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Abstract
PASTORELLA, F., PALETTO, A. 2013. A comparative analysis of image processing softwares to indirect estimation
of leaf area index in forest ecosystems. Folia oecol., 40: 225-236.

The leaf area of vegetation can be expressed in terms of leaf area index (LAI). This index depends on species
composition, developmental stage, prevailing site conditions, seasonality and management practices. LAI is
an important ecological parameter because vegetation-atmosphere processes of the canopy are controlled by
the foliage. It can be estimated with hemispherical photographs using some commercial and free softwares.
The choice of the software and the settings of parameters are two fundamental aspects to obtain suitable
data. The paper focuses on the comparative analysis of the LAI data obtained with three image processing
softwares (Spot Light Intercept Model, Gap Light Analyzer and WinScanopy) in a case study in Italy. The
data were analyzed in a qualitative and quantitative way. The Wilcoxon signed rank test showed statistically
significant differences among the three softwares. WinScanopy provides lower LAI values than the other two
softwares. The same non-parametric test distinguishing per forest type and forest age showed statistically
significant differences among softwares in three forest types (silver fir, Norway spruce and beech forests) and
in the young stands. Instead, no statistically significant differences were found in the mature stands.

Keywords

forest canopy, hemispherical photographs, indirect optical methods, leaf area index (LAI)

Introduction

Canopy foliage amount controls many biological, phys-
ical and biogeochemical processes in the water, nutrient
and carbon cycle (FassNacHT et al., 1994; HEISKANEN,
2006). The amount of leaf area in the plant canopies
influences primary production (or photosynthesis),
transpiration, precipitation’s interception, microcli-
mate, and energy, water and carbon exchanges between
vegetation and atmosphere (LEUSCHNER et al., 2000).
A common measure of canopy foliage used in the eco-
logical studies is the leaf area index (LAI) which can
be defined as the amount of foliage one-sided area in
a canopy per unit of ground surface area (m*m?) (Wat-
SON, 1947; CueN and Brack, 1992). LAI is a dynamic
parameter that depends on several variables such as

species composition, developmental stage, prevailing
site conditions, seasonality, management practices and
it expresses the photosynthetic and transpiration sur-
face of trees canopies (JONCKHEERE et al., 2005a).

In literature, there are several methods for ground-
based estimation of LAI (Asner et al., 2003), such as:
direct methods (destructive harvesting and direct deter-
mination of one-sided leaf area, collection and weigh-
ing of total leaf litterfall), indirect contact methods
(allometry, plumb lines, point quadrats methods) and
indirect optical methods (ceptometer, LAI-2000 and
hemispherical photographs) (LIANG et al., 2012). Both
direct and indirect methods are complementary but the
calibration is still necessary for indirect methods. The
cross-validations between direct and indirect methods
have pointed to a significant underestimation of LAI
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with the indirect methods. The selection of the most ap-
propriate method, taking into account the physiological
process, and the application of new technical solutions
are useful strategies to reduce bias or discrepancies in
LAI estimation (Brtpa, 2003).

The hemispherical photographs were introduced
for the first time by ANDERSON (1964) in order to com-
pute the light penetration through the forest canopy.
After this first application, this indirect optical method
for LAI estimation spreads especially since the devel-
opment of high resolution digital cameras, which allow
images to be rapidly processed after acquisition (THI-
MONIER et al., 2010).

The hemispherical photographs analysis is applied
in many fields in order to evidence the relationship be-
tween LAI and both forest site and stand characteristics
such as: light and radiation regime (Kucharix et al.,
1999; Macuapo and ReicH, 1999; Gopoy et al., 2010),
forest water balance (VAN DER ZANDE et al., 2009), seed-
ling survival and growth (PUErTA-PINERO et al., 2007;
Marca1 and PaLeTTo, 2010), and stand response to thin-
ning (Davr et al., 2008; Man et al., 2008). Moreover,
the LAI is used as an indicator of site quality in closed
canopy (Coker, 2006), as a part of data when running
ecological models (PieTscH, 2002), and for improving
the accuracy of remote sensing techniques (SPRINTSIN
et al., 2007).

