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Abstract
Key message The crown volume of Pinus nigra trees can be modelled as a function of the total crown length and the 
crown radius at crown base to support forest management practices.
Context The crown volume of trees is rarely considered in forest management practices and is often approximated to a simple 
cone or paraboloid whose volume can be broadly derived from costly measurements.
Aims We developed two equations to predict single-tree crown volumes for Pinus nigra plantations in Italy based on the 
analysis of a database with 3578 trees.
Methods Two key crown parameters (total length of the crown and crown radius at crown base) were here modelled using 
directly measurable mensurational data using Generalise Additive Mixed-effect Model. Afterwards, two functions were then 
proposed to predict single-tree crown volumes.
Results The fitted models were statistically significant and explaining 57.6% for crown radius at crown base and 87.1% for 
crown length of the total variance. The power model for single-tree crown volumes calculation showed a mean absolute error 
around 4.1  m3 for the upper portion of the crown and 12.1  m3 for the lower part for a mean absolute relative error of 12.5% 
and 32.0% respectively for a global value of 16.4%.
Conclusion Single-tree and stand-level data are fundamental to balance forest management trajectories. The provided func-
tions may be used in external dataset to derive indication on the single-tree or stand-level crown volume to be used as 
indicators of ground coverage.

Keywords Forest management · Silviculture · Forest ecology · Planted forest · Tree modelling

1 Introduction

The spatial distribution of trees across the stand influences 
the shape and dimension of the crowns which in turn reflect 
the vitality and growth rates of trees (Pretzsch 2009). In 

stocked stands, crown shape is affected by a combination 
of multiple factors, including local climate, site conditions, 
ontogenetic stage, stand density and competition processes 
(Shi and Zhang 2003; Ledermann 2010). Accordingly the 
aerial space occupied by trees’ crowns also impacts on the 
amount of solar radiation on the ground whose has a key role 
in enhancing all the biological processes in the soil (Cou-
dun et al. 2006; Barbato et al. 2019) and the regeneration 
dynamics in forests (Page and Cameron 2006). This is also 
acknowledged as the main factor which forest management 
practices can modify (Del Río et al. 2017). Actually, crowns 
features are also sometimes used to attribute social ranks to 
trees across a stand, driving tree marking for thinning (Soto-
Cervantes et al. 2016; Bravo-oviedo et al. 2020).

The relationships between the space occupied by the 
canopy and other fundamental features of forest ecosystems 
have been often investigated in literature and mainly aimed 
at evaluating the levels of animal and plant biodiversity 

 Guest Editor: Celine Meredieu

Contribution of the co-authors
Conceptualization: Umberto Di Salvatore and Paolo Cantiani; 

Methodology: Maurizio Marchi; Validation: Maurizio Marchi; 
Formal Analysis: Maurizio Marchi; Data curation: Umberto Di 
Salvatore and Maurizio Marchi; Writing – original draft: Maurizio 
Marchi; Writing – review & editing: Umberto Di Salvatore, 
Maurizio Marchi and Paolo Cantiani; Project Administration: 
Paolo Cantiani; Funding acquisition: Paolo Cantiani

 * Maurizio Marchi 
 maurizio.marchi@cnr.it

Extended author information available on the last page of the article

/ Published online: 6 September 2021

Annals of Forest Science (2021) 78: 76

http://orcid.org/0000-0002-6134-1744
http://crossmark.crossref.org/dialog/?doi=10.1007/s13595-021-01099-4&domain=pdf


1 3

(Torras and Saura 2008; Maccherini et al. 2021), measur-
ing the degree of inter and intra-specific competition (Page 
and Cameron 2006; Fichtner et al. 2013), predicting the 
mechanical stability of the trees (Wang et al. 1998; Marchi 
et al. 2017) and assessing the flame speed in the event of fire 
(Martín Santafé et al. 2014; Kim et al. 2016). The single-
tree crown size and therefore its photosynthetic capacity, 
is one of the main indicators of the effects of silvicultural 
treatments on the competition between trees in forest stands 
(Cabon et al. 2018). In this framework, the use of indicators 
and statistical models to support forest management prac-
tices is currently increasing (Mäkelä and Pekkarinen 2004; 
Holopainen et al. 2014; Sharma et al. 2017; Marchi et al. 
2020).

The shape and distribution of the crowns across a stand 
define its vertical and horizontal layout, a fundamental 
attribute to understand the processes of growth and compe-
tition in forest ecosystems. Several allometric coefficients 
have been proposed in the literature where the shape of the 
crown has been related to the variation in crown radius as 
the distance from the top increases (Pretzsch 2009). These 
results refer to some of the main and most economically 
important European tree species and mainly including coni-
fers as Picea abies (L.) H. Karst., Abies alba Mill., Pinus 
sylvestris L., Larix decidua Mill. and Pseudotsuga menziesii 
(Mirbel) Franco. Overall a general approach evaluating the 
variation of the radius of crown as the distance from the top 
increases is accepted (Pretzsch 2009). However, no statisti-
cal models are currently available in the literature to predict 
the shape and amount of foliage occurring above the ground 
in a forest stand.

In the present work, a modelling framework for crown 
shape and crown volume in unmanaged black pine (Pinus 
nigra J. F. Arnold spp.) plantations is proposed. The main 
aim of the paper is to provide a simple model to predict the 
single-tree crown volume exploiting basic mensurational 
parameters such as the average crown radius (R) and the 
total length of the tree’s crown (L). In this work, the mod-
els were here also cross-checked with some mensurational 
parameters and structural indices widely used in literature 
to describe the vertical and horizontal structure of forest 

stands. A practical use of the model is also reported by pro-
viding the different impact of two thinning systems on the 
amount of crown volume at stand level in black pine planta-
tions in Italy and re-analysing a previous study case in the 
Apennines (Marchi et al. 2018).

2  Materials and methods

2.1  Study areas and raw data

The dataset used to determine the crown profile model and 
crown volume consists of 3578 black pine trees measured 
during the SelPiBio-LIFE project (freely available at https:// 
zenodo. org/ record/ 43868 1#. YLSv0 5r7SV4). Stands were 
in two different zones of Tuscany called Monte Amiata 
(42°56′8″N, 11°38′13″E, mean elevation 780  m a.s.l.) 
and Pratomagno (45°27′8″N, 9°11′13″E, mean elevation 
960 m a.s.l.). The data were collected in 36 circular fixed 
area sampling plots (15-m radius), half of which were in 
each study area.

