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Abstract

Estimation of newly grown needle area, as the most active part of assimilation appa-
ratus, is important for better understanding of biochemical processes of trees. This 
paper investigates the relationship between the projected area of newly grown need-
les and other biometric tree parameters (tree height HTREE, diameter at breast height 
DBH, projected crown area and crown length) of Norway spruce trees. The total pro-
jected area of newly grown needles of seven sampled trees was estimated using a 
detailed inventory of the number and length of shoots. The relationship between this 
value and other readily measurable biometric tree characteristics was tested to � nd 
the best model for estimating total area of newly grown needles. The model using 
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HTREE*DBH with a coe�  cient of determination of 0.96 had the best performance. The 
DBH and HTREE inventory of all trees in the studied plot was used to estimate the total 
projected area of newly grown needles of the entire forest stand (4506.7 m2 per hec-
tare). We also investigated speci� c leaf area (SLA) of newly grown needles in vertical 
pro� le of tree crown. SLA increased constantly from the tree top (28.7 cm2.g2) to the 
crown base (80.3 cm2.g2).

Zusammenfassung

Die Ermittlung der jährlich neu gebildeten Nadelmasse als aktivster Teil der Assimi-
lationsorgane eines Baumes ist sehr wichtig für ein besseres Verständnis der bio-
chemischen Prozesse von Bäumen. Diese Studie beschreibt die Beziehung zwischen 
der Projektions� äche von neu zugewachsenen Nadeln und der Baumhöhe (HTREE), 
des Stammdurchmesser in der Brusthöhe (DBH), der Projektionskronen� äche sowie 
der Kronenlänge der Gemeinen Fichte. Die gesamte Projektions� äche von neu zu-
gewachsenen Nadeln an sieben Probebäumen wurde mittels durch detaillierte Er-
fassung der Projektions� äche von Nadeln und der Anzahl und Länge von neu zu-
gewachsenen Trieben ermittelt. Das beste Modell erreichte mit dem Parameter 
HTREE*DBH ein Bestimmtheitsmass von 0.96. Aus Messunge von DBH und HTREE aller 
Bäume konnte die gesamten Projektions� äche der neu zugewachsenen Nadeln des 
gesamten untersuchten Bestandes ermittelt werden (4506.7 m2 pro Hektar). Ausser-
dem, Es wurden auch die spezi� sche Blatt� äche (SLA) für neu gebildete Nadeln im 
vertikalen Pro� l der Baumkrone untersucht. SLA nahm von dem Wipfel (28.7 cm2.g2) 
bis zur Kronenbasis (80.3 cm2.g2) stetig zu.

Introduction

Norway spruce (Picea abies (L.) Karst.) is one of the most important European coni-
ferous tree species due its wide distribution, its economic importance and long tra-
dition of cultivation (Caudullo et al. 2016). In the past, Norway spruce stands have 
often been favored because of their easy establishment, transparent management 
and high yield (Spiecker 2003).

Trees are growing in environment, where they constantly exchange matter and ener-
gy with atmosphere and soil. From the environment a plant must acquire resources 
that it can then save or spend in various ways to construct a product (Bloom 1985). 
The actual size of green leaf area is one of the key parameters in� uencing the to-
tal primary production of trees and the exchange of energy between trees and the 
atmosphere (Newman 1979). Solar energy is environmentally friendly and its con-
version to energy of chemical substances is carried out only by photosynthesis – ef-
fective mechanism characteristic of plants (Tkemaladze and Makhashvili 2016). Tree 
crown architecture may be described by the vertical and horizontal distribution of 
plant organs, particularly focusing on the productive assimilation area (Echereme et 
al. 2015). The utilization of solar radiation (especially photosynthetically active radia-
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tion of wavelengths 400 – 700 nm) directly depends on tree crown architecture, its 
projected area and the forest stand structure (Mõttus et al. 2006; Pangle et al. 2009). 
The crown of Norway spruce is regularly conical and columnar, with whorled, short 
and stout branches, the upper level ascending and the lower drooping (Caudullo et 
al. 2016). The tree crown dimension is more easily measured by vertical crown length 
than by crown projection.

