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RESUMEN (en español) 

Hablar de castaño en el noroeste de España, y especialmente en Asturias, significa 
mucho más que hablar de una de las principales frondosas, por no decir la más importante de 
todas ellas en cuanto a superficie. La puesta en valor de esta especie necesita el desarrollo de 
herramientas de gestión que permitan planificar las actuaciones para obtener el máximo 
rendimiento de estas masas.  

Con este objetivo principal se realizado esta tesis en la que se ha desarrollado un modelo 
estático de crecimiento para las masas de monte bajo de castaño en el noroeste de España. 
Para ello se ha establecido una red de 70 parcelas permanentes instalada en rodales regulares 
de monte bajo de castaño, representando toda la variabilidad en cuanto a edades, densidades 
y calidades de estación, para que los modelos desarrollados sean fiel reflejo de la realidad.  

Se ha modelizado la biomasa arbórea en tres niveles (árbol individual, cepa y masa) para 
estimar su cálculo de acuerdo con el grado de detalle de la información disponible. Se aseguró 
la aditividad de los diferentes sistemas mediante Nonlinear Seemingly Unrelated Regression
(NSUR).  

Se apearon 203 árboles tipo (incluidos los árboles dominantes) para la estimación de los 
volúmenes de árbol individual y la posterior evaluación de varias funciones de perfil. Estos 
análisis permitieron desarrollar un sistema compatible formado por una función de perfil, una 
ecuación de volumen total y una ecuación de volumen comercial.  

Se ha desarrollado un sistema de calidad de estación mediante el análisis de tronco en los 
árboles dominantes apeados y la posterior evaluación de cuatro ecuaciones dinámicas de 
índice de sitio obtenidas mediante la metodología de generalización de ecuaciones en 
diferencias algebraicas (GADA). El modelo de Cieszewski (2002) con dos parámetros 
dependientes de la estación fue finalmente seleccionado entre los modelos evaluados.  

Se han calculado también otras relaciones dasométricas a nivel de masa de interés como 
dos modelos de evolución de densidad debido al estado selvícola heterogéneo de las masas 
que forzó a dividir la muestra en dos grupos (alta y baja densidad), ecuaciones para la 
predicción del diámetro medio cuadrático, una tarifa de volumen total, una tarifa de cubicación 
con clasificación de productos y ecuaciones de biomasa para diferentes componentes 
dependientes de altura dominante y densidad.  

Todas estas herramientas pueden ser utilizadas directamente o a través de las tablas de 
producción y los diagramas de manejo de densidad en los que se han implementado. Se han 
desarrollado 8 tablas de producción correspondientes a dos posibles densidades (alta y baja) y 
cuatro calidades de estación a la edad de referencia de 22 años (10, 14, 18 y 22 m). Se han 
diseñado tres diagramas de manejo de densidad que pueden ser utilizados para proponer 
esquemas selvícolas para la producción de madera de calidad, estimación de biomasa o 
incluso stocks de carbono. 
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Finalmente, para comprender mejor el conjunto del monte bajo de castaño en el noroeste 
de España, se ha evaluado la influencia de los factores ambientales y nutrientes del suelo en 
su capacidad productiva, mejorando así también el conocimiento que se tenía hasta ahora de 
esta especie. 

RESUMEN (en Inglés) 

Chestnut in northwestern Spain, and especially in Asturias, is not simply another broadleaf 
species, rather it is the most important of all of them regarding area covered. The enhancement 
of this species requires the development of management tools that allow actions to be planned 
in order to get the best performance from these stands.  

With this mean objective, a static growth model for chestnut coppice stands in 
northwestern Spain was developed in this thesis. For this purpose, a network of 70 permanent 
plots was established in regular coppice stands, representing the existing range of ages, 
densities and sites to develop models that closely reflect reality.  

Stand aboveground biomass was fitted at three levels (individual tree, stool and stand) 
according to the degree of detail of the information available, ensuring additivity of the different 
systems using Nonlinear Seemingly Unrelated Regression (NSUR).  

Data coming from 203 felled trees (including dominant trees) were used to estimate 
individual tree volumes and the subsequent evaluation of different taper functions. These 
analysis afford to develop a compatible system formed by a taper function, a total volume 
equation and a merchantable volume equation. 

A site quality system has been developed from stem analysis data in the dominant felled 
trees and the later evaluation of four dynamic models developed applying the generalized 
algebraic difference approach (GADA). Cieszewski model (2002) with two site specific 
parameters was finally selected from the evaluated models. 

Other interesting dasometric relations at stand level were also estimated, two models of 
density evolution due to the heterogeneous silvicultural state of the stands that force to divided 
into two groups (high and low density) the data, equations for predicting mean square diameter, 
a total stand volume equation, a merchantable stand volume equation and stand biomass 
equations for different components from dominant height and stand density.  

All these tools can be directly used or through the yield tables and the stand density 
management diagrams (SDMDs) in which they were implemented. Eight yield tables 
corresponding to two different stand densities (high and low) and four site qualities at a 
reference age of 22 years (10, 14, 18 and 22 m) were developed. Stand density management 
diagrams were designed to propose silviculture schemes for high quality wood production, 
biomass estimation or carbon stocks even.  

Finally, the influence of environmental factors and soil nutrients in explaining the 
productivity was evaluated in order to better understand the ensemble of chestnut coppice 
stands in northwest Spain, improving also the knowledge we had of this species up to now.  

SRA. PRESIDENTA DE LA COMISIÓN ACADÉMICA DEL PROGRAMA DE DOCTORADO EN  RECURSOS 
BIOLÓGICOS Y BIODIVERSIDAD.  
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a b s t r a c t

Aboveground biomass was studied in Castanea sativa Mill. coppice stands in north-west Spain, and bio-
mass equations were fitted at three levels (individual tree, stool and stand). Four systems of biomass esti-
mation were developed. In two of the systems, the following individual tree variables were taken into
account: standing tree variables and stump dimension variables. In the other two systems, biomass
was estimated at stool and stand level, respectively.
In order to represent the existing range of ages, stand densities and sites in the study area, samples of

120 trees (for the individual tree level), 45 stools (for the stool level) and 70 plots (for the stand level)
were chosen for study. The trees were felled and destructively sampled to separate biomass into the fol-
lowing components: wood, bark, thick branches, medium branches, thin branches and leaves. Several
equations for quantifying the biomass of the different biomass components were evaluated. Heterocedas-
ticity was corrected for by weighted fitting. To guarantee the additivity of the different biomass compo-
nents, the equations were fitted simultaneously by nonlinear seemingly unrelated regressions (NSURs).
The different biomass levels considered accounted for between 60% and 90% of the total variability,

depending on the level and component evaluated. Most of the equations developed in this study were
evaluated with an independent dataset, which confirmed the good performance of the biomass equations
for prediction purposes.

Ó 2012 Elsevier B.V. All rights reserved.

1. Introduction

The edaphic, climatic and ecological conditions in northern
Spain are ideal for optimal growth of sweet chestnut (Castanea sati-

va Mill.) (Gandullo et al., 2004).
In Spain, chestnut stands are distributed over an area of

272,400 ha (Fig. 1), of which 154,500 ha are covered by pure chest-
nut stands, i.e. in which chestnut is the dominant tree species
(chestnut tree cover rate, CTRP 60%). The existing types of chest-
nut woodland differ widely in terms of stand structure (coppice
stands and high forest) and the main productive aim (nut and
wood production). In north-west Spain, coppice stands devoted
to nut production have been almost totally abandoned, and most

stands are now devoted to production of high quality timber and
biomass.

Sweet chestnut forest covers a total area of 123,549 ha in Astu-
rias, mainly as coppice stands (approximately 70,000 ha are pure
coppice stands) (DGCONA, 2003). The average total volume (with
bark) of sweet chestnut stands harvested in Asturias in 2008 was
21,737 m3 (the mean value for the period 2002–2008 was
40,000 m3) (SADEI, 2008), which represents 19.9% of the total vol-
ume of this species harvested during 2008 in Spain (109,285 m3)
(MARM, 2008).

The chestnut coppice stands currently existing north-western
Spain (Fig. 1) were established as a result of the economic and cul-
tural changes that occurred after the 18th century. However, dur-
ing the last 30–60 years, many traditional coppices have been
abandoned or the rotation time has been greatly lengthened,
resulting in unstable and degraded stands. The Government of
Asturias is currently working to establish a regional strategy for
sustainable harvesting of forest biomass, particularly aimed at
the exploitation of chestnut coppice. Several biomass management
plans have been proposed for this purpose (Álvarez-Vergel et al.,
2011).

0378-1127/$ - see front matter Ó 2012 Elsevier B.V. All rights reserved.
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Different management options can be applied to chestnut tim-
ber production because of the great facility for stool sprouting
(Bourgeois et al., 2004). For this reason, and in accordance with
the area covered by the species in Asturias, it is essential to esti-
mate the weight of the biomass components, in order to provide
suitable management tools for use by forest managers and
researchers (carbon cycle studies, nutritional balances of the forest
system, etc.) at different levels (e.g. individual tree or stand level).

Tree biomass quantification is also essential for determining
amounts of forest resources, and the data is also useful for helping
us to understand changes in forest structure resulting from succes-
sion and to distinguish between forest types. Information on eco-
system dynamics and functionality is also essential from an
environmental point of view, and as a result, considerable research
effort has been made in recent decades to estimate individual tree
biomass and to relate this to tree characteristics (Cunia, 1986,
1988; Ter-Mikaelian and Korzukhin, 1997; Waring and Running,
1998; Patricio and Monteiro, 2005). Furthermore, particular inter-
est has been directed towards determining carbon stocks in forests,
which are the main terrestrial sinks for carbon (Kirschbaum, 1996),
although the extent to which they act as C sinks will depend on the
management regime applied.

Biomass of individual trees, aboveground stand biomass and
their yearly increments and nutrient contents have been studied
in coppices in Spain, Italy and France (Bédéneau, 1988; Leonardi
et al., 1996; Cutini, 2000; Santa Regina, 2000; Salazar et al.,
2010) and also in high forest in Portugal (Patricio and Monteiro,
2005). Some studies have also related biomass estimation in C. sati-

va to carbon accumulation and nutrient budgets (Ranger et al.,
1990; Santa Regina, 2000; Montero et al., 2005; Pires and Portela,
2005) and to the effect of thinning intensity on the growth and fi-
nal biomass, or the ground vegetation production in relation to tree
cover (Gallardo et al., 1998).

The aim of the present study was to develop biomass equations
for different levels (individual tree, stool and stand) to enable eval-
uation of the carbon sequestration potential of each and develop-
ment of an efficient management approach for chestnut coppice
stands in north-western Spain.

2. Materials and methods

2.1. Data collection

The data used in this study were collected from a network of 70
circular permanent plots established in chestnut coppice stands lo-
cated throughout the area of distribution of the species in Asturias.
The plots were subjectively selected to represent the existing range
of ages, stand densities and sites. The plot size (15 m radius) en-
sured a minimum of 30 tally trees (diameter at breast height great-
er than 5 cm) per plot. All the trees included in the plot were
labelled with a number, and the diameter at breast height (DBH)
(diameter at 1.3 m above the top of the stool, in cm) was measured
with a tree caliper, to the nearest 0.1 cm. Total height and height to
the base of live crown (which was considered as the lower inser-
tion point of at least three consecutive live branches in a tree) were
measured with a digital hypsometer, to the nearest 0.1 m, in all
trees. Information such as the respective stool for each tree, if trees
were alive or dead, and healthy or damaged was also recorded.

The following stool variables were recorded or calculated for
each plot: the largest stem diameter per stool (dmax, cm) and the
corresponding height (hmax, m), the arithmetic and quadratic stool
diameter (dmean and dg, cm), the stool basal area (g, cm2) and the
number of stems per stool (ntree).

At stand level, the following variables were computed: domi-
nant diameter (d0, cm) as the average diameter of the 100 thickest
trees per hectare, dominant height or average height of the 100

Natural Distribution

Castanea sativa Area

Castanea sativa fragmented

Study Area

Fig. 1. Distribution of chestnut trees in Europe and location of the study area.
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thickest trees per hectare (H0, m), basal area (G, m2) and number of
stems per hectare (N).

At 49 locations, one complete stool was felled and the height
and the arithmetic mean of two perpendicular diameters of the
remaining stumps of each stem were recorded. After felling, trees
were destructively sampled to separate aerial biomass into
branches of diameter larger than 7 cm, thick branches (diameter
2–7 cm), branches of diameter less than 2 cm, and wood (logs with
bark with a thin-end diameter of 7 cm). The total fresh weight of
each fraction was measured in the field with a portable balance.
Three disks of wood including bark were cut in each stem (from
the bottom, middle and the top). The disks, together with represen-
tative composite samples of each tree component, were sampled at
the same time as bulk weighing was carried out, and they were
transported to laboratory and weighed on a digital balance. The
sample of branches less than 2 cm was later subdivided into twigs
(diameter less than 0.5 cm), thin branches (diameter 0.5–2 cm) and
leaves. Finally, the samples were oven-dried to constant weight at
65 ± 2 °C for determination of the proportion of dry matter (bio-
mass) in each component. The dried disks were also used to calcu-
late the dry weight ratios of wood to bark. The stool biomass
(kg stoolÿ1) and the stand biomass (kg hectareÿ1) fractions were
aggregated from the corresponding tree values for each stool and
plot, respectively; this enabled analysis of the data at three differ-
ent levels according to the degree of detail: individual tree, stool
and stand.

An independent network of 30 plots (established by the Univer-
sity of Oviedo several years before the principal sample) was used
for validation purposes. Plot installation and data collection were
carried out following the same methodology used for the fitting
dataset, except that branches less than 2 cm were not subdivided
into three components. In each plot, a representative stool was
felled and 70 trees were destructively sampled for biomass estima-
tion. The height-diameter distribution for the fitting and validation
samples are very similar (Fig. 2), so that robust conclusions can be
reached from the validation analysis.

Scatter plots of biomass weight data, by fractions, against DBH
or total height and box plots of biomass weight data against diam-
eter classes were visually examined to detect anomalous values.
Only 12.5 % of the fitting data were identified as outliers. Some
of these anomalous values were found to correspond to mistakes
in measuring diameters or in transcribing field notes, although
most of the extreme data points corresponded to stem sections
that were deformed by canker and other types of physical damage.
As a consequence, 15 trees were removed from the fitting data set.
No anomalous values were found in the validation database. Ta-
ble 1 shows the summary statistics including mean, minimum,
maximum and standard deviation of the main tree, stool and stand

related-variables measured in the plots and in the trees that were
destructively sampled to measure biomass for both model fitting
and model validation.

2.2. Biomass systems, models and variables considered

Four different systems were developed for biomass estimation.
In two of the systems, the following individual tree variables were
considered: standing tree variables and stump dimension vari-
ables. In the other two systems, biomass was estimated at stool
and stand level, respectively.

Linear and nonlinear allometric models have been widely used
in forest biomass estimation (Cunia and Briggs, 1984; Reed and
Green, 1985; Reed et al., 1996) and will be considered in this study.
The general mathematical formulations of these models are as
follows:

Linear (additive error):

Y ¼ b0 � X1 þ . . .þ bjXj þ e ð1Þ

Nonlinear (additive error):

Y ¼ b0 � X
b1
1 � Xb2

2 . . .X
bj

j þ e ð2Þ

where Y = total biomass or biomass of the different components at
each level of analysis, Xj = independent variable at each level,
bj = parameter of the model and e = error.

Considering standing tree variables, diameter at breast height
(d) is the most common explanatory variable since it is most clo-
sely correlated with biomass. However, the accuracy of the bio-
mass estimates is usually increased by inclusion of tree height
(h) as the second predictor and development of combined d–h
equations (Wang, 2006). Live crown variables such as length or
the diameter at the base of the crown have improved estimates
of branch biomass or total crown biomass (Satoo and Madgwick,
1982; Clark, 1982). Some authors have also considered stand vari-
ables (such as age, basal area, site index or dominant or mean
height) in estimating biomass at tree level, thus improving the
accuracy of the estimations (Satoo and Madgwick, 1982; Bond-
Lamberty et al., 2002; Porté et al., 2002; Balboa-Murias et al.,
2006). On the other hand, in order to predict tree biomass from
stump dimensions, only stump diameter with or without bark
and stump height are considered as explanatory variables in this
study.

Stool level analysis was carried out in an attempt to estimate
biomass quickly by measuring only some stems in a stool. It seems
reasonable to estimate biomass at this level as the product of the
biomass of a representative tree of the stool (given by mean diam-
eter and/or height) and the number of stems per stool. The follow-
ing variables were considered at this level: diameter of the thickest
tree and its height, number of stems per stool, arithmetic mean
stool diameter, quadratic mean stool diameter and stool basal area.

With the systems of equations including stand variables, expli-
cit equations including some of the following variables could be
used to predict the current yield (as volume or biomass): mean
stand height, an indicator of stand density, basal area, and site in-
dex (Clutter et al., 1983). The following explanatory variables were
considered at this level: arithmetic mean diameter, quadratic
mean diameter, dominant diameter, basal area, arithmetic mean
height and dominant height.

2.3. Model fitting and evaluation

Model fitting was carried out in two stages for each level. First,
each biomass fraction was fitted individually by use the REG or the
NLIN procedure of SAS/STATÒ (SAS Institute Inc., 2004). Initial
parameters for running the iteration process when fitting allome-
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Fig. 2. Plot of diameter at breast height against total height of sampled trees (�) and
validation sample (x).
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tric models were obtained from the linearized form of a previous
linear fit.