From the technical point of view, in order to obtain
LAI values useful to support scientists and forest man-
agers two aspects are fundamental: (1) the choice of the
software to be used in the image processing and (2) the
parameters settings.

In order to contribute to these issues, the main ob-
jective of this paper is to provide useful information to
scientists and forest managers through the comparison
of the LAI values obtained using different softwares
(Spot Light Intercept Model, Gap Light Analyzer and
WinScanopy) and parameters settings.

Material and methods
Study area

The study was conducted in the Trentino province
(North-East of Italian Alps). The climate of the zone is
cool, temperate and mild continental. The mean yearly
temperature is 11.5 °C, while the annual rainfall averag-
es 883 mm with two main peak periods, in spring (May
rainfall averages 94 mm) and autumn (October rainfall
averages 110 mm).

The data were collected in the eastern part of Tren-
tino (Alta Valsugana and Adige valleys) in four pure
forest types (silver fir, Norway spruce, beech and Euro-
pean larch forests). For each forest type, 8 sample points
were selected considering the different stand structures
(horizontal and vertical structures) and age classes. Ac-
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cording to the data of forest management unit plans,
the horizontal structure was subdivided in two quali-
tative classes (high and low diameter differentiation),
while the vertical structure classification distinguished
the one-layer stands from the multi-layer stands (Pas-
ToRELLA and PALETTO, 2013a). The age of forest stands
was classified in two classes: young forest stands and
mature forest stands.

The sampling unit (plot) is represented by a circular
area with a radius of 13 m (surface of 531 m?) accord-
ing to the standard of the second Italian National Forest
Inventory. In each plot, the main site and stand attributes
(GPS coordinates, slope, number of trees, species, dia-
meter at breast height and tree height) were collected
in order to calculate basal area, average diameter and
height, stand volume and density. Besides, a set of hemi-
spherical photographs of the canopy was taken in the
plot with the purpose to estimate LAI. The hemispheri-
cal photographs were taken using a Nikon Coolpix 990
camera and a fish-eye converter Nikon FC-E8 (Nikon
Corporation, Tokyo, Japan) at 1.5 m above the ground.
The camera was run in the “programmed auto” mode
where it automatically adjusts shutter speed and aper-
ture obtaining the best exposure and using the param-
eters fixed in Fisheyel lens mode (focus fixed at infin-
ity, widest zoom, metering center-weighted, circular
frame). Moreover, the camera LCD side was set facing
north using a compass so that the top of the hemispheri-
cal picture was directed to the north.

In each sample plot a set of 5 images was acquired,
the first picture was taken in the central point of the plot
and the others at 7 m from the center in correspond-
ence of the four cardinal points (North, South, East and
West). Consequently, the total number of pictures col-
lected in the field was 160 (40 images for each forest

type).
Software compared and parameters settings

LAI was estimated for each plot using a canopy analy-
sis system developed by Régent Instruments Inc. The
canopy analysis system analyzed the circular hemi-
spherical pictures taken by fisheye lens converter with
a 183° field of view (FOV). Recently, several commer-
cial software packages as well as freeware programme
were developed and used in a broad range of applica-
tions (JONCKHEERE et al., 2005b; JArRCUSKA, 2008). Con-
sidering the usability (user-friendly software) and the
extent of use in the forestry sector, two free softwares
— Gap Light Analyzer (GLA) 2.0 (Frazer et al., 1999)
and Spot Light Intercept Model (SLIM) 3.02a (ComEAU
and MacDonaLD, 2012) — and one commercial soft-
ware — WinScanopy Pro 2003d — were chosen for this
comparative analysis. The last available versions for the
free software and the licensed version for WinScanopy
(3.02) are used in the study.



WinScanopy is a widely used software designed
for canopy hemispherical or rectangular image analy-
sis. WinScanopy’s standard system includes a Nikon
Coolpix 990 camera, a fish-eye converter Nikon FC-E8
and a self-leveling system (BrEpa, 2003). Camera and
lens were calibrated together by Régent Instruments
Inc., which provides also the calibration file for setting
the program. Subsequently, to avoid softwares compari-
son, the parameters (lens manufacturer and properties)
were set — whenever possible — in the other softwares
on the basis of these calibrations.