Forest stand production is closely connected with micro climatic conditions that are 
created within the forest stand. Incident solar radiation a� ects forest stand clima-
te and is the exclusive source of energy for the production processes of the trees 
(Marková et al. 2011). Solar radiation is one of the most limiting factors in numerous 
processes of forest regeneration, stand development (Niinemets and Kull 1995) and 
radial growth (Beadle and Long 1985; Linder 1985; Monteith 1994). The size and dis-
tribution of the active assimilatory apparatus therefore plays a decisive and crucial 
role in forest growth and development.

The total leaf area of the plant can be obtained by either direct or indirect methods. 
Indirect, non-destructive methods are user friendly and provide robust leaf area esti-
mates (Norman & Campbell, 1989). Another method would be removing and measu-
ring all leaves of a plant. This direct method is destructive and can be used for model 
development. One of the most useful tools for assessment of total leaf area is speci� c 
leaf area (SLA). SLA uses relationship between the area of the representative mixed 
foliage sample with its dry weight (Kalácska et al. 2005; Nouvellon et al. 2010). SLA 
often serves as an indicator for potential growth rate and reacts very sensitively to 
changes of the availability of resources (Fellner et al. 2016).

The amount of needles growing on a tree in� uences photosynthesis, gas exchange, 
transpiration, the interception and utilization of inorganic and organic atmospheric 
pollutants and the leaching of substances from aerial plant surfaces (Riederer et al. 
1988). Leaf area is therefore one of the most important structural characteristics of 
a tree or forest stand as it relates to its potential production or even health status 
(Pokorný and Stojnič 2012; Čater 2015). The amount of needles growing on a tree 
is adequately described using the projected area of needles. The young needles are 
photosynthetically highly active needles (Hom and Oechel 1983, Huttunen and Heik-
kilä 2001, Kayama et al. 2007) and net CO2 assimilation rates decrease with needle 
aging in the conifer species (Freeland 1952; Warren 2005). 

The main objective of the study was to determine the area of newly grown needles 
in the crown layer. Models for estimating the projected area of newly grown needles 
using some easily measurable biometric characteristics of shoots have been develo-
ped. Su�  ciently accurate equations for calculating the projected newly grown need-
le area of trees using tree biometric characteristics have been developed.
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Material and Methods

Site description

The amount of newly grown needles in a young spruce monoculture (Picea abies (L.) 
Karst.) was determined at the Rájec study site (the Drahanská vrchovina Highlands, 
the Czech Republic) after the 2014 growing season (Table 1). The experimental sta-
tion Rájec was founded in 1975 and is included in the International Long Term Ecolo-
gical Research Network (ILTER) and national infrastructure for carbon observation in 
the Czech Republic - CzeCOS.

The studied spruce monoculture was established through reforestation (5000 trees 
per ha) after a clearcut of a mature spruce stand in 1978 (Marková and Pokorný 2011). 
There were performed several thinnings in the experimental site, nevertheless none 
of them did not reduce amount of neighbors of studied trees at least ten years before 
investigation. Detailed analysis of the amount of newly grown needles was deter-
mined on seven selected trees growing in the forest stand, that are equipped with 
sca� olding that allowed for the taking of measurements in a vertical pro� le of tree 
crowns. Selected biometric characteristics of the studied spruce stand at the chosen 
experimental plot (four sampled plots with area 125 m2; 98 trees) are shown in Table 
1.

Table 1: A description of the study site in 2014 (mean ± standard deviation)

Tabelle 1: Beschreibung den untersuchten Fläche im Jahre 2014 (Mittelwert ± Standardabweichung)
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The studied trees were selected according to the distribution of tree diameter at bre-
ast height (DBH) of the chosen experimental plot (Fig. 1). Two dominant trees, three 
co-dominant trees and two sub-dominant trees were chosen for the analysis.

Figure 1: Diameter at breast height (DBH) distribution at the study site in 2014. Black points represent the 
selected studied trees with their numbers used in this paper. Dashed line is a normal distribution of DBH.

Abbildung 1: Verteilung der Brusthöhendurchmesser (DBH) der untersuchten Fläche im Jahre 2014. 
Schwarze Punkte repräsentieren die ausgewählten untersuchten Bäume und die in dieser Studie 
verwendete Nummerierung. Die gestrichelte Linie markiert eine Normalverteilung von DBH.

