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SUMMARY

The importance of chestnut coppice stands in northwestern Spain, together with the almost total lack of growth and yield studies,
makes the development of applicable tools to facilitate forest management necessary. In the present study two management tools
were developed: variable-density yield tables and stand density management diagrams (SDMDs). For constructing the yield tables, a
dominant height growth model and a stand density model were fitted. The dominant height growth model was necessary for estimating
site index, i.e., for indirectly assessment of site quality. A stand density model was necessary because the silvicultural stages of the
stands were very heterogeneous. Both yield tables and SDMDs require fitting models for predicting quadratic mean diameter and
growing stock (total or merchantable stand volume and/or total or component stand biomass). Eight yield tables were constructed
considering two stand density levels (high and low) and four site indices (8, 12, 16 and 20 m). Rotation lengths producing maximum
sustainable yield ranged between 25 and 45 years depending on stand density class and site index. Average growth at these rotation
lengths varied from 38.1 m® ha*year? for the highest density and best quality, to 5.2 m® ha*year for the lowest density and poorest
quality. Both the yield tables and the SDMDs developed allow estimation of total and merchantable stand volume, total and component
stand biomass and also facilitate the design of silvicultural schedules.
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RESUMEN

La importancia del monte bajo de castafio en el noroeste de Espafia, junto con la falta de estudios de crecimiento y produccion, hacen
necesario el desarrollo de herramientas que faciliten su gestion. En este estudio se han desarrollado dos herramientas de gestion: tablas
de produccién de densidad variable y diagramas de manejo de densidad (DMDs). Para la construccion de las tablas de produccion se
ajustaron un modelo de altura dominante y uno de densidad de masa. EI modelo de altura dominante proporciona el indice de sitio,
es decir, estimar indirectamente la calidad de estacion. Se necesitd un modelo de densidad porque los escenarios selvicolas eran
muy heterogéneos. Tanto las tablas de produccion como los DMDs requieren el ajuste de modelos de prediccion de diametro medio
cuadratico y stock de crecimiento (volumen total y comercial de masa y/o biomasa total o por componentes). Se construyeron ocho
tablas de produccidn considerando dos niveles de densidad de masa (alta y baja) y cuatro indices de sitio (8, 12, 16 y 20 m). El turno
de méxima renta en especie vario entre 25 y 45 afios segun la clase de densidad y el indice de sitio. El crecimiento medio oscilé desde
38,1 m® ha! afio* para las densidades mas elevadas y mejores calidades, hasta 5,2 m® ha* afio™ en las densidades mas bajas y peores
calidades. Las herramientas de gestion desarrolladas permiten la estimacion del volumen total y comercial de masa, biomasa total y
por componentes y también facilitan el disefio de esquemas selvicolas.

Palabras clave: monte bajo de castafio, tablas de produccion, diagramas de manejo de densidad, indice de sitio, esquemas selvicolas.

INTRODUCTION

The European Natura 2000 network recognized chest-
nut (Castanea sativa Mill.) forests as habitats of interest
and considered them as characteristic cultural landscapes
of the Mediterranean and Atlantic regions (Diaz Varela et
al. 2009). More than 90 % of all chestnut stands in Spain
are located in the northwest of the country (DGCONA
2013). The chestnut coppice stands currently existing in
north-western Spain were established after the 18" cen-

tury. However, during the last 30-60 years, many traditio-
nal coppice stands have been abandoned or the rotation
length has been significantly increased, resulting in degra-
ded and unstable stands. Due to the ethnographic, econo-
mic and productive importance of the species, public ad-
ministrations and stakeholders are now demanding active
management to yield the best performance, in terms of
both profitability and long-term sustainability.

Accurate estimation of forest site quality and growing
stock, in terms of volume and biomass is essential for forest
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management. Management tools such as dominant height
growth models, stand biomass or volume equations, yield
tables or stand density management diagrams (SDMDs) are
therefore necessary to establish the current and future situa-
tion of the stands, as well as to optimize stand management.

The first step in any study related to growth and yield
modeling for any species is the classification of sites ac-
cording to their quality. Methods based on the height de-
velopment of the upper canopy are the most accurate and
commonly used for productivity assessment in even-aged
stands (Burkhart and Tomé 2012). Typically, the site quali-
ty for a certain species is described by a site index.

