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Abstract Leafareaindex (LAI) was estimated at 15 sites in
the Swiss Long-Term Forest Ecosystem Research Pro-
gramme (LWF) in 2004-2005 using two indirect techniques:
the LAI-2000 plant canopy analyzer (Licor Inc.) and digital
hemispherical photography, applying several exposure set-
tings. Hemispherical photographs of the canopy were ana-
lysed using Hemisfer, a software package that offers several
new features, which were tested here: (1) automatic thres-
holding taking the gamma value of the picture into account;
(2) implementation of several equations to solve the gap-
fraction inversion model from which LAI estimates are
derived; (3) correction for ground slope effects, and (4)
correction for clumped canopies. In seven broadleaved
stands in our sample set, LAl was also estimated semi-
directly from litterfall. The various equations used to solve
the gap-fraction inversion model generated significantly
different estimates for the LAI-2000 measurements. In
contrast, the same equations applied in Hemisfer did not
produce significantly different estimates. The best relation-
ship between the LAI-2000 and the Hemisfer estimates was
obtained when the hemispherical photographs were over-
exposed by one to two stops compared with the exposure
setting derived from the reading of a spotmeter in a canopy
gap. There was no clear general relationship between the
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litterfall and the LAI-2000 or the hemispherical photographs
estimates. This was probably due to the heterogeneity of the
canopy, or to biased litterfall collection at sites on steep
slopes or sites subject to strong winds. This study introduces
new arguments into the comparison of the advantages and
drawbacks of the LAI-2000 and hemispherical photography
in terms of applicability and accuracy.

Keywords LAI - Digital hemispherical photography -
LAI-2000 - Litterfall

Introduction

Leaf area index (LAI), defined as the total one-sided foli-
age area per unit ground surface area (Chen and Black
1991), is one of the most important characteristics of plant
canopy structure. Leaves are the active interface between
the atmosphere and the ecosystem. Thus, LAI affects many
ecosystem processes, including light and precipitation
interception, evapotranspiration, CO, fluxes and dry
deposition. As such, LAI is required as an input variable in
most ecosystem process models simulating carbon and
water cycles on a stand or regional scale (e.g. Running and
Coughlan 1988; Running and Gower 1991).

Direct determination of LAI, however, is time-con-
suming and labour-intensive, especially with tall and het-
erogeneous canopies such as those in forests. A number of
techniques relying on the radiative transfer theory
(Anderson 1971; Ross 1981) have thus been developed to
indirectly estimate the LAI of forest canopies. In the most
widely applied techniques, LAI is inferred from the
inversion of the model describing the attenuation of radi-
ation through the canopy, using gap-fraction data measured
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over a range of zenith angles. Of all the techniques avail-
able for measuring gap fractions, the LAI-2000 plant
canopy analyzer (Licor Inc., Lincoln, NE, USA) and
hemispherical photography are particularly attractive
because these sensors can measure the canopy gap fraction
from several different zenith angles simultaneously. There
has been renewed interest in hemispherical photography,
especially since the development of high resolution digital
cameras (e.g. Frazer et al. 2001), which allow images to be
rapidly processed after acquisition.

A number of studies have compared the LAI estimates
obtained with these two indirect techniques with those
obtained from direct or semi-direct measurements. LAI
estimated with the LAI-2000 usually strongly correlates
with LAI measured with litterfall collectors, yet the LAI-
2000 tends to underestimate LAI (Chason et al. 1991;
Cutini et al. 1998; Dufréne and Bréda 1995; Mussche et al.
2001). The hemispherical photography technique also
tends to underestimate LAI (e.g. Chen et al. 1997; Martens
et al. 1993; Planchais and Pontailler 1999). The majority of
studies comparing hemispherical photographs and the LAI-
2000 found strong correlations between the LAI estimates
obtained with these two techniques (Chen et al. 1997,
Coops et al. 2004; Frazer et al. 2000; Macfarlane et al.
2000; Martens et al. 1993).

In this study, we evaluated the LAI-2000 and the
hemispherical photography techniques on 15 plots of the
Swiss Long-Term Forest Ecosystem Research Programme
(LWF, Thimonier et al. 2001) by comparing the LAI
estimates with each other, and on seven plots where
deciduous trees predominate, with semi-direct estimates of
LAI determined from litterfall. Because most of the plots
are on more-or-less steep terrain, we were able to test the
slope correction method proposed earlier for hemispherical
pictures (Schleppi et al. 2007) and apply it to LAI-2000
measurements.

Methods

Indirect methods: Licor LAI-2000 and hemispherical
photographs

Field measurements

During summer 2004 (30 June-30 August, Table 1), we
estimated LAI on 15 LWF plots using two indirect meth-
ods: (1) taking hemispherical photographs of the canopy
with a digital camera fitted with a fish-eye lens and (2)
measuring diffuse radiation below and above the canopy
with an LAI-2000 plant canopy analyzer. The LAI-2000 is
a portable light sensor system designed to measure diffuse
light (<490 nm, where leaf transmission is low) from
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several zenith angles simultaneously (0-13°, 16-28°, 32—
43°, 47-58° and 61-74°) (Li-Cor 1992).

Both photographs and below-canopy LAI-2000 readings
were taken above 16 permanent vegetation quadrats sys-
tematically distributed over a 43 mx 43 m area (intensive
monitoring subplot). Measurements were usually carried
out either shortly before sunset or under overcast sky
conditions. On one plot (VIS; for plot codes, see Table 1),
however, the sky conditions were not homogeneous
throughout the measurements.

On each vegetation quadrat, photographs of the canopy
were taken from 1 m above ground using a digital camera
(Coolpix 4500, Nikon, Tokyo, Japan) with a 183° fish-eye
lens (Nikon FC-EB8) fitted to self-levelling gimbals (SLM2,
Delta-T Devices, Cambridge, UK) mounted on a tripod.
The SLM?2 also provides markers for the horizon and the
north—south axis. The camera was run in the programme
mode where exposure time and focal aperture are set
automatically. To prevent camera shake, all pictures were
taken with automatic release. The photographs were saved
as uncompressed, high resolution files (image size:
2272 x 1704).