Needle level

The area of newly grown needles was observed on the seven selected trees (Fig. 1) 
throughout the whole tree crown pro� le at the end of the 2014 growing season. 
Newly grown shoots (16 per tree) were removed from three additional trees of di� e-
rent social status (dominant, co-dominant and subdominant; Fig. 2). These 48 shoots 
were selected following the shoot length distribution within the tree crown. 
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Figure 2: Methodology of sampling and analysis. LSHOOT - length of shoot in cm, ASHOOT - length of shoot in cm, ASHOOT SHOOT - projected area of SHOOT - projected area of SHOOT

shoot in cm2, NN2, NN2 SHOOT, NNSHOOT, NN  - number of needles per shoot, NASHOOT - number of needles per shoot, NASHOOT SHOOT - projected area of needles in cmSHOOT - projected area of needles in cmSHOOT 2/shoot, SLA 2/shoot, SLA 2
– speci� c leaf area (cm2.g2.g2 -1). -1). -1

Abbildung 2: Methodik der Probenahme und Analyse. LSHOOT - Länge des Triebes in cm, ASHOOT - Länge des Triebes in cm, ASHOOT SHOOT - SHOOT - SHOOT

projizierte Fläche des Triebes in cm2, NNSHOOT - Anzahl der Nadeln per Trieb, NASHOOT - Anzahl der Nadeln per Trieb, NASHOOT SHOOT - projizierte Fläche SHOOT - projizierte Fläche SHOOT

der Nadeln in cm2/Trieb, SLA - Spezi� sche Blatt� äche (cm2.g-1).

The length of the removed newly grown shoots (LSHOOT) was measured from the be-
ginning of growth in the current year to the bottom of the new terminal bud and the 
area of removed newly grown needles (NASHOOT) was measured using image analysis. 
Images of the removed newly grown shoots were taken with a Nikon D5100 digital 
SLR camera (Nikon Corp., Japan) and a Tamron 17-50/F2.8 AF (Tamron Corp., Japan) 
lens set at 35-mm focal length for better optical quality. Images were captured in 
high resolution on a background marked with millimeter gridlines. The projected 
area of the removed shoot (ASHOOT) was captured on one side by the camera at a 90° 
angle loosely laid on a � at table (Fig. 3). Needles were separated from the shoot and 
scanned by an image scanner (Perfection V500, EPSON) (Fig. 3). NASHOOT, ASHOOT and SHOOT and SHOOT

number of needles (NNSHOOT) was determined from images by ImageJ (National Ins-
titutes of Health, USA). The parameters of the removed newly grown shoots (LSHOOT, 
NNSHOOT and NASHOOT and NASHOOT SHOOT) were further analyzed to assess the correlations between the 
projected area of needles and shoot characteristics.
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Figure 3: Newly grown shoot projection (A) and the projected area of needles separated from this shoot (B). 

Abbildung 3: Neu gewachsener Trieb (A) und die projizierte Fläche, der von diesem Trieb abgetrennten 
Nadeln (B).

The silhouette area to projected needle area ratio (SPAR) of a shoot is de� ned by Sten-
berg et al. (1995) as:

where ASHOOT (SHOOT (SHOOT α,β) is the projected area of shoot for inclination (α), rotation angle (β), 
and NASHOOT is the projected needle area. SPAR was calculated only at SHOOT is the projected needle area. SPAR was calculated only at SHOOT α = 90° and β = 
0° (i.e. the shoot projection area was determined only for a loosely laid shoot on � at 
table) and this parameter was described as SPARmax.

The shoot area to total needle area ratio (STARcal) was calculated after converting the 
projected needle area (NASHOOT) to total needle area (TNASHOOT) using the equation for 
one-year-old needles published by Homolová et al. (2013): 

Speci� c leaf area (SLA, ratio between projected needle area and needle dry mass) 
was determined on ten trees growing in the studied forest stand (including the seven 
trees used in detailed analyses; Fig. 2). One sample branch was taken from each third 
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of tree crown. Afterward three subsamples (consisting of approximately 50 needles 
each) were collected from each sample branch. Needle subsamples were scanned, 
oven-dried (at 80°C for 48 h) and weighed (precision ±0.001 g). Needle area of sub-
samples was determined by ImageJ (National Institutes of Health, USA).

