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Introduction

Walnut trees are species of the genus Juglans 
spp., traditionally characterized by their highly-val-
ued nuts and timber. Considering the high timber 
value and the shortage of the species, many wal-
nut forest plantations oriented for timber produc-
tion have been established during the last decades 
(Mohni et al. 2009). These plantations have been 
established with the common species of Persian or 
European walnut (J. regia L.) and Black or Ameri-
can walnut (J. nigra L., J. major (Torr.) A. Heller, J. 
hindsii (Jeps.) Jeps. ex R.E. Sm.) but also with sev-
eral hybrids which have been specifically developed 
for timber production, e.g.: Mj209xRa and Ng23xRa 
(Aletà 2004, Victory et al. 2004, Mohni et al. 2009, 
Clark and Hemery 2010, Coello et al. 2013).

Walnut planted forests have been usually estab-
lished with a relatively low density (around 250-400 
trees ha-1) and 1 or 2 thinnings are needed for val-
uable timber production and around 75-150 trees 
ha-1 are harvested at the end of the rotation period 
(Cisneros et al. 2008, Mohni et al. 2009, Coello et 
al. 2013, Fernández-Moya et al. 2019). Thinning is 
regarded as a key silvicultural activity when man-
aging planted forests oriented to the production of 
high-value timber, aiming to reduce stands density 
and produce large-diameter trees. To this respect, 
forest managers must deal with several main ques-
tions when designing a thinning: (i) It is necessary 

to apply thinning?; (ii) How many times would the 
forest be thinned along the rotation period?; (iii) 
When the thinning should be done?; (iv) How many 
trees should be removed?; and (v) Which particu-
lar trees should be removed? (West 2006, Kerr and 
Haufe 2011). 

Walnut does not readily react to canopy opening 
if it is grown in dense plantations where excessive 
lateral competition and reduction in a crown’s func-
tionality is already evident (Clark 1967, Hemery et 
al. 2005, Marchino and Ravagni 2007). In such situa-
tions, the trees demonstrate small diameter growth 
for many years after thinning. Therefore, thinning 
must be undertaken before lateral competition influ-
ences diameter growth, with the aim of maintaining 
trees with crowns free from competition and able to 
grow with large and constant diameter increments. 
However, estimating when this lateral competition 
starts to influence tree growth is difficult to manage 
in the practice and, consequently, some silvicultural 
tools need to be designed in order to estimate when 
to perform the thinnings based on easy-to-measure 
parameters. 

The method of crown competition factor (CCF) 
is proposed as a method for thinning design (Kra-
jicek et al. 1961, USDA 1981, Schlesinger 1988 a, b, 
Mohni et al. 2009). This factor is an objective method 
to evaluate the optimal stocking density and to plan 
thinning regimes. According to this method, when 
CCF reach a certain value (100-110%), the stand 
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should be thinned. This CCF is a relatively easy to 
use method with the following steps: (i) estimate 
a mean Diameter at Breast Height (DBH) for each 
stand or plantation; (ii) calculate the crown diam-
eter or the crown area based on a statistical model; 
(iii) calculate the proportion of crown area by sur-
face [divide the crown area (in m2) of each tree by 
10,000 (m2 ha-1)]; (iv) estimate the total CCF by mul-
tiply the proportion of crown area calculated above 
by the tree density (trees ha-1); and (v) analyze the 
results. If CCF is higher than a certain value (100-
110%) a thinning should be designed to reduce the 
crown competence (USDA 1981). Several authors 
have published 110% as a CCF limit value for walnut 
(USDA 1981, Mohni et al. 2009) while Schlesinger 
(1988 a, b) refers to 100%. 

In addition, the CCF model allow forest manag-
ers to design the initial layout of a plantation and/or 
estimate when the thinning is going to be needed. 

