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„Der Ölbaum ist der Baum aller Bäume .... Er hat den Segen der Stille. Er beginnt erst mit sechzig, 

siebzig Jahren etwas zu taugen, und trägt noch in einem Alter von mehreren hundert Jahren 

Früchte. Er ist die Bild gewordene Geduld und Zeit.“ 

Erich Kästner 

 

“The olive tree is the tree of all trees…it has the blessing of silence. With sixty or seventy years it 

begins to be worthy, and still bears fruits in the age of several hundreds of years. It is a true picture 

of patience and time.” 

Erich Kästner 
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Abstract 

Vegetation parameters, as the leaf area index (LAI) and the ground cover (GC) are commonly 

related to biosphere processes, being used in models to estimate yield and crop water 

requirements. Several direct and indirect methods have been developed in the past decades to 

determine the LAI. However, a simple approach to assess this parameter is still missing. In this 

study we tested the operability and precision of different methods to calculate the LAI of 6 and 20 

year old olive trees (Arbequina and Cobrançosa), under irrigated and non-irrigated conditions in 

the region of Alentejo. The average LAI on a projected area basis was estimated to be 5.88 and 

2.75 m2 m-2 at the irrigated and non-irrigated sites, respectively, corresponding to 1.01 and 

1.05 m2 m-2 on a total area basis. Furthermore, a tool was introduced to simplify the decision 

making between the use of the LAI and the GC. The determination of the GC is much easier than 

the LAI in practical uses. The average GC was 5.7 m2 under irrigated and 18.0 m2 under non-

irrigated conditions.  A detailed comparison between direct and indirect methods is given and the 

future prospective of the decision making tool is discussed. 

 
Keywords: olive trees, leaf area index (LAI), ground cover (GC), crop water requirements 

 

 

Resumo 

Os parâmetros da vegetação, como o índice de área foliar (LAI) e a cobertura do solo (GC) são 

geralmente relacionados com processos da biosfera como a interceção da luz ou a transpiração 

das plantas. Nas últimas décadas foram desenvolvidos métodos diretos e indiretos para 

determinar o LAI. Porém, não há ainda uma abordagem simples para determinar o LAI ou o GC. 

Neste estudo, procuramos avaliar a operacionalidade e precisão de diferentes métodos para 

calcular o LAI de oliveiras (var. Arbequina e Cobrançosa) em parcelas com e sem irrigação, no 

Alentejo. O LAI foi de 5,88 e 2,75 m2 m-2 em relação à área projectada, e de 1,01 e 1,05 m2 m-2 em 

relação à área total, respectivamente para os olivais regado e de sequeiro. O valor médio de GC 

por planta foi de 5,7 m2 e de 18,0 respectivamente para os olivais regado e de sequeiro. Procurou 

introduzir-se uma ferramenta de apoio à tomada de decisão entre o uso de LAI ou de GC, embora 

a determinação de GC seja muito mais expedita que a do LAI. Faz-se uma comparação detalhada 

entre os métodos de determinação do LAI e GC e é discutido o potencial desta ferramenta. 

 

Palavras-chaves: olival, indice de area foliar (LAI), cobertura do solo (GC), necessidades hídricas 
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Resumo 

Os parâmetros da vegetação, como o índice de área foliar (LAI) e a cobertura do solo (GC), são 

geralmente relacionados com diferentes processos da biosfera como, por exemplo, a interceção 

da luz ou a transpiração das plantas. Estes parâmetros são usados em vários modelos com o 

objectivo de estimar o consumo da água e a produção, em diferentes culturas. Nas últimas 

décadas foram desenvolvidos diferentes métodos, diretos e indiretos, de determinação do LAI. No 

entanto, não há ainda uma abordagem simples para determinar, quer este parâmetro quer o GC. 

Neste estudo, procurámso avaliar a operacionalidade e precisão de diferentes métodos para 

calcular o LAI de oliveiras (var. Arbequina e Cobrançosa) em condições regadas e de sequeiro, na 

região do Alentejo. O LAI das oliveiras regadas e de sequeiro foi de, respectivamente, 5,88 e 

2,75 m2 m-2  em relação à área projectada, correspondendo a 1,01 e 1,05 m2 m-2 em relação à área 

total. Foram analisadas as relações entre a área foliar, relativamente a área total e projectada, e 

os resultados de medições biométricas como o comprimento das folhas ou o diâmetro dos ramos, 

usando métodos directos e semi-directos. O GC foi calculado por processamento de imagem a 

partir de fotografias aéreas tiradas acima do coberto. O valor médio foi de 5,7 m2 para a parcela 

regada e de 18,0 m2 para a parcela de sequeiro. Como métodos indirectos foram usados e 

analisados um modelo estatístico e duas abordagens diferentes de detecção remota. Usou-se um 

modelo de regressão linear múltipla que incorpora resultados de medições alométricas no 

coberto, para obter o LAI. Ao comparar o modelo estatístico com a medição semi-direta do LAI 

obteve-se um coeficiente de determinação de R2 = 0,73. Usou-se também o processamento de 

imagens a partir de uma câmara com lentes hemisféricas; o LAI foi calculado pelo método de 

“gap-fraction” (a fracção de céu visível através da copa). Obteve-se uma boa relação (R2 = 0,72) 

entre o LAI obtido pelo método semi-direto e estimado pelo método de ”gap-fraction” embora 

com subestimativa. Outro dos métodos usados foi o processamento de fotografias aéreas 

(origem: Área 400 Informaçao Geografíca) de forma a calcular o GC das árvores individuais, 

através de um programa usado em sistemas de informação geográfica. Usando este método, o 

valor médio foi de 6,1 m2 para a parcela regada e de 15,7 m2 para a parcela de sequeiro. Os 

valores de GC obtidos, dependendo do método usado variaram entre 17,6 e 18,8 % e 32,7 e 

37,5 % respectivamente para as parcelas regada e de sequeiro.  

Além disso, procurou introduzir-se uma ferramenta de apoio à tomada de decisão entre o uso do 

LAI ou do GC embora a determinação do GC seja muito mais expedita que a do LAI. Neste 

trabalho faz-se uma comparação detalhada entre os métodos de determinação do LAI e GC é 

discutido o potencial futuro da ferramenta de tomada de decisão. 

 

Palavras-chaves: olival, indice de area foliar (LAI), cobertura do solo (GC), necessidades hídricas 
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Abbreviations and symbols 

A tree age [a] 

AA available area for individual tree [m2] 

     ground cover pixel number of any tree [-] 

     ground cover pixel number of median [-] 

    plot area pixel number of mean tree [-] 

    plot area pixel number of any tree [-] 

   Intercept [-] 

   estimator trunk perimeter [-] 

   estimator height of tree [-] 

   estimator height of stem [-] 

   estimator tree age [-] 

   estimator crown volume  [-] 

   estimator crown diameter [-] 

CCD charge coupled device [-] 

   mass heat capacity of the air [J kg-1 K-1] 

D crown diameter of an olive tree [m] 

d distance between individual plants [m] 

  
  original mean distance from the canopy cover to the camera [m] or [cm] 

  
  new average distance from the canopy cover to the camera (e.g. after 

growth) 

[m] or [cm] 

  slope of the saturation vapor pressure-temperature relationship [Pa K-1] 

  partial water vapor pressure [Pa] 

(     ) vapor pressure deficit of the air [Pa] 

  water flux density [kg·m−2·s−1] 

   evapotranspiration of the field crop [mm dia-1] 

    evapotranspiration of the reference crop [mm dia-1] 

G flux heat storage to the soil [W m-2] 

GC ground cover for individual plant [m2] 

%GC percentage ground cover [%] 

   canopy conductance [m s-1] 

( ( )) G-function of the zenith angle θ [-] 

   ̅̅ ̅̅  mean leaf stomatal conductance [m s-1] 

GIS geographic information system [-] 
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 psychrometic constant [Pa K-1] 

H height of vegetation (including the tree trunk) [m] 

HC height of crown [m] 

   sensible heat flux density [W m-2] 

HS height of stem [cm] 

HT height of tree [m] 

  transmitted radiation going through the canopy [W m-2] 

   incident radiation coming from sun [W m-2] 

  extinction coefficient [-] 

    basal crop c coefficient [-] 

   single crop coefficient [-] 

   stress coefficient [-] 

LA  complete one-sided leaf area of tree [m2] 

    leaf area index on a projected area basis [m2 m-2] 

   ( ) leaf area index on a total area basis [m2 m-2] 

LD/CO leaf distribution / canopy openness [-] 

LE latent heat flux density [W m-2] 

M energy of photosynthesis [-] 

   molecular mass of water (0.018 kg mol-1) [kg mol-1] 

NDVI normalized differenced vegetation index [-] 

NIR near-infrared bands (0.7 – 3   ) [-] 

P trunk perimeter [cm] 

PAI plant area index [m2 m-2] 

PC percentage cover of the individual tree [%] 

   mean air density at constant pressure [kg m-3] 

PAR photosynthetically active radiation [µmol m-2 s-2] 

PQFD photosynthetic quantum flux density [µmol m-2 s-2] 

( ( )) gap fraction [-] 

  pi [-] 

r radius of tree crown [m] 

ra aerodynamic resistance [s m-1] 

rc canopy stomatal resistance [s m-1] 

R ideal gas constant (8.134 J mol-1 K-1) [J mol-1 K-1] 

   net flux density of radiation [W m-2] 
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   correction factor of plot area pixel number median and plot area pixel 

number of any tree 

[-] 

SAI surface area index [m2 m-2] 

SLA specific leaf area  [g cm-2] 

STDEVP standard deviation [-] 

T temperature [K] 

Tr transpiration [mm day-1] or 
[mm h-1] 

V crown volume [m3] 

     volume of unbranched area in the center of the tree crown [m3] 

     volume that represents the regularly removed branches along the 

water pipe 

[m3] 

     volume of the tree crown [m3] 

     volume occupied by foliage  [m3] 

  absolute humidity [kg m-3] 

   diameter of tree crown [m] 

    height of stem [m] 

    height of tree [m] 

   perimeter of tree trunk [cm] 

   volume of tree crown [m3] 

   observed values of the biometric measurements [m; m2 etc.] 

  ̅ mean values of the biometric measurements [m; m2 etc.] 

  ̂ estimated values of the biometric measurements [m; m2 etc.] 

     response variable (in equations 14, 17 and 18) [-] 

   matrix potential [Mpa] 

   osmotic potential [Mpa] 

   water potential [Mpa] 

z distance [m] 

   

 

Note: when a letter denotes a symbol and also an abbreviation if used as symbol it is represented in italic.  
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Structure of the work 

In chapter 1 the reader will find a short introduction about the importance and definition of two 

studied vegetation parameters, leaf area index (LAI) and ground cover (GC). The reason for an in 

depth analysis of these parameters is also explained, as well as to which processes they are related 

to. 

Chapter 2 refers to fundamentals in biophysics, to understand their influence in soil-plant-

atmosphere interactions and to make connections between the studied vegetation parameters and 

the biophysical processes. 

Chapter 3 gives a short overview of the main equations and procedures to calculate 

evapotranspiration of vegetation and explains the relationship to the vegetation parameters. 

Chapter 4 focuses on the occurrence of the vegetation parameters in the literature. Their 

applications and information content is studied in the most common cases and described in the 

subchapters (4.1 - 4.5.) 

In chapter 5 the introduction of a decision making tool is accomplished. It shall help to decide which 

vegetation parameter gives sufficient information for different applications. The testing of the tool 

and the results are based on information given from the literature and were not confirmed by the 

own measurements, because of too less variation in the experimental sites. 

Chapter 6 specifies the different direct and indirect techniques to obtain the LAI in different types of 

vegetation. The most relevant methods are mentioned and the basic principles are explained, which 

will not cover every available technical device on the market. 

After the mainly theoretical chapters, the practical and most labour intensive part is presented in 

chapter 7. After the characterization of the experimental fields (7.1), a detailed description of the 

field and office work to obtain the LAI (7.2) and the GC (7.3) in olive trees is given. In the next part, 

other methods than the direct measurement to calculate the LAI were accomplished. Biometric 

measurements were taken to design a statistical model for LAI estimations as well as different 

remote sensing techniques were used to obtain the vegetation parameters. 

In chapter 8 the results of the stand measurements and the direct and indirect methods are listed 

and summarized for the reader. For comprehensibility it has to be mentioned that chapter 7 and 8 

are partly overlapping to make it easier for the reader to follow the single working steps, especially in 

the parts of 7.4 and 7.5, where the field work is described in chapter 7 and the office work is mainly 

written in chapter 8. 

A final conclusion of the present work is given to sum up the most important results of this work 

(chapter 9).  
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1. Introduction 

The main goal of this work was to perform and compare different methods to calculate the leaf area 

index in olive trees, a dimensionless value defined, according to Watson (1947), as the ratio of the 

complete one-sided leaf area (LA) of vegetation to the ground surface. We aimed at understanding 

its importance in plant physiology and finding out different solutions to estimate it. In the following 

work, the abbreviation LAI stands for the total LA on a projected area basis. The LA on a total area 

basis is denoted as    ( ). They relate to each other by the ground cover (equation 12). 

