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Abstract
The agreement of Leaf Area Index (LAI) assessments from three indirect methods, i.e. the LAI–2200 Plant Canopy 
Analyzer, the SS1 SunScan Canopy Analysis System and Digital Hemispherical Photography (DHP) was evaluated 
for four canopy types, i.e. a short rotation coppice plantation (SRC) with poplar, a Scots pine stand, a Pedunculate 
oak stand and a maize field. In the SRC and in the maize field, the indirect measurements were compared with direct 
measurements (litter fall and harvesting). In the low LAI range (0 to 2) the discrepancies of the SS1 were partly 
explained by the inability to properly account for clumping and the uncertainty of the ellipsoidal leaf angle distribu-
tion parameter. The higher values for SS1 in the medium (2 to 6) to high (6 to 8) ranges might be explained by gap 
fraction saturation for LAI–2200 and DHP above certain values. Wood area index –understood as the woody light-
blocking elements from the canopy with respect to diameter growth– accounted for overestimation by all indirect 
methods when compared to direct methods in the SRC. The inter-comparison of the three indirect methods in the 
four canopy types showed a general agreement for all methods in the medium LAI range (2 to 6). LAI–2200 and 
DHP revealed the best agreement among the indirect methods along the entire range of LAI (0 to 8) in all canopy 
types. SS1 showed some discrepancies with the LAI–2200 and DHP at low (0 to 2) and high ranges of LAI (6 to 8). 
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1. Introduction
Canopy leaf area is a crucial driver of light interception, 
and thus of photosynthetic carbon uptake and biomass 
production (GCOS 2011). Leaf area index (LAI), the 
metric of canopy leaf area, is commonly defined as half 
of the total leaf area per unit ground surface area (Chen & 
Black 1992). LAI is closely related to vegetation-atmos-
phere interactions as well as to gas exchange processes 
as photosynthesis and evapotranspiration (Duchemin et 
al. 2006). Being a key variable in ecological, hydrological 
and biogeochemical models and a reliable indicator of 
crop productivity, LAI is used to facilitate the understand-
ing of dynamic vegetation changes and of the impact of 
climate change on ecosystems (Lin et al. 2016).

Unfortunately, the direct quantification of LAI 
requires a lot of manual labour as it implies the physi-
cal measurement of the area of leaves obtained from the 
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destructive sampling of (parts of the) vegetation or by col-
lecting leaf litter. The destructive sampling of evergreen, 
especially coniferous, species needs a very premeditated 
protocol. Morphological properties (e.g. specific leaf 
area) of needles differ along the vertical crown profile, 
among needles of different ages as well as among trees 
of different sizes due to competition pressure (Konôpka 
& Pajtík 2014). For tree genera that produce leaves at 
different time intervals during the growing season, as for 
example poplars, litter trap data represent an overesti-
mation of the maximum LAI (Jonckheere et al. 2004). 
Destructive harvesting introduces a permanent distur-
bance to the canopy and is nearly impossible in forest 
canopies. It is furthermore not always possible to collect 
data along the entire season as the collection of leaf litter 
can only be used to estimate the seasonal LAI maximum 
and the pattern of LAI during leaf fall. It is therefore dif-
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ficult to assess the spatio-temporal dynamics of LAI using 
direct measurements.

To overcome these limitations a number of indirect 
methods have been developed, as described in some 
comprehensive reviews (Breda 2003; Jonckheere et al. 
2004; Zheng & Moskal 2009). By indirect methods LAI 
is inferred from observations of a more easily measurable 
variable. Although in principle less accurate on a sample 
basis than direct measurements, indirect methods are fre-
quently used since they are faster, allowing for a larger 
sample size and a higher spatial representativeness.  
Indirect methods are either based on light interception 
measurements, hemispherical photography, allometry 
or remote sensing. The latter approach is the most effi-
cient method for large-scale LAI estimates, but it requires 
validation with ground truth data. The two first men-
tioned approaches infer LAI from measurements of the 
transmission of radiation through the canopy, making 
use of the radiative transfer theory (for details see Breda 
(2003) and references therein). They are here referred to 
as indirect optical methods. Besides hemispherical pho-
tography, alternative restricted-angle methods include 
57° photography and zenith cover photography (Mac-
farlane et al. 2007; Alivernini et al. 2018). Some other 
recent methods include Terrestrial Laser Scanning (TLS) 
and Unmanned Aerial Vehicle (UAV) to estimate LAI in 
forestry (Chianucci et al. 2016; Woodgate et al. 2015).

Indirect optical methods are widely used to estimate 
LAI in a range of canopy types (forests, croplands, grass-
lands, etc.), but they have some limitations. First of all, 
they do not really measure LAI but rather plant area index 
(PAI), since radiation is intercepted by all light-blocking 
plant parts. In other words, these methods do not distin-
guish photosynthetically active (green) leaf tissue from 
non-green or woody plant parts as stems, branches or 
flowers. They hence tend to overestimate the true LAI in 
canopies where non-green plant parts are present (Weiss 
et al. 2004; Zheng & Moskal 2009). A second important 
concern is the clumping, i.e. the spatial aggregation of 
plant elements in the canopy. As leaves are not randomly 
distributed within a forest canopy, the clumping index 
describes the extent to which LAI retrieved from a ran-
dom model of leaf placement differs from true LAI (Zhao 
et al. 2012). Although indirect methods are very useful 
and widely applicable, each one has its own inherent bias 
and errors, and is therefore more suited for particular 
conditions than other methods. To provide more relia-
ble and more accurate LAI measurements with indirect 
methods, a range of techniques and correction proce-
dures have been developed. These have been compared 