In order to select the best equations for each biomass fraction,
two goodness-of-fit statistics were examined: the coefficient of
determination (R2) (Eq. (3)) and the root mean square error (RMSE)
(Eq. (4)). The coefficient of determination (R2) indicates the propor-
tion of the total variance that is explained by the model; the RMSE
analyses the accuracy of the estimates and is expressed in the same
units as the dependent variable. Although there are several short-
comings associated with use of the R2 in nonlinear regression, the
general usefulness of some global measure of model adequacy ap-
pears to override some of those limitations (Ryan, 1997). The
expressions of these statistics are summarized as follows:

R2 ¼ 1ÿ

Pi¼n
i¼1ðY i ÿ bY iÞ

2

Pi¼n
i¼1ðY i ÿ YÞ2

ð3Þ

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPi¼n
i¼1ðY i ÿ bY iÞ

2

nÿ p

s

ð4Þ

where Yi, bY i and Y are the observed, predicted and average values of
the dependent variable, respectively; n is the total number of obser-
vations used to fit the model; p is the number of model parameters.

Single indices of overall prediction (R2 and RMSE) are good indi-
cators of the effectiveness of each biomass system when comple-
mented with the analysis of the scatter plots of residuals.

In the second step, the best equations for each biomass compo-
nent of each of the four systems were fitted simultaneously by
nonlinear seemingly unrelated regression (NSUR), by use of the
MODEL procedure of SAS/ETSÒ (SAS Institute Inc., 2004). This
method fits an apparently nonrelated equation system formed by
the equations of the biomass fractions considered and the total
biomass equation. The NSUR method takes into account that equa-
tion errors are correlated (Borders, 1989; Parresol, 1999, 2001),
and it presents the best fitting solution that minimizes the global
errors associated with these equations, although the solution for
each biomass fraction is not necessary the best. This approach
was also found to be the best method for forcing additivity among
individual fractions of biomass in a comparison of three different
procedures (Parresol, 1999). This important feature of biomass sys-

Table 1

Descriptive statistics of main variables used in the three levels of analysis for both fitting and validation.

Fitting Validation

n Min Max Mean Sd n Min Max Mean Sd

Individual tree level

d 105 7.10 42.75 19.76 7.91 70 6.90 49.15 17.44 7.91
h 105 10.37 26.35 17.29 3.83 70 8.35 26.07 15.46 3.72
dstump 104 9.50 63.50 24.03 9.93 70 10.00 69.75 24.36 10.56
hstump 104 0.40 60.00 15.59 11.83 70 2.00 68.00 12.70 12.48
wwood 105 2.45 580.63 127.23 116.66 70 2.77 660.38 93.45 109.11
wbark 105 0.34 40.35 11.82 9.70 70 0.43 61.08 7.59 9.54
wb7 33 1.27 237.90 24.89 43.03 70 0 186.94 6.29 31.15
wb27 105 2.32 99.86 21.81 19.45 70 0.16 190.99 20.16 29.99
wb052 105 0.57 41.53 9.16 8.58 – – – – –
wb05 105 0.053 12.98 1.59 2.02 – – – – –
wfoliage 105 0.0043 29.01 3.92 4.24 – – – – –
wcrown 105 6.24 351.10 44.31 53.06 70 5.28 561.89 43.37 86.45
wtotal 105 13.77 936.50 183.40 172.80 70 11.43 1283.36 144.41 196.42
wwood_stump 104 1.15 580.63 118.11 118.68 – – – – –
wbark_stump 104 0.11 40.35 10.82 9.83 – – – – –
wstem_stump 104 1.27 605.54 128.93 127.98 70 3.19 721.46 101.04 118.42
wcrown_stump 104 6.24 351.15 40.88 52.64 70 5.28 561.89 43.37 86.45
wtotal_stump 104 10.78 936.51 169.82 174.94 70 11.43 1283.36 144.41 196.42

Stool level

dmax 45 13.65 42.75 25.12 7.074 30 9.40 49.15 21.41 9.42
hmax 45 12.66 26.35 19.38 3.18 30 10.44 26.07 16.83 3.81
ntree 45 1 8 1.87 1.39 30 1 7 2.43 1.33
dmean 45 12.89 42.75 23.83 7.61 30 9.11 49.15 18.99 9.01
dg 45 12.97 42.75 23.95 7.53 30 9.14 49.15 19.31 9.01
g 45 177.80 3833.44 773.67 602.09 30 113.09 1897.30 672.33 446.29
Wwood_stool 45 59.71 1198.81 283.50 215.70 – – – – –
Wbark_stool 45 5.36 134.40 26.22 21.44 – – – – –
Wstem_stool 45 66.42 1333.75 309.73 236.10 30 26.75 721.46 235.76 185.25
Wcrown_stool 45 14.69 501.54 96.08 100.92 30 10.93 561.89 101.79 123.32
Wtotal_stool 45 81.12 1835.30 405.82 329.07 30 37.68 1283.36 337.56 285.69

Stand level

d0 70 14.01 44.30 29.91 7.17 30 15.13 50.97 29.96 9.01
H0 70 12.16 28.17 19.83 3.40 30 10.75 23.37 16.52 3.27
dg 70 8.44 45.75 20.41 6.52 30 6.31 28.97 18.51 6.27
G 70 16.33 104.20 43.17 15.63 30 3.41 35.40 10.29 6.79
N 70 410.26 4753.40 1596.80 979.10 30 222.82 8244.23 2025.51 1762.97
Wwood_stand 70 36.36 233.38 123.60 47.31 30 30.49 452.61 127.34 106.34
Wbark_stand 70 4.76 20.35 11.86 3.82 30 2.52 41.15 11.39 8.56
Wcrown_stand 70 16.91 78.67 42.49 12.07 30 23.71 203.49 64.43 42.26
Wtotal_stand 70 58.23 299.81 177.95 59.93 30 58.11 697.26 203.16 152.63

Note: d, diameter at breast height (cm), h, height (m), dstump, stump diameter (cm), hstump, stump height (cm), dmax, maximum diameter of all the trees of the stool (cm), hmax,
maximum height of all the trees of the stool (m), ntree, number of trees in the stool, dmean, mean diameter of all the trees in the stool (cm), dg quadratic mean diameter of all the
trees in the stool (cm), g, basal area of the stool (cm2), d0, dominant diameter in the stand (cm), H0, average height of the 100 thickest trees per hectare (m), dg, quadratic mean
diameter of the stand (cm), G, basal area (m2 haÿ1), N, number of stems per hectare (stems haÿ1). wi, (kg), the individual tree biomass of the different components evaluated,
Wi (t ha

ÿ1) the stool or stand biomass of the different components evaluated.
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tems refers to the fact that estimates of total biomass equation
must be equal to the sum of the estimates of the equations of each
biomass fraction. To ensure the additivity of the system using the
NSUR procedure, the total biomass equation must be expressed
as the sum of the equations for each biomass fraction.

Two common problems of biomass equations were evaluated:
heterocedasticity and multicollinearity. Although the least squares
estimates of regression coefficients remain unbiased and consis-
tent under the presence of multicollinearity and heteroscedastic-
ity, they are not necessarily the most efficient (Myers, 1990).
Multicollinearity refers to the existence of strong intercorrelations
among the independent variables, mainly due to the use of compli-
cated models with several polynomial terms (Kozak, 1997). In this
study, the presence of multicollinearity was evaluated by the con-
dition number (CN), which is defined as the square root of the ratio
of the largest (kmax) to the smallest eigenvalue (kmin). According to
Belsey (1991), if the condition number ranges from 5 to 10, collin-
earity is not a major problem, if it is the range of 30–100, then
there are problems associated with collinearity, and if it is in the
range of 1000–3000 there are severe problems associated with
collinearity.

Heterocedasticity often occurs in biomass data, that is, the error
variance is not constant over all observations (Parresol, 1999). In
the present study, heterocedasticity was detected by plotting the
studentized residuals against predicted values. The lack of homo-
geneity in the error variance was corrected by weighting each
observation during the fitting process by the inverse of its variance
ðr2

i Þ. Although the variance is unknown, it is often assumed that
the variance of the error of the ith individual can be modelled as
a power equation of the independent variables Xi (Furnival,
1961), i.e., r2

i ¼ ðXiÞ
k. The most reasonable value of the exponential

term k is obtained by the optimizing method proposed by Harvey
(1976), which consists of using the estimated errors of the un-
weighted equation (êi) as the dependent variable in the error var-
iance model (Eq. (5)), or taking the natural logarithm of the
equation (Eq. (6)).

ê2i ¼ c � ðXiÞ
k ð5Þ

In ê2i ¼ In cþ k � InðX iÞ ð6Þ

where the k parameter of Eq. (6) was estimated for each biomass
equation by linear regression. The k values were subsequently in-
cluded in the different weighting factors tested according to the
independent variables used in the equations (i.e. dÿk, (d2)ÿk, hÿk,

(d2h)ÿk). These weighting equations, which were selected individu-
ally for the biomass equations, were later used in the simultaneous
fitting.

2.4. Model validation

Because the quality of fit does not necessarily reflect the quality
of future prediction, validation is necessary to evaluate the predic-
tive quality of the different biomass models (Myers, 1990). Model
validation ensures that model predictions represent the most likely
real outcome and increases the credibility of the model (Huang,
2002). According to several authors, the only method that can be
regarded as ‘‘true’’ validation involves the use of a new indepen-
dent dataset (Vanclay and Skovsgaard, 1997; Kozak and Kozak,
2003; Yang et al., 2004). In this study, an independent data set of
30 stools and 70 trees from 30 plots was used. Two validation sta-
tistics were calculated to assess the overall prediction performance
of the fitted equations on this validation data set: (i) an estimate of
average prediction error (APE) (Eq. (7)) (Weisberg, 1985); and (ii)
mean bias (Eq. (8)) estimated as an overall average and summa-
rized by diameter class similar to that used by Zhang (1997). Both

statistics presented the errors in the same units as the biomass
component evaluated. The APE statistic in the validation process
is similar to the RMSE in the fit.

APE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1ðY i ÿ bY iÞ

2

n

s

ð7Þ

Bias ¼

Pn
i¼1ðY i ÿ Y iÞ

n
ð8Þ

where Yi is the observed or real value, bY i is the estimated value with
the model, and n is the sample size of the validation data.

To examine the performance of the models in greater detail, the
values of Bias were plotted against the independent variable clas-
ses. These graphs are of interest since they illustrate areas across
systems of a grouping variable to which the biomass systems pro-
vide particularly poor or good predictions.

Validation of stand-level models would require felling and
weighing all trees included in the inventory plots. As this task is
very costly and often impossible to carry out, the stand-level equa-
tions were not validated.

3. Results

3.1. Individual tree-level biomass systems

3.1.1. Standing tree variables

The first system of biomass equations was fitted in order to esti-
mate individual tree biomass (kg treeÿ1) from standing tree vari-
ables. At this level, the different sizes of branches and foliage
were combined in a single component (crown) in order to improve
the fit.

Once each biomass component was fitted individually, simulta-
neous fitting was carried out by NSUR in order to guarantee the
additivity of the tree biomass components. All of the independent
variables included in the different biomass component equations
(wood, bark and crown) were also included in the total biomass
equation; additivity was guaranteed by setting restrictions to the
parameters. Each biomass component equation was weighted
according to the different weighting factors used in the individual
fit. The weighting factors, the predicted values of the parameters,
the condition number and goodness-of-fit statistics obtained by
simultaneous fitting in the set of three biomass equations are
shown in Table 2. All the parameter estimates were found to be
significant at P < 0.05. The best fits were obtained in wood and to-
tal biomass component. The condition numbers obtained in the fits
(Table 2) did not indicate severe problems of multicollinearity in
the models.

Plots of the values predicted from the different biomass equa-
tions against the observed values are shown in Fig. 3.

3.1.2. Felled tree variables

The second system enables estimation of individual tree bio-
mass (kg treeÿ1) from felled tree variables. Initially, wood, bark
and crown were considered as the different biomass components.
However, we finally decided to combine wood and bark in a single
component (stem) for an improved fit.

Graphical analysis revealed the existence of heterocedasticity in
the crown biomass component; as a consequence, this component
was fitted again by weighted regression. The system of equations
was fitted simultaneously to ensure additivity. The weighting fac-
tor, the parameter estimates and the goodness-of fit statistics of
the simultaneous fitting are shown in Table 3. All the parameter
estimates were found to be significant at P < 0.05. The condition
number resulting from the fits did not indicate multicollinearity.
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3.2. Stool-level biomass system

The third system of biomass equations provides information
about the stool biomass in different components (kg stoolÿ1). In
the fit, the stool wood and the stool bark component were consid-
ered together as the stool stem component because they provide a
better fit in this form.

Heterocedasticity was detected in the crown biomass compo-
nent, and therefore this equation was fitted again by weighted
regression. The NSUR method was applied for the simultaneous
fitting of both sets of equations (stem and crown). The weighting

factor, the estimation of the parameters and statistics for the
simultaneous fitting are shown in Table 4. The condition numbers
did not indicate severe multicollinearity.

3.3. Stand-level biomass system

The final system of biomass equations was calculated in order
to estimate the total stand biomass (t haÿ1) by use of different
stand variables as independent variables. In this case, heterocedas-
ticity was detected in the different components evaluated (wood,
bark and crown), so they were fitted again by weighted regression.

Table 2

Weighting factors, parameter estimates, associated approximate standard errors and goodness of fit measures for the simultaneous fitting of standing tree equations.

Equation W. factor bij Estimate Std. error Pr > |t| RMSE R2 CN

wwood ¼ b01 � ðd
2
� hÞb11 ðd

2
� hÞ1:276 b01 0.01391 0.0022 <0.0001 27.21 0.9456 21.99

b11 1.006 0.0167 <0.0001

wbark ¼ b02 � h
b12 � ðd2Þb22 (h)3.049 b02 0.004119 0.0012 0.0014 2.720 0.9216 42.35

b12 1.086 0.1188 <0.0001
b22 0.7889 0.0311 <0.0001

wcrown ¼ b03 � h
b13 ðd2Þb23 (d2)1.357 b03 0.5408 0.2203 0.0158 22.50 0.8211 38.61

b13 -1.439 0.2016 <0.0001
b23 1.386 0.0519 <0.0001

wtotal ¼ wwood þwbark þwcrown – – – – – 42.21 0.9420 45.07

Note: wi the dry weight of the i biomass component (kg), d is the diameter at breast height (cm), h is the total height (m), bij fitting parameters, RMSE root mean square error,
R2 coefficient of determination, CN the condition number.
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Fig. 3. Plot of predicted values against observed values for the different biomass components and for the total biomass of the standing tree variables at the individual tree
level.

Table 3

Weighting factors, parameter estimates, associated approximate standard errors and goodness of fit measures for the simultaneous fitting of felled tree equations.

Equation W. factor bij Estimate Std. error Pr > |t| RMSE R2 CN

wstem ¼ b01 � d
b11
stump � hb21

stump
– b01 0.2641 0.0691 0.0002 45.49 0.8743 25.65

b11 1.800 0.0691 <0.0001
b21 0.1537 0.0320 <0.0001

wcrown ¼ b02 � d
b12
stump

(dstump)
4.525 b02 0.05182 0.00910 <0.0001 27.90 0.7191 15.31

b12 2.057 0.0537 <0.0001

wtotal ¼ wstem þwcrown – – – – – 62.13 0.8757 26.99

Note: wi is the dry weight of the i biomass component (kg), dstump is the diameter of the stump (cm), hstump is the stump height (cm), bij fitting parameters, RMSE root mean
square error, R2 coefficient of determination, CN the condition number.
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The weighting factors, parameter estimates and statistics of the
simultaneous fitting are shown in Table 5. The condition number
resulting from the simultaneous fitting was 105.31, which indi-
cates that some problems of multicollinearity may arise (Belsey,
1991). However, the model selected had the most restrictive con-
dition number and the level of multicollinearity was considered
acceptable. All of the parameters in the equation were highly sig-
nificant, so that the multicollinearity problems were not consid-
ered important because they would only affect the confidence
intervals for the regression coefficients. Nonetheless, it is recom-
mended that models with less severe multicollinearity should be
used whenever possible (Kozak, 1997).

3.4. Model validation

The statistics used in model validation are shown in Table 6. The
APE generally increased in the following order: standing tree equa-
tions (25.77 kg treeÿ1), felled tree equations (46.76 kg treeÿ1), stool
equations (53.76 kg stoolÿ1), for the total biomass components
evaluated; the same applies to the other biomass components.
All of the Bias values obtained for the standing tree variables were
similar (close to zero), which indicates that the equations provide
accurate predictions. However, the values obtained for this statistic
in the other systems (felled tree and stool) were far from zero. De-
spite this, the felled tree and the fitted stool tree biomass equations
are useful when the only data available are the stool or stump
dimensions. Although the Bias values indicate that the woody part
of the tree was always overestimated (negative values) in the bio-
mass equations, the crown component equations underestimated
(positive values) the biomass in all the different systems fitted.
The total biomass was more variable as it was underestimated in
the standing and felled tree equations and overestimated in the
stool level equations.

The graphs of the mean prediction bias are shown in Fig. 4; the
Bias variation interval increased in the following order: standing

tree (±20 kg treeÿ1), felled tree (±40 kg treeÿ1) and stool equations
(±80 kg stoolÿ1). There was little difference in Bias up to a DBH of
approximately 25 cm, with trends of increasing bias for larger trees
across all components (Fig. 4a and b). The crown and total biomass
component presented an increasing tendency to underestimate the
biomass of trees of DBH > 25 cm for the standing and the felled tree
system, and the biomass of stools of surface > 1000 cm2.

