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Abstract

Černý J., Krejza J., Pokorný R., Bednář P. (2018): LaiPen LP 100 – a new device for estimating forest ecosystem 
leaf area index compared to the etalon: A methodologic case study. J. For. Sci., 64: 455–468.

Fast and precise leaf area index (LAI) estimation of a forest stand is frequently needed for a wide range of ecological 
studies. In the presented study, we compared side-by-side two instruments for performing LAI estimation (i.e. LaiPen 
LP 100 as a “newly developed device” and LAI-2200 PCA as the “world standard”), both based on indirect optical 
methods for performing LAI estimation in pure Norway spruce (Picea abies (Linnaeus) H. Karsten) stands under dif-
ferent thinning treatments. LAI values estimated by LaiPen LP 100 were approximate 5.8% lower compared to those 
measured by LAI-2200 PCA when averaging all collected data regardless of the thinning type. Nevertheless, when 
we considered the differences among LAI values at each measurement point within a regular grid, LaiPen LP 100 
overestimated LAI values compared to those from LAI-2200 PCA on average by 1.4%. Therefore, both instruments 
are comparable. Similar LAI values between thinning from above (A) and thinning from below (B) approaches were 
indirectly detected by both instruments. The highest values of canopy production index and leaf area efficiency were 
observed within the stand thinned from above (plot A).
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A forest canopy is defined as a combination and 
an integral of all leaves, twigs, and small branches 
of a stand’s vegetation (Carroll 1980); includ-
ing its occupied flora and fauna, and the specific 
environment (Chason et al. 1991; Moffet 2001; 
Bequet 2011). Canopy structure is a key feature of 
a forest ecosystem that influences and is affected 
by numerous ecosystem processes (Campbell, 

Norman 1989; Norman, Campbell 1989). Fur-
thermore, the canopy structure strongly affects 
the net primary productivity of a forest stand and 
regulates the light, temperature, wind and mois-
ture conditions in the sub-canopy and forest floor 
(Meyers, Paw U 1986, 1987). Foliage quantity and 
quality are both input into models of canopy pro-
cesses (Jonckheere 2005). Moreover, they are re-
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lated to canopy function and its productivity – in 
relation to carbon fixation and net primary pro-
duction (Gholz 1982; Barr et al. 2004).

The quantity of leaves or needles within a canopy 
is described by LAI (Chason et al. 1991), defined as 
the hemi-surface area of green leaves (needles) per 
unit of the horizontal ground surface area (Watson 
1947; Chen et al. 1991; Chen, Black 1992). The pa-
rameter is a dimensionless variable, however, the 
units can be, for instance, m2·m–2 (Jonckheere et 
al. 2004; Zheng, Moskal 2009; Duveiller et al. 
2011). LAI is one of the main structural variables 
of forest ecosystems and also an Essential Climate 
Variable (see Global Climate Observing System 
(GCOS) network). Furthermore, LAI substantially 
influences forest canopy reflectance (Majasalmi et 
al. 2012). Leaf area is the main determinant of an 
absorbed photosynthetically active radiation (PAR) 
amount (Larcher 2003). The PAR environment 
leads to differentiation into the two different types 
of assimilation apparatuses, i.e. sun- and shade-
adapted (Urban et al. 2007), from the viewpoint of 
morphology, anatomy, chemical composition and 
physiological functions, e.g. the light curve of pho-
tosynthetic rates (Niinemets et al. 1998; Grassi, 
Bagnaresi 2001). Due to the distinct proportion of 
sun- and shade-adapted leaves in LAI, there can be 
differences in the efficiency of biomass production 
(Pokorný et al. 2008). This efficiency can be ex-
pressed and quantified both by canopy production 
index (CPI) and leaf area efficiency (LAE). Taylor 
(1993) and Norby (1996) defined CPI as the ratio of 
annual above-ground biomass production to sea-
sonal maximum LAI. LAE as a similar variable to 
CPI was introduced by Pokorný et al. (2008) and 
then by Gspaltl et al. (2013), and it was defined as 
the ratio of the annual stand basal area increment 
(at a height of 1.3 m) to maximum LAI.

There are two main strategies for estimating 
LAI: direct and indirect methods (Jonckheere et 
al. 2004). The direct ones (including litterfall mea-
surements for broadleaf stands and biomass har-
vesting for evergreen coniferous stands) provide 
the most reliable assessment of LAI, which serves 
as the standard for validating the indirect optical 
methods. Direct methods are much more laborious 
and time-consuming than others, thus they are less 
frequently applied when making comparisons with 
indirect methods (Fleck et al. 2012) based on more 
easily measurable parameters to derive LAI (Fass-
nacht et al. 1994; Gower et al. 1999). Estimating 
these parameters is based on the canopy gap frac-
tion or radiation transmittance methods. Both of 
them are fully comparable and related to each other 