Shoot level

The detailed analysis of newly grown shoots was performed on the seven selected 
studied trees throughout the whole tree crown at the end of the 2014 growing sea-
son (Fig. 2). The height of all living branches in whorls was measured during the shoot 
sampling period. The number of newly grown shoots was counted on every living 
branch in the whorl and in the inter-whorl. LSHOOT was measured on living branches in SHOOT was measured on living branches in SHOOT

whorls along the whole vertical pro� le of the tree crown.

Tree and stand level

The position, height (HTREE), vertical length of the living crown (LCROWN) and projected 
crown area (PACROWN) of the selected studied trees and � nally of all trees on the expe-
rimental plot were determined using the FieldMap measuring system (IFER, Czech 
Republic). The top of the highest tree and the lowest living whorl in the stand de� nes 
the height of the stand crown layer. The base of the living crown was considered the 
whorl closest to the ground surface that had a minimum of two living branches. DBH 
of the selected studied trees was calculated from the stem circumference measured 
with tape at a height of 1.3 m above the ground. 

Tree crown dimension, as the potential base for budding, is directly related to the 
amount of newly grown shoots. Chosen tree and crown biometric characteristics are 
provided in Table 2. For the seven selected Norway spruce trees, the average DBH was 
15.3 cm ± 4.0, and the average tree height was 15.5 m ± 3.3.
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Table 2: Chosen biometric characteristics of the seven studied trees. Trees were divided into three categories 
according to their social status within the forest stand. 

Tabelle 2: Ausgewählte biometrische Merkmale von sieben untersuchten Bäumen. Die Bäume 
wurden nach ihrem sozialen Status innerhalb des Bestandes in drei Kategorien unterteilt.

Statistical analysis

To determine the relationship between NASHOOT and an easily measurable shoot para-SHOOT and an easily measurable shoot para-SHOOT

meter, a list of measured newly grown shoot characteristics was established and 
the best model was estimated using QCExpert 3.3 (TriloByte Statistical Software Ltd 
2013). Linear, exponential, polynomic, logarithmic and power models were tested 
and the quality of the models was evaluated based on (i) mean quadratic error of 
prediction (MEP), (ii) Akaike information criterion (AIC) and (iii) coe�  cient of deter-
mination (R2). MEP and AIC values are decreasing with increasing model quality, and 
higher R2 values indicate higher suitability of the model. MEP was the decisive factor 
in selecting the best model.

A list of the biometric characteristics of the seven studied trees (HTREE, DBH, PACROWN, 
LCROWN) was made to � nd the most appropriate and most suitable model to describe 
the total projected area of newly grown needles on a tree. The dependence of newly 
grown needles area on each of tree characteristic parameter was estimated in QCEx-
pert 3.3 and SigmaPlot 11.0 (Systat Software, Inc.).
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Results

Needles

The length of the 48 shoots removed from the subset of three trees (sub-dominant, 
co-dominant and dominant) ranged from 21.8 to 113.3 mm. The mean values of the 
biometric measurements performed on these 48 shoots, obtained through image 
analysis, are provided in Table 3. SPARmax varied from 0.299 to 0.662 with a mean value 
of 0.514. Shoot area to total needles area ratio (STARcal) (calculated with the conver-
sion factor published by Homolová et al. 2013) ranged from 0.096 - 0.211 with a mean 
value of 0.164.

Table 3: Selected biometric characteristics of the 48 removed newly grown shoots.

Tabelle 3: Ausgewählte biometrische Merkmale von 48 neu gewachsenen Trieben.

New needle production estimated by the model was at an average of 188 453 need-
les per tree (according to relationship on Fig. 4 and model in Table 4). We detected a 
strong relationship (i) in shoot length versus the number of needles (R2 = 0.93)(Fig. 4), 
(ii) shoot length versus the projected area of newly grown needles (R2 = 0.91) (Fig. 5), 
and (iii) the projected area of shoot versus the projected area of newly grown needles 
(R2 = 0.93) (Fig. 5).
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Figure 4: Relationship between number of needles and shoot length. See Table 4 for the model description. 