4. Discussion

Traditional coppice stands of sweet chestnut C. sativa Mill. in
northern Spain are of great interest in terms of sustainable forestry,
and therefore the productive capacity of these stands is also of
great interest. This study aimed to develop the tools required to
estimate biomass at different levels or according to the informa-

Table 4

Weighting factors, parameter estimates, associated approximate standard errors and goodness of fit measures for the simultaneous fitting of stool equations.

Equation W. factor bij Estimate Std. error Pr > |t| RMSE R2 CN

Wstem ¼ b01 � n
b11
tree � d

b21
mean

– b01 0.2244 0.07350 0.0039 58.83 0.9407 33.84
b11 0.9790 0.03100 <0.0001
b21 2.114 0.09380 <0.0001

Wcrown ¼ b02 � ntree þ b12 � g (ntree)
0.1671 b02 -9.705 3.084 0.0030 40.23 0.8447 47.47

b12 0.1521 0.007020 <0.0001

Wtotal ¼ Wstem þWcrown – – – – – 66.68 0.9627 34.64

Note: Wi is the dry weight of the i biomass component (kg), dmean is the mean diameter of all the trees in the stool (cm), ntree is the number of trees in the stool, g is the basal
area of the stool (cm2) bij are fitting parameters, RMSE is the root mean square error, R2 is the coefficient of determination, CN is the condition number.

Table 5

Weighting factors, parameter estimates, associated approximate standard errors and goodness of fit measures for the simultaneous fitting of stand equations.

Equation W. factor bij Estimate Std. error Pr > |t| RMSE R2 CN

Wwood ¼ b01 � d
b11
0 � Gb21 (d0)

3.203 b01 0.8582 0.1946 <0.0001 27.72 0.7289 35.83
b11 0.8474 0.08490 <0.0001
b21 0.5537 0.06340 <0.0001

Wbark ¼ b02 � H
b12
0 � Gb22 (H0)

2.836 b02 0.2449 0.09660 0.0136 2.150 0.6869 47.34
b12 0.4847 0.1723 0.0064
b22 0.6431 0.08690 <0.0001

Wcrown ¼ b03 � d
b13
0 � Hb23

0 � Gb33 (d0)
1.393 b03 14.31 2.943 <0.0001 7.290 0.6399 76.99

b13 1.221 0.09180 <0.0001
b23 ÿ1.649 0.1108 <0.0001
b33 0.4965 0.05930 <0.0001

Wtotal ¼ Wwood þWbark þWcrown – – – – – 33.56 0.7045 105.3

Note: Wi is the dry weight of the i biomass component (kg), d0 is the dominant diameter in the stand (cm), H0 is the average height of the 100 thickest trees per hectare (m), G
is the basal area (m2 haÿ1), bij are fitting parameters, RMSE is the root mean square error, R2 is the coefficient of determination.

Table 6

APE and Bias statistics generated from the assessment of prediction errors for the
three systems fitted in the validation process.

APE (mean ± std error) Bias (mean ± std error)

Standing tree

Wood 15.55 ± 23.74 0.52 ± 28.43
Bark 2.38 ± 2.05 ÿ1.52 ± 2.76
Crown 13.23 ± 31.42 1.65 ± 34.08
Total 25.77 ± 46.39 0.65 ± 53.15

Felled tree

Stem 37.62 ± 26.43 ÿ29.48 ± 35.40
Crown 15.81 ± 31.95 ÿ4.47 ± 35.43
Total 46.76 ± 40.12 ÿ33.95 ± 51.55

Stool

Stem 51.53 ± 37.52 ÿ34.96 ± 53.78
Crown 39.49 ± 57.43 14.18 ± 68.59
Total 53.76 ± 55.16 ÿ4.55 ± 77.56

Note: APE is the average prediction error; Bias is the mean bias.
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tion available. Such tools can be applied directly in forest manage-
ment, forest assessment or in different research studies that re-
quire this type of information as a starting point.

In this study, different equations for estimating biomass at
three levels (individual tree, stool and stand) were developed. For
all models, the RMSE was low, the R2 was high and multicollinear-
ity was weak. Adequate estimates of the biomass of chestnut cop-
pice stands in the north-west Spain were obtained, and a high
percentage of total variability was explained, as in other studies
(Leonardi et al., 1996; Cutini, 2000). Problems of heterocedasticity
were resolved by weighted regression. Simultaneous fitting was
carried out to ensure additivity. All the parameter estimates were
found to be significant at P > 0.05. Because the NSUR method takes
into account the contemporaneous correlations, it yields lower var-
iance (Parresol, 2001) and parameters with lower standard errors
than other types of analysis.

For the individual tree level system using standing tree vari-
ables, diameter at breast height and height were selected as pre-
dictive variables for all biomass components. Although it is
known that diameter, height and biomass are closely related (Satoo
and Madgwick, 1982), height is not always included in biomass
equations together with diameter because both are highly corre-
lated and the increased accuracy resulting from inclusion of height
is negligible (Jokela et al., 1986; Ter-Mikaelian and Korzukhin,
1997; Johansson, 1999; Porté et al., 2002; Jenkins et al., 2003). In
the present study, the use of height as a second independent vari-
able for the standing tree equations was required in order to im-
prove the predictive ability of the biomass component equations,
which finally accounted more than 80% of the total variability, as
also reported by other authors (Leonardi et al., 1996; Reed and
Tomé, 1998; Cutini, 2000; Santa Regina, 2000; Montero et al.,
2005). Some crown variables have been found to work well in pre-
dicting crown fractions (Clark, 1982; Satoo and Madgwick, 1982;
Carvalho and Parresol, 2003). In this case, inclusion of crown vari-
ables did not explain higher levels of variability for the different
models evaluated, and therefore these variables were not finally
included. Some studies included age as an independent variable,
along with diameter and height, in biomass models (Bédéneau,
1988; Porté et al., 2002; Saint-André et al., 2005), but in this study,
age was not considerate as an explanatory variable.

For the individual tree level system that used felled tree vari-
ables, the diameter and height of stump were included as indepen-
dent variables. Inclusion of these variables increased the accuracy
of the system by more than 70%. These types of equations are very
useful for estimating biomass when the only information available
is the stump dimensions (e.g. after felling, thinning, strong winds,
etc.). Several equations have been used to estimate diameter at
breast height or individual tree volume from the stump dimen-
sions. However, equations have not been used to estimate biomass
from stump variables.

The main purpose of the stool biomass level equations was to
simplify the inventory to quantity the biomass per stool by mea-
surement of only one or two trees per stool (e.g. one or two trees
of maximum diameters and the corresponding heights). These
variables explained only 50% of the total sample variability, which
was therefore estimated from variables that were more difficult to
measure than the others (number of trees, mean diameter of all the
trees, basal area of the stool). Finally, the system of equations ac-
counted for more than 80% of the total variability.

For the stand level, the inventory would have been simplified
by inclusion of a single variable such as dominant diameter, but
this variable showed a low degree of accuracy in the estimation
(relative to the 60–70% of the total variability accounted in this
study). Similar results were obtained by Vega-Alonso et al.
(1993), Barrio-Anta et al. (2006) and Castedo-Dorado et al.
(2009). As a consequence, dominant diameter, basal area and
dominant height were finally selected as significant variables
for predicting biomass of the different components. These vari-
ables by themselves explained more than 63% of the variability
and provided accurate estimates of stand biomass by measuring
only height of a few dominant trees. On the contrary, stand den-
sity did not provide a significant improvement over the different
components evaluated. Both stand basal area and dominant
height have been widely used by researchers to predict volume
yield (i.e. Brooks and Wiant, 2004), which is closely related to
stem wood biomass. Other variables such as stand density and
dominant diameter are included in some biomass component
equations (especially leaves/needles and branches), to take into
account the stage of stand development and the level of compe-
tition within the stand (Bi et al., 2010).
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Validation with an independent data for the first two levels
(individual tree and stool) confirmed the applicability of the differ-
ent biomass equations estimated for chestnut coppices systems in
north-western Spain. Both validation statistics, APE and Bias, in-
creased in the following order: standing tree, felled tree and stool
equations. Similar results were obtained by Case and Hall (2008).
Despite the less accurate predictions of the stool and felled tree
equations, both of these systems are useful if the only available
data are the stool or stump dimensions. The magnitude of Bias

did not vary greatly in relation to tree size and only varied notably
for the largest classes. This can be partly attributed to the relatively
small number of trees and stools sampled in the larger classes
(based on diameter or basal area, respectively).

5. Conclusions

A three level system for biomass estimation in chestnut coppice
stands in north-western Spain was developed according to the de-
gree of detail of data: individual tree, stool or stand. The first level
enabled calculation of individual tree biomass for different compo-
nents of standing or felled trees: wood, bark, crown and total bio-
mass for the former, and stem, crown and total biomass for the
latter. The second level was fitted for three stool biomass compo-
nents: stem, crown and total biomass. The last level was fitted in
order to calculate stand biomass for four different components:
wood, bark, crown and total biomass.

As expected, the accuracy of the different biomass component
equations differed for each level studied, although the coefficients
of determination were high for all: more than 80% for the stand-
ing tree variables and the stump equations, more than 70% for the
felled tree variables and more than 60% for the stand equations.
Different ranges of RMSE values were obtained for the biomass
components evaluated; the root mean square error varied be-
tween 24 and 58 kg for the stem component, between 7 and
40 kg for the crown component, and between 33 and 66 kg for
the total component, for the different levels evaluated. The rela-
tively lower accuracy of crown component models may be due
to different factors: (i) the sensitivity of the components to sam-
pling opportunity, and (ii) differences in the distribution of dry
matter between crown and stem depending on stand age and
stocking density.

Validation by use of an independent data set reflected the qual-
ity of predictions and increased the credibility of the models. For
the stand level, it is advisable to fell all of the trees in some plots
to obtain data to complete the validation process for all levels
studied.

The advantage of the equations presented is that they are sim-
ple, practical and easy to use, and they provide rapid and inexpen-
sive biomass estimates with low data requirements. The
information obtained with these biomass equations, which is
applicable to data on individual trees (standing or felled trees),
stools or stands, can be applied to forest inventories and to a great
variety of types of studies (e.g. amount of fuel and the fire propa-
gation conditions, carbon sequestering, site sustainability, etc.)
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Abstract
• Context Despite the economic importance of Castanea

sativaMill. in northwest Spain, studies of its growth and yield
are practically non-existent.
• Aims A compatible system formed by a taper function, a total
volume equation, and a merchantable volume equation was
developed for chestnut (C. sativa Mill.) coppice stands in
northwest Spain.
• Methods Data from 203 destructively sampled trees were
used for the adjustment. Outliers were removed with a non-
parametric local adjustment, providing a final data set of
measurements taken from 3,188 sections which was used to
test five taper models (compatible and non-compatible). A
second-order continuous autoregressive error structure was
used to model the error term and account for autocorrelation.
Presence of multicollinearity was evaluated with the condition
number. Comparison of the models was carried out using
overall goodness-of-fit statistics and graphical analysis.
• Results Results show that the models developed by Fang
et al. in For Sci 46: 1–12, 2000 and Kozak in For Chron 80, N

4: 507–515, 2004 were superior to other equations in
predicting diameter for chestnut coppice stands.
• Conclusion The compatible volume system developed by
Fang et al. in For Sci 46: 1–12, 2000 was finally selected as it
provided the best compromise between describing stem pro-
file and also estimating merchantable height, merchantable
volume, and total volume and therefore provides the first
specific tool for more effective management of chestnut cop-
pice stands.

Keywords Chestnut coppice . Volume system . Segmented
model . Compatible equations

1 Introduction

Sweet chestnut (Castanea sativa Mill.) covers more than 2.5
million hectares in Europe, with a distribution reaching from
the Southern Mediterranean to central, Atlantic, and Eastern
Europe (Conedera et al. 2004). Chestnut forests have been
recognized as habitats of interest in the European Natura 2000
network and are considered characteristic cultural landscapes
of the Mediterranean and Atlantic regions (Díaz Varela et al.
2009). In northwest Spain, chestnut is the most important
forest species, covering over 100,000 ha, mainly as coppice
stands (DGCONA 2013). This area accounts for over 95 % of
the potential area for chestnut coppice stands in Spain.

Although chestnut fruit production has traditionally driven
management in the region, changes in markets and local
economies have resulted in timber production becoming the
main objective in most exploitation nowadays (Álvarez et al.
2000). The vitality of the chestnut root system, with stools
capable of sustainably producing an abundance of shoots, and
high productivity (8–16 m3 ha−1 year−1 depending on site
conditions) facilitate management under a coppice system
(Giudici et al. 2000). Chestnut coppice produces valuable
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timber in relatively short rotations (20–40 years) compared to
other hardwoods (Gallardo et al. 2000; Kerr and Evans 1993).
The total volume (with bark) of sweet chestnut stands (high
forest and coppice stands together) harvested in Spain during
2011 was 58,090 m3 (MARM 2011), with more than 42.46 %
of this total volume being formed by trees from coppice stands
in northwest Spain.

Estimating timber volume stocks as accurately as possible
is essential in forest management. It is therefore necessary to
develop tools that allow the reliable estimation of tree volume
using variables which are easy to measure in the field, such as
diameter at breast height (D) and total height (H). One such
tool is individual tree volume equations. However, these
equations have the disadvantage of not being able to predict
tree volume for wood products which are classified by mer-
chantable size depending on log dimensions.

There are a number of ways to address this issue, the two
most important of which are developing volume-ratio equa-
tions that predict merchantable volume as a percentage of total
volume (Burkhart 1977; Clutter 1980; Reed and Green 1984)
or using taper functions.

Taper functions describe stem taper (Brink and Gadow
1986; Kozak 1988; Riemer et al. 1995) and provide forest
managers with estimates of (a) diameter at any point
along the stem, (b) total stem volume, (c) merchantable
volume and merchantable height to any top diameter and
from any stump height, and (d) individual volumes for
logs of any length at any height above the ground (Kozak
2004). Such functions can be implemented in different
computer software specially developed for this type of

calculation, such as GesMO (Diéguez-Aranda et al.
2009) or CubiFOR (Rodríguez et al. 2008). To develop
this type of function, it is necessary to have a longitudinal
data structure, that is, multiple measurements for each
individual (Lindstrom and Bates 1990).

Ideally, a taper equation should be compatible, meaning
that the volume computed by integration of the taper function
should be equal to that calculated by a total volume equation
(Clutter 1980; Demaerschalk 1972; Fang et al. 2000). Exam-
ples of compatible volume-estimating systems are the works
carried out by Demaerschalk (1972), Goulding and Murray
(1976), and Fang et al. (2000).

Prediction tools are essential to understand the devel-
opment of forest stands and subsequently decide on the
best management strategy. In Spain, many taper functions
have been developed for different forest species (Barrio-
Anta et al. 2007; Crecente-Campo et al. 2009; Diéguez-
Aranda et al. 2006); however, there is currently no taper
function available for chestnut coppice, either in Spain or
elsewhere in the world. This work is a result of looking to
remedy this gap in provision, and its main objective is to
develop a taper function able to correctly describe the
profile of and ensure appropriate estimates of stem vol-
ume using chestnut coppice stands in northwest Spain as a
baseline. Specifically, we wish to focus on two questions:
(a) Is it possible to correctly describe the huge variability
of stem profiles in chestnut coppice stands given the high
number of stems which may grow from a single stool, and
(b) which model best describes this type of profile and its
variability?

Fig. 1 Map showing cover rates
for chestnut coppice stands in the
study area. Fitting plots are
indicated by red dots
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2 Material and methods

2.1 Data

The data used in this study were collected in 70 coppice stands
covering the existing range of ages, stand densities, and sites
of this species in the region. Figure 1 shows the map with the
locations of the stands used for the fitting data.

A total of 203 trees were felled and destructively sampled.
Trees had to be healthy and of a standard shape (i.e., not
forked nor excessively branched) and were selected in order
to ensure a representative distribution of diameter and height
classes (Table 1).

Before felling, diameter at breast height D (diameter at
1.3 m above the top of the stool, in cm) was measured to the
nearest 0.1 cm for each tree. The trees were then felled and
total bole length, that is, total height H, (in m) measured to
the nearest 0.1 m. The trees were cut into 1-m logs, up to a
top diameter of 7 cm, and measured to the nearest centime-
ter. Two perpendicular over bark diameters (d, cm) and two
perpendicular bark thicknesses were measured to the nearest
0.1 cm in each cross section (at height h, in m, above the top
of the stool). Over bark log volumes were calculated in
cubic meters using Smalian’s formula, and the top section
was treated as a cone. Over bark total stem volume was
obtained by summing the over bark log volumes and the
volume of the top section. Finally, 3,282 pairs of diameter
(d) at a certain height (h) measurements were used for the
original fitting data set.

Data from an independent network of plots (established by
the Atlantic Forest Systems Research Group (GIS-Forest),
Department of Organisms and Systems Biology, University
of Oviedo) was used for validation purposes. The height-
diameter distributions for the fitting and validation samples
are very similar (Fig. 2), indicating that robust conclusions can
be reached from the validation analysis.

The scatterplot of relative diameter (d/D) against relative
height (h/H) was examined visually to detect possible anom-
alies in the data. This first analysis detected a number of
outliers (many of them corresponded to trees with abnormal-
ities) which were removed. A second analysis was carried out
with the systematic procedure proposed by Bi (2000) to detect
and remove other possible outliers, whereby local adjustment

Table 1 Descriptive statistics of tree and stand data sets used in the analysis for fitting and validation

Fitting Validation

n Mean Min Max Std. dev. n Mean Min Max Std. dev.