In the summer 2005, photographs were taken again
above the 16 quadrats on 8 of the plots, this time using
several exposure settings instead of the single automatic
exposure used in 2004. For each quadrat, the exposure time
was first set manually, with the aperture fixed at f/5.3,
according to the reading with a spotmeter (Asahi Pentax V,
Asahi, Tokyo) in a canopy gap near the zenith. A second
and a third photograph were then taken with the exposure
increased by one stop and two stops, respectively, by
decreasing the shutter speed. A fourth and last photograph
was taken in the automatic mode. Between 2004 and 2005,
no significant events that could have led to changes in the
canopy structure (snow breakage, windthrow, or thinning)
had been recorded.

Readings with the LAI-2000 were taken in 2004 above
the same quadrats and at the same height as the photo-
graphs, usually on the same day and under the same con-
ditions as the photographs, except at OTH. On this latter
plot, LAI-2000 measurements were carried out on 30 June
2004, while hemispherical photographs were taken on 30
August 2004. However, we do not expect any differences
in the LAI estimates related to the different sampling dates
to be significant, as the canopy should be in full leaf at both
dates (Holst et al. 2004). The lens was always held lev-
elled, even on plots on slopes, to make the readings com-
parable to the photographs. Each measure was the average
of four readings, taken at positions at most 20 cm apart
from each other. A second LAI-2000 unit, cross-calibrated
with the former, was used to automatically take “above-
canopy” readings from a nearby clearing. The measure-
ments were repeated on four of the vegetation quadrats
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Table 1 Description of the sites and dates of measurements

Site name Site  Longitude Latitude Altitude Mean Main tree species Photographs and  Photographs Litterfall
code a.s.l. (m) slope (%) LAI-2000 in 2005 sampling
measurements
Coniferous stands
Vordemwald VOR 07°53'E 47°17'N 430 14 Abies alba 06.08.04 25.08.05
Alptal ALP 08°43'E  47°03'N 1160 23 Picea abies 03.08.04 28.07.05
Chironico CHI 08°49E  46°27'N 1365 35 Picea abies 15.08.04 -
Celerina CEL 09°53'E  46°30'N 1871 34 Pinus cembra 28.07.04 10.07.05
National Park NAT 10°14E ~ 46°40'N 1899 11 Pinus mugo 29.07.04 -
Lens LEN 07°26'E  46°16'N 1063 75 Pinus sylvestris 13.07.04 04.10.05
Visp VIS 07°52’E  46°18'N 695 80 Pinus sylvestris 13.07.04 -
Deciduous stands
Jussy JUS 06°17E  46°14N 501 3 Quercus robur, 11.07.04 - 24.08.04-15.11.04
Carpinus betulus
Novaggio NOV 08°50'E  46°0I'N 950 68 Quercus cerris 17.08.04 02.08.05 21.09.04-14.11.04
Bettlachstock BET 07°25'E 47°14'N 1149 66 Fagus sylvatica 09.08.04 - 21.09.04 -30.11.04
Isone ISO  09°01'E  46°08'N 1220 58 Fagus sylvatica 17.08.04 - -
Othmarsingen OTH O08°14'E  47°24'N 484 27 Fagus sylvatica 30.06.04/30.08.04 23.08.05 30.08.04-22.12.04
Lausanne LAU 06°40'E  46°35'N 807 7 Fagus sylvatica 12.07.04 - 07.09.04-10.01.05
Neunkirch NEU 08°32'E  47°4I'N 582 58 Fagus sylvatica 21.07.04 14.07.05 23.08.04-28.12.04
Schanis SCH 09°04'E  47°10'N 733 60 Fagus sylvatica 22.07.04 10.07.05 08.10.04-07.12.04

after the last quadrat was measured to check the quality of
the measurements.

Test of the blooming effect

Blooming occurs on a digital photograph when light satu-
ration on the sensor spills over onto neighbouring pixels,
making canopy gaps appear larger than they really are
(Leblanc et al. 2005). This effect was assessed with a grid
with 1,250 small round holes, representing 30% of the area.
Pictures of this grid were taken (with the built-in lens)
against an overcast sky, through the window of a room in
penumbra. In several steps, most of the holes were
obstructed, leaving finally only 10 of them open (0.24% of
the area). Pictures were taken either with an automatic
exposure or with the same exposure as the first one (all
holes open), and the relative area of holes was measured by
counting the light and dark pixels.

Processing of the Licor data

The methods of Miller and Lang, as well as the ellipsoidal
method (see Appendix), are all implemented in the soft-
ware provided with the LAI-2000 (Li-Cor 1992). The LAI-
2000 uses 5 values of zenith angle 0; (averages: 7, 23, 38,
53 and 68°). However, we restricted the computations to 3

rings only because many of the LWF plots are on hillsides,
which meant the soil was visible on the photographs and in
the field of view of the LAI-2000. Furthermore, the open
areas for the reference readings of the LAI-2000 did not
always allow a free 74° view from the zenith. The fourth
ring is theoretically expected to give the best LAI estimate
since its field of view encloses the value of 1 rad (57.5°)
for which LAI is independent of the leaf angle distribution
(Weiss et al. 2004). However, several authors have shown
that satisfactory LAI estimates can be obtained by using the
3 internal rings only. Chason et al. (1991) and Dufréne and
Bréda (1995), for example, improved the agreement of the
LAI-2000 estimates with independent estimates obtained
with direct or semi-direct methods by excluding the fourth
and fifth ring from the calculations.

Based on the canopy transmittance calculated for each
pair of above- and below-canopy readings, the Li-Cor
software estimates LAI according to Miller’s (1967)
equation as standard output (equations A.3’ and A.3” in
Appendix). Upon request, the Li-Cor software additionally
calculates LAI according to Lang’s equation and the
ellipsoidal model. Under the assumption of an ellipsoidal
leaf angle distribution, LAI is calculated according to the
method of Norman and Campbell (1989). The Li-Cor
program calculates the mean leaf angle according to Lang
and Xiang (1986), using an empirical equation relating the
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slope of the G(0) function (see Appendix) to the average
foliage inclination angle.