(Gower, Norman 1991). Optical instruments with 
a hemispherical view, e.g. LAI-2000 PCA or LAI-
2200 PCA, and digital hemispherical photography 
are among the most widely used when estimating 
LAI (Nilson et al. 2011; Liu et al. 2015). These ap-
proaches are mostly included in methodologies for 
international research networks, e.g. ICP Forests 
(Fleck et al. 2012), GCOS (Fernandes et al. 2014) 
etc.; therefore, they could be used as the world stan-
dard (Fleck et al. 2012). The indirect optical meth-
ods serve to quantify light penetration (transmit-
tance) in PAR wavelengths through the canopy in 
the foliated stage, as foliage absorbs more than 85% 
PAR (Larcher 2003). Therefore, it is possible to de-
rive the amount of foliage within a canopy (Fleck et 
al. 2012). Some optical instruments (including LAI-
2200 PCA and LaiPen LP 100, both applied in this 
study) quantify light penetration within the blue 
light wavelength interval (320–490 nm) (Stenberg 
1996; Küssner, Mosandl 2000). In this blue por-
tion of the light spectra, foliage typically reflects 
and transmits a relatively small amount of radiation. 
The foliage appears black against the sky. Therefore, 
these two chosen devices relate more precisely to 
hemispherical photograph results (LI-COR 1991). 
Based on these facts, we tested and compared the 
accuracy of two devices (LAI-2200 PCA and LaiPen 
LP 100) with the similar methodological principle 
of LAI estimation, however with fundamentally dif-
ferent prices within the central Europe region. The 
LAI-2200 PCA (LI-COR, USA) and LaiPen LP 100 
(Photon Systems Instruments, Czech Republic) are 
currently (i.e. October 2018) available for approxi-
mately 17,000 and 5,400 EUR per dual sensor mode 
of LAI measurement, respectively.

The main goal of the presented study was: (i) to 
compare the precision of two optical devices for 
LAI estimation (LAI-2200 PCA and LaiPen LP 100) 
based on gap fraction and radiation transmittance 
methods; and the complementary aims were: (ii) 
to estimate the LAI of investigated Norway spruce 
stands using both instruments, and subsequently 
(iii) to compare CPI and LAE in the above-ground 
biomass production of these stands under different 
thinning approaches (i.e. thinning from above – A; 
and from below – B).

We tested two main hypotheses within the pre-
sented paper:
(i)	� Both tested devices based on a very similar prin-

ciple of performing LAI estimation (LAI-2200 
PCA and LaiPen LP 100) will attain similar levels 
of precision;

(ii)	�The highest CPI and LAE will be observed within 
stand thinned from above (plot A).
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MATERIAL AND METHODS

LAI devices

LaiPen LP 100. The LaiPen LP 100 is a light-
weight, battery-powered device for taking fast and 
easily repeatable LAI measurements of solar radia-
tion. Unlike in other similar instruments measur-
ing LAI, the LaiPen LP 100 is precise within most 
daylight conditions and does not require cloud 
cover or specific sun angles for it to perform prop-
erly. The instrument is able to measure irradiance 
within wavelengths up to the blue light spectrum 
(< 490 nm) using a LAI sensor covered with an 
opaque view cap placed on the top of device body; 
as well as PAR using a PAR sensor located on the 
front side of the LaiPen LP 100 (Fig. 1). Moreover, 
the presented device is capable to measure simul-
taneously in dual (or more) mode, i.e. one sensor 
above and one or more sensors below the canopy 
(PSI Czech Republic 2015).

The LAI sensor is a single optical sensor used in 
conjunction with a view cup that restricts the sen-
sor’s field of view (FOV) to 16° (z-axis) and 112° 
(x-axis), i.e. a zenith angle of 8 and 56°, respective-
ly. Radiation transmittance is estimated by holding 
the instrument either vertically in the zenith direc-
tion (i.e. 0°), or by subsequently inclining it into five 
zenith angles: 0, 16, 32, 48, and 64°. After down-
loading the readings from the LaiPen LP 100 device 
to a computer (e.g. importing the data into an MS 

Excel spreadsheet), LAI is calculated as irradiance 
from below canopy and above canopy readings ra-
tio (Eq. 1):

o

IT
I

 � (1)

where:
T	– �average transmittance of each t value (transmittance 

at each canopy measurement point) per transect or 
stand,

I	 – �value of transmitted radiation below the canopy,
Io	– �irradiance of the free area (above the canopy – refer-

ence readings).

Given that irradiance intensity decreases expo-
nentially during its penetration through the canopy 
according to the Beer-Lambert law, it is necessary 
to incorporate an extinction coefficient for specific 
tree species is necessary to take into LAI calcula-
tions (Bréda 2003; Hirose 2005), as Eqs. 2 and 3:

 – LAI
oe

kI I � (2)

where:
e	– Euler’s number,
k	– extinction coefficient.

 e oLAI ln / /I I k  � (3)

where:
LAIe	– effective leaf area index.

The extinction coefficient is derived from the 
shape, orientation, and position of each canopy ele-
ment with a known inclination of the element and 
view direction (Bréda 2003). Eq. 3 can be simplified 
according to Lang (1991) as Eqs. 4 (for non-homog-
enous canopies) and 5 (for homogenous canopies):

eLAI 2 Ølnt � (4)

eLAI 2 ØlnT � (5)

Within the presented study, we tested both 
approaches.

