dimensions (X, y, and spectral bands) 2523 x X186
Size: (Floating Point) 1.739 GB

For the AHS image taken on June 19, 2005, the drato of the image over the
whole spectral range is computed. The minimum, mari, mean and standard
deviation of the reflectance is plotted in FigA3S bands more than 1622nm were
not completed for preprocessing and were not usedurther processes. Fig. 8
confirms the unreliability of these bands.
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Fig. 8. AHS minimum, maximum, mean and standardadien reflectance.
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4. Results and Discussion

4.1. Ground Measurements

The over all processing results of each opticahoebiare presented and discussed in
the following sections.

4.1.1. LAI-2000 Plant Canopy Analyzer

Estimation of leaf area index using LAI-2000 plaanhopy analyzer was done only
for grass and shrub VALERI plots. Since the instamis limited to compute gap
fraction with assumption of random distribution foliage elements, only the so-
called effective leaf area index (LAle) can beiested. The estimation of LAle was
made using ring 1-2 and ring 1-5 in 12 and 8 VALERIts, respectively. Summary
of LAI-2000 measurement results are given in Aped The result of the analysis
of LAle from the grass canopy ranges from 1.6951 ff/m? and 2.01 — 5.28 ffm?
from ring 1-2 and 1-5, respectively (Table 9). Shplots exhibit the highest average
LAle value which ranges from 6.47 — 10.99'mf and 4.34 — 5.87 ffm? from ring 1-

2 and 1-5, respectively.

Table 9 Summary of LAle in the 12 VALERI ESUs as estedausing LAI-2000 plant canopy
analyzer (NA = not applicable, measurements from ring\8eSe not obtained due to malfunctioning of the
instrument).

Plot code. LAle 1-2 rings LAle 1-5 rings
GRASS/HERBS
GH1 4.93 3.91
GH 2 2.46 2.01
GH3 1.69 1.42
GH 4 7.51 5.28
GH 6 3.35 NA
GH 12 4.90 3.20
GH 14 3.31 NA
Mean 4.02 3.16
Minimum 1.69 1.42
Maximum 7.51 5.28
SHRUB
SH 7 10.99 NA
SH 8 6.47 4.34
SH9 10.46 NA
SH 11 9.50 5.87
SH 13 8.89 5.02
Mean 9.26 5.08
Minimum 6.47 4.34
Maximum 10.99 5.87

Fig. 9 reveals that the systematic increase of L#ten rings 1-2 than the five
annulus rings for all grass and shrub plots. Thisficms the general case obtained by
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other studies (Chen, 1996b; Leblanc and Chen, 2@adl)resulted because of the
multiple scattering effect on the measurement istreerious at larger zenith angles.
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Fig. 9. Comparison between LAI-2000 effective LAtrieved using 5 annulus rings and from only thet fi
2 rings. The fit is almost perfect (y = -0.999 ¥3x, R= 0.95, p < 0.05).

In addition, the spatial variation of LAle withiraeh plot using the thirty six (four
measurements for each nine sub-plot ESUs) indepéndeasures were computed
(Appendix 5). The highest variation was observedghnub plot (stdev = 2.63) and
grass plots show relatively low (minimum stdev 39). variation of LAle within
ESUs. Even though, LAle for plot GH 6, SH 7, SHridla&GH 14 was obtained by
interpolation of the reference measurements frdfieréint days than with in canopy
measurements, resulted lowest variation with st@deging from 0.44 to 0.74 than
other methods (Appendix 5). One benefit of the I2AB0 unit is ease of use when
estimating LAle with the hand-held unit providing anmediate readout of LAle.
The disadvantage is that the effect of varying domts, such as direct sunlight
resulting multiple scattering. However, an altem@tmethod, employing a Tracing
Radiation and Architecture of Canopies (TRAC) iastent to characterize and
account for light scattering under variable illuation conditions, has recently been
proposed by Leblanc and Chen (2001) which usedndem with a LAI-2000 PCA,
may overcome many of these challenges. Using tleithoad, it was concluded that
estimates of LAle vary by up to 20% as a resulclodnges in direct and diffuse
lighting conditions. In this study, TRAC measureinsewere done only for one solar
zenith angle and the evaluation of scattering éffems not assessed. However, the
scattering effect can be easily evaluated basetti@comparison of two view zenith
angle ranges measurements (Fig. 9) by assumptibigbfscattering effect on more
horizontal rings (Leblanc et al., 2002a) even lifrimgs of the LAI-2000 PCA can be
affected by multiple scattering. Based on this gtilkde change of the result for grass
plots is 20% and in agreement with Leblanc and GQR2601), but shrub plots show
change of 45%. The big change obtained in shrubgalo be also due to the high
heterogeneity of vegetation in shrub plots (Tables@ that difference of footprint
from two ranges of view zenith angle measuremeotsdcbe more pronounced than
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grass plots for LAI estimation. This is not sigo#&nt problem for most of grass plots
because of short canopy height and doesn’t resaionable difference of footprint
for two ranges of view zenith angle.

4.1.2. TRAC

Table 10 shows the summary of corrected LAl for dwand stem contribution,
effective LAl and clumping factor. The LAI estimati is made above and blow
understory of shrub and forest plots, summary @flyeis results using TRACwin is
given in Appendix 6, for both measurements. Thegeaof LAl across all VALERI
plots was from 0.7 — 5.91%m?. The lowest LAl and LAle were found in grass plots
The forest plots gave the highest value clusteredral an LAl value of 5.5/m?
All plots show spatial clumping of foliage element#th clumping factor ranging
from 0.76-0.94, with the mean value of 0.89, 0.88 @.86 for grass, shrub and forest
plots, respectively. The mean clumping factor pngpfunctional type is used to
correct LAle value from hemispherical photographyd & Al-2000 since TRAC
measurements were not made for all VALERI plots.

Table 10 Summary of LAl in the 12 VALERI ESUs asireated using TRAC.

Plot code. LAI LAle Clumping
index (Q)
GRASS/HERBS
GH1 2.44 2.21 0.91
GH 2 1.20 1.06 0.88
GH3 0.70 0.65 0.93
GH 4 2.85 2.33 0.82
GH5 4.28 3.76 0.88
GH 6 1.41 1.32 0.94
Mean 2.15 1.89 0.89
Minimum 0.70 0.65 0.82
Maximum 4.28 3.76 0.94
SHRUB
SH 8 1.82 1.48 0.81
SH 11 1.48 1.22 0.80
SH 13 5.58 5.51 0.94
Mean 3.02 2.74 0.85
Minimum 151 1.22 0.80
Maximum 5.34 551 0.94
FOREST

FR 15 5.25 4.65 0.88
FR 19 5.59 4.29 0.76
FR 20 5.91 5.54 0.93
Mean 5.59 4.82 0.86
Minimum 5.25 4.29 0.76
Maximum 5.96 5.54 0.93

41



4. Results and Discussion

Following the method of Chen and Cihlar (1995),ibles direct solar irradiance
measured along transects beneath the understoryusess to derive the element
clumping index quantifying the effect of canopylatecture on LAl measured by the
TRAC instrument itself, hemispherical photographg &AI-2000 PCA. The element
clumping index includes the effects of clumpingsatles larger than the foliage
elements (shoots). Appendix 7 and Fig. 10 showrisiantaneous values and mean of
ground level photosynthetic photon flux density EB in sampled VALERI plots.
From the plot of PPFD, one can easily tell theedéhce in the canopy architecture.
Mean PPFD of forest plots (FR 15, FR 19 and FRsP@w relatively lower values.
This indicates that high canopy closure resultsyftmderstory and/or overstory.

Mean PPFD

Mean PPF

GH1 GH2 GH3 GH4 GH5 GH6 SH8 SH SH R MR MR
11 13 15 19 20

Plot code

Fig. 10. Plot of average photosynthetically acpbeton flux density (PPFD) measured on transeeaoh
VALERI plots.