In this work the individual plant GC represents the vertical crown projected area, whereas in 

literature often the percentage ground cover is given to characterize the average GC of a tree in a 

stand. 

Since decades various methods have been developed to estimate the LAI. In the literature we can 

find works that either list the different methods to measure the LAI, or use one particular direct 

and/or indirect method to determine it at an experimental site (detailed description about the 

different methods can be found in chapter 6). To our knowledge it is not common to find a 

comparison of methods in literature. 

In this study instead, we focused on different selected methods, testing them on a particular case 

(olive trees) to compare their operability and precision. The literature shows that although the 

measuring techniques became easier to accomplish (less physical work), the accuracy of the 

techniques did not improve enough. Furthermore, a new approach will be introduced, using a 

dimensionless ratio in order to decide on the use of the ground cover (GC) instead of the LAI. The 

parameters LAI and GC are often related to each other (Boyd, Gordon and Martin, 2002). However, 

the GC is much easier to obtain than the LAI. 

Both parameters are important and influencing parameters in various biosphere processes, 

representing (mainly) the green part of vegetation. Leaves are responsible to produce energy by 

intercepting light radiation in a process called photosynthesis, which influences vegetation growth, 

productivity and fruit quality. Water pressure in leaves provides the propulsive power for fluid 

transportation inside the plant (by transpiring water through the stomata), and is therefore indirectly 

affecting the soil moisture content. LAI and GC are very important parameters for various models, 

mainly for irrigation scheduling of crops or to estimate yields. They are influenced by temperature 

and light interception as well as by plant type and leaf geometry. 

When undergoing research, some particular questions often arise: “How to quantify the LAI in a 

reliable and practical way?”, and “Is it possible to use one parameter instead of the other?” To gain a 

better insight into the application of the LAI or the GC and their exchangeability, basic environmental 

biophysics was analyzed. 
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2. Biophysical effects and processes 

In biophysics, biotic, edaphic and climatic factors form the complex of biophysical environments, 

which comprise the Earth’s biosphere. Focusing on climatic variables, the effects of radiation, wind 

and humidity, assumed as the most important actuating variables, will be briefly looked at. They are 

the driving factors, which are studied by using physical methods to explain their nature, and to apply 

their information in different processes and applications as e.g. water management or increase of 

yield. 

2.1 Radiation 

At canopy level most energy is used in convected transfer to the atmosphere. Conservation of mass 

and energy was described by the conservation law and the energy balance of a vegetated surface 

(not including possible horizontal transfers) can be written as: 

 

           ( )    (1) 
 

where    describes the net flux density of radiation, which is absorbed by the surface. G represents 

the flux (heat storage) to the soil, while    stands for the sensible heat flux density, and LE 

represents the latent heat flux density that is the energy used for transpiration and evaporation from 

the surface. M is the supply of energy for metabolism or absorption of energy by photosynthesis. The 

photosynthesis is a very important process, but due to its little impact of only 1 % of the total energy, 

it is usually neglected in the energy balance equation. 

The stomata of the green vegetation open to transpire water to cool the plant’s surface, which also 

enables the plant to transport water and products of metabolism. The transpired water goes to the 

atmosphere, where the water vapor condensates. Rainfall impinges on the soil surface, and water 

flows through the soil pores back to the roots, and up the vascular system of a plant via a 

continuously decreasing water potential (  ). The so-called soil-plant-atmosphere continuum drives 

the water transfer along the gradient of water potentials with a flux density directly proportional to 

the water potential difference and inversely proportional to the resistance in each part of the 

pathway, according to the flux gradient relationships. 

For transport in liquid phase in soil and plant, Darcy’s Law is commonly used. It describes the flux as 

proportional to the water gradient (        ) and the hydraulic conductivity. In general, the water 

potential incorporates the matrix potential (  ) that refers to all interactions that keep the water to 

the soil, the gravitational potential and the osmotic potential (  ) defined as the energy needed to 

take up a certain amount of water through a semipermeable membrane. 
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               (2) 
 
In the vapor phase, the transport of water–coming from stomata or the surface and going to the 

atmosphere–takes place mostly by convection. A general flux gradient is again used, where the 

difference of water concentration and a convective conductance (or its inverse, the resistance) are 

generally used. In this case an adaptation of units in Darcy’s Law (used for convection in liquid phase) 

has to be accomplished. In fact, the conductance incorporates conductivity and distance but it has a 

larger sense as it accommodates transfers in a non-continuous medium (e.g. the stomata). 

2.2 Wind / Humidity gradient 

The resistances determine the water movement. The most important ones are located between soil 

and roots, and between leaves and atmosphere (Passioura, 1982). Therefore, the gradients of 

absolute humidity, and the stomatal and aerodynamic resistance play another important role in the 

process of transpiration. By visualizing a green leaf with stomata faced to the open air, several 

obstacles have to be taken. The first barrier is found 

between stomata chamber (considering saturated air) 

and leaf surface (    ); the second barrier between leaf 

surface and atmosphere (    ), including a resistance for 

the leaf boundary layer, in which in lower parts the 

transport is by molecular diffusion (laminar sub-layer) 

(Jones, 1992). 

The water flux density can be calculated by dividing the 

difference of absolute humidity of the stomata, and the 

air, by the resistances of the corresponding path 

between the two points. 

Fig. 1: Resistances in the leaf and lower atmosphere 

 

   
       

       
  

       

   
  

       

   
  (3) 

 

where absolute humidity is defined as:  

  
      

     
     (4) 

  = partial water vapor pressure (Pa) 

   = molecular mass of water (0.018 kg mol-1) 

R = ideal gas constant (8.134 J mol-1 K-1) 

T = temperature (K) 
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This means that humidity is another important influencing factor concerning transpiration. The more 

the saturated the air is, the less water can vaporize. Vaporization is also affected by air temperature: 

the hotter the ambient air is, the more water it can hold. This has also the effect of increasing the 

vapor pressure deficit between actual and saturated partial water vapor pressure, which is the 

difference between both.  

Additionally, transpiration is affected by the wind velocity and its causing turbulences. If the wind 

penetrates the vegetation, it can take away the water vapor, which amplifies the transpiration 

process. In contrast, the wind can also carry very dry air, which causes the closure of stomata to 

compensate the water loss. Theoretical background is described in detail by Campbell and Norman 

(1998). 

3. Estimation of evapotranspiration 

In the year 1948, seminal papers were published, analyzing and calculating evaporation based on 

basic biophysics using the influencing climatic variables solar radiation, temperature, relative 

humidity and wind speed. Warren Thornthwaite is named to be the first person, who introduced the 

word “evapotranspiration” and his approach was to estimate water requirements of plants by 

developing a formula that uses air temperature and length of day. Howard Penman (1948 and 1956) 

had the idea to derive a formula eliminating the surface temperature in a combination of flux 

gradient relationship by entering the slope of the air vapor pressure deficit and the energy balance 

equation. This formula was the basis for the “Penman-Monteith equation” (Monteith, 1965) who 

made explicit the stomatal resistance for use, with any crop, even if stressed. This “big leaf” model 

equation is generally accepted as the standard method to calculate evapotranspiration if the 

resistances are measured or estimated for the crop in consideration. 

3.1 Penman-Monteith equation 

The formula of Penman (modified by Monteith) below, was derived from combining the energy 

balance equation with the mass transfer method, and, concerning environmental variables, resting 

upon standard meteorological records. Most of the variables can be measured or calculated from 

weather data, and if the aerodynamic and stomatal resistances are measured or obtained by 

modeling, evapotranspiration can be calculated for any crop. 

The Penman-Monteith equation is given as follows (Monteith, 1965): 

 

     
 (    )       

(     )

  

     (   
  
  
) 

     (5) 
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where Rn is defined as the net radiation, G represents the soil heat flux, (es - ea) is the vapor pressure 

deficit of the air, a gives the mean air density at constant pressure, cp represents the mass heat 

capacity of the air,  is the slope of the saturation vapor pressure temperature relationship,  is the 

psychrometric “constant”, and rc and ra are the canopy stomatal and aerodynamic resistances. Allen 

et al. (1996) suggested the use of constant values for well irrigated grass, when wishing to estimate 

the reference evapotranspiration (ET0). 

Having a closer look at the Penman-Monteith equation, the question is where does the information 

of LAI and / or GC enters the equation? Indeed, this input is hidden in the canopy stomatal resistance 

(  ) or in the reciprocal value of canopy stomatal conductance (
 

  
), where the canopy conductance is 

calculated by multiplying the mean leaf stomatal conductance    ̅̅ ̅̅  of a tree with the respective LAI 

(Jones, 1992). 

 

    ∑   ̅̅ ̅̅           (6) 

 

The single leaf stomatal conductance is measured by using a porometer. To calculate a 

representative mean leaf stomatal conductance, large samples are needed, which is also quite time 

consuming. 

3.2 Empirical models 

Due to difficulties deriving specific information for any crop in any water stress condition, needed by 

the Penman-Monteith equation, empirical models were introduced to model the evapotranspiration 

(ET). Empirical models are based on systematic and well-directed measurements in the laboratory or 

in field tests. In the case of calculating water requirements of plants, the input of evapotranspiration 

or transpiration (Tr) can be obtained, by measuring hydrological or micrometeorological variables as 

e.g. the eddy covariance to calculate the ET and the sap flow to get the Tr. In the empirical model, 

the ET of a specific crop is related to a hypothetical reference (grass), which is well-watered and non-

stressed (ET0). Therefore the equation incorporates crop coefficients (  ) to aggregate physiological 

and physical differences between the reference crop and the well-watered observed plant, while    

represents the effect of possible water stress. The most common empirical models are: 

 

                 or                     (7a, b) 
 

where the single crop coefficient    incorporates the evaporation and Tr of the stand and the basal 

crop coefficient     (Allen et al., 1996) stands only for the Tr of the crop. In general, the crop 

coefficient is defined as the quotient of        . The water stress coefficients, represented by the 
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variables    and     in the equations 7a and b, explain the soil water stress, to which the plant or the 

stand is exposed. 

In theory, ET of a well-watered crop is dependent on climatic characteristics, and by dividing    by 

    to get the   , the influence of those can be mostly ignored. This means that    stands for a 

characteristic feature which distinguishes the field crop from the reference crop. Possible distinctive 

features are plant height, evaporation from soil and reflectance of the crop-soil surface (partly 

affected by GC) and the canopy resistance influenced by LA, among other factors. 

4. Application of LAI and GC in literature 

A brief literature research was carried out to understand when the LAI and the GC were used. Some 

relatively recent applications are mentioned in the following section. 

4.1 Modeling transpiration 

In 1996, Granier and Bréda modeled the canopy conductance (  ) by inverting the Penman-Monteith 

equation, using Tr measured by the sap flow method in oak trees (Quercus petraea). The canopy 

conductance was first calculated and after analyzed in relation to various climatic variables, the LAI 

and the soil water status, in order to create a    model. They confirmed that the LAI was quite 

linearly related to the increase of the canopy conductance, obtained by this indirect method and was 

included into the model to estimate the    in order to get the stand transpiration. Later during the 

same experiment, Bréda and Granier (1996) also found a linear relationship between Tr and LAI. 

Silvestre and Ferreira (1998) observed from sap flow measurements, a very good relationship 

between individual plant measured Tr and its LA in vineyards, where the    was between 0.92 and 

0.99. This was used for up scaling single plant Tr to the entire stand, but can also be used in other 

similar conditions, for modeling Tr. 

4.2 Relationship with crop coefficient 

For most practical uses, modeling ET supposes the use of empirical models via the crop coefficient. 

To determine the crop water requirements it is common to obtain the crop evapotranspiration (   ) 

by multiplying    with the reference evapotranspiration (   ), as mentioned above. Valancogne et 

al. (1999) had the best estimation of the         ratio in grapevine and fruit trees orchards, taking 

the LAI into account, while Gallardo et al. (1996) presented a model to estimate     in lettuce using 

the percentage GC, stating that in this case the LAI would be less meaningful due to the close layering 

of leaves. In more recent literature, Williams and Ayars (2005) showed a linear relationship between 

the crop coefficient over shaded area and the total LA in grapevine. This was also confirmed by 



 

8 
 

Gómez del Campo et al. (1998) in grapevine and by Testi et al. (2004) in olive trees and used in the 

FAO Irrigation and Drainage Paper No. 56, as mentioned later. 

4.3 Irrigation requirements 

In 1979, Kanemasu et al. used a programmable calculator to provide daily estimates of water 

requirements for corn, which was also applicable to soybean, sorghum and winter wheat by 

performing slight modifications. The program was based on the Priestley-Taylor formula (Priestley 

and Taylor, 1972) for ET0, and needed LAI, daily measurements of minimum and maximum 

temperature, solar radiation, precipitation and irrigation, to calculate irrigation requirements for the 

crop, separating Tr and soil evaporation. This concept was used in Ferreira et al. (1987), when 

comparing tomato ET with the sum of separate components and is still used by e.g. Pereira et al. 