The primary output of the LaiPen LP 100 is a log-
arithmically transformed radiation transmittance 
to LAIe, which then has to be multiplied by a stand 
specific correction factor (β) that accounts for the 
overlapping of needles on shoot level (Stenberg 
1996) and the woody-to-total area ratio (Kucha-
rik et al. 1998) to reach a true LAI value.

For all LaiPen LP 100 reference readings, it is es-
sential to use a sufficient open area where the near-
est obstacle is not closer than 1.5 multiple of its 
height because of the sensor’s FOV (PSI Czech Re-

Fig. 1. LaiPen LP 100 (Photon Systems Instruments, Czech 
Republic) description
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public 2015); otherwise, the sensor has to be placed 
on the top of a meteorological tower which is taller 
than the investigated stands.

LAI-2200 PCA. The LAI-2200 PCA has been 
widely used for the ecophysiology studies of agricul-
tural crops (Hicks, Lescano 1995), grasslands (He 
et al. 2007), coniferous (Chen 1996), and deciduous 
stands (Černý et al. 2018). The LAI-2200 PCA is a 
portable instrument using fisheye optics to project 
a hemispherical image of the canopy onto five sili-
con detectors that are arranged in concentric rings 
(Gower, Norman 1991) with zenith angles of 7, 
23, 38, 53, and 68° (Gower, Norman 1991; Jonck-
heere at al. 2004; Danner et al. 2015) (Fig. 2).

Five view caps are provided with the instrument 
to restrict the azimuthal view of the optical sensor: 
270, 180, 90, 45, and 10° (Chianucci et al. 2015). 
The light level is measured in an open area (or 
above the canopy) and below the canopy (Welles, 
Cohen 1996; Jonckheere et al. 2004). Moreover, 
there is an inbuilt optical filter that restricts trans-
mitted radiation below 490 nm, minimizing the 
contribution of light that has been scattered by 
the canopy (Welles 1990; Welles, Cohen 1996). 
Thereby, the maximum contrast between leaf and 
sky is achieved. The ratio of the two values provides 
the transmittance simultaneously for each sky sec-
tor. LAI is then estimated by using the inverse of 
the Poison model comparing the transmittances 
(Jonckheere et al. 2004). The LAI-2200 PCA con-
trol box is designed to accommodate two sensors 
allowing for simultaneous above- and below-cano-
py readings within a forest canopy (LI-COR 2011). 

The standard method used within PCA software 
(FV2200) is based on Miller’s theorem (Miller 
1967), which provides the following solution of the 
Beer-Lambert law (Eq. 6):

 
Π
2

e 0
LAI 2 ln θ cosθsin θ θP d   � (6)

where:
P(θ)	– gap fraction at the view zenith angle.

For obtaining the true LAI value from LAIe, it is 
necessary to multiply LAIe by a stand specific cor-
rection factor (β), which includes the woody-to-to-
tal area proportion (Kucharik et al. 1998) and the 
overlapping of needles on shoots (Stenberg 1996). 
Above-canopy measurements can be performed in 
a clearing or on the top of a tower higher than the 
studied stand. For the above readings taken in a 
clearing, it is necessary to be sure that the clearing 
is sufficiently spacious. With a 180° or larger view 
cap, the sensor should be placed in the middle of 
a clearing with a diameter of at least 7 times the 
height of the trees above the sensor. For the 90 and 
45° view caps, a clearing one-half that size (a diam-
eter of only 3.5 times the tree height) need be used 
(LI-COR 2011).

Study site

All measurements were taken in the Rájec-Něm- 
čice Long-term Experiment Station situated 30 km 
north of Brno in the Czech Republic (Table 1).

The Norway spruce stand was artificially planted 
with three-year-old saplings reforesting a clear-cut 
area at a spacing of 2.5 m × 2 m in 1978 (Knott 
2002; Kučera et al. 2002). The forest type in the 
study site is characterised as Abieto-Fagetum oli-
go-mesotrophic with Oxalis acetosella Linnaeus 
(a nutrient-medium fir-beech forest) (Viewegh et 
al. 2003). Three quadrants with an area of 625 m2 
(25 m × 25 m) with different types of thinning 
treatment: (i) thinning from above (A), (ii) thinning 
from below (B), and (iii) without any management 
intervention as the control plot (C) were established 

Fig. 2. A diagram of the LAI-2200 PCA’s (LI-COR, USA) 
concentric rings (LI-COR 2011)

Table 1. Characteristics of the Rájec-Němčice study site

Geographic coordinates 49°29'31''N, 16°43'30''E
Altitude (m a.s.l.) 610–625
Bedrock acid granodiorite1

Soil classification (soil type) modal oligotrophic Cambisols (KAmd)2, Cambisols (CM) 
with a moder form of surface humus3

Climate characteristics mean annual air temperature: 6.5°C, mean annual precipitation: 717 mm4