GLA computes canopy and site openness, effec-
tive leaf area index, sunfleck-frequency distribution and
daily duration, and the amount of above- and below-
canopy (transmitted) direct, diffuse, and total solar ra-
diation incident on a horizontal or arbitrarily inclined
receiving surface (FrRAzeR et al., 1999).

SLIM is a program designed to estimate LAI, gap
fraction, and fractional transmittance from hemispheri-
cal photographs or Licor LAI-2000 Plant Canopy Ana-
lyzer data. It is part of a set of programs that model
light distribution beneath a forest canopy designed by
ComEaU and MacDonaLp (2012).

For both free softwares, individual configuration
settings can be created and saved to disk for later use
such as camera lenses and orientations, topographic set-
tings, regional climatic patterns and growing seasons.

The analysis of hemispherical photographs is com-
posed of six steps (WALTER, 2009): 1) acquisition; 2)
input, image editing and registration; 3) classification;
4) data extraction; 5) calculation; 6) output. For the pur-
pose of this comparative analysis we investigated how
the type of software and their parameters influence LAI
estimation. In each software some parameters are set
by default, while others can be set by an operator. In
particular, the parameters that can be set manually are
the following: image editing, image registration, image
classification (thresholding), lens and camera setting,
azimuth and zenith per sky region, and model of sky
brightness.

The main characteristics of the software and cam-
era in LAI estimation are resumed in Table 1. Software
characteristics and specifications are usually compara-
ble but the lens calibration, the equation degree and the
elaboration method seem to be specific for each soft-
ware.

Table 1. Software parameters settings

Parameters SLIM GLA WinScanopy
Version 3.02a 2.0 Pro2003 d
Pixel Automatic  Manual ~ Manual
classification (Rider

clustering

method)
Threshold value  — 128 128

Default settings No No No

of the camera

Lens calibration  Polar Polar FC-E8
projection  projection

Equation degree 6 - 9

Elaboration - - LAI-2000

method original

Sky Brightness SOC SOC SOC model

model model model

Number of sky 480! 324 144

regions (default)

Azimuth per 24 36 18

region

Zenith per region 20

Focal length 8

[mm]

View angle [°] 180 183 180

'Standard BCR (Below Canopy Reading Resolution).

The images — taken in color and saved in the JPG
format — were converted to grey scale at the blue chan-
nel by the software GNU Image Manipulation Program
(GIMP) 2.6. The blue-filtered grey scale is widely con-
sidered the best to obtain maximum contrast between
trees’ crowns and background compared with red- and
green-filtered grayscale images (Frazer et al., 2001).
The image registration was set manually, sampling pho-
tographs on the basis of its characteristics (image qual-
ity, sunflacks, etc.).

The image classification (thresholding) converts
greyscale values for each pixel to black (representing
foliage and also other non-sky elements) and white
(representing sky) for later analysis. The goal of thresh-
olding is to obtain a reasonably accurate discrimination
between the background sky and the foliage. In the ana-
lyzed softwares, images may be processed setting the
threshold manually; two of them can also make an au-
tomatic calculation. In particular, SLIM can apply two
different models for the automatic thresholding (No-
bis and Hunziker or Ridler clustering method), Win-
Scanopy allows to calculate the color threshold by an
automatic method or by a manual method, while GLA
needs to set the threshold manually. For the purposes of
this comparative analysis the threshold value was set
manually at the default value (128) for GLA and Win-
Scanopy, while for SLIM it was set automatically. As
suggested by the software manuals, thresholding was
evaluated and carefully monitored to obtain the best im-
age (contrast, color, light environment).

The lens characteristics were set to “FC-E8” in
WinScanopy (that has been designed to produce this
type of projection, Frazer et al., 2001) and to “polar
projection” in the free softwares. In fact the fish-eye
converter FC-E8 was designed to produce a simple
polar (equiangular, equidistant) projection (HERBERT,
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1987; WALTER, 2009) that is characterized by a linear
relationship between the radial distance from a pro-
jected point to the image centre and the zenith angle
between the lens’ optical axis and the same point’s loca-
tion in the hemispherical region (Hu et al., 2009). How-
ever, it did not conform exactly to this design specifica-
tion (EncLUND et al., 2000; Frazer et al., 2001; INOUE
et al., 2004) presenting spectral aberration. SLIM has
been developed for use only with true fisheye lenses
that utilize equiangular projection but require a sixth-
order polynomial for lens calibration so the default cali-
bration was used (Nikkor 8 mm lens). GLA supports
four standard projections (polar, orthographic, stereo-
graphic, Lambert’s Equal Area) and any number of us-
er-defined custom lens distortion (Frazer et al., 1999).
As in SLIM a polar projection and a default calibration
were used.