(2007), who modified the Priestley-Tayler formula to estimate daily Tr in irrigated fruit trees. This last 

model requires daily net radiation (all-waves), mean daily air temperature and the total one-sided LA 

of the tree canopy to estimate the daily need of water. Currie and Klocke (2008) observed a 

reduction in the LAI in corn in response to hale in 2005 and 2006; they compared corn grain yield to 

other years not affected by leaf reduction and showed a significant relationship between irrigation 

requirements and the LAI. In general, the LAI or the GC can be used to estimate    , as suggested in 

the synthesis of other researchers’ results by Allen et al. (1996). 

4.4 Light interception and yield 

The water deficit reduces the leaf area. According to Behboudian and Mills (2010), leaf area 

reduction depends on various factors including a reduction of shoot growth, number of leaves and 

leaf area expansion resulting in a decrease of the LAI. This means the LAI is also dependent on the 

natural leaf growth and duration and is directly related to the interception of light and 

photosynthetically active radiation. Of course, for yield models the duration of the leaves is as 

important as the LAI. Dichio et al. (1997) and other authors (Burstall and Harris, 1983; Haverkort et 

al., 1991) analyzed the relationship between the LAI, light interception and yield. They found a 

positive relationship between those parameters showing that the higher the LAI is, the higher the 

rate of radiation is intercepted, and therefore the greater the yield will be. Instead of using the LAI, 

Donald (1998) found a relationship between yield and the GC in soybeans. The literature shows 

contradicting opinions on the use of one or the other to estimate the yield in potato. The GC is 

described as the more reliable, quicker and non-destructive method, while the LAI is considered as 

the more accurate strategy by taking the density of the canopy into account (Boyd et al., 2002). 

Adams et al. (1977) used the relationship of measured light interception and the GC for estimation. 

Their research showed the smaller the spacing of grain sorghum was, the greater was the light 
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interception, which influenced growth and grain yield, (also shown by Flénet et al. (1996) for 

sorghum, corn, soybean and sunflower). 

4.5 Application of pesticides 

In the area of plant protection, the dosage of pesticide application is based on leaf area or the LAI as 

e.g. in grapevine (Siegfried et al., 2007). Due to the extreme canopy growth in vine along the season 

and the direct uptake of pesticide by leaf surface contact, it is recommended to adapt the plant 

protection products to the present LA and not to the GC. 

5. Hypothesis: LAI or GC dependent on the ratio of d/H? 

To estimate the LAI, time consuming and expensive practices are required. For that reason GC is 

often used in practice. But when should we estimate the GC instead of the LAI? We tried to introduce 

a decision making tool to analyze the possibility of replacing the LAI by the GC, as in literature we 

could not find a sound justification for the use of one vegetation parameter instead of the other. By 

considering the different practical applications (transpiration estimation for irrigation management) 

of the LAI and the GC on the one hand, and connecting with the biophysical processes on the other 

hand, we hypothesized a very simple tool. The ratio between the distance of the plants (d) and the 

height of the vegetation (H) as a rule of thumb was proposed to give information on when to use the 

LAI or the GC. 

5.1 Influence of radiation 

If solar radiation enters the atmosphere and hits the vegetation surface, the penetration depth of the 

sun rays depends on d (image 1 to 4). The denser the vegetation, the lower the radiation flux density 

at the bottom of the canopy (image 1 and 3), which means that in extreme cases almost only the 

upper layer of leaves will receive energy, while the leaves in the lower part do not receive enough 

light to do photosynthesis or to open stomata to transpire. The further the plants are standing apart 

from each other or the foliage is sparse (image 2 and 4), the higher the radiation flux density in the 

canopy, as the penetration of the light is also dependent on the density of the foliage, of course. Very 

dense foliage will receive less radiation inside the canopy. Furthermore, the interception of radiation 

is dependent on H, while e. g trees (image 1 and 2) could be divided into several “layers” of leaves, a 

shrub or even smaller plants, as e. g. lettuce (image 3 and 4) might have only “one layer” of leaves 

that is directly exposed to the sun. As opposed to that, radiation could even lead to closure of the 

stomata if the surface gets too hot and the air too dry and the plants need to save water. Thinking 

about those constellations, the following general assumptions were made: 
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1. The GC is preferred to the LAI if especially the upper layer of vegetation transpires. 

2. The GC and the LAI are equivalent to each other if the vegetation is more open, or when the 

upper and middle parts of the vegetation are affected. 

3. The LAI is preferred to the GC if the vegetation is wide open. 

 
Fig. 2: Schematic representation of the relationship between dimensional properties and light 

penetration 

5.2 Impact of wind / humidity gradient 

The Tr of leaves is not only affected by radiation, but also by wind and humidity. Within a certain 

range, it can be said that the higher the windspeed is, the more transpiration occurs. But again 

different cases of vegetation have to be considered. The closer the plants stand together, the lower 

windspeed will occur deep inside the foliage (image 1 and 3). Therefore the humidity inside of the 

vegetation is much higher than in the layers of leaves directly exposed to the wind. For example, in 

close standing trees (image 1) and in extreme cases, only the upper layer of leaves would be affected 

by the wind, while the inside of the canopy is almost not exposed to it. The further the plants are 

apart from each other or the foliage is scarse, the higher the windspeed inside the canopy (image 2 

and 4) as the less dense the foliage is, the better is the penetration of the wind, and the less humidity 

exists inside the canopy. Furthermore, H determines in how many horizontal layers of leaves the 

vegetation can be divided. For very short vegetation, the upper layer of leaves is practically the 

whole vegetation (image 3) and would therefore be completely exposed. Moreover, the roughness of 

the vegetations’ surface also plays an important role in how easy the wind penetrates and how 

important turbulences are. The wind removes the water vapor and stimulates the Tr of the 
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vegetation by drying the air around the leaves surface. Very dry air can additionally lead to stomata 

closure. Having those aspects in mind, once again the same assumptions were made: 

 

1. The GC is preferred to the LAI if especially the upper layer of vegetation transpires. 

2. The GC and the LAI are equivalent to each other if the vegetation is more open, or when the 

upper and middle parts of the vegetation are affected. 

3. The LAI is preferred to the GC if the vegetation is wide open. 

 

Fig. 3: Schematic representation of the relationship between dimensional properties and wind 

penetration 

5.3 Decision making simplified by the d/H-ratio? 

H and d are important factors, influencing the growth of the vegetation. Therefore, the following 

hypotheses were taken into consideration: the smaller the distances between the plants, the smaller 

the impact of humidity/wind. In addition, the smaller the plant is, the less importance is given to the 

total LA. The ratio of (
 

 
) will be higher or equal one if the spacing between the plants and their 

heights are the same or when the plants are shorter than the spacing in between. (It is assumed to 

be the distances between the plants in a row and between the individual plants are similar). 

Consequently, in this case the environmental impact on the plants is big and induces the assignment 

of the LAI. If the ratio of (
 

 
) appears to be in the interval of zero to one, the spacing between the 

plants is smaller than H and leads to the conclusion that we could prefer the application of the GC. In 

some cases, a strict division between the GC and the LAI cannot be applied, due to very irregular or 
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open canopies or because of other specific properties of the vegetation (e.g. if spacing in row and 

interrow are very different). Instead of assuming results that are smaller than, equal to, or bigger 

than one, a weighting factor could be introduced to make a decision. However, in practical 

applications, we need to keep in mind the fact that the GC is much easier to determine than the LAI. 

To keep things simple, a first examination of different cases in the literature were evaluated by 

calculating the (
 

 
) ratio. The results are given in chapter 8.7 where the information content of the (

 

 
) 

ratio is described in detail. 

6. Different methods to determine LAI 

A variety of methods exists to determine the LAI and some of the most accessible ones will be 

described. Bréda (2003) e.g. gives a review about ground-based methods and instruments to 

measure the LAI, considering either direct or indirect methods. The most direct method is a 

destructive one, consisting in simply removing all leaves of a plant and measuring the leaf surface. To 

simplify the surface calculation of abstract leaf shapes, Robert Withrow (1935) built a photoelectric 

device to measure the LA. Even though there are other instruments available nowadays, the principle 

stayed the same as described in chapter 7.2.2 and 7.3.2 where a reference object with known 

dimensions is used for calibration and the LA is calculated by comparing the reference size with the 

unknown object. The LAI is also determined by collecting sub-samples of leaves measuring their LA 

and relating to the dry mass of the sample. After that, the total LA of the tree can be estimated by 

removing all leaves of a tree and weighing its total dry mass. 

        

        
 

      

      
     (8) 

 

LA can be obtained by taking leaves directly from the tree (destructive) or collecting them from the 

ground during the growing season (litter trap method). In deciduous forests it is quite common to 

use litter traps (Ishihara and Hiura, 2011) with known dimensions beneath the trees to catch the 

fallen leaves. After drying and weighing the collected biomass, the LAI is calculated by multiplying the 

total mass of leaves with the specific leaf area (SLA, g cm-2) to a known ground-surface area 

(gravimetric method). 

In the majority of cases, direct methods demand the destruction of the plant and are quite time 

consuming, making the introduction of other methods necessary. Relationships between LA and 

different plant characteristics (e.g. leaf dimensions, number of leaves, etc.) are another tool to 

calculate the LAI. This semi-direct method makes the measurement faster and easier, and it is non-

destructive. Silvestre (2003) found a good relationship between shoot length and LA in vine, while 
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Paço (2003) related leaf number and LA in peach trees. Counting the number of leaves in trees is 

more efficient and faster than measuring leaf dimensions due to the huge amount of leaves. In this 

work, labour could even be more simplified by relating branch diameter to LA. Unfortunately, this is 

not always possible, especially in orchards with severe pruning (Paço, 2003).  

Another semi-direct and non-destructive method is to use statistical models by relating LA with 

biometric measurements as shown by Pereira et al. (1997). According to Jonckheere et al. (2005) 

widely-spread statistical models are based on the measurement of diameter at breast height (DBH) 

or on the measurement of the sapwood to estimate the LA. In this work, a regression model will be 

introduced in chapter 7.4 (results are given in chapter 8.3.) 

The majority of the indirect methods are non-destructive procedures, based on probabilistic and 

statistical assumptions, referring to the distribution and arrangement of leaves by measuring the 

transmission of radiation. The LAI may be calculated by: 

(1) the “gap fraction”(  ( )), where the measurement of gaps in the canopy is required and where 

  ( ) represents the G-function, which is the projected horizontal leaf area to the zenith direction, 

and   stands for the zenith angle of view, 

 

     
   ( ( ))     ( )

  ( )
     (9) 

 

or (2) the “radiation measurement” method, where the transmittance of light based on the Beer-

Lambert equation is measured and where   stands for the extinction coefficient,    represents the 

incident radiation and   is the transmitted radiation. 

 

      (
 

 
)   (

 

  
)       (10) 

 

Several commercial canopy analyzers exist to evaluate the LAI. Some use sensors to measure the 

fraction of transmitted radiation as e.g. SunScan, AccuPAR and LAI-2000 (Behera et al., 2010; 

Broadhead et al. 2003; Villalobos et al. 1995), while others evaluate hemispherical photographs 

captured with fish-eye lenses as e.g. WinSCANOPY, HemiView or CI-110. Even though applications 

are different, all have in common that best performance is only accomplished under uniform sky 

conditions. It must be also mentioned that commercially available instruments do not measure the 

LAI, but the so-called plant area index (PAI) (Gucci et al., 1999) or surface area index (SAI) due to 

including all parts of the canopy as e.g. branches and tree trunk. The term “LAI” should only be used 

if a correction was made by removing those parts of the tree. 
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Latest attempts to estimate the LAI were executed by taking airborne multispectral images from 

airplanes or satellites (Stenberg et al., 2008), by using e.g. LiDAR technology (Moorthy et al., 2011) or 

vegetation indices (Simple Ratio Index, Green Normalized Difference Vegetation Index etc.). 

In literature the most used vegetation index is the Normalized Difference Vegetation Index (NDVI) 

(Carlson and Ripley, 1997; Turner et al., 1999; Soudani et al., 2006), which is linked to the green 

vegetation characteristics and calculated by the red and near-infrared bands (Rouse et al., 1974): 

 

     
(       )

(       )
      (11) 

 

Nevertheless, it is crucial to calibrate indirect measurements with ground-based methods to provide 

real access to the LAI, because of changes among species and site specific characteristics. 
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7. Material and Methods 

7.1 Site-specific characteristics 

The measurements were carried out from July to November 2010. The vegetation parameters, LAI 

and GC were measured at two private olive orchards with different farm management strategies; 

irrigated and non-irrigated (rainfed). Both farms were located in the region of Alentejo, close to the 

town Ferreira do Alentejo with the following site-specific characteristics: 

7.1.1 Site description 

1. The irrigated olive orchard at Monte de Pardieiro is situated 97 m above sea level, with the 

coordinates 38° 1.34’N, 8° 10.84’W. In September 2004, the variety Arbequina was planted on a 

total area of 434 ha with a row distance of 7 m, and a distance between the trees of 4.7 m. 

