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Abstract

The leaf area index (LAI) is a key characteristic of forest stand aboveground net productivity (ANP), and many methods

have been developed to estimate the LAI. However, every method has flaws, e.g., methods may be destructive, require 

means or time and/or show intrinsic bias and estimation errors.

A relationship using basal area (G) and stand age to estimate LAI was proposed by Sonohat et al. (2004). We used 

literature data in addition to data form measurements campaign made in the northern half of France to build a data set 

with large ranges of pedoclimatic conditions, stand age and measured LAI. We validated the Sonohat et al. (2004) 

relationship and attempted to improve or modify it using other stand/dendrometric characteristics that could be 

predictors of the LAI.

The result is a series of three models using the G, age and/or quadratic mean diameter (Dg), and the models were able to

estimate the LAI of an oak only even-aged forest stand with good confidence (root mean square error, RMSE < 0.75) 

While G is the main predictor here, age and Dg could be used conjointly or exclusively given the available data, with 

variable precision in the estimations.

Although these models could not, by construction, relate to the interannual variability of the LAI, they may provide the 

theoretical LAI of an untouched forest (no meteorological, biotic or anthropogenic perturbation) in recent years. 

additionally, the use of this model may be more interesting than an LAI measurement campaign, depending on the 

means to be invested in such a campaign.

Introduction

Forest productivity in the near future is a subject of great concern (Lindner et al. 2010; Hanewinkel et al. 2013; Hurlbert

et al. 2019), and the identification of functional traits, or their combination, connected to tree adaptation to climate 

change is still under debate (Bussotti et al. 2015). Aboveground net productivity (ANP) is driven by many intrinsic 

(e.g., light-use efficiency, drought resistance, leaf area, species composition) and extrinsic (e.g., nutrient availability, 

meteorology, topography, management) factors (Skovsgaard and Vanclay 2008). In this context, stand characteristics are
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important variables to model ANP (Stage 1973; Peng 2000; Monserud 2003); canopy description is especially 

important, as it is the main interface between a tree and the atmosphere. Its description has been subject to research, and

several descriptors have been proposed (Jonckheere et al. 2004; Parker 2020),such as the leaf area index (LAI) 

(Running and Coughlan 1988; Asner et al. 2003; Clark et al. 2008; Ollinger 2011; Parker 2020). The LAI is by far the 

main variable used to describe a canopy, and is one of the main factors influencing the ANP of forest stands (Fassnacht 

and Gower 1997; Barr et al. 2004; Reich 2012).

The LAI is defined as half the total leaf area developed by the vegetation reported on the land surface occupied by this 

vegetation (Chen and Black 1992). The LAI is an important value used to estimate the water and radiative budget of a 

forest stand and thus stand productivity (Running and Coughlan 1988; Landsberg and Waring 1997; Pietsch et al. 2005).

The LAI has a great impact on forests since higher LAI values indicates greater transpiration and greater rain 

interception than lower LAI values (Bréda and Granier 1996; Granier et al. 1999; Yan et al. 2012). Considering the 

radiative budget, a lower LAI indicates less sunlight absorption, which would have two direct effects: (i) lower 

photosynthetic activity leading to decreases in tree productivity and (ii) higher production of understorey vegetation 

(Granier et al. 1999), leading to the development of understorey vegetation, often accompanied by higher 

evapotranspiration and competition for soil water (Black et al. 1989). Quantitatively speaking, some studies have 

proposed linear relationships between ANP and LAI with linear factors of 0.3 to 1.9 Mg·ha-1·year-1 per LAI unit 

(Fassnacht and Gower 1997; Asner et al. 2003; Parker 2020) or a logistic relationship (Jokela et al. 2004).

Nevertheless, LAI measurements require the implementation of heavy protocols. LAI measurement methods are divided

into two main categories: (i) direct methods, implying a measurement of leaf area, which can be used to define an 

allometric relationship to extend the measure made on a subsample to the whole sample (in which case, the term 

semidirect method is preferred) and (ii) indirect methods, which consist of the analysis of the light under the canopy 

with the assumption of spatial and angular distribution of leaves (Dufrêne and Bréda 1995; Bréda 2003; Jonckheere et 

al. 2004; Weiss et al. 2004).

Among direct methods, litter traps are often considered as reference (Dufrêne and Bréda 1995; Mussche et al. 2001; 

Bréda et al. 2002; Bréda 2003). This method consists of the placement, of mesh-bottomed (or, at least, draining 

material) collectors of determined size, shape and height just above the ground, and these traps collect leaves during the 

leaf fall season (Morrison 2011). This method requires the installation of enough litter traps and regular collection 

during the leaf fall season; additionally, samples require sorting, weighting and measuring the leaf surface of the litter 

collected to avoid the loss of material by decomposition or degradation (Bréda et al. 2002; Bréda 2003; Eriksson et al. 

2005). A common semidirect method based on allometry consists of the construction of a relationship between easily 
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measurable tree characteristics such as diameter at breast height or stem basal area and the leaf surface of the tree 

(Bartelink 1997; Le Dantec et al. 2000). However, this method requires cutting down the selected trees and collecting 

and measuring all of the tree’s leaves. The relation between the measured variables and leaf area is then applied to the 

other trees of the stand, and the total leaf area is estimated. A third method, inclined point quadrats, is applicable only 

for herbaceous stands and consists of planting a thin probe regularly in the leaf coverage and counting the contacts 

between the probe and the leaves (Wilson 1960).