The second step involves acquiring information about
the growing stock in relation to the initial spacing and/or
subsequent thinning. When only one initial plot inventory
covering a wide range of ages, densities and sites is availa-
ble for a certain species, only static models may be develo-
ped. Yield tables and SDMDs are currently the most used
types of static models (e.g., Diéguez-Aranda et al. 2009).

Yield tables are defined by Madrigal (1991) as nume-
rical tables that project the development of stand variables
over time in an even-aged stand of a certain species. If di-
fferent density schedules are carried out in the sample plots,
density should be included as an independent variable in the
stand projection system. Yield tables are commonly termed
variable-density yield tables (Burkhart and Tomé 2012).
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Stand density management diagrams are graphical mo-
dels that integrate relationships between yield and density
throughout all stages of stand development (Newton et al.
2005). The use of these diagrams is one of the most effecti-
ve methods of designing and evaluating alternative density
management regimes in even-aged stands.

Despite the economic importance of Castanea sativa
in northwestern Spain or elsewhere, there are no many
studies of its growth and yield. This aspect strengthens
the importance of the development of these equations and
tools that are not currently available for chestnut coppice
stands. Therefore, the aim of the present study is to de-
velop height growth models, stand volume and biomass
equations, yield tables and SDMDs to facilitate the mana-
gement of the species in the area of study.

METHODS

Data. A network of 70 permanent plots was established
in chestnut coppice stands to cover the existing range of
sites, ages and stand densities in the area of distribution of
the species in northwestern Spain (figure 1). The observed
range of values in the established plots (table 1) presen-
ted consolidated stands, with high densities; some of them
presenting ages higher than the traditional rotation length
for chestnut coppice stands.

‘ North-West Spai'n ‘

CHESTNUT COPPICE STANDS IN STUDY AREA

CTCR (<40%) [ CTCR (60 - 79%)
cTCR (40-59%) [l CTCR (>=80%)

CTCR : chestnut tree cover rate

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

Mapa que muestra las tasas de cobertura de masas de monte bajo de castafio en el area de estudio. Las parcelas de muestreo estan indica-

das con puntos rojos.
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Table 1. Descriptive statistics of main stand variables.
Estadisticos descriptivos de las principales variables de masa.
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Parameter n Mean Minimum Maximum Standard deviation
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
H, 55 20.36 12.37 28.17 3.15
RS 55 16.11 11.70 2451 2.79
Sl 53 14.13 9.88 2353 2.64
\Y% 55 334.41 97.82 543.17 104.74

n: number of plots available for each stand variable, t: age (years), N: stand density (stems ha), dg: quadratic mean diameter (cm), G: stand basal area
(m?hat), H: average height of the 100 thickest stems per hectare (m), RS: relative spacing index (%) (staggered distribution), SI: site index (m, defined
as the stand dominant height at a reference age of 20 years), V: stand volume (m?® ha?).

n = ndmero de parcelas disponible para cada variable de rodal, t = edad (afios), N = densidad (pies ha?), dg = didmetro medio cuadratico (cm), G = éarea
basal (m? ha'), H, = altura media de los 100 pies mas gruesos por hectarea (m), RS = indice de espaciamiento relativo (%) (distribucion a tresbolillo),
Sl = indice de sitio (m, a la edad de referencia de 20 afios), V = volumen por hectarea (m® ha?).

For all trees within the plots, diameter at breast height
and total height was measured. Additionally, variables
such as stand health and stand age were also recorded (see
Menéndez-Miguélez et al. (2013) for more details).

Stem analysis data were obtained by felling dominant
trees in areas adjoining 58 of these plots. The trees were
selected according to the methodology proposed by Ma-
drigal et al. (1992), based on that previously established
by the British Forestry Commission (Hummel et al. 1959).
All selected trees were healthy, well-shaped and belonged
to the upper canopy of the stand.

The cross-sectional disks were obtained at the stem
base just above the stool and at 1 m intervals thereafter un-
til a top diameter of 7 cm. The exact height above ground
and the diameters (with and without bark) at the points
where the disks were removed were measured. Growth
ring counts and heights for the cross section disks were
used to estimate height-age pairs.

To develop the static models only plots belonging to
pure stands (less than 10 % of other species, in this stu-
dy) are recommended. As a consequence, 15 of the plots
installed in mixed stands were not considered for analy-
ses. Additionally, two plots were cut before the end of this
study, hampering to know their stand ages. Therefore, 55
plots were used for the development of SDMDs and 53 for
the yield tables (which required knowing the stand age).