(Fig. 4) 

 

2. The non-irrigated olive orchard is located at Monte do Outeirinho (38° 0.95’N, 8° 6.58’W) in 

150 m above sea level. The variety Cobrançosa was planted in March 1990, with a 7 m distance 

between rows and between trees in a row. (Fig. 5) 

 

 

      

Fig. 4: Monte de Pardieiro Fig. 5: Monte do Outeirinho 

7.1.2 Climate characteristics 

The climate around Ferreira do Alentejo is temperate and is one of the Mediterranean type climates, 

Csa, characterized by mild winters and very hot and dry summers (Köppen-Geiger Classification, Fig. 

6). In Beja the maximum temperature in January is around 14 °C and in July approximately 45 °C. The 
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minimum temperature is around 5 °C in January and about 16 °C in July and August. The average 

annual precipitation is 572 mm1. 

 

Fig. 6: Climate classification of Portugal according to Köppen-Geiger (Appendix B.2)2  

           (http://www.meteo.pt/pt/oclima/clima.normais/) 

 

7.2 Evaluation of LA 

Different relationships between LA and biometric variables were tested. This semi-direct method was 

chosen because of the impossibility to remove every single leaf of an olive tree, thereby destructing 

it. We used the relationship between LA and leaf length, which showed good results, but was quite 

labour intensive. Thus, LA was related to the number of leaves, with the aim of only counting the 

number of leaves on a tree to reduce work. Many other researchers estimated the LA by just 

counting the number of leaves as e.g. Acock (1999) in coca, or Anugroho et al. (2010) in winged and 

velvet beans. Again the results showed a good relationship. 

Due to the tremendous amount of leaves on an olive tree, the last step was to relate the branch 

diameter to its LA to estimate the total LA on a tree by only measuring the diameters of each branch. 

Fortunately, the trees were not severely pruned and the results showed a good relationship as 

shown in results (8.2). The strategy used depended on the results obtained in the several subsequent 

steps of this approach. Therefore, when appropriate and necessary, a reference to the results is 

included in this section 7. 

                                                           
1
 Climatic data was provided by the station Sinóptica located in the town Beja, 30 km far away from Ferreira do 

Alentejo; see also appendix B.1 
2
 The map as shown in Fig. 6 was provided by Instituto de Meteorologia, Portugal 
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7.2.1 Collection of leaf samples 

Irrigated Plot: 

To exclude any differences in leaf size and leaf distribution between the upper and lower crown parts 

of the irrigated trees, five main branches with side branches from the top (1911 leaves) and 2 main 

branches with side branches from the bottom (959 leaves) were randomly taken and analyzed. After 

evaluation the difference between the variables was negligible. The details are described in the part 

of results in chapter 8.2. 

Non-irrigated Plot 

The same procedure was applied to the non-irrigated plot, but with less complexity (463 leaves), due 

to the very good relationship between the variables in the irrigated plot, the visible regularity of leaf 

size and their distribution on the olive trees. Once again, there was no difference between the upper 

and lower parts of the olive tree. 

7.2.2 Determination of LA 

Whole branches were selected, and their leaves were counted on the main and side branches, 

respectively. After that, every single leaf was removed, glued on a white sheet of paper and scanned 

to obtain leaf length, leaf width, LA, and other biometric measurements, which could be easily 

determined by a software program. In addition, the lengths of the branches, as well as their 

diameters, were recorded to be available for further evaluation. The measurements were taken 

immediately after harvesting the samples, to prevent drying and shrinking of the olive leaves. The 

samples were transported to the lab in plastic bags to minimize water loss through stomata. 

Software Tool – Lamina 

For rapid quantification of leaf size and shape parameters, the software tool LAMINA3 was used, 

which was originally designed to analyze European aspen leaves. For LA determination, images had 

to be scanned at equal resolution with a white background and black objects in the front. In order to 

quantify the relative LA, a calibration image, containing a solid colored rectangle with known 

dimensions (mm), had to be scanned at same resolution. Furthermore, the software tool enables the 

user to set different parameters as e.g. input and output directories for the images.  

In our case, as mentioned above, the complete sample collection was glued onto white sheet of 

papers and scanned in a decreased color depth (black and white) with a regular scanner (Brother, 

DCP-150C) at same resolution (Fig. 7). After setting the size of the reference image and calibrating its 

resolution, the scanned leaf files were imported into the software and evaluated as shown in Fig. 8. 

                                                           
3Leaf shApe deterMINAtion: http://sourceforge.net/projects/lamina (20.08.2010) 

http://sourceforge.net/projects/lamina


 

18 
 

 

Fig. 7: Scan of leaves of the side-branch 2.9.1 of the irrigated plot 
 

 

Fig. 8: Lamina-cropped of side-branch 2.9.1 of the irrigated plot. Leaf dimensions and characteristics 

are displayed and marked with different colors. 

 

LAMINA displayed a cropped image that showed every single detected leaf, marked with different 

colored lines and areas. The red lines demonstrated the length and the width of the leaf, which 

crossed in the center point. The blue lines showed the subdivision of the object. If serration 

detection was selected, emarginations of the leaves were colored in blue, while any missing leaf 

areas were marked in green. The user was enabled to perform corrections as e.g. resetting the center 

line of the leaf if necessary. In the end the data was exported and saved as excel file. The correlations 

between the biometric measurements and the LA are shown in the part of results. According to the 

excellent relationship between diameter and LA, only the diameters of each branch of the tree were 

measured to estimate the total LA on an olive tree, as described in section 8.2. 
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7.2.3 Effect of tree growth on LA 

Measurements of LA were carried out during the active growing season of the olive trees, therefore 

the diameters of the branches were first recorded on the 13th of July 2010 to get accurate 

relationships between diameter and LA. According to Testi et al. (2004), canopy growth in olive trees 

mainly occurs from April to September and remains static from October till March. Before even 

starting the evaluation of the LA, 7 different trees were randomly chosen and the diameter of their 

branches measured to serve as references. Thus, single branches were tagged with a white tape and 

identified (Fig. 9). Measurements were repeated at the end of the evaluation on the 25th of 

September 2010. During this time the diameters of the branches increased around 4 % in average, 

which was considered for the estimation of LA. As the measurements of the LA were carried out 

during a period of almost 3 month, but the regression functions to estimate the LA where based on 

the measurements, which were taken on the 13th of July, the LA had to be corrected. In agreement 

with the assumption of continuous growth, the LA of the trees measured in August was depleted of 

2 % and the LA measured in September was reduced of 4 %, to enable the comparison of the results 

and diminish the error between LA measurements. 

 

Fig. 9: Picture shows tree No. 6 of the irrigated plot, where secondary and tertiary branches are 

marked and numbered. 

7.3 Measurement of GC 

Another important vegetation parameter is the GC (as described in chapter 1 and 4). It is not only 

used to estimate the LAI in a specific context, but also to find correlations with other parameters, 

which are not as easy to measure as the GC. Williams and Ayars (2005) converted the GC, into 

percent GC and found a good relationship with crop coefficient and water requirements       
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(mm vine-1 day-1) in grapevine. From a practical point of view, this relationship enables a winegrower 

to calculate the    and the water consumption for his own vineyard by simply measuring the shaded 

area (GC) and the row spacing, and comparing his measurements with the given relationship of the 

existing paper. The GC has its own significant value to characterize a canopy, but can also be included 

in the LAI estimation, which additionally contains the total LA of a plant. In our case, the LAI of an 

olive tree was calculated, by dividing the total LA by the GC on a projected area basis. 

 

                (12) 
 

LAI = leaf area index on a projected area basis (m2 m-2) 

LA = total one-sided green leaf area of a tree (m2) 

GC = ground cover of the crown (m2) 

 

To obtain the average GC for the stand, images were processed by taking digital aerial photographs 

of the crown from several trees. In 1977, Adams et al. already used overhead photographs, taken 

from grain sorghum to determine the GC. They also accomplished a much simpler and cheaper 

alternative, called the “Meter-Stick Method”, where a meter stick is used to measure the shade of 

the vegetation (details in Adams and Arkin, 1977). Both methods showed good results, but the 

“Meter-Stick Method” was only suitable for small plants and shrubs. 

Therefore, in our experimental sites, pictures were taken (24. and 25.09.2010) from above the trees 

to size the GC as in Williams and Ayers (2005), using a camera (Olympus, Model E450)4 mounted on a 

6 m high stick (Fig. 10). Due to the large size of each crown, several partial pictures were taken. The 

images were processed and framed by the software Autopano Giga V2.0.6 to receive a panorama 

picture of the complete tree crown (Fig. 12). Similarly to the measurement of the LA, a reference 

object with known dimensions was needed to quantify the GC. For this reason squared metal pieces 

with an area of 4 dm2 (20 cm x 20 cm) surrounded the tree, while taking the pictures to serve as 

calibration object. They were mounted on a stick to be closer to the top of the crown to reduce the 

camera-object distance error (further explanations in section 7.3.3), and to facilitate the work, 

moving them from one tree to the other (Fig. 11). 

                                                           
4
The pictures were taken by using a Zuiko Digital lens with 14-42 mm; 1:3,5-5,6 
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Fig. 10: Camera (Olympus, Model E450) 

mounted on a 6 m high stick 

Fig. 11: Calibration object (20cm x 20cm) 

 

 

Fig. 12: Panorama picture (Autopano Giga V2.0.6) 
 

7.3.1 Limitations of aerial photography 

While taking the aerial images from the crown, several restrictions had to be taken into account. The 

distance between camera and olive crown determines the number of pictures to be taken. The closer 

the camera is, the more images were needed to cover the whole tree top. Unfortunately the 

software Autopano was not always successful in creating a panorama picture, due to excessive 

information or missing overlapping of the images. This occurred particularly in the non-irrigated plot, 

where the trees reached up to 4.5 m height and the distance between camera and tree top was too 

small to cover a large area of the crown. Furthermore, the weather conditions influence the quality 

of the images. Photos could not be taken on windy days, because the movement of the leaves and 

branches made it difficult for the program to find similar structures to overlap pictures for creating a 

full screen. 
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7.3.2 Determination of GC 

To measure the area of the GC, the panorama image was uploaded and processed using an image 

editing software program (Jasc Paint Shop Pro 9). Any unnecessary borders were cut (Fig. 13) and the 

image converted into a black and white shot (Fig. 14). After that, the histogram was used to get the 

exact number of black pixels of the picture, reflecting the GC of the tree. The same procedure had to 

be done with the calibration object with known dimensions to convert the number of pixels into a 

metric unit. Knowing the dimensions of the image, it was possible to convert the number of pixels 

into a metric unit to calculate the GC (Klassen et al., 2004). 

    

 

7.3.3 Computation of camera-object distance errors 

Klassen et al. (2004) also established a method to calculate the error of the apparent size in lettuce 

using the distance formula to compare different growth stages. The increase of the apparent size 

appears by taking images from a fixed height during the growing season, which leads to an 

overestimation of the GC. He claims that a decrease of 1 % in distance, results in a 2 % error, while a 

change in 10 % would result in a 23 % error. To sum up, vertical growth of vegetation that minimizes 

the distance towards the camera can result in a large error if the camera is set too close to the plant. 

To compare the different growth stages of lettuce, equation (13) was used, where   
  is the original 

mean distance from the vegetation surface to the camera and   
  is the new average distance to the 

vegetation surface after growth. 

           
(                     

  
  

  
   )

(                           )
    (13) 

Fig. 13: Cropped image of tree 13 in the 

irrigated plot 

Fig. 14: Black and white picture of tree 13 in 

the irrigated plot 
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In our case equation (13) was used and several assumptions were taken to evaluate the possible 

impact of the variation in tree height in relation to the distance to the camera (at a fixed height 

above the ground). In fact, there is no simple approach to obtain the actual percentage GC 

considering the variation of the distance between camera and ”object” or to resize farther or closer 

standing objects. 

One problem was that the images of the olive orchard were processed out of several pictures, where 

the overlapping edges were unknown and a correction of the distance error was impossible. Another 

problem was the spacing in the tree top and the curved edges of a tree canopy. While the surface of 

lettuce is quite homogeneous, trees show wide-opened gaps in their crowns, with leaves inside the 

gap being farther away from the camera than the ones on the top. 

The assumptions we made and the adjustment of the equation (13) are described in appendix A.3. 

For a better understanding the reader will also find an example calculated with real data from our 

experimental sites. 

In our case we did not correct the camera-object distance error, because we considered the error to 

be quite small, due to the use of reference objects to calculate the actual percentage GC and due to 

other reasons which complicated the feasibility of correction. All in all, this computation was 

accomplished to get an idea of the impact of a possible error due to variations in distance between 

camera and object. A correction of the GC was denied, due to the upper mentioned reasons.  

7.4 Geometric model of the crown 

The measurement of biometric components and the construction of a statistical model was also 

considered, to estimate the LAI in olive trees. Regression equations are widely used to estimate the 

LA of trees. Many of them show a good relationship between LA and trunk diameter at breast height 

(DBH5) or are based on the relationship between sapwood area and LA. For instance, the so-called 

“pipe model” assumes that a certain amount of foliage is supported by a defined sapwood area of 

stem and branches (Waring et al., 1982). 