Individual tree

Nº logs 3,188 16.30 6 25 3.89 719 11.83 3 20 4.07

D 3,188 25.69 10.20 44.50 7.94 719 19.65 6.90 49.15 8.12

H 3,188 19.26 9.54 31.02 3.37 719 16.68 8.35 26.08 3.84

ntree_a 3,188 1.87 1 8 1.39 719 2.43 1 7 1.33

hstump 3,188 0.12 0 0.60 0.10 719 0.14 0.020 0.68 0.14

V 3,188 0.35 0.011 1.85 0.30 719 0.19 0.020 1.01 0.19

Stand

nree_b 63 2.19 1 26 2.25 30 2.73 1 24 2.42

N 63 1,692.52 410.26 4,753.42 942.07 30 2,025.51 222.82 8,244.23 1,762.97

G 63 40.01 16.33 65.33 11.30 30 10.29 3.41 35.40 6.79

Hm 63 16.93 10.63 24.16 3.09 30 – – – –

H0 63 19.91 12.15 28.17 3.09 30 16.52 10.75 23.37 3.27

D diameter at breast height (cm), H height (m), ntree_a number of stems from the stool where the sampled tree was cut, hstump stump height (m), V total
over bark stem volume (m3 ), ntree_b number of stems in the stool, N number of stems per hectare (stems ha−1 ), G basal area (m2 ha−1 ),Hmmean height
(m), H0 average height of the 100 thickest trees per hectare (m)
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was performed by the LOESS procedure of SAS/STAT®
(SAS Institute Inc. 2004a) with a smoothing factor of 0.25.

Using this approach, the number of extreme values accounted
for 2.83 % of total taper measurements. A small percentage of
the extreme data points were the result of errors in measuring
bole sections or in the transcription of field notes, but most
were the result of measurements in sections where the tree was
deformed due to abnormal growth or damage caused by the
presence of chancre (Cryphonectria parasitica (Murr.) Barr.).
Since taper functions are not intended for deformed stems,
these data points were excluded from further analysis,
resulting in a final total number of observations of 3,188, from
190 trees.

Figure 3a, b shows relative height against relative
diameter together with the LOESS regression curve, the
upper graphic showing all the collected data and that
below, the data excluding outliers, respectively. Summary
statistics of the final data used in this study for tree and
stand variables, together with model validation data, are
shown in Table 1.

2.2 Equations tested

We analyzed a total of five models, which are described below
and whose expressions are shown in Table 2:

– Fang et al. (2000). Compatible system formed by a taper
function, a total volume equation, and a merchantable
volume equation. The taper equation is segmented with
two attachment points and three form factors, one for
each segment.

– Bi (2000). Non-compatible variable-exponent taper
function.
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Fig. 3 Data points of relative diameter and relative height plotted with a
local regression LOESS smoothing curve (smoothing factor=0.25) for all
data (a) and after the elimination of outliers (b)

Table 2 Fitted taper equations and their corresponding mathematical expression

Model Expression

Fang et al. (2000)
d ¼ c1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H k−b1ð Þ=b1 1−qð Þ k−βð Þ=β

α
I1þI2
1

α
I2
2

q

c1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a0D
a
1Ha

2
−k=b

1

b1 r0−r1ð Þþb2 r1−α1r2ð Þþb3α1r2

q

r0 ¼ 1−hstump=H
� �k=b1 r1 ¼ 1−p

1
ð Þk=b1 r2 ¼ 1−p

2
ð Þk=b2

β ¼ b
1− I1þI2ð Þ
1

bI1
2
bI2
3 α1 ¼ 1−p

1
ð Þ

b
2
−b

1ð Þk
b1b2 α2 ¼ 1−p

2
ð Þ

b
3
−b

2ð Þk
b2b3

I1=1 if p1≤q≤p2, 0 in all other cases
I2=1 if p2<q≤1, 0 in all other cases
p1=h1/H y p2=h2/H

Bi (2000)

d ¼ D
lnsin π

2
qð Þ

lnsin 1:3π
2Hð Þ

� �a1þa2sin π
2
qð Þþa3cos 3π

2
qð Þþa

4
sin π

2
qð Þ

q
þa5Dþa6q

ffiffiffi
D

p
þa7q

ffiffiffi
H

p

Kozak (2004) d ¼ a0D
a1Ha2X b1q

4þb2 1=eD=Hð Þþb3x
0:1þb5H

wþb6x

Demaerschalk (1972) di ¼ b0d
b1 h−hið Þb2hb3

Thomas and Parresol (1991) di
d

� �2 ¼ b1 q−1ð Þ þ b2sin b4πqð Þ þ b3cotan
πq

2

� �

D over bark diameter at breast height (at 1.30 m above the top of the stool, cm), d over bark diameter at height h (cm), H total tree height (m), h height
from top of the stool to top diameter d (m), hstump stump height (m), V total over bark stem volume (m3 ), a0,…, a2,…, b0,…, b6, p1, p2 parameters to be
estimated, k equal to π/40000, q is equal to h/H
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– Kozak (2004). Non-compatible variable-exponent taper
function.

– Demaerschalk (1972). Power function whose main ad-
vantage is that the volume equations obtained by integrat-
ing are algebraically compatible with classic taper
functions.

– Thomas and Parresol (1991). Trigonometric compatible
model.

2.3 Model fitting and selection

The models tested were fitted by non-linear regression with
the MODEL procedure of SAS/ETS® (SAS Institute Inc.
2004b) using generalized least squares for non-linear models.

Of the different options to estimate the parameters in
the systems where the taper equation includes a total
volume equation (Fang and Bailey 1999; Fang et al.
2000; Goulding and Murray 1976), in this study we
prioritized the taper function, setting this first and
subsequently performing the predicted volume calcula-
tion from the estimation parameters obtained.

To avoid problems in the estimation of the parame-
ters, a value of 0.001 was assigned to the final diameter
of the top section. Similarly, a value of 0.001 was also
subtracted from the heights equal to the total height,
that is h=H−0.001; values which are lower than the
appreciation limit are used in the data collection. This
approach allows the use of the entire data set for fitting
and does not significantly change parameter estimates
(Diéguez-Aranda et al. 2006).

There are several problems associated with stem taper
and volume equation analyses that violate the fundamen-
tal least squares assumption of independence and equal
distribution of errors with zero mean and constant

variance. One of the most common is the presence of
autocorrelation in the data as a result of working with
multiple observations on each tree. To resolve this prob-
lem, the error term was modeled using a continuous
autoregressive error structure (CAR(x)), which allows
the model to be applied to irregularly spaced, unbalanced
data (Zimmerman and Nuñez-Antón 2001).

Another problem in taper functions is multicollinearity,
which refers to the existence of high intercorrelations among
the independent variables in multiple linear or non-linear
regression analyses. To evaluate the presence of
multicollinearity, we used the condition number (CN). Ac-
cording to Belsey (1991), if the condition number is between 5
and 10, collinearity is not a major problem; if it is in the range
of 30–100, then there are problems associated with collinear-
ity; and if it is in the range of 1,000–3,000, the problems are
severe.

The criteria used for the comparison of the models
were based on the residual plot analysis and statistical
analysis of the goodness-of-fit statistics: adjusted coeffi-
cient of determination (R2

adj), root mean square error
(RMSE), and Akaike’s information criterion in differences
(AICd).

Table 3 Parameter estimates (approximated standard error in parentheses) for the models analyzed

Parameter Fang et al. (2000) Bi (2000) Kozak (2004) Demaerschalk (1972) Thomas and Parresol (1991)

a0 5.542×10−5 (3.7×10−6) 0.8600 (0.029)

a1 1.914 (0.015) 0.9781 (0.0084)

a2 0.936 (0.027) 0.08444 (0.015)

b0 1.520 (0.061)

b1 9.869×10−6 (1.61×10−7) Convergence was not achieved 0.7844 (0.029) 0.9567 (0.0098) −1.00228 (0.0065)

b2 3.362×10−5 (2.99×10−7) −0.3341 (0.040) 0.8898 (0.0070) 0.1107 (0.0036)

b3 2.667×10−5 (3.79×10−7) 0.4866 (0.016) −0.9378 (0.019) 3.851×10−7 (2.93×10−8)

b5 −0.01954 (0.0021)

b6 0.2318 (0.026)

p1 0.07191 (0.0014) 0.7258 (0.025) 0.8367 (0.024)

p2 0.5590 (0.0101) 0.3936 (0.020) 0.3639 (0.019)

Table 4 Goodness-of-fit statistics and condition number of the taper
functions evaluated

Model RMSE AICd R2
adj CN

Fang et al. (2000) 1.188 0 0.9838 62.40

Kozak (2004) 1.223 184.24 0.9828 62.57

Demaerschalk (1972) 1.537 1638.71 0.9728 62.81

Thomas and Parresol (1991) 2.055 3490.69 0.9515 3.74

RMSE root mean square error, AICd Akaike’s information criterion in
differences, R2

adj adjusted coefficient of determination, CN condition
number
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Although the goodness-of-fit statistics reflect the be-
havior of the data for the different models evaluated, they
may not indicate which model is the best for practical
purposes (Diéguez-Aranda et al. 2006); hence, this deci-
sion should be made after analyzing each model’s behav-
ior according to the different stem sections. To evaluate
this, the bias and the root mean square error were calcu-
lated and plotted for diameter estimation by relative
height classes (intervals of 15 %) and for height estima-
tion by diameter classes (intervals of 5 cm). To estimate
the height at which the different diameters are achieved,
the iterative bisection method was used.

2.4 Model validation

Quality of fit does not necessarily reflect the quality of
future prediction (Myers 1990). Only validation with an
independent data set enables the accuracy of the selected
model to be known (Huang et al. 2003; Kozak and Kozak
2003). In this study, the validation process was carried out
with an independent data set consisting of 70 trees (from a
network of plots established by the Atlantic Forest Sys-
tems Research Group (GIS-Forest), Department of Organ-
ism and Systems Biology, University of Oviedo), which
produced a total of 719 height/diameter data pairs. Trees
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were felled and destructively sampled following the same
methodology as used for the fitting data set. Two valida-
tion statistics were calculated to assess the overall predic-
tion performance of the fitted equations on this validation
data set: (a) an estimate of the average prediction error
(APE) (Eq. 1) (Weisberg 1985) and (b) mean bias (Eq. 2)
estimated as an overall average and summarized by diam-
eter class, similar to that used by Zhang (1997). Both
statistics present errors in the same units as the variable
used, in this case centimeter for diameters and cubic meter
for volumes. The APE statistic in the validation process is
similar to the RMSE in the fitting.

APE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

i¼1
Y i−

bY i

� �2

n

vuut
ð1Þ

Bias̄ ¼

Xn

i¼1
Y i−

bY i

� �

n
ð2Þ

where Yi is the observed or real value, bY i is the estimated value
with the model, and n is the sample size of the validation data.

To examine the performance of the models in greater detail,

the values of Bias were plotted against diameter and total
volume. These graphs are of interest since they illustrate areas
in which the adjustedmodels provide poor or good predictions
according to the diameter class of the evaluated trees.

3 Results

Table 3 shows the parameters for the taper functions fitted, all of
which were significant at the 5% level, except for the Bi (2000)
model, where convergence was not achieved. The model of
Kozak (2004) was modified by removing the b4 parameter in
order to adapt it to local and species conditions (Kozak 2004).

All models performed well, each explaining more than
95 % of the total variability, with mean error below 2.05 cm
(Table 4). Comparison of goodness-of-fit statistics indicates
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that the best-fitting models are those of Kozak (2004) and
Fang et al. (2000), which each explaining more than 98 % of
the total variability. In both cases, the presence of
multicollinearity was observed (CN around 62) but it was
considered to be within acceptable limits.

A trend in the residuals depending on the distance and the
relative position of the measurement along the stemwas found
in the model fitting. Therefore, autocorrelation was corrected
applying a second-order autoregressive structure (because
using a first-order structure proved to be insufficient) with
the aim of obtaining unbiased and efficient estimates, which
did not invalidate statistical tests. Following this correction,
the trends in residuals virtually disappeared. Figure 4 provides
an example using the model of Fang et al. (2000).

Statistics are good indicators of the global performance of
the taper function, but alone, they do not allow the best model
to be selected. To do this, the evolution of bias and mean
square root error in diameter estimation by relative height
classes at intervals of 20 % (Fig. 5a, b) and in height estima-
tion by diameter class (Fig. 6a, b) was analyzed for the two
best-fit models, Fang et al. (2000) and Kozak (2004).

Graphical analysis of the bias in predicting diameters
(Fig. 5a) confirmed the good performance of both models
(with bias under ±0.1), with a certain advantage seen for the
model of Fang et al. (2000), which showed lower bias at
different heights, especially in the lower part of the stem (that
with the highest merchantable value). In relation to the evo-
lution of RMSE in predicting diameters (Fig. 5b), both models
were very similar, although the model of Fang et al. (2000)
was slightly better.

With regard to the evaluation of bias in predicting heights
(Fig. 6a), the model of Fang et al. (2000) showed lower bias
until diameter class 35, at which point the model of Kozak
(2004) performed better, although the model of Fang et al.
(2000) again showed the best fit at class 45. For both models,
however, there was bias, although up to and including diam-
eter class 25 it was always below 0.3 cm, and for the classes

above this, always less than 0.4 cm. The behavior of both
models in terms of RMSE was very similar (Fig. 6b).

Taking into account the results and in particular the practi-
cal utility of the compatibility between the classic two inputs
volume equation and the taper function, the model of Fang
et al. (2000) was selected as the most appropriate for chestnut
coppice stands in northwest Spain.

The plotting of values from predicted diameter in the
selected taper function against the residuals is shown in
Fig. 7, where no systematic trend in the distribution of resid-
uals was observed. Figure 8 shows, as an example, the profile
of three trees—one small (d=11.15 cm and h=12.19 m), one
medium sized (d=24.5 cm and h=18 m), and one large (d=
36 cm and h=24.12 m) generated from the observed values
(solid lines) and predicted values (dashed lines) for the model
of Fang et al. (2000). Figure 9 shows predicted values of total
volume for the selected taper function against the observed
volume values, verifying the accuracy of the estimates (ac-
counting for 98.38 % of the total variability).

3.1 Model validation

Table 5 shows the statistics used in model validation, calculated
for different diameter classes. APE generally increased with
diameter class in the trees evaluated for the variable diameter
and volume and provided good results (average prediction error
of 2.14 cm for diameter and 0.059 m3 for volume).

The graphs of mean prediction bias are shown in Fig. 10.
All values obtained, in the case of both diameter and volume,
were similar and close to zero, indicating that the selected
equation fits well with the real profile of the tree. Up to
diameter class 25, the statistics were very close to zero,
although, it is important to note that from diameter class 35,

the Biasvalues in predicting diameter were far from zero. Bias
values indicate that both diameter and total tree volume are
overestimated (negative values).

4 Discussion

Currently, detailed information is available as regards the
different functions and methodologies for the correct estima-
tion of diameters at different heights and total or merchantable
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Table 5 APE and Bias statistics generated from the assessment of
prediction error for the taper function fitted in the validation process

APE
Bias

Diameter (d) 2.14 −0.41

Total volume (V) 0.059 −0.019

APE average prediction error, Bias mean bias
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stem volume for different species (e.g., Barrio et al. 2007;
Diéguez-Aranda et al. 2006). However, no such tools are yet
available for chestnut, neither for high forest nor for coppice
stands, hence the relevance of this work, which facilitates a
better understanding and management of the species.

The final selected model explained more than 98.4 %
of total variability and had mean errors below 1.20 cm.
The estimates obtained in the models analyzed were
similar to those obtained for other species. The model
of Fang et al. (2000) has shown good performance, as
much for broadleaf species as for conifers (e.g., Barrio-
Anta et al. 2007; Diéguez-Aranda et al. 2006; Pompa-
García et al. 2009).

Significant variability in chestnut stem profiles occurs
in this study due to the high number of stems (up to eight)
which were growing from each stool. Previous studies
(e.g., Muhairwe 1994) have already demonstrated that
factors such as site index, size and position of the crown,
and stand density affect the profile of the tree. Modeling
the profile of chestnut, in particular in coppice stands,
presents an additional difficulty. Due to the fact that often
many stems come from the same stool, it seems logical
that stool density (number of stems per stool) as well as
stand density might also be a key factor because internal
competition affects the profile of the tree. Despite this, the
selected model explained over 98 % of total variability,
above the values obtained in previous broadleaf studies
(Barrio-Anta et al. 2007; Pompa-García et al. 2009).
Moreover, as the bias values in predicting diameters show,
the results perform well in relation to the basal part of the
tree, thereby solving one of the main problems associated
with the use of taper functions in trees with prominent
basal zones.

Validation with an independent data set confirmed the
applicability of the selected taper function and the compatible
volume equation for chestnut coppice stands in northwest

Spain. Both statistics, APE and Bias, increased with diameter

class in the trees evaluated. Bias values did not vary greatly
until diameter class 35, after which range slightly increased.
This can be attributed in part to a relatively lower number of
sampled trees in this diameter class, that is, 4 trees from a total
of 70 in the whole validation data set.