Sky-Region Brightness describes the light inten-
sity of a diffuse sky and it is usually analyzed using
a Standard Overcast Sky model (SOC) or a Uniform
Overcast Sky model (UOC). The UOC represents con-
ditions avoiding reflections on the lens and blooming
effect that are presented by a uniform cloudiness or in
the hours before sunrise or after sunset, when no di-
rect solar radiation is present. For the purpose of this
comparative analysis a SOC model, that assumes sky
brightness at zenith three times as at the horizon (Fraz-
ER et al., 1999), is used because it is considered more
efficient under varying sky conditions (STEVEN and Un-
SWORTH, 1979).

The number of sky regions, resulting from the
intersection of zenith and azimuth regular division in
the sky hemisphere, was set in each software as default
(see Table 1). From the theoretical point of view, if the
number of sky regions increases, the quality of the gap
light transmission results should be improved (Frazer
et al., 1999).

Data analysis

The 160 photographs collected in the field were re-
corded with a resolution of 2,048 x 1,536 pixels and

Table 2. Forest site and stand characteristics of 32 sample plots

a compression of % (Frazer et al., 2001). The images
processed by the three softwares are compared using
the descriptive statistics — mean, min, max and stand-
ard deviation (SD) — and the non-parametric test of
Wilcoxon signed rank test. The Wilcoxon signed rank
test was applied because the data does not have normal
distribution (Test Shapiro-Wilk: SLIM and GLA W =
0.969, P =0.001; WinScanopy W = 0.920, P < 0.0001)
and we have paired samples (two values for the same
observation obtained with different software image
processing). Paired samples imply that each individual
observation of one sample has a unique corresponding
member in the other sample. The descriptive statistics
and the Wilcoxon signed rank test were performed by
XLStat 2007.

Finally, the method of bivariate line-fitting called
standardized major axis (SMA) was used to summa-
rize the relationship between the basal density (x-axis)
and the differences between LAI values estimated with
couple of softwares (y-axis). SMA has the advantage to
use a single dimension (line) in order to describe two-
dimensional data (WarToN et al., 2006). The intercepts
and slops of regression lines of relationship between
couple of softwares were compared considering the
forest type and the forest age. The graphical representa-
tion of the SMA and the estimation of slope, intercept
and R? were performed using the “sma” function from
“smatr” package in R software.

Results and discussion

The site and stand characteristics measured in the 32
sample plots subdivided in the four forest types (silver
fir, Norway spruce, European larch and beech forests)
are synthesized in Table 2. The slopes of the plots are
in a range of 0° and 23°, while the altitude is between
around 550 m and 1,600 m. In order to consider all pos-
sible structural situations, the samples included both
young stands with high number of stems (more than
900 stems/ha) and low average diameter (25.8 cm) and
mature stands with few stems per hectares and high av-
erage diameter (41.5 cm). The average volume for all

Plot Coordinates Altitude Forest Density Basal =~ Average Average Volume Age
(WGS84) [m] type [stems ha™'] area diameter  height  [m®ha™]
[m? ha™] [cm] [m]
East North
1 677607 5089786 1,290 Silver fir 714 43.86 21.60 20.9 426  Young
stand
2 677472 5089809 1,307 Silver fir 959 31.48 15.30 11.9 338  Young
stand
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Table 2. Forest site and stand characteristics of 32 sample plots — continued

Plot Coordinates Altitude Forest Density Basal Average Average Volume Age
(WGS84) [m] type [stems ha™'] area diameter  height  [m®ha™]
[m? ha™] [cm] [m]
East North