Finally, the needle method is derived from the inclined point quadrats method applied for deciduous trees at the end of 

fall when all leaves are on the ground. Under these conditions all leaves are horizontal and flat, and the probe is vertical.

In this case, the number of contact points between the probe and the leaves is locally equal to the LAI. The mean value 

of a large number of measurements in a forest stand gives the mean LAI of the stand (Bréda et al. 2002; Bréda 2003).

Indirect methods use light as a tool to estimate the LAI and rely on two theories: gap fraction and gap size distribution 

(Chen and Cihlar 1995). The simplest application of these theories is to measure sun flecks on the ground multiple 

times a day. The proportion of sunlit ground over time (gap fraction) or the distribution of the sizes of this fleck (gap-

size distribution) can provide enough information to estimate the LAI (Welles 1990; Welles and Cohen 1996). An 

evolution of this method is the digital hemispherical photography (DHP). With a shaded canopy and a 

homogeneously lit the sky (during dawn or dusk or a cloudy day), it is possible to distinguish sky (lightened areas) from

the leaves (dark areas). Using gap fraction or gap-size distribution theories, it is possible to estimate the LAI (Weiss et 

al. 2004). Many instruments use these theories to indirectly measure the LAI under different types of canopies (from 

prairies to forests), such as the Licor LAI-2000, the Demon, the Plant Canopy Imager, or a smartphone with the 

“Pocket LAI” application (Bréda et al. 2002; Jonckheere et al. 2004; Casa et al. 2019).

Finally, other methods based solely on modelling allow the estimation of the LAI (Running and Gower 1991; Pietsch et 

al. 2005; Guillemot et al. 2017). This approach allows the models to estimate the interannual variation in the LAI and, 

thus, the variation in the energy, water and carbon budget of the stand. Application to a real stand would require some 

variable that is easily accessible using a model but harder to access in a real-life forest stand (i.e., net assimilation of 

carbon or quantity of available soil water).

None of these techniques are perfect and each has flaws. While litter trapping and allometry can distinguish the specific 

LAI of different tree species in the canopy, indirect methods cannot (Bréda 2003). For an LAI higher than 5, 

instruments using gap fraction theory show a saturation in the measurements (Gower et al. 1996). Some direct or 

semidirect methods require either destructive measurements of trees or the installation of materials on the stand (litter 

traps, sensors and data acquiring unit) while others require a large amount of time spent on the stand to achieve a 

3

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 6, 2021. ; https://doi.org/10.1101/2021.08.05.454476doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.05.454476
http://creativecommons.org/licenses/by-nc-nd/4.0/


correct sampling. This large amount of recquiered effort and/or time may lead to subsampling and, thus, a biased 

estimation of the measured LAI. Last, assumptions are made for each of these methods, especially for indirect ones, and

they must be considered when considering the results because these assumptions are often not verifiable.

LAI values are difficult to estimate directly, and it appears important, as an alternative to measurements, to develop a 

relationship linking the LAI to common stand parameters through simple empirical relationships. Sonohat et al. (2004) 

developed such a relationship to estimate the LAI of a coniferous stand using the assumption of an age-dependent 

relationship between the basal area (G) and LAI. Based on this study, we propose several adaptations of tis relationship 

to improve the LAI estimation for even-aged oak stands using dendrometric stand data: G, stand age and/or quadratic 

mean diameter (Dg). To establish and validate our relationships, different data sets e compiled, including an LAI 

measuring campaign, using the needles method, through  northern France during the winters of 2018-2019 and 2019-

2020 (35 plots distributed on 13 sites); this campaign was supplemented by 86 published measures (distributed on 44 

sites) from the literature (Le Dantec et al. 2000; Balandier et al. 2006) and 22 measures (distributed on 4 sites) from 

personal correspondence, resulting in a total of 145 measures (See Appendix 1).

Material and Methods

LAI measurement and estimation

Summary of the data sets

A total of 145 data points were considered in our study and came from different datasets. This compiled dataset covered

a wide range of densities (Relative Density Index (relative density index (RDI) (Reineke 1933; Le Goff et al. 2011; Le 

Moguédec and Dhôte 2012)): 0.18 to 1.37; mean = 0.65) and ages (10 to 220; mean = 110 years). This thorough 

approach is quite an achievement since only a few LAI measurement data are available on pure Q. petraea stands and 

fewer data sets contain stand-related variables such as G or tree densities. The ranges [min-max (mean) ] of G, Dg and 

LAI were 6.9-49 (21.6) m²/ha, 2.8-80.9 (36.1) cm and 0.4-5.6 (3.1) m²/m², respectively (see Appendix 1).

The LAI was measured by either a direct or an indirect method: litter-trap followed by leaf surface measurements, 

needle method, DHP, transmittance and LAI-2000 (see Appendix 1).
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Description of the needle method

The needle method is derived from the inclined quadrat points (Wilson 1960). This derivation implies flat horizontal 

leaves and a vertical thin probe. For this measurement we used a square-shaped (~10×10cm) plastic plate pierced by a 

hole (diameter = 0.8 mm) on its centre and a thin (diameter = 0.8 mm, 20 cm) long steel needle (piano string) as the 

probe. For the measurement of each plot, at least two transects (usually diagonals) were planned. The distance between 

throws was estimated on site to cover the length of the whole transects and we obtained between 117 and 163 (mean = 

134) local LAI measurements.