in a number of studies, on crops (Facchi et al. 2010, 
Fang et al. 2018), on rice (Fang et al. 2014), on forest 
stands (Macfarlane et al. 2007; Ryu et al. 2010b; Chia-
nucci & Cutini 2013), on pine (Mason et al. 2012) and 
for different rice varieties (Sone et al. 2009). For a mix 
of canopies different – but only indirect – methods were 
compared (Woodgate et al. 2015). The current research 
of this manuscript differs in that these afore-mentioned 
studies focused either on the comparison of different 
instruments tested for the same canopy, or on the com-
parison of different canopies with the same instrument. 
The present study combines these factors, i.e. four cano-
pies were studied, three different indirect methods were 
compared (LAI–2200 Plant Canopy Analyzer, SunScan 
Plant Canopy Analysis System and Digital Hemispheri-
cal Photography) and two direct methods were used to 
validate the results (litter fall collection and harvesting). 
This reflects the aim of the present study, i.e. assessing 
the agreement of the above-mentioned indirect methods 
to better understand their bias and to quantify the error 
terms for different canopy types.

2. Materials and methods

2.1. Description of sites and plant material
Four different canopy types – all located in Belgium – 
were selected for this study, i.e. a short rotation poplar 
coppice (SRC) plantation, a mature Scots pine stand, 
a mature Pedunculate oak stand, and a maize field. A brief 
summary of the site characteristics including location, 
vegetation type, year of most recent thinning or harvest, 
and planting density is presented in Table 1. 

The short rotation coppice (SRC) plantation is loca-
ted in Lochristi, province East of Flanders. In April 
2010 an area of 14.5 ha was planted at a  density of 
8 000 trees ha−1 with dormant hardwood cuttings of 12 
selected genotypes of Populus deltoides, P. maximow-
iczii, P. nigra, P. trichocarpa and interspecific hybrids. 
The genotypes were arranged in large (0.16 – 0.61 ha) 
mono-genotypic blocks of eight double rows wide, with 
alternating distances of 0.75 m and 1.50 m between the 
rows and 1.1 m between the individual trees within the 
row. The plantation was harvested for the first time in 
February 2012. From then on, trees continued to grow 
as a coppice culture with multiple shoots per stool in the 
following biennial rotation. The second harvest took 
place in February 2014. More detailed information about 
the site history, soil type, management procedures and 
productivity has been previously published (Broeckx et 

Table 1. Main characteristics of the four canopy types and study sites selected for this study.
Short Rotation Coppice Scots pine Pedunculate oak Maize field

Location Lochristi, East-Flanders Brasschaat, Antwerp Brasschaat, Antwerp Wilrijk, Antwerp
Coordinates (deg. N, deg. E) 51.1122, 3.8505 51.3092, 4.5205 51.3092, 4.5205 51.1476, 4.4161

Species description Populus deltoides, P. maximowiczii, 
P. nigra, P. trichocarpa Pinus sylvestris Quercus robur Zea mays, var GL Fantastic

Density (trees ha−1; seeds ha−1) 8 000 360 310 94 000
Thinning or Harvest 2014 2015 No recent data 2015
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al. 2012; Verlinden et al. 2015; see also http://uahost.
uantwerpen.be/popfull/).

The Scots pine (Pinus sylvestris L.) stand is located 
in the urban mixed forest ‘De Inslag’ (150 ha) in Brass-
chaat, province of Antwerp. The selected stand is about 
1.7 ha with an overstory of Scots pine and an understory 
of mosses, grasses (Molinia caerulea [L.] Moench), 
Betula pendula Roth and young Scots pine seedlings 
(Curiel Yuste et al. 2005). It was originally planted in 
1929 and regularly thinned and managed since then. In 
2011 the stock density was 360 trees ha-1 while diameter 
at breast height and tree height were on average 33 cm 
and 21.4 m, respectively (Gielen et al. 2013). The stand 
canopy is sparse and according to assessments in 2007 
the LAI was 1.31 m2 m−2 with only two needle age classes 
present (Op de Beeck et al. 2010). In August 2015 the 
stand was most recently thinned, reducing the number 
of trees with about one third (Gebauer et al. 2015). Both 
the SRC plantation and the Scots pine stand host eddy 
covariance monitoring stations that are part of the Euro-
pean ICOS infrastructure network (www.icos-etc.eu).

The Pedunculate oak (Quercus robur L.) stand is 
also located in the forest ‘De Inslag’, close to the Scots 
pine stand. The oaks were planted in 1936 with a current 
density of 310 trees ha−1. The most recent assessments 
(2005) reported that canopy height was on average 26 m 
(Curiel Yuste et al. 2005). No thinnings were made in 
this stand. 

The maize (Zea mays L.) field was located in Wilrijk, 
Antwerp. It was cultivated by a local dairy farmer for 
silage production. The maize crop (variety GL Fantas-
tic) was sown on 5 May 2015 after application of manure 
(60 m3 ha−1) and ploughing the field to 25 cm depth. The 
date of seedling emergence was 20 May 2015. The plant-
ing design comprised an inter-row distance of 70 cm and 
an average distance between plants in the row of 14 cm. 
The sowing density was about 94,000 seeds ha−1 with 
a SW-NE row direction.