In addition to the already available mensurational data 
also reported in Cantiani and Marchi (2017), two additional 
variables were added here: (i.) the mean crown radius  (rmean) 
using the vertical sighting method (Pretzsch et al. 2015) 
as the quadratic mean of eight crown radii and (ii.) crown 
radius at crown base  (rcb). The raw data were firstly used 
to derive stand level attributes for each plot (Table 1) and 
single-tree volumes were calculated using the most recent 
Italian national forest inventory equations (Tabacchi et al. 
2011).

2.2  Crown profile models

According to the literature, we calculated single-tree total 
crown volume (i.e. the space occupied by the crown) as 
the sum of the volume of a paraboloid (upper part) and a 
truncated cone (lower part) as shown in Fig. 1. The basic 
equations for the volume calculation of the two parts are as 
follows:

Table 1  Main mensurational 
parameters of sampled stands 
derived from the SelPiBio 
dataset (https:// doi. org/ 10. 1007/ 
s13595- 017- 0648-8)

Site Species Density 
[Trees.ha−1]

Quadratic 
mean diameter
[cm]

Mean height
[m]

Basal area 
 [m2.ha−1]

Volume
[m3.ha−1]

Amiata
(45 years)

Black pine 959 24.3 18.1 43.6 386.4
Other 91 16.7 12.8 1.2 7.7
GLOBAL 1050 23.6 17.8 44.8 394.1

Pratomagno
(60 years)

Black pine 889 29.5 19.2 59.1 538.4
Other 188 20.5 15.5 9.5 94.2
GLOBAL 1077 28.7 18.8 68.6 632.6
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where  rmean is the average crown radius of the crown,  L0 and 
 Lu are the height of the upper and the lower portion of the 
crown respectively and  rcb is the radius of the smaller circle 
paced at the bottom of the shaded part of the crown (crown 
radius at crown base).

This basic structure uses  L0 and  rcb as two key parameters 
to be observed (or calculated somehow) and there is a wide 
agreement on total length of the crown (L) as predictor for  L0 
(and then  Lu for difference) as the difference between the total 
height of the tree and distance of the first living whorl from 
the ground. According to Pretzsch (2009) which represents 
the most recent and up to date resource in the field, the most 
reliable and easy way to derive this parameter is to multiply L 
times a coefficient ranging between 0.5 and 0.6 according to 
the target tree species. However, this corresponds (ideally) to 
the slope of a linear model with intercept forced to zero. Some-
thing similar has been used for  rcb as a function of the average 
crown radius. In order to improve this work, a more complex 
modelling technique has been tested with Generalized Addi-
tive Mixed-effects Model (GAMM, Wood and Scheipl 2017) 
This model has been of the used in literature dealing with 
forest trees (Pacheco et al. 2018; Poschenrieder et al. 2018; 
Ferrara et al. 2019; Ravaioli et al. 2019) and is able to handle 
linear and nonlinear relationships in a mixed effect framework 
which is very common in forest ecology. The basic structure 
of GAMM was:

(1)Vlight =
� ⋅ rmean

2
⋅ L

0

2

(2)Vshade =
� ⋅

(

rmean
2 + rcb

2 + rmean ∙ rcb
)

⋅ Lu

3

(3)Y = s(x) + rnd + �

where Y is the dependent variable  (L0 or  rcb), s() denotes a 
smoothing term to be applied to the predictor and x is the 
independent variable (L or  rmean according to the dependent 
variable to be modelled). Finally, rnd represents the random 
effect to be used in the model according to the structure of 
the database and to handle the relationships between the 
sampled units which may violate the basic assumptions of 
models (i.e. independence between samples etc.). Finally ε 
denotes the error term. The GAMM was here used to predict 
 L0 (and then  Lu as  Lu = L—L0) and  rcb to be used in Eqs. (1) 
and (2). The structure of GAMMs was:

GAMMs were parametrised using an iterative process 
to optimise the REML score using the gamm4 R package 
(Wood and Scheipl 2017) in R environment (R Develop-
ment Core Team 2020). A cross validation procedure was 
also performed to compare the fitting according to the Mean 
Absolute Error (MAE) and Mean Relative Absolute Error 
(MARE) as well as the amount of explained variance. Once 
models were fitted the  L0 and  rcb values were re-calculated 
using fitted GAMMs to derive the calculated crown volumes 
(CCV) and simulating a lack of data in our dataset. Then, 
the two vectors of crown volume values (i.e. measured and 
calculated) were tested against each other using the Kol-
mogorov–Smirnov test.

2.3  Crown volume equations

While all the above-mentioned parameters  (L0,  Lu,  rmean,  rcb) 
could be directly measured during forest surveys, the use of 
a more user-friendly approach may fill the gap on the use of 

(3a)L
0
= s(l) + rnd + �

(3b)rcb = s
(

rmean
)

+ rnd + �

Fig. 1  Graphic representation 
of crown of a softwood tree 
according to literature (Pretzsch 
2009) and graphical representa-
tion of the calculation of crown 
volume in Pinus nigra trees
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crown volume in forest management practices with lower 
costs and reliable estimates. For this reason, several models 
were here tested including polynomial functions, exponen-
tial functions, linear functions, and power models using the 
crown volumes (both upper and lower parts) we calculated 
for all the 3578 trees occurring in our database. Then such 
models were also compared under ANOVA and post-hoc test 
to detect statistical differences between the models. The best 
predictors were selected among the raw basic mensurational 
parameters such as DBH, total height of the tree, the total 
crown length and the average crown radius and a stepwise 
procedure was implemented to select the most meaningful 
predictors only. A second cross-validation procedure was 
here performed in order to test the quality of the developed 
models using MAE and MARE as indicators of goodness 
of fit. Once models were validated, a correlation analysis 
was run to assess whether the calculated crown characteris-
tics were somehow connected to some structural diversity 
and inter-tree competition indexes. Among the crown shape 
features we calculated the ground coverage excluding over-
laps (COV), ground coverage with crown overlaps (RIC), 
volume of the upper portion of the crown (UCV), volume 
of the lower portion of the crown (LCV), total volume of 
the crown (TCV). The stand structure indices were the size 
differentiation index (SDIFF) (Pommerening 2002), quad-
rant index (QI) (Cox 1971), Clark and Evans (CE) (Clark 
and Evans 1954), vertical evenness (VE) (Neumann and 
Starlinger 2001), Latham index (LT) (Latham et al. 1998), 
Hegyi competition index (Hegyi, Sharma et al. 2017) as well 
as additional stand-level indicators e.g. number of trees per 
hectare (N), total basal area per hectare (G.ha), etc. Addi-
tionally also a measure of the under canopy Photosyntheti-
cally Active Radiation (PAR) was added to the comparison, 
measured by means of different kinds of ceptometers (Sun-
fleck SF 80, AccuPAR model PAR-80 e LP-80 -Decagon 
Devices Inc., Pullman, WA, USA) and according to most 
recent literature (Wood et al. 2015).