Construction of the management tools. For constructing
the variable-density yield tables, a dominant height growth
model and a stand density model must be firstly develo-
ped. The dominant height growth model is necessary for
estimating site index, i.e., for indirect assessment of the
site quality. A stand density model is necessary in the pre-

sent study because the silvicultural stages of the stands are
very heterogeneous, as reflected by the high variation in
stand density existing for a given age or dominant height.
Therefore, grouping the sample plots according to their
evolution of stand density over age is required; otherwise
it is difficult to develop an accurate yield table, and their
results may lack practical value (S&nchez et al. 2003).

Stand density management diagrams, SDMDs. Both yield
tables and SDMDs require models for predicting quadratic
mean diameter and growing stock (total or merchantable
stand volume and/or total or component stand biomass).
Diagrams characterize the growing stock with indices that
relate average tree size to density. Several density indices
have been used: the stand density index (Reineke 1933),
the self-thinning rule (Yoda et al. 1963), the relative densi-
ty index (Drew and Flewelling 1979) and the relative spa-
cing index (RS) (Wilson 1946). All of these indices present
the enormous advantage of being independent of site qua-
lity and stand age (McCarter and Long 1986). For cons-
tructing SDMDs, it is preferable that dependent variables
only depend on dominant height and stand density, and
therefore only these variables were used. For yield tables,
this constrain does not apply and therefore the selection of
the stand variables for each submodel can be optimized.
In the system proposed in this study, dominant height was
represented on the x-axis and the number of stems per hec-
tare in logarithmic scale on the y-axis. The RS was used to
characterize the growing stock level.

Dominant height growth model. The stem analysis carried

out on field underestimated the heights for a given age.
This bias was corrected by using the algorithm proposed
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by Carmean (1972), with the modification proposed by
Newberry (1991) for the topmost section of the tree. After
a further analysis to detect abnormalities, 111 trees (1,663
height-age pairs of observations) were finally selected to
model the variation in dominant height with age. Site cur-
ves were developed using the simplified approach of mi-
xed-effects modeling proposed by Cieszewski (2003) by
applying the GADA (generalized algebraic difference ap-
proach) to develop the equation and the dummy variables
method, as described by Cieszewski and Bailey (2000), to
estimate the parameters.

Three-parameter models were evaluated, and several
variants of each were tested. The evaluated models were
the differential function proposed by von Bertalanffy
(1949, 1957) and studied by Richards (1959), the McDill
and Amateis (1992) model and that proposed by Cieszews-
ki (2002).

The evaluation of the growth of an individual tree over
time with single time series equations often generates au-
tocorrelation errors. For achieving this, a continuous auto-
regressive error structure CAR (x) was used to model the
error terms (Diéguez-Aranda et al. 2009). The structure
was implemented using the MODEL procedure of SAS/
ETS® (SAS Institute Inc. 2004b).

The base age for site index equations was selected ac-
cording to the considerations of Goelz and Burk (1992).
The results were compared with the values obtained from
stem analyses and the relative error in predictions (RE%)
was calculated as follows:

\/ (,-91) /(n-p) 1 [1]
- .

RE%= 00

Where,

Y, YI and ¥, = Observed, estimated and average values of
tree height, respectively.

n = Number of observations.

p =Number of model parameters.

Stand density model. The stand density model was deve-
loped based on the methodology reported by Sanchez et
al. (2003), which considers the density and its most pro-
bable development as the basis of classification. Principal
components analysis was applied, using the PRINCOMP
procedure of SAS/ETS® (SAS Institute Inc. 2004b), with
the aim of obtaining the rotation of axes that yield the first
component with maximum variance.

Quadratic mean diameter model. This model is used to
predict the quadratic mean diameter (d ) of a stand on the
basis of different stand variables. The power models are
the most commonly used to explain the behavior of this
variable. Nevertheless, in this study, different linear mo-
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dels were tested because the convergence was not achie-
ved with power models.

Total and merchantable stand volume equations. The first
step for constructing this model was the estimation of the to-
tal and merchantable tree volume. For this purpose, the com-
patible total volume and the merchantable volume equations
of the compatible system of Fang et al. (2000) as reported by
Menéndez-Miguélez et al. (2014), were used. Top diameters
from 0.5 to 40 cm (with intervals of 0.5 cm) were used for
estimating merchantable tree volumes and creating the data-
base of model fitting. The following volume-ratio equations
were analyzed when fitting the merchantable stand volume,
using quadratic mean diameter and/or dominant height as
independent variables: Burkhart (1977), Clark and Thomas
(1984), Reed and Green (1984) modified.