 
2.2. Indirect optical methods 
Three widely applied instruments for indirect LAI meas-
urements were used in this study, i.e. the LAI–2200 Plant 
Canopy Analyzer (LI–COR®, Lincoln, NE, USA), the 
SS1 SunScan ceptometer (Delta–T Devices Ltd, Cam-
bridge, UK) and Digital Hemispherical Photography 
(DHP). The theory of leaf area index calculation has been 
explained in detail in the Appendix text 1. Theory of leaf 
area index calculation.

2.2.1 LAI–2200 Plant Canopy Analyzer
The LAI–2200 Plant Canopy Analyzer (LI–COR®, 
Lincoln, NE, USA), further referred to as LAI–2200, 
measures the canopy transmittance of diffuse light at 
five zenith angles, which is obtained from simultaneous 

measurements of diffuse light above and below the can-
opy with a fish-eye PAR sensor divided in five concentric 
rings. LAI is estimated by inverting the measured canopy 
transmittance (Eq. 1 in Appendix text 1) and taking into 
account the Apparent Clumping Factor (ACF) under the 
usual assumption that leaves are randomly (Poisson) dis-
tributed in the canopy (cfr. user manual of the LAI–2200 
Plant Canopy Analyzer). 

In this study the below-canopy measurements were 
manually taken with one LAI–2200 sensor, while above-
canopy measurements were collected with another 
LAI–2200 sensor installed in a clearing close to the site. 
This sensor was set to automatically log incoming light 
readings at a 30 s interval during below-canopy meas-
urements, which were afterwards matched to the closest 
readings in time. To avoid any influence from the opera-
tor the standard five ring configuration was used with 
a 45° view cap on both above- and below-canopy sen-
sors. All LAI–2200 measurements were processed with 
the FV2200 software (v 1.0.0).

2.2.2 SS1 SunScan Plant Canopy Analysis 
System
The SS1 SunScan Plant Canopy Analysis System (Delta-
T Devices, Cambridge, UK), further referred to as SS1, is 
a ceptometer that uses measurements of radiation trans-
mittance through the canopy to provide LAI estimates 
by applying the Beer-Lambert extinction law (Eq. 3 in 
Appendix text 1) and taking into account other param-
eters as absorption and transmission of diffuse light, and 
zenith angles (cfr. user manual of the SunScan Canopy 
Analysis System version 3.3). This method requires 
simultaneous measurements of both incident and 
transmitted photosynthetically active radiation (PAR), 
a requirement that was met in different ways depending 
on the canopy type. For the SRC, the Scots pine and the 
Pedunculate oak stands, two instruments were used that 
independently collected above- and below-canopy meas-
urements, similar to the methodology explained above for 
the LAI–2200. In the maize crop only one instrument was 
used. This instrument was radio connected to an exter-
nal PAR sensor measuring incoming PAR, allowing for 
simultaneous above- and below-canopy PAR readings. 

The SS1 SunScan ceptometer uses a specific term to 
define the Ellipsoidal Leaf Angle Parameter (ELADP). 
This parameter is modified depending on the canopy and 
characterizes the horizontal or vertical orientation of the 
leaves (cfr. user manual of the SunScan Canopy Analysis 
System version 3.3). Because site-specific ELADP values 
were not available, ELADP was set to 1 for the SRC and 
the Scots pine and Pedunculate oak stands, and set to 
1.37 for the maize crop. The SS1 does not account for 
clumping.
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2.2.3 Digital Hemispherical Photography 
(DHP) 
With this method, which is also known as fish-eye pho-
tography and further referred to as DHP, LAI is derived 
with the inverted Poisson model (Eq. 2 in Appendix text 
1) from the amount and the distribution of vegetation pix-
els on digital hemispherical pictures of the canopy. In this 
study, the hemispherical pictures were first transformed 
into binary black and white pictures using the Ridler-Cal-
vard thresholding algorithm (Ridler & Calvard 1978). 
Gap fraction was estimated and LAI was calculated by 
inversion of the Poisson model as described by Thimonier 
et al. (2010), and by accounting for clumping using the 
logarithmic averaging method (Lang & Xiang 1986). All 
the above calculations are implemented in the HemiTool 
software, which is the standard processing protocol for 
hemispherical imagery as a standard LAI measurement 
method at all ecosystem stations of the ICOS research 
infrastructure (www.icos-etc.eu).

All hemispherical pictures were taken with a digital 
single-lens reflex camera (DSLR; Nikon D7100, Tokyo, 
Japan) in combination with a hemispherical lens (4.5 mm 
F 1:2.8 DC HSM Sigma Corporation, New York, USA). 
Following the ICOS measurement protocol, pictures 
were made in RAW format, using the auto-focus of the 
lens, a fixed aperture of 8, and the lowest shutter speed at 
which no overexposure occurred. The minimum camera-
to-foliage distance was 15 cm from the closest leaf or 10 
times the leaf length.