As a conclusive study, the potential application of this 
tool has been proposed for a practical use. The data coming 
from two different thinning systems (from below and crown 
thinning) on black pine plantations from Marchi et al. (2018) 
were re-analysed here, enriching the already available data 
(e.g. average DBH, dominant height, number of trees per 
hectare, total biomass, etc.) with the crown volumes using 

the developed models. Afterward, the effects of the two thin-
ning systems on the amount of crown volumes in the aerial 
layers were observed.

3  Results

3.1  GAMM fitting results and comparison 
with the single‑coefficient approach

The  L0 and  rcb values generated using the “raw” method 
proposed by Pretzsch (2009) which were therefore calculated 
to compare the GAMMs outputs with the only alternative 
existing approach (i.e. the calculation of a simple multiplier 
to be used to derive  L0 and  rcb values from the total crown 
length and the average crown radius) showed an average 
coefficient for  L0 of 0.58 with a maximum value of 2.62 
and a minimum of 0.05 demonstrating a wide range of vari-
ability between trees for a standard deviation of 0.16 which 
corresponds to a coefficient of variation of 27%. A similar 
pattern was then observed for the multiplier for  rcb with an 
average value of 0.61 and a range between 0.18 and 1.24 for 
a standard deviation of 0.26 and a coefficient of variation 
around 42%. Overall, the results showed that a large vari-
ability was found and that a more complicated modelling 
framework was necessary such as the GAMM we used to 
include nonlinear relationships too. The use of the simple 
multiplier generated a higher MAE around 35% for both 
 L0 and  rcb calculation. The high flexibility of GAMM eas-
ily allowed us to fit statistically significant models with an 
explained variance of 57.55% for  L0 and 84.13% for  rcb. A 
quite small MARE was observed in the cross-validation pro-
cedure of 23% for  L0 and 27% for  rcb. Models’ parameters 
and their statistical significance are summarised in Table 2.

As expected, the  L0 parameter was more variable across 
the dataset and consequently the confidence interval in 
case of longer crowns (i.e. bigger L values) was much 
wider. Finally, and concerning the comparison between the 
observed crown volumes and the simulated ones (i.e. crown 
volumes where  L0 and  rcb were calculated using the fitted 
GAMMs), the Kolmogorov–Smirnov test assessed the equal-
ity of the distributions (p value = 0.946) validating the good 
fitting power of the models.

Table 2  GAMM fitting results. 
Both models were fitted using a 
Gaussian family and an identity 
link function

GAMM coefficient Estimate or edf for the 
smoothing term

Std. error Ref. df P value

L0 fitting Intercept 4.08126 0.08203 -  < 2  e−16

s(l) 5.5180 - 5.518  < 2  e−16

rcb fitting Intercept 1.18454 0.05516 -  < 2  e−16

s(rmean) 2.9710 - 3.717  < 2  e−16
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3.2  Crown volume equations

The total crown length and the average crown radius were 
the best predictors for robust and parsimonious models 
for both the upper and the lower portion of the crown. 
According to the cross-validation results (Table 3), the 
power model was the most reliable and accurate method 
to predict crown volumes with a MAE around 4.1  m3 for 
the upper portion of the crown and 12.1  m3 for the lower 
part for a MARE of 12.5% and 32.0% respectively and a 
global MARE of 16.4% (this because the amount of vol-
ume allocated in the upper portion of the crown is gener-
ally more than double than the lowest part). Overall, also 
the polynomial function used to perform fairly with some-
times higher explained variances but showed higher and 
MAE and MARE than the power model. Such differences 
were also statistically significant when compared under 
ANOVA and the post-hoc test.

According to the cross-validation results, a power 
model was fitted on the full dataset to derive the coeffi-
cients and summary statistics on the functions to be used 
to calculate single-tree crown volumes in Pinus nigra 
planted forests. The coefficients are shown in Table 4 and 
a graphical representation of the calculated crown vol-
umes is shown in Fig. 2 and where only integer height 
classes between 10 and 20 m were included for reporting 
purposes.

The comparison between the calculated values of crown 
volume and the other indices or mensurational parameters 
derived from the raw data is proposed as correlation matrix 
in Table 5. According to this analysis, the total crown vol-
ume (TCV) was correlated with the basal area, the total 
standing biomass (i.e. volume per hectare), the average 
DBH, the average height, and the dominant height (i.e. the 
Site index). TCV was also connected to the volume of the 
lower portion of the crown (LCV) and the upper part of 
the crown (UCV). Then, concerning structural parameters, 
statistically significant correlations were found between 
crown volumes (UCV, LCV and TCV) and both the pro-
portion of ground covered by canopy (COV) and ground 

coverage with crown overlaps (RIC). Concerning PAR, a 
negative correlation was found with LCV and TCV.

The application of this tool is summarised in Table 6 and 
Fig. 3 with most of the crown volume that was allocated 
in co-dominant and dominant trees. Such trees were only 
removed with the crown thinning, a more intense thinning 
where also higher social classes are harvested than those 
marked when applying the thinning from below. The results 
clearly show how, even if most of the current thinning 
schemes are aimed at reducing the total number of trees 
per hectares to be removed, the real influence of silvicul-
tural practices should be evaluated in terms of free growing 
space available for released individuals (i.e. crop trees). The 
provided model seems able to support forest managers to 
estimate this parameter more easily and effectively at low 
cost i.e. few additional measurements are necessary and can 
be easily obtained by means of optical relascopes or laser 
scanning techniques.