Čermák et al. (2007) e.g. created a model to estimate LA distribution in an old olive grove by 

considering trunk circumference, crown projected area and height of tree: 

 

                            (14) 

 

where the volume occupied by foliage (    ) is given by subtracting the unbranched area of the 

center of the tree (    ) and the correction factor (    ) that represents the regularly removed 

branches along the water pipe from the total volume of the tree crown (    ). For regression 

                                                           
5
 The forest standard height to measure trunk diameter is determined at 1.30 m 
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equations, respect has to be paid to the fact that they are site-specific, dependent on climatic 

conditions, and differ with density and age of the tree population (Jonckheere et al., 2005), as well as 

with pruning practices. 

Thus, for both locations (irrigated and non-irrigated) height and perimeter of trunk, tree height, 

crown diameter, crown volume and the tree age were considered to create a model for total LA 

estimation of an olive tree. 

The height and the perimeter of the trunk were recorded by using a measuring tape. The trunk 

height was measured between ground level and the first branching. The perimeter was recorded at 

around 50 cm above ground level6, and its geometric relationship was used to calculate the trees 

diameter. The tree height was measured by taking pictures of the single trees and a measuring stick. 

The images were edited with the software program Jasc Paint Shop Pro 9, where the measuring stick 

was cut out and laid over the tree in vertical position to measure the tree height. In the same way 

the diameter of the tree top was recorded by taking the measuring stick and laying it over the tree 

crown in horizontal position. The age was known for the irrigated plot with 6 years and the non-

irrigated plot with 20 years. To get the volume of the tree crown the upper mentioned model 

(Čermák et al., 2007) was used as an example and modified to calculate the volume of the olive trees 

(equations 16 and 17).  

7.5 Remote sensing to obtain LAI and GC  

In the field of precision agriculture, remote sensing techniques are further indirect methods to detect 

vegetation parameters. The term remote sensing refers to acquiring information about the Earth's 

surface without actually being in contact with it. This is done by sensing and recording radiation, 

which is reflected or emitted by a target and processing, analyzing, and applying that information. 

Remote sensing techniques are applied in various fields and applications as e.g. to improve 

agricultural operations on the field or to detect toxic substances in field crops to guarantee food 

quality and safety. Nowadays, sensors and satellites are available to link different indices to 

characteristics of the green vegetation. We chose two different techniques representative for the 

commercial available sensors and satellite applications to obtain the LAI and the GC. 

7.5.1 Digital Plant Canopy Analyzer: CI-110 

The Digital Plant Canopy Imager is a sensor technique, which applies the gap-fraction method 

(Norman and Campbell, 1989), based on the Beer-Lambert law (chapter 6) and assumes randomly 

distributed leaves in vegetation. The charge coupled device (CCD) to capture images has 24 

                                                           
6
 The measurement at DBH was not possible due to smaller trees, where the stem reached only up to 78 cm. 
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photosynthetically active radiation (PAR) sensors and measures the following parameters and 

variables: LAI, PAR, leaf distribution/canopy openness (the fraction of visible sky from below the 

canopy (LD/CO)), diffuse PAR penetration, mean foliage inclination angles, sun flecks and 

photosynthetic quantum flux density (PQFD). 

A crown with wide-open gaps will lead to an overestimation of sun flecks and therefore an 

underestimation of the LAI. In cases where the canopy does not meet the requirement, it is 

necessary to evaluate several smaller parts of the image or blank out gaps of the canopy to achieve 

better estimations of the LAI, by taking the average of the calculated values (Campos et al., 2007). 

The program enables the user to divide the image in azimuthal and zenithal divisions to blank out 

undesired objects and to calculate the solar beam transmission coefficient, which is simply computed 

by counting the pixels that show the sky in each sector. After that, the LAI and the leaf angle 

distribution can be estimated by the gaps (sun flecks) or the PQFD shown by the picture. 

In the present olive orchards, the LAI was indirectly measured by capturing wide-angle plant canopy 

images with hemispherical lens taken by the Digital Plant Canopy Imager (CI-110, Version 3.0.1.1). 

The images were captured during early morning to avoid direct solar radiation and an 

underestimation of LAI. The sky was completely clear without any clouds. When taking the pictures, 

the threshold level was set to 50 %, and the fish-eye lens had a capture angle of 150° (CID Inc., 2008). 

From every tree (8 from the irrigated site and 9 from the non-irrigated site) several pictures (680 x 

480 pixels) were taken and evaluated. The CI-110 software program gives the opportunity to blank 

out undesired areas and objects for accurate measurement, to minimize overestimation of solar 

radiation and diffuse radiation. Any undesired objects as e.g. people, wooden areas, like tree trunk 

and main branches, as well as neighbored trees, were not considered for LAI determination by 

adjusting the azimuthal angles and displacing the image. The threshold level was readjusted till every 

leaf was displayed in a green color to be considered for the LAI calculation (Fig. 27 in subchapter 8.4). 

The results were saved and exported as excel file and showed the LAI, PAR, mean leaf angle, and 

transmission coefficient for diffuse penetration. 

7.5.2 Evaluation of aerial images 

Apart from analyzing hemispherical pictures, taken below the trees, aerial images were recorded 

(11.09.2010) from an airplane (Área 400 Informação Geográfica7) with a regular camera (spectral 

resolution red 0.45 – 0.52   ; green 0.52 – 0.60   , blue 0.63 – 0.70   ) and a near-infrared 

camera (NIR 0.76 – 0.90   ). The RGB images, with a spacial resolution of 15 cm per pixel, were 

evaluated with a geographic information system (GIS) software program (ArcMap 10) to obtain the 

GC and the LAI. In order to calculate the GC of the trees, the individual trees were located and the 

                                                           
7
 http://www.area400.com/ 
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crown marked with a red line (Fig. 15). The area of the crown was calculated by the program, 

counting the pixels inside the marked area. The value was converted into square meters by 

multiplying the pixel number by the size of the pixels (0.0225 m2). The results for both sites are 

shown in the section of results in subchapter 8.5. 

 

Fig. 15: Measurement of GC of individual trees at the non-irrigated site; trees are marked with a red 

line and green area; (RGB images, evaluated with the software program ArcMap 10) 

 

In order to estimate the LAI from the NDVI, the index had to be calculated (equation 11) from the 

images with the NIR reflectance and the red wavelength. The RGB files contained the information of 

the red wavelength, which in our case was band 3. It is crucial to align the images one upon the other 

to calculate the NDVI from the reflectance, which depends on a number of factors as e.g. leaf 

structure, arrangement of leaves, canopy geometry etc. Normally the images also have to be 

orthorectified8, which in our case was ignored, due to an almost flat environment. The 

georeferencing was not successful, due to bad graphical material. The size of the images did not fit 

and could not be corrected; therefore the NDVI was not calculated and related to the LAI. 

  

                                                           
8
 In Portugal orthorectified files with a resolution of 90 m are available for free. 
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8. Results and discussion 

8.1 Stand biometry 

Biometric data were collected in a sample of 21 olive trees in the irrigated plot and 14 trees in the 

non-irrigated plot and are shown in Table 1. In the 6-year old irrigated olive grove the results show 

that mean trunk circumference was of about 32 cm, whereas in the 20-year old trees in the non-

irrigated plot it reached 71 cm. The younger olive trees were about 3.2 m height with a GC of around 

5.7 m² corresponding to an average crown diameter of 2.7 m. The non-irrigated trees were 4.15 m 

high in average and covered around 18 m² each, corresponding to an average crown diameter of 

4.6 m. The GC results were obtained with the method as described in chapter 7.3.2. The camera-

object distance error was not considered when calculating the GC. We would have corrected the size 

of the images as described in subchapter 7.3.3 and appendix A.4 if the images had consisted of one 

picture instead of several. The large difference in the GC of both plots can be explained by the yearly 

pruning of the younger trees to keep them in shape for mechanical treatments as spraying and 

harvesting by conventional agricultural equipment. The poor relationship between observed single 

tree trunk circumferences and the GC on a projected area basis at both experimental sites (R2 ≈ 0.2); 

can also be explained by pruning and the irregular shape of the tree trunks at the non-irrigated plot. 

Trunk height, measured from the ground up to the first branching level, differed only around 10 cm 

between both sites, averaging of 68 cm in the irrigated plot and 78 cm in the non-irrigated site. 

 

Table 1: Main biometric variables of the olive groves: mean values for the irrigated (7.0 m x 4.7 m) 

and non-irrigated (7.0 m x 7.0 m) olive groves with standard deviation in parenthesis 

(measurements taken by Čermák et al. (2007) serve as comparison). 

 

 

The mean single leaf area varied only in 0.4 cm² between both experimental sites. The larger leaves 

grew on the older trees of the non-irrigated plot (3.4 cm²) and the smaller ones on the younger olive 

trees of the irrigated plot (3.0 cm²). Gómez et al. (2001) obtained a similar average leaf size of 

(3.54 cm²) in olive groves grown in Cordoba, Spain. 

Biometric parameter Mean tree (irrigated) Mean tree (non-irrigated) Mean tree (Čermák)

Stem perimeter 32 ( 4.20 ) [cm] 71 ( 8.07 ) [cm] 80.8 ( 2.20 ) [cm]

Height of trunk 68 ( 11.4 ) [cm] 78 ( 9.94 ) [cm] -

Height of tree 3.2 ( 0.20 ) [m] 4.15 ( 0.29 ) [m] 4.94 ( 0.06 ) [m]

Projected crown area 5.7 ( 1.03 ) [m²] 18.0 ( 2.58 ) [m²] 17.7 ( 0.42 ) [m²]

Single Leaf Area 3.04 ( 1.40 ) [cm²] 3.4 ( 1.00 ) [cm²] -

Leaf Area 32.8 ( 7.40 ) [m²] 50.7 ( 10.5 ) [m²] 72.6 ( 1.95 ) [m²]

LAI (total area basis) 1.01 ( 0.24 ) 1.05 ( 0.21 ) 0.96

LAI (projected area basis) 5.88 ( 1.49 ) 2.75 ( 0.29 ) 3.5 adjusted

Age 6 20 80
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The total LA of the irrigated olive trees was about 32.8 m² in average, whereas in the non-irrigated it 

reached a value of 50.7 m². Taking into account the GC results mentioned above and the mean social 

area of the trees, a percentage crown cover of 17.6 % and 37.5 % was obtained in the irrigated and 

the non-irrigated plot, respectively. Relating LA and the GC to calculate the LAI, the irrigated area 

showed a LAI on a projected area basis of almost 6 m2 m-2, while the non-irrigated trees reached only 

a LAI of 2.75 m2 m-2. The low LAI in the non-irrigated plot can be explained by the large areas of 

leafless branches. The LAI on a total area basis (    ), often the more important for many uses, is 

1.01 m2 m-2 in the irrigated and 1.05 m2 m-2 in the non-irrigated plot. We should remark the similarity 

between      at all three plots. Detailed information is given in Table 1. The LAI values were 

obtained by using equation (12) in chapter 7.3 and from the relationships that are shown in results 

(8.2). 

8.2 Regression functions to estimate the leaf area 

Several methods were essayed in order to estimate the olive tree LA. A good relationship was found 

between leaf length and LA (R² = 0.899, Fig. 16). This means that LA could be estimated by a non-

destructive method, using a biometric leaf length measurement in olive trees. This method is 

especially interesting in young olive groves, where the height still allows measurements of LA 

without having to remove leaves from the tree.  

 

 

Fig. 16: Relationship between leaf length and LA [cm²] in the irrigated plot 
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The same procedure applied to the non-irrigated plot, also showed a good relationship between leaf 

length and LA (R2 = 0.88, Fig. 17). Data were plotted separately, as they refer to different cultivars of 

olives and different relationships were expected. 

 

Fig. 17: Relationship between leaf length and LA [cm²] in the non-irrigated plot 

Due to the labour intensive work of measuring leaf length in a large amount of leaves per olive tree, 

we also established the relationship between the number of leaves and LA to know if we could 

estimate LA by just counting the number of leaves. To simplify the work, the software program 

LAMINA was used to evaluate LA, but the measurement of the length could also have been used. 

From each of the sampled branches (7 main branches with side branches) the leaves were removed, 

counted, scanned and LA was measured (chapter 7.2). Fig. 18 and Fig. 19 show the relationship 

between number of leaves and LA for the irrigated and the non-irrigated plot, respectively. 

 

Fig. 18: Relationship between leaf number and LA [cm²] in the irrigated plot 
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As shown in Fig. 19 a linear relationship was observed in the non-irrigated plot. 

 

Fig. 19: Relationship between leaf number and LA [cm²] in the non-irrigated plot. 

 

By having a relationship between LA and number of leaves, the next step was to find a relationship 

between branch diameter and the number of leaves in the branch (Fig. 20). In order to get a wider 

reference range concerning the branches diameter, more data was collected by counting number of 

leaves from branches with greater dimensions. In the irrigated site, a good non-linear relationship 

was observed between the two variables (R² = 0.96), with a polynomial equation of         

y = 10.288x2 - 45.809x + 135.39, for the branches of up to 28 mm diameter. 