Abbildung 4: Beziehung zwischen Anzahl der Nadeln und Trieblänge. Die Tabelle 4 stellt die 
Beschreibung der Modelle dar.

Figure 5: Relationships between projected area of newly grown needles and selected shoot parameters. 
See Table 4 for the description of the models.

Abbildung 5: Beziehungen zwischen der projizierten Fläche von neu gewachsenen Nadeln und 
ausgewählter Triebparametern. Tabelle 4 zeigt die Modellparameter.
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Speci� c leaf area (SLA) of needles increased from 28.7 cm2.g-1 on the top of tree to 
80.3 cm2.g-1 at the base of crown. Important change occurs in height, with the bran-
ches in the lower layers of the canopy being more a� ected by competition for light 
than in the upper canopy. In particular, the increase in SLA occurred at a higher rate 
from 14 m height (62% of stand crown layer) down to 6 m. Furthermore, SLA showed 
greater variability in the lower parts of the crown than in the upper parts (Fig. 6).

Figure 6: Speci� c leaf area in di� erent height. Horizontal bars represent standard deviation. See Table 4 for 
the model description.

Abbildung 6: Spezi� sche Blatt� äche in unterschiedlicher Baumhöhe. Horizontale Fehlerbalken 
repräsentieren die Standardabweichung. Tabelle 4 zeigt die Modellparameter.
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The best correlation was found in the relationship between the projected area of 
needles (NASHOOT) and the number of needles (NNSHOOT) (R2=0.96). Nevertheless, the 
estimation of the projected area of newly grown needles was calculated from the 
shoot length (LSHOOT) because this parameter is more easily measurable (coe�  cient of 
determination R2=0.91) – Fig. 5, Table 4.

Table 4: Models for relationships displayed in Fig. 4, Fig. 5 and Fig 6. R2 - coe�  cient of determination, MEP 2 - coe�  cient of determination, MEP 2
- mean quadratic error of prediction, AIC - Akaike information criterion, NASHOOT - projected area of needles SHOOT - projected area of needles SHOOT

in cm2/shoot, L2/shoot, L2 SHOOT - length of shoot in cm, NNSHOOT - length of shoot in cm, NNSHOOT SHOOT - length of shoot in cm, NNSHOOT - length of shoot in cm, NN  - number of needles per shoot, ASHOOT - number of needles per shoot, ASHOOT SHOOT - projected area of SHOOT - projected area of SHOOT

shoot in cm2, H2, H2 BRANCH – height of branch in m.

Tabelle 4: Beschreibung der Modelle, die in Abb. 4, Abb. 5 und Abb. 6 verwendet wurden. 
R2 - Bestimmtheitsmaß, MEP - mittlerer quadratischer Fehler der Vorhersage, AIC - Akaike 
Informationskriterium, NASHOOT - projizierte Fläche der Nadeln in cmSHOOT - projizierte Fläche der Nadeln in cmSHOOT 2/Trieb, LSHOOT - Länge des Triebes SHOOT - Länge des Triebes SHOOT

in cm, NNSHOOT - Anzahl der Nadeln per Trieb, ASHOOT - Anzahl der Nadeln per Trieb, ASHOOT SHOOT - projizierte Fläche des Triebes in cmSHOOT - projizierte Fläche des Triebes in cmSHOOT 2, HBRANCH – 
Höhe der Verzweigung in Metern.

The total projected area of newly grown needles on the tree level was calculated 
from the set of shoot lengths measured on each of the seven studied trees using the 
parametrized model (Table 4). The projected area of newly grown needles growing 
between whorls (NATREE_BW) corresponds to roughly one-� fth of the projected area of 
newly grown needles in whorls (NATREE_IW) for sub-dominant trees and to roughly one-
third for dominant trees. The total surface area of newly grown needles of the seven 
selected trees (Table 5) reached 51 m2.
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Table 5: The projected area of newly grown needles displayed separately for branches in whorls, branches 
between whorls and for all branches for the whole living crown.