Processing of the hemispherical photographs

The hemispherical photographs were first transformed into
binary black and white pictures using the algorithm of
Nobis and Hunziker (2005). This was done either with the
Sidelook software they developed at WSL, Birmensdorf,
Switzerland (Nobis 2003), or with the same method
implemented within Hemisfer. This software, which we
also developed at WSL, estimates LAI from hemispherical
photographs of the canopy (Schleppi et al. 2007). The
optimal threshold to distinguish between sky (white) and
canopy (black) is found by searching the picture for bor-
ders, which are identified as having the steepest colour
gradients between neighbouring pixels in any combination
of the red, green and blue channels. In practice, we used the
blue channel only, as it potentially discriminates better
between blue sky and green vegetation.

In the usual picture file formats, the physical light
intensity is coded into brightness values (from 0 to 255)
according to a power law, the exponent of which is called y
(gamma). For digital still cameras, a typical value of y is
0.45. In Hemisfer, it is also possible to estimate the optimal
threshold by applying first the reciprocal power law
(y = 2.2). Thus, the calculations are performed on the
physical light intensity rather than on the computer-coded
values. Our hemispherical photographs were analysed
separately with and without 7y transformation, allowing us
to estimate its effect on the calculated threshold and LAIL

With Hemisfer, it is also possible to test the various
equations that can be applied to solve the inversion model.
It calculates the LAI and the leaf angle distribution using
(1) Miller’s method, implemented here as in the Li-Cor
software; (2) Lang’s equation; (3) the inversion method
with an ellipsoidal leaf angle distribution assumed (see
Appendix). Under this assumption, Hemisfer has two out-
puts: (3a) LAI calculated according to the method of
Norman and Campbell (1989), also included in the Li-Cor
software; and (3b) LAI estimated by minimizing the sum of
squared errors between measured and predicted contact
frequencies and by weighting with the solid angle of each
ring (Schleppi et al. 2007).

Concentric rings can be superimposed on hemispherical
photographs to partition them into zenithal sectors, similar
to those obtained with the LAI-2000 optical sensor. In each
of the rings, the proportion of visible sky (gap fraction) is
then determined to obtain the contact frequency K(6). Five
rings of 15° offer the same field of view as the LAI-2000.
LAI was calculated for all plots using the three innermost
rings only, as with the LAI-2000.
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Neither the LAI-2000 nor the hemispherical photogra-
phy techniques distinguish between light intercepted by
foliage and that intercepted by other plant parts (stems,
branches, fruits). The LAI estimated with these techniques
should therefore be considered a plant or vegetation area
index, rather than a leaf area index. Moreover, the inver-
sion model applied to the gap fraction assumes a random
spatial distribution of leaves, but this assumption is often
not verified. The LAI value obtained from the LAI-2000
and the hemispherical photographs, which figures in
equation (A.l), is actually the product of LAI (including
woody tissues) and a clumping index €, which is deter-
mined by the spatial distribution pattern of leaves. This
apparent LAI value is referred to as effective LAI by Chen
et al. (1991). When the foliage spatial distribution is ran-
dom, Q is unity. When leaves are clumped, which is the
case in most plant canopies, Q is less than unity. Because
the LAI-2000 does not estimate €, it was here compared to
the hemispherical photographs on the common basis of the
contact frequencies K(0) and effective LAI obtained.

However, Hemisfer can provide an estimate of the
clumping of canopy structures larger than leaves or conifer
shoots by implementing the method of Chen and Cihlar
(1995), which relies on the statistical analysis of gap sizes
measured as sun patches over transects below the canopy.
In Hemisfer, concentric circles on the picture are used
instead of transects on the site. We determined the
clumping indices on the 2004 hemispherical photographs
and used them to correct not only the LAI estimates from
hemispherical photography but also those obtained with the
LAI-2000. These corrected estimates were then compared
to those obtained from litterfall sampling.

For the comparison with the LAI derived from lit-
terfall, values estimated from the photographs and from
the LAI-2000 were also corrected to take into account
the effect of the ground slope. On a slope, if the sensor
is set horizontally, light travels a shorter way through the
canopy when coming from downhill than it does coming
from uphill. Light transmission (in equation A.2) must
then be described by the angle of incidence rather than
the zenith angle. The LAI obtained from the photographs
can be corrected directly in Hemisfer through the
implementation of an algorithm described in Schleppi
et al. (2007). With the LAI-2000, however, the effect of
the slope cannot be estimated directly from the mea-
surements. Therefore, we generated artificial pictures of
different slopes, LAI values and leaf angles, as described
in Schleppi et al. (2007). Then, we analysed these arti-
ficial pictures with Hemisfer and determined iteratively
which slope-corrected values corresponded to the non-
corrected measurements originally obtained with the
LAI-2000.
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Semi-direct method: litterfall collection

On plots with broadleaved species as the main tree species,
LAI can be estimated directly from litterfall. The litterfall
method theoretically provides the most reliable LAI esti-
mates, which can then be compared with indirect estimates
of LAI obtained from the LAI-2000 and hemispherical
photographs for validation.

Field sampling

During the leaf-fall period of 2004, litterfall was sampled
on 7 of the 15 LWF plots (Table 1): JUS and NOV (oak
stands, Quercus sp.), BET, LAU, NEU, OTH and SCH
(beech stands, Fagus sylvatica L.). On each plot, ten cir-
cular litterfall traps were installed on two 43 m x 43 m
subplots: five in the intensive monitoring subplot, where
the 16 permanent vegetation quadrats are also located, and
five in a mirror subplot. Each trap consisted of a ring with a
0.25 m? collecting area, below which a net in polyester
(mesh size 0.25 mm) was fixed. The traps were installed
horizontally on three wooden stakes 1 m above ground.
They were emptied every four weeks, from the end of
August until the end of November or December, when no
significant litterfall any longer occurred. The samples were
oven-dried (65°C) to a constant weight upon arrival in the
laboratory.

Processing in the laboratory

The leaves of the litterfall samples were sorted by tree
species (main tree species and other species) and weighed
per trap and sampling period. The leaves from all sampling
periods were then merged per plot and tree species cate-
gory. A subsample of 500 leaves was subsequently ran-
domly selected from each composite sample. The selected
leaves were soaked in water overnight and then left in a
plant press for 1-2 days. The leaf area was measured with a
leaf area meter (Delta-T Devices Ltd., Burwell, UK) on
leaves while they were still humid, to avoid shrinkage. The
leaves measured in this way were finally oven-dried again
at 65°C to a constant weight. The leaf area per unit of dry
mass (specific leaf area, SLA) was determined as the ratio
between the cumulative area and the cumulative mass of
the 500 leaves. LAI was estimated by multiplying SLA by
the cumulative dry leaf mass per unit ground area, first
using all traps, and then using only the traps located in the
intensive monitoring subplot where the LAI-2000 mea-
surements were made and hemispherical photographs
taken. At JUS, we also estimated the contribution to the
total LAI made by Carpinus betulus L. seeds, which have
well-developed leafy bracts.