 

 

Fig. 20: Relationship between branch diameter [mm] and number of leaves per branch in the 

irrigated plot 
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In the non-irrigated site, the relationship between branch diameter and number of leaves was not as 

strong as in the irrigated plot (R2 = 0.91, Fig. 21). 

 

Fig. 21: Relationship between branch diameter [mm] and number of leaves per branch in the non-

irrigated plot 

 

The difference between number of leaves and branch diameter in both plots can be explained by the 

different cultivars, their age and also pruning treatment. The older the trees get, the larger are the 

gaps in between the leaves. With increasing age, the diameters of the branches also increase. The 6-

year old trees in the irrigated plot were less severely pruned than the 20-year old ones on the non-

irrigated site. 

Due to high correlations observed between LA and number of leaves and between number of leaves 

and branch diameter, we also tried to estimate LA by just measuring branch diameter as also carried 

out by López-Serrano et al. (2000), Khabba et al. (2009) and others. Therefore, the LA of leaves per 

branch was summarized and plotted against the respective diameter of the branch. However, we had 

to restrict branch diameter up to 28 mm, because the results will only be accurate if the measuring 

points are within the reference range. Taking measurements of larger branches would lead to an 

over- or underestimation, because of the non-linearity of the relationship. But, due to difficulties to 

reach every branch smaller than the upper limit in the upper parts of the tree, few measurements 

exceeded the reference range. The appendix (part B, no. 4) includes two graphs showing the 

distribution frequency of the branch diameters in the irrigated and non-irrigated plots, respectively, 

which were used to estimate the LAI. In both plots more than 80 % of the branches were within the 

interval of 0 to 20 mm of diameter (Fig. 35 and Fig. 36). 
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Fig. 22: Relationship between LA [cm²] and branch diameter [mm] in the irrigated plot 

Due to time saving reasons and the existence of good results concerning the relationship between LA 

and branch diameter in the non-irrigated plot, the data of only 463 leaves was summarized and 

plotted against the particular branch diameter in the non-irrigated site. The determination 

coefficient was up to 0.92 and the equation of the correlation was given by y = 4.0897x2.6146 (Fig. 23). 

 

Fig. 23: Relationship between LA [cm²] and branch diameter [mm] in the non-irrigated plot 

Upon the result of the relationship between LA and branch diameter, 21 trees in the irrigated plot 

and 14 trees in the non-irrigated plot were evaluated. In order to estimate the total LA of one tree, a 

caliper was used to measure the diameter of the branches. If one branch exceeded the limit of the 

reference range of approximately 28 mm10, the caliper was either set to the next upper branching, 

where the diameters were smaller or every side branch of the branch was measured separately, 

depending on the appearance of the tree. Per tree, in average 70 branches in the irrigated and 100 

branches in the non-irrigated site were measured to obtain the total LA of a single olive tree. The 

measurements took place during the main growing season from July till September and are shown in 

appendix part B, no. 3. 

                                                           
10

 With a few exceptions for inaccessible branches 
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8.3 Biometric model 

In the literature various approaches have been undertaken to model biometric variables. Vonder et 

al. (2000) used multiple view angles to simulate crop growth parameters such as GC, crop height and 

crop diameter, while Waring et al. (1982) applied the so called pipe model to predict canopy LA (see 

section 7.4), where the LA can be estimated by the sapwood cross-sectional area at different heights. 

Instead of applying direct or semi-direct methods to obtain LAI of olive trees, which are time 

consuming and expensive practices, a simple linear model can be considered to estimate the LAI. A 

multiple regression model was chosen, where      is the response variable, predicted by the 

estimators trunk perimeter (  ), height of tree (  ), height of stem (  ), tree age (  ), crown volume 

(  ), and crown diameter (  ).  

                                        (15) 
 

To obtain the crown volume (       ), simplified geometric designs for the 6- and the 20-year old 

olive trees were used, based on crown width and crown height (Fig. 24), (Aguilar et al., 2008; 

Moorthy et al., 2011). The foliage of the 6-year old trees was very dense with almost no visible gaps 

within the canopy and where the tree top appeared in the shape of a halved cucumber while the 20-

year old trees had a cylindrical shape with a conic opening in the center of the crown (Čermák et al., 

2007). 

 

Fig. 24: Geometric designs to estimate the crown volume (V) of the 6- and 20-year old olive trees 

 

   
 

 
        

   (    )

  
                                                        

     
 

 
       (16;17) 

 

For the 6-year old trees two thirds of the crown height was determined to calculate the cylindrical 

part and one third for the ball scraper on the tree top, where h stands for the crown height and r for 

the radius of the tree crown. 
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The crown volume for the 20-year old trees was obtained by calculating the cylindrical part by taking 

the total crown height into account and subtracting the inverted cone part. 

After computing the required variables, the multiple regression model was obtained by the program 

R (Table 2). 

Table 2: Multiple regression model, obtained for the estimation of tree LAI based on: trunk perimeter 

(P), height of stem (HS), tree age (A), height of tree (HT), trunk diameter (D) and crown 

volume (V) 

 
 

At first glance, the model seemed promising with an R² of 0.77. In the next step it was tested if any of 

the variables could be excluded to see if there is any that gives only little information to model the 

LAI. A backward selection was used to eliminate non-significant variables. This means that every non-

significant variable will be dropped and the model re-fitted until all remaining variables were 

statistically significant. In this case the model was reduced to four predictors: trunk perimeter, tree 

age, crown volume and crown diameter. 

 

                               (18) 
 

It turned out that height of tree and height of stem were non-significant to model the LAI and they 

were therefore eliminated (level of significance of 5 %). Even though the fitted model suggested to 

keep the variable age (  ), the fact that only two different ages (6- and 20 year old) of trees were 
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included, its influence to the model had to be investigated, because the relationship between LAI and 

age in olive trees was unknown and two different ages did not give sufficient information. 

As linear dependencies between age and LAI were observed in palm trees (Awal and Wan Ishak, 

2008) we tried to analyze the same. A relationship based on literature data for olive trees was 

accomplished (Fig. 25). The graph shows that the LAI increases in young trees and peaks at around 6 

years, decreasing in older trees. We must be aware that the given values derive from various sites 

and the LAI was measured with different techniques, which cannot eliminate the theory that under 

certain circumstances linearity between the LAI and age in olive trees could exist. By looking at the 

diagram (Fig. 25), the model (equation 18) to calculate the LAI should give reasonable results for 6- 

and 20-year old trees, due to the fact that our sample was in that range. It should not give reliable 

results for trees which are between 1 and 6 years old, because of a constant and rapid increase of 

the LAI. Trees that are much older than 20 years can probably also not be used with the model 

(equation 18), due to being simply not included in the statistical evaluation. 

 

 

Fig. 25: LAI on a projected area basis related to the different age groups in olive trees (the value of 

the LAI for the 80 year old trees is not shown in the graph to allow a clearer view of the 

diagram.) 

 

For validation of the model, external data was used. Due to the few trees (35 trees), which were 

needed to set up the statistical model, only one tree from the experimental site was left for testing. 

The model was tested with the data given by Čermák et al. (2007) for the 80-year old trees with an 

average LAI of 3.5 and by Rousseaux et al (2009) for the 7-year old trees with an average LAI of 5.82. 

Moreover, the tree numbered as 9.15 from the non-irrigated experimental olive grove with the 20-

year old trees was used for testing, as the LAI of 2.88 (measured with CID-110) was not included into 

the statistical model. 

After validation, the biometric model (                           ), including trunk 

perimeter, tree age, crown volume and crown diameter, showed not to be suitable to estimate the 
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LAI of older trees (Table 3). An irrealistic value for the LAI was found for the 80-year old tree, 

whereas in the 7- and 20-year old trees, LAI was only underestimated by 15 and 17 percent, 

respectively. The differences between the measured and the estimated values are given in Table 3. 

 

Table 3: Comparison of the measured and estimated LAI calculated by the multiple regression 

model (22) including trunk perimeter, diameter and volume of the tree crown and tree age. 

The differences between both values are given in percentage. 

Biometric model including perimeter, diameter, volume and age 

  
LAI [m2 m-2] 
(observed) 

LAI [m2 m-2] 
(estimated) 

% Diff 
 

Čermák et al. (2007) 3.5 -14.63 -518 

Rosseaux et al. (2009) 5.81 4.91 -15 

Tree 9.15, non-irrig. plot 2.88 2.38 -17 
 

The same procedure was done by re-adjusting the model without the estimator “age”. This model 

only underestimated the LAI in the 80-year old trees by 17 percent, while the 7-year old trees 

showed the worst result by an underestimation of 21 percent. The tree 9.15 had the best result with 

an overestimation of 10 percent. In average the difference between the measured and the estimated 

values was only -9.2 percent (Table 4), which can be considered as quite good, taking into account 

the accuracy of indirect measurement as e.g. with the CI-110. 

 

Table 4: Comparison of the measured and the estimated LAI calculated by the multiple regression 

model including trunk perimeter, diameter and volume of the tree crown. The difference 

between both values is given in percentage. 

Biometric model including perimeter, diameter and volume 

  
LAI [m2 m-2] 
(observed) 

LAI [m2 m-2] 
(estimated) 

% Diff 
f 

Čermák et al. (2007) 3.5 2.92 -17 

Rosseaux et al. (2009) 5.81 4.57 -21 

Tree 9.15, non-irrig. plot 2.88 3.18 10 

Average 
  

-9.2 
 

The new linear model with the predictors trunk perimeter, volume and diameter of tree crown had 

an R² of 0.72 and was given as follows: 

 

                                                 (19) 
 

Pereira et al. (1997) developed and investigated 41 models in Eucalyptus globulus plantations, where 

12 of which were multiple regression models to estimate the LAI. The nine best models showed a 
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determination coefficient in the range of 0.76 and 0.84, and included the variables trunk diameter at 

breast height (DBH), crown ratio (CR =crown depth / total tree height) and height at the base of the 

live crown (HCB). They considered that the tree height has only little valueable information to 

estimate the LA and that the better predictors stand for the canopy size as we also found in our 

model (equation 18). 

8.4 Non-destructive canopy measurement by using the CI-110 

In addition to the biometric measurements, hemispherical photographs are also a valuable tool to 

measure the LAI in a non-destructive way (see also subchapter 7.5.1). They show the distribution of 

gaps and have the advantage to give additional information about position, size and density of 

vegetation. They are a constant record and can be reprocessed if improved models become 

available. Unfortunately the commercially available devices cannot be used easily to calculate the GC 

from the images without photographing any reference object. 

We used the Digital Plant Canopy Analyzer (CI-110) to calculate the LAI of individual trees. The 

photographs had to be treated by blanking out undesired objects like e.g. close-by standing trees, 

sun reflection and people as well as the trunk of the tree (detailed explanations in section 7.5.1).  

Despite of erasing undesired objects, the LAI, recorded by the Digital Plant Canopy Imager, 

underestimated the LAI compared to the direct method by half or even two-thirds of the value. 

Simões et al. (2007) faced the same problem in olive trees, also analyzing the hemispherical images 

with the CI-110, software version 3.0.2.0. The results varied according to the positioning of the 

camera relative to the tree. Placing the camera on the opposite side of the tree compared to the 

positioning of the sun, the LAI value was higher than facing the tree from the same side as the sun. 

The reason for that was the different light scattering. Moreover, the underestimation of the LAI in 

the irrigated plot was more consistent compared to the one in the non-irrigated area. The good 

deviation of the values compared to the direct method could originate from the irregular shapes of 

the older trees which, compared to the 6-year old olive trees, have huge gaps within their tree top 

(Fig. 26). By selecting only a part of the tree to avoid huge spacing in-between, the calculated LAI 

could be improved, but still underestimated the reference values. Fig 27 shows the analysis of the 

program, where the wooden parts are blanked out and the tree crown was centered to cut off large 

gaps showing the sky. The differences between the LAI measured by the direct method and the LAI 

calculated by this indirect method are shown in Table 5. 
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Fig. 26: Hemispherical photographs, showing tree 10.12 (upper picture) from the non-irrigated plot 

and tree 26 (lower picture) from the irrigated site taken by CID 110 

 

  

Fig. 27: Evaluation of tree 8.15 with the CI-110 software, version 3.2; branches and stem had to be 

blanked out in order to get the LAI instead of the PAI. In order to evaluate all leaves, the 

threshold was increased till every leaf was marked in green. 
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Table 5: LAI obtained by direct and indirect method using the CID software version 3.0.1.1 

irrigated plot non-irrigated 

  LAI  LAI [CID]   LAI  LAI [CID] 

Tree 8 6.05 2.22 Tree 7.6 3.11 1.07 

Tree 11 4.33 2.01 Tree 7.7 2.93 1.15 

Tree 14 4.90 2.28 Tree 7.8 2.72 0.81 

Tree 15 7.51 2.94 Tree 8.11 2.93 1.51 

Tree 16 5.10 2.23 Tree 8.14 2.34 1.17 

Tree 24 5.00 2.07 Tree 8.15 2.58 0.84 

Tree 25 5.44 2.28 Tree 9.14 2.94 0.85 

Tree 26 5.62 2.09 Tree 10.12 2.31 2.04 

Average 5.49 2.27 Average 2.73 1.18 

STDEVP 0.90 0.27 STDEVP 0.28 0.39 

 

Due to the underestimation of the LAI and the age of the equipment (1999, software version 3.0.1.1), 

CID Bio-Science suggested to re-evaluate the pictures by an upgraded software version (3.2). A much 

better matching was observed, as shown in Table 6. 