Along this transect, plastic plates were thrown to the soil (backwards to ensure minimization of the operator effect on 

the measurement). For each throw, the plate was pushed flat, and litter was stabbed through the plate’s centre hole. The 

plates were then carefully picked up and flipped over. As stated by (Parker 2020) "In the idealized concept, LAI is the 

number of leaves above a single point, that contact an infinitely thin vertical line". Each contact point, defined by the 

occurrence of the probe passing through or touching the border of a leaf, is counted, identified to the leaf species and 

recorded down. The main limitations of this technique are the shape of the leaf and the diameter of the probe. A large 

probe diameter and/or a leaf showing a high perimeter over area ratio might increase the border effect and may bias the 

measurement. The diameter of the probe (0.8 mm diameter stainless steel piano chord) and the shape of the oak leaves 

minimize bias. The LAI of the stand is computed, and then the mean value of all stabs can be discriminated by species. 

For practical reasons, the two most frequent species in each stand were distinguished, and other species were pooled 

into the “other category”. The data resulting from this measurement campaign are detailed in Table 1 (details available 

in Appendix 2). Over this measurement campaign, an average of 139 local LAI measurement were done each of the 35 

experimental plots (total = 4809, mean value = 3, mean error on measurement = 0.4) (more details are supplied in the

Appendix 2).

Table 1: Summary of LAI measures using the needles technique. The LAI is the mean value of all 
measurements on each plot. 

Network Site plot Latitude Longitude RDI Age2018

 (years) 
Density
 (N. ha-1) 

G
 (m². ha-1) 

Dg
 (cm) 

LAI
 (m². m-2) 

ICOS Barbeau 48.4764 2.7801 0.56 134 119 22.2 38.1 3.1

GIS Coop Darney-Sessile 1 48.0954 6.1316 0.22 32 168 7.7 23.9 1.8

GIS Coop Darney-Sessile 2 48.0954 6.1316 0.89 32 1627 25.7 14.5 2.4

GIS Coop Darney-Sessile 3 48.0954 6.1316 0.87 33 1585 24.6 14.4 2.9

GIS Coop Darney-Sessile 4 48.0954 6.1316 0.42 33 548 13.5 17.6 2.5

GIS Coop Grosbois 1 46.4999 2.9930 0.47 37 656 14.9 16.9 3.5

GIS Coop Montrichard 2 47.3751 1.1784 1.33 33 3065 25.7 10.3 3.5

GIS Coop Montrichard 4 47.3751 1.1784 0.50 35 916 14.9 14.4 2.7
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GIS Coop Montrichard 5 47.3751 1.1784 0.85 32 2470 22.4 10.6 2.7

GIS Coop Moulins-Bonsmoulins 1 48.6956 0.5187 0.64 25 974 12.8 12.8 3.2

GIS Coop Parroy 1 48.6702 6.6523 1.11 41 1451 29.9 17.6 3.7

GIS Coop Parroy 2 48.6702 6.6523 0.85 40 963 25.3 19.1 3.1

GIS Coop Parroy 3 48.6702 6.6523 0.35 40 120 11.3 38.5 3.4

GIS Coop Parroy 4 48.6702 6.6523 0.22 39 100 10.0 32.3 3.0

GIS Coop Reno-Valdieu 1 48.5276 0.6780 0.51 52 339 18.2 26.3 2.7

GIS Coop Reno-Valdieu 2 48.5276 0.6780 1.27 52 1389 33.4 19.5 2.9

GIS Coop Reno-Valdieu 3 48.5276 0.6780 0.70 51 669 22.3 21.2 2.9

GIS Coop Reno-Valdieu 4 48.5276 0.6780 0.25 52 120 10.1 31.8 2.5

GIS Coop Troncais 1 46.6636 2.7072 0.45 56 333 16.3 24.5 3.2

GIS Coop Troncais 2 46.6636 2.7072 0.24 57 129 9.1 29.6 3.0

GIS Coop Troncais 3 46.6636 2.7072 1.04 55 1345 30.6 17.7 3.6

OPTMix O12 2 47.7737 2.5755 0.37 76 294 12.8 23.6 3.4

OPTMix O12 3 47.7737 2.5755 0.62 76 500 21.5 23.4 3.8

OPTMix O214 1 47.8081 2.4468 0.60 68 604 19.9 20.5 3.9

OPTMix O214 2 47.8081 2.4468 0.37 68 280 12.8 24.1 3.3

OPTMix O593 1 47.9127 2.3012 0.62 67 425 21.9 25.6 4.0

OPTMix O593 2 47.9127 2.3012 0.34 67 192 12.6 28.9 3.6

Silva Blois 1 47.5705 1.2573 0.37 129 85 16.1 49.1 2.7

Silva Blois 2A 47.5705 1.2573 0.24 129 104 9.3 49.2 2.3

Silva Blois 2B 47.5705 1.2573 0.52 129 377 18.1 36.1 2.5

Silva Blois 3 47.5705 1.2573 0.86 129 278 34.7 39.9 2.5

Silva Blois 4 47.5705 1.2573 0.65 129 184 27.1 43.3 2.5

Silva Tresor 1 46.6703 2.7224 1.02 139 329 41.4 40.0 3.4

Silva Tresor 2 46.6703 2.7224 0.85 139 279 34.2 39.5 3.0

Silva Tresor 3 46.6703 2.7224 0.62 139 152 26.3 47.0 2.8

To assess the required sampling effort and the performance of the needle method, we performed a study based on a 

representative distribution of leaf contact points. For this purpose, we assumed that the actual measurements made 

along the transects were representative of the whole plot. Then, a distribution function was fitted to match the 

distribution of measurements (Figure 1).
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This distribution has been used to generate a virtual sample of ten thousand measurements, and several sampling 

schemes have been studied. For each simulated sampling effort (from n=1 to n=500), a thousand random draws (with 

replacement) were generated in this virtual sample to evaluate the mean dispersion given the number of throws (sample 

size) made.