Because the with-in plant functional type variat@inclumping index is small and
TRAC measurements were not done for all ESUs, tleeage clumping factor per
plant functional type was used to compute foliageatial distribution for the
correction of LAl measurements. Chen and Cihlar9B)%ound that inaccuracy in
determining the gaps becomes serious only whesdlae zenith angle is greater than
60°. In this study the range of mean solar zenith englbetween 31.81- 59.19
(Appendix 6). The range of forest plot clumping emd(0.76-0.93) is in good
agreement with the index value (0.86-0.96) fougd_bblanc and Chen (2001) for
deciduous forest of Canada.

Leblancet al. (2002a) emphasized, the length of the transectldhxe theoretically at
least ten times the average distance between ther fudiage structures such as
crowns. Transects of 100-300 m are recommendechhebt al. (2002a) to consider
the patchiness of stands. However, the maximunséanlength with in VALERI
plots of this study was 20 m and may have effectthe result of LAI to consider the
whole patchiness of the vegetation. In additiore thstrument did not measure
vegetation below the sensor height as with LAI-2G00A; therefore, the true LAI
values might be higher. Results for grass plotscarestionable since most of the
vegetation at that site was below the TRAC sensaght. Comparison with other
instruments and correlation with RSR vegetatioreindias made only with LAI of
TRAC instrument, not with LAle since the measuretaeare made only using one
solar zenith angle.
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4.1.3. Hemispherical Photography

The hemispherical images were processed using & _EYE software (version
4.1) to derive leaf area index for Millingerwaardddplain vegetation. Table 11
shows an estimation of both effective and true lo&er all 19 VALERI plots. As
there was understory in most of the forest and slwanopy plots, hemispherical
photographs were acquired downward looking abowe uhderstory and upward
looking below the canopy (trees and shrubs). The &&ts of acquisition were
processed separately to derive LAIt and LAle (sumymesults in Appendix 8 and 9).
This assumes that independency of the gaps inselartderstory and the gaps inside
the trees/shrubs (Weiss, 2004). Finally, the lgafandex is computed for each
VALERI plot by summing up the understory and overgtLAl estimates.

Table 11 Summary of LAl in the 19 VALERI ESUs as estedausing hemispherical photography
(NA = Not applicable, hemispherical photographsigs80 view zenith angle are processed only for the
corresponding plots which have 1-2 rings of LAI-Q0@ieasurements)

Plot code. HP LAl HP LAle HP30 LAl HP30 LAle HP WAIt

GRASS/HERBS
GH1 10.00 8.60 5.80 7.50 -
GH?2 5.90 2.70 8.90 5.10 -
GH3 5.10 2.30 6.90 2.80 -
GHA4 3.80 3.20 5.70 5.00 -
GH5 5.60 3.70 4.30 4.20 -
GH 6 6.80 2.70 10.00 4.80 -
GH 12 6.90 4.10 9.60 5.70 -
GH 14 5.30 4.10 6.30 5.20 -
Mean 6.18 3.93 7.19 5.04
Minimum 3.80 2.30 4.30 2.80
Maximum 10.00 8.60 10.00 7.50
SHRUB
SH7 6.50 3.90 10.00 8.40 0
SH 8 3.71 2.40 4.62 4.40 0
SH9 4.12 2.44 9.86 6.24 0
SH 10 6.66 3.43 NA NA 0
SH 11 6.16 4.00 11.60 7.87 0.03
SH 13 8.82 4.90 12.15 6.70 0.15
Mean 5.99 3.51 9.65 6.72 0.03
Minimum 3.71 2.40 4.62 4.40 0
Maximum 8.82 4.90 12.15 8.40 0.15
FOREST
FR 15 5.75 3.80 NA NA 0.04
FR 17 10.58 6.00 NA NA 0.02
FR 18 10.49 6.50 NA NA 0.01
FR 19 10.14 5.80 NA NA 0.04
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FR 20 8.77 4.30 NA NA 0.03

Mean 9.15 5.28 NA NA 0.03
Minimum 5.75 3.80 NA NA 0.01
Maximum 10.58 6.50 NA NA 0.04

The result of the analysis from the grass canopylit® the value ranging from 3.8 —
10 nf/m?and 2.3 — 8.6 Aim? for LAl and LAle, respectively (Table 11). Forgsots
exhibit the highest average value which ranges %oré — 10.58 fim” and 3.8 — 6.5
m?/m? for LAl and LAle, respectively. The result revealsat there is dense
understory beneath forest and shrub canopy (Apge8)diAlong with, shrub plots
results lowest variation of effective LAl with stard deviation of 0.97, and LAl and
LAle value ranging from 3.71 — 8.82°im? and 2.4 — 4.9 fim? respectively. In plot
GH 1, the value of LAle is greater than LAl whichdalculated from 30view zenith
angle, this happens in extreme case when leaveeguéarly distributed (leaves are
all laid side by side) and resulislarger than unity (Ched al., 1997). LAl value of
forest plots show large increase of both LAle aid from previous year. The result
of previous year by Mengesha (2005) from the safvfmrest resulted in LAl values
ranging from 4.7 - 6.5 AimM? and 2.9 - 4.0 Am? for true and effective LAI,
respectively. However, no explanation for thiseliéince is evident, and there remains
a need for further testing.

The value of leaf area index that is derived frompde gap fraction measurements is
really a plant area index, because all tissue$ dimy stems and branches, intercept
light and contribute to the measured gap fractialne. Therefore, wood area index is
determined using digital hemispherical images, retiee amount of woody material
was estimated by means of image classificationjrasg) the stems and branches
seen on the photographs were simple cone shapeddet al., 2000). Then LAIt
from hemispherical photographs and TRAC measuresnarg corrected using this
value to obtain LAI, assuming that stems and brasd@re positioned randomly with
the respect to other foliage in the canopy. Omigavered stems and branches by leaf
were computed as WAI, the result reveals signitigaow value ranging for 0 — 0.15
m?/m?and 0.01 — 0.04 ffim? for shrub and forest canopy, respectively. Generall
woody material, on hemispherical area basis, caaprd-2% and 0.1-0.8% in shrub
and forest canopy, respectively. See for the detdilcomparison of WAI in section
3.4.2

Hemispherical photographs are also processed atzeaith angle of 30n order to
make comparison with LAl value obtained using tingt two rings of LAI-2000 plant
canopy analyzer. Ring 1 and 2 of LAI-2000 corresjsoto the zenith view range of
0°-28.6™ Analysis of hemispherical photography at the viewge of 30is made only
for those plots which have LAI-2000 measurementstisat the result can be
compared roughly at the same foot print of botlrimsents.
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Fig. 11. Relationships of LAl and LAle using heptfigrical photography from two view zenith angles). (
Comparison of LAI, and (B) comparison of LAle. HB°@ Al and effective LAI computed from the range
0-60 view zenith angle. HP 3QAIl and effective LAI computed from the range 0°8&w zenith angle.

Fig. 11 (A) and (B) indicate a weak relationshipveen LAl and effective LAI
estimates using the two view zenith angles for bethtionships. Because of short
canopy height, relatively grass plots show smatiamlity of LAl andeffective LAI
than shrub ones. Generally, both LAle and LAI fr86fi gave higher value than 80
view zenith angle. This could happen because of sttedtering effect which is
significant near horizontal view zenith angles. Téféect is much pronounced in
shrub plots and resulted 38% difference of LAI frtwo view angles than grass plots
which show 14% difference. The big change obtainezhrub plot can be also due to
the high heterogeneity of vegetation in shrub pl@tsble 3) so that difference of
footprint from two ranges of view zenith angle measnents could be more
pronounced than grass plots for LAl estimation.sTisi not significant problem for
grass plots because of short canopy height anchdaesult reasonable difference of
footprint for two ranges of view zenith angle. Th#ference obtained is in good
agreement with those of LAI-2000 PCA (section 4.1.1

Leaf area index estimation using hemispherical qipatphy could be liable to

different sources of errors. Jonckheeteal. (2004a) mentioned the possibility of
errors as with any remote sensing technique, at stage of image acquisition,

analysis or violation of model assumption. Rich88pdiscussed the problems of
image acquisition, which includes camera positignirorizontal/ vertical positioning,

exposure, evenness of sky lighting, evenness ddgellighting (reflections), direct

sunlight, and optical distortion. He further mengd errors occurring during image
analysis while distinguishing foliage from canopgyeaings, assumed direct sunlight
distribution, assumed diffuse skylight distributicassumed surface of interception,
image editing/enhancement, consideration of misanegis and finally in the case of
violation of model assumptions like assessment dfirggtion variations, leaf angle

variability and consideration of clumping factors.
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4.1.4. Combined Method

Leaf area index is calculated using the combinatioeffective leaf area index (LAle)
from hemispherical photography or LAI-2000 and #ement clumping index from
TRAC. Table 12 shows the final results of leaf arebex estimated using the hybrid
method of optical instruments.