4  Discussion

The crown volume equations developed under a statistical 
environment were proved to be robust and applicable in the 
field of forest science. The significant correlations between 
predicted crown volumes and the mensurational parameters 
tested here demonstrate that this tool can be considered an 
innovative tool in forest management (Pretzsch 2014; Pom-
merening et al. 2018). As expected, positive correlations 

Table 3  Cross-validation results 
for the 4 tested crown volume 
models. The cross-validation 
procedure was repeated 1000 
times preserving 75% of the 
database for training models 
and 25% for testing, randomly 
extracted. The standard 
deviation within single runs is 
reported between brackets

Crown portion Fitted model Var.explained MAE MARE

ABOVE Exponential 80.0% (± 5.4%) 20.32 (± 2.02) 138.15% (± 31.4%)
Linear 76.8% (± 4.5%) 18.31 (± 2.83) 162.45% (± 34.5%)
Polynomial 91.3% (± 3.1%) 10.21 (± 2.11) 59.08% (± 16.3%)
Power 90.0% (± 4.4%) 4.14 (± 0.63) 12.51% (± 2.5%)

BELOW Exponential 70.3% (± 7.7%) 21.36 (± 1.63) 174.52% (± 29.2%)
Linear 76.3% (± 3.2%) 15.70 (± 1.82) 143.90% (± 25.8%)
Polynomial 85.5% (± 4.6%) 13.06 (± 2.36) 57.54% (± 13.4%)
Power 82.4% (± 4.2%) 12.06 (± 0.85) 32.16% (± 3.9%)

Table 4  Estimated coefficients of the final power functions. The basic 
structure of the function was Crownvolume = a ∙ b(L∙R) where L and R 
are the crown length (total height of the tree minus the crown inser-
tion) and R is the average crown radius

Crown por-
tion

Expl.Var Coefficient Estimate Std. error Prob( >|t|)

ABOVE 89.94% a 0.094253 0.003447  <  2e−16

b 2.059610 0.008925  <  2e−16

BELOW 81.86% a 0.213974 0.009536  <  2e−16

b 1.809397 0.011339  <  2e−16

Page 5 of 10    76Annals of Forest Science (2021) 78: 76



1 3

were found between the canopy volumes and the mensu-
rational parameters closely related to the size of the plants 
(i.e. basal area, average and dominant height and volume per 
hectare). Acting on competitive relationships and freeing 
up space in favour of the best individuals is one of the main 
objectives of thinning interventions, in particular in forest 

plantations and youth development stages (Lafond et al. 
2014; Del Río et al. 2017). The results of the model suggest 
that trees with more expanded crown and possibly with the 
largest expansion located lower should be considered as crop 
trees to be preserved. This may generate an increase in the 
photosynthetic capacity of individuals preserved by cutting 

Fig. 2  Estimated single-tree crown volumes for trees between 2 (top-
left) and 16 (bottom-right) meters of crown length. The proportion of 
volume for lower (skyblue) and upper (green) portion of the crown 
is reported with different colour. The height of the green bar already 
represents the sum of them. Each bar of each single plot corresponds 

to a calculation performed with a fixed height but a variable average 
crown diameter between 0.25 m (first bar, left) and 5 (last bar, right) 
meters assumed to be the maximum radius a Pinus nigra tree can 
achieve at maturity. Volumes on y-axis are reported in  m3
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and an increase in the degree of stability of the stand (Cam-
eron 2002; Ferretti et al. 2014).

The volume of the crown was also directly correlated 
with some structural indices and negatively correlated with 
the PAR (i.e. the more crown you have, the less light on 
the ground can be observed). With respect to the latter cor-
relation, it is interesting to note that the crown component 
that affects the barrier to light radiation is mainly addressed 
to the lower portion of the crown: the shadow component. 
This aspect may be due to the shape of this portion, more 
like a rectangle or a trapezium than a triangle. In this shape, 
more leaves and branches are aligned on the same vertical 
line creating a more solid barrier to sunlight. However, the 

ratio between the two parts of the crown tends to gradually 
increase with the total height of the tree (positive corre-
lation) in favour of the upper portion as well as with the 
increased average crown radius. This is an intrinsic feature 
of Pinus trees due to its light-demanding ecology and a simi-
lar behaviour can be expected with other Pinus species such 
as Scots pine but also Douglas fir (Hann 1999).

Parametric and nonparametric models are nowadays seen 
as mandatory in many research fields, able to provide esti-
mations and confidence intervals at the same time (Aert-
sen et al. 2010; Petr et al. 2014; Pecchi et al. 2019). The 
simple multipliers obtained averaging raw data showed to 
be almost unable to detect the variability of the analysed 

Table 5  Nonparametric (Spearman) correlation coefficients (upper 
diagonal) and p values (lower diagonal) between some structural and 
competition indices calculated with available raw data and crown 

volumes (up, down, total). Statistically significant correlation coeffi-
cients are shown in bold

Nr.ha G.ha V.ha aDBH aH Hdom Sdiff QI CE VE Lt Hegyi COV RIC PAR UCV LCV TCV

Nr.ha 1 0.330 0.223 -0.367 -0.471 -0.090 0.078 -0.036 0.017 0.104 0.225 0.640 0.037 0.068 -0.044 -0.114 0.008 -0.047

G.ha 0.015 1 0.957 0.739 0.631 0.710 0.022 -0.092 0.051 -0.176 0.044 0.079 0.333 0.169 -0.337 0.514 0.230 0.401

V.ha 0.105 0.000 1 0.774 0.710 0.847 -0.006 -0.064 0.101 -0.129 0.040 0.030 0.339 0.205 -0.337 0.628 0.319 0.516

aDBH 0.006 0.000 0.000 1 0.973 0.775 -0.033 -0.069 0.090 -0.270 -0.138 -0.377 0.367 0.180 -0.350 0.605 0.273 0.473

aH 0.000 0.000 0.000 0.000 1 0.791 -0.109 -0.065 0.154 -0.235 -0.164 -0.451 0.404 0.256 -0.380 0.601 0.358 0.532

Hdom 0.518 0.000 0.000 0.000 0.000 1 -0.124 -0.022 0.200 -0.053 -0.072 -0.247 0.328 0.316 -0.263 0.720 0.452 0.654

Sdiff 0.573 0.877 0.969 0.814 0.442 0.387 1 0.171 -0.179 -0.142 0.325 0.548 -0.146 -0.249 0.146 0.080 -0.032 0.015