Tabelle 5: Die Projektions� äche der neu gewachsenen Nadeln getrennt für Äste in den Quirlen, Ästen 
zwischen den Quirlen und für alle Äste der lebenden Krone.

Shoots

The inventory of each living branch in whorls and between whorls (Table 6) allowed 
us to describe the crown architecture of the seven studied trees. The mean LSHOOT was 
4.8 cm and the average number of newly grown shoots per tree was 1707.
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Table 6: Selected biometric characteristics of the branches and newly grown shoots of the seven studied 
trees.

Tabelle 6: Ausgewählte biometrische Merkmale der Zweige und neu gewachsenen Triebe der sieben 
untersuchten Bäume.

For each of the seven studied trees, the tree crown was subdivided into � ve hori-
zontal layers of equal thickness: 0-20%, 21-40%, 41-60%, 61-80% and 81-100% of 
the vertical tree crown length, starting from the whorl closest to the ground surface 
that had a minimum of two living branches, and ending with the top of the tree. 
The mean shoot length was then calculated for each tree crown section.  The hig-
hest mean length of shoots was observed in the upper sections from 61 to 100% of 
relative tree crown length in all tree social status groups (Fig. 7.). The highest mean 
length of shoots was observed in whorls on the top of the crowns (81 – 100% of tree 
crown length) in co-dominant and sub-dominant trees and the second highest � fth 
(61 – 80% of tree crown length) in dominant trees. Sub-dominant trees, in contrast 
with dominant and co-dominant trees, did not produce any new shoots in the lowest 
living whorls (0 – 20% of tree crown length). There is also noticeable change in slope 
of newly grown shoot length trend in height 15 m (70 % of stand crown layer). New 
shoots growing under this height are shorter and the length of shoots decreases fas-
ter with decreasing height (Fig. 7).
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Figure 7: Mean length of newly grown shoots in whorls located at di� erent heights along the tree stem 
(left). Mean length of newly grown shoots according to the social status of the trees and grouped by 
relative crown position (right). Horizontal bars represent standard deviation.

Abbildung 7: Die mittlere Länge der neu gewachsenen Triebe in Quirlen entlang der Baumhöhe (links) 
und die mittlere Länge der neu gewachsenen Triebe gruppiert nach sozialem Status des Baumes und 
relativer Kronenposition (rechts). Horizontale Fehlerbalken repräsentieren die Standardabweichung.

Tree and stand level

Di� erent models were established using tree height (HTREE), diameter at breast height 
(DBH), projected area of crown (PACROWN) and crown length (LCROWN) as independent va-
riables to estimate the projected area of newly grown needles (NATREE) of trees (Table 
7). These equations were examined separately for branches in whorls, for branches 
in inter-whorls and for all branches. The best correlations were found in the relation-
ships of NATREE with HTREE (R2 = 0.92), of NATREE with DBH (R2 = 0.90), of NATREE with LCROWN

(R2 = 0.90), of NATREE with HTREE and DBH (R2 = 0.96), of NATREE with PACROWN and LCROWN (R2
= 0.82). The relationship between NATREE and PACROWN (R2 = 0.63) demonstrated 
the lowest correlation. The model with DBH and HTREE (Fig. 8) was chosen to estima-
te the projected area of newly grown needles on the trees due to its highest accuracy 
and because these parameters are commonly measured. 
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Table 7: Models for estimating the projected area of newly grown needles of trees (NATREE) based on TREE) based on TREE

chosen biometric characteristics of selected studied trees. NATREE_IW - estimated projected area of newly TREE_IW - estimated projected area of newly TREE_IW

grown needles of the branches in whorls, NATREE_BW - estimated projected area of newly grown needles of TREE_BW - estimated projected area of newly grown needles of TREE_BW

the branches between whorls. HTREE - tree height (m), DBH - stem diameter at breast height (cm), PATREE - tree height (m), DBH - stem diameter at breast height (cm), PATREE CROWN

- crown projection area (m2), L2), L2 CROWN - crown length (m), RCROWN - crown length (m), RCROWN 2 - coe�  cient of determination, MEP - mean 2 - coe�  cient of determination, MEP - mean 2
quadratic error of prediction, AIC - Akaike information criterion. The domains of functions are for HTREE = TREE = TREE