Table 12 Summary of LAl using the combination of TRA® hemispherical photography/LAI-2000
(*NA= not applicable, no measurements were donddmst plots because the reference
LAI-2000 PCA was not available. **See Table 9).

Plot code HP-TRAC LAI-2000 (1-2rings)-TRAC LAI-2000(1-5rings)-TRAC

GRASS/HERB
GH1 9.64 5.53 4.38
GH?2 3.03 2.76 2.25
GH3 2.58 1.90 1.59
GH 4 3.59 8.42 5.92
GH5 4.15 NA* NA**
GH 6 3.03 3.75 NA
GH 12 4.60 5.49 3.59
GH 14 4.60 3.71 NA
Mean 4.40 451 3.55
Minimum 2.58 1.90 1.59
Maximum 9.64 8.42 5.92
SHRUB
SH7 4.58 12.91 NA
SH 8 2.82 7.60 5.10
SH9 2.87 12.29 NA
SH 10 4.03 NA NA
SH 11 4.70 11.15 6.90
SH 13 5.76 10.45 5.90
Mean 4,12 10.88 5.97
Minimum 2.82 7.60 5.10
Maximum 5.76 12.91 6.90
FOREST
FR 15 4.45 NA* NA*
FR 17 7.02 NA NA
FR 18 7.61 NA NA
FR 19 6.79 NA NA
FR 20 5.03 NA NA
Mean 6.18 NA NA
Minimum 4.45 NA NA
Maximum 7.61 NA NA

Fig. 12 shows the relationship between the combiogtical methods. Since the
within plant functional type variation of the clumg index was small for all the plots
investigated (see Table 10), only an average clonghpidex was determined for each
plant functional type for the calculation of LAl.vén if, there obtained good
agreement (R= 0.96) between the hybrid methods of two rangesi@f angles of
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LAI-2000 PCA with TRAC, there is no real relatioettveen LAI-2000-TRAC and

hemispherical photography-TRAC. Fig. 12 (A) and (i@Jicate that the relationships
between the combined method of TRAC and hemispdleplotography/LAI-2000

resembles to the relationship of LAle between hphesical photography and LAI-
2000 which is further discussed in section 4.2He Telation is highly affected by the
outlier effect of GH 1 plot and discussed in setda?.2.
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Fig. 12. Comparison between LAl estimated using ¢benbine method of TRAC and hemispherical
photography/LAI-2000. (A) The relationship betweéme combined LAl value from Hemispherical
photography & TRAC and LAI-2000(1-2 annulus ring&) TRAC, (B) the relationship between the
combined LAI value from Hemispherical photographyTRAC and LAI-2000(1-5 annulus rings) & TRAC,
and (C) the relationship between the combined L&ug from LAI-2000(1-2 annulus rings) & TRAC and
LAI-2000(1-5 annulus rings) & TRAC, the fit is R 0.96.

From comparisons of optical methods with destrectampling results, it is believed
that optical LAl estimates can generally be bettgain allometric LAI through
laborious destructive sampling (Chen, 1996b). Titecal improvement in the optical
measurements in such cases is the use of the TRAEhwemoves the effect of
canopy architecture on LAl measurements. Clumpaugois estimated by the TRAC
have recently been validated (Chen and Cihlar, 1@8%&n, 1996b; Cheet al., 1997;
Kuchariket al., 1998; Leblanc and Chen, 2001).
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4.2. Comparison of LAl results from optical field instruments
4.2.1. Comparison of the Effective LAI

Point estimates of LAle, obtained using hemisplarghotography and LAI-2000
showed a better relation, {R 0.51, Fig. 13 (A)) for 30 degree zenith view lengf
hemispherical photography and the corresponding zenith angle (ring 1 - 2 (O-
28.6)) of LAI-2000 than the full range of view zenitmgle of LAI-2000 and
corresponding view zenith angle of hemisphericabtpyraphy (Fig. 13 (B)). The
result of the relationship found between hemisma¢mphotography using 30 degree
zenith view angle and LAle from the first two ringé LAI-2000 were in good
agreement with other studies; for example, Ca@s. (2004) found R= 0.65. Both
techniques can suffer from the same problem: saagtef light within the canopy. In
order to minimize this effect, LAI-2000 measureghe blue wavelength only (400-
490 nm) and assumes all diffuse blue light origgsatirectly from the sky (i.e., leaves
in the blue band are totally black). Although bteflectance of leaves is the smallest
in the solar spectrum, it is still significantlyrdger than zero (about 3-6%) (Chetral .,
1997). In open canopies the contribution of scattdslue light is small compared to
that from the sky; therefore the problem is lessss. In photographs the scattering
effect also exists but in a different way. Leavesha top of a canopy under bright
light appear to be much brighter than the foliagw. These bright leaves are more
easily seen at small zenith angles than at largettzeangles, and therefore the
absolute distortion of the gap fraction is largesmaller zenith angles when a fixed
threshold value is used to distinguish leaves fiioensky.

In both view angle ranges, the average value of eLAtom hemispherical
photography is relatively higher (28%-32%) for gragots and lower for shrub plots
(26%) than LAle estimated from LAI-2000. This could due to the difficulties in
distinguishing gap (soil) and shade during thesifesition of the downward looking
hemispherical photographs of shrub plots. Sincestrobthe shrub plots have dense
undergrowth, shade of foliage being classified asgap may result in an
underestimation of LAle. Contrary, higher values bAle are observed for
hemispherical photography than LAI-2000 for thesgrplots. The sensor head of the
LAI-2000 instrument has a cross section of 3cm Wwhioes not allow to measure any
LAI below this reference height, and additionallgates a significant artificial gap in
dense canopies. These effects lead to an undeatisimof the derived LAI and thus
to the recommendation not to use the LAI-2000rumsent for dense, short canopies
lower than 3 cm.
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Fig. 13. Comparison of individual effective LAl asurements in two plant functional types using
hemispherical photography and the LAI-2000. (A) &iehship between LAle from 30 degree view zenith
angle using hemispherical photography and the spording first two rings of LAI-2000, and (B)
relationship between LAle from 60 degree view Zemihgle using hemispherical photography and tHe ful
view range of LAI-2000.

Fig. 14 shows the comparison between LAle from TRAGd hemispherical
photography. The conditions of measurement anddiffierence in foot print (see
section 2.3.3) of both instruments can affect tlge@ement between the two
instruments, but no significant correlation coule identified between TRAC and
hemispherical photography LAle measurements. HoweWwe®m hemispherical
photography higher LAle was obtained than TRACHdibgrass plots. This is because
of majority of vegetation in most grass plots idolbethe sensor height of TRAC
instrument. For instance, from TRAC measuremer@f Inf/m* and 0.65 rfim?
(Table 10) LAle was obtained for grass plots GHn#2l &H 3, respectively. These
plots have height ranging from 5 cm to 150 cm (€aB) and from hemispherical
photography, 2.7 #m® and 2.6 fim? (Table 11) LAle was obtained for grass plots
GH 2 and GH 3, respectively. Comparison of LAl dodlle from hemispherical
photography with other methods is computed from@f@edegree view zenith angle
except for comparison with LAle from LAI-2000 PCA.
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Fig. 14. Comparison of LAle measurements from hphesical photography and TRAC.
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4.2.2. Comparison of LAl Measurements

Measurement of LAl&s a key step in optical measurement of LAI, bubldain LAI,
other parameters need to be quantified. Thesedadhe woody-to-total area rati) (
and the element clumping inde®)( The full detail of the methods for obtaining ¢ke
parameters are given by Chen (1996a) and @heh (1997). Table 5 and 10 show
woody-to-total area ratio per plot and the avenaglaes of clumping index per plant
functional type leading to the LAI estimates basea optical measurements,
respectively. A total of 19 plots data acquisitiomere made using hemispherical
photography, 12 plots acquisitions were made usihg\l-2000 and 12 plots
acquisition were made using TRAC. Statistics oinestted LAI for each instrument
are shown in Table 13. LAI-2000 estimates only @ffee leaf area index (LAle),
therefore the result is not comparable with othetruments for LAL.