 

Table 6: LAI obtained by direct and indirect method evaluated by CID software version 3.2 

irrigated plot non-irrigated 

  LAI  LAI [CID]   LAI  LAI [CID] 

Tree 8 6.05 3.01 Tree 7.6 3.11 2.09 

Tree 11 4.33 2.84 Tree 7.7 2.93 2.17 

Tree 14 4.90 3.13 Tree 7.8 2.72 2.34 

Tree 15 7.51 4.31 Tree 8.11 2.93 1.64 

Tree 16 5.10 3.46 Tree 8.14 2.34 1.78 

Tree 24 5.00 2.75 Tree 8.15 2.58 2.72 

Tree 25 5.44 4.03 Tree 9.14 2.94 1.35 

Tree 26 5.62 4.39 Tree 10.12 2.31 2.10 

Average 5.49 3.49 Average 2.73 2.02 

STDEVP 0.90 0,62 STDEVP 0.28 0.40 

 

By comparing the LAI values, obtained by direct measurements and calculated with the software 

version 3.2, the average underestimation was 36 % in the irrigated plot and 26 % in the non-irrigated 

plot, which in the second case can be considered as an acceptable approximation, according to Awal 

and Ishak (2008). Welles and Cohen (1996) also consider that values measured by “gap fraction” 

techniques are ‘good’ if they agree to the direct measurement within 20 %. In our study the LAI in 

the non-irrigated plot fitted much better than in the irrigated one. Nevertheless, as already 

mentioned in chapter 6, it is necessary to calibrate indirect methods with direct or semi-direct 

measurements. 
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8.5 Measurements from aerial images taken from airplane 

Another approach to evaluated aerial images was accomplished by using a GIS software program. 

Due to the poor graphical material, it was rather difficult to draw the crown size of the individual 

olive trees. Partly it could not be distinguished between shade and the actual tree top and was 

therefore only an approximation of the size. After evaluating the aerial photos (RGB files) with the 

GIS software program (ArcMap 10), the GC of 18 trees of the irrigated plot and 11 trees of the non-

irrigated site were calculated. In the irrigated plot 3 trees had to be excluded from the evaluation, 

given that branches were removed from the trees 6 and 7, and tree 13 showed an image error on the 

RGB file. The mean GC was 6.1 m2 and 15.8 m2 in the irrigated and non-irrigated plot, respectively. 

The results for the individual trees are shown in Table 7.  

 

Table 7: GC measurements of irrigated and non-irrigated site from aerial images evaluated by the GIS 

software program (ArcMap 10) 

Irrigated plot   Non-irrigated plot   

Tree GC [m²] GC (ArcMap10) Tree GC [m²] GC (ArcMap 10) 

Tree 6 7.0 * 7.6 15.2 13 

Tree 7 4.9 * 7.7 18.5 16.9 

Tree 8 6.1 7.0 7.8 20.2 17.2 

Tree 9 4.8 6.5 8.8 19.0 14.2 

Tree 10 4.8 4.6 8.9 15.2 16.4 

Tree 11 8.1 8.2 8.10 - - 

Tree 12 7.4 6.9 8.11 18.6 16.8 

Tree 13 4.9 ** 8.14 14.6 12.5 

Tree 14 7.2 6.6 8.15 22.6 18.2 

Tree 15 4.9 6.8 9.13 - - 

Tree 16 5.4 6.7 9.14 20.3 18.2 

Tree 17 4.7 4.7 9.15 - 14.6 

Tree 18 5.1 6.5 10.12 15.4 14.7 

Tree 19 6.9 6.2 11.8 - - 

Tree 20 4.5 4.1 11.9 - - 

Tree 21 4.8 5.5 12.9 - - 

Tree 22 5.8 6.6 13.8 - - 

Tree 23 4.9 4.8 14.8 - - 

Tree 24 5.2 6.6 14.9 - - 

Tree 25 5.7 6.8 
   Tree 26 6.2 5.5 
   * trees were cut 
   ** image error (white spot) 
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As already mentioned in section 7.5.2, the images with the NIR and the red wavelength could not be 

aligned and the NDVI was not calculated. An estimation of the LAI of the olive trees by using the 

NDVI was therefore not possible.  

8.6 Comparison of observed and estimated LAI and GC 

After discussing the results of the semi-direct and indirect methods, a comparison of the 

relationships between both was accomplished. An overview of the different methods and their 

implementation is given in Fig. 28 to summarize the single steps of each technique. 

 

 

Fig. 28: Organigram of the different methods and their implementations used for LAI and GC 

determination 

 

Firstly a comparison of the semi-direct measured LAI (irrigated and non-irrigated plot) and the LAI 

obtained by hemispherical images was accomplished. The relationship between both methods is 

given in Fig. 29 with a determination coefficient of R2 = 0.72. Furthermore, the relationship is not 

even close 1:1, due to the underestimation already discussed before in subchapter 8.4. 
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Fig. 29: Observed vs. estimated LAI of olive trees (Arbequina and Cobrançosa), Ferreira do Alentejo 

2010. The estimated values were obtained by using the Digital Plant Canopy Imager CI-110.  

The same procedure was done for the LAI measured by the semi-direct method and the LAI 

calculated from the multiple regression model. The comparison shows a similar linear relationship 

between both methods, considering the LAI of the irrigated and the non-irrigated sites (R2 = 0.73; 

Fig. 30) with a very close 1:1 relationship, except for some of the higher predicted values. However, 

the result can be considered as good if we keep in mind that the model was created from only few 

input variables, due to the difficulty to obtain the LAI from many trees, with the semi-direct method. 

 

Fig. 30: Observed vs. estimated LAI of olive trees (Arbequina and Cobrançosa), Ferreira do Alentejo 

2010. The estimated values were calculated by the multiple regression model, as described in 

8.3, equation 18 

y = 1.4486x + 0.1196 
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Furthermore, a comparison between the GC measurements of the aerial photographs taken from the 

airplane, with the ones from the overhead photographs (chapter 7.3), was accomplished. The 

relationships are shown in Fig. 31 and Fig. 32, where the R2   is 0.43 and 0.60 for the irrigated and 

non-irrigated plot, respectively. Even though the determination coefficient in the irrigated plot is 

quite low, it has to be considered that the range of the different GCs was quite small. The range of 

individual trees GC observed in the irrigated plot was only 3.6 m2 in size, while for the non-irrigated 

trees it was 8 m2.  

 

Fig. 31: Observed vs. estimated GC measurements of olive trees (Arbequina) of the irrigated site, 

Ferreira do Alentejo 2010.  

 

Fig. 32: Observed vs. estimated GC measurements of olive trees (Cobrançosa) of the non-irrigated 

site, Ferreira do Alentejo 2010. 
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8.7 Information content of the d / H ratio  

After discussing the results and the practicability of the semi-direct and indirect methods, we will 

discuss the ratio (
 

 
) as a decision making tool. The application of the GC and the LAI is described for 

various purposes. After evaluating the literature, the hypothesis that the ratio of (
 

 
) is an indicator of 

using either the GC or the LAI, can neither be admitted, nor be rejected due to a lack of information 

in the literature. Often plant height was not included and had to be estimated to calculate the (
 

 
) 

ratio. However, in the cases with a ratio (
 

 
) higher or equal to 1, the LAI was normally considered, 

while the ones using the GC had regularly values inferior to 1 (Table 8), which is consistent with our 

assumptions. The table also shows that the LAI was preferred to the GC, and that there were actually 

only two cases, where just the GC was considered in the respective study (Adams et al, 1977 and 

Gallardo et al., 1996). We can assume that researchers take the LAI as the more correct input 

compared to the GC, as it reflects the total LA per area surface. Furthermore, in some cases the ratio 

will not always meet the requirement, as e.g. in plant protection where the amount of pesticide 

application will be dependent on the LA of the vegetation and less dependent on the GC. 

Table 8: Overview of applications and different use of GC and LAI in literature. The ratio of (
 

 
) was 

calculated for different species and studies. Unfortunately spacing and/or plant height had to 

be estimated, when not mentioned in the paper. 

 

To sum up, the ratio (
 

 
) can be a supportive tool to decide, whether the GC or the LAI should be 

used. In some cases the GC might be as useful as the LAI or even better, which would result in faster 

Height (H)

Row [m] Plant [m] [m]

Sorghum x - 0.5 - 1 0.5 - 1 1.5 < 1 *

Cotton x - 1 0.2 2 < 1 *

Soybean x - 1 0.2 1.5 < 1 *

Corn x - 1 0.1 2 < 1 *

Sunflower x - 1 0.5 1.5 < 1 *

Boyd et al. (2002) light interception & yield Potato x x 0.5 0.3 0.5 < 1; = 1 *

Buler et al. (2009) light interception Apple tree (dwarf) - x 4 1.8 1.8 >1; = 1 *

Currie and Klocke (2008) irrigation requirement; yield Corn - x 0.5 0.15 2 < 1 *

Sunflower - x 0.66 0.14 1.5 < 1 *

Soybean - x 0.66 0.04 1 < 1 *

Sorghum - x 0.66 0.04 1 < 1 *

Corn - x 0.66 0.14 2 < 1 *

Gallardo et al. (1996) ETc Lettuce x - 0.5 0.2 0.25 >1; < 1 *

Gómez et al. (2001) rainfall interception Olive - x 6 6 3 > 1 *

- x 6 6 4.2 - 5.2 > 1

- x 7 7 2.1 - 3.9 > 1

Pereira et al. (2007) sap flow Apple tree - x 2.1 - 4 2 - 3 2 - 3 > 1; = 1

Rousseaux et al. (2009) irrigation requirement Olive - x 8 4 3 > 1 *

Siegfried et al. (2007) pesticide dosis Grapevine - x 1.7 - 2.2 0.8 - 1.5 1.4 - 2 > 1 *

Suyker and Verma (2009) ETc Maize - x 0.2 0.2 2 < 1 *

Soybean - x 0.04 0.04 1.5 < 1 *

Testi et al. (2006) bulk canopy conductance Olive - x 7 3.5 1.4 - 2.9 > 1

Williams and Ayers (2005) kc Grapevine x x 3.51 2.15 1.5 > 1 *

Adams et al. (1977) light interception 

 d/HSpacing (d)Source Application Plant species GC LAI

Flénet et al. (1996)
k (light extinction coefficient); 

(Beer's Law)

Olivelight interceptionMariscal et al. (1998; 2000)
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and more economical results. Another advantage might be that the GC could also be used in practice, 

as it is easy to determine and not as time consuming as e.g. any destructive methods to determine 

the LAI or not as expensive as by using e.g. photometric devices to calculate the LAI. 

9. Concluding remarks and issues for the future 

The application and feasibility of a semi-direct method and different indirect methods to the 

experimental sites to detect the LAI were explored. Moreover, two different techniques to obtain the 

GC were analyzed and compared to each other. In general, the techniques improved in terms of 

simplicity and less physical effort, but they are still time consuming and none of the indirect methods 

are able to replace the (semi-) direct measurements of the LAI. 

In our opinion, the linear multiple regression model was the fastest way to obtain the LAI, as it does 

not need individual data treatment and requires only few biometric measurements (trunk perimeter, 

crown volume and crown diameter) as input variables to calculated the LAI. The statistical model also 

showed the best relationship between the observed and estimated values, compared to the other 

indirect methods. Concerning the GC, the aerial photos taken from the airplane were much easier to 

evaluate by the GIS program than the overhead photos with a common image editing software. The 

GIS software provides different applications to adjust and analyze geographic information, as it was 

designed for those purposes. However, the precision of the calculations depends on the available 

graphical material, which was most dissatisfying in our experiment. Furthermore, it is an economical 

question to receive images with higher resolution, as there are only few companies dealing with that 

form of image processing. The development of remote sensing techniques is beyond all questions, as 

there exist a market for all kinds of applications, and we can assume that the operability and 

precision will improve to estimate vegetation parameters as the LAI and the GC. Nevertheless, direct 

measurements of the LAI will not be replaced soon by indirect measurements and therefore a 

decision making tool, as the ratio of (
 

 
), may be a valuable instrument to replace the measurement 

of the LAI, by the determination of parameters as e.g. the GC, which are less time consuming and 

labour intensive. I would suggest that researchers should be more precise in describing their 

experimental site to provide full information about plant distances, plant height and the vegetation 

parameters. Even though this means more work for now, certain patterns could be discovered, and 

help to save time and money by finding a simple tool to decide between the appliance of the GC or 

the LAI in the near future. 
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Appendix 

A. Mathematical background 

1. Calculation of LAI by Digital Plant Canopy Imager CI-110 (CID Inc., 2008) 

 

      
      

    
√          

 
 

       for horizontal leaves x    

     
      

 
  for vertical leaves x  0 

     
 

      
  for spherical leaves x  1 

 = extinction coefficient of the canopy 

   polynomial funcion            (       )       

x: leaf angle distribution 

 

2. The Beer’s Law (CID Inc., 2008) 

          (   (        )) 

IPAR = Interception of solar radiation 

PAR = photosynthetically active radiation (400 – 700 nm) 

k = light extinction coefficient  

LAI = leaf area index on a projected area basis 

 

3. Optics: Background 

The size of an object is dependent on the angle ( ) it will be observed. Two objects of the same size 

(G1 and G2) show different dimensions in different distances. The closer object seems to be bigger 

than the one farther standing away from the lens, even though they do not differ in magnitude. 

http://www.univie.ac.at/mikroskopie/ (accessed, 10.07.2011) 

http://www.univie.ac.at/mikroskopie/
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4. Camera-object-distance error 

 

Several assumptions had to be made in order to adjust the formula used by Klassen et al. (2004) to 

our situation. 