Hence, using the models to perform projections of 
the trees DBH under different scenarios, we might 
establish an initial density adequate for the specif-
ic conditions. The difference in the mean DBH of 
the trees to be thinned is especially relevant when 
considering the market potential interest, making 
a difference between thinning as a management in-
vestment if DBH is low and “commercial thinning” 
as an intermediate income when DBH is big enough. 
However, market prices and interests are very vari-
able and fluctuates a lot depending on final-consum-
er demands. Indeed, during recent years the market 
demand has been lower than expected and these 
“commercial thinnings” that were regarded as an 
intermediate small income by many forest manag-
ers had turned into investments needed in order to 
achieve in the future the objectives fixed for the final 
harvest at the end of the rotation period. Hence, the 
expected market price is a key issue regarding the 

Table 1 - Location, climate and soil attributes in the studied  hybrid walnut (Juglans x intermedia) Mj209xRa planted forests of Bosques Naturales 
SA in Girona, Cuenca and A Coruña (Spain). Location data is shown in geographic coordinates. Climate data was obtained from https://
sig.mapama.gob.es/geoportal/, except summer precipitation that was obtained from www.worldclim.org. Soil attributes data represents 
the mean and the confidence interval (95% probability) from the soil samples taken at each site.

Attributes Girona Cuenca A Coruña

Location

Latitude 42.1878 39.9148 42.9805

Longitude 2.8943 -1.4078 -8.1944

Altitude (m a.s.l.) 125 1030 440

Climate

Papadakis classification Continental Mediterranean Temperate
Mediterranean Temperate Mediterranean

Mean annual rainfall (mm) 700 500 1400

Duration of dry period (months) 3 3-4 2

Summer precipitation (mm) 119 79 162

Mean annual temperature (ºC) 14 12 12

Soil

Number of soil samples 15 7 16

pH 8.4 (8.2 / 8.5) 8.6 (8.5 / 8.7) 5.5 (5.8 / 5.2)

Electrical conductivity (mmhos/cm) 0.16 (0.12 / 0.19) 0.11 (0.09 / 0.13) 0.09 (0.1 / 0.08)

Organic matter (%) 1.2 (1.1 / 1.3) 0.6 (0.4 / 0.8) 7.8 (9.1 / 6.5)

C/N ratio 6.3 (5.7 / 6.9) 6.5 (4.7 / 8.3) 9.3 (11.8 / 6.9)

Sand (%) 37 (31 / 44) 64 (56 / 72) 46 (43 / 50)

Silt (%) 45 (34 / 55) 30 (20 / 41) 11 (2 / 19)

Clay (%) 18 (8 / 28) 6 (0 / 11) 43 (32 / 53)

Carbonates (%) 25 (18 / 33) 12 (10 / 14)

Active CaCO3 (%) 18 (9 / 27) 5 (4 / 7)

CIC (meq/100g) 18.2 (15.7 / 20.8) 16.5 (11.7 / 21.3) 14.8 (21.6 / 7.9)

K (meq/100g) 0.35 (0.30 / 0.40) 0.46 (0.35 / 0.57) 0.65 (0.98 / 0.31)

Ca (meq/100g) 22.1 (19.4 / 24.9) 16.2 (12.1 / 20.3) 2.3 (3.1 / 1.5)

Mg (meq/100g) 0.9 (0.7 / 1.0) 0.8 (0.5 / 1.1) 0.4 (0.5 / 0.3)

Na (meq/100g) 0.3 (0.1 / 0.5) 0.2 (0.1 / 0.3) 0.2 (0.3 / 0.2)

P (mg/kg) 73 (0 / 152) 18 (10 / 26) 53 (82 / 23)

Fe (mg/kg) 10 (7 / 12) 8 (5 / 11) 96 (132 / 60)

Cu (mg/kg) 2 (1 / 3) 1 (1 / 2) 2 (2 / 1)

Mn (mg/kg) 17 (12 / 22) 5 (3 / 6) 46 (65 / 27)

Zn (mg/kg) 1.0 (0.7 / 1.3) 0.5 (0.3 / 0.7) 1.0 (0.7 / 1.3)
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initial establishment of a planted forests as the idea 
of a thinning regarded as an income or as an invest-
ment would directly influence the decision about 
the initial tree density planted at establishment.