QI 0.798 0.512 0.648 0.622 0.646 0.879 0.239 1 -0.043 0.125 -0.064 0.157 0.024 -0.127 0.066 -0.065 -0.042 -0.060

CE 0.902 0.717 0.472 0.522 0.276 0.160 0.219 0.772 1 0.022 0.072 -0.291 0.263 0.349 -0.160 0.105 0.159 0.161

VE 0.455 0.207 0.357 0.051 0.094 0.713 0.329 0.397 0.884 1 -0.051 0.013 -0.194 0.072 0.179 0.140 0.051 0.101

Lt 0.102 0.756 0.776 0.324 0.244 0.614 0.023 0.664 0.629 0.735 1 0.306 -0.317 -0.094 0.275 0.011 -0.011 -0.003

Hegyi 0.000 0.573 0.829 0.005 0.001 0.080 0.000 0.287 0.047 0.929 0.040 1 -0.099 -0.201 0.039 -0.096 -0.059 -0.086

COV 0.792 0.015 0.013 0.007 0.003 0.019 0.317 0.870 0.074 0.197 0.034 0.522 1 0.666 -0.879 0.319 0.478 0.487

RIC 0.626 0.226 0.141 0.198 0.067 0.023 0.084 0.389 0.016 0.634 0.540 0.190 0.000 1 -0.544 0.322 0.728 0.666

PAR 0.749 0.014 0.013 0.010 0.005 0.062 0.316 0.657 0.284 0.235 0.067 0.803 0.000 0.000 1 -0.383 -0.384 -0.484

UCV 0.410 0.000 0.000 0.000 0.000 0.000 0.583 0.663 0.484 0.354 0.944 0.536 0.039 0.040 0.080 1 0.429 0.767

LCV 0.955 0.097 0.020 0.047 0.009 0.001 0.828 0.775 0.286 0.735 0.941 0.705 0.001 0.000 0.016 0.007 1 0.909

TCV 0.734 0.003 0.000 0.000 0.000 0.000 0.921 0.686 0.279 0.504 0.984 0.579 0.001 0.000 0.011 0.000 0.000 1

Acronyms: Nr.ha, number of trees per hectare; G.ha, total basal area per hectare; V.ha, standing volume per hectare; aDBH, average DBH; aH, 
average height of the stand; Hdom, dominant height; Sdiff, size differentiation index; QI, quadrant index; CE, Clark and Evans index; VE, verti-
cal evenness index; Lt, Latham index; Hegyi, Hegyi index; COV, ground coverage without crown overlaps; RIC, ground coverage with crown 
overlaps; UCV, volume of the upper portion of the crown; LCV, volume of the lower portion of the crown; TCV, Total volume of the crown 
(LCV + SCV)

Table 6  Summary statistics of the effect of two different thinning methods (low and selective thinning) in two black pine planted forests (Monte 
Amiata and Pratomagno) where the total crown volume removed was calculated with the models provided in this study

Location Thinning type Removed trees Basal area Biomass Crown volume PAR

AMIATA Thinning from below  − 30.4%  − 19.7%  − 18.7%  − 11.2%  + 133%
Selective thinning  − 34.3%  − 31.9%  − 30.7%  − 24.4%  + 413%

PRATOMAGNO Thinning from below  − 35.9%  − 22.6%  − 19.3%  − 11.3%  + 87%
Selective thinning  − 30.8%  − 29.4%  − 29.7%  − 21.2%  + 232%
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phenomena as well as to provide inferences on the output 
(Bayer et al. 2013; Marchi 2019). The use of GAMM as 
modelling techniques allowed us to fit  L0 and  rcb more prop-
erly than using simple coefficients as proposed by Pretzsch 
(2009). The biological explanation of the model we used, 
relies on the expected shape of the relationships between 
the variables. Even if a sigmoid function may also be used 
to represent the two analysed relationships, the ability of 
GAMM to fit many different datasets simplified the study, 
also providing a reliable and statistically sound model. Even 
if the use of parametric models may be welcome in order to 
deliver coefficients for standalone calculations, the use of 
more complex statistical tools is almost compulsory in many 
research activities to generate reliable estimates and to han-
dle large datasets (Mendoza and Martins 2006; Marchi et al. 
2020). The lack of a simple equation to be given to users for 
mass calculation of crown volumes (e.g. large forest inven-
tory dataset) would have been the main shortcoming of our 
approach. The coefficients we are proposing for the power 
function can partially solve the problem being usable also 
on raw databases if the two basic parameters are available. 
Such parameters can be easily measured in forest surveys by 
means of optical relascopes but also derived from laser scan-
ning surveys (Corona and Fattorini 2008; Bayer et al. 2013).

The analysis of the variables that define trees’ crown pro-
file and the volume they occupy, provides useful elements 

to understand the levels of structural diversity of forest 
ecosystems and therefore, the microclimatic parameters 
and ultimately the biodiversity levels (Archaux and Bak-
kaus 2007; Barbato et al. 2019). This is particularity true in 
black pine planted forests, a dynamic system where biologi-
cal processes play a fundamental role for future scenarios 
and ecological successions (Piermattei et al. 2012; Barbato 
et al. 2019). A very important aspect indeed is the evalua-
tion of the effects of silvicultural treatments on the space 
occupied by the canopy in forest stands (Chianucci et al. 
2016). The here described models might be helpful to quan-
tify the amount of growing space effectively released to the 
remaining trees without additional and time-consuming field 
surveys. (Marchi et al. 2018).

5  Conclusions

The crown volume and its qualitative features (e.g. transpar-
ency, colour, branches angle etc.) are fair indicators for tree 
growth and the models here proposed could be considered 
an additional tool to support the practical management of 
black pine stands. The use of models to predict crown vol-
umes could be used as tool to evaluate the amount of solar 
radiation available on the ground (i.e. PAR) and to balance 
silvicultural treatments to support the transition to more 

Fig. 3  Crown volume removed across the social classes (ranks) in the SelPiBio study case
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stable and natural forest systems i.e. the climax by mean 
natural regeneration of native broadleaves with particular 
ecological requirements.

As follow-up studies, a survey campaign in the same 
stands with Laser Scanning Tools to obtain measurements 
of crown volumes to be compared with our predictions may 
be a fair step forward for our research, also to address the 
basic assumptions on the crown shape of Pinus nigra trees 
here used.

Acknowledgements The authors wish to thank Valter Cresti, Maur-
izio Piovosi, Manuela Plutino, Luca Marchino, and Mirko Grotti from 
CREA—Research Centre for Forestry and Wood and Alice Angelini, 
Giada Lazzerini and Giulia Rinaldini for the external assistance during 
the survey campaign.