5 Conclusions

A taper function for chestnut coppice stands in northwest Spain
was developed to estimate diameter at any point along the stem,
along with a total volume equation compatible with the fitted
taper function. A total of five models were evaluated: the
segmented model of Fang et al. (2000), the variable exponent
functions proposed by Bi (2000) and Kozak (2004), the power
function proposed by Demaerschalk (1972), and the trigono-
metric compatible model proposed by Thomas and Parresol
(1991). In the end, the Bi (2000) model was not compared to
the other models because convergence was not achieved in this
case. All the other functions analyzed had good performance in
estimating diameter along the stem, all of them appropriately
describing the stem profile for chestnut coppice stands.

The compatible system to estimate volume proposed by
Fang et al. (2000) was finally selected as the best taper
function to explain the profile of chestnut coppice, as much
for its goodness-of-fit statistics (R2adj of 0.98 and mean error
of 1.19 cm) as for its prediction ability for diameter and height
along the stem. This system has the advantage of being
formed by a taper function, a total volume equation, and a
merchantable volume equation, all of which are compatible
between themselves.

Validation using an independent data set reflected the qual-
ity of predictions and confirmed the ability of the selected
taper function to describe the stem profile in chestnut coppice
stands in northwest Spain.

The taper function finally selected could be used for coppice
stands in the rest of the country or elsewhere in the first
instance, until new adjusted taper functions are developed to
ensure the most accurate estimations possible for specific areas.
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Abstract  27 

The importance of chestnut coppice stands in northwestern Spain, together with 28 

the almost total lack of growth and yield studies, makes necessary the development of 29 

basic, widely applicable tools to facilitate forest management by stakeholders and 30 

Public Administrations.  31 

The following models were developed for this purpose: a site index model (from 32 

stem analysis data); two models for estimating variation in tree density (the 33 

heterogeneous silvicultural state of the stands force division of the data into two groups 34 

- high and low density); and equations for estimating quadratic mean diameter, total 35 

and merchantable volume and several biomass components.  36 

These equations were used to develop two useful tools for designing and 37 

evaluating future management options: yield tables and stand density management 38 

diagrams (SDMDs). Two yield tables were developed for each of the previously defined 39 

site quality indices (10, 14, 18 and 22 m at a reference age of 22 years) - one for each 40 

density class (high and low). Average growth in the rotation producing the maximum 41 

sustainable yield varied depending on tree density and site quality: 32.0 m3 ha-1 year-142 

for the highest density and best quality, compared with 4.4 m3 ha-1 year-1 for the lowest 43 

density and poorest quality. Rotation lengths producing maximum sustainable yield 44 

ranged between 27 and 46 years. The SDMDs developed allow estimation of total 45 

stand volume, biomass and carbon stocks for chestnut coppice stands in northwestern 46 

Spain. 47 

The basic tools developed in this study represent a starting point for development 48 

of dynamic growth models and for future studies of different management regimes, 49 

which will improve knowledge about chestnut coppice stands in northwestern Spain. 50 

1. Introduction51 

More than 90% of all chestnut stands of Spain are located in the northwest of the 52 

country (DGCONA 2013). Together with the historical, economic and productive 53 

importance of this species, this makes current concern about abandonment of these 54 



stands of particular relevance. Public Administrations and stakeholders, aware of this 55 

situation, are now demanding active management to yield the best performance in this 56 

type of stand, in terms of both profitability and long-term sustainability.   57 

Accurate estimation of forest site quality, timber volume stocks and aboveground 58 

stand biomass is essential in forest management. Basic equations (site index curves 59 

and merchantable volume equations) and tools (yield tables and stand density 60 

management diagrams) are therefore need to enable reliable estimation of these 61 

variables and thus establish the current situation of the stands, as well as to optimize 62 

stand management and predict one or more future scenarios. 63 

 The first step in the study of stand yield and growth for any species is the 64 

classification of sites according to their quality. Two concepts can be used to define the 65 

quality of a forest site: site quality and site productivity. The first is related to the 66 

potential productivity, which is the inherent ability of a site to provide resources that 67 

support growth and can be defined in terms of timber management as �the timber 68 

production potential of a site for a particular species�. The second refers to the 69 

expected productivity, which is the potential growth that a site can support following its 70 

modification (Clutter et al. 1983). 71 

Methods of estimating productivity (site quality) and of projecting stand height are 72 

important components of silvicultural and management modelling systems. The most 73 

accurate and commonly used productivity assessment methods for even-aged stands 74 

are based on height growth of dominant trees (Weiskittel et al. 2011, Burkhart & Tomé 75 

2012). Typically, the site quality for a certain species is described by a site index, i.e. 76 

the predicted dominant or top height at a given reference age.  77 

The second step involves acquiring information about the growing stock in relation 78 

to the initial spacing and/or subsequent thinning that are required to achieve specific 79 

management objectives. The process of information gathering and control is 80 

characterized by a multitude of treatment options available to forest managers (Newton 81 



1997, Newton et al. 2005). However, it can be done with two types of static growth and 82 

yield models:  yield tables and stand density management diagrams.  83 

Development of static models, less accurate than dynamic models, represents the 84 

first step in studying the growth and development of a species or a type of stand when 85 

there is no other information available. 86 

Yield tables have been defined by Madrigal et al. (1991) as numerical tables that 87 

represent the changes that occur over time in a regular or contemporary stand, for a 88 

particular species, different site index classes and one or more different silvicultural 89 

treatments. 90 

Stand density management diagrams (SDMDs) are average stand-level models 91 

that graphically illustrate and integrate relationships between yield, density and 92 

mortality throughout all stages of stand development, thus linking quantitative 93 

silviculture with population ecology, production ecology and biometrics (Newton & 94 

Weetman 1994, Jack & Long 1996). Use of these diagrams is one of the most effective 95 

methods of designing and evaluating alternative density management regimes in even-96 

aged stands (Jack & Long 1996). 97 

The diagrams are constructed by characterizing the growing stocks by use of 98 

indices that relate density (e.g. number of stems per hectare) to the average tree size 99 

(e.g. volume, height or diameter). Several density indices have been developed: the 100 

stand density index (Reineke 1933), the relative density index (Drew & Flewelling 101 

1979), the self-thinning rule (Yoda et al. 1963) and the relative spacing index (RS) 102 

(Wilson 1946). The great advantage of these density indices is that they are 103 

independent of stand age and site quality (Long 1985, McCarter & Long 1986). 104 

The aims of the present study were as follows: (i) to develop basic equations to 105 

represent as realistically as possible the growth and behaviour of chestnut coppice 106 

stands in northwestern Spain; and (ii) to develop tools − yield tables and practical 107 

SDMDs − for estimating total volume and other stand variables of interest, to aid forest 108 

managers in the decision-making process.  109 



2. Materials and methods 110 

2.1 Data  111 

A network of 70 permanent plots was established in chestnut coppice stands to 112 

cover the existing range of sites, ages and stand densities in the area of distribution of 113 

the species in northwestern Spain.  114 

All plots were labelled, and diameter at breast height (dbh) (d, cm) and total           115 

height (h, m) of the trees were measured. Information including stand health, age, stool 116 

identification, vegetation and physiographical factors were also recorded � see  117 

Menéndez-Miguélez et al. (2013) for more details.  118 

Stem analysis data were obtained by felling dominant trees in areas adjoining 58 119 

of these plots. The trees were selected according to the methodology of Madrigal et al. 120 

(1992), whereby diameter and height of the selected trees do not differ by more than 121 

5% of the mean diameter and mean height of the dominant trees in the plot. All 122 

selected trees were healthy, well-shaped and belong to the upper canopy of the stand. 123 

Dominant height, which is conventionally calculated from the 100 thickest trees per 124 

hectare, was calculated as the mean height of the 7 thickest (largest-dbh) trees per plot 125 

(Assmann 1970). 126 

Cross-sectional disks were obtained at the stem base just above the stool (Figure 127 

1), and at 1 metre intervals thereafter until a top diameter of 7 cm. The exact height 128 

above ground and the diameters (with and without bark) at the points where the disks 129 

were removed were measured, and growth rings were counted. Growth ring counts and 130 

heights for the cross section disks were used to estimate height-age pairs, to 131 

reconstruct past tree growth.  132 

The plots used to develop the models proposed in this study should belong to pure 133 

stands. However, examination of the data collected revealed that some of the plots 134 

were not exactly pure stands. As a consequence, 15 of the plots were finally removed 135 

from the data set (final number of plots of 55). Two of the permanent plots were cut 136 

before the end of this study. Their ages and therefore their site indexes were not 137 



known, and these plots also were not taken into account in some of the equations 138 

tested (final number of plots in these cases, 53). Summary statistics of the main plot 139 

variables are shown in Tab. 1. 140 

2.2 Basic equations 141 

Site index 142 

Stem analysis carried out with the method described above underestimated the 143 

heights of each section because cross section lengths did not coincide with periodic 144 

height growth. This bias was corrected by using Carmean's algorithm (1972) with the 145 

modification proposed by Newberry (1991) for the topmost section of the tree. Data 146 

were further examined to detect abnormalities, and 111 trees were finally selected 147 

(1663 height-age observations) to model the variation in dominant height with age. 148 

The site curves were developed using the simplified approach of mixed-effects 149 

modelling proposed by Cieszewski (2003), by applying the GADA (Generalized 150 

Algebraic Difference Approach) to develop the equation and the dummy variables 151 

method, as described by Cieszewski et al. (2000), to estimate the parameters. Direct 152 

use of data, such as constants, does not violate regression assumptions as 153 

environmental and measurement errors associated with these data are estimated at 154 

the same time as all other parameters of the model (Cieszewski 2003).  155 

Three-parameter models were evaluated, and several variants of each were tested 156 

using the simplified approach of Cieszewski�s mixed-effects model (2003). Both one 157 

and two site-specific parameters were considered. The first two models are based on 158 

the differential function proposed by Bertalanffy (1949, 1957) and studied by Richards 159 

(1959), considering one or two parameters of the base model as site-specific, and 160 

providing polymorphic curves with a single or variable asymptotes, respectively. The 161 

third model (McDill & Amateis 1992) considers only one parameter as site specific in 162 

the base model and yields polymorphic curves with a single asymptote. The final model 163 

tested, i.e. that proposed by Cieszewski (2002), yields polymorphic curves with multiple 164 

asymptotes and considers two parameters as site specific. 165 



Evaluation of the growth of an individual tree over time with single time series 166 

equations often generates autocorrelation. To overcome this, a continuous 167 

autoregressive structure CAR (x) was used to model the error terms and estimate the 168 

model parameters. The structure was implemented using the MODEL procedure of 169 

SAS/ETS® (SAS Institute Inc. 2004b). 170 

The base age for site index equations was selected according to the following 171 

considerations (Goelz & Burk 1992): i) the base age should be less than or equal to the 172 

youngest rotation age under typical management, ii) the base age should be close to 173 

the rotation age, and iii) the base age should be chosen so that it is a reliable predictor 174 

of height at other ages. To address the third point, different base ages and their 175 

corresponding observed heights were used to estimate heights at other ages for each 176 

plot or tree. The results were compared with the values obtained from stem analyses 177 

and the relative error in predictions (RE%) was calculated as follows: 178 

RE%=
�� �Yi-Y� i�2

/�n-p�i=n
i=0

Y� �100 
 [1] 

where Yi, Y� i and Y� are the observed, estimated and average values of tree height, 179 

respectively; n is the total number of observations used to fit the model; and p is the 180 

number of model parameters. 181 

Stand density  182 

A stand density model requires a certain degree of homogeneity in the silvicultural 183 

management of the study plots, otherwise it will be difficult to develop an accurate 184 

model, and the results may lack practical value (Sánchez et al. 2003).  185 

The silvicultural stages of chestnut coppice stands in northwest Spain are very 186 

heterogeneous, as reflected by the variation in stand density with different stand 187 

variables such as dominant height, quadratic mean diameter and age. 188 

The method used in this study to develop a stand density equation is based on 189 

that reported by Sánchez et al. (2003), which considers the density and its most 190 

probable development as the basis of classification. Principal components analysis was 191 



applied, using the PRINCOMP procedure of SAS/ETS® (SAS Institute Inc. 2004b), with 192 

the aim of obtaining the rotation of axes that yields the first component with maximum 193 

variance. Adequate delimitation of the second principal component value enabled 194 

classification of the plots into two density classes: (i) �low density plots� and (ii) �high 195 

density plots�. 196 

Different equations were tested for each group, using dominant height and stand 197 

age as independent variables.  198 

Quadratic mean diameter 199 

This relation is used to predict the quadratic mean diameter (dg) of a stand on the 200 

basis of different stand variables such as density (N), dominant height (H0) and age (t). 201 

Different linear models were tested for all data. The models were not tested in relation 202 

to density classes because stand density was included as one of the independent 203 

variables, and therefore it was not necessary to classify data according to a silvicultural 204 

indicator, even considering that plots could be managed by different schemes.  205 

Total and merchantable volume 206 

This relation predicts the total stand volume (m3 ha-1) on the basis of different 207 

stand variables, which often include basal area (G) and dominant height. The first step 208 

consisted of estimating the total tree volume, for which the total volume equation of the 209 

compatible system of Fang et al. (2000), as reported by Menéndez-Miguélez et al. 210 

(2014), was used. Once the total tree volume was known, the total volume of each plot 211 

was estimated and a total volume stand equation was developed.  212 

Several models were analysed by using basal area, dominant height, quadratic 213 

mean diameter or stand density as explanatory variables. Mean height (Hm) was also 214 

considered as an explanatory variable but proved less accurate, possibly because it 215 

was more sensitive to silvicultural treatments used to reduce stand density. 216 

The merchantable volume equation developed by Menéndez-Miguélez et al. 217 

(2014) was also used to estimate total tree volume for different top diameters (between 218 

0.5 and 40 cm, with intervals of 0.5 cm). Summing these volumes provides estimates of 219 



stand volumes for the different top diameters. Different volume ratio equations, similar 220 

to those proposed by Burkhart (1977) and Van Deusen et al. (1981), were used to 221 

estimate the merchantable stand volume equation, using quadratic mean diameter 222 

and/or dominant height as independent variables.  223 

Finally, the merchantable stem volume equation was fitted with a single equation 224 

[2] formed by a total volume equation and the volume ratio equation, as follows: 225 

Vmi=Vm�Ri [2] 

where Vmi is the merchantable stand volume (m3 ha-1) up to a diameter di (cm), Vm is 226 

the total stand volume (m3 ha-1) and Ri is the stand volume ratio equation for this 227 

diameter.  228 

Stand biomass 229 

Additional equations for estimating the biomass (t ha-1) of different aboveground 230 

stand components (wood, bark, crown and total biomass) were also considered in the 231 

study. Some of these equations  were fitted in a previous study (Menéndez-Miguélez et 232 

al. 2013). New models with stand density and dominant height as independent 233 

variables were also tested, because of the need to include these as explanatory 234 

variables in the SDMD. The procedure for developing these equations was as 235 

previously reported (Menéndez-Miguélez et al. 2013), and simultaneous fitting was 236 

used to guarantee the additivity of the tree biomass components.  237 

2.2 Model fitting and comparison 238 

Linear models were fitted by least squares method using the REG procedure of 239 

SAS/STAT® (SAS Institute Inc. 2004a). Nonlinear models were fitted by least squares 240 

with the NLIN procedure of the same program, using the iterative method of Gauss-241 

Newton (Hartley 1961). 242 

Model performance was compared on the basis of numerical and graphical 243 

analysis of the residuals. The following goodness-of-fit statistics were calculated to 244 

select the best models: adjusted coefficient of determination (R2
adj), root mean square 245 

error (RMSE) and Akaike�s information criterion in differences (AICd). 246 



3. Results 247 

3.1 Basic equations 248 

Site index 249 

A trend in the residuals (caused by age-lag-residuals within the same tree) was 250 

detected in all models, as expected because of the longitudinal nature of the data. This 251 

trend disappeared after correction of autocorrelation.  252 

The GADA formulation derived from the Cieszewski (2002) model with two site-253 

specific parameters was finally selected after comparison of goodness-of-fit statistics 254 

and graphical analysis of the four models evaluated. This dynamic equation enables 255 

direct prediction of dominant height SI (m) at any age t (years), from any other 256 

dominant height H0 (m) at any other age t0 (years). 257 

The parameter estimates for the selected model and their corresponding 258 

goodness-of-fit statistics are shown in Tab. 2. All parameters were significant at the 5% 259 

level. 260 

Regarding selection of the base age for site quality classification, ages between 20 261 

and 30 years were superior for predicting height at other ages. As selection of the 262 

youngest base age possible is valuable for early decision making in stand 263 

management, a base age of 22 years was selected as the best option (Fig. 2).264 

Stand density 265 

Comparison of the different equations evaluated showed that age was the best 266 

explanatory variable for the variation in stand density, independently of whether the 267 

stand was high or low density. The selected equation, the parameter estimates for 268 

each density class and their corresponding goodness-of-fit statistics are shown in Tab. 269 

3. All parameter estimates were significant at P < 0.05. 270 

Quadratic mean diameter 271 

Dominant height, age and stand density proved to be the best explanatory 272 

variables for the quadratic mean diameter equation. For SDMDs, it is preferable to 273 

develop equations that only depend on dominant height and stand density. Therefore, 274 



with the aim of maximizing the accuracy of the system, the equations selected for later 275 

inclusion in the yield tables are different from the equation later included in the SDMDs.  276 