3 678344 5091521 1,191  Silver fir 714 55.96 26.90 30.0 531 Young
stand

4 691132 5110523 1,336 Silver fir 150 46.77 56.70 38.2 428 Mature
stand

5 690180 5110897 1,432 Silver fir 338 33.03 46.90 29.1 665 Mature
stand

6 691182 5110886 1,240  Silver fir 714 48.32 27.80 20.0 595 Young
stand

7 681665 5088305 1,590  Silver fir 752 42.62 29.50 23.1 473 Young
stand

8 681665 5088305 1,596  Silver fir 921 52.92 24.90 22.9 461 Young
stand

9 672881 5090442 1,109  Norway 1,015 40.45 18.40 8.8 296 Young
spruce stand

10 681094 5093158 1,509  Norway 414 19.32 30.20 22.7 262 Young
spruce stand

11 681367 5087689 1,450  Norway 620 26.59 25.60 24.8 350 Young
spruce stand

12 683752 5097134 984  Norway 395 17.50 33.40 333 351 Young
spruce stand

13 675247 5112688 1,018  Norway 884 28.24 24.80 144 379 Young
spruce stand

14 693632 5112669 1,320  Norway 338 48.44 40.10 30.9 472 Mature
spruce stand

15 693634 5112672 1,320  Norway 508 35.20 33.10 27.3 452 Young
spruce stand

16 694648 5113605 1,400  Norway 282 26.91 43.90 31.0 440 Mature
spruce stand

17 673006 5090454 1,123 Beech 959 41.83 20.50 16.3 172 Young
stand

18 681367 5087689 1,448  Beech 432 32.73 21.20 22.4 127 Young
stand

19 684996 5097349 969  Beech 489 35.12 24.20 19.1 187 Young
stand

20 684998 5097352 969  Beech 320 30.71 22.90 23.5 121 Young
stand

21 668526 5101564 1,039  Beech 301 18.40 23.30 16.6 162 Young
stand

22 669978 5094424 1,230  Beech 395 44.84 28.60 22.6 180 Young
stand

23 668972 5095335 1,006  Beech 377 66.73 22.20 15.7 92 Young
stand

24 682231 5086941 1,512  Beech 1,450 62.44 14.30 13.2 357 Young
stand

25 678659 5105722 1,390  European 188 57.03 37.30 24.9 165 Mature
larch stand

26 678976 5106214 1,418  European 451 54.82 32.10 27.8 466 Young
larch stand
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Table 2. Forest site and stand characteristics of 32 sample plots — continued

Plot Coordinates Altitude Forest Density Basal  Average Average Volume Age
(WGS84) [m] type [stems ha™'] area diameter  height  [m3 ha™]
[m? ha™'] [cm] [m]
East North
27 678976 5106214 1,418 European 395 56.02 25.80 31.2 209 Young
larch stand
28 678973 5105587 1,549 European 301 54.22 22.50 13.5 108 Young
larch stand
29 679003 5105956 1,502 European 339 50.20 36.10 28.4 251 Young
larch stand
30 679082 5105837 1,518 European 264 25.83 34.40 23.5 178 Young
larch stand
31 679224 5116193 1,102 European 188 11.73 45.80 33.1 215 Mature
larch stand
32 666766 5100859 564 European 226 41.69 39.60 24.5 189 Mature
larch stand

sample plots is 316 m>ha™!, while the average volume
per forest type ranged from 175 m?*ha™ in the beech
forests to 490 m*ha! in the silver fir forests. Referring
to the forest age, the mature stands have an average vol-
ume of 366 m*ha! (average basal area: 37.9 m*ha'),
while the young stands have an average volume of 301
m*ha! (average basal area: 40.7 m>ha™).

The data obtained with WinScanopy show the
lowest LAI mean value (1.91) (SDWinScanopy = 0.38),
while GLA and SLIM show similar LAI mean values
(2.6 and 2.4 respectively) but different standard devia-
tion (SD, , = 0.38, SD, ., = 0.45). Wilcoxon signed
rank test shows that there are statistically significant
differences in LAI (P < 0.0001) among WinScanopy
and the other two softwares, while the differences be-
tween GLA and SLIM are non-significant. It was hy-
pothesized that these differences are linked to the for-
est stand density and in order to test this hypothesis the
standardized major axis (SMA) was used. The results
show that the basal area is not the key variable to ex-
plain these differences (Table 3 and Fig. 1). Besides it
seems that the three softwares, even starting from the
same set of images and applying the same elaboration,
calculate different values of LAI that in some cases are
also relevant from the statistical point of view. Another
study confirms that the outputs obtained by using GLA
and WinScanopy for the hemispherical image analysis
are not equal in the case of canopy characteristics and
below-canopy light conditions (JarCUSKkaA et al., 2010).
However, these authors asserted that the outputs are
mainly influenced by the threshold values set for pixel
classification.
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Table 3. Coefficients of standardized major axis (SMA)
obtained by comparing the results of the softwares