2.3. Sampling design
All LAI measurements with the three indirect methods 
were collected over the span of one full growing season, 
from spring 2015 to spring 2016. Measurement dates 
were selected to collect data over the full environmental 
range of LAI values for each canopy type, including the 
seasonal minima and maxima. Due to some instrument 
failure and periods of unfavourable weather conditions, it 
was unfortunately not possible to measure with all three 
indirect methods at all scheduled dates. All indirect meas-
urements were done under fully overcast sky conditions, 
i.e. in the absence of direct sunlight. In the SRC and the 
maize field, also direct LAI measurements were collected.

2.3.1 Short rotation coppice poplar plantation
Measurements in the SRC plantation were carried out 
in three permanent plots of 3 m by 4 m inside each of 
eight selected blocks, each block representing a dif-
ferent poplar genotype. At each measurement date 12 
below-canopy readings were made in each plot with the 
LAI–2200 and SS1, six parallel and six perpendicular to 
the rows (Fig. 1a). 

Above-canopy readings for both instruments were 
taken in a nearby clearing. In each of the 3 × 8 plots two 
hemispherical pictures were taken parallel to the rows 
with the camera positioned as close to the ground as pos-
sible (Fig. 1a). Measurements were taken about every two 
weeks between the time of bud break and the end of leaf 
fall, as well as one measurement during the leafless period 
in winter.

Fig. 1. Description of the sampling design in the different ecosystems. Measurements were performed in a short rotation cop-
pice poplar plantation (a), in a maize field (b) and in a mature Scots pine and a mature Pedunculate oak stand (c). Location of 
the three indirect measurements (LAI–2200, SS1 and DHP) are reported in all ecosystems and litter trap positions in the short 
rotation coppice.
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Direct LAI measurements in the SRC plantation were 
obtained with the gravimetric method (Daughtry 1990) 
from leaf litter collected at regular intervals from the start 
to the end of the leaf fall period, i.e. from late August to 
December 2015. In each plot, leaf litter was collected in 
three plastic litter traps (surface area of 0.22 m2) installed 
along a diagonal transect (Fig. 1a). Collected leaves were 
transported to the laboratory, dried in a drying oven at 
70 °C until constant weight and then weighed. Total leaf 
area (LA) was calculated from dry weight using specific 
leaf area (SLA), which was determined from a represent-
ative sample of nine leaves collected from each plot at the 
time of maximum LAI (LAImax). SLA was calculated by 
dividing fresh leaf area of the sample by its dry weight. 
For each plot LAI was obtained by dividing the total LA 
by the total ground surface area of the three litter traps 
inside the plot (Broeckx et al. 2015).

2.3.2 Scots pine and Pedunculate 
oak forest stands
Indirect measurements in the Scots pine and the Pedun-
culate oak stands were carried out in a 25 m radius circu-
lar plot (Fig. 1c). At each measurement date 49 below-
canopy measurements were made with both LAI–2200 
and SS1, one measurement spaced 5 m apart from the 
other, and with the sensor always pointing to the South. 
Simultaneous above-canopy measurements were taken 
in a nearby clearing. Nine upward-facing hemispherical 
pictures were taken at 1.3 m above the ground, the upside 
of the picture placed to the North, with 15 m distance 
between each picture taken. No direct measurements of 
LAI were collected in these two forest stands.

2.3.3 Maize field
Indirect measurements in the maize field were taken in 
a 3 m by 3 m plot almost every two weeks. At each meas-
urement date 16 measurements were taken with the 
LAI–2200 and SS1 in each plot, as well as four upward 
looking hemispherical pictures parallel to the row direc-
tion (Fig. 1b).  

Direct LAI values were obtained from destructive har-
vesting during the summer period. In each plot 15 plants 
(five plants in three rows) were removed, and leaves and 
the stem of the fresh plants were separated. The height 
of each stem was measured with a ruler and the diameter 
measured with a calliper at 10 cm above the ground and 
at 2/3 of the total stem height. The hemi-surface area of 
each stem was derived from these measurements assum-
ing a cylindrical stem shape. To calculate LA, total fresh 
weight of the leaves was first determined, and then the LA 
of a subsample of approximately 10% of these leaves was 
measured with a leaf area meter (LI–3100A, LI–COR®, 
Lincoln, NE, USA). This value was multiplied with the 
fresh weight ratio of the full sample to the subsample. 

The total hemi-surface area of the 15 harvested plants 
was obtained by summing the LA and the summed hemi-
surface area of the stems. To obtain the direct LAI esti-
mate, this value was multiplied with the ratio of the total 
number of plants in the plot to the number of harvested 
plants and then divided by the ground area of the plot.

2.4. Statistical analyses
The results from the three indirect methods and the direct 
method were pairwise compared for each of the four can-
opy types. The level of agreement between each pair of 
methods was assessed by means of robust statistical tools 
developed for method comparisons, and consisting in: (i) 
the regression approach of Passing & Bablok (1983) and 
(ii) the Tukey mean-difference plot popularised by Bland 
& Altman (1986) in analytical chemistry and biostatis-
tics. More details about the statistical methods are to be 
found in the Appendix text 2. 

3. Results
This section shows the results of each statistical analy-
sis, i.e. Passing & Bablok (P–B), Bland and Altman 
(B–A), Bravais-Pearson correlation coefficient (r) and 
scatter plots. For reasons of simplicity, the LAI ranges 
were arbitrarily divided in the following order: low (0 to 
2 m2 m−2), medium (2 to 6 m2 m−2) and high (6 to 8 m2 m−2)
LAI range. The inter-comparison of the indirect methods 
(LAI–2200, SS1 and DHP) in the four canopies (SRC, 
Scots pine, Pedunculate oak and maize field) is first bro-
ken down (Fig. 2). Afterwards the comparison between 
the indirect and direct methods (litter fall and harvest) 
was performed for validation in SRC, and maize field only 
(Fig. 3).