Selected equations, for both yield tables and SDMDs, explained more than 77% of 277 

the total variance (Equation [7] and [8], respectively, Tab. 4). All parameter estimates 278 

were significant at P < 0.05. 279 

Total and merchantable volume 280 

Comparison of the different stand volume models analysed revealed that basal 281 

area, stand density and dominant height were the best explanatory variables. Two 282 

different equations were developed to estimate volume: one for inclusion in the yield 283 

tables and the second for inclusion in the SDMSs. In the first case, a merchantable 284 

volume equation was developed which explained more than 99% of total variance and 285 

in which all the parameter estimates were significant at P < 0.05 (Equation [9], Tab. 5). 286 

It was not possible to fit a merchantable volume equation that only depended on stand 287 

density and dominant height in the total stand volume part. Therefore, for inclusion in 288 

the SDMSs another total stand volume equation that only depended on stand density 289 

and dominant height was developed. This equation may explain less of the variation in 290 

the whole sample (about 61%) and all the parameter estimates were significant at P < 291 

0.05 (Equation [10], Tab. 5). 292 

Stand biomass 293 

Two set of stand biomass equations are presented in this study. Previously fitted 294 

equations (Menéndez-Miguélez et al. 2013) were used for inclusion in the yield tables. 295 

These equations were fitted simultaneously to ensure additivity of the different 296 

components. They explain more than 60% of the total variance and enable estimation 297 

of the biomass of wood, bark, crown and total biomass (Equations [11]-[14], Tab. 6). 298 

Additional equations were also tested for inclusion in the SDMDs because, as 299 

previously explained, it is preferable that these equations only depend on stand density 300 

and dominant height as independent variables. As fitting biomass equations that 301 

depended only on these two variables was more difficult than using other explanatory 302 



variables, it was not possible to develop crown biomass equation or an independent 303 

equation for wood and bark biomass. Therefore, it was only possible to fit a stem 304 

biomass equation − combining wood and bark components in order to improve the fit −305 

and a total biomass equation. The fitted equations explained more than 67% and 57% 306 

of the variance in stem and total biomass, respectively. All parameter estimates were 307 

significant at P < 0.05 (Equations [11] - [16], Tab. 6).308 

3.2 Management tools 309 

Yield tables 310 

The previously fitted equations were used to construct the yield tables for chestnut 311 

coppice stands in northwestern Spain, to obtain the following different stand variables:  312 

� Input variables: age (t, years), dominant height (H0, m). 313 

� Output variables (stand before thinning): density (N, trees ha-1), quadratic 314 

mean diameter (dg, cm), basal area (G, m2 ha-1), total volume (V, m3 ha-1), 315 

merchantables volumes (V15, V20, V40, m
3), wood (Ww, t ha-1), crown (Wc, t ha-1) 316 

and total biomass (Wt, t ha-1). 317 

� Output variables (removed stand, stand after thinning, total stand): number of 318 

trees extracted of each age (Ne), quadratic mean diameter extracted (dge), 319 

quadratic mean diameter after thinning (dgat), basal area extracted (Ge), basal 320 

area after thinning (Gat), total volume extracted (Ve), accumulate volume (Vac), 321 

total volume after thinning (Vat), wood (Wwe), crown (Wce) and total biomass 322 

extracted (Wte), wood (Wwat), crown (Wcat) and total (Wtat) biomass after 323 

thinning, total stand volume (Vt). 324 

� Output variables (growth): mean annual increment (MAI, m3 ha-1 year-1), 325 

periodic annual increment (PAI, m3 ha-1 year-1). 326 

Tab. 7 to Tab. 14 show the eight yield tables developed according to four site 327 

index classes and two densities (high and low) for chestnut coppice stands in 328 

northwestern Spain. Although the merchantable volumes included in these tables are 329 



the most useful according to the current wood market in northwestern Spain, the yield 330 

tables can be developed for any top diameter, depending on market conditions. 331 

Stand density management diagrams 332 

Four SDMDs were developed by superimposing the expected size-density 333 

trajectories on a bivariate graph, with dominant height on the x-axis and number of 334 

stems per hectare on the y-axis. The range of values represented by the axes and the 335 

isolines were similar to the range of values included in the data used to construct the 336 

diagram (Tab. 1). The values of relative spacing index were used to plot the isolines for 337 

each of the previously estimated variables (dg, Vm, Wstem, Wtotal � Figure 3, Figure 4, 338 

Figure 5). 339 

4. Discussion 340 

Despite the importance of sweet chestnut coppice stands in northwestern Spain, 341 

some of the tools required for determining the growth and yield of this species are not 342 

yet available either for this region or any other.   343 

Good forest management is based on knowledge and diagnosis of the current 344 

situation of the stand, for which SI is a key tool. Cabrera & Ochoa (1997) used the 345 

guide curve approach to determine SI in chestnut coppice stands in Asturias (NW 346 

Spain). Nevertheless, in the present study, we used the generalized algebraic 347 

difference approach (GADA) (Cieszewski & Bailey 2000) to generate polymorphic 348 

curves, with data derived from permanent plots and stem analysis. Examination of the 349 

graphs showed that the SI curves provided the best description of individual growth 350 

trends for chestnut in coppice stands in northwestern Spain.  351 

The rotation length that produces the maximum sustainable yield varied from 46 352 

years for the lowest quality to 27 for the highest. The estimated highest qualities are 353 

greater than those reported by Cabrera & Ochoa (1997) (31 years) and by Elorrieta 354 

(1949) (30 years) and those proposed by Bourgeois (1992) and Lemaire (2008) for 355 

high quality timber in France (40-45 years). Nevertheless, for the lowest qualities, the 356 

estimates differ by 8-9 years depending on the stand density class: Cabrera & Ochoa 357 



(1997) estimated that a rotation of 37 years would provide the maximum sustainable 358 

yield. The differences in the lowest qualities may be explained by the different SI 359 

equations developed in both studies and the fact that yield tables developed by 360 

Cabrera & Ochoa (1997) do not use an equation to explain density evolution over time. 361 

For the lowest qualities, Bourgeois et al. (2004) and Lemaire (2008) proposed clear 362 

cutting the stand at 20-40 years and not carrying out any type of silvicultural treatment. 363 

The productivity (periodic annual increment in the rotation of maximum sustainable 364 

yield) in chestnut coppice stands is remarkably high, typical of fast growing species, 365 

and therefore very profitable. Comparison of the productivity data with that reported by 366 

Cabrera & Ochoa (1997) revealed similar results, thus confirming the validity of the 367 

model predictions. Comparison with data from other countries shows that the predicted 368 

productivity is even higher, with values for the best qualities of 11 m3 ha-1 year-1 at 40 369 

years in the Dean Forest in the South of England (Everard & Christie 1995), 10 m3 ha-1370 

year-1 at 30 years in Italy (Elorrieta 1949) and 16 m3 ha-1 year-1 at 30 years in France 371 

(Bourgeois et al. 2004). These results also show that chestnut coppice stands in 372 

northwestern Spain appear to being growing on better quality sites than in France, Italy 373 

or England. 374 

Even taking into account high productivity in northwestern Spain, the final products 375 

obtained are not as large as in France − quadratic mean diameter of     24.2 cm 376 

compared with 42.39 cm, respectively − (Bourgeois et al. 2004, Lemaire 2008), mainly 377 

because of the stand densities − 947 trees ha-1 for the lowest density compared with 378 

180 trees ha-1, respectively. To obtain similar products in this area, the thinning 379 

intensity must be increased to reduce stand density to similar levels as in France. More 380 

intensive management, together with higher quality sites, would allow production of 381 

high quality timber, which would be greatly appreciated in the timber market.  382 

SDMDs and management options have been developed in many studies (e.g. 383 

Vacchiano et al. (2008) for Pinus sylvestris L., Pérez-Cruzado et al. (2011) for 384 



Eucalyptus globulus and Eucalyptus nitens, Castaño-Santamaría et al. (2013) for 385 

Quercus pyrenaica in northwestern Spain). Nevertheless, this study only presents 386 

SDMDs for chestnut coppice stands in northwestern Spain (until now non-existent), 387 

without proposing any type of management scenes or thinning regimes. Thus, an 388 

extension of this study should be carried out to provide with additional data, to enable 389 

proposal of different management scenes and to improve knowledge about these types 390 

of stands in northwestern Spain.  391 

5. Conclusions 392 

Different growth and yield models were developed as basic tools to simplify 393 

management of chestnut coppice stands in northwestern Spain and help determine the 394 

most appropriate practices for this type of stand. Estimation of stand volume, stand 395 

biomass, site quality and carbon pools could help foresters test several indicators of 396 

sustainable forest management related to growing stock.  397 

The first step involved was development of a site index equation. The system 398 

based on the dynamic equation proposed by Cieszewski (2002) was the most accurate 399 

for explaining site index and height-growth estimates for chestnut coppice stands in 400 

northwestern Spain. A reference age of 22 years was selected as the most suitable for 401 

predicting dominant height at other ages. 402 

The second equation developed was a stand density model. Stand density is one 403 

of the most important factors in chestnut coppice stands because many stems grow in 404 

the same stool and compete for nutrients, water and space. This property, together 405 

with the fact that stand density in coppice stands is closely related to historical 406 

silvicultural management, strengthens the importance of the developed equations for 407 

this variable, which explained more than 64% of the total variance. 408 

Different equations for estimating quadratic mean diameter, total and 409 

merchantable volume and several biomass components were also developed for direct 410 

use or for constructing yield tables or SDMDs.  411 



Two yield tables were constructed for each of the site quality indices previously 412 

defined (10, 14, 18 and 22 m at a reference age of 22 years), one for each density 413 

class (high and low). Yield tables include total volume, the estimated merchantable 414 

stand volume with bark up to several top diameters without bark − 15, 20 and 40 cm −415 

for which a volume ratio equation was fitted, as well as stem biomass and total stand 416 

biomass.  417 

The stand density management diagrams developed can be used to estimate total 418 

stand volume, biomass and carbon stock for chestnut coppice stands in northwestern 419 

Spain. Here, we only show the diagrams for total stand volume, stem biomass and total 420 

biomass. However, the other diagrams are available upon request.  421 

These management tools are very effective for the design, display and evaluation 422 

of alternative density management regimes in forest stands and can help stakeholders 423 

and Public Administrations to obtain the best performance of different chestnut coppice 424 

stands in northwestern Spain. 425 

As additional information becomes available, it can be overlaid on the SDMDs to 426 

facilitate management decisions, and dynamic growth models can be developed. 427 
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540 
Figures 541 
Figure 1. Chestnut stool with two stems: the dominant stem has been extracted for stem 542 
analysis. 543 

544 
Figure 2. Dominant height growth curves for SI values of 10, 14, 18 and 22 m at a reference 545 
age of 22 years, overlaid on the trajectories of the observed heights over time for dynamic 546 
equation developed for northwestern Spain. 547 

548 
Figure 3. Stand density management diagram for chestnut coppice stands in NW Spain in 549 
relation to stand volume (m3 ha-1). 550 

551 
Figure 4. Stand density management diagram for chestnut coppice stands in NW Spain in 552 
relation to stem biomass (t ha-1). 553 

554 



Figure 5. Stand density management diagram for chestnut coppice stands in NW Spain in 555 
relation to total aboveground biomass (t ha-1). 556 
Tables 557 

Table 1. Descriptive statistics of main stand variables 558 
n Mean Min Max Std. dev. 

t 53 39.57 15 55 9.758 
N 55 1230.80 396.12 3154.80 541.70 
dg 55 21.21 9.56 30.98 4.41 
G 55 39.53 16.33 58.76 9.81 
Hm 55 17.49 10.63 23.44 2.84 
H0 55 20.36 12.37 28.17 3.15 
SI 53 15.03 10.59 24.76 2.75 
Vm 55 334.41 97.82 543.17 104.74 

Note: t age (years), N number of stems per hectare (stems ha-1), dg559 
quadratic mean diameter (cm), G basal area (m2 ha-1), Hm mean height 560 
(m), H0 average height of the 100 thickest trees per hectare (m), SI site 561 
index (m, at a reference age of 22 years), Vm volume per hectare (m3 ha-1). 562 

  563 



Table 2. Parameter estimates, associated approximate standard errors and goodness-of-fit 564 
statistics for the selected SI model 565 

Equation bij Estimate 
Std. 
error 

RMSE R
2

adj 

[3] SI=
�b01+X0��X0 	 t-b21

1+b11

b01 17.34 6.326

0.9891  b11 802.6 266.4 0.5799 

[4] X0=0.5� 
H0-b01+��H0-b01�2+4H0�b11�t0
-b21� b21 1.077 0.01740

Note: H0 dominant height (m) at age t0 (years), SI estimated height (m) at age t (years), bij fitting 566 
parameters, R2

adj adjusted coefficient of determination, RMSE root mean square error��567 
� �568 



Table 3. Equation, parameter estimates, associated approximate standard 569 
errors and goodness-of-fit statistics for the selected density equations in the low 570 

[5] and high [6] density plots, respectively 571 
 Equation bij Estimate Std. error RMSE R

2
adj

[5] Ln N=b01+b11�t
b01 10.61 1.218 

271.42 0.7363 
b11 -1.0825 0.40406 

[6] Ln N=b02+b12�t
b02 11.58 1.06804 

337.36 0.6438 
b12 -1.172 0.3568 

Note: N stand density (trees ha-1), t stand age (years), bij fitting parameters, 572 
R

2
adj adjusted coefficient of determination, RMSE root mean square error. 573 

  574 



Table 4. Equation, parameter estimates, associated approximate standard errors and 575 
goodness-of-fit statistics for the quadratic mean diameter equations selected for the yield 576 

tables [7] and SDMS [8], respectively 577 
 Equation bij Estimate Std. error RMSE R

2
adj

[7] dg=b01�N
b11
�H0

b21
�t

b31

b01 5.0785 2.588

1.867 0.8205
b11 -0.1775 0.03580
b21 0.6622 0.1003
b31 0.1839 0.05440

[8] Ln dg=b02+b12�Ln N+b22�Ln H0

b02 2.143 0.6501
2.118 0.7688b12 -0.2291 0.04490

b22 0.8327 0.1342
Note: dg quadratic mean diameter (cm2), N stand density (trees ha-1), H0 dominant height 578 
(m), t stand age (years), bij fitting parameters, R2

adj adjusted coefficient of determination, 579 
RMSE root mean square error. 580 

  581 



Table 5. Equation, parameter estimates, associated approximate standard errors and 582 
goodness-of-fit statistics for the merchantable volume equation selected for the yield tables 583 

[9] and the total stand volume equation selected for the SDMDs [10], respectively 584 
 Equation bij Estimate Std. error RMSE R

2
adj

[9] 
Vmi=b01�G

b11
�H0

b21
�e

b31��di
dg
b41

b01 0.7901 1.7096 

13.94 0.9916
b11 1.0106 0.00163 
b21 0.7729 0.05940 
b31 -0.9259 0.02790 
b41 3.360 0.03090 

[10] Ln Vm=b02+b12�Ln N+b22�LnH0

b02 -5.285 1.445 
65.22 0.6122b12 0.5220 0.0991 

b22 2.455 0.2922 
Note: Vmi merchantable stand volume (m3 ha-1), Vm total stand volume (m3 ha-1), G basal 585 
area (m2 ha-1), H0 dominant height (m), di limit diameter (cm), dg quadratic mean diameter 586 
(cm2), N stand density (trees ha-1), bij fitting parameters, R2

adj adjusted coefficient of 587 
determination, RMSE root mean square error. 588 

  589 



Table 6. Equation, parameter estimates, associated approximate standard errors and 590 
goodness-of-fit statistics for the stand biomass equations for the yield tables [11]-[14] and for 591 

the SDMS [15]-[16], respectively 592 
 Equation bij Estimate Std. error RMSE R

2
adj

[11] Wwood=b01�d0
b11
�G

b21

b01 0.8582 0.1946
24.72 0.7269b11 0.8474 0.08490

b21 0.5537 0.06340

[12] Wbark=b02�H0
b12
�G

b22

b02 0.2449 0.09660
2.147 0.6847b12 0.4847 0.1723

b22 0.6431 0.08690

[13] Wcrown=b03�d0
b13
�H0

b23
�G

b33

b03 14.31 2.943

7.299 0.6347
b13 1.221 0.09180
b23 -1.649 0.1108
b33 0.4965 0.05930

[14] Wtotal=Wwood+Wbark+Wcrown - - - 33.56 0.6864

[15] Ln Wstem=b04+b14�Ln H0+b24�Ln N
b04 -6.735 1.729

27.97 0.6743b14 2.616 0.3041
b24 0.5386 0.1356

[16] Ln Wtotal=b05+b15�Ln H0+b25�Ln N

b05 -5.186 1.673
37.64 0.5683b15 2.229 0.2984

b25 0.5231 0.1346
Note: Wi dry weight of the i biomass component (kg), d0 dominant diameter (cm), H0 dominant 593 
height (m), G basal area (m2 ha-1), N stand density (trees ha-1), bij are fitting parameters, RMSE 594 
is the root mean square error, R2 is the coefficient of determination595 
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Abstract Ecological behaviour and productive capacity of chestnut (Castanea sativa

Mill.) coppice stands are key factors in predicting forest growth and subsequent man-

agement decision, especially in areas where timber production is the primary objective.

The effects of soil nutrients and environmental factors on site productivity in chestnut

coppice stands in North-West Spain were studied. Site productivity described by site index

was related to environmental characteristics, including edaphic, physiographic and climatic

variables. The key factors affecting site productivity were evaluated according to two

different statistical analyses: the CHAID procedure and parametric regression techniques.