Determination of oak-only LAI from stand LAI when indirect methods are used

One of the main drawbacks of indirect methods is their inability to distinguish between species when measuring the 

LAI. In their study, (Genet et al. 2010) proposed a model to estimate the LAI belonging to oaks in a mixed stand (Q. 

pertaea and Fagus sylvatica L.) (Eq. (1)).

LAIQuercus=LAI Stand ⋅[−0.0661 ⋅(1 − e
2.78 ⋅GQuercus

GTotal )] (1)

where LAIQuercus and LAIStand are the LAIs of oaks only and of the whole stand, respectively, and GQuercus and GTotal are the 

basal areas of oaks only and of the whole stand, respectively.

7

Figure 1: Occurrences of the local LAI values observed for a typical plot (distributions local LAI meausurements for 
each plot is available in Appendix 3). Points are the field data while crosses represents the values obtained by the 
application of the function fitted.
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Computation of LAI from measured transmittance

It appears that a subset of our gathered database was comprised of below-canopy transmittance measurements (instead 

of LAI measurements). To convert these transmittances into LAI estimations we used a modelization and look-up table 

(LUT) approach. The estimation of the transmittance by the canopy can be approached using the Beer-Lambert 

relationship with an extinction coefficient relative to the LAI (Eq. (2)). The extinction coefficient includes leaf optical 

properties, leaf angle distribution and a clumping index (Vose et al. 1995; Cannell and Grace 2011). To estimate this 

extinction coefficient, we used the scattering by arbitrarily inclined leaves (SAIL) model (Verhoef 1984) in a multilayer 

version as described in Dufrêne et al. (2005). In this implementation, the canopy is divided into a stack of discrete 

layers. Each layer has a depth of 0.2 LAI unit (a forest with LAI=6 therefore has 30 layers). In our version of the SAIL 

model, the woody parts of the canopy are estimated to represent 0.9 LAI units (Dufrêne and Bréda 1995; Cutini et al. 

1998). The radiation extinction and diffusion of each single layer (elementary reflectances and transmittances) are based

on the SAIL model (Verhoef 1984, 1985).

The transmittances were then computed for a whole range of LAI values (1.1 - 8) under specific conditions (80% 

diffuse radiation, day 185, average between 10 am and 4 pm, according to the measurement conditions described in 

Balandier et al., 2006. An extinction coefficient (k) was then fitted using the Beer-Lambert law to obtain a relationship 

between transmittance and LAI: 

T λ=e− k⋅ LAI ⇔ k=
− ln (T λ)

LAI
(2)

This relationship allows for the transformation of measured transmittance values into LAI estimations through a (LUT) 

between transmittances and LAI. 

Experimental design and data collecting

A campaign of LAI measurements using the needle method was carried out during the winters of 2018-2019 and 2019-

2020 at 13 even-aged sessile oak (Quercus petraea (Matt.) Liebl.) experimental sites distributed over the northern half 

of France (see circles in Figure 2 and Table 1, supplementary data in Appendix 2). Each site was composed of plots 

with different stand density treatments: overall, 35 plots were measured.
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The needle method was used on all sites labelled here as Silva, GISCoop, OPTMix and Barbeau. The method allowed 

us to count the leaves according to their species and therefore to estimate the oak’s LAI, excluding other species. The 

characteristics of each plot are presented in Table 1. 

Experimental sites 1: UMR Silva

The LERFoB oak-permanent-plot network, which consists of thinning trials, aimed at analysing the effects of 

competition on tree growth and stand production in even-aged, naturally regenerated sessile oak (Q. petraea), stands 

across northern France

It was installed between  1925 and 1956, in five forest areas, in mostly pure even-aged stands, on soils favourable to 

oak growth; these factors could be assessed by the dominant height, which corresponded to a medium to good site index

(Duplat and Tran-Ha 1997). This network covers a significant part of the sessile oak distribution in continental France.

This network of long-term experiments, which is still being monitored, covers a wide range of silvicultural treatments 

and presented contrasted initial ages, between 27 and 121 years (Oswald 1981). Different thinning intensities were 

compared in each trial. 

The sampled plots were chosen at two sites where the largest differences, in RDI value, were observed: Sablonnières 

(Blois State Forest) and Trésor (Tronçais State Forest) (Table 1, supplementary data in Appendix 1).

9

Figure 2: Locations of LAI measurements summarized in Table 1. Colors represents either the origin of the data or the 
network managing the experimental plots on which needles measurements have been made. The shape represents the 
method used to measure the LAI on each plot. 
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Experimental sites 2: GIS Coop

The GIS Coop network has a wide geographical spread across the northern half of France (Seynave et al. 2018). For 

each site, at least three experimental plots were present with different stand densities: from free growth (RDIgoal < 0.2) to

self-thinning densities (RDIgoal > 0.9) with intermediate values (RDIgoal  0.25 and RDI≃ goal  0.5) and variable RDI≃ goal 

(ascending or descending values with time). This experimental design provided a wide range of basal areas (from 7.7 to 

33.4 m2.ha-1), with particularly very low values, and allowed us to decorrelate stand age and stand dendrometric data 

(Dg, G and N). The plots were from 25 to 57 years old at the time of measurements (Table 1, supplementary data in

Appendix 1). 