3.1. Passing-Bablok regression results 
between indirect and direct methods 
Focusing on the 95% CIs of the P-B regression terms for 
the comparison of indirect methods,  the LAI–2200 and 
SS1 methods were the most comparable in the Pedun-
culate oak stand and the maize crop, as they provided 
similar LAI values based on the 95% CI of intercept and 
slope coefficients. The LAI–2200 and DHP methods 
agreed very well in the Scots pine stand and in the SRC. 
Compared with the direct method, LAI–2200 and DHP 
readings in the maize field provided unbiased LAI meas-
urements (Table 2). For all other indirect methods there 
was either a constant bias (when the intercept differed 
significantly from 0), or a proportional bias (when the 
slope differed significantly from 1), or both biases were 
jointly detected (Fig. 2). These afore-mentioned results 
need, however, to be interpreted with care because the 
assumptions underlying the linear regression model were 
not always met.
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Fig. 2. Inter-comparison of indirect methods for leaf area index (LAI) estimations. Panels on the left (a–c) show the conventional 
x–y scatter-plots with LAI readings. Panels on the right show the Bland and Altman (B–A) plots separately for each canopy type 
and for each pair of methods. The horizontal axis in the B–A plots represents the averages of each pair of measurements, while 
the vertical axis indicates the percentage differences (∆) for each pair of measurements, explaining an overestimation or under-
estimation if the percentage is positive or negative, respectively. Red smoothed lines denote the systematic error (bias) and limits 
of agreement. SRC: short rotation coppice.
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Fig. 3. Comparison of indirect vs. direct methods for leaf area index (LAI) estimations. Panels on the left (a–c) show the conven-
tional x–y scatter-plots with LAI readings. Panels on the right show the Bland and Altman (B–A) plots separately for each canopy 
type and for each pair of methods. The horizontal axis in the B–A plots represents the averages of each pair of measurements, 
while the vertical axis indicates the percentage differences (∆) for each pair of measurements, explaining an overestimation or 
underestimation if the percentage is positive or negative, respectively. Red smoothed lines denote the systematic error (bias) and 
limits of agreement. SRC: short rotation coppice.
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late oak stand, a good level of agreement was observed 
between SS1 and LAI–2200 (low bias and relatively 
narrow LoA). Measurements with DHP in the low-to-
medium LAI ranges were higher than the measurements 
obtained with SS1 and LAI–2200. 

Thirdly, in the Scots pine stand, LAI–2200 and DHP 
were again in better agreement than compared to SS1, 
which produced lower values than the other two meth-
ods. Due to some instrument failure only few data were 
available for LAI–2200 in the low LAI range leading to 
a poor method comparability in the Pedunculate oak and 
in the Scots pine stands. Finally, in the maize field the 
three inter-comparisons showed the same tendency, i.e. 
that LoA diverged with decreasing LAI. 

The B–A analysis was also performed for the com-
parison of the indirect and the direct methods in both 
the SRC and the maize field (Fig. 3, right panels). In the 
SRC all three indirect methods overestimated the direct 
method. The most biased indirect method was the SS1 
method, showing a positive bias of 50% at low LAI values, 
which decreased to about 25% in the medium-to-high 
LAI range. On the contrary, LAI–2200 and DHP methods 
showed a decreasing bias when LAI increased. The bias 
in the indirect measurements corresponded to an aver-
age overestimation of the direct measurements with 0.5 
to 2 m2 m−2. 

In the maize field only few measurements were 
obtained with LAI–2200, showing a positive bias of 
more than 50% in the very low LAI range while for the 
medium LAI the LoA were closer to 0 as LAI increased. 
The DHP method only slightly overestimated the direct 
method (harvest), as shown by a small bias (Fig. 3c, right 
panel). On the other hand, SS1 underestimated the direct 
measurements by about 25% (Fig. 3b, right panel). 

3.2. X–Y scatter plot results between indirect 
and direct methods
The conventional x–y scatter plots for pairwise compari-
son of methods (left panels of both Figs. 2 and 3), showed 
some clear curvature. Among the indirect methods the 
best agreement was found between the LAI–2200 and 
DHP, as reflected by the data points close to the 1:1 line 
(Fig. 2b). The comparison of SS1 with the two other indi-
rect methods yielded a more exponential curve, deviating 
from the 1:1 line (Fig. 2a and c). The comparison between 
the direct and the indirect methods showed a general 
overestimation in SRC and maize field canopies by all 
indirect methods, especially in the higher LAI range and 
in the SRC.

3.3. Bland and-Altman results between 
indirect and direct methods per canopy type
The B-A analysis for the inter-comparison of the indi-
rect methods is depicted separately for each canopy type 
(right panels of Fig. 2). The main results are reported 
for each canopy type in terms of bias and of Limits of 
Agreements (LoA). Note that for low LAI values, small 
absolute differences resulted in high relative variations 
(in %), and consequently the LoA diverged.