To estimate crown area, several statistical mod-
els have been proposed to estimate walnut crown 
diameter (CD) as a function of DBH in order to eval-
uate tree competence for different walnut species: 
Juglans regia L. (Hemery 2000, Hemery et al. 2005, 
Montero and Cisneros 2006) and Juglans nigra  L. 
(USDA 1981, Bechtold 2003). However, there are 
no published statistical models to estimate CD and/
or CCF for hybrid walnut (Juglans x intermedia) 
Mj209xRa to our knowledge. This paper aims to 
made public the statistical models used for that pur-
pose by the Spanish company Bosques Naturales SA. 

Material and Methods

Study area and data collection
The study was conducted in the Bosques Nat-

urales SA company hybrid walnut (Juglans x in-
termedia) Mj209xRa planted forests in various lo-
cations in Spain, described in Table 1. Girona and 
Cuenca sites have calcareous soils relatively similar 
(Table 1), even though soils in the planted forest in 
Cuenca are generally deeper while soils in Girona 
are shallow at some sites, with toxicity due to ex-
cess of active lime. Soils is A Coruña are generally 
more acidic with a deep 40 cm layer rich in organic 
matter (umbric horizon). 

The management of the planted forests is rela-
tively similar in the different locations. Plantation 
density at establishment is 333 trees ha-1 (5 x 6 m 
spacing). Weeding is done by using herbicides com-
bined with mechanical methods and tillage between 
plantation rows during the first years (3-5 years) 
and with mechanical methods and tillage accompa-
nied by sheep grazing in older plantations. Pruning 
is done according to tree height up to a total clean 
bole of 4 m (5 m in A Coruña). Fertirrigation is used 
in Cuenca and Girona according to each site needs 
and in A Coruña, where irrigation is usually unnec-
essary, regular fertilization is done complemented 
with liming (1000 kg ha-1 each 2 years). More details 
of the management of the plantations can be read in 
Fernández-Moya et al. (2019).

Crown diameter (CD) and Diameter at Breast 
Height (DBH) were measured in 808 trees (675 in Gi-
rona, 27 in Cuenca and 106 in A Coruña). Mean DBH 
of the measured trees was 20 cm with a range be-
tween 5 cm (minimum) and 33 cm (maximum). For 
CD estimation, two crown diameters (i.e. four radii) 
were measured, the direction of the first diameter 
was selected at random, and the second was at right 
angles to it (Hemery et al. 2005). Measures were 

taken during the vegetative period (with leaves) be-
tween July and September, using measuring tape. 
The criterion to establish the crown perimeter pro-
jection on the ground was a visual estimation. 

Estimation of Crown Competition Factor
Crown Competition factor (CCF) (Krajicek et 

al. 1961) is calculated as the per cent ratio between 
Maximum Crown Area (MCA) – calculated based on 
crown diameter measurement –  and the surface (A) 
of land occupied by trees:  

Figure 1 - 	 Comparison between different regression models for esti-
mating Crown Diameter as a function of Diameter at Breast 
Height in walnut (Juglans spp.) planted forests. Bosques 
Naturales refer to the model detailed in the present paper 
(Table 2, Figure 1) for hybrid walnut (Juglans x intermedia) 
Mj209xRa in Spain and BN (95% conf. int.) refers to the 
confidence intervals (95%) of this model. Bechtold (2003) 
is fitted for black walnut (J. nigra L.) in USA. Montero and 
Cisneros (2006) is fitted for common walnut (J. regia L.) 
in Spain and Hemery (2000) and Hemery et al. (2005) are 
also fitted for common walnut in England.

Figure 2 - 	 Regression model for estimating Crown Competition Fac-
tor as a function of Diameter at Breast Height in hybrid 
walnut (Juglans x intermedia) Mj209xRa planted forests of 
Bosques Naturales SA in Girona, Cuenca and A Coruña 
(Spain). DBH range between 5 cm (minimum) and 33 cm 
(maximum). See Table 3 for details about the model para-
meters. Grey lines represent confidence intervals (95%).
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Hence, CCF of the forest stand can be regarded 
as the sum of each tree individual CCF which is the 
measure used in the present paper to be modeled as 
a function of individual trees DBH.