The presence and density of the understorey varied with site and treatment. Low-density treatments often showed higher

understorey density than high-density treatments. This understorey is regularly controlled to limit its development.

Experimental sites 3: OPTMix

The three OPTMix sites were all located in the Orléans state forest and presented each two density treatments with 

objective RDIgoal  0.4 and  0.6≃ ≃  (Table 1). The understorey was absent and every species other than Q. petraea was 

removed. In addition to our measures using the needle method, LAI measurements were made on OPTMix plots for the 

2018 vegetation season year using litter traps and global radiation transmittance (Table 2) (Korboulewsky et al. 2015; 

Perot et al. 2019)

Table 2: Data from the OPTMix network. All values necessary for estimating the LAI using our 
model, (G, age, Dg), plus additional information (Density), are given. The columns marked with a 
star (*) are calculated values based on measurements. The LAI “transmittance” is the result of the 
transformation of total solar radiation transmittance (TTSR) measurement to LAI using the Beer-
Lambert relationship detailed below (see Eq (2)). 

Id RDI Age Density
 (n·ha-1) 

G
 (m2·ha-1) 

Dg*
 (cm) 

TTSR

 (%) 

LAIquercus

 (m2·m-2) 

Litter traps Transmittance* Needles

O12-2 0.35 76 294 12.8 23.6 23% 2.9 3.0 3.4

O12-3 0.59 76 500 21.5 23.4 9% 3.7 4.8 3.8

O214-1 0.53 68 604 19.9 20.5 10% 3.7 4.5 3.9

O214-2 0.35 68 280 12.8 24.1 23% 2.7 2.9 3.3

O593-1 0.60 67 425 21.9 25.6 15% 3.9 3.7 4.0

O593-2 0.35 67 192 12.6 28.9 44% 2.8 1.6 3.6
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Experimental site 4: Barbeau

The Barbeau forest hosts an experimental site of the Integrated Carbon Observation System (ICOS, https://www.icos-

cp.eu) (Delpierre et al. 2016). The vegetation is composed of mature oaks of age 135 years and hornbeams (Carpinus 

betulus) as the understorey. Although there is an understorey, the basal areas and LAI were measured separately for 

each of these species (using litter traps). For this study, only the oak part of the LAI measurements was considered. 

Other LAI measurements were available for this plot, Li-cor LAI-2000 and DHP (Table 3) (Montagnani 2018). Because

these measures were unable to separate LAIs from different species, the calculations were made using the model 

proposed by Genet et al. (2010) (Eq. (1)).

This site was subject to continuous measurement of the LAI using the litter trap method. From 2012 to 2017, the 

measurement consisted of 10 collectors of 0.25 m2 each, all sorted by species and measured using an LI-3100C Area 

Meter. Since 2017, the measurement consisted of 20 collectors of 0.5m2 each, and all samples were sorted, dried and 

weighed. Before drying, the contents of the four collectors were measured using an LI-3100C Area Meter. The leaf 

mass area was the defined and applied to the other collector’s contents to estimate the collected leaf area. The estimated 

leaf area was then divided by the area covered by all the collectors (10 m2) to estimate the stand LAI.

Table 3: Data from the ICOS site of Barbeau. All values necessary for estimating the LAI using our 
model, (G, age, Dg) plus additional information (Density), are given in this table. The columns 
marked with a star (*) are estimated values. The G values for 2004 and 2005 are estimated 
backward from 2009 considering the mean growth between 2006 and 2010 (2011 is a thinning 
year). The LAIquercus values of LAI-2000 and DHP are calculated using the model proposed by 
Genet et al. (2010) (Eq. (1)).

Year
G
 (m2·ha-1) Age 

(years) 
Density 
(n·ha-1) 

Dg*

 (cm) 

LAIquercus

 (m2·m-2) 

Q. petraea C. betulus Total* Needles Litter DHP* LAI-2000*

2004 20.4 3.9 24.3 120 212 35.0 n.d. n.d. n.d. 3.1

2005 20.8 4.0 24.7 121 212 35.3 n.d. n.d. n.d. 3.2

2009 22.3 4.1 26.5 125 212 36.6 n.d. n.d. n.d. 4.3

2010 22.7 4.2 26.9 126 212 36.9 n.d. n.d. n.d. 4.0

2011 19.6 3.2 22.8 127 195 35.8 n.d. n.d. n.d. 2.8

2012 19.9 3.2 23.1 128 195 36.0 n.d. 3.4 n.d. 2.7

2013 20.2 3.3 23.5 129 195 36.3 n.d. 5.1 n.d. 3.5

2014 20.7 3.4 24.1 130 195 36.8 n.d. 4.6 n.d. n.d.

2015 21.1 3.4 24.5 131 195 37.1 n.d. 4.1 n.d. n.d.

2016 21.5 3.5 25.0 132 195 37.5 3.0 3.5 n.d. n.d.

2017 21.8 3.6 25.4 133 195 37.7 n.d. 4.1 n.d. n.d.

2018 22.2 3.6 25.8 134 195 38.1 3.1 3.8 3.9 n.d.