First, in the SRC, the LAI measurements obtained 
with DHP and LAI–2200 agreed best, especially in the 
high LAI range, characterized by a low bias and narrow 
LoA. In the low-to-medium LAI range, however, DHP 
produced higher values than LAI–2200; some source of 
bias as well as diverging LoA were observed. SS1 yielded 
slightly lower values than LAI–2200 and DHP in the low 
and medium LAI ranges (up to 4–5 m2 m−2), but higher 
values in the high LAI range. Secondly, in the Peduncu-

Table 2. Results of the statistical analyses used for the inter-comparison between the three indirect methods and the comparison 
of the indirect with the direct methods (litter fall and harvest) in the four canopies studied (SRC, Scots pine, Pedunculate oak and 
maize field). The Bias column represents the constant (C) and proportional (P) systematic errors within their associated 95% 
confidence interval (CI) after judgement of the 0 and 1 values for the intercept and slope. N denotes the number of paired obser-
vations. Pearson’s correlation (r) and intercept and slope coefficients of the simple linear regression Y = a + bX were estimated 
through the Passing and Bablok (P–B) non-parametric procedure. Est, Low and Upp columns report the estimated, the lower 
and the upper 95% (CI), respectively, associated with intercept and slope. SRC: short rotation coppice.

X vs Y Canopy Bias N r Intercept Slope
Est Low Upp Est Low Upp

LAI–2200 vs SS1

Short Rotation Coppice C+P 251 0.94 −0.54 −0.70 −0.39 +1.15 +1.11 +1.20
Scots pine — 5 0.82 −0.91 n.a. n.a. +1.21 n.a. n.a.
Pedunculate oak — 10 0.97 −0.40 −5.10 +2.02 +1.16 +0.71 +2.01
Maize field — 21 0.88 −0.53 −1.59 +0.75 +0.96 +0.64 +1.27

LAI–2200 vs DHP

Short Rotation Coppice C 143 0.98 +0.49 +0.35 +0.63 +0.96 +0.93 +1.00
Scots pine — 6 0.88 +0.31 −2.50 +2.32 +0.97 +0.00 +2.41
Pedunculate oak C+P 10 0.96 +1.21 +0.58 +2.32 +0.72 +0.50 +0.88
Maize field — 17 0.91 +0.54 −0.64 +2.21 +0.93 +0.48 +1.28

DHP vs SS1

Short Rotation Coppice C+P 171 0.96 −1.08 −1.24 −0.94 +1.21 +1.16 +1.27
Scots pine — 6 0.52 −0.87 n.a. n.a. +1.02 n.a. n.a.
Pedunculate oak C+P 10 0.98 −2.41 −5.65 −1.16 +1.60 +1.29 +2.26
Maize field C 29 0.95 −0.53 −0.84 −0.25 +0.94 +0.84 +1.06

LAI–2200 vs Litter fall Short Rotation Coppice C+P 134 0.90 +0.47 +0.29 +0.61 +1.18 +1.08 +1.31
LAI–2200 vs Harvest Maize field — 5 0.93 +0.40 n.a. n.a. +0.80 n.a. n.a.
DHP vs Litter fall Short Rotation Coppice C+P 133 0.93 +0.98 +0.84 +1.11 +1.12 +1.04 +1.20
DHP vs Harvest Maize field — 0.91 −0.16 −0.83 +0.29 +1.33 +0.96 +1.92

n.a. indicates not available value occurring when the procedure failed to converge because of small sample size. 
r as well as the intercept and slope of the simple linear regression model were estimated according to the non-parametric P–B procedure.
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4. Discussion
Since direct measurements of LAI are destructive and 
labour-intensive, indirect methods to assess LAI offer 
an important alternative. All indirect methods are, how-
ever, affected by various factors, as the algorithms and 
approach used, radiation conditions and zenith angle at 
the time of measurements, canopy characteristics and 
clumping (Ryu et al. 2010a). In the current inter-com-
parison of three indirect methods to measure LAI the 
different outcome depended on the methods used and 
the canopy type studied.

 
4.1. Explaining the agreement and 
disagreement among canopy types
For all four canopy types, the DHP and LAI–2200 meth-
ods showed the best agreement, better than each of them 
compared with SS1. These findings are in line with a pre-
vious study (Fang et al. 2014), and may be explained by 
the similar approach for the clumping correction in both 
instruments. Differences between DHP and LAI–2200 in 
the low-to-medium range of LAI (similar to Homolová 
et al. 2007) may be explained by the gap fraction factor 
highly sensitive to canopy structure, by leaf distribution 
and leaf plasticity (Lopez-Lozano et al. 2007). This indi-
cates that clumping at the shoot level might explain the 
differences between both instruments as documented 
for a mature Scots pine stand (Jonckheere et al. 2005).