The CHAID algorithm applied separately to each type of variable revealed that the most

important to explain SI were edaphic (sand and clay percentage, pH, stoniness) and cli-

matic variables (summer and spring precipitation and mean annual temperature) (24 and

47 %, respectively). According to the regression tree and the parametric regression model

for all variables, summer precipitation was the most significant variable (51 and 53 %,

respectively). The results show the importance of climatic variables for chestnut coppice

stands growth and provide further information about the ecology of the species in North-

West Spain. The use of specimens from sites representing a wide range of habitats/growing

conditions of this species means that both the results and methodology described here are
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of great relevance for improving the management of this species throughout its European

range.

Keywords Chestnut coppice � Site index � Environmental factors � CHAID procedure �
Parametric regression

Introduction

Sweet chestnut (Castanea sativa Mill.) forests have been recognized as habitats of interest

in the European Natura 2000 network, and are considered characteristic cultural landscapes

of the Mediterranean and Atlantic regions (Dı́az Varela et al. 2009). In Spain, chestnut

stands are distributed over an area of 272,400 ha, of which 154,500 ha are covered by pure

chestnut stands, i.e. in which chestnut is the dominant tree species (chestnut tree cover rate,

CTR C 60 %). The main area of chestnut coppice in Spain is in the North-West, and

accounts for 100,000 ha of the total chestnut stands area (coppice stands, high forest and

cultivated orchards) of 160,638.5 ha in North-West Spain (DGCN 2013) (Fig. 1).

Despite the fact that fruit production has traditionally driven management in the North-

West, timber production is considered the main objective in most exploitations nowadays

(Álvarez-Álvarez et al. 2010). The total volume (with bark) of chestnut stands (high forest

and coppice stands together) harvested in Spain during 2011 was 58,090 m3 (MARM

2011), with more than 42.46 % of this total volume being formed by trees from coppice

stands in North-West Spain.

Fig. 1 Map showing cover rates for chestnut coppice stands in the study area. Fitting plots are indicated by

red dots. (Color figure online)
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Forest resource managers have always been interested in developing methods of site

quality estimation with regard to species selection in afforestation, and also to being able to

predict the volume growth rate in order to obtain the best returns for management efforts

(Ringius et al. 1997). The most accurate and commonly used productivity assessment

methods for even-aged stands are based on the height development of the upper canopy

(Burkhart and Tomé 2012; Weiskittel et al. 2011). Typically, site quality for a certain

species is described by site index, the predicted dominant or top height at a given reference

age. This site quality indicator is commonly used because it is easy to interpret, is of great

significance in terms of productivity, and is of practical use in applying forest growth

models correctly.

Two concepts can be used to define the quality of a forest site for growing trees: site

quality and site productivity. The first is related to the inherent ability of a site to provide

resources that support growth (potential productivity) and can be defined in terms of timber

management as ‘‘the timber production potential of a site for a particular species’’ (Clutter

et al. 1983). The second refers to the potential growth that a site can support following its

modification (expected productivity). In this study, both site quality and site productivity

were estimated using the same indirect measure (site index).

Many studies have been carried out to estimate the stand site index for different species

using site factors as explanatory variables. Some of them took into account only climatic

variables (Lebourgeois 2007), others such as Monserud et al. (1990) and Rubio and

Sánchez-Palomares (2006) used soil and topographic and topographic and climatic vari-

ables, respectively. Nevertheless, attempts to predict site quality from a small number of

variables have usually proven unsuccessful (e.g., Rayner 1992), except where one factor is

of overriding importance in explaining inter-site or inter-annual variation in growth (e.g.,

Snowdon and Waring 1991). The combination of information regarding climatic, soil and

foliar nutrients and physiographic characteristics, such as in this study, has provided more

accurate results (Afif-Khouri et al. 2011; Álvarez-Álvarez et al. 2011; Romanyà and

Vallejo 2004).

The main aim of the present study was to explore the feasibility of using soil nutrients

and environmental (climatic and physiographic) properties as indicators of site quality in

chestnut coppice stands in North-West Spain. The results of the study should help to

ascertain the growth potential of this type of stand in order to take it into account in

deciding the most appropriate management practices for established stands.

Materials and methods

Data collection

The data used in this study were collected in 70 circular permanent plots (15 m radius)

established between 2010 and 2011 by the Forest and Wood Technology Research Centre

(CETEMAS) in chestnut coppice stands located throughout the range of this species in

North-West Spain. Plots were selected to represent the different age ranges, stand densities

and sites of this species.

All plots were labelled and diameter at breast height (d, cm) and total height (h, m) of

trees were measured. Additional information including age, stool identification, physio-

graphical factors, vegetation and stand health was also recorded-see Menéndez-Miguélez

et al. (2013) for more details. Dominant height (H0, m) for each plot was calculated as the

average height of the 100 thickest trees per hectare, and site index (SI, defined as the
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dominant height of the stand, in meters, at a reference age of 22 years), was obtained from

a site quality system (Fig. 2) developed applying the generalized algebraic difference

approach (GADA). The system selected is based on the function proposed by Cieszewski

(2002), from which it is possible to generate polymorphic curves with multiple asymptotes,

and was selected from 4 models analysed as it was the best at describing the dominant

height growth in chestnut coppice stands in North-West Spain. The dummy variables

method (Cieszewski et al. 2000), in which autocorrelation is corrected using a continuous

autoregressive structure was used to estimate the model parameters. The dynamic equation

(Eq. 1) selected for site index estimation with two site specific parameters was:

SI =
17:34þX0ð Þ � X0 � tÿ1:077

803:61
ð1Þ

with:

X0 ¼ 0:5 � H0ÿ17:34þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H0ÿ17:34ð Þ2þ3210:45 � H0 � tÿ1:077

0

q� �

where H0 is the dominant height (m) at age t0 (years), and SI the estimated height (m) at

age t (years).

In each plot, soil depth was determined with a Dutch auger at a minimum of three

randomly selected points. Five soil samples were taken with the same auger from depths of

between 0 and 20 cm, and combined to make a bulk soil horizon. The samples were air-

dried, crumbled, finely crushed and sieved with a 2 mm screen before analysis, in dupli-

cate. Particle size distribution was determined by the pipette method according to Gee and

Bauder (1996). The pH, organic matter content, total N, available P, exchangeable cations

(K, Mg, Na and Ca) and effective cation exchange capacity (ECEC) (sum of exchangeable

cations and exchangeable Al) were determined applying the methodology described by

Afif-Khouri et al. (2011).

The models proposed by Sánchez-Palomares et al. (1999) for interpolating climatic

variables in Spain, were used here to calculate climate-related variables. These models are

functions of altitude, geographical position (UTM X–Y coordinates) and the hydro-

graphical basin or sub-basin to which each site belongs. The climatic variables estimated

were: total annual and seasonal precipitation; mean annual temperature; mean, maximum

and minimum temperatures in the warmest and coldest months; summer and winter
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Fig. 2 Dominant height growth

curves for SI values of 8, 12, 16

and 20 m at a reference age of

22 years, overlaid on the

trajectories of the observed

heights over time for dynamic

equation developed for North-

West Spain
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temperature; potential evapotranspiration; surplus moisture and annual moisture deficit;

Vernet index and index of annual water reserve. Physiographic variables (slope, aspect and

altitude) were recorded in the field inventory.

Summary statistics, including the mean (and standard deviation), minimum and maxi-

mum values of the main plot characteristics and values of environmental factors are shown

in Table 1.

Statistical analysis

The CHAID (Chi squared Automatic Interaction Detector) method was used in order to

determine the interaction between SI and the available qualitative and quantitative vari-

ables (climatic, edaphic and physiographic variables). CHAID is an algorithm that splits a

data set into segments that differ with respect to the response variable (Kass 1980). The

segments are defined by a tree structure of a number of independent variables, the

predictors.

The CHAID method is an alternative to CaRT (classification and regression trees)

analysis for analysing prediction-type problems on the basis of a set of categorical or

continuous predictor variables. The CHAID determines a final hierarchical classification

tree (using a different algorithm) in which each node can produce multiple branches, in

contrast to CaRT in which all nodes are binary.

When dealing with continuous predictors, the first step in the CHAID algorithm is to

create predictor categories by dividing the respective continuous distributions into a

number of categories with approximately equal numbers of observations. It subsequently

determines the pair of predictor categories that has the least significant difference with

respect to the dependent variable. When the dependent variable is continuous, the F test is

used to determine the statistical significance (Hill and Lewicki 2006). The CHAID merges

those categories of a predictor that are homogeneous with respect to the dependent vari-

able, but keeps separate all categories that are heterogeneous. Since more than two cate-

gories of a predictor may differ significantly, the CHAID merging process does not

necessarily produce dichotomous categories.

The result of the CHAID algorithm is a decision tree structure with a split at each node.

Combinations of the predictor variables define the final nodes—called leaves—(Van

Diepen and Franses 2006). More information regarding the CHAID method can be found

in Van Diepen and Franses (2006).

In the present study, SPSS software (SPSS 2007) was used to carry out the analysis. A

significance level of 5 % was used in the F test, the maximum number of levels was set at

3, and the minimum number of cases in a node for it to be considered a child node was

established as 8 plots. The adequacy of the regression trees was assessed by means of the

standard error of the estimate (SEE) statistic.

In addition, stepwise regression was used to derive parametric models for predicting site

index. The general formulation of the parametric models is as follows:

SI ¼ b0 þ b1 � X1 þ . . .þ bn � Xn þ e ð2Þ

where SI is the site index (dominant height at a reference age of 22 years), V1, …, Vn are

the explanatory variables, b1, …, bn are the unknown parameters, and e is the error term.

Two different types of parametric models were developed: (1) the best models when

considering each of the three types of available variables separately, and (2) the best model
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Table 1 Summary of the main characteristics of the chestnut plots under study

Variables Code Min. Max. Mean SD

Stand

Stand age (years) t 14.00 61.00 39.61 10.85

Dominant height (m) H0 12.16 28.17 19.85 3.38

Site index (m at 22 years age) SI 11.49 25.16 15.17 2.91

Stocking density (stems ha-1) SD 410.27 4753.42 1597.41 979.13

Basal area (m2 ha-1) G 16.33 86.28 42.36 13.79

Edaphic

Soil depth (m) Depth 0.460 1.150 0.704 14.87

Stoniness (%) Sto 0.00 50.00 20.94 13.27

Clay (%) Clay 10.11 36.08 20.12 7.51

Sand (%) Sand 40.48 78.84 63.10 10.02

Silt (%) Silt 9.34 29.07 16.78 4.76

Organic matter (%) OM 1.42 4.90 3.03 0.89

pH (water 1:1) pH 3.73 4.79 4.28 0.26

Total N (%) N 0.05 0.10 0.08 0.01

C/N ratio C/N 9.50 57.08 24.69 10.01

Electric conductivity (dSm-1) EC 0.04 0.13 0.06 0.02

Available P Mehlich 3 (mg kg-1) PM3 10.24 29.46 18.92 4.69

Extractable K (cmolc kg-1) K 0.22 0.63 0.40 0.09

Extractable Ca (cmolc kg-1) Ca 0.34 0.98 0.58 0.17

Extractable Mg (cmolc kg-1) Mg 0.21 0.69 0.38 0.12

Extractable Al (cmolc kg-1) Al 3.14 14.92 7.70 2.58

Effective cation exchange capacity (cmolc kg-1) ECEC 5.76 17.76 10.37 2.49

Physiographic

Slope (%) Slope 19.40 75.20 50.06 14.55

Elevation (m) Elev 175.55 880.73 601.90 167.32

Climatic

Annual total precipitation (mm) TP 978.00 1,312.00 1,137.35 82.60

Spring precipitation (mm) SP 240.00 323.00 278.97 20.18

Summer precipitation (mm) SuP 132.00 179.00 153.76 13.02

Autumn precipitation (mm) AP 277.00 378.00 321.79 26.84

Winter precipitation (mm) WP 313.00 432.00 382.85 27.39

Mean annual temperature (°C) MAT 9.80 12.80 10.96 0.74

Mean temperature of the warmest month (°C) MTWM 16.23 18.50 17.43 0.48

Mean temperature of the coldest month (°C) MTCM 3.60 8.10 5.31 1.07

Maximum mean temperature of the warmest

month (°C)

MMTWM 22.24 25.00 23.96 0.67

Minimum mean temperature of the coldest month

(°C)

MMTCM -0.50 4.10 1.22 1.11

Evapotranspiration (mm) ETP 623.00 698.00 653.38 18.06

Annual moisture surplus (mm) TS 440.00 802.00 627.44 86.14

Annual moisture deficit (mm) PD 113.00 177.00 143.47 14.77

Annual water reserve index AWRI 49.70 117.80 83.27 16.39

Mean summer temperature (°C) MST 15.24 17.60 16.54 0.52

222 New Forests (2015) 46:217–233

123



including all the available variables as potential regressors. The significance level for

entering and retaining variables in the model was set at 0.01.

The criteria used to evaluate the adequacy of both types of parametric models was based

on the statistical analysis of the goodness-of-fit statistics Radj
2 (adjusted coefficient of

determination) and SEE (standard error of the estimate), also known as the RMSE (root

mean squared error).

Results

Regression trees

Soil characteristics

With regard to soil parameters, the CHAID procedure revealed that sand content is the

main soil-related variable (P value = 0.017) that limits height growth of the chestnut

coppice stands in North-West Spain (Fig. 3). In this case, two groups were found to be

statistically significant: less sandy soils (B57.34 % sand content), which implies a

mean SI of the stand of 13.72 m, and sandy soils ([57.34 % sand content), for which

the highest mean SI (16.14 m) was obtained. This means a site index increment of

2.42 m.

The soil regression tree was able to explain 23.97 % of the total variability (Radj
2 ) and

the SEE was 1.981 m (Fig. 3).

Table 1 continued

Variables Code Min. Max. Mean SD

Mean winter temperature (°C) MWT 4.10 8.30 5.74 1.01

Vernet index VI -4.04 -2.41 -3.01 0.43

The main characteristics of the aspect variable are: north (24.64 % of plots): northeast (27.54 %); northwest

(27.54 %); east (10.14 %); south (1.45 %); southeast (4.35 %); southwest (4.35 %) and west (0 %)

Node 0

15.17 (2.907)

n=55

Sand

Adj. P-value=0.017, F=10.729

57.34 > 57.34

Node 1

13.72 (1.926)

n=22

Node 2

16.14 (3.070)

n=33

Fig. 3 Regression tree in which

CHAID algorithm is used for soil

nutrient variables. Significant

variables: sand content (%). Note

the number in the boxes represent

the predicted mean and standard

deviation (between brackets) of

SI for each branch; n is the

number of plots in each branch;

Adj. P value is the adjusted

P value of the analysis; F is the

value for the F test of

independence
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Physiographic and climatic conditions

Summer precipitation (SuP) is the variable that plays the most important role in the height

growth of chestnut coppice stands in the area evaluated (Fig. 4); two significant groups

were established on this basis (P value = 0.0001): one for low summer precipitations

(B151.00 mm) with a mean SI of 16.75 m for the plots, and the other for stands with

summer precipitations above 151.00 mm, for which the site index was lower (13.53 m).

This classification meant an important difference of 3.22 m between both groups (Node 1

and 2, Fig. 4).

At the second level, spring precipitation (SP) was the most decisive variable

(P value = 0.040) in explaining SI for drier summer zones (B151.00 mm), with SPs of

below or above 262.00 mm resulting in a SI of 14.65 m and 17.92 m, respectively.

The physiographic and climatic regression tree explained close to 47.34 % of total

variability and the SEE was 1.264 m (Fig. 4). No physiographic variable was statistically

significant with a 95 % level of confidence.

All available variables

The regression tree including all the different types of environmental factors (Fig. 5)

provides an overall picture of the relative importance of each variable. Both the first and

second splitter variables were identical to those obtained in the separate analyses of

Node 0

15.171 (2.907)

n=55

SuP

Adj. P-value=0.0001, F=24.075

151.0 > 151.0

Node 1

16.75 (3.146)

n=28

Node 2

13.53 (1.338)

n=27

SP

Adj. P-value=0.040, F=9.053

Node 3

14.65 (1.990)

n=10

Node 4

17.92 (3.092)

n=18

262.0 > 262.0

Fig. 4 Regression tree in which the CHAID algorithm is used for physiographic and climatic variables.

Significant variables: summer precipitation (mm), spring precipitation (mm). Note the number in the boxes

represent the predicted mean and standard deviation (between brackets) of SI for each branch; n is the

number of plots in each branch; Adj. P value is the adjusted P value of the analysis; F is the value for the

F test of independence
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climatic-related variables: summer (SuP) and SP. The only difference was the inclusion of

a third split level, defined by the clay percentage in soils with values of summer precip-

itations over 151.00 mm (Node 2, Fig. 5), where there were significant differences in site

index, which was higher in coppice stands with a clay percentage less than or equal to

29.54 %.

As expected, this model explained the highest percentage of variability in SI (50.81 %)

and the standard error was 1.264 m. The use of climatic and edaphic variables together

resulted in a 2 % increment in the explanatory power of the non-parametric model. This

can obviously be explained by the reduced influence of soil variables on the growth of

chestnut coppice stands as a consequence of the root system already being completely

established.