Results
Indirect methods

In the following, all reported LAI values were estimated
using a field of view of 45° zenith angle, corresponding to
the three innermost rings of the LAI-2000. The LAI esti-
mates obtained from the LAI-2000 are denoted L2000 and
those from hemispherical photographs analysed with
Hemisfer Lhs. The model applied within each method is
then given in subscript: Miller for Miller’s equation as
implemented in the LAI-2000 (i.e. with extrapolation of the
external ring up to the horizon, by transferring the weight
of the missing angles to this single ring), Lang for Lang’s
equation, N&C for Campbell’s ellipsoidal model solved
according to Norman and Campbell (1989), and ELAD for
the same model but solved according to Schleppi et al.
(2007).

Some of the 2005 photographs taken in the manual
mode according to the spotmeter reading (M) were quite
dark, as were some of those taken with the manual expo-
sure incremented by one stop compared to the spotmeter
reading (M + 1). In some cases, the thresholding step
could not satisfactorily discriminate between sky and
foliage, and part of the sky was transformed into black
pixels. In contrast, almost all the photographs taken with
the manual exposure increased by two stops (M + 2) could
be thresholded successfully. The comparisons shown in the
following (between y values or between calculation mod-
els) were therefore performed on the M + 2 photographs.

Influence of the vy transformation on LAI derived
from hemispherical photographs

LAI estimates derived from photographs thresholded with a
y value of 2.2 were, as could be expected, significantly
higher than LAI estimates obtained without y transforma-
tion (y = 1.0). Using a y value of 2.2 resulted in threshold
values approx. 30 units higher (median value) than the
threshold values obtained with a y value of 1.0. Taking the
2005 photographs with exposure M + 2 as an example
(Fig. 1), the relative difference for LAl amounted to 12%.
Moreover, an interaction with the plot was apparent, with a
stronger influence of the y correction at NOV. In the fol-
lowing, all the LAI values derived from hemispherical
photographs were obtained with a y value of 2.2.

Comparison of the hemispherical photographs taken
in automatic mode in 2004 and 2005

LAI values calculated from the 2004 and 2005 photographs

taken in automatic mode (P) were highly correlated
(Fig. 2). However, there were several outliers in the
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Fig. 1 Influence of 7 on LAI estimates derived from the 2005
hemispherical photographs (exposure M + 2) using Miller’s equation
in Hemisfer (8 plots—filled symbols: coniferous stands—open
symbols: deciduous stands)

relationship. Some of them could be attributed to occa-
sional slight shifts in the positions of measurement between
2004 and 2005 (e.g. ALP, quadrat B3). Others were
ascribed to light conditions during the measurements. In
2005, at NEU, the quadrats D1-D4 were measured under
dark conditions, half an hour after sunset, and the photo-
graphs were darker than in 2004.

7 -
r=0.81, p<0.001
61 (=105 D1

Lhs Miller2005

0 1 2 3 4 5 6 7
Lhs Miller 2004

@ ALP ACEL ONEU V Nov OOTH @ SCH P VOR

Fig. 2 LAI values calculated from the 2004 and 2005 photographs
taken in automatic mode (P), using Miller’s equation in Hemisfer
(7 plots—filled symbols: coniferous stands—open symbols: decidu-

ous stands)
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Moreover, there were systematic differences for some of
the plots, e.g. at OTH and VOR (Lhs in 2005 > Lhs in
2004) or SCH (Lhs in 2005 < Lhs in 2004), which might
be due to contrasting sky conditions during the 2004 and
2005 field campaigns, although differences due to temporal
changes cannot be excluded.

Influence of the exposure in 2005

Varying exposures resulted in substantial variations in LAI
values. Fig. 3 shows the mean LAI per plot and the asso-
ciated standard error obtained from hemispherical photo-
graphs processed with Hemisfer with Miller’s equation.
The highest LAI values (up to 9 at the beech plot of SCH)
were obtained with the M setting. Differences between the
M + 1 and M exposure settings ranged from —0.1 (plot
with the lowest LAI, CEL) to —1.9 (plot with the highest
LAI, SCH). By increasing the exposure by one more stop
(M + 2), LAI decreased again by —0.2 to —1.1. The
automatic exposure P corresponded to the M exposure
increased by 3 to 6 stops (P * M + 3 at ALP, OTH,
VOR; P ~ M + 6 at SCH) and resulted in LAI values all
below 4. One exception is the open pine stand of CEL,
where the automatic exposure P matched the manual
exposure M.

Influence of the calculation method

With each technique (LAI-2000 or photograph analysed
with Hemisfer), the LAI values estimated according to the
different models closely correlated with each other (Fig. 4).
In the case of the LAI-2000, however, the difference
between two estimates derived from two different equations

Lhs wilter

T T T T
M M+1 M+2 P
@ALP A CEL MLEN ONEU V NOv ©OTH @ SCH P> VOR

Fig. 3 Influence of exposure on LAI estimates derived from the 2005
hemispherical photographs using Miller’s equation in Hemisfer
(8 plots—filled symbols: coniferous stands—open symbols: decidu-
ous stands)
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Table 2 Differences between models with the same technique used (LAI-2000 or hemispherical photographs analysed with Hemisfer)

n Min Max Median Sign test

LAI-2000

L2000y 4ng- L2000nsjiier 127 —2.82 +3.51 —0.43 P <0.01

L2000 ng&cL20000iiier 127 —2.31 +2.51 —0.61 P <0.01

L2000 ng&c-L2000y 4ne 127 —1.63 +1.99 -0.17 P < 0.001
Hemispherical photographs analysed with Hemisfer (y = 2.2, exposure M + 2)

Lhsy yng-Lhsyipier 128 -3.75 +1.39 —0.02 n.s.

Lhsgr ap-LhSwmitter 128 —3.03 +3.17 +0.02 n.s.