SLIM_GLA SLIM GLA

WinScanopy WinScanopy
Intercept —0.843 -0.511 —0.440
Slope 0.022 0.025 0.022
R? 0.001 0.032 0.029
P 0.864 0.322 0.351

Moreover, LAI values estimated by each software
were compared to the LAI value calculated as average
of three softwares. In 18 cases (56.2%) the single LAI
value closest to the mean LAI value is that obtained
by GLA, in 12 cases (37.5%) is the value obtained by
SLIM and only in 2 cases (6.3%) is the value obtained
by WinScanopy. Considering the differences, it is as-
sumed that values of SD < 0.30 are negligible, while
the critical threshold is considered a SD > 0.5. The plots
in the latter situation are 12.5% of the total (plot 3, 9,
11 and 12). In these plots characterized by high differ-
ences among LAI values, the choice of one software or
another should influence the relationship between esti-
mated LAI and the other forest features (i.e. regenera-
tion, evapotranspiration, canopy water interception). It
is interesting to highlight that the four plots are young
stands and three of them are Norway spruce forests.
Instead, the above mentioned plots differ for the other
stand characteristics: the basal area ranges between 18
m?ha™ to 56 m*ha! and the stand density is between
395 stems ha' to 1,015 stems ha™'.
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Fig 1. Scatter plots of the basal area (m?) versus the LAI values differences obtained
by comparing the results of the softwares.

The descriptive statistics of LAI values per forest
type obtained using the three softwares are reported in
Table 4. The data obtained by SLIM and GLA show
comparable LAI mean values for two forest types (Nor-
way spruce and beech forests), while there are high dif-
ferences for European larch and silver fir forests. The
LAI mean values obtained by SLIM are highest for
three forest types, while the highest LAl mean value
for the European larch forests are estimated by GLA.
WinScanopy estimates LAl mean values lowest for
all forest types when compared to the others two soft-
wares. The maximum LAI value is in beech forests for
SLIM and WinScanopy, while it is in Norway spruce
forests for GLA. Otherwise the minimum LAI value is
in European larch forests for SLIM and GLA, while it
is in Norway spruce forests for WinScanopy. These data
of LAI per forest type are slightly lower if compared
with the average LAI values calculated using the data of
the two databases of Scurrock et al. (2001) and Mori-
SETTE et al. (2006). Considering only the indirect optical
methods (hemispherical photographs and LAI-2000)

the average LAI values per forest type are the following
(PastoreLLA and PaLETTO, 2013b): LAL o = 3.33,
LAIEumpcan larch forests 2.98, LAINnrway spruce 3.49.

Wilcoxon signed rank test per forest type shows
that there are statistically significant differences (P =
0.008) in the following cases: in the silver fir forests
between SLIM and GLA, and between SLIM and Win-
Scanopy; in the Norway spruce forests between SLIM
and WinScanopy; in the beech forests between SLIM
and WinScanopy, and between GLA and WinScanopy.
Instead, in the European larch forests statistically sig-
nificant differences were not found.

The graphical representation of the standardized
major axis (SMA) and the regression coefficients per
forest type highlight a positive relationship between the
basal area and the LAI values differences obtained by
GLA versus WinScanopy in the silver fir and European
larch forests (Table 5 and Fig. 2). Similar results in the
same forest types are obtained by SLIM versus WinS-
canopy but with a lower R? values.