Statistical analysis
All the statistical analyses were performed using 

R (R Core Team 2018). Different model types were 
tested to fit the regression between either individ-
ual trees CD and CCF with DBH, within the gen-
eral framework of the Generalized Linear Models 
(GLM), choosing the best fitting one based on the 
Akaike Information Criterion (AIC). The gamma 
and the gaussian family were compared. Different 
link functions were also tested: power links with 
lambda between -2 and 2, with 0.1 intervals. Finally, 
the possible random effect of the three sites (Giro-
na, A Coruña and Cuenca) was analyzed compared 
the GLM with an analogous Generalized Linear 
Mixed Model (GLMM). Model efficiency (EF) was 
calculated as a pseudo-R2 measurement, as:

Definition of planted forests
The term “planted forests” has been used along 

this document according to the FAO definition: “A 
planted forest is defined as a forest that at maturi-
ty is predominantly composed of trees established 
through planting and/or deliberate seeding. Planted 
forest includes but is not limited to plantation for-
est” (see http://www.fao.org/forestry/plantedfor-
ests/67504/en/).

Results and Discussion

Estimation of Crown diameter and Crown 
Competition Factor

A GLM with gaussian family and power link func-
tion (lambda=2) and no random effect resulted as 

the best model for estimating individual tree Crown 
Diameter (CD) as a function of DBH (Tab. 2, Fig. 
1), with an efficiency of 52.6% within a DBH range 
between 5 cm (minimum) and 33 cm (maximum). 
Within the core DBH range of the model (10-30 cm) 
this model is relatively similar to the ones fitted for 
Juglans nigra L. (Bechtold 2003) and Juglans regia 
L. (Montero and Cisneros 2006), but a little differ-
ent from those fitted for Juglans regia L. by Hem-
ery (2000) and Hemery et al. (2005) (Fig. 1). A more 
detailed review of the model proposed by Hemery 
(2000) shows that this model also underestimate 
the original data within the DBH range between 
10-30 cm, considering that the model is fitted for a 
DBH range up to more than 90 cm. This might be 
explained because it uses a simple regression mod-
el (straight line) and initial values for the ratio be-
tween crown diameter and stem diameter reduces 
as stem diameter increases, dropping by about 60% 
from 10 to 70 cm DBH (Hemery et al. 2005).

A GLM with gaussian family and power link func-
tion (lambda=1.1) and no random effect resulted as 
the best model for estimating individual tree Crown 
Competition Factor (CCF) as a function of DBH 
(Tab. 2, Fig. 2), with an efficiency of 57.7%. The pro-
posed model is very similar to the one published by 
USDA (1981) for J. nigra L. within the DBH range 
between 10-20 cm but the differences outside this 
range are noticeable. Hence, the individual tree CCF 
for a black walnut of DBH of 10, 15 and 20 cm are 
0.12, 0.20 and 0.31%, respectively, while the values 
for these DBH are 0.11, 0.19 and 0.27%, respectively, 
for the hybrid walnut (Fig. 2). However, a tree CCF 
of 0.59% is proposed by USDA (1981) for a black wal-
nut with 30 cm DBH while the proposed model for 
hybrid walnut estimates 0.41% for that tree (Fig. 2).

Application of the methodology for the de-
sign of thinnings

Some recommendations have been published 
as general rules for thinnings schedules in walnut 

Table 2 - Model parameters of the regression for the estimation of Crown Diameter (CD, [m]) as a function of Diameter at Breast Height (DBH, [cm]) 
in hybrid walnut (Juglans x intermedia) Mj209xRa planted forests of Bosques Naturales SA in Girona, Cuenca and A Coruña (Spain). DBH 
range between 5 cm (minimum) and 33 cm (maximum). Model structure: CD = (b0 + b1 · DBH)(1/λ), where λ=2.