A better agreement between all three indirect meth-
ods in the four canopy types was observed in the medium 
range of LAI. There was a discrepancy between SS1 and 
the two other indirect methods in both the low (under-
estimation) and high (overestimation) LAI ranges. The 
lower values obtained with the SS1 method in the low LAI 
range, can be explained by the fact that this method did 
not account for clumping, thus underestimating results 
(Jones 2014). Clumping factors calculated with the DHP 
and LAI–2200 methods varied between 0.85 and 0.96 
depending on the canopy studied and the method used. 
These results were in agreement with a previous valida-
tion (Ryu et al. 2010a). The lack of a clumping correction 
in the SS1 method could, thus, only partly account for the 
observed differences. The higher values obtained with the 
SS1 method in the medium to high range were possibly 
related to the levelling-off effect at LAI 5-6 m2 m−2 in the 
LAI–2200 and DHP methods, caused by the gap frac-
tion saturation (Gower et al. 1999; Leblanc et al. 2005). 
Finally, the discrepancy between the SS1 and the other 
indirect methods might also be due to the fact that the leaf 
angle distribution was a priori fixed in the SS1 method 
while it was calculated for each picture (DHP method) 
or for each set of measurements (LAI–2200 method).

4.2. Explaining the agreement and 
disagreement between indirect and direct 
methods
In the comparison of the indirect methods with the direct 
methods, the former overestimated the latter, with excep-
tion of SS1 in maize that showed an underestimation in 
the low-medium range of LAI. There was a clear dif-
ference between the two canopies tested, i.e. SRC and 
maize field. An exponential overestimation was found at 
the SRC (Fig. 3, right panels), which could be explained: 
(i) by the WAI in the SRC, and (ii) by the difference in 
the direct methods used. In the SRC the direct LAI was 
calculated from litter fall while in the maize field it was 
calculated from direct harvesting of all plant parts. In 
addition, the seasonal increment of the WAI in the SRC 
could explain the increasing difference between the indi-
rect and direct methods. A previous study at the same site 
showed that the branch area increased with 0.60 m2m-2 
over three years (Broeckx et al. 2005). The systematic 
bias (of 25%) for the medium and high LAI values was in 
line with a previous report that woody material comprises 
5% to 35% of the total PAI in forests (Gower et al. 1999).  

The slight overestimations of the DHP method com-
pared to the direct measurements in the maize crop 
agreed very well with earlier findings (Facchi et al. 2010) 
and might be explained by the presence of the large maize 
leaves. The underestimation of SS1 in maize was also 
observed in previous studies (e.g. Wilhelm et al. 2000) 
and was probably due to the lack of a clumping correction 
which explained the poor performance of SS1 at low LAI 
values and in row crops (Chiroro et al. 2006). The chosen 
ELADP for this canopy type may play an important role, 
and as the maize leaves change considerably along the 
growing season, the ELADP value may not have been 
accurate throughout the entire season (Fang, 2005).

5. Conclusions
Although indirect methods to estimate LAI have already 
been compared in previous studies, large uncertainties 
still remain. In the current study a standardized approach 
compared different indirect methods under contrasting 
canopies, and the results were validated with direct meth-
ods using more than one statistical analysis. The use of 
multiple instruments revealed, on the one hand, a consid-
erable variability and thus, uncertainty in the measure-
ments. On the other hand the approach helped to under-
stand the factors determining LAI, such as the WAI and 
the degree of clumping, and how these factors differed 
among methods and canopies. It is, therefore, important 
to use more than one indirect method for measuring LAI. 
One suggestion for further research is that an improved 
hemispherical method is developed to indirectly measure 
LAI, which is able to simultaneously measure at differ-
ent heights, providing information about clumping and 
leaf angle distribution. This improved method should 
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furthermore enable to differentiate between non-green 
and woody parts of the canopy, by infrared techniques, as 
has been proposed (Jonckheere et al. 2004; Schaefer et al. 
2015). For large-scale research infrastructures (as ICOS, 
LTER, ICP-Forests) a harmonized or standard protocol 
should enable LAI measurements that can be compared 
among canopy types, sites and temporal scales.
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Appendix text 1. Theory of leaf area index calculation

In-situ indirect measurements of LAI with optical 
instruments are based on a statistical and probabilistic 
approach of the distribution and arrangement of foliar 
elements (or their complement, the gap fraction) in the 
canopy. Two theoretical approaches have been developed 
to infer LAI from optical measurements. With the first 
approach, LAI is estimated by inversion of the exponen-
tial expression of the gap fraction (Eq. 1), i.e. by solving 
the expression for L (Eq. 2): 

P(θ) = e−G(θ, α) Ω (θ)L/cos θ� [1]

L = −(ln P(θ) cos θ) / G (θ) Ω (θ)� [2]
where P(θ) is the gap fraction, L is the LAI, θ is the zenith angle 
of view, α is the leaf angle, G(θ, ) corresponds to the fraction of 
foliage projected on the plane normal to the zenith direction, 
and Ω(θ) is the clumping coefficient, which corrects for a devia-
tion from the assumption of random (Poisson) distribution of 
canopy elements. When the foliage is randomly distributed 
within the canopy, Ω(θ) = 1, but as the foliage becomes more 
clumped, Ω(θ) < 1. The function G(θ, α) depends on leaf angle 
distribution, which is generally not known a priori. The calcula-
tion of LAI therefore requires gap fraction measurements for 
a range of zenith angles of view.

The second approach is based on the Beer-Lambert 
extinction law expanded to plant canopies. This law 
expresses the attenuation of radiation in a homogenous 
turbid medium. In such a medium the flux is proportion-
ally absorbed to the optical distance. Assuming a random 
(Poisson) distribution of leaves within the canopy:

I = I0 e 
(−kL)� [3]

where I0 is the incident radiation above the canopy, I is the radia-
tion transmitted below the canopy, and k is the extinction coef-
ficient, which depends on the leaf angle distribution and on the 
direction of the beam (e.g. k = 1 for entirely horizontal leaves).
I/I0 is theoretically equivalent to the gap fraction in Eq. 1, i.e. 
P(θ). 