(4.6;21.0), DBH = (4.4;24.5), PACROWN = (2.0;19.6), LCROWN = (2.0;19.6), LCROWN CROWN = (3.1;11.9)CROWN = (3.1;11.9)CROWN

Tabelle 7: Modelle zur Ermittlung der Projektions� äche von neu gewachsenen Baumnadeln 
(NATREE) basierend auf ausgewählten biometrischen Merkmalen der untersuchten Bäume. NATREE_IW

- geschätzte Projektions� äche von neu zugewachsenen Nadeln der Zweige in Quirlen, NATREE_BW - 
geschätzte Projektions� äche von neu zugewachsenen Nadeln der Zweige zwischen Quirlen. HTREE - 
Baumhöhe (m), DBH - Stammdurchmesser in der Brusthöhe (cm), PACROWN - Kronenprojektions� äche 
(m2), R2 - Bestimmtheitsmaß, MEP - mittlerer quadratischer Fehler der Vorhersage, AIC - Akaike 
Informationskriterium. Der Anwendungsbereiche der Modelle ist für HTREE 4.6 bis 21.0 m, DBH  4.4 bis 
24.5 cm, PACROWN 2.0 bis 19.6 m2 und LCROWN 3.1 bis 11.9m.
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Figure 8: Relationship between the projected area of newly grown needles (NA) and parameter Tree height 
x DBH (upper) and model residuals (lower).

Abbildung 8: Die Beziehung zwischen der projizierten Fläche der neu gewachsenen Nadeln (NA) und 
Parameter der Baumhöhe x DBH (oben) und Modellreste (unten).

The DBH and HTREE inventory of all trees in the studied plot was used to estimate the 
total projected area of newly grown needles of a young spruce stand at the Rájec 
study site (Fig. 9, Table 7). The total projected area of newly grown needles in 98 trees 
growing in four sampled plots (à 125 m2) was 4506.7 ± 516 m2 per ha.
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Figure 9: Projected area of newly grown needles of all trees in the experimental plot in 2014 estimated by 
the model using parameter HTREE x DBH (Table 7).TREE x DBH (Table 7).TREE

Abbildung 9: Die projizierte Fläche der neugewachsenen Nadeln der Bäume auf der untersuchten 
Fläche im Jahre 2014 geschätzt vom Modell mit Parameter von HTREE x DBH (Tabelle 7).

Discussion

This study provides functions for estimation of area of newly grown needles based on 
simple biometrics parameters of the tree and vertical variability of shoot and needle 
parameters in the tree crown. The information about newly grown area of needles is 
valuable, because the area of new needles or new needle biomass is closely associa-
ted with production of forest and carbon sequestration. 

Needle level

New needle production was at an average of 188 453 needles per tree and strong 
relationships between the shoot length and the number of needles and between the 
shoot length and the projected area of newly grown needles were found. Similar re-
sults were observed by Sander and Eckstein (2001) for mature Norway spruce. Annu-
al needle production is controlled by genetic and/or ecological factors (Sander and 
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Eckstein 2001). Light availability, as an ecological factor, decreased with the social 
status of the trees (Kučera et al. 2002). The number of needles per cm of shoot length 
ranged from 18 to 31, which corresponded with the range of 6 – 63 needles per cm of 
shoot length presented by Sander and Eckstein (2001) and 13 – 23 needles per cm of 
shoot length presented by Stenberg et al. (1999). The shoot silhouette to total needle 
area ratio (STARmax) reported by Palmroth et al. (2002) ranged from 0.116 to 0.251, 
which compared well with the 0.096 – 0.211 range of STARcal presented in this paper.

Signi� cant changes have been found for SLA and shoot length at relative stand crown 
layer height 62 % and 70 % respectively. Reich et al. (1998) found out SLA changes 
in case of light competition which resulted in higher SLA in low light condition and 
lower SLA in higher light condition. At the lower vertical level of the crown the value 
of SLA is a� ected by forest density (i.e. by the shading of neighboring individuals). 
Equally, the SLA changes are a� ected by the cumulative leaf area index (LAI) of indi-
viduals (Fellner et al. 2016; Konôpka et al. 2016) and by changing light due to various 
light transmission through the crown layer (Ellsworth and Reich 1993).  According to 
Ellsworth and Reich (1993), the intersection of the curve of cumulative LAI and the 
light transmission is at 60 % of the crown height. This is consistent with our � ndings.