Funding This study was carried out and funded by the SelPiBio LIFE 
project (Innovative silvicultural treatments to enhance soil biodiversity 
in artificial black pine stands, LIFE13 BIO/IT/000282) for demonstra-
tion of innovative silvicultural treatments in black pine planted forests 
(https:// www. selpi bio. eu/ en/).

Data availability The datasets generated during and/or analysed dur-
ing the current study are available from the corresponding author on 
reasonable request.

Declarations 

Conflict of interest The authors declare that they have no conflict of 
interest.

References

Aertsen W, Kint V, van Orshoven J et al (2010) Comparison and rank-
ing of different modelling techniques for prediction of site index 
in Mediterranean mountain forests. Ecol Model 221:1119–1130. 
https:// doi. org/ 10. 1016/j. ecolm odel. 2010. 01. 007

Archaux F, Bakkaus N (2007) Relative impact of stand structure, tree 
composition and climate on mountain bird communities. For Ecol 
Manag. https:// doi. org/ 10. 1016/j. foreco. 2007. 04. 014

Barbato D, Perini C, Mocali S et al (2019) Teamwork makes the dream 
work: disentangling cross-taxon congruence across soil biota in 
black pine plantations. Sci Total Environ 656:659–669. https:// 
doi. org/ 10. 1016/j. scito tenv. 2018. 11. 320

Bayer D, Seifert S, Pretzsch H (2013) Structural crown properties 
of Norway spruce (Picea abies [L.] Karst.) and European beech 
(Fagus sylvatica [L.]) in mixed versus pure stands revealed by ter-
restrial laser scanning. Trees Struct Funct 27:1035–1047. https:// 
doi. org/ 10. 1007/ s00468- 013- 0854-4

Bravo-oviedo A, Marchi M, Travaglini D et al (2020) Adoption of 
new silvicultural methods in Mediterranean forests: the influ-
ence of educational background and sociodemographic factors 
on marker decisions. Ann for Sci 77:48. https:// doi. org/ 10. 1007/ 
s13595- 020- 00947-z

Cabon A, Mouillot F, Lempereur M et al (2018) Thinning increases tree 
growth by delaying drought-induced growth cessation in a Medi-
terranean evergreen oak coppice. For Ecol Manag 409:333–342. 
https:// doi. org/ 10. 1016/j. foreco. 2017. 11. 030

Cameron AD (2002) Importance of early selective thinning in the 
development of long-term stand stability and improved log 

quality: a review. Forestry 75:25–35. https:// doi. org/ 10. 1093/ 
fores try/ 75.1. 25

Cantiani P, Marchi M (2017) A spatial dataset of forest mensuration 
collected in black pine plantations in central Italy. Ann for Sci 
74:50. https:// doi. org/ 10. 1007/ s13595- 017- 0648-8

Chianucci F, Salvati L, Giannini T et al (2016) Long-term response 
to thinning in a beech (Fagussylvatica L.) coppice stand under 
conversion to high forest in central Italy. Silva Fenn 50. https:// 
doi. org/ 10. 14214/ sf. 1549

Clark PJ, Evans FC (1954) Distance to nearest neighbor as a measure 
of spatial relationships in populations. Ecology. https:// doi. org/ 
10. 2307/ 19310 34

Corona P, Fattorini L (2008) Area-based lidar-assisted estimation of 
forest standing volume. Can J For Res 38:2911–2916. https:// 
doi. org/ 10. 1139/ X08- 122

Coudun C, Gégout JC, Piedallu C, Rameau JC (2006) Soil nutritional 
factors improve models of plant species distribution: an illustra-
tion with Acer campestre (L.) in France. J Biogeogr 33:1750–
1763. https:// doi. org/ 10. 1111/j. 1365- 2699. 2005. 01443.x

Cox F (1971) Dichtebestimmung und Strukturanalyse von Popula-
tionen mit Hilfe vonAbstandsmessungen. Göttingen

Del Río M, Bravo-Oviedo A, Pretzsch H et al (2017) A review of 
thinning effects on Scots pine stands: from growth and yield to 
new challenges under global change. For Syst 26:eR03S. https:// 
doi. org/ 10. 5424/ fs/ 20172 62- 11325

Ferrara C, Marchi M, Fabbio G et al (2019) Exploring Nonlinear 
Intra-Annual Growth Dynamics in Fagus sylvatica L. Trees 
at the Italian ICP-Forests Level II Network. Forests 10:584. 
https:// doi. org/ 10. 3390/ f1007 0584

Ferretti M, Marchetto A, Arisci S et al (2014) On the tracks of Nitro-
gen deposition effects on temperate forests at their southern 
European range - an observational study from Italy. Glob Chang 
Biol 20:3423–3438. https:// doi. org/ 10. 1111/ gcb. 12552

Fichtner A, Sturm K, Rickert C et al (2013) Crown size-growth rela-
tionships of European beech (Fagus sylvatica L.) are driven by 
the interplay of disturbance intensity and inter-specific competi-
tion. For Ecol Manag 302:178–184. https:// doi. org/ 10. 1016/j. 
foreco. 2013. 03. 027

Hann DW (1999) An adjustable predictor of crown profile for stand-
grown Douglas-fir trees. For Sci

Holopainen M, Vastaranta M, Hyyppä J (2014) Outlook for the next 
generation’s precision forestry in Finland. Forests. https:// doi. 
org/ 10. 3390/ f5071 682

Kim D-W, Chung W, Lee B (2016) Exploring tree crown spacing and 
slope interaction effects on fire behavior with a physics-based 
fire model. Forest Sci Technol 12:167–175. https:// doi. org/ 10. 
1080/ 21580 103. 2016. 11445 41

Lafond V, Lagarrigues G, Cordonnier T, Courbaud B (2014) Une-
ven-aged management options to promote forest resilience for 
climate change adaptation: effects of group selection and har-
vesting intensity. Ann For Sci 71:173–186. https:// doi. org/ 10. 
1007/ s13595- 013- 0291-y

Latham P, Zuuring H, Coble D (1998) A method for quantifying 
vertical forest structure. For Ecol Manag 104:157–170

Ledermann T (2010) Evaluating the performance of semi-distance-
independent competition indices in predicting the basal area 
growth of individual trees. Can J For Res 40:796–805. https:// 
doi. org/ 10. 1139/ X10- 026

Maccherini S, Salerni E, Mocali S et al (2021) Silvicultural man-
agement does not affect biotic communities in conifer planta-
tions in the short-term: a multi-taxon assessment using a BACI 
approach. For Ecol Manag 493:119257. https:// doi. org/ 10. 
1016/j. foreco. 2021. 119257

Mäkelä H, Pekkarinen A (2004) Estimation of forest stand volumes 
by Landsat TM imagery and stand-level field-inventory data. 