Firstly, only one image was processed from each tree crown during the growing season, which means 

that instead of comparing different growth stages of a tree, each tree was compared with the 

median tree of each plot, which served as reference. 

1. This means that any tree crown (    ) is expected to grow over time to look like the reference 

tree (median) of each plot (    ). 

 

Secondly, the processed image showing the crown consisted of several pictures and was cut 

afterwards to delete unnecessary edges. To be able to compare pictures of different sizes and pixel 

numbers and in order to use the upper mentioned formula calculating the percentage GC, a 

correction factor had to be established. 

2. This means the correction factor (  ) enables the comparison between the plot area pixel 

number of any tree (   ) with the plot area pixel number of the reference tree (   ) by resizing 

the image, according to: 

    
   
   

  
    
   

  
          

   
   (20) 

 

Thirdly, the calculated percentage GC of the processed images, does not give the “real” percentage 

GC, because the images were processed in a way which does not show the actual available area (AA) 

for the individual tree. 

3. The adjusted formula serves only as a tool to estimate the distance error between camera and 

object. 

The “uncorrected” percentage GC of the smallest and the largest tree was calculated with the given 

pixel number of the crown and the pixel number of the total image. In the next step, the “corrected” 

percentage GC, using the adjusted distance formula, was computed and compared with the 

“uncorrected” percentage GC assuming the tree was grown over time and reached the size of the 

median tree, were   
  is the distance between camera and any tree smaller than the median and   

  

is the distance of the median tree to the camera. By comparing a taller tree with the median,   
  and 

  
  have to be flipped. 

 

               
    
   

      
          

   
       (21) 
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(            

  
  

  
   )

   
       (22) 

 

The difference between %GCuncorrected and %GCcorrected gives the actual error between object and 

camera, by using a simple calculation of percentage. 

To get the idea across to the reader and in order to demonstrate the application of the equations 21 

and 22, a data set of the irrigated plot is given in Table 9, calculating the actual error (%) between the 

smallest tree and the median tree, assuming the smallest tree has been grown over time to look like 

the median tree. 

 

Table 9: Example of calculating the object-distance error by using equations (21) and (22). A 

comparison of the median tree and the smallest tree of the irrigated plot was accomplished. 

 

* the camera was mounted on a 6 m high apparatus, in order to obtain the distance between camera and tree. 

 

where               ( )   
                  

              
         (23) 

 

The results, which are not listed in this work, showed especially in the extreme cases (smallest and 

tallest tree) that the error was less than 20 % in average. This means in all the other cases that the 

error was even smaller and therefore the camera-object distance error was ignored (see also 7.3.3) 

  

Irrigated Plot Height of Tree GC Pixel No. Plot Area Pixel No. Correction Factor %GC %GC %Diff. Actual Error

(m) (A GCx ) (A px ) (p n ) (uncorrected) (corrected) (%)

Tree 14 (median tree) 3.15 4367566 19064752 - - - - -

Tree 16 (smallest tree) 2.85 3107682 11682207 1.631947799 26.60 32.50 5.90 22.16
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B. Site specific data 

1. Mean air temperature and precipitation in Beja, Alentejo 

Mean air temperature and total precipitation in Beja (Station: Sinóptica) measured during the period 

of 1971 and 2000. The station (No. 562; Lat.: 38°01’N; Lon.: 07 52’W) has been already established 

since 1863 and is situated 264 m above sea level, about 30 km to the East, in relation to the 

experiments. 

 

 

 

Fig. 33: Mean air temperature in Beja, Alentejo 

 

Fig. 34: Mean annual precipitation in Beja, Alentejo 

 

 



 

55 
 

2. Köppen-Geiger classification 

Table 10: Classification of different climatic zones according to Köppen-Geiger 
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3. Biometric measurements of the experimental plots 

Table 11: Biometric measurements of the irrigated plot in Monte de Pardieiro 

 

 

Table 12: Biometric measurements of the irrigated plot in Monte de Outeirinho 

 

 

  

Measurements of the irrigated plot

Total LA [m²] P [cm] HS [cm] A HT [m] HC [m] V [m³] GC [m²] AA [m²] PC [%] D [m] LAI (T) LAI LAI [CID] LAI (stat.) GC (ArcMap)

Tree 6 32.1 30 57 6 3.3 2.73 15.87 7.0 33.76 20.8 3.0 1.0 4.58 - 4.54 *

Tree 7 30.2 32 95 6 3.25 2.30 9.38 4.9 32.62 15.1 2.5 0.9 6.14 - 6.39 *

Tree 8 36.8 40 56 6 3.15 2.59 13.08 6.1 31.68 19.2 2.8 1.2 6.05 3.01 6.30 7.0

Tree 9 25.4 29 68 6 3.48 2.80 11.47 4.8 33.18 14.4 2.5 0.8 5.29 - 6.66 6.5

Tree 10 47.3 36 66 6 3.50 2.84 11.78 4.8 32.39 15.0 2.5 1.5 9.76 - 7.38 4.6

Tree 11 34.9 36 60 6 3.06 2.46 16.04 8.1 32.19 25.1 3.2 1.1 4.33 2.84 3.95 8.2

Tree 12 38.5 33 64 6 3.18 2.54 15.40 7.4 33.26 22.3 3.1 1.2 5.19 - 4.27 6.9

Tree 13 21.7 26 61 6 3.00 2.39 9.76 4.9 32.43 15.1 2.5 0.7 4.44 - 5.86 **

Tree 14 35.3 37 68 6 3.15 2.47 14.51 7.2 32.34 22.3 3.0 1.1 4.90 3.13 4.80 6.6

Tree 15 36.9 37 63 6 3.32 2.69 11.22 4.9 32.27 15.2 2.5 1.1 7.51 4.13 7.28 6.8

Tree 16 27.6 35 72 6 2.85 2.13 9.37 5.4 32.94 16.4 2.6 0.8 5.10 3.46 6.01 6.7

Tree 17 22.8 27 83 6 3.02 2.19 8.47 4.7 32.33 14.5 2.4 0.7 4.88 - 6.05 4.7

Tree 18 34.9 29 81 6 3.52 2.71 11.69 5.1 32.69 15.6 2.5 1.1 6.86 - 6.25 6.5

Tree 19 31.2 32 68 6 3.46 2.78 15.85 6.9 32.50 21.1 3.0 1.0 4.55 - 4.96 6.2

Tree 20 31.7 32 63 6 3.48 2.85 11.09 4.5 31.20 14.5 2.4 1.0 7.02 - 7.32 4.1

Tree 21 20.3 24 57 6 3.15 2.58 10.41 4.8 31.07 15.4 2.5 0.7 4.26 - 5.94 5.5

Tree 22 50.4 34 55 6 3.05 2.50 12.00 5.8 30.42 19.0 2.7 1.7 8.71 - 5.85 6.6

Tree 23 38.2 33 58 6 2.90 2.32 9.38 4.9 32.71 14.9 2.5 1.2 7.84 - 6.58 4.8

Tree 24 26.1 25 91 6 3.02 2.11 8.98 5.2 32.81 15.9 2.6 0.8 5.00 2.75 5.12 6.6

Tree 25 30.9 30 80 6 3.15 2.35 11.00 5.7 32.62 17.4 2.7 0.9 5.44 4.03 5.38 6.8

Tree 26 34.8 35 58 6 3.20 2.62 13.48 6.2 32.45 19.1 2.8 1.1 5.62 4.39 5.69 5.5

Average 32.8 32 68 6.0 3.2 2.5 11.9 5.7 32.37 17.5 2.7 1.01 5.88 3.47 5.84 6.14

STDEVP 7.40 4.20 11.44 0.20 0.22 2.39 1.03 0.74 3.1 0.2 0.24 1.49 0.56 0.93 1.00

* not measured due to cuttings on the trees

** excluded due to image error (white spot)

Measurements of the non-irrigated plot

Tree Total LA [m²] P [cm] HS [cm] A HT [m] HC [m] V [m³] GC [m²] AA [m²] PC [%] D [m] LAI (T) LAI LAI [CID] LAI (stat.) GC (ArcMap)

7.6 47.3 66 86 20 3.70 2.84 28.81 15.2 47.95 31.7 4.4 1.0 3.11 2.09 2.53 13

7.7 68.6 77 66 20 4.10 3.44 42.37 18.5 48.93 37.8 4.9 1.4 2.93 2.17 3.62 16.9

7.8 55.4 68 73 20 4.10 3.37 45.37 20.2 48.02 42.1 5.1 1.2 2.75 2.34 1.92 17.2

8.8 47.3 65 77 20 4.42 3.65 46.13 19.0 48.00 39.5 4.9 1.0 2.49 - 2.67 14.2

8.9 47.4 67 76 20 3.95 3.19 32.29 15.2 48.82 31.1 4.4 1.0 3.12 - 3.32 16.4

8.1 63.1 85 63 20 4.38 3.75 23.37 - 48.30 - 3.5 1.3 - - - -

8.11 54.5 78 97 20 4.30 3.33 41.34 18.6 48.30 38.6 4.9 1.1 2.93 1.64 3.42 16.8

8.14 34.2 65 82 20 4.40 3.58 34.84 14.6 47.33 30.8 4.3 0.7 2.34 1.78 4.09 12.5

8.15 58.4 75 71 20 4.20 3.49 52.56 22.6 48.00 47.1 5.4 1.2 2.58 2.72 2.30 18.2

9.13 - 80 73 20 4.22 3.49 33.01 - 48.00 - 4.3 - 1.1* 1.33 5.71 -

9.14 59.6 70 96 20 4.65 3.69 49.96 20.3 48.11 42.2 5.1 1.2 2.94 1.35 2.92 18.2

9.15 - 64 76 20 4.20 3.44 36.47 - 48.00 - 4.5 - 3.59* 2.88 3.18 14.6

10.12 35.6 71 89 20 3.62 2.73 28.02 15.4 47.99 32.1 4.4 0.7 2.31 2.1 2.77 14.7

11.8 - 69 74 20 4.00 3.26 28.69 - 47.96 - 4.1 - - - 4.60 -

11.9 - 90 80 20 4.54 3.74 - - 47.40 - - - - - - -

12.9 - 61 91 20 4.22 3.31 - - 47.27 - - - - - - -

13.8 46.8 60 81 20 3.70 2.89 - - 47.96 - - 1.0 - - - -

14.8 34.0 61 64 20 3.83 3.19 - - 47.96 - - 0.7 - - - -

14.9 57.9 69 67 20 4.10 3.43 - - 47.44 - - 1.2 - - - -

Average 50.7 71 78 20 4.14 3.36 37.37 18.0 48.0 37.3 4.6 1.05 2.75 2.04 3.31 15.70

STDEVP 10.5 8.1 9.9 0.3 0.3 8.4 2.6 0.4 5.4 0.5 0.21 0.29 0.50 0.98 1.91

* values were estimated from pictures
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Abbreviations to read the table (exact description can be found in Abbreviations and Symbols) 

LA leaf area 
P trunk perimeter 
HS height of stem 
A age 
HT tree height 
HC crown height 
V crown volume 
GC ground cover of individual tree 
AA available area for each individual tree 
PC percentage ground cover 
D crown diameter 
LAI (T) leaf area index on a total area basis 
LAI leaf area on a projected area basis 
LAI [CID] leaf area index on a projected area basis taken by the CID camera 
LAI stat. leaf area index on a projected area basis calculated by the multiple regression 

model 
GC (ArcMap) ground cover of individual tree, obtained by ArcMap 10 
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4. Distribution of branch diameters 

 

 

Fig. 35: Frequency of the distribution of the different branch diameters in the irrigated plot. More 

than 87 % of the branches were measured within the range of 0 to 20 mm of diameter. 3.2 % 

exceeded the upper level of 28 mm. 

 

 

Fig. 36: Frequency of the distribution of the different branch diameters in the non-irrigated plot. 

83 % of the measurements were within the range of 0 to 20 mm. From all the measurements 8.3 % of 

the branches exceeded 28 mm of diameter. 
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