Parametric regression models

Parametric regression models were fitted separately for each group of variables (edaphic,

physiographic and climatic variables), and for all variables together (the ‘‘best’’ parametric

Node 0

15.17 (2.907)

n=55

SuP

Adj. P-value=0.0001, F=24.075

151.0 > 151.0

Node 1

16.75 (3.146)

n=28

Node 2

13.53 (1.338)

n=27

SP

Adj. P-value=0.040, F=9.053
Clay

Adj. P-value=0.010, F=13.235

Node 3

14.65 (1.990)

n=10

Node 4

17.92 (3.092)

n=18

262.0 > 262.0

Node 5

14.12 (1.268)

n=17

Node 6

12.52 (0.724)

n=10

29.54 > 29.54

Fig. 5 Regression tree in which the CHAID algorithm is used for all the variables available. Significant

variables: summer precipitation (mm), spring precipitation (mm), clay content (%). Note the number in the

boxes represent the predicted mean and standard deviation (between brackets) of SI for each branch; n is the

number of plots in each branch; Adj. P value is the adjusted P value of the analysis; F is the value for the

F test of independence
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model). The fitted equations and the values of the goodness-of-fit statistics are shown in

Table 2.

The variables selected by the stepwise regression were the same as those which con-

stitute the first level of branches of the CHAID. Variables related to soil accounted for a

lower percentage of total variability than those related to climate.

Two further models were fitted for the second level of branches in the all variables

together tree. The first of these explained SI for locations with summer precipitations lower

or equal to 151.00 mm, and which therefore depend on winter precipitation, which

explains over 33 % of total variability (All variables available model—Fig. 5, node 1)

(Table 2). The second accounted for a lower percentage of total variability (25.60 %) and

explained SI for places with summer precipitations higher than 151.00 mm using sand

content as the only independent variable of the model (All variables available model—

Fig. 5, node 2) (Table 2).

As would be expected, the model that explained the highest percentage of variability in

SI (52.50 %) was obtained by combining the different variables. Summer precipitation and

mean annual temperature were predictors in the ‘‘best’’ parametric model (All variables

available model—Fig. 5, node 0) (Table 2), while soil variables were not found to be

significant.

Discussion

Shoot growth in coppice stands differs greatly from that in high forest (Bourgeois 1992). In

the former, the root system of the stool is already fully established and developed, therefore

resources are only required to increase the height and thickness of the tree (Bourgeois

1992). Furthermore, the existing root system and carbohydrate reserves of the stool could

be of benefit in facilitating fast initial growth of coppice shoots, according to Kauppi and

Kiviniitty (1990) and Rinne et al. (1994). In contrast, tree growth in high forest initially

needs a strong and consistent root system to be established, which subsequently allows the

absorption of nutrients to facilitate increase in height and thickness (Bourgeois 1992). This

simple concept is clearly reflected in the results obtained in this study since the joint

assessment of climatic and edaphic variables shows that the former were able to explain by

themselves approximately 50 % of total variability for site index (47.34 % in the non-

parametric model and 52.50 % in the parametric), while soil variables explained far less

variability (only 3.47 % in the first case).

Afif-Khouri et al. (2011) evaluated the influence of variables such as climate and soil on

SI, and the results were very different to those obtained in this study. However, the two sets

Table 2 Parametric models for estimation of SI in chestnut coppice stands in NW Spain

Model Figure Node Fitted equation R2
adj

SEE (m)

Climatic 3 0 SI = 68:518ÿ 0:189 � SuPÿ 2:204 �MAT 0.43 2.18

Edaphic 4 0 SI = 3:201 � Clayÿ 0:240 � pHÿ 0:079 � Sto 0.41 2.28

All variables available 5 0 SI ¼ 74:211ÿ 0:211 � SuPÿ 2:402 �MAT 0.52 2.05

1 SI = ÿ 7:034þ 0:065 �WP 0.33 2.64

2 SI ¼ 8:769þ 0:085 � Sand 0.26 1.15

All independent variables are significant at P\ 0.05 and all the models are significant at P\ 0.001. All

variable units are the same as in Table 1
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of results are not directly comparable because Afif-Khouri et al. (2011) used a guide curve

to explain SI—the top height growth model developed by Cabrera and Ochoa (1997)—and

in the present study the GADA methodology (Cieszewski and Bailey 2000) was used to

generate polymorphic curves, with data coming from permanent plots and stem analysis.

The suitability of one or the other of these methods depends on the species under study

(Hahn and Carmean 1982; Payandeh 1977). Nevertheless, it is generally assumed that

height growth pattern is not the same in all SI classes (Carmean 1970; Goelz and Burk

1992; Splechtna 2001) hence in this study polymorphic curves were used. In addition, it

was observed from consideration of the graphics that the SI curves developed in this study

showed the individual growth trend of chestnut in coppice stands in North-West Spain

better than those used in Afif-Khouri et al. (2011).

Regression trees

Soil characteristics

In relation to soil parameters, the CHAID analysis showed that sand percentage was the

most important variable for estimating SI (Fig. 3). Various authors (e.g., Bourgeois 1992;

Nageleisen 1994; Rameau et al. 1993) also demonstrated the importance of sand in

chestnut growth, highlighting that high percentages of sand in soils means too much

porosity and hence difficulties in water supply. That said, in the study area there were no

problems related to water supply as a consequence of it having high precipitation through

the year, even taking into account that the soil here is less permeable than other typical

chestnut coppice soils in the Eurosiberian region (Rubio and Gandullo 1994).

According to Bourgeois (1992), chestnut is known for its ability to grow on naturally

acidic soils that are poor in exchangeable elements. This growth capacity may be the

consequence of an ability to draw mineral elements from reserves in the soil, as Brethes

and Nys (1975) previously suggested for resinous trees.

Climatic characteristics

The CHAID and parametric regression analyses both revealed that summer precipitation is

indirectly related to height growth. This is not surprising, since the level of precipitations at

the end of the spring and summer are very important to chestnut coppice because of

physiological processes like pollination (Berrocal et al. 1998). This importance could be

even more relevant in the future as a consequence of climate change, which is affecting the

Iberian Peninsula with mean annual temperature increments of 3–4 °C and yearly pre-

cipitations dropping by up to 20 % (Christensen et al. 2007; IPCC 2001). Some authors

(Anderson et al. 2004; Wilhelm et al. 1998) suggest that these increasing temperatures can

also give more advantages to Cryphonectria parasitica (chestnut blight) and reduce the

systematically acquired resistance of the host trees; while moisture is a key factor for the

establishment, spread and longevity of Phytophthora cinnamomi (ink disease) diseases

(Hardham 2005).

Rubio et al. (1997) have previously concluded that summer precipitation is linearly

related to some individual silvicultural variables, such as height, basal area or Hart index.

This is important in Mediterranean areas, such as they used, maximum summer precipi-

tation was 95.4 mm in the study area of Rubio et al.—because low levels of summer

precipitations are a limiting factor for chestnut growth in these areas. However, this is not

the case in Atlantic areas, such as ours, where precipitation is not a limiting factor through
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the year—minimum summer precipitation in the current study area was 132 mm (Table 1).

Obtaining the same key variable for both areas (our own and that of Rubio et al.) adds

weight to the importance of summer precipitations in relation to site index.

It is well known that adult chestnut resists severe drought without difficulty, however

juveniles are far more sensitive to water stress. This is why chestnut coppice grows best

when water availability is regular (CEMAGREF 1987; Pichard 1994; Sevrin 1994).

All variables available

It is generally accepted that there is wide chestnut plasticity in relation to precipitations.

This is the consequence of plasticity in its autoecology, illustrated by its acceptance of a

wide range of precipitation levels—from 700 to 1,500 mm (Bourgeois 1992; Pichard 1994;

Sevrin 1994). In Spain, minimum precipitation per year is always over 600 mm (López

1991), a fact confirmed in this study where the minimum value of annual total precipitation

was 978 mm (Table 1).

Even taking into account this plasticity, it is still very important for chestnut coppice

growth not to have more than two consecutive months of drought (Bourgeois 1992),

because the length of the drought period has also been identified as a principal climatic

limitation for chestnut growth in some regions (Gandullo et al. 2004; Rubio et al. 2002a).

With regard to the relationship between all variables together and SI, summer precip-

itation (SuP) was found to be highly significant for explaining site index in North-West

Spain. Rubio et al. (1997) have previously noted the relation between the location of

coppice stands, especially those for timber production, and the distribution of precipitation,

mainly during the summer.

The relation between both variables (summer precipitation and SI) in Rubio et al. (1997)

was positive and in this study was negative, as Fig. 5 shows (SI is reduced by 3 m for

summer precipitations over 151.00 mm). This apparent contradiction is due to the com-

parison of coppices from two different climatic areas (Mediterranean and Atlantic,

respectively), as Gallardo-Lancho (2001) has shown. Whilst it may seem inappropriate to

compare areas which are as different as the Mediterranean and the Atlantic areas of Spain,

the results of this paper demonstrate that excessive rainfall with no summer drying of the

soil, and the effect of good soil permeability are equally important in the two areas.

Nevertheless, the explanation of the different relations between summer precipitations and

SI is related to differences in the criteria used for characterizing the most productive

chestnut coppices, i.e. the SI itself, in the two areas: In Northern Spain (Atlantic area) mean

annual temperature, last frost and soil permeability are good criteria for selecting the best

chestnut coppice areas, but in southern districts (Mediterranean area) the most useful

factors are altitude, summer evapotranspiration, soil moisture storage and length of drought

(Gallardo-Lancho 2001).

For soils with lower levels of summer precipitation (B151.00 mm), SP was the most

important variable for estimating SI (Node 1, Fig. 5). The importance of SP is such that SI

can vary from 14.65 to 17.92 m, the higher SP is, the higher the SI. Pereira et al. (2011)

have also concluded that high levels of SPs are very important for chestnut growth because

they provide the appropriate soil humidity conditions to favour budbreak. High rainfalls

may have the advantage that they enable the chestnut to withstand physiological drought

and to maintain high values of maximum evapotranspiration, such as in Galicia, Navarra

and Catalonia (Rubio et al. 2002b). In spring and summer, temperature and precipitation

induce plants to limit photosynthetic activity in order to reduce water loss by transpiration

(Waring and Running 2007).
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Álvarez-Álvarez et al. (2010) proposed the following edge values for optimal chestnut

growth conditions for timber production: potential evapotranspiration\650 mm, summer

precipitation[130 mm, a precipitation deficit of\200 mm, site elevation below 800 m

and a frost-free period of at least 3–4 months.

With regard to soil parameters, soil clay content was the most important variable for

estimating SI in soils with the highest levels of summer rainfall ([151.00 mm) (Node 2,

Fig. 5). This is consistent with the poor adaptation of chestnuts to clay soils, as a conse-

quence of their impermeability and compression (IDF 1991; Rameau et al. 1993; Nagel-

eisen 1994). This importance of clay content is related to the sensitivity of chestnut roots to

aeration (Bourgeois1992; IDF 1991). Since the tree does not grow optimally in soils

showing drainage problems, loam rather than fine textured subsoils are preferred (Queijeiro

et al. 2000). Furthermore, porous soils are preferable to clay, where the accumulation of

water could also facilitate the proliferation of chestnut ink disease (caused by Phytophtora

cinnamomi Rabds. or Phytophthora cambivora Buissman) (Martı́nes et al. 1999).

Parametric regression models

According to the parametric regression models obtained from the different types of vari-

ables (Models: Climatic and Edaphic, Table 2), climatic variables (represented by summer

precipitation and mean annual temperature) account for most of the variation in SI. In fact,

these two variables were selected by the stepwise procedure including all the available

variables, and explained 52.50 % of total variability (Model All variables available, Fig. 5,

Node 0) (Table 2).

Some authors have found better performance of SI prediction with other species, e.g.,

Carter and Klinka (1990) and Fontes et al. (2003) for Douglas fir, and Chen et al. (1998),

for Trembling aspen. However, when comparing this type of results between species, the

following two aspects should be considered: (1) chestnut coppice stands are highly com-

plex to model as a consequence of them growing many shoots from the same stool which

share nutrients, water, space, etc. (Bourgeois 1992), and (2) in the present study, only

robust statistical models with just one or two predictor variables were selected.

Despite the worse performance for SI prediction compared to studies of other species,

the parametric regression models obtained in this study performed better than those in Afif-

Khouri et al. (2011), who also worked with chestnut coppice stands. Differences in results

between the two studies ranged from 1 % for the edaphic variables model and 10 % for the

all variables model, to over 31 % of the total variability explained by the climatic variables

model. These differences are directly related to the SI curves developed, with the curves

estimated in this study being better at explaining the relationship of dominant height for a

certain reference age (SI) for chestnut coppice stands in North-West Spain.

In spite of not being the most explanatory variables in relation to the productivity of

chestnut coppice stands according to the results obtained in this study, the soil variables

selected in the model (clay content, pH and stoniness) are key factors in chestnut growth.

Massive structure in soils, such as clay soils, causes permanent water blockages and

accumulations which are very favourable conditions for the establishment and develop-

ment of Phytophthora cinnamomi (ink disease) (Bourgeois 1992). The combination of

excess water and its accumulation could also become a limiting factor for chestnut growth,

it is preferable a constant volume of water in the first 40 cm of soil (Bourgeois 1992,

Lemaire 2008). The acidity of the soil could also negatively influence for chestnut growth,

because the higher the level of acidity in the soil the lower the richness of available

minerals is (Lemaire 2008).
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Conclusions

Any environmental factor which goes beyond its acceptable range for any vascular plant

means a decrease in productivity for the species evaluated. Taking this into account, the

relationship between productivity (explained by site index) and soil nutrient and envi-

ronmental factors (climatic and physiographic) was evaluated in chestnut coppice stands in

North-West Spain, in order to ascertain the most suitable growth conditions for this type of

stand.

Two different statistical analyses were carried out for this purpose: the non-parametric

CHAID procedure and parametric regression analysis. The CHAID procedure was found to

be a powerful alternative tool compared to other methods, such as discriminant rules or

principal components analysis, for determining the key factors that affect stand growth.

It is worth remarking that the variables selected in the regression tree for all variables

available from the CHAID algorithm were the same as those obtained in the stepwise

parametric regression, for each of the three types of variables: edaphic, physiographic and

climatic. This concordance makes the process of selecting the variables that have the

greatest influence on site index more robust.

According to the parametric regression models, two climatic characteristics (summer

precipitation and mean annual temperature) were found to be the most important factors in

explaining the productivity of chestnut coppice stands in North-West Spain. These types of

variables are frequently easier and quicker to obtain than dasometric ones, and are

sometimes even already known for certain geographic locations. These factors make the

regression models developed here more easily applicable, and therefore more useful, in

real forestry scenarios.

The best site qualities were observed in plots with less summer precipitation and lower

mean annual temperatures. Although the percentage of variability in SI explained by these

variables is 52.50 %, it must be taken into account that genetic factors are likely to account

for a substantial percentage of the unexplained variability in SI. Chestnut coppice stands

already have established root systems, meaning that there is an additional intrinsic com-

ponent (the stool) which accounts for a percentage of unexplained variability as a con-

sequence of it providing nutrients for many different shoots.

The results obtained in the present study provide further knowledge related to the

ecology of chestnut coppice stands in North-West Spain. The knowledge of site produc-

tivity (SI) is of great interest when considering different forest management strategies

especially when timber production is the primary objective, because it can provide a priori

the productive capacity of the stands. Depending on wether site productivity is higher or

lower, different management plans should be considered in order to optimize stand yield.

Stands of higher quality provide more possibilities in relation to their management: for

example, reduction of rotation times or more intensive clear-cuttings. On the contrary,

stands of lower quality require rotations to be lengthened and the final products obtained

are unable to meet the criteria of high quality wood.

This information is essential too for the management of a threatened Natura 2000

habitat, especially considering the current state of abandonment that many coppice stands

are experiencing across Europe. Stakeholders and Public Administrations could use this

information to plan investments and works to be carried out so as to obtain the best

performance according to different site qualities.

In addition, the behaviour of the species in light of climatic and edaphic variations in its

ecological niche could be analysed in the future and could be a key factor since the current
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importance of these edaphic and climatic variables is only likely to increase under pre-

dicted climatic change scenarios.
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Magaña Rueda V, Mearns L, Menéndez CG, Räisänen J, Rinke A, Sarr A, Whetton P (2007) The

physical science basis. Contribution of Working Group I to the Fourth Assessment Report of the

Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge and New York,

pp 847–940

Cieszewski CJ (2002) Comparing fixed-and variable-base-age site equations having single versus multiple

asymptotes. For Sci 48:7–23

Cieszewski CJ, Bailey RL (2000) Generalized algebraic difference approach: a new methodology for

derivation of biologically based dynamic site equations. For Sci 46:116–126

Cieszewski CJ, Harrison M, Martin SW (2000) Practical methods for estimating non-biased parameters in

self-referencing growth and yield models. University of Georgia, Athens. PMRC-TR 2000-7

Clutter J, Fortson J, Pienaar L, Brister H, Bayley R (1983) Timber management: a quantitative approach.

Wiley, New York

DGCN (2013) III Mapa Forestal de España. MFE50. 1:50000. Ministerio de Medio Ambiente, Madrid,

España

Dı́az Varela RA, Calvo Iglesias MS, Dı́az Varela ER, Ramil Rego P, Crecente Maseda R (2009) Castanea

sativa forests: a threatened cultural landscape in Galicia NW Spain. In: Krzywinski K, O’Connell M,

New Forests (2015) 46:217–233 231

123
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Martı́nes LM, Oliveira MT, Abreu CG (1999) Soils and climatic characteristics of chestnut stands that differ

on the presence of ink disease. In: Salesses G (ed) Proceedings of 2nd international chestnut sym-

posium. Acta Horticulturae, Bordeaux, pp 447–449
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castañares de Castilla (España). Investigación Agraria Sistemas y Recursos Forestales 11(2):373–393

Sánchez-Palomares O, Sánchez Serrano F, Carretero Carrero MP (1999) Modelos y cartografı́a de estim-
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