Table 13 Number of collections and overall meamsftimated LAI for this study.

PFT Hemispherical TRAC Hemispherical
Photography Photography and
TRAC
n Mean(range) n Mean(range) n Mean(range)

Grass| 8 6.18(3.8-10) 6 2.15(0.70-4.28) 8  4.40 (9.568)
Shrub| 6  5.99(3.7-8.81) 3 3.02(151-574) 6  4.1835.76)
5
9

Forest 9.15(5.75-10.58) 5.59(5.25-5.96) 64145-7.61

3
2

5
Al |19 6.90(3.7-10.58) 12 3.23(0.70-5.96) 19 4.78 (A&

Comparison statistics for the data acquisitionsigisiemispherical photography and
TRAC instruments (Table 18nd Fig. 15) show that, overall, the correlatiotwsen
the retrievals is low (R= 0.26), but results for different plant functibmgpes vary.
On average, the hemispherical photography retrievad 50% higher than LAI
derived from the TRAC. The magnitude of the disaregy did not have a significant
trend (e.g., heteroscedasticity) with LAl magnituafeifferent plant functional type.
The hemispherical photography shows highest averadee of LAl per plant
functional type followed by the combined method h&fmispherical photography-
TRAC, whereas TRAC shows the lowest average LAu&dbr all plant functional
types. The highest LAI values are obtained in fopdsts for all three methods (Table
13). Average LAI of grass plots ranked next to $brer hemispherical photography
and combined method of hemispherical photograph«@Rnd shrub plots resulted
the lowest average LAI per plant functional typexgghese two methods. LAl values
using TRAC measurements for grass plots resultedviedues ranging from 0.7-4.28
compared to the other methods. This is due toithiéeld canopy height of most grass
plots being below the sensor head of the TRAC unsént. This experiment was not
suitable to determine a canopy height threshold T®RAC and LAI-2000
measurements. Other studies such as Privette akdldhai (2000) and Privetet al.
(2002) also suggested that TRAC derived LAI ist@asurate for grass transects.
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Tests for correlation of the combination of hemisfital photography and TRAC
(Fig. 16 and 17) suggest that high correlatiorf €R0.74) with hemispherical
photography and low correlation{R 0.17) with TRAC instrument. An obvious goal
of using indirect techniques and approaches tonasti LAI is to be able to compare
favorably with direct, destructive measurementsjctvhare usually assumed to be
more accurate and are typically the standard forpaoisons. In the other hand direct
methods are time consuming and can not be applie@xtensive area. Currently,
combined method of TRAC and hemispherical photdgyApAl-2000 are used for
quick and accurate LAl assessment of a canopy gseton 2.3.5 and 4.1.4 for
literature) so that are being used for calibratoml validation of other techniques.
White et al. (2000) concluded that hemispherical photography is thetraosurate
and efficient way, as compared to LAI-2000 for lotgym monitoring of arid
ecosystems. This was in good agreement with thenteesults of Leblanet al.
(2002c), who concluded that hemispherical photdggam a grid offer a good
potential to replace LAI-2000 and TRAC devices danopy structure measurement.
In this study, hemispherical photography is repbrés the most efficient method
specially to measure LAl of grass and understorfipdst plots because of downward
looking capability to encompass the estimationhef whole LAl which is below the
sensor height of LAI-2000 and TRAC instrument. Amuhally, LAI values estimated
using hemispherical photography was most correlaiigdl the combined method of
hemispherical photography & TRAC than other methoHisis indicates that the
reliability of LAl estimates using hemisphericalgtbgraphy based on the comparison
result with most validated combined method.
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In both comparisons i.e. LAle and LAI from grounce@surements, the leaf area
index value obtained using hemispherical photograffom plot GH 1 was
reasonably higher than TRAC and LAI-2000 plant ggnanalyzer measurement for
the same plot. It is the densest plot of grassspMth average height nearly 1.85 m
and found to be difficult to be measured accuratély optical instruments. It was
noticed that classification of downward looking hepherical photographs into gaps
and foliage elements found difficult from this plbecause of the difficulty to
distinguish real gaps (soil) and shadow caste lipge elements. The LAI result
obtained using hemispherical photography from plhos has significantly affected the
comparison of ground-based LAl measurements. kameple removal of this plot
from comparison of LAl between hemispherical phoapdy and TRAC improves®R
from 0.26 to 0.42 and comparison of LAle betweemispherical photography and
LAI-2000 resulted the Rchange from 0.007 to 0.32. Fig. 13, 14 and 15 stfmv
outlier effect of this plot.
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4.3. Relationships between Vegetation Indices and Ground-
based LAI

The relationships between RSR and ground-based m&hsurement of each
instrument are assessed for both, all plant funatidypes together and separately.
The ground based LAI data were separated into thm@er plant functional types:
forest, shrub and grass. The relationships betW®R versus LAI effective and LA
of these three plant functional types are showFRign 18 and 19, respectively. The
correlation between RSR versus LAl effective wadenanly from LAI-2000 and
hemispherical photography ground measurementse SiRAC measurements were
done only for one solar zenith angle, the corretattf RSR with LAle from TRAC
measurements were not made. RSR with LAle from ang and two, and all five
rings of LAI-2000 plant canopy analyzer of two p&mtctional types show negative
slope (Table 14) and doesn’t have real relatiohsuls shows strong negative slope
specially LAle from five rings of LAI-2000 even the number of ESUs are low.
Contrary, the relationships between RSR and LAdenfthemispherical photography
show positive slope with very low correlation fdlr@ant functional types.
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Fig. 18. Correlation of RSR vegetation index datif®m AHS with ground measurements of LAI effeetiv
for three plant functional types. (A) LAle (LAI-200 1-2 rings)-RSR, (B) LAle (LAI-2000, 1-5 rings)—
RSR, and (C) LAle (Hemispherical photography)-RSR.
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Table 14 Regression equations for the dependeistlareffective LAl and RSR.

RSR with PFT Model RMSE R’

LAI-2000 LAle(1-2 rings) All  y=-2.1386x + 14.988 2.947 0.17
Shrub y=-11.104x +51.815 1.011 0.671
Grass y=-0.3375x +5.4738 1.923 0.018

LAI-2000 LAle(1-5 rings) All y=-0.1497x + 4.4903 1.575 0.004
Shrub Y =-13.078x + 56.328 0.145 0.927
Grass y=0.14x + 2.5819 1.156 0.007

Hemispherical photography LAle All  y=0.7149x + 1.2562 1.575 0.06
Forest y=0.9092x + 1.7322 1.062 0.169
Shrub y=2.0582x -4.4205 0.934 0.073
Grass y=0.9253x-0.0424 1.893 0.109

Likewise the effective LAI, the relationships beemeRSR and LAI from TRAC,

hemispherical photography and combi

ned method ohig@herical photography-

TRAC were assessed. There appeared no real cammnetdtRSR with LAI of all three
ground measurements (Fig. 19 and Table 15). Eveungth very low R squares are
obtained for all relationships of RSR and LA, g slops are achieved for all plant
functional types but TRAC measurements. The rdsoifh previous year study by
Mengesha (2005) show also low correlatiorf @R 0.36) between hemispherical
photography LAl and RSR from HyMap2004 for softwdodest of Millingerwaard

(Fig. 19 (D)).
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Year

B 2005
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0 2004
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Fig. 19. Correlation of RSR vegetation index detifi®om AHS with ground measurements of LAl for tare
plant functional types. (A) LAl (TRAC)-RSR, (B) UAHemispherical photography and TRAC)-RSR, (C)
LAI (Hemispherical photography)-RSR, and (D) LAIRHRSR for forest plots from 2004 data (Mengesha,
2005) and this study.