2019 22.4 3.7 26.1 135 195 38.3 n.d. 3.5 3.5 n.d.
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Published data from other studies

The data from Le Dantec et al. (2000) used the Li-Cor Plant Canopy Analyzer LAI-2000 detector for four consecutive 

years (1994-1997) on 17 plots of the Fontainebleau forest (southern Paris region) (Figure 2). Because some of the 

measurement plots showed mixed stands, the specific LAI of the main species was estimated using Eq. (1)(Genet et al. 

2010).

(For details, see Appendix 4.) 

The data from Balandier et al. (2006) corresponded to the measurements of canopy transmittance of total solar radiation

(TSR) on 30 plots in 5 geographic sites in France (Figure 2). The measurement plots were carefully chosen by the 

authors on the basis of the (quasi-) absence of concurrent tree species; sufficiently large surfaces and all interference 

from small understorey trees or herbaceous vegetation were avoided by cutting them off. The measurements were 

transmittance values, which were converted to LAI using the method described above (see Computation of LAI from 

measured transmittance). 

(For details, see Appendix 5.) 

Models

LAI estimation model development

The estimation of the LAI was based on the model developed by (Sonohat et al. 2004). They assumed an age-dependent

relationship between LAI and G and age (Eq. (3)):

LAI=−bmax ⋅( age
agemax

⋅ e
1 − age

agemax)
P

⋅G (3)

where LAI is the estimated LAI, age and G are the age and basal area, respectively, of the forest stand. The parameters 

bmax and P are fitted against the data, and agemax, representing the age at which the LAI is the highest (Balandier et al. 

2006), was tested for several values and finally set at 1, for this value gives the best results. This process is detailed in 

the results section.

Based on this relationship and given the actual LAI/G vs. age relationship observed on our data set, we tested whether a 

simpler formulation could allow a fair estimation of LAI with fewer parameters (Eq. (4)) :

LAI=−bmax ⋅ e− P ⋅ age⋅G (4)
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Fitting, evaluating and improving the model

All versions of the models were fitted using the nonlinear least squares (NLS) R function, which determines the 

estimates of the parameters of a non-inear model (the function to minimize is given in Eq. (5)). The evaluation of the 

model was performed using the “leave-one-out cross-validation” (LOOCV) algorithm in R. The metrics used to 

evaluate the models were the root mean square error (RMSE), the bias, the modelling efficiency (ME) (Nash and 

Sutcliffe 1970) and the Akaike information criterion (AIC) (Akaike 1973)

J (a , b , c )=∑ ( LAI est (a , b , c )− LAImes )
2

(5)

Results

Performance of the needle method

The uncertainty of the global measurement of LAI using the needle method decreased rapidly with the first hundred 

measures. Fifty-two throws were necessary to estimate the LAI with an uncertainty of 0.5 LAI units. To halve this 

uncertainty, 148 more throws were required to reach 200, and more than 300 throws were required to halve it again. All 

details of needle measurements is given in Appendix 2.

13

Figure 3: Evolution of the uncertainty of the measure given the number of throws made on the plot. The dotted lines 
mark the number of measures to achieve to obtain a twice as much precision.
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Assessment of the LAI-G-age relationship

Equation (6) represents the expression of the age-dependent term. It was chosen by Sonohat et al. (2004) to reflect an 

age at which the LAI is maximized (agemax):

LAI
G

=b (age )=− bmax ⋅( age
agemax

⋅e
1− age

agemax )
P

 (6)

 The performance of the best fits given different values of agemax showed that 1 is the optimal value of this parameter.

Since agemax=1 and P(agemax = 1) = 0.004 gives the best fit (Figure 4.a, Appendix 6), Eq. (6) can be simplified as a 

decreasing exponential (Eq. (7)) without significant loss of fit (Figure 4.b, Table 4), as follows:

LAI
G

=b (age )=−bmax⋅e−P⋅age
 (7)
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Figure 4: Stand age-(a, b), Dg- (c) and RDI-dependent (d) terms against stand age, Dg and 
RDI, respectively. The relationship fitted on these figures is displayed in the top-right corner of 
each panel. The performances are summarized in Table 4. The colours represents the 
experimental networks and the shapes of the points represents the method used to measure 
the LAI. Note: the “measured LAI (transmittance)” is the measurement of the transmittance 
value transformed in LAI value (Eq. (2)) and the DHP and LAI-2000 measured LAI are 
corrected to the oak-only LAI using the Genet et al. (2010) model (Eq. (1)).

Replacing the age by the Dg in Eq. (7) did provide a good fit (Table 4 and Figure 4c) but the fit was not as good as the 

age-dependent relationship. However, even if the relationship between b and Dg appears less parsimonious (higher AIC 

values, lower R2, Table 4), Dg may nevertheless be used accurately when age is not available. The RDI-dependent term 

showed little to no signal when considering the whole dataset (Table 4 and Figure 4d). Note that the Balandier and Le 

Dantec data seemed to increase with respect to the RDI, while the GIS Coop, Silva and OPTMix data are decreased.
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Table 4: Statistics of the relationships between LAI:G and age on Dg. 

Relationship RMSE Bias AIC R²

b (age)=− bmax ⋅( age
agemax

⋅e
1 − age

agemax )
P

0.05 0.00 -437 0.32

b (age)=− bmax⋅e−P⋅age 0.05 0.00 -438 0.32

b (Dg)=−a⋅e−b⋅Dg 0.05 0.00 -430 0.28

b(RDI )=−a⋅e−b⋅RDI 0.06 0.00 -383 0.08

Assessment and improvement of the model

The estimates of the LAI using the model presented in Eq. (4) are presented in Figure 5. The RMSE was approximately 

0.9 points with a nonnull bias of -0.17.