Lhsngc-Lhsmiter 128 —2.64 +2.96 —0.02 n.s.

Lhsngc-Lhsang 128 —2.53 +3.14 +0.08 n.s.

Lhsgp ap-Lhsy ang 128 —2.58 +1.78 +0.07 n.s.

Lhsg; ap-Lhsng.c 128 —1.61 +1.44 —0.05 P <0.01

All LAI values are calculated with 3 rings

could be as large as 3.5. On average, Miller’s equation
produced significantly higher estimates than Lang’s equa-
tion  (L2000ijer-L2000 4, =+0.43, P < 0.01), which
itself resulted in significantly higher estimates than Norman
and Campbell’s model (L2000yngc-L2000 4, =—0.17,
P < 0.001; Table 2).

With Hemisfer, the differences between the estimates
derived from the various equations were not significant,
except between the ELAD method and Norman and
Campbell’s solution. These two latter methods showed the
highest correlation between them, but Lhsg; op Was slightly
lower than Lhsygc (—0.05, P < 0.01 for y 2.2, Table 2).

Compared to the other methods, Miller’s equation ten-
ded to produce higher LAI estimates when the mean foliar
angle was estimated to be 0° (horizontal leaves), and lower
estimates when the mean foliar angle was 90° (erect leaves)
(Fig. 4). In this method, the leaf angle is estimated after the
calculation of LAI, while the ELAD or Norman &
Campbell’s method is based on a joint estimation of both
LAI and leaf angle. Nevertheless, an extreme value of the
leaf angle can always be considered as a symptom of
problems with fitting the model to the actual measure-
ments. This can be due to random deviations from an ideal
canopy, like clumping, or to the effect of a strong slope
(Montes et al. 2007; Schleppi et al. 2007). From the present
study, Miller’s method appears clearly less robust than the
other ones for the estimation of the leaf angle, but with the
advantage that it does not compromise the LAI value
obtained beforehand.

Comparison between sensor techniques
Figure 5 shows the relationship between the LAI-2000 and

the hemispherical photographs (2004 with P exposure only,
and 2005 with M, M + 1, M + 2 and P exposure) at the
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quadrat and at the plot level (shown here with Norman and
Campbell’s model). Significant correlation coefficients were
obtained between estimates derived from the two techniques.
Up to L2000 values of approx. 2, the best match between
L2000 and Lhs was obtained with the M exposure setting,
which also corresponded to the P setting. Yet the higher the
LAI (L2000 estimate), the more the M setting overestimated
the LAIL For L2000 between 2 and 5, the M + 1 setting
seemed to be the most appropriate to achieve a satisfactory
match between Lhs and L2000. Above approx. 5, Lhs with
M + 2 exposure tended to compare better with L2000.
Differences at the quadrat level between Lhs and L2000
tended to increase with increasing LAI values.

Lhs with the P exposure setting tended to level off above
LAI values of 3, as occurred in both the 2004 and 2005
photographs. A plateau (around 4-5 for Norman and
Campbell’s model, Fig. 5; 3—4 for Miller or Lang’s model,
not shown) was even more obvious with the 2004 photo-
graphs, as the 2004 sampling set included more plots than
in 2005, and thus had a wider range of L2000 LAI values.
Moreover, the P photographs taken in 2005 at NEU under
dark conditions (see Fig. 2) resulted in higher LAI values,
closer to the L2000 values than the other P photographs
taken in closed canopies.

Blooming effect

Holes in the reference grid (1250 holes, all uncovered)
were correctly represented on a picture taken with auto-
matic exposure (P). After automatic thresholding, the light
transmission obtained (30%) was accurate. Covering up to
99.2% of the holes, the light transmission should have been
reduced to 0.24%. In automatic exposure, however, the few
open holes expanded to almost 3 times their diameter and
the light transmission did not decrease below 1.8%
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Fig. 5 Comparison of techniques with the same model equation
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(Norman and Campbell) used. On the left: LAI per quadrat; on the
right: LAI per site. Filled symbols: coniferous stands; open symbols:
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Fig. 5 continued

(Fig. 6). In terms of LAI, this would mean an estimate of 4
instead of 6. The blooming effect was prevented by man-
ually keeping the same exposure as that measured for the
uncovered grid.

Comparison of indirect methods and the litterfall
method

The cumulative dry mass of collected leaves, the specific
leaf area (SLA) and the partial LAI per plot and tree spe-
cies category are given in Table 3. The lowest values of
SLA were obtained for oak leaves (119 to 131 cm? g_l),
while the highest value of SLA was measured on hornbeam
leaves (255 cm? g~ ' at JUS). For the same species, SLA
could vary markedly: for beech leaves, SLA ranged from
195 (at OTH) to 247 cm? g~ ' (at SCH). These SLA values
are in the range of values obtained by other authors (e.g.
Bréda 2003).
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The indirect techniques and the litterfall method cannot
be compared at the sampling point level, since the location
of the litterfall traps differs from the location of the veg-
etation quadrats where the LAI-2000 measurements were
made and hemispherical photographs taken. In addition,
the area sampled by litterfall traps is not clearly delimited
in space due to the effect of wind. The direct and indirect
methods were thus compared at the plot level (Table 4).

There was no clear relationship between the LAI esti-
mates derived from litterfall (Llit) and the uncorrected
estimates from the LAI-2000 (L2000) (Fig. 7a) or from the
2005 hemispherical photographs (exposure setting M + 2)
analysed with Hemisfer (Lhs). Selecting only the subset of
quadrats and litterfall traps located next to each other
(<4 m) did not improve the relationship (results not
shown).