Table 15 Regression equations for the dependeigtlaLAl and RSR.

RSR with PFT Model RMSE R

TRAC LAI All y=-1.986x + 11.339 1.615 0.304
Forest y =-0.4442x + 7.0428 0.11 0.649
Shrub y =16.032x - 59.869  2.087 0.158
Grass y =-0.3794x + 3.8451 1.303 0.019
Hemispherical photography- All y =0.7375x + 1.797 1.822 0.048
TRAC LAl Forest y=1.064x + 2.0279 1.243 0.169
Shrub y =2.4165x - 5.1862  1.097 0.073
Grass y = 1.036x - 0.0394 2.121 0.109
Hemispherical photography LA}  All y =0.3304x + 5.5465 2.252 0.007
Forest y =0.9004x + 5.6325 1.976 0.055
Shrub y =4.8506x - 12.699 1.762 0.11
Grass y =0.6951x + 3.1572 1.75 0.075

Test of non-linear regressions such as; exponeatidl logarithmic were performed
when simple linear model were apparently inadequate inappropriate.
Unfortunately, no real correlation could be obtdired both LAle and LAI from all
ground measurements with RSR. It can be suggesteeral explanations for the
observed results. First, the negative relationshiped between RSR vs. LAle and
LAl from LAI-2000 and TRAC in the current study mawt be only due to RSR
insensitivity to explain the LAI variation, but regr to the factors which can increase
the uncertainty of these ground measurements.dfidife LAle from LAI-2000 plant
canopy analyzer is obtained using interpolationtlod preceding day reference
measurements. TRAC measurements are done usingooehgun zenith angle and
may not represent the corresponding plot of AHSgendn addition to these, most of
the grass plots have short canopy and forest piote dense understory, leaves which
are close to the instruments sensor may affectréiselts obtained from these
instruments. As a result, these factors may affextrelationships between LAI from
TRAC and LAI-2000 with RSR.
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All of the LAI value obtained using hemisphericédgbography was higher than 3.7,
suggesting that the majority of data for this catggmay have fallen within the
region of saturation for the bands used to caleuR$R. Chermt al. (2002) reported
the saturation of vegetation indices signal atlyfdiow level of LAl of about 2-3.
Other scientists have reported that the signalivedeby a sensor saturates at an LAl
of 3-8 depending on the wavelength (Peterstosi., 1987). Plots of AHS band used
to compute RSR (Fig. 20) show general insensitiwitth regard to in situ measured
LAI. The relationships between LAI and all threentla of AHS image were virtually
flat with little correlation between LAI-RED (R= 0.034), LAI-NIR (R = 0.176) and
LAI-SWIR (R?= 0.194). It was also reported by (Leteal., 2003) this unusual low
correlations between LAl and spectral reflectancéhe near infrared bands (ETM+
4) for mixed deciduous and coniferous forest. Tagations in the near infrared band
were supposed to be the dominant factor contrigutnchange of RSR for the whole
range of LAI. Contrary, higher NIR reflectance vedained for the lower LAI values
of hemispherical photography. This contradicts t® tgeneral case of other
studies(Clevers, 1989; Law and Waring, 1994; Faddret al., 1997; Turnert al.,
1999) of LAI-NIR reflectance relations. Scientistave noted a strong relationship
between LAl and the response in the red band (fwtet al., 1987; Spanneet al.,
1990; Spanneet al., 1994); however, it was not observed this relatigqmsn the
current study nor in LAI-SWIR relationship. The ahse of trends in SWIR
reflectance for various plant functional types abderved LAI ranges, contradicts the
general fact that large sensitivity of the SWIR.# obtained in other study (Brown
et al., 2000).
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In addition to the aforementioned factors whicheefff LAI-RSR relationships,
dislocation of ground plots from AHS image couldeat the relationships although
the area represented by the field instrument rgadsannot be precisely defined.
Regarding the calculation of RSR from AHS image finesence of water in some
forest plots could affect the resulting index valuin this study the ground-based
information was not available on canopy closure tedefore the 1% cut-off point of
SWIR reflectance histogram were used to obtain SWiRmMmum and maximum from
the AHS image after masking out the water and baile Even though it is preferable
not to determine the minimum and maximum SWIR méflace from the image as the
presence of water affects the SWIR reflectance @t al., 1993; Brownet al.,
2000), the obtained values i.e. SWIR minimum andIBWhaximum may not
represent the reflectance from completely closed an open canopy of the
Millingerwaard vegetation, respectively. Furthdre tquality of the used AHS image
also is questionable, as the data provider gawylatotice of recalibrating and
reprocessing the entire image with new sensorreaidn parameters (VITO, 2005).

Generally, the performance of RSR in this study weamsarkably weak unlike other
studies (Browret al., 2000; Cheret al., 2002; Stenbergt al., 2004) which obtained
strong relationships of LAI-RSR in forest and mixedgetations. Among plant
functional types existing in the study area, shpldts show very low variation of
RSR range. This could happen because of half oflingb plots are located near to
each other and plot SH8 and SH10 overlaps in theegaixel of aggregated RSR
map. In addition to these, the absence of sufficiewer LAl plots from ground
measurements complicated the comparison of the Art®e utility for remotely
estimating the LAI of the Millingerwaard vegetation
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5. Conclusions and Recommendations

5.1 Conclusions

The present study shows that in the studied flaidplegetation of the Netherlands, a
number of methods can be used to estimate LAI. Wewedhe comparison of LAI
from optical field instruments demonstrated thatAlRand LAI-2000 plant canopy
analyzer underestimates the LAI for grass plots whempared to hemispherical
photography. The dimension of the sensor of TRA@ &AI-2000 plant canopy
analyzer may affect the estimation of LAI for shcahopy vegetation such as grasses
and herbs. Leaf area index which is measured ubiese two instruments does not
encompass the LAI value which is less than thememsight. In addition to this, the
closeness of foliage element to the sensor afféoés LAl result from these
instruments. Downward looking hemispherical phoapdyy was found to be an
appropriate optical indirect method to estimaterisbanopy vegetation. However, for
dense and tall grass plots, it was difficult totidguish between gaps and shadow
casted by foliage elements using hemisphericalggmaphy. Additionally, because of
high humidity during ground data collection dayse moisture effect blurred some of
the hemispherical photographs.

Regarding the evaluation of the feasibility of optifield instruments for shrub and
forest plots, some of the points which impacted #fuecessful assessment are
discussed in the following. Because of time comstsa TRAC measurements were
not performed for all ESUs and measurements wergenwaly at one sun zenith
angle. LAI-2000 reference measurements were inkatga for four ESUs from the
reference device which were acquired one day befibre within canopy
measurements. The outermost three rings of LAI-20&dce were not recorded for
some ESUs and LAl measurement for forest plots wetecquired because the LAI-
2000 reference device was not available. Basecheraforementioned reasons and
the absence or insufficient measurements using TRAC LAI-2000 for shrub and
forest plots, it is difficult to conclude the comisans of the three field instruments
used in this study for shrub and forest canopieswvéver, the comparison of LAI
from hemispherical photography alone and the coetbimethod of hemispherical
photography-TRAC shows good agreemenrft £R0.74), indicating their comparable
performance.

These estimate of LAI using the aforementionedumsénts, however, are all indirect
estimates; therefore, a possible bias in all cf¢hmeasurements is not accounted for
in this comparison. Additional work at the studyesinvestigating direct methods
could provide more of an unbiased estimate in th&uré. This study also
demonstrates that each method has its strengthsaanplrovide significant additional
information that can be important for ecological daling. Hemispherical
photography has proven to be an appropriate methodeasure LAI, especially for
short canopy vegetation and improved classificatemmniques in CAN_EYE gave a
good discrimination possibility for classificatiaf foliage elements and gaps. The
TRAC is also more reliable in determining the effetfoliage clumping and proved
in various studies(Chen and Cihlar, 1995; Chen6b9%€henet al., 1997; Breda,
2003; Leblanc and Fournier, 2005). A key advantafell of these estimation
methods is that observations can be collectedshoat period of time in contrast to
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weeks, months or even years required for direainasibn (e.g. litterfall or harvest),
which is a major benefit, particularly for remo&nsing investigations, where timely
ground reference data collection of adequate sizkspatial distribution is often a
constraint.