Stand biomass equations. Equations for estimating com-
ponents (wood, bark and crown) and total aboveground
biomass at stand level were considered. Equations to be
included in the yield tables were fitted ensuring additivity
of the different components in a previous study (Menén-
dez-Miguélez et al. 2013). Nevertheless, new models with
stand density and dominant height as independent varia-
bles were fitted to be included in the SDMDs.

Model fitting and comparison. Linear and nonlinear mo-
dels were fitted by the ordinary least squares method using
the REG and NLIN procedure of SAS/STAT® (SAS Insti-
tute Inc. 2004a), respectively. The model performance was
compared on the basis of numerical and graphical analyses
of the residuals. The adjusted coefficient of determination
(R?,,) and root mean square error (RMSE) were used to
select the best candidate models.

RESULTS

Convergence was possible for all models analyzed, and
all parameters were significant at 5 % level.

Dominant height growth model. A trend in the residuals
was detected in all the three dynamic models analyzed,
as expected due to the longitudinal nature of the data.
This trend disappeared after correction of autocorrelation
(second-order continuous autoregressive error structure
CAR(2)).The dynamic equation derived from the Cies-
zewski (2002) model was finally selected after the compa-
rison of goodness-of-fit statistics and a graphical analysis
of the four models evaluated.

The parameterized equation for the selected model
(equation [2]), expressed in terms of site index estimation
explained over 99 % of total variability and the SI curves
developed showed the individual growth trend of chestnut
coppice stands in northwestern Spain.
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2
Sl= R0l \here X, = 0.5- [H0-17.34+J (Ho-17.34) +4Hy-802.6:t1077|, R?,4 = 0.9891; RMSE = 0.5799 (m)  [2]

Where, H . dominant height (m) at age t (years), SI: es-
timated dominant height (m) at reference age t_ (years),
Rzadj: adjusted coefficient of determination, RMSE: root
mean square error.

Regarding the selection of the base age for site quality
classification, ages between 20 and 30 years were superior
for predicting height at other ages (figure 2). As selection
of the youngest base age possible is valuable for early de-
cision making in stand management, a base age of 20 years
was selected as the best option (figure 3).
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Figure 2. Relative error in height predictions for the different
age classes related to choice of reference age.

Error relativo en la prediccion de alturas para las diferentes
clases de edad en relacion con la eleccion de la edad de referencia.
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Figure 3. Dominant height growth curves for Sl values of 8, 12,
16 and 20 m at a reference age of 20 years, overlaid on the tra-
jectories of the observed heights over time for dynamic equation
selected.

Curvas de crecimiento en altura dominante para valores del
IS de 8, 12, 16 y 20 m a la edad de referencia de 20 afios, superpuestas
sobre las trayectorias de las alturas observadas a lo largo del tiempo para
la ecuacion dindmica seleccionada.

Stand density model. Stand age was the best explanatory
variable for the explaining variation in stand density, ac-
cording to the results obtained in the principal component
analysis (80.6 % of the total variance). Adequate delimi-
tation of the second principal component value enabled
classification of the plots into two density classes: (i) “low
density plots” and (ii) “high density plots”, in order to ob-
tain groups with a homogeneous stand density evolution
in relation to stand age (figure 4). The parameterized equa-
tions [3] and [4] presented the selected density equations
in the low and high density plots, respectively.

Ln N=10.61-1.0825, R? = 0.7363;
RMSE = 271.42 (stems ha?l), [3]

Ln N=11.58-1.172+, R? = 0.6438;
RMSE = 337.36 (stems ha?l), [4]

Where, N: stand density (stems ha?), t: stand age (years),
Rzadj: adjusted coefficient of determination, RMSE: root
mean square error.

Quadratic mean diameter model. Selected equations, for
both yield tables and SDMDs, explained more than 77 %
of the total variance (equations [5] and [6], respectively).
Dominant height, age and stand density proved to be the
best explanatory variables for the equation to be included
in the yield tables. This equation was not separately fitted
for plots belonging to each density classes since stand den-
sity was included as one of the independent variables. For
SDMDs, the selected equation [6] explained 4 % less of
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Figure 4. Classification of the sampled plots considering two
density classes: high (°) and low (e).