1Němeček et al. (2001), 2IUSS Working Group WRB (2006), 3Menšík et al. (2009), 4Hadaš (2002)
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within the investigated stand. The last tendings oc-
curred in 2002, 2005 and 2010. After different types 
of thinning in 2010, the basal area at breast height 
was reduced by 8.2% (i.e. 2.45 from 29.89 m2·ha–1) 
and by 7.8% (i.e. 3.03 from 38.73 m2·ha–1) in the 
A and B quadrants, respectively. In thinning ap-
proach A, removing trees from the middle and up-
per crown classes opened the canopy in order to fa-
vour the development of the most promising trees. 
In thinning approach B, trees were eliminated from 
the lower crown tree classes to reduce competition. 
Dendrometric and structural characteristics of the 
investigated treatments are summarized in Table 2.

Field LAI estimation

In each quadrant, a regular 3 × 3-meter grid of 
LAI measurements was established using the Field-
Map® system (IFER, Czech Republic). In such a 
way, 81 below-canopy LAI measurements were 
taken within each quadrant (A, B, C). Separate LAI 
estimates were performed for each measurement 
point of the regular grid using the LAI-2200 PCA 
and the LaiPen LP 100 on 14th July and 14th August 
2014. Within this period, LAI of most European 
tree species reaches its maximum during the grow-
ing season (Bréda, Granier 1996; Le Dantec et 
al. 2000; Mussche et al. 2001; Bréda 2003; Černý 
et al. 2018). Therefore, the relationship for calcu-
lating LAI at a specific measurement point was 
considered the arithmetic mean value from both 
measurements (mid-July and mid-August). In this 
study, pairs of both LAI-2200 PCA and LaiPen LP 
100 units in dual measurement mode for taking 
simultaneous above-and below-canopy readings 
were used. LAI estimation was conducted under 
diffuse light sky and windless conditions (Čater 
et al. 2013) to achieve standard overcast sky con-
ditions (Rich 1990). The below-canopy readings 
(i.e. a ground measurement of transmitted radia-
tion below the canopy) were taken simultaneously 
for both devices at 1.3 m a.g.l. The sensors of both 
devices for taking above-canopy readings (i.e. the 
sensors measuring an incident radiation above the 

canopy) were placed on top of meteorological mast 
(above all treetops of the investigated forest stand) 
with the identical azimuthal orientation as the sen-
sors below the canopy. For below- (to avoid shad-
ing of the sensor by the operator) and above-cano-
py readings using the LAI-2200 PCA, the opaque 
masks obscuring the sector view (view caps) by 
180° were used. For the LaiPen LP 100, a fixed view 
cap was used (see Material and Methods: LaiPen LP 
100). Before data collection, pairs of both LAI-2200 
PCA and LaiPen LP 100 sensors were calibrated ac-
cording to LI-COR (2011) and PSI Czech Republic 
(2015), respectively.

We decided to use just the first ring value of the 
LAI-2200 PCA (zenith angle 7°) when we consid-
ered LAI values to compare these with the LaiPen 
LP 100 since the LaiPen LP 100 has firmly limited 
zenith angle of 8°. This approach, including the dis-
tance between the nearest individual measurement 
points of LAI within the regular grid (3 m × 3 m), 
was also chosen due to the similar overlapping of 
sensors’ canopy view.

LAIe, as the primary raw output obtained from 
both pieces of equipment by using the LAI-2200 
File Viewer (FV2200) and FluorPen (Version 1.0.5.1, 
2013) software, was then multiplied by a stand 
specific correction factor (β). The β = 1.600 cor-
rection factor was used for calculating true LAI 
values from the LAI-2200 PCA in Norway spruce 
stands (Gower, Norman 1991; Fassnacht et al. 
1994). Similarly, the β = 0.848 correction factor was 
used to compute true LAI from LAIe values from 
the LaiPen LP 100. This precise β value was derived 
for the LaiPen LP 100 from a large dataset (≈1,250 
sample points) cross-validated over the entire range 
of Norway spruce age-classes within various altitu-
dinal vegetation zones of the Czech Republic (un-
published data of the authors).

CPI and LAE calculation

CPI was calculated according to Taylor (1993) 
and Norby (1996) as the annual production of 
above-ground biomass to the seasonal maximum 

Table 2. Dendrometric and structural characteristics (mean ± standard deviation) of the studied stands in 2014

Plot Age of 
stand (yr)

Stand density 
(No. of trees per hectare)

Height 
(m)

DBH 
(cm)

BA1.3 
(m2·ha–1)

Growing stock 
(m3·ha–1)

A 36 1,930 14.14 ± 3.73 14.84 ± 6.13 36.60 ± 0.25 250.02 ± 2.00
B 36 1,915 16.33 ± 2.37 15.81 ± 4.47 43.41 ± 0.17 290.07 ± 1.32
C 36 4,100 12.72 ± 2.68 10.97 ± 4.81 36.96 ± 0.19 287.12 ± 1.39

A – thinning from above, B – thinning from below, C – control plot, BA1.3 – basal area at breast height
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LAI ratio (i.e., CPI = TBincLAI–1). LAE as a similar 
parameter to CPI, calculated as the ratio of the an-
nual stand basal area at a 1.3 m height increment to 
maximum LAI (i.e., LAE = BAincLAI–1), reflects leaf 
area efficiency in stem biomass production, as well.