A poor correlation of RSR and all three methodsgodund measurements were
obtained in this study for all plant functional &9 Besides the insufficient number of
plots with a small LAI, the majority of plots cowsr by the ground-based
measurements show high LAI values which cause aratain in the wavelength
regions of the spectral bands which are requiredatoulate the RSR. Further, the
uncertainty in the quality of AHS image and theuwtability of TRAC and LAI-2000
instruments for LAl measurements of grass canomesd be the major factors which
resulted in the poor relationship between RSR andrgl-based LAL.

5.2 Recommendations

Based on the present study, the following poinésraentioned to be considered for
future studies.

There is a need for further studies on the usglmfit_ Al estimations based on optical
field instruments and validated with distractivangpding methods for natural and
heterogeneous vegetation canopies. The numbenydieglots has to be sufficient to
represent all ranges of LAI and existing plant tiowal types, and need not to be
located to the edge of vegetation boundary or sde. In this study, it was noticed
that the documentation and quality of field measwets have created considerable
difficulties. In future study, field measurements/h to be well documented and have
to be checked for the quality before the end dfifaays so that the missing or poor
quality data can be re-measured in time.

Hemispherical photographs produce a permanent deobrthe plot that can be
reanalyzed when the understanding of theory immasech as when CAN_EYE
includes the possibility of computing gap size rabsttion.

A satisfactory technique for estimating LAl usimgaging spectroscopy for the plant
functional types in the Millingerwaard floodplairegetation has not been clearly
identified. The results of LAI-RSR relationship fnathis study are inconclusive, and
further studies of the performance of ground-baksAd and RSR should include
sufficient number of ground data in order to betwgtermine the spectral
characteristics of Millingerwaard vegetation, ared canopy closure measurements
to improve the calculation of RSR. The quality miiging spectroscopy data has to be
assessed regarding the uncertainties in sensorat&in and atmospheric correction.

Additionally, it is reasonable to say on the basighese results that exploring the
applicability of different vegetation indices al@nde developing physical reflectance
models remains an important field of research.
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Appendix
Appendix 1. AHS band positions

AHS | Center WL| FWHM AHS | Center WL | FWHM
band um band um

1 0.455000, | 0.027000, 41 2.255500,| 0.013100,
2 0.484000,| 0.028000, 42 2.266300,| 0.013009,
3 0.513000, | 0.029000, 43 2.283400,| 0.013200,
4 0.542000,| 0.028000, 44 2.294500,| 0.013100,
5 0.571000, | 0.028000, 45 2.305700,| 0.013009,
6 0.601000, | 0.028000, 46 2.316100,| 0.013200,
7 0.630000, | 0.028000, 47 2.326700,| 0.013100,
8 0.659000, | 0.028000, 48 2.337000,| 0.013100,
9 0.689000, | 0.028000, 49 2.348100,| 0.013100,
10 0.718000,| 0.02800 50 2.359100,| 0.0131090,

11 0.746000,| 0.02700 51 2.369600,| 0.013000,

12 0.774000,| 0.02700 52 2.380400,| 0.012900,

13 0.804000,| 0.02800 53 2.390700,| 0.012800,

14 0.833000,| 0.02800 54 2.400800,| 0.012900,

15 0.862000,| 0.02800 55 2.410900,| 0.012900,

16 0.891000,| 0.02700 56 2.421000,| 0.012900,

17 0.918000,| 0.02800 57 2.432300,| 0.013000,

18 0.948000,| 0.02800 58 2.441800,| 0.012300,

19 0.975000,| 0.02800 59 2.452400,| 0.012800,

20 1.004000,| 0.03000 60 2.462100,| 0.012700,

21 1.622000,| 0.15900 61 2.471700,| 0.012700,

22 2.031000,| 0.01330 62 2.482500,| 0.012400,

23 2.042900,| 0.01330 63 2.491600,| 0.012500,

24 2.055500,| 0.01320 64 3.180000, | 0.360000,

25 2.068000,| 0.01320 65 3.500000, | 0.340000,

26 2.079900,| 0.01320 66 3.900000,| 0.340000,

27 2.092400,| 0.01310 67 4.170000,| 0.420000,

28 2.103900,| 0.01300 68 4.600000, | 0.370009,

29 2.116400,| 0.01300 69 4.970000,| 0.350000,

30 2.128300,| 0.01290 70 5.310000,| 0.260000,

31 2.139900,| 0.01300 71 8.190000,| 0.470000,

32 2.151700,| 0.01300 72 8.660000,| 0.400000,

33 2.163400,| 0.01310 73 9.170000,| 0.410000,

34 2.175300,| 0.01320 74 9.600000,| 0.430000,

35 2.185900,| 0.01300 75 10.080000, 0.42000

36 2.198500,| 0.01310 76 10.560000, 0.56000

37 2.209900,| 0.01300 77 11.160000, 0.55000

38 2.221200,| 0.01300

39 2.232500,| 0.01300 79 12.320000, 0.48000

A N N, N S wa ) S w A A A A A A e A A A A e A A e A A A A A A A A A e A e A = A e 2R AR R R

D
D
D
78 11.720000, 0.550009,
D
D

80 12.890000/ 0.52000

40 2.244100,| 0.01300
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Appendix 2. AHS QuickLooks. June 19, 2005, Millingerwaard
(http://campaigns.vgt.vito.be/images/QL2005/050618linderwaard 27.ipy

< .

"‘ 'y N A e ! ,;. ol
(A). AHS Quicklook ‘Millingerwaard’, (B). AHS Quicklook ‘Millingerwaard,
19. June 2005, Scene 1 19. June 2005, Scene 2
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(C). AHS Quicklook ‘Millingerwaard’, (D). AHS Quicklook
19. June 2005, Scene 3 ‘Millingerwaard,
19. June 2005, Scene 4
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Appendix 3. Species abundance per plot

Species name Plot code
GH1 GH2|GH3|GH4/ GH5/GH6|SH7|SH8|SH9

Alopecurus pratensis 20 50
Arctium lappa 1
Artemisia vulgaris 1
Brassica nigra 2
Cirslum arvense 45 2 2
Dipsacus fullonum 5
Galeopsis tetrahit 1
Galium aparine 20 2
Glechoma hederacea 2
Poa trivialis 5
Urtica dioica 3 3 3
Elytrigia repens

Persicaria maculosa

Arrhenatherum eatius

[ERN

w

Bromopsisinermis

Equisetum arvense

Eryngium campestre

N | O1

w

w

Galium mollugo

[EEN

Plantago lanceolata

Potentilla reptans

Rumex acetosa

Saponaria officinalis

[EEN

Sedum acre

Tanacetumvulgare

Trifolium repens

Erigeron annuus

Senecio inaequidens

Senecio jacobaea

[ERN

Cichoriumintybus

Dactylis glomerata

Euphorbia cyparissias

Festuca rubra

N

[

Geranium molle

Hypericum perforatum

Pastinaca sativa

Rubus caesius

W

(o))

o

N

Sedum album

Trifolium campestre

Bromopsisinermis

[EEN

[

Chaerophyllum temulum

Festuca arundinacea

Lamium album

OO0 |00|0O|0 0|0 0|00 |0|0|0|0|0|0|0|0|0|0|0|0|0 0|00 |O|FR|Fk|O1|O|k

OO0 |0|0|0|0|0|0|0|I0|0|0|0|UFR(FIOO|FPIFPIOWFIFIOIOINIOIIOIOIFR,|IOI0|I0|I0|0|0|0|0|0|0O

Ol 0P| IFPIFPIOIRPIFPIFPORIEFPININIOIOIFLINIFLINIOIOIOC|IOI0O|O|I0O|O|IFR|O|0O|0O|FR,|O|0O|0|0O

RPIWIN|OO|O|I0O|O|0|O|O0O|NO|O|0 0|00 |0|0|R,|IO|0|I0 0|00 |OIFR,|IOINFPIN|OO|O|F|O|F

elilellelidllo]llollellellellelilellel}l Jdlellellellellelld el Jdlellellell Viellellellellellellell i Jlelleliell il o llelh I