Clasificacion de las parcelas de muestreo considerando las
dos clases de densidad: alta (°) y baja (¢).
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the total variance than that variable used for later inclusion
in the yield tables.

dg=5_0785,N—0.1775_H00.6622_to.1839 )

(5]
RZadj = 0.8205; RMSE = 1.867 (cm),

Ln d;=2.143-0.2291-Ln N+0.8327-Ln Hy’

[6]
RZadj =0.7688; RMSE = 2.118 (cm),

Where, d : quadratic mean diameter (cm), N: stand density

(stems ha), H : dominant height (m), t: stand age (years),

R?, i adjusted coefficient of determination, RMSE: root

mean square error.

Total and merchantable volume equations. Stand basal
area, stand density and dominant height were the best ex-
planatory variables for estimating both total and merchan-
table volume equations, and therefore a model with these
variables was selected for inclusion in the yield tables. In
the first case, a merchantable volume equation was deve-
loped which explained more than 99 % of total variance
(equation [7]). The model to be included in the SDMDs
that only depended on H; and N explained about 61 % of
the observed variability (equation [8]). For simplicity, the
SDMD represents total stand volume instead of merchan-
table stand volume. However, merchantable volume can
be obtained at any point on the SDMD to any specific top
diameter by simply multiplying the total stand volume
(obtained from the diagram) by the exponential term in
equation [9] (dg is read directly from the diagram).
-0.9259.(ﬂ)3'360

Vi=0.7901_Gl.0106_H00.7729_e dg ! [7]

R?,; = 0.9916; RMSE = 13.94 (m® ha'),
j

Ln V=-5.285+0.5220-Ln N+2.455:LnH, »
(8]
Rzadj =0.6122; RMSE = 65.22 (m® ha?),
g\ 34115
-0.9112-( - y
Ri=e (dg) [9]
Rzadj =0.9893; RMSE = 0.04054,

Where, V,: merchantable stand volume (m* ha™), V: total
stand volume (m® ha), R;: volume ratio equation for this
diameter, G: basal area (m? ha™), H : dominant height (m),
d;: stem top diameter (cm), d : quadratic mean diameter
(cm), N: stand density (stems ha'), R?, o adjusted coeffi-
cient of determination, RMSE: root mean square error.

Stand biomass. Equations [10] — [13] show the models

for estimating wood, bark, crown and total biomass by
Menéndez-Miguélez et al. (2013), which were directly
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used in the yield tables construction. These equations were
fitted simultaneously to ensure additivity of the different
components. When fitting biomass equations to be inclu-
ded in the SDMDs (which only can depend on stand den-
sity and dominant height) convergence was only possible
for a stem biomass equation (combining wood and bark
components) and a total biomass equation. The fitted equa-
tions [14] — [15] explained more than 67 % and 57 % of the
variance in stem and total biomass, respectively.

W \y004=0.8582-d 847+ 05537 »

[10]
R? = 0.7269; RMSE = 24.72 (Mg ha'!)
adj
Wbark=0-2449'H00.4847'G0.6431 ,
[11]
R? ;= 0.6847; RMSE = 2.147(Mg ha™)
adj
Wcrown=14-31'd01'221'Ho_1'649'60'4%5’
[12]
R? = 0.6347; RMSE = 7.299 (Mg ha'!)
adj
Wtotal=Wwood+Wbark+Wcrown !
[13]
R? = 0.6864; RMSE = 33.56 (Mg ha)
adj
Ln W,iom=-6.735+2.616-LnHy+0.5386:Ln N »
[14]
R? ;= 0.6743; RMSE = 27.97 (Mg ha)
adj
Ln Wgpa=-5.186+2.229-LnHy+0.5231-Ln N ,
[15]

R? ;= 0.5683; RMSE = 37.64(Mg ha™)
adj

Where, W.: dry weight of the i biomass component (Mg
ha?), d,: dominant diameter (cm), H: dominant height
(m), G: basal area (m? ha''), N: stand density (stems ha?),
RMSE: root mean square error, R?, o coefficient of deter-
mination.