The addition of a constant term (Eq. (8)) reduced the RMSE by approximately 14% with a null bias (Figure 6):

LAI (G ,age )=−bmax ⋅ e− P ⋅ age⋅G+cste (8)

16

Figure 5: Measured values against estimated ones using the simplified version of the Sonohat et al. (2004) -inspired 
model (Eq. (4) ). The dashed line represent the 1: 1 relation between measured and estimated values and the dotted 
lines represents the upper (=Bias+RMSE) and lower (=bias-RMSE) values of the confidence range. 
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Replacing the age by Dg (Eq. (9)) gave similar results with an RMSE of 0.77 and a null bias (Figure 7):

LAI=−a ⋅e−b ⋅Dg ⋅G+cste (9)

17

Figure 6: Measured values against estimated ones using the precedent model with addition of a constant term as in 
equation (8). The dashed line represent the 1: 1 relationship between measured and estimated values and the dotted 
lines represents the upper (Bias+RMSE) and lower (bias -RMSE) values of the confidence range. 
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Note that the distribution of residuals of the model (Eq. (8)) along the Dg range showed a significant linear regression, 

with a confidence level of 0.95 (Figure 8). The relationship between the residuals and Dg could be included in Eq. (8) to

form Eq. (10):

LAI=−bmax ⋅ e− P ⋅ age⋅G+α ⋅Dg+ β (10)

18

Figure 7: Measured values against estimated ones using the model proposed in Eq. 9. The age-dependent term has been
replaced by a Dg-dependant term. The dashed line represent the 1: 1 relationship between measured and estimated 
values and the dotted lines represents the upper (Bias+RMSE) and lower (bias -RMSE) values of the confidence range. 
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Finally, the Dg-dependent correction factor included in Eq. (10) improved the RMSE by ~10%. This model fixed the 

large misestimation of the low-LAI plots measured by Le Dantec et al. (2000)(Figure 9).

Generally, the use of a constant term was able to cancel the bias in the model.

19

Figure 8: Residuals of the simplified model (Eq. (8)) with constant term against the Dg value. The solid line represents 
the least-square linear regression and the grey area represents the confidence interval (0.95)
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Table 5: Summary of the statistics of all tested models. Each metric shows its value concerning the 
cross-validation (X-validation) of the model and the estimation of its parameters (fit). The metrics 
of each model used in this work are presented in the Appendix 7.

Model
RMSE Bias ME AIC

X-valid Fit X-valid Fit X-valid Fit X-valid Fit

LAI=−bmax ⋅ e− P ⋅ age⋅G  (4) 0.93 0.91 -0.15 -0.15 0.22 0.24 388 391

LAI=−bmax ⋅ e− P ⋅ age⋅G+cste (8) 0.82 0.80 0.00 0.00 0.39 0.42 352 354

LAI=−a ⋅e−b ⋅Dg ⋅G+cste (9) 0.79 0.77 0.00 0.00 0.44 0.46 342 344

LAI=−bmax ⋅ e− P ⋅ age⋅G+α ⋅Dg+ β (10) 0.73 0.71 0.00 0.00 0.51 0.54 321 323

LAI measurement methods comparison

The Fontainebleau-Barbeau site has been measured regularly for 10 consecutive years, giving a time series of the 

evolution of G and Dg (Figure 8). The variables used for our model (G and Dg) did not exhibit the same temporal 

variations as the measured LAI (in red) (The coefficients of variation for G, Dg and measured LAI were 5%, 2% and 

20

Figure 9: Measured values against estimated ones using the model proposed in Eq. (9). A linear Dg-dependent term is 
used. The dashed line represent the 1: 1 relation between measured and estimated values and the dotted lines represents
the upper (Bias+RMSE) and lower (bias -RMSE) values of the confidence range. 
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19%, respectively). Therefore, the estimated LAI using our model (black stars, cv = 2%) could not reproduce the 

temporal variations in the measured LAI.

21

Figure 10: Evolution of the maximum LAI measured on the Barbeau site by different methods (red hollow shapes) 
against the Dg (top) and G (middle) measured values. The LAI (bottom) estimation based on the G, age and Dg 
measurement are shown as black stars (*) and are estimated using the model described by Eq. (10). Note the fall of G 
and measured LAI between the years 2010 and 2011, following a commercial thinning (vertical dashed light-grey line). 
Also, the litter collection protocol changed slightly (addition of litter traps) during the year 2017. 
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Overall, note that different measurement methods provided different LAI values except for the DHP that matched the 

litter trap values for 2018 and 2019 at the Barbeau site. Moreover, the mean LAI over the 2009-2019 period in Barbeau,

considering all available measures, was 3.7 (sd = 0.6), while the mean LAI estimation was 3.1 (sd = 0.1). Thus, no 

significant difference between measures and estimations could be noted under the condition that all measurement 

methods have the same confidence level.

Figure 11 shows the LAI values measured by different methods in addition to the estimation made by our model 

described by Eq. (10). When comparing the results obtained by both the litter trap and the LAI-2000 methods, 

considering the litter trap method as the reference, LAI-2000 tended to underestimate the LAI. 