Page 9 of 10    76Annals of Forest Science (2021) 78: 76

https://www.selpibio.eu/en/
https://doi.org/10.1016/j.ecolmodel.2010.01.007
https://doi.org/10.1016/j.foreco.2007.04.014
https://doi.org/10.1016/j.scitotenv.2018.11.320
https://doi.org/10.1016/j.scitotenv.2018.11.320
https://doi.org/10.1007/s00468-013-0854-4
https://doi.org/10.1007/s00468-013-0854-4
https://doi.org/10.1007/s13595-020-00947-z
https://doi.org/10.1007/s13595-020-00947-z
https://doi.org/10.1016/j.foreco.2017.11.030
https://doi.org/10.1093/forestry/75.1.25
https://doi.org/10.1093/forestry/75.1.25
https://doi.org/10.1007/s13595-017-0648-8
https://doi.org/10.14214/sf.1549
https://doi.org/10.14214/sf.1549
https://doi.org/10.2307/1931034
https://doi.org/10.2307/1931034
https://doi.org/10.1139/X08-122
https://doi.org/10.1139/X08-122
https://doi.org/10.1111/j.1365-2699.2005.01443.x
https://doi.org/10.5424/fs/2017262-11325
https://doi.org/10.5424/fs/2017262-11325
https://doi.org/10.3390/f10070584
https://doi.org/10.1111/gcb.12552
https://doi.org/10.1016/j.foreco.2013.03.027
https://doi.org/10.1016/j.foreco.2013.03.027
https://doi.org/10.3390/f5071682
https://doi.org/10.3390/f5071682
https://doi.org/10.1080/21580103.2016.1144541
https://doi.org/10.1080/21580103.2016.1144541
https://doi.org/10.1007/s13595-013-0291-y
https://doi.org/10.1007/s13595-013-0291-y
https://doi.org/10.1139/X10-026
https://doi.org/10.1139/X10-026
https://doi.org/10.1016/j.foreco.2021.119257
https://doi.org/10.1016/j.foreco.2021.119257


1 3

For Ecol Manag 196:245–255. https:// doi. org/ 10. 1016/j. foreco. 
2004. 02. 049

Marchi M (2019) Nonlinear versus linearised model on stand den-
sity model fitting and stand density index calculation: analysis of 
coefficients estimation via simulation. J For Res 30:1595–1602. 
https:// doi. org/ 10. 1007/ s11676- 019- 00967-0

Marchi M, Chiavetta U, Cantiani P (2017) Assessing the mechanical 
stability of trees in artificial plantations of Pinus nigra J. F. Arnold 
using the LWN tool under different site indexes. Ann Silvic Res 
41:48–53. https:// doi. org/ 10. 12899/ asr- 1312

Marchi M, Paletto A, Cantiani P et al (2018) Comparing thinning sys-
tem effects on ecosystem services provision in artificial black pine 
(Pinus nigra J. F. Arnold) Forests. Forests 9:188. https:// doi. org/ 
10. 3390/ f9040 188

Marchi M, Scotti R, Rinaldini G, Cantiani P (2020) Taper function for 
Pinus nigra in Central Italy : is a more complex computational 
system required ? Forests 11:405. https:// doi. org/ 10. 3390/ f1104 
0405

Martín Santafé M, Pérez Fortea V, Zuriaga P, Barriuso Vargas J (2014) 
Phytosanitary problems detected in black truffle cultivation. A 
review. For Syst 20:266–267. https:// doi. org/ 10. 5424/ fs/ 20142 
32- 04900

Mendoza GA, Martins H (2006) Multi-criteria decision analysis in nat-
ural resource management: a critical review of methods and new 
modelling paradigms. For Ecol Manag 230(1–3):1–22. https:// doi. 
org/ 10. 1016/j. foreco. 2006. 03. 023

Neumann M, Starlinger F (2001) The significance of different indi-
ces for stand structure and diversity in forests. For Ecol Manag 
145:91–106. https:// doi. org/ 10. 1016/ S0378- 1127(00) 00577-6

Pacheco A, Camarero JJ, Ribas M et al (2018) Disentangling the cli-
mate-driven bimodal growth pattern in coastal and continental 
Mediterranean pine stands. Sci Total Environ 615:1518–1526. 
https:// doi. org/ 10. 1016/j. scito tenv. 2017. 09. 133

Page LM, Cameron AD (2006) Regeneration dynamics of Sitka spruce 
in artificially created forest gaps. For Ecol Manag 221:260–266. 
https:// doi. org/ 10. 1016/j. foreco. 2005. 10. 006

Pecchi M, Marchi M, Burton V et al (2019) Species distribution mod-
elling to support forest management. A literature review. Ecol 
Model 411:108817. https:// doi. org/ 10. 1016/j. ecolm odel. 2019. 
108817

Petr M, Boerboom L, Ray D, van der Veen A (2014) An uncertainty 
assessment framework for forest planning adaptation to climate 
change. For Policy Econ 41:1–11. https:// doi. org/ 10. 1016/j. forpol. 
2013. 12. 002

Piermattei A, Renzaglia F, Urbinati C (2012) Recent expansion 
of Pinus nigra Arn. above the timberline in the central Apen-
nines, Italy. Ann For Sci 69:509–517. https:// doi. org/ 10. 1007/ 
s13595- 012- 0207-2

Pommerening A (2002) Approaches to quantifying forest structures. 
Forestry 75:305–324. https:// doi. org/ 10. 1093/ fores try/ 75.3. 305

Pommerening A, Ramos CP, Kędziora W et al (2018) Rating experi-
ments in forestry: how much agreement is there in tree marking? 
PLoS One 13:1–20. https:// doi. org/ 10. 1371/ journ al. pone. 01947 47

Poschenrieder W, Biber P, Pretzsch H (2018) An inventory-based 
regeneration biomass model to initialize landscape scale simula-
tion scenarios. Forests 9:212. https:// doi. org/ 10. 3390/ f9040 212