N
OO0 |O|WO|I0|0|I0FR|IOIC|ICIO|NIFIOINIO|FR(FP|IO|IUIO|0|0|0|0|0OFRP|IOFRIO|I0|0|00|0|0|0|0|0

ellellellellollellellellelle]l Jdiell Jdiellellellell 6 el il llellell JdlellelléllellelilelilGl Jdl Mellell Jdlellel e}l e)

OO0 |0|0|0 0000|000 |0|0O|FROIO|W|O|0|0|0|UIO(O|0|0|0|0|0|0|U1|O|0|0|0|0|U1O|F |k |O

OO0 0|00 |0|0|0|0|0|0|0|0|0|0|0|0|0|0|0|0|OIN|O|O|0O|0|0|0|0|0|0|U1|O|(Fk|O|0|O|F OO
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Lolium perenne

Potentilla anserina

Scrophularia nodosa

Symphytum officinale

Achillea millefolium

Carduus crispus

Carex hirta

Convolvulus arvensis

Galiumverum

Herniaria glabra

Oenothera biennis

Ononis repens

Calamagrostis epigejos 1 1
Cornus sanguinea
Crataegus monogyna 1 3 2

Thalictrum flavum

Valeriana officinalis

Cerastium fontanum

Rosa species

Agrostis stolonifera

P

Juncus compressus

Lathyrus tuberosus

Lysimachia vulgaris

Epilobium hirsutum

'_\

Vicia cracca

Conyza canadensis

Fraxinus excelsior

Sambucus nigra

Euphorbia esula

Carduus nutans

Carex arenaria

Trifolium pratense

Iris pseudacorus

Holcus lanatus

Trifolium dubium

Plantago major

Phleum pratense

Bromus hordeaceus s. hordeaceus

Taraxacum species

Calystegia sepium

Salix alba

Impatiens glandulifera

Lysimachia nummularia

OO0 |0 0|00 |0|0|0|0 0|0 |0|0|0|0|0|0|0|0|0|0|0(0|0|0|0|0|0|0|0|0|0|0|0|0|0|0|0|0|o|o

OO0 |0 0|00 |0|0|0|0|0|0|0|0|0|0|0|0|0|0|0|0|0(0|0|0|0|0|0|0|0|0|0|0|0|0|0|0|0|0|Oo|0o

OO0 |0 000|000 |00 |0|0|0|O0|0|0|0|0|0|0|0|0|0|0|0|0|0|0|O|0|o|o|o|o|0|0|0|0o|o|o|o|o

OO0 |0 0|00 |0|0|0O|0 0|0 0|00 |0|0|0|0|0|0|0|0|0|0|0|0|0|0|0|0|0|0|0|0 0|00k (FP|F|F

OO0 |I0 0|00 |0I0|0|0 0|00 |0|0|0|0|0|0|0|0|0|0(0|0|0|0|0|0|0(0|0|0|0|0 0|0 |0 |O|F

OO0 |I0O|0|0|0|0|0|00|0|0|0|0|0|0|0(0|0|0|0|0|0|0(0|0|0|0|0|0|F|F|(FP|FP|IFP|IOFR|IFLIOIO|I0|0O

O OO0 |0|0|0|0O|0O|O|0O|0|0|0|0|0|0O|OOC|IOC|0|O|O|O|IN(FP|IFPIN|O|IFP|IO|IO|IOIOIN|IO|W|O|FL|O(R|O|0o
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Alopecurus pratensis

Arctium lappa

Artemisia vulgaris

Brassica nigra

Cirsium arvense

Dipsacus fullonum

Galeopsis tetrahit

Galium aparine 1 6 4 8
Glechoma hederacea

Poatrivialis

Urtica dioica 4 5 6 1 6
Elytrigia repens

Persicaria maculosa

Arrhenatherum elatius

Bromopsisinermis

Equisetum arvense

Eryngium campestre

Galium mollugo

Plantago lanceolata

[N

Potentilla reptans

Rumex acetosa

Saponaria officinalis

Sedum acre

Tanacetum vulgare

Trifolium repens

N

Erigeron annuus

Senecio inaequidens

Senecio jacobaea

Cichoriumintybus

Dactylis glomerata

[EnN

Euphorbia cyparissias

Festuca rubra

Geranium molle

Hypericum perforatum

Pastinaca sativa

Rubus caesius

Sedum album

Trifolium campestre

Bromopsisinermis

Chaerophyllum temulum

Festuca arundinacea

Lamium album

Lolium perenne

w

Potentilla anserina

Scrophularia nodosa
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Symphytum officinale

Achillea millefolium

Carduus crispus

Carex hirta

Convolvulus arvensis

Galiumverum

Herniaria glabra

Oenothera biennis

Ononis repens

Calamagrostis epigejos

Cornus sanguinea

Crataegus monogyna

Thalictrum flavum

Valeriana officinalis

Cerastium fontanum

Rosa species

Agrostis stolonifera

Juncus compressus

Lathyrus tuberosus

Lysimachia vulgaris

Epilobium hirsutum

Vicia cracca

Conyza canadensis

Fraxinus excelsior

Sambucus nigra

Euphorbia esula

Carduus nutans

Carex arenaria

Trifolium pratense

Iris pseudacorus

Holcus lanatus

Trifolium dubium

Plantago major

Phleum pratense

Bromus hordeaceus s. hordeaceus

Taraxacum species

Calystegia sepium

Salix alba

I

al

a1

I mpatiens glandulifera

Lysimachia nummularia
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Appendix 4. Average leaf area of dominant species calculated freld leaf scans.

Species hame

Average leaf area (€jn

Cirsium arvense 10.23
Urtica dioica 14.62
Rubus caesius 24.80
Salix alba 3.32
Crataegus monogyna 4.96
Tanacetum vulgare 9.31
Grass spp 7.31

Appendix 5. Summary of LAI-2000 measurements analysis reporthey FVV2000
software. (*1 In. = one instrument to take refeeeaad within canopy measurements,
2 In. = two instruments used (one for reference #red other for within canopy
measurements), and Inter. = Interpolation of tHeremce measurements used from

previous day'’s records).

Plot | Number of annulus rings
code
2 rings (0.0-28.6) 5 rings (0.0 — 75)
Sub- | LAle | Mean| SD | Method*| Sub- | LAle | Mean| SD | Method
plots LAle plots LAle
(# of (# of
sub- points)
plots)
GH1 A 4.49|4.93 | 0.76] 1 In. A 3.8213.91 | 0.52 1In.
5.52 B 4.46
C 5.97 C 4.32
D 4.28 D 3.84
E 4.39 E 3.13
GH2 | (9) 2.46| 2.46|0.39| 2 In. (9) 2.01] 2.01]0.26| 2 In.
GH3 | A 5.11/1.69 | 1.62/ 1 In. A 2.58|1.42 | 0.98 1 In.
B 0.09 B 0.26
C 1.77 C 1.45
D 0.00 D 0.36
E 1.63 E 1.60
F 0.04 F 0.06
G 1.84 G 1.84
H 2.09 H 2.07
I 2.68 I 2.57
GH4 | (9) 751 7.51|0.63|2In. (4) 5.28| 5.280.54| 2 In.
GH®6 | (9) 3.35| 3.35| 0.44| Inter.
SH7 | (7) 10.99| 10.99| 0.60] Inter.
SH8 |A 4.53|6.47 | 2.63 1 In. A 3.13|4.34 | 1.26 1In.
B 6.95 B 2.89
C 8.11 C 5.27
D 10.12 D 6.17
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E 3.08 E 3.16
F 5.28 F 4.33
G 2.89 G 3.26
H 8.19 H 5.6
I 9.06 I 5.26
SH9 | (6) 10.46| 10.46| 0.74| Inter.
SH11 | A 8.41/9.50 | 1.32/ 1 In. A 5.6|5.87 | 0.74/ 1 In.
B 7.93 B 5.68
C 11.16 C 6.67
D 10.59 D 6.3
E 7.93 E 5.83
F 10.26 F 6.44
G 8.31 G 4.78
H 10.76 H 6.73
I 10.11 I 4.78
GH12 | A 9.60|4.90 | 2.33 11n. A 5.84|3.20 | 1.51] 1 In.
B 572 B 4.00
C 3.18 C 1.58
D 3.94 D 2.89
E 4.97 E 3.56
F 3.47 F 2.82
G 1.52 G 0.87
H 6.75 H 4.58
I 4.94 I 2.63
SH13 | A 10.69(8.89 | 1.69 1 In. A 6.53|5.02 | 1.16 1 In.
B 5.13 B 2.88
C 9.87 C 5.54
D 8.94 D 5.02
E 8.08 E 3.49
F 9.59 F 5.02
G 8.61 G 5.18
H 10.65 H 6.03
I 8.47 I 5.49
GH14 | (7) 3.30| 3.30| 0.49] Inter.