The annual above-ground biomass production 
and annual stand basal area increment necessary 
for calculating CPI and LAE were obtained from 
regular forest inventories taken annually from 2014 
to 2016 within the investigated Norway spruce 
stands (i.e. each autumn) using the Field-Map® 
system, and from site-specific allometric equations 
established by Krejza et al. (2013).

Statistical data processing

Statistical analyses were performed using STA-
TISTICA® (Version 10.0, 2010) and SigmaPlot® 
(Version 13.0, 2015) software. A normality was 
tested using Shapiro-Wilk’s test. Parametric tests 
(t-test, ANOVA) were used for data with normal 
distribution or in another case, a non-parametric 
test (Mann-Whitney test) was carried out. The 
Tukey Post-hoc analysis was executed for con-
firming significant differences between particular 
groups. When only two groups were compared (as 
when comparing the devices used), the t-test was 
applied. Subsequently, descriptive statistics were 
calculated. Wafer-plots were created in STATIS-
TICA® to visualize the LAI of forest stands under 
various thinning treatments.

RESULTS

On the stand level, an ANOVA and subsequent 
Post-hoc Tukey test results confirmed similar dif-
ferences between silvicultural treatments (A vs. 
B) when each of tested devices was used (LAI-
2200 PCA and LaiPen LP 100). The LAI-2200 PCA 
showed significantly higher LAI values in the C plot 
compared to the thinned plots (A, B). However, the 
values measured by LAI-2200 PCA were signifi-
cantly higher than those estimated by LaiPen LP 
100 within the C plot. By contrast, no significant 
difference was found between the LAI values of the 
C and B treatments estimated by the LaiPen LP 100, 
but there were significantly different LAI values 
seen between the C and A plots. The results confirm 
that LAI significantly decreased after applied thin-
ning measures in pure Norway spruce pole stands; 
although LAI decreased more evidently in the A 
plot according to the LaiPen LP 100 and contrary 

in the B plot according to the LAI-2200 PCA, these 
differences were nevertheless slight (Fig. 3).

The spatial variability of LAI is displayed in Fig. 4 
for each of the thinning treatments in pure Norway 
spruce pole stands.

No significant difference was indicated between 
the measurements taken in July and August with-
in the particular treatments. Based on the non-
parametric Mann-Whitney test, the differences 
between both month’s LAI values were negligible 
within all three treatments when measured by both 
tested devices.

The LaiPen LP 100 underestimated LAI in the A 
and C plots by 7.4 and 10.6%, respectively. Contrari-
wise, in the B plot, the LaiPen LP 100 overestimated 
the LAI stand value by 3.7% compared to the LAI-
2200 PCA (Table 3). If we consider the total average 
of LAI values across all of the collected data regard-
less of the thinning treatment used (i.e. two arith-
metic averages of the whole measured LAI dataset 
obtained by the LaiPen LP 100 and the LAI-2200 
PCA, were respectively calculated; which were then 
compared), we found that the LaiPen LP 100 under-
estimated LAI data obtained by the LAI-2200 PCA 
by 5.8%. After we calculated the differences of spe-
cific LAI values measured at particular points by 
both devices and then expressed as a percentage, we 
calculated the total arithmetic average from that. In 
such a case, the LaiPen LP 100 overestimated the 
LAI values taken by LAI-2200 PCA by 1.4%.

Linear regression between the whole dataset esti-
mated by the LAI-2200 PCA (as the etalon) and the 

Fig. 3. The leaf area index (LAI) of Norway spruce pole 
stands under different tending approaches estimated by the 
LAI-2200 PCA (LI-COR, USA) and LaiPen LP 100 (Photon 
Systems Instruments, Czech Republic) devices
A – thinning from above, B – thinning from below, C – 
control plot; dots mark the mean value; the whiskers display 
the standard deviations; distinct letters indicate significant 
differences (P < 0.05) among silvicultural treatments and 
different optical instruments using Tukey’s Post-hoc test
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Table 3. Mean leaf area index (LAI) on the stand level ± standard deviation (SD) of the investigated forest stands and 
differences in LAI: mean ± SD (minimum; maximum), between the LAI-2200 PCA (LI-COR, USA) and the LaiPen 
LP 100 (Photon Systems Instruments, Czech Republic) at each specific measurement point within the regular grid 
expressed as a percentage

Silvicultural 
treatment

Forest stand LAI (m2·m–2) Differences between LAI estimated by the LaiPen LP 100 compared 
to the LAI-2200 PCA at each specific measurement point (%)LAI-2200 PCA LaiPen LP 100

A 7.61 ± 2.29 7.05 ± 1.73 1 ± 37 (–58; 156)
B 7.48 ± 1.75 7.76 ± 1.36 8 ± 30 (–33; 183)
C 9.34 ± 2.51 8.35 ± 1.23 –5 ± 26 (–48; 115)