Pretzsch H (2009) Forest Dynamics, Growth and Yield
Pretzsch H (2014) Canopy space filling and tree crown morphology 

in mixed-species stands compared with monocultures. For Ecol 
Manag 327:251–264

Pretzsch H, Biber P, Uhl E et al (2015) Crown size and growing space 
requirement of common tree species in urban centres, parks, and 
forests. Urban For Urban Green 14:466–479. https:// doi. org/ 10. 
1016/j. ufug. 2015. 04. 006

R Development Core Team (2020) R: A language and environment for 
statistical computing. R Found. Stat. Comput

Ravaioli D, Ferretti F, Magnani F (2019) Disentangling the effects of 
age and global change on Douglas fir growth. iForest Biogeosci 
For 12:246–253. https:// doi. org/ 10. 3832/ ifor2 620- 012

Sharma RP, Vacek Z, Vacek S (2017) Modelling tree crown-to-bole 
diameter ratio for Norway spruce and European beech. Silva Fenn 
51. https:// doi. org/ 10. 14214/ sf. 1740

Shi H, Zhang L (2003) Local analysis of tree competition and growth. 
For Sci 49:938–955. https:// doi. org/ 10. 1093/ fores tscie nce/ 49.6. 
938

Soto-Cervantes JA, López-Sánchez CA, Corral-Rivas JJ et al (2016) 
Desarrollo de un modelo de perfil de copa para pinus cooperi 
blanco en la UMAFOR 1008, durango, México. Rev Chapingo Ser 
Ciencias For Del Ambient 22:179–192. https:// doi. org/ 10. 5154/r. 
rchsc fa. 2015. 09. 040

Tabacchi G, Di Cosmo L, Gasparini P (2011) Aboveground tree vol-
ume and phytomass prediction equations for forest species in Italy. 
Eur J For Res. https:// doi. org/ 10. 1007/ s10342- 011- 0481-9

Torras O, Saura S (2008) Effects of silvicultural treatments on for-
est biodiversity indicators in the Mediterranean. For Ecol Manag 
255:3322–3330. https:// doi. org/ 10. 1016/j. foreco. 2008. 02. 013

Wang Y, Titus SJ, LeMay VM (1998) Relationships between tree slen-
derness coefficients and tree or stand characteristics for major spe-
cies in boreal mixedwood forests. Can J For Res 28:1171–1183. 
https:// doi. org/ 10. 1139/ x98- 092

Wood JD, Griffis TJ, Baker JM (2015) Detecting drift bias and expo-
sure errors in solar and photosynthetically active radiation data. 
Agric For Meteorol. https:// doi. org/ 10. 1016/j. agrfo rmet. 2015. 02. 
015

Wood S, Scheipl F (2017) gamm4: Generalized Additive Mixed Mod-
els using “mgcv” and “lme4”

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Authors and Affiliations

Umberto Di Salvatore1 · Maurizio Marchi2  · Paolo Cantiani3

 Umberto Di Salvatore 
 umberto.disalvatore@crea.gov.it

 Paolo Cantiani 
 paolo.cantiani@crea.gov.it

1 CREA - Research Centre for Politics and Bioeconomy, Via 
Lombardia 7, 65012 Cepagatti, PE, Italy

2 CNR - Institute of Biosciences and BioResources (IBBR), 
Via Madonna del Piano 10, 50019 Sesto Fiorentino, FI, Italy

3 CREA - Research Centre for Forestry and Wood, Viale Santa 
Margherita 80, 52100 Arezzo, AR, Italy

76   Page 10 of 10 Annals of Forest Science (2021) 78: 76

https://doi.org/10.1016/j.foreco.2004.02.049
https://doi.org/10.1016/j.foreco.2004.02.049
https://doi.org/10.1007/s11676-019-00967-0
https://doi.org/10.12899/asr-1312
https://doi.org/10.3390/f9040188
https://doi.org/10.3390/f9040188
https://doi.org/10.3390/f11040405
https://doi.org/10.3390/f11040405
https://doi.org/10.5424/fs/2014232-04900
https://doi.org/10.5424/fs/2014232-04900
https://doi.org/10.1016/j.foreco.2006.03.023
https://doi.org/10.1016/j.foreco.2006.03.023
https://doi.org/10.1016/S0378-1127(00)00577-6
https://doi.org/10.1016/j.scitotenv.2017.09.133
https://doi.org/10.1016/j.foreco.2005.10.006
https://doi.org/10.1016/j.ecolmodel.2019.108817
https://doi.org/10.1016/j.ecolmodel.2019.108817
https://doi.org/10.1016/j.forpol.2013.12.002
https://doi.org/10.1016/j.forpol.2013.12.002
https://doi.org/10.1007/s13595-012-0207-2
https://doi.org/10.1007/s13595-012-0207-2
https://doi.org/10.1093/forestry/75.3.305
https://doi.org/10.1371/journal.pone.0194747
https://doi.org/10.3390/f9040212
https://doi.org/10.1016/j.ufug.2015.04.006
https://doi.org/10.1016/j.ufug.2015.04.006
https://doi.org/10.3832/ifor2620-012
https://doi.org/10.14214/sf.1740
https://doi.org/10.1093/forestscience/49.6.938
https://doi.org/10.1093/forestscience/49.6.938
https://doi.org/10.5154/r.rchscfa.2015.09.040
https://doi.org/10.5154/r.rchscfa.2015.09.040
https://doi.org/10.1007/s10342-011-0481-9
https://doi.org/10.1016/j.foreco.2008.02.013
https://doi.org/10.1139/x98-092
https://doi.org/10.1016/j.agrformet.2015.02.015
https://doi.org/10.1016/j.agrformet.2015.02.015
http://orcid.org/0000-0002-6134-1744

	Single-tree crown shape and crown volume models for Pinus nigra J. F. Arnold in central Italy
	Abstract
	Key message 
	Context 
	Aims 
	Methods 
	Results 
	Conclusion 

	1 Introduction
	2 Materials and methods
	2.1 Study areas and raw data
	2.2 Crown profile models
	2.3 Crown volume equations

	3 Results
	3.1 GAMM fitting results and comparison with the single-coefficient approach
	3.2 Crown volume equations

	4 Discussion
	5 Conclusions
	Acknowledgements 
	References