Parameter Estimate Standard Error p-value

b0 -7.13535 1.2076 < 0.0001
b1 2.012019 0.0628 < 0.0001

Table 3 - Model parameters of the regression for the estimation of Crown Competition Factor (CCF) as a function of Diameter at Breast Height (DBH) 
in hybrid walnut (Juglans x intermedia) Mj209xRa planted forests of Bosques Naturales SA in Girona, Cuenca and A Coruña (Spain). DBH 
range between 5 cm (minimum) and 33 cm (maximum). Model structure: CCF = (b0 + b1 · DBH)(1/λ), where λ=1.1.

Parameter Estimate Standard Error p-value

b0 -0.0536611 0.0117863 < 0.0001
b1 0.0143371 0.0005768 < 0.0001
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planted forests. Cisneros et al. (2008), in a scheme with 
initial plant densities lower than 400 trees ha-1, pro-
pose the first thinning corresponding with a mean 
DBH higher than 20 cm, and a DBH higher than 35 
cm where initial plant densities are lower than 200 
trees ha-1. Coello et al. (2013) proposed a first thin-
ning when the trees would have a DBH of 20 cm, in 
a scheme with an initial walnut density of 185 trees 
ha-1. 

A more detailed approach such as CCF can be 
used to design thinnings for a specific plantation 
(Krajicek et al. 1961, USDA 1981, Mohni et al. 2009). 
Hemery et al (2005) summarizes how the crown di-
ameter and the ratio between crown and stem di-
ameters can be used in forest management, mainly 
to estimate optimal stand density at various stages 
in the stand’s development and design thinnings. 
Besides these uses of the crown diameter data, 
Krajicek et al. (1961) proposed the CCF method for 
the thinning design based on crown area measure-
ments, which is explained in detail for J. nigra L. in 
USA by the USDA (1981) and proposed to be used 
in Europe by Mohni et al. (2009). There have been 
some experiences with the application of the CCF 
in walnut planted forests in Italy, where thinnings 
of 30-35% of the number of trees are proposed for 
reducing the CCF from 110% to 70% (Frattegiani and 
Mercurio 1991, Mercurio and Minotta 2000) 

The proposed CCF model (Tab. 3, Fig. 2) would 
help to design a specific thinning scheme for a hy-
brid walnut planted forest. This model is a tool to 
estimate individual tree CCF as a function of meas-
ured DBH. The CCF of a stand is calculated as the 
sum of the individual tree CCF or multiply the in-
dividual CCF from the average DBH by the stand’s 
density. Hence, if the stand’s CCF would be higher 
than 100 - 110%, it should be thinned (USDA 1981, 
Schlesinger 1988 a, b, Mohni et al. 2009).

As an example about the application of this 
methodology, for a planted forest with 333 trees 
ha-1 (5x6 m wide layout – very common in the cur-
rent plantations in Spain), a mean CCF of 0.33% per 
each tree would be needed to reach a CCF of 110%, 
which corresponds with a mean DBH of 24 cm (21-
28 cm [95% Confidence Interval]). Similarly, to reach 
a CCF of 100% in the same planted forests, a mean 
CCF of 0.30% per each tree would be needed, which 
corresponds with a mean DBH of 22.4 cm (19.4-26 
cm [95% Confidence Interval]) (Fig. 2). Taken into 
account that walnut is considered as species with 
a poor response to late thinnings, when excessive 
lateral competition and reduction in a crown’s func-
tionality is already evident (Marchino and Ravagni 
2007); this difference about the use of a CCF lim-
it value of 100 (proposed by Schlesinger 1988 a, b) 

or 110 (proposed by USDA 1981, Mohni et al. 2009) 
might be relevant regarding the trees’ response to 
the thinning. To this respect, more research is need-
ed in order to what is the best CCF limit value for 
the thinning design in walnut planted forests.

Conclusion

The proposed models are easy to use tools to es-
timate individual trees Crown Diameter and Crown 
Competition Factor as a function of Diameter at 
Breast Height in hybrid walnut (Juglans x interme-
dia) Mj209xRa planted forests. These models are 
helpful for the thinning design for a specific plan-
tation and for the planification of the initial layout 
of a new plantation, to estimate the tree size that 
the trees would have in the scheduled thinnings, de-
pending on the stand’s density.
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