74




Appendix

Appendix 6. Summary of TRAC measurements analysis report by GRiA. (Below* = measurements below understory, Add\=
measurements above understory).

Plot code | kme Q Mean solar PAle LAI W from data Mean element
zenith angle (mm) Width used
©) (mm)
Below* | Above** | Below | Above | Below | Above | Below| Above | Below | Above | Below | Above | Below | Above
GRASS/HERBS
GH1 2.20 0.906 59.85 2.21 2.44 63..984 25
GH 2 0.76 0.88 45.68 1.06 1.2 73.88 20
GH 3 0.45 0.932 43.68 0.65 0.7¢ 11.306 20
GH 4 1.38 0.817 32.61 2.33 2.85 61.148 25
GH 5 2.27 0.878 34.22 3.76 4.28 191.613 30
GH 6 1.10 0.937 53.08 1.32 1.41 75.579 30
SHRUB
SH 8 1.27 0.812 54.49 1.48 1.82 216.803 30
SH 11 0.83 0.50 0.803 0.932 42.66 41.97 1.22 0.75.52 1| 0.80 49.391 12.992 30 30
SH 13 3.53 1.13 0940 0.838 38.71 38.97 5.51 1.76.86 5| 2.10 505.865 109.850 30 30
FOREST
FR 15 2.73 0.879 31.81 4.65 5.29 169.785 15
FR 19 2.63 2.54 0.758 0.734 36.30 37.40 4.23 4.04.59 5| 5.50 56.512 66.405 25 15
FR 20 541 2.00 0.927 0.748 59.19 58.65 5.54 2.08.98 5| 2.78 38.392 215.878 25 15
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Appendix 7: Instantaneous photosynthetically active photar élensity (PPFD)
measured on VALERI plot transects using TRAC insigat.
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Appendix 8. Summary of upward and downward looking hemisphephatography measurement analysis report by CANEKY 4, **5 and
***7 are the number of upward looking hemispherighotographs acquired out of 9 sub sampling phints

Plot code Soil/Sky(%) Green | fCover| Std(fCover)| LAle | LAle(57.5) | LAIt ALA° Clumping factor
veg(%) Effective| True| 0° | 3¢° | 57.5

GH1 0.86 99 0.98 0.981 8.6 5 1D 62 64 (0.8488| 0.65
GH 2 10 90 0.961 0.972 2.7 2.1 5|9 16 10 0.8%14] 0.43
GH 3 17 83 0.826 0.946 2.8 2 5/1 34 10 0.8x8B4| 0.39
GH4 8.8 91 0.872 0.965 3.2 3 3.8 46 34 (Q.6775] 0.82
GH5 5.1 95 0.926 0.971 3.7 3.5 56 40 10 0.055)| 0.61
GH 6 9.9 90 0.92 0.978 2.7 2.5 6.8 24 14 0.384 | 0.45
SH7 3.4 97 0.975 0.981 3.9 3.6 615 22 10 0.857| 0.54
SH 8 | Down 12 88 0.905 0.953 2.4 2.3 317 18 10 0.6161| 0.71
Up* 91 9.3 0 1 0 0.23 0.02 60 80 0.40.55| 0.43

SH9 | Down 11 89 0.908 0.958 2.4 2.3 4 18 10 0.8254| 0.64
Up* 80 20 0 1 0.1 0.34 0.28 80 80 0.46.35| 0.35

SH 10 | Down 8 92 0.921 0.965 3.2 2.9 5,8 38 10 04 0.4%49
Up*** 79 21 0.194 0.954 0.3 0.3 1.0 40 42 0.8628| 0.29

SH 11 | Down 6.6 93 0.878 0.949 3.5 2.9 4|7 42 18 0.862| 0.62
Up** 47 53 0.556 0.946 0.9 0.81 2.7 24 10 03132 0.38

GH 12 5.6 94 0.884 0.948 4.1 3.6 6.9 54 36 0.4 |0(B51
SH 13 | Down 5.7 94 0.916 0.938 3.7 3.5 5|5 42 10 0.855| 0.57
Up 35 65 0.625 0.97 1.2 1.2 3.5 22 10 0.8237| 0.38

GH 14 5.2 95 0.905 0.979 4.1 3.8 5.3 50 b4  0.083| 0.8
FR 15 | Down 24 76 0.679 0.927 1.9 1.7 28 50 30 (0.83%9| 0.64
Up 28 72 0.583 0.95 1.9 1.7 3 60 54 0.5 0.5661

FR 17 | Down 4.3 96 0.924 0.966 4 3.7 5,8 40 36 0.6171| 0.67
Up 28 72 0.465 0936 2 1.8 4.4 70 714 0.%549| 0.48

FR 18 | Down 2.3 98 0.965 0.973 4.8 4.4 6.7 40 24 50@®61| 0.65
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Up 27 73 0.605 0.928 1.7 1.7 3.8 50 40 (0.8841)| 0.44
FR 19 | Down 3.6 96 0.952 0.972 4.3 3.7 { 32 10 0.9b3| 0.53
Up 37 63 0.519 0.912 1.5 14 3.2 60 38 (0.P839| 0.48
FR 20 | Down 7.7 92 0.854 0.941 3.1 2.5 5|8 3.4 10 0.8817| 0.44
Up 39 61 0.617 0.889 1.2 11 3 40 42 0.8835] 0.39

Appendix 9. Summary of upward and downward looking hemispheghatography measurement analysis report by CANE Eof 0 - 30
view zenith angle. (* 4 and **5 are the numbewupfvard looking hemispherical photographs acquigtdof 9 sub sampling points).

Plot code Soil/Sky(% Green fCover| Std(fCover)| LAle | LAIt ALA° Clumping factor
veg(%) Effective | True| 0° 57.5
GH1 2 98 0.976 0.981 7% 6.8 60 10 049 0.65
GH?2 5.4 95 0.977 0.982 51 89 46 50 0)66 0.43
GH 3 22 78 0.762 0.956 2.8 6.9 58 66 0/55 0.38
GH4 7.6 92 0.918 0.971 5 5.7 60 50 069 0.74
GH 6 7 93 0.954 0.971 4.8 10 44 66 0,83 0.4y
SH7 3.6 96 0.989 0.987 84 10 50 62 0[92 0.5
SH 8 | Down 6 94 0.944 0.97 44 4.6 46 10 0.83 0.63
Up* 97 3.2 0 1 0| 0.04 60 80 NaN 0.66
SH 11 | Down 4.1 96 0.934 0.969 7.2 10 66 70 0/83 0.65
Up** 47 53 0.557 0.946 1.2 3 44 12 0.29 0.29
GH 12 7.2 93 0.891 0.949 5Y 96 64 70 0.8 0.511
SH 13 | Down 4.6 95 0.941 0.952 52 88 52 56 065 0.5b6
Up 38 62 0.628 0.971 1.5 3.6 42 16 0,28 0.34
GH 14 6.8 93 0.916 0.98 52 6.3 60 60 0|82 0.8p
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Appendix 10. Plant Functional Type map.
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Appendix 11.Validation of leaf scans pre-processing

Scan No/| Known area (crf) | Area after pre-processing (€
1 12.5 12.75
2 25 25.75
3 36 36.64
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