The litterfall estimates covered a broader range of LAI
(2.9 to 7.8) than the estimates derived from the LAI-2000.
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Fig. 6 Blooming effect: grid
with 1250 round holes
photographed with automatic
exposure. Left: all holes open
(30% of the surface area). Right:
10 holes open (in reality 0.24%
of the surface area)
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Table 3 Litterfall mass, SLA and partial LAI on sites with predominately deciduous species

Site Date Species category Litterfall SLA Partial LAI (per
mass (g/mz) (cmzlg) species category)
JuS 24.08.04 —15.11.04 Quercus robur & Q. petraea 109.9 119.1 1.3
Carpinus betulus—Ileaves 99.4 254.8 2.5
Carpinus betulus—fruits 84.7 54.8 0.5
Acer campestre, Populus tremula, Fagus sylvatica 2.6 210.6 0.1
NOV 21.09.04-14.11.04 Quercus cerris & Q. pubescens 336.7 1234 4.2
Corylus avellana, Sorbus aria, Castanea sativa, 30.6 201.6 0.6
Betula pendula
BET 21.09.04-30.11.04 Fagus sylvatica 174.4 213.7 37
Acer pseudoplatanus, Ulmus glabra, 26.2 160.8 0.4
Fraxinus excelsior
LAU 07.09.04-10.01.05 Fagus sylvatica 327.9 230.4 7.6
NEU 23.08.04-28.12.04 Fagus sylvatica 293.9 212.7 6.3
Tilia platyphyllos, Acer sp., Fraxinus excelsior 27.9 213.5 0.6
OTH 23.08.04-28.12.04 Fagus sylvatica 399.9 194.7 7.8
Quercus petraea & Q. robur 3.5 131.1 <0.1
SCH 08.10.04-07.12.04 Fagus sylvatica 92.8 247.5 2.3
Acer pseudoplatanus, Fraxinus excelsior 34.3 187.8 0.6

The standard error of Llit was also larger than that of
L2000. Because Miller’s, Lang’s and Norman and Camp-
bell’s methods produce significantly different LAI esti-
mates when applied in the LAI-2000 software, the
differences between Llit and L2000 tended either to be
reduced or to increase depending on the plot and the model.
Whatever the model equation, however, Llit was much
lower than L2000 at BET and SCH and much higher than
L2000 at OTH.

Correcting L2000 and Lhs for clumping and slope
effects slightly improved the relationship between the
indirect and semi-direct methods (Fig. 7b), but the corre-
lation coefficient was still not significant. L2000 and Lhs at

OTH remained lower than Llit, while L2000 and Lhs at
SCH and BET remained higher than Llit.

Discussion

Hemispherical photographs compared with LAI-2000

In our comparative study, we found a strong relationship
between the LAI estimates from the LAI-2000 and from
hemispherical photographs. Similar relationships have

been reported in the majority of published studies in dif-
ferent forest types, e.g. Chen et al. (1997) in boreal forests,

@ Springer
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Coops et al. (2004) in natural eucalyptus forests, Frazer
et al. (2000) in Douglas-fir and western hemlock stands,
Macfarlane et al. (2000) in an Eucalyptus plantation and
Martens et al. (1993) in a mixed conifer forest.

Some researchers report a tendency for hemispherical
photographs to underestimate LAI compared with the LAI-
2000 (Coops et al. (2004); Ferment et al. (2001); Frazer
et al. (2000); and Mussche et al. (2001), in oak-beech and
ash stands). Others have found higher LAI estimates from

(a) 9

L2000 &G

LIit

corrected for clumping and slope

L2000 yac

Llit

Fig. 7 Comparison of the litterfall and the LAI-2000 estimates
(Norman and Campbell’s equation). a Uncorrected L2000 estimates.
b L2000 estimates corrected for clumping and slope. Bars indicate the
standard errors

hemispherical photographs in forests in the lower range of
LAI (L2000 < 3.5; Martens et al. 1993, in an orchard;
Soudani et al. 2001, in an oak-beech stand). Close or rea-
sonably close matches between the two LAI estimates have
also been observed (Chen et al. 1997; Planchais and Pon-
tailler 1999; Strachan and McCaughey 1996, in heteroge-
neous deciduous forests; Wang et al. 1992, in an oak
forest).

The lack of a systematic pattern in these studies is partly
due to the variety of conditions under which they have been
carried out. Factors that differ include the type of forest and
its degree of homogeneity, the use of view caps or the
exclusion of one or more rings with the LAI-2000, the use
of digital or film photography, the exposure and the
thresholding of hemispherical photographs, the partitioning
of the hemispherical photographs into zenithal and azi-
muthal sectors when calculating the gap fraction, and the
model describing the interception of radiation within the
canopy layers.

Digital photography has been shown to provide higher
estimates of canopy openness than film photography
(Englund et al. 2000; Frazer et al. 2001; Nobis and
Hunziker 2005). Significant differences have also been
found between two different digital cameras equipped with
the same lens (Inoue et al. 2004). Frazer et al. (2001)
particularly complained about some colour blurring on
their photographs. Leblanc et al. (2005) noted that light
saturation on the sensor causes a blooming of white pat-
ches. This effect arises when too many photons reach a
pixel on the sensor of the digital camera; their electronic
excitation then spills over onto neighbouring pixels (Nikon
customer support, pers. comm.). On the sensor, the red,
green and blue pixels are set beside each other (at least in
our camera and all those used in the publications cited). To
produce conventional file formats, the raw readings are
converted to bring all three colour values into single pixels.
The hardware and software for this conversion vary
depending on the camera model and this affects the
resulting pictures. The conversion process is designed to
reduce the blooming effect, but it never fully suppresses it.
We could demonstrate this by progressively covering holes
on a grid held against the light. In automatic exposure, the
diameter of the holes increased as their number decreased.
This blooming resulted in a strong underestimation of the
LAI values, with a theoretical value of 6 giving only a
reading of 4. This bias is comparable with the difference
observed between LAI-2000 and hemispherical photogra-
phy using automatic exposure. The underestimation of LAI
from photographs taken in automatic mode is thus largely
explained by the blooming effect.

The blooming of white patches on dark pictures can be
avoided only by underexposing the photographs in canopies
with an effective LAI larger than 2. From a theoretical point
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of view, this underexposure should amount to e/2 =~ 1 1/3
exposure stops per unit LAI. The importance of a correct
exposure setting has been already stressed in several publi-
cations (Chen et al. 1991; Zhang et al. 2005). The method of
using a spotmeter pointed at a small gap to measure the sky
brightness in order to select the optimum exposure setting
has already been used by e.g. Becker (1971). It has the
advantage of not needing measurements outside the forest
stand, unlike the method proposed by Zhang et al. (2005).
These authors recommend determining a reference exposure
in an open area and then overexposing the photographs in the
stand by two stops relative to the reference exposure. This
method is more time-consuming. It may require corrections
using reference exposures at the beginning and end of the
measurements, as sky brightness can change quite fast,
especially at sunrise or sunset (Chen et al. 2006).