Table 4. Mean, min, max and SD of LAI values per forest type obtained by three softwares

Forest SLIM GLA WinScanopy

type Mean Min  Max SD  Mean Min  Max SD  Mean Min  Max SD
Silver fir 2.57 2.29 2.85 0.16 2.30 2.09 2.44 0.12 1.89 1.54 2.27 0.25
Norway 2.56 2.19 2.88 0.23 2.53 2.05 3.21 0.43 1.91 1.51 2.27 0.28
spruce

Beech 2.53 2.17 3.04 0.31 2.49 2.14 2.74 0.23 1.99 1.54 2.55 0.33
European 1.92 1.15 2.43 0.41 2.15 1.89 2.57 0.24 1.84 1.62 2.17 0.19
larch
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Table 5. Coefficients of standardized major axis (SMA)
obtained by comparing the results of the softwares

per forest type

SLIM_GLA SLIM
WinScanopy WinScanopy

GLA_

Silver fir forests

The descriptive statistics of LAI values per forest
age obtained using the three softwares are reported in
Table 6. These results show that in the young stands the
differences among softwares are greater in comparison
with the mature stands. Wilcoxon signed rank test em-
phasizes statistically significant differences in the young
stands between GLA and WinScanopy (P < 0.0001) and

Intercept ~0.077 0332 0677 between SLIM and WinScanopy (P < 0.0001), while no
Slope 0.008 0.023 0.024 differences were found in the mature stands. The differ-
R? 0.018 0.521 0.414 ences in the young stands are probably due to the fact
P 0.752 0.043 0.085 that these stands are characterized by low density and
Norway spruce forests voluEe Ttock that pf)orlyfalifect L(?I dgstifinatiqn. The
Intercept 1126 1.134 0.635 graphical representation of the standardized major axis
(SMA) and the regression coefficients per forest age are
Slope —~0.036 -0.016 0.041 shown in Table 7 and Fig. 3.
R? 0.067 0.0418 0.021 Synthesizing, the main research finding is that
P 0.537 0.627 0.730 WinScanopy shows LAI values different from the other
Beech forests two softwares suggesting that the choice of the software
Intercept 0.581 0.984 0,031 may stroggly influence the egtlmatlo.n. In particular, the
highest differences were registered in young and dense
Slope —0.013 —0.01 0.013 forests such as silver fir forests. Results confirm that
R? 0.185 0.002 0.160 the need for harmonization and objectivization of tech-
P 0.288 0.922 0.327 niques at both image capturing and analysis is of funda-
European larch forests mental importance as highlighted by JArCUSkA (2008).
Intercept 0.977 1032 0.542 Indeed to obtaip compa.rable LAI Yal.ues is very im.por-
sl 0.017 0.025 0.019 tant for the optimal choice of the silvicultural practices.
20pe ’ ’ ‘ In particular, in young forests, basal area and LAI have
. : : an influence on the choices of the intensity of thinnin,
R 0.408 0.689 0.273 fl the ch f the intensity of th g
P 0.088 0.011 0.184 in order to increase the economic outcome or the car-
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Fig 2. Scatter plots of the basal area (m?) versus the LAI values differences obtained by comparing the results
of the softwares per forest type.

Table 6. Mean, min, max and SD of LAI values per forest age obtained by three softwares

Forest SLIM GLA WinScanopy
age Mean  Min  Max SD  Mean Min  Max SD  Mean Min  Max SD
Young 2.48 2.01 3.04 0.28 2.43 1.98 3.21 0.31 1.93 1.51 2.55 0.28
stands
Mature 2.16 1.15 2.85 0.59 2.17 1.89 2.44 0.21 1.84 1.62 2.13 0.19
stands

bon storage in forest standing biomass (Sropicak et al., Conclusions

2005).

Table 7. Coefficients of standardized major axis (SMA)
obtained by comparing the results of the softwares
per forest age

SLIM_GLA SLIM GLA
WinScanopy WinScanopy

Young forest stands

Intercept -0.219 0.818 —0.470
Slope 0.019 -0.019 0.024
R? 0.000 0.014 0.011
P 0.961 0.571 0.627
Mature forest stands

Intercept —-1.052 —-1.183 -0.250
Slope 0.035 0.029 0.016
R? 0.215 0.096 0.205
P 0.295 0.500 0.307

Leaf area is a relevant information to investigate bio-
geochemical fluxes and productivity, consequently dif-
ferent results in the estimation of the LAI value may
influence the predictive models. The choice of the soft-
ware and the parameters settings are two important as-
pects in consideration of the objective of the analysis.
It should take into account technical considerations (i.e.
minimum number of available sky regions, possibility
of selecting a specific range of colors for thresholding)
and the purposes of the work (i.e. research study or
management practices).