At the OPTMix site, litter trap and needle measurements showed concordant measurements in the high-RDI plots 

(O12.3, O214.1, O593.1) but diverge in the low RDI plots (O12.2, O214.2, O593.2). Generally, the different 

measurement methods showed a high degree of variation in their results.

Additionally, our model seemed to underestimate the LAI at both sites (Barbeau and OPTMix) compared to the 

different measurements (Figure 11).
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Discussion

Based on field and literature data, we proposed an empirical model to estimate the LAI for even-aged oak stands. While

there might be a better choice of independent variables (e.g., sapwood area, previous year meteorology) to predict the 

LAI with greater precision, we chose to propose a method based on widely available and easily obtainable stand 

variables. This approach allowed the estimation of the stand LAI with fair precision (Table 5). All of the experimental 

plots measured were even-aged sessile oak stands located in the northern half of France (Figure 2), and since our data 

span a large range of ages, pedoclimatic conditions and LAI values, nothing seems to forbid the use of this model on a 

broader area.

We assumed a relationship between the LAI and the G, Dg and age at the stand level (Jonckheere et al. 2004). Based on 

this hypothesis, we used the formula developed by Sonohat et al. (2004) on coniferous stands and further used on pure 

oak stands by Balandier et al. (2006), and we calibrated it to obtain the LAI of pure oak stands. After simplifying it 

without degrading its predictions, we added a linearly Dg-dependent term and a constant term. In doing so, we managed

to cancel its bias and reduce the mean error of its predictions (Table 5).

23

Figure 11: LAI values of Barbeau (one plot, five years) and OPTMix (6 plots, one year) sites using different 
measurement methods. The shapes represents the methods and the color the site. The black stars (*) are the LAI values 
estimated using the model described by the equation (2). Barbeau years presented are only those for which two 
measures are available to allow comparison between measures as well as between measures and estimation. OPTMix 
plots are arranged by density with low density first (O12-2, O214-2 and O593-2) and normal density last (O12-3, 
O214-1 and O593-1).
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In forest growth modelling, different methods are used to estimate the LAI. One way to do so is to use net primary 

production and allow some amount of assimilated carbon to the leaves. The mass of carbon allocated to the canopy is 

then transformed into leaf dry mass and then leaf area (Running and Gower 1991; Pietsch et al. 2005). Another way is 

to use the previous year’s LAI and apply a modifier to modulate it given the climatic conditions (condensed in a 

climatic index relating the soil water stress) (Guillemot et al. 2017). With our method, we proposed estimating a base 

value of the LAI using a frequently measured stand characteristic. This value could then be adjusted given the 

environmental conditions.

The Barbeau site measurements showed an interannual variation (measured by both the LAI-2000 from 2009 to 2013  

and the litter traps from 2012 to 2019) that was uncorrelated with the evolution of the stand characteristics (Figure 10). 

By design, this variation enabled the estimation of the mean value of the LAI by averaging the interannual variability of

this trait caused by stresses and environmental conditions. If this estimation is made in the context of a process-based 

model simulation, some modifier should be considered to take into account the perturbation that could happen on such a

stand.

The needle method, upon which the majority of our original data are based, allows measurement with a fair precision 

( < 0.5 LAI unit, see Figure 3) of the LAI of a spot at the stand scale. The time needed for two people to collect enough 

data  (about 130 local LAI measurements, see Figure 3) to measure the LAI of one spot is approximately 2 hours of 

field work. Given the simplicity and genericity of the needed hardware, the needle method is a good method for 

occasionally measuring the LAI. However, some limitations include the possibility of overestimation by the counting 

previous year’s leaves as the present year’s leaves in the case of slowly degrading litter and the assumption that the 

leaves fall homogeneously and exclusively on the stand’s ground. Although the first limitation can be resolved by 

studying the litter to find the elements allowing distinction between old and new leaves, the second limitation can 

hardly be resolved other than by defining transects that allow the representation of the heterogeneity of the stand.

Different measurement methods produce different LAI values (Figure 11) for the same plot and year. As the true value 

of the LAI is unknown and because each measurement method has flaws, it is difficult to assess the LAI measurement 

methods (Parker 2020). Each is subject to constraints such as a critical sample size (due to the heterogeneity of 

measurements in the case of litter traps or transmittance measurement) (Bréda 2003; Jonckheere et al. 2004), the time 

required to process the samples (litter traps) or the hypotheses of spatial and angular distributions of the leaves in the 

canopy (transmittance measurements, hemispherical photography or LAI-2000) (Weiss et al. 2004).

The comparison between litter traps and LAI-2000 measurements shows the same trend as exposed by Bréda (2003). 

However, the scarcity of data confirming the underestimation by this method implies caution in this statement.
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The use of Dg, G and age prevent the model from predicting interannual variations. There may be many causes of 

variation, such as pest outbreaks, fire, management thinning operations or climate-related stress (e.g., hight heat, late 

frost, long drought) (Hogg 1999; Le Dantec et al. 2000; Barr et al. 2004). Additionally, a change in the sampling 

method, which occurred at the Barbeau site in 2017 (Figure 10), can impact the LAI measurement. That said, the exact 

nature of the causes of variation is not known, nor is the amplitude each variations would causes. Thus, the model 

cannot anticipate it given the data used to make predictions.

The present work shows the use of an important set of data using age, density and diameter of trees to predict the LAI 

of a stand with good precision. Even if the interannual variations for a single stand over a ten-year course are important,

the majority of the predictions are close to the measured values (Table 5).
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