Shoot level

The number of newly grown shoots varied between 691 - 2372 (from sub-dominant 
trees to dominant trees). Norway spruce is able to compensate for a loss of lower 
crown needle mass by branch and foliage growth in the upper crown (Gilmore and 
Seymour 1997, Kantola and Mäkelä 2006). The reduction of new shoots and leaf mass 
is evident in the lower parts in our stand, where no development of newly grown 
shoots was observed at the base of the crown in sub-dominant trees. This will result 
in crown shortening and the accumulation of leaf biomass in the upper part of the 
tree. The greatest length of newly grown shoots was observed in the upper part of 
tree crown, especially in dominant trees (the greatest length of shoots was achieved 
at the 61% to 100% relative crown position). The reason for this trend is that trees in 
the understorey often invest in height growth to avoid shade (Oliver and Larson 1996, 
Pretzsch 2010). The length of newly grown shoot depends on the position in the ca-
nopy and competing environment, which increases the variability in length of newly 
grown shoots. The highest variability was found at the lower part of crown, where the 
variability in light intensity and competition are at the highest level. Stand properties 
such as stand structure, length and size of the branches play a signi� cant role in the 
development and growth of tree crowns (Deleuze et al. 1996; Lindström 1996) and 
the thinning regime also has a signi� cant e� ect on tree crown formation (Pape 1999). 
Shape and crown development is greatly a� ected by stand density. If the stand den-
sity decreases to the extent that the trees can achieve their maximum crown projec-
tion area, the shape of the crown will start to be di� erent (Pretzsch 2010).
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Tree and stand level

Many studies indicate that DBH may be an appropriate parameter for estimating total 
leaf biomass, but there are no published predictions of area of newly grown needles. 
Marklund (1987), Mund et al. (2002) and Wirth et al. (2004) published allometric rela-
tionships between DBH and leaf biomass with signi� cant coe�  cients of determina-
tion (R2 = 0.81, R2 = 0.87 and R2=0.90, respectively). The presented study con� rms that 
a model using DBH as predictor produces good results (R2 = 0.90) when estimating 
the projected area of newly grown needles in trees (NATREE). The most common mea-
sured variable is DBH, while the measured HTREE and other tree variables such as LCROWN

and PACROWN are less frequent (Cienciala et al. 2008). The parameters HTREE, LCROWN and 
PACROWN individually explained 92 %, 90 % and 63 % of the variability in the observed 
NATREE, respectively. Modelling NATREE using two independent variables as predictors 
(DBH and HTREE) increased the coe�  cient of determination from 0.90 (for DBH) and 
0.92 (for HTREE) to 0.96 and decreased MEP from 0.64 to 0.57. The importance of ad-
ditional independent variables was also presented by Černý (1990), Wirth et al. (2004) 
and Cienciala et al. (2008). LCROWN (as a factor re� ecting tree dimension) was found to 
be a better parameter for estimating area of newly grown needles increment than 
PACROWN. This was also shown by Krejza et al. (2015), who found similar dependences 
when they investigated relationships between basal area growth and crown dimen-
sion. 

Conclusion

The area of newly grown needles is closely connected with basic biometric parame-
ters of the tree. The models have been developed for the prediction of newly grown 
needles on the basis of a detailed inventory of the newly grown shoots and shoots 
biometric characteristic of young Norway spruce trees. Values that are relatively ea-
sily obtained (DBH, HTREE, LCROWN and PACROWN) were used as input parameters for the 
model. The created models may be used to calculate the amount of newly grown 
needles area within the crown layer on the basis of knowledge of the tree height 
and tree diameter at breast height. Developed models brought the tool for determi-
nation of positive component of annual dynamic of leaf area index. The results can 
be easily combined with speci� c leaf area and produced valuable information about 
increment of new needle biomass, which is described as the most productive part of 
needle biomass.
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