A – thinning from above, B – thinning from below, C – control plot

Fig. 4. Spatial heterogeneity of leaf area index (LAI, m2·m–2) estimated by the LAI-2200 PCA (LI-COR, USA; the left 
column) and the LaiPen LP 100 (Photon Systems Instruments, Czech Republic; the right column) over individual mea-
surement points within a regular grid expressed for particular thinning treatments in Norway spruce pole stands
A – thinning from above, B – thinning from below, C – control plot
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LaiPen LP 100 at each measurement point within 
a regular grid was performed. A simple regression 
model was compared with the linear model of y = 
x deemed as the potentially optimal relationship 
exhibiting the full compatibility of both devices. 
Between both tested devices, a linear regression 
of y = 0.3117x + 5.1718 was found. Thus, the point 
of intersection with a regression of y = x was ap-
proximately 7.514 (both for x, y coordinates). The 
point of intersection was investigated to deter-
mine the two different ranges where the LaiPen 
LP 100 over- and under-estimates values obtained 
from the LAI-2200 PCA. The LaiPen LP 100 gen-
erally overestimates the LAI-2200 PCA within the 
range of low LAI values (< 7.514), while in the high 
LAI values (> 7.514), it underestimates the etalon 
(Fig. 5). Therefore, the intersection point could be 
considered as the point of inflexion between these 
two ranges of LAI values.

The two parameters (i.e. CPI and LAE) were com-
pared to display the quality of leaf area and its ef-
fect on above-ground biomass production or basal 
area increment (Table 4).

DISCUSSION

In central Europe, the LAI of Norway spruce for-
est stands commonly varies between 2 and 17 and 
reaches the maximum LAI value at a quite early 
age of ca.15–20 years (Pokorný, Stojnić 2012). 
Chroust (1993) noted in a dense young Norway 
spruce stand (age of 24 years, stand density 5,610 
trees per hectare) a LAI value of 21.8 and Barták 
et al. (1993) measured an LAI of 14.4 (a 35-year-old 
spruce monoculture), both in the Czech Republic. 
Köstner et al. (2002) published for two nearly 
40-year-old spruce stands in Germany two distinct 
LAI stand values, i.e. 5.3 and 6.5, as the result of 
significant needle loss due to disease. The LAI val-
ues measured in this study using two different de-
vices within Norway spruce pole stands under vari-
ous management approaches are compatible with 
the findings in previous studies; our values gener-
ally ranged in the lower part of the interval.

From our results, it seems that estimating LAI in 
forest stands under the particular tending regime 
appears to be problematic. In particular, we found 
different LAI values between stands thinned from 
above (A plot) and thinned from below (B plot) 
when two different devices (based on a similar 
technical principal) were used for estimating LAI. 
These findings are in accordance with the results 
reached by Küssner and Mosandl (2000), who 
observed an underestimation of LAIe measured by 
the LAI-2000 PCA (the forerunner of the LAI-2200 
PCA) compared to allometric relationships by 37 
to 82%. As they found, the degree of underestima-
tion was dependent upon the stand density and was 
the highest in sparsely stocked plots. This means 
that in our study when the A treatment (thinning 
from above) reached the lowest growing stock (ca. 
250 m3·ha–1 vs. 290 and 287 m3·ha–1 in the other 

Fig. 5. The linear regression model (y = 0.3117x + 5.1718) 
describing the relationship between the leaf area index 
(LAI) values estimated by the LAI-2200 PCA (LI-COR, 
USA) and the LaiPen LP 100 (Photon Systems Instruments, 
Czech Republic) at each particular point of measurement 
within a regular grid
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Table 4. The canopy production index (CPI) and leaf area efficiency (LAE) for the investigated Norway spruce pole stand

Silvicultural treatment
CPI LAE

LAI-2200 PCA LaiPen LP 100 mean LAI-2200 PCA LaiPen LP 100 mean
A 0.67 0.73 0.70 0.10 0.11 0.11
B 0.56 0.54 0.55 0.09 0.08 0.09
C 0.50 0.56 0.53 0.08 0.09 0.09