In their standard setting, many digital cameras apply a
software filter to sharpen the picture. This filter should be
turned off because it can also introduce small errors. When we
applied a similar filter after image acquisition, we found no
difference below LAI = 2.5, but at higher values it resulted in
the calculated LAI being biased by —0.06 + 0.07.

Introducing a y correction in the calculation of the
threshold increases the number of black pixels in the
photographs, giving lower transmittances and thus higher
LAI estimates (by 10% on average). The correction was
found to be stronger at higher LAI, and it has a greater
influence where the canopy structure is homogeneous, as is
the case at NOV (Fig. 1). Homogeneous canopies result in
photographs with few large gaps and many smaller gaps,
which enhances border effects. Subjectively, the black and
white pictures obtained with a y-corrected threshold
appeared too dark, while the uncorrected threshold seemed
better. Nobis and Hunziker (2005) found a good agreement
between a y-uncorrected automatic threshold and the
average of thresholds set manually by different people. It
must be remembered, however, that the y transformation of
the camera is introduced with the purpose of adapting the
light curve to the human eye. This can explain why an
uncorrected threshold can appear better than a y-corrected
one, even though the latter is theoretically superior for
analysing the physical properties of the picture.

Hemispherical photographs and LAI-2000 compared
with the litterfall method

The litterfall method, applied in seven broadleaved stands,
produced LAI estimates ranging from 2.9 to 7.8. The lit-
terfall estimates correlated neither with the LAI-2000 nor
with the photograph estimates. This lack of correlation
could be partly related to the small number of stands
included in the comparison (seven plots), which makes it
sensitive to outliers.

@ Springer

Due to the limited number of measurement points, the
standard errors were relatively large, especially for the
litterfall method. This variability, however, is not sufficient
to explain the discrepancies between the two techniques, as
shown in Fig. 7. At OTH, the litterfall estimate (7.8) was
considerably higher than the (uncorrected) LAI-2000 esti-
mate (4.3 to 4.6 depending on the model). LAI-2000
measurements, carried out in summer 2001 above the same
16 vegetation quadrats, produced a much higher average
value: 7.8 (Miller’s equation). In June 2002, several large
trees were blown down by a storm, which could explain the
decrease in LAI as estimated with the LAI-2000. Visual
comparison of the hemispherical photographs made in
2001 and 2004 confirms the increase in canopy gaps
between the two sampling dates. Moreover, a repetition of
LAI-2000 measurements on 2 July 2004 (data not shown)
confirmed the LAI estimates obtained from the measure-
ments on 30 June, which excludes the hypothesis of
incorrect measurements on this date. Litterfall data, col-
lected in 1998 using a set of 5 traps (most of them different
from the ones used in 2004), gave an LAI estimate of 7.5,
quite close to the 2004 estimate. The litterfall method thus
does not reflect the decrease in LAI expected from storm
damage and assessed by the LAI-2000 measurements. In
heterogeneous stands, such as stands locally damaged by
windthrow, the number of litterfall traps is critical, as a trap
samples only a limited area (the crown directly above it, in
the absence of wind). In contrast, the spatial range of the
LAI-2000 approximately equals the canopy height when
the three inner rings are used. On the other hand, the LAI-
2000 may have emphasized the decrease in LAI due to
windthrow, as the underestimation with the LAI-2000
compared with direct methods, reported in several studies
in the literature, is usually clearer for heterogeneous stands
(e.g. Mussche et al. 2001). This is especially the case when
no view caps are used during measurements, as was the
case in our study. Canopy gaps are then over-weighted
when the gap fraction is linearly averaged over the azi-
muth. However, this bias is overcome when LAI-2000
estimates are corrected for clumping by applying factors
derived from hemispherical photographs, as in Fig. 7b.

At SCH and BET, the litterfall estimate was lower than
the LAI-2000 estimate by approx. 2.5 units. At BET, the
stand is composed not only of Fagus sylvatica but also of
coniferous species such as Abies alba and Picea abies,
whose contribution is not taken into account in the litterfall
method. In addition, litterfall collection had to be stopped
in 2004 before snowfall and not all leaves in the tree
crowns could be collected on these two plots. In 2005,
litterfall was collected throughout the winter at both SCH
and BET. At BET, <10% more litterfall was collected in
2005 than in 2004, but at SCH, the relative difference was
about 50% between 2004 and 2005. However, Llit, roughly
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estimated with the 2005 litterfall amount, together with the
SLA determined in 2004, still remains markedly lower than
L2000 at SCH. Even in the absence of disturbances (such
as windthrow or thinning), the production of foliage, and
thus the LAI of the stand, can vary from year to year due to
climatic factors (e.g. Graf Pannatier et al. 2007). The lit-
terfall production in 2005 may thus not be representative
for 2004. Another plausible explanation for the lack of
agreement between litterfall and LAI-2000 estimates might
be related to strong winds on the site, due to the topography
around the plot, which would negatively bias the collection
of falling leaves.

Conclusion

Hemispherical photography is potentially promising for
estimating LAI because, unlike the LAI-2000, it offers a
permanent record of the structure of the canopy, allowing
the visualization of the distribution and size of the canopy
gaps. Thus, any clumping on the canopy scale (resulting in
the occurrence of large gaps) can be corrected for. On
sloped terrains, the ground is visible on the photograph.
Slope and aspect can be recorded and their effect can be
taken into account when estimating LAI. The Hemisfer
software used in this study offers both these corrections,
i.e. for canopy clumping and slope. Compared with the
LAI-2000, further advantages of the photography tech-
nique are that it does not require reference measurements,
and that it can be applied under a wider range of sky
conditions, for example, when the sky is brighter in one
direction. Scattered clouds are still, however, a problem.
The difference between the time required for the pho-
tography technique and that for the LAI-2000 technique
has been considerably reduced by the development of high
resolution digital photography, which allows the cumber-
some step of digitizing pictures obtained with film pho-
tography to be bypassed. Automatic thresholding of the
photographs helps to save time and to avoid the subjec-
tivity of manual thresholding. We have also been able to
show that automatic thresholding, implemented with the
appropriate function for transforming back computer-coded
brightness values of the photograph into physical light
intensity (gamma correction), gives better results than
manual thresholding. However, automatic thresholding
does not allow any correction of the effects of wrong
exposure, which leaves the LAI estimation sensitive to the
exposure of the pictures. Selecting appropriate exposure
settings is therefore essential, especially in forest stands
with LAI > 3 (see Fig. 3). Overexposing the photographs
by one to two stops relative to the exposure determined
manually with a spotmeter in a gap provides satisfactory
results. In comparison, the LAI-2000 has the advantage of

being faster, both in the measuring and the processing
steps. It also offers a satisfactory reproducibility of the
measurements, but only as long as these are done under
more-or-less homogeneous sky conditions. We show here
how LAI-2000 measurements can be iteratively corrected
for the effect of the slope.