Yield tables. The yield tables were constructed based on
the methodology reported by Sanchez et al. (2003) using
the equations [2] - [4], [5], [7], [10] - [13]. The merchan-
table volumes included in these tables are the most use-
ful according to the current wood market in northwestern
Spain (V,, V,, V,,)- Tables 2 to 9 (Appendix) show the
eight yield tables developed for four site indices (8, 12, 16
and 20) and two density classes (“high” and “low”).
According to this static model, the optimal rotation
length (the one which produces the maximum sustaina-
ble yield) ranged between 25 and 45 years for the highest



and lowest site indices, respectively. The mean annual in-
crement for this rotation varied (depending on both stand
density class and site index) from: 5.2 m® ha'year? for the
lowest density and poorest quality to 38.1 m® hatyear for
the highest density and best quality.

Stand density management diagrams. Three SDMDs (fi-
gure 5) were developed by using the equations [6], [8],
[14] and [15] for estimating dg, vV, W, W, Isolines
for stand volume, stem biomass and stand aboveground
biomass were represented by substituting these equations
into equations [16] — [18], respectively, and solving for N

through arange of H_ by setting V, W___and W, constant:
Y
Vv 0.5219
Ne [ —mM8M — 16
<O.005065-H02'455> el
w. " 1/0.5386
N= o 2616 [17]
0.001188-Hy*
Wt tal 1/045231
N= <—2m> [18]
0.005594-H,*

Where, N: stand density (stems hat), V: total stand volume
(m?hat), H,: dominant height (m), W: dry weight of the i
biomass component (Mg ha).

Total stand volume values range from 50 to 700 m® ha!
and isolines slope upwards from left to right, according
to the principle that productivity at any point in time is
significantly affected by dominant height. The uppermost
line of the relative spacing index corresponds to a value of
10%, approximating the minimum relative spacing index
represented in the data set. This value could be assumed as
a reasonable approximation of the maximum size — density
relationships for chestnut coppice stands in northwestern
Spain.

DISCUSSION

Site index is a key variable for forest management be-
cause it is highly correlated with volume and biomass pro-
ductivity. The GADA approach used in the present study to
develop the dominant height growth model is much more
accurate and precise than the guide curve method used for
developing the pre-existent model in the region (Cabrera
and Ochoa 1997). In addition, we used longitudinal data
obtained from stem analyses, instead of dominant height-
age pairs of data from temporary plots used by Cabrera and
Ochoa (1997). Examination of the graphs showed that the
Sl curves provided the best description of individual growth
trends for chestnut in coppice stands in northwestern Spain.

The optimal rotation length that produces the maxi-
mum sustainable yield varied from 45 years for the lowest
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site index (8 m) to 25 for the highest (20 m). The former
rotation length (25 years) is lower than that reported by Ca-
brera and Ochoa (1997) (31 years) and by Elorrieta (1949)
(30 years) and even than those proposed by Bourgeois et
al. (2004) and Lemaire (2008) for high quality timber in
France (40 - 45 years). Nevertheless, for the lowest site
index, the estimated optimal rotation length is 8 years hig-
her than that obtained for a previous study in the region
(Cabrera and Ochoa 1997). The large differences in the ro-
tation length for lowest site index may be explained by the
different dominant height growth models used, and by the
fact that the yield tables developed by Cabrera and Ochoa
(1997) do not use an equation to explain density evolution
over time. This lack may be due to the heterogeneity of
the silvicultural stages of chestnut coppice stands in nor-
thwestern Spain. Nevertheless, in this study this heteroge-
neity in the stands was solved through the development of
two-stand density models (high and low) in order to better
explain the behavior of one of the most important factors
in chestnut coppice stands.

According to yield tables, the productivity of chestn-
ut coppice stands in the region is remarkably high, close
to that of other species typically considered fast growing
species such as pine or eucalyptus. The estimated growth
in Asturias, especially for the better quality sites, is higher
than that reported for other countries: 11 m® ha! year? at
40 years in the Dean Forest in the south of England for the
best qualities (Everard and Christie 1995), 10 m® ha year
at 30 years in Italy (Elorrieta 1949) and 16 m* ha! year? at
30 years in France (Bourgeois et al. 2004).

Nevertheless, the average diameter dimensions cu-
rrently obtained in Asturias at rotation age are not as large
as in France — quadratic mean diameter of 25.3 cm compa-
red with 42.39 cm, respectively — (Bourgeois et al. 2004,
Lemaire 2008), mainly because of the stand densities —867
stems ha! for the lowest density and highest quality site
compared with 180 stems ha, respectively. More intensi-
ve management, together with higher quality sites, would
allow production of high quality timber, which would be
seriously appreciated in the timber market.

SDMDs and management options have been deve-
loped in many studies, e.g. Pérez-Cruzado et al. (2011)