A – thinning from above, B – thinning from below, C – control plot; the bold values show in which of the treatments the 
highest rate of CPI and LAE within the observed thinning treatments (A, B, C) occurs
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two treatments, respectively), the degree of un-
derestimation could be the highest in this stand 
structure. Moreover, when the LaiPen LP 100 es-
timated an even lower LAI in this particular treat-
ment (A), LAI was underestimated even more than 
the LAI-2200 PCA in such forest stand structure. 
However, this trend could be reversed in some even 
more sparsely stocked plots where the LaiPen LP 
100 could be less underestimating device. This is 
possible because we proved that under a LAI value 
of 7.514, it overestimated the values obtained from 
the LAI-2200 PCA and so, this could be closer to 
the actual LAI (e.g. from direct methods) compared 
to the “etalon” device. This finding fully meets the 
common statement by Eckrich et al. (2013), that 
indirect measurements of LAI estimated using a 
gap fraction analysis with linear and hemispheric 
sensors have been commonly used to assess radia-
tion interception by the canopy, although the two 
methods often yield inconsistent results. Thus, 
even though both devices tested by us in this study 
showed comparable results mainly in terms of ba-
sic trends throughout the compared thinning treat-
ments, it seems to be inherent that the full level 
of sameness was not achieved, especially when 
both had different sectors of opaque masks and, 
of course, possess different hardware and software 
features. More than the sameness between both 
devices employing the optical method, conformity 
between indirect (optical) methods would be im-
portant as it would for direct methods in general. 
Whereas knowing the degree of concordance with-
in certain conditions between two devices might be 
useful as an option for calibrating instruments or to 
calibrate/compare LAI values estimated by two dif-
ferent devices, the necessity of generally verifying 
indirect with direct methods should be especially 
recommended, in particular when it is important to 
study the actual LAI value and not only its dynam-
ic. This is especially true for individual plots from 
which many different structural reasons mainly re-
sult in a site-specific clumping index as described 
by e.g. Kenkel (1988) and Cescatti (1998) and, 
as it is discussed below, should be considered to ob-
tain comparable data. In general, Cescatti (1998) 
stated that the common LAI underestimation of 
indirect methods in a homogenous canopy is about 
36% (mainly induces by a clumping index).

The issue of the comparability or incomparability 
of different devices to perform the indirect LAI esti-
mation was also proved by Homolová et al. (2007). 
Kucharik et al. (1998) stated that stems accounted 
for by 30–50% of the total woody area in boreal for-
ests. Moreover, the proportion of wood can specifi-

cally contribute to a site-specific correction factor 
to deduce actual LAI from an optical device because 
woody elements affect canopy radiative transfer, ra-
diation reflectance, etc. Many authors have found 
that optical instruments generally underestimated 
LAI when compared to direct estimations (Smith 
et al. 1993; Fassnacht et al. 1994; Sommer, Lang 
1994; Chen et al. 1997; Cescatti 1998; Cutini et 
al. 1998; Küssner, Mosandl 2000; Jonckheere 
et al. 2004; Černý et al. 2018). If we consider our 
findings that show a general sameness of LAI esti-
mated by both tested devices, seen though the LAI-
2200 PCA (or its forerunner LAI-2000 PCA) that 
produced an LAI underestimation (Chen 1996; 
Cescatti 1998; Küssner, Mosandl 2000), we 
can also advocate that the LaiPen LP 100, as the 
typical representative of indirect optical methods, 
underestimated LAI as well.

In addition, the above-stated underestimation 
that we achieved mainly in the plot thinned from 
above could be also enhanced by calculating LAI 
from LAIe by assuming a clumping factor. Such cor-
rections include a foliage element (shoot) clump-
ing index (for clumping at a scale larger than the 
shoot), a needle-to-shoot-area ratio (for clumping 
within the shoot), and a woody-to-total-area ra-
tio (Chen 1996). The LaiPen LP 100 and the LAI-
2200 PCA are based on similar optical methods 
such as hemispherical photography to estimate 
LAI from the transmittance of light through a for-
est canopy. However, while some software post-
processing hemispherical photos can estimate the 
clumping index of a certain image directly from the 
image, this is impossible for devices like the LAI-
2200 PCA (Albrechtová et al. 2017) and also the 
LaiPen LP 100. Ignoring leaf clumping leads to an 
underestimation of the canopy’s transmittance 
and, consequently, to an inaccurate prediction of 
radiative regimes (Cescatti 1998). Many previous 
investigations into the relationship between crown 
architecture and radiative regime were based on a 
random tree distribution (Kuuluvainen, Pukka-
la 1989), but this assumption needs to be verified 
for individual plots (Cescatti 1998), especially for 
even-aged stands. Even-aged stands usually pres-
ent a regular tree distribution as a consequence 
of natural mortality and thinning (Kenkel 1988), 
while canopy gaps generate a typical clumped pat-
tern in uneven-aged forests (Ward, Parker 1989). 
Despite the fact that we investigated only even-aged 
stands in our study, different thinning treatments 
can lead to different clumped patterns, and espe-
cially in the case of A-treatment (thinning from 
above), this can enhance the intensity of LAI un-
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derestimation. In even-aged stands, the architec-
ture of the crowns and percentage of gaps between 
crowns in forest stands thinned from above differ 
from plots thinned from below, or those without 
any tending. Within plots thinned from above, the 
shape of Norway spruce crowns is significantly dif-
ferent as was proved by Misson et al. (2003), Mäki-
nen and Isomäki (2004) and Krejza et al. (2015), 
where there were deeper crowns due to the pen-
etration of columns of light through vertical gaps 
in the canopy, which supported photosynthesis in 
deeper crown layers (which actually corresponds 
to the processes described by Ward and Parker 
(1989) in uneven-aged stands). It was also proved 
by Hyer and Goetz (2004), who compared the 
LAI-2000 PCA and the Decagon AccuPAR ceptom-
eter in three different tree species, including black 
spruce (Picea mariana (Miller) Britton, Sterns & 
Poggenburg), which has a similar habitat to Norway 
spruce. They detected the lowest correlation be-
tween both used instruments only in spruce stands 
which was because, as they suggested, due to the 
highest spatial heterogeneity within spruce stands, 
particularly in sparse canopies. Thus, their finding 
are in agreement with what we observed in a similar 
forest structure, i.e. in sparse spruce stands. These 
reasons could lead to a general LAI underestima-
tion of Norway spruce stand thinned from above, 
which was even more apparent when estimated by 
the LaiPen LP 100. However, it also showed that the 
clumping index (at the level of every specific tree 
species) is not generally valid and should be verified 
for individual plots, as was recommended by e.g. 
Cescatti (1988).