In general terms, the image analysis may be af-
fected by errors depending from thresholding in pixel
classification, Sky Brightness model and number of sky
regions. It seems that using automatic processes and
standardized methods may improve the quality analysis
(JArRCUSKA et al., 2010). Sky brightness may cause an
under- or over-estimation of LAI, due to a direct effect

233



Basal Area (mz)

Young forest

Basal Area (mz)

Basal Area (mz)

— [n]
= =
o (=3
= . ”
L] (]
@ & o
E [ (]
= = =
w W E
> > .|
< E 7
o o
=]
T T T T T T T T T T
20 30 40 50 60 20 30 40 S0 60
Basal Area (mz) Basal Area (mz) Basal Area (mz)
Mature forest
- [= [=] b [
P o = a
= z w ° / _ .
[=] o (=]
c - | = =4
] [+ O 2 _] a
@ w | @ o o
E ©O E o 0 _
= i 2 o " e
w 0 = =+
= ™ = — o o
- R z . i
(4] - d C-’ | ]
w
- g o =
= T T T T ' T T T T
10 20 30 40 S0 10 20 30 40 50 10 20 30 40 S0

Fig 3. Scatter plots of the basal area (m?) versus the LAI values differences obtained by comparing the results

of the softwares per forest age.

on color classification, while the number of sky region
may influence direct openness and LAI estimation. Sky
Brightness was set as a SOC model in the three soft-
wares so this aspect does not influence our research.
The number of sky regions was used as a default param-
eter but, as showed by Van GARDINGEN et al. (1999), it
seems that a number of segments higher than 100 does
not influence LAI estimation. Moreover, during the im-
age analysis it is recommended to choose the software
that makes the best thresholding in terms of image qua-
lity. In addition, our results show limited differences be-
tween softwares using manually (GLA, WinScanopy)
and automatically (SLIM) thresholding. In our opinion,
the key aspect linked to the thresholding is to moni-
tor step by step the image quality in order to obtain the
most precisely estimated LAI. Moreover, findings from
this research suggest that threshold setting is not always
adequate to explain differences in LAI estimation.

Our results suggest that probably the differences in
LAI estimation using different softwares may be due to
differences in software approaches (i.e. knowledge, im-
age processing techniques, threshold choice methods).
These findings are confirmed by Espana et al. (2008)
and Jarcuska et al. (2010). These authors indicated that
the estimation of LAI might be very dependent on the
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gap fraction model used and associated inversion tech-
niques. The current international literature concerning
indirect LAI estimation from hemispherical digital pho-
tography focuses primarily on the determination of an
optimal threshold value (i.e. GLA, WinScanopy) (CHia-
Nucct and Cuting, 2012). In this research framework we
investigated the performances of a new software named
SLIM.

Our findings indicate that the differences in LAI
estimation are not explained by the main forest stand
characteristics (e.g. forest type and age). Differences in
LALI estimation are related to forest structure (in terms
of basal area) only in silver fir and European larch for-
ests. Further researches should deeply analyze these
relationships.

Differences in LAI estimation using different soft-
wares are not a relevant problem when the LAI is not
the target of the investigation and the data collected are
used as support data. Vice versa, if LAI is the target
of the analysis and the data are compared to the out-
comes of other studies these differences are crucial.
Recently, more complex algorithms and softwares (i.e.
CAN_EYE software) were developed by adjusting a
clumping index in order to provide not only the effec-
tive LAI, but also several estimates of the true LAI (DE-



MAREZ et al., 2008). Consequently, the future steps of
the analysis could be the comparison of the outcomes
with the true LAI and the LAI obtained by destructive
measurements.

We recommend to implement this kind of studies
with up-to-date results about LAI estimation using dif-
ferent softwares. From these further studies it would be
possible to foster international sharing of experiences
that represents a key to reach higher successfulness in
using and developing softwares which concretely sup-
port LAI estimation in forest research.
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