The estimates obtained from the indirect techniques,
LAI-2000 and hemispherical photography, did not match
on all plots the semi-direct measurements through litterfall
sampling in our broadleaved stands. The sampling strate-
gies for litterfall sampling and LAI-2000 measurements
were designed separately and were not intended, initially,
to allow comparative exercises. This might partly explain
the lack of relationship between the two estimates. An
independent, accurate measure of the true LAI is lacking,
which makes it difficult to draw conclusions about which
technique and which equation gives the best estimate.
Further investigations of the temporal and spatial variation
would help interpret the differences observed between the
LAI estimates obtained with the different methods. The
plausibility of the LAI estimates could be tested by
repeating LAI measurements (LAI-2000 or photographs)
over the year in order to check whether the temporal pat-
tern obtained is coherent with the stand phenology, (with
an increase in LAI from spring to summer and a decrease in
the autumn in broadleaved stands) and, if available, with
continuous radiation measurements taken above and below
the canopy. The reproducibility of the method should be
tested by repeating LAI measurements at intervals of a few
days, when maximum LAI is reached, under different
conditions (overcast sky, before sunrise and after sunset).
Repeating LAI measurements at the same locations
immediately after a first series of measurements also helps
to detect possible biases due to changing light conditions.
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Appendix

General principles and equations for estimating LAI
from the gap fraction of the canopy

Indirect estimation of LAI using optical methods relies on

the dependency between the canopy structure (LAI and leaf
angle distribution) and the gap fraction of the canopy.
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Assuming that (1) leaves are randomly distributed
within the canopy, (2) leaves do not transmit any light and
(3) individual leaf size is small compared with the canopy,
the gap fraction is equivalent to the transmittance as
measured with the LAI-2000. In the case of hemispherical
photographs, the gap fraction is directly determined on the
photograph from the proportion of visible sky. In a hori-
zontally homogeneous canopy with randomly distributed
leaves, the mean transmittance or gap fraction at solar
zenith angle 0, T(0), is given by the Poisson probability
density function (Nilson 1971):

G(O)L

T(0) = e o0 (A.1)

where L = one-sided leaf area index = one-sided leaf area
per ground area, G(0) = ratio between the projected and
one-sided leaf area when projected in direction 0 (azi-
muthal average). G(0) is a function of both 0 and the leaf
angle distribution (i.e. the distribution of inclination and
azimuth angles of leaves).

Equation (A.1) is analogous to the Beer—Lambert law
describing the attenuation of the radiation with distance
inside the canopy:

T(0) = e~ (A1)
where k = extinction coefficient.

By inverting equation (A.1):
G(O)L = —In[T(0)] cos O = K(0) (A.2)

K(0) is called the contact frequency. It represents the average
number of contacts per unit length of travel that a probe
would make by passing through the canopy at zenith angle 6.

When measurements are integrated from zenith to
horizon (0 < 0 < w/2), the effect of the leaf angle distri-
bution disappears. In this case, Miller (1967) showed that L
is related to K as:

n/2
L= 2/ K(0) sin 0d6
0

(A.3)

The Li-Cor software calculates LAI using a discrete
version of Miller’s (1967) integration:

L=2 i K(B,) sin(@,-)AH,-

i=1

(A3)

where 0; is the midpoint of ring i, A0; is the angular width
of ring i, and K(0;) are the contact frequencies obtained
from the transmittances 7(0;) calculated for each pair of
above- and below-canopy readings (see A.2).

With W; = sin(6,)-A0;, equation (A.3") becomes:

(A3")
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where W; (with i = 1 to 5) are the weighting factors related
to each ring, namely 0.034, 0.104, 0.160, 0.218 and 0.484.
The largest weight affects the 5th ring, which measures
only up to 74°, but its measurements are used in the inte-
gration up to 90°. If the 5th and 4th rings are skipped, their
weight is added to the third ring.

Transmission measurements close to the horizon are
often less precise, and sometimes even impossible because
of the limited plot size or the topography. For this reason,
Lang (1987, 1986) proposed estimating L from K (1 rad)
because the effect of the leaf angle distribution is minimal
at 6 = 1 rad, with G(0) ~ 0.5. Lang estimated K (1 rad)
by calculating a linear regression of K against 0:

K=a+b0 (A.4)

By substituting equation (A.4) into equation (A.3) and
integrating, Lang (1987) expressed LAI as:

L=2(a+b) (A.5)

A last method of estimating LAI from equation (A.l)
relies on further assumptions concerning the leaf angle
distribution of the canopy. Campbell (1986) derived an
equation for the extinction coefficient of canopy elements
distributed in the same proportions and orientation as the
surface of an ellipsoid of revolution, symmetrically around
a vertical axis. If the vertical semi-axis is a and the
horizontal semi-axis b, the ellipsoidal leaf angle distribution
parameter (ELADP) is defined as x = b/a. The extinction
coefficient k for light penetrating a canopy of ELADP x at
zenith angle 0 is approximated by (Campbell 1986):

x2 + tan(6)*

G(0,x)
k= = ~0.708
x+1.702 - (x + 1.12)

cos 0

(A.6)

The predicted gap fraction at zenith angle 0 for a canopy
with an LAI of L, and an ELADP of x is then obtained from
equation (A.1).

Norman and Campbell (1989) proposed an algorithm to
solve the ellipsoidal model. In their method, the sum of
squared errors between the measured and predicted loga-
rithms of transmission (In7) is minimized, with each ring
weighted equally. A slightly different method (Schleppi
et al. 2007) consists of optimizing (also by using a least-
square approach) the contact frequencies (K) weighted by
the solid angle of each ring.
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