The underestimated LAI by both devices, how-
ever, could change the results about CPI and LAE, 
which were shown in this study to be the highest in 
the plot thinned from above. If we consider the un-
derestimated LAI by both devices, especially in the 
forest stand thinned from above, this leads to a de-
crease in the “efficiency” of LAI (in the meaning of 
both CPI and LAE). From the previous studies, it is 
generally clear, that LAE increases with increasing 
tree size (Gspaltl et al. 2013). On the other hand, 
the issue is much more complex when it is projected 
onto the level of the entire forest stand. As Gspaltl 
et al. (2013) proved, at a given tree size, trees from 
un-thinned plots were more efficient. However, due 
to generally larger tree sizes in thinned stands, an 
average tree from a thinned forest stand is superior. 
From that perspective, it is very clear that the con-
trol plot in our study reached the lowest efficiency 
of LAI which is in agreement with other stud-
ies where the average tree reached approximately 

0.07 m3 (growing stock – 287.12 m3·ha–1; stand den- 
sity – 4,100 trees per hectare). However, our result 
showing the highest efficiency of LAI in the plot 
thinned from above is more about tree size distri-
bution, which perhaps should be shifted towards 
a higher presence of top-dimension trees that en-
hance the average efficiency, despite the fact that 
the average tree is smaller (0.13 m3 with a growing 
stock of 250.02 m3·ha–1 and a stand density of 1,930 
trees per hectare) than the average tree in the plot 
thinned from below (0.15 m3 with a growing stock 
of 290.07 m3·ha–1 and a stand density of 1,915 trees 
per hectare). Finally, within a certain tree size, in-
dividual trees can be more efficient at growing in 
un-thinned plots than the same sized trees grow-
ing in thinned plots (Gspaltl et al. 2013). Thus, 
total efficiency at the stand level could depend 
more (and is superior) on the distribution of tree 
dimensions (Gspaltl et al. 2013), because larger 
trees achieve higher efficiency than smaller trees. 
However, in our study, there was a large overlap-
ping of the distribution of the range of tree dimen-
sions (despite different tending approaches) among 
the investigated treatments (i.e. observed plots), so 
the stand level efficiency could amazingly increase 
(to a relative extent) in un-thinned stands. More-
over, as Gspaltl et al. (2013) stated, this question 
is more complex because he only partly accepted 
the hypothesis that the highest efficiency of LAI is 
found within plots after thinning (compared to un-
thinned plots) because the results were not con-
gruent in all plots.

CONCLUSIONS

The LAI values obtained by both tested optical 
instruments (the LaiPen LP 100 and the LAI-2200 
PCA) based on the radiation transmittance meth-
od reached similar levels of accuracy within the 
investigated Norway spruce stands. These results 
confirmed our first hypothesis and showed that 
both devices provided compatible indirect LAI es-
timations above particular measurement points in 
a regular grid and are comparable when estimat-
ing the LAI value at the forest stand level. The ob-
served slight deviations throughout all measured 
LAI values between both tested devices might have 
been caused by each of the different sensors’ FOV, 
the use of a view cap to exclude the operator from 
the sensor’s FOV when taking measurements with 
the LAI-2200 PCA, and the spatial heterogeneity 
of Norway spruce canopies. The point of inflexion 
between the two ranges, where the LaiPen LP 100 
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overestimates low LAI values and the etalon un-
derestimates high LAI values, was approximately 
7.514. The highest CPI and LAE were revealed 
within the plot thinned from above (i.e. high, 
crown-type of thinning) as we hypothesised. How-
ever, the issue is very complex and moreover, both 
CPI and LAE should be considered firstly on the 
level of each individual tree and then on the level 
of the entire forest stand. These two viewpoints 
on efficiency, however, could differ significantly. 
A comparison of LAI estimated by both tested de-
vices (the LaiPen LP 100 and the LAI-2200 PCA) 
showed that both observed thinning treatments 
resulted in decreased LAI values for several con-
secutive years after applied silvicultural measures 
in pure Norway spruce pole stands. Comparable 
data were observed when two devices, based on 
similar technology, were used; however, these two 
devices differ dramatically in terms of their prices 
(with the LaiPen LP 100 costing 5,400 EUR and the 
LAI-2200 PCA costing 17,000 EUR).
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