Whichever approach used, when applied to canopies 
with a significant woody-to-total plant area ratio, L rep-
resents an overestimation of LAI because of the presence 
of light-blocking non-leaf and non-green elements. Con-
sequently L provides an estimation of PAI rather than of 
LAI. To obtain LAI, a woody element correction factor 
has been introduced (Chen 1997):

LAI = L (1 – α)� [4]

where 0 ≤ a ≤ 1 is the proportion of woody-to-total plant area. 
Formally a = WAI/PAI where WAI is the wood area index, 
which can be estimated from destructive sampling by calculat-
ing the sum of the hemi-surface area of all branches and stems 
or taken from the literature, if available. 
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Appendix text 2. Statistical analyses

The Passing & Bablok (1983) regression is based on 
a robust, non-parametric model and is, unlike the Ordi-
nary Least Squares (OLS) regression, not sensitive 
towards outliers. It assumes that measurement errors 
of both methods (direct and indirect) have the same 
distribution. The 95% confidence intervals (CI) of the 
intercept and slope terms of the Passing and Bablok 
regression equation y = a + bx were interpreted to reveal 
a constant or a proportional bias. If the 95% CI for the 
intercept included the zero value, it could be concluded 
that there was no significant constant bias. If the 95% CI 
for the slope included 1 as a value,  it could be concluded 
that there was no significant proportional bias. When 
both conditions were met, one could assume that y = x 
and that there was no statistically significant difference 
between the two compared methods. In this latter case 
the two compared methods could be used interchange-
ably. In the present study the Passing and Bablok regres-
sions were estimated through the PBreg function of the 
R MethComp package (Cartensen 2010).

The Bravais-Pearson correlation coefficient (r), 
which measures the strength of the linear relationship 
and which was calculated per canopy type, helped the 
understanding of the previous analysis. This method 
had to be carefully interpreted as the high r value was 
not a sufficient condition to affirm that two methods were 
in agreement; it simply showed the presence of a strong 
linear relationship between the two methods.

The Bland & Altman (1986) approach involves 
a graphical method (hereafter denoted as the B–A plot) 
consisting of a scatter plot where the difference between 
each pair of measurements is plotted against the aver-
age of each pair of measurements. The mean of the dif-
ferences is shown on the plot as a reference line indica-
tive of the systematic error (or bias). The 95% limits of 
agreement (LoA), which are calculated as the mean of 
the differences ±1.96 standard deviation (SD) of the dif-
ferences, quantify the range of variability (i.e. precision) 
between the two measurements. LoA can be evaluated 
or compared with pre-determined limits to enable the 
researcher to decide whether given techniques have an 
acceptable agreement or repeatability. Therefore, assum-
ing a negligible bias, the smaller the LoA, the better the 
agreement is. In this study an approach based on regress-
ing the relative (%) differences to the averages was used, 
and the resulting equation was used to evaluate both the 
bias and the LoA. The relation between the relative LAI 
differences and the averages of the differences was esti-
mated through a locally weighted scatterplot smoothing 
(LOWESS, Cleveland 1979). This is a non-parametric 
method, which combines much of the simplicity of linear 
least squares regression with the flexibility of non-linear 
regression. Fitting is done locally, i.e. at each point x in 
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the range of the data set a low-degree polynomial is fitted 
to a subset of the data using points in a neighbourhood 
of x, weighted by their distance from x. The LOWESS 

curve was computed through the loees.sd function imple-
mented in the msir R package (Scrucca 2011).

Table A1. Abbreviations and symbols – in the main text

Abbreviation Definition Additional information
ACF Apparent Clumping Factor —
B–A Bland and Altman Statistical analysis
CI Confidence Interval Part of the Passing & Bablok statistical analysis
DHP Digital Hemispherical Photography Leaf area index indirect method used in this study
ELADP Ellipsoidal Leaf Angle Parameter —
LA Total Leaf Area —
LAI Leaf Area Index —
LAI–2200 LAI–2200 Plant Canopy Analyzer Leaf area index indirect method used in this study
LAImax Maximum LAI —
LoA Limits of Agreement Part of the Bland & Altman statistical analysis
PAI Plant Area Index —
PAR Photosynthetically Active Radiation —
P-B Passing & Bablok Statistical analysis
OLS           Ordinary Least Squares regression Part of the Passing & Bablok statistical analysis
SLA Specific Leaf Area —
SRC Short Rotation Coppice —
SS1 SunScan Canopy Analysis System Leaf area index indirect method used in this study
TLS Terrestrial Laser Scanning —
UAV Unmanned Aerial Vehicle —

Table A2. Abbreviations and symbols – in the Appendix text

Abbreviation Definition Additional information
C Constant —
G(θ, α) Fraction of foliage projected on the plane normal to the zenith direction —
I Radiation transmitted —
r Bravais-Pearson correlation coefficient —
I/I0 Theoretically equivalent to the gap fraction —
K Extinction coefficient —
L The LAI Represents LAI in the equation
P Proportional —
P(θ) The gap fraction —
SD Standard Deviation —
Θ The zenith angle of view —
Ω(θ) Clumping coefficient —
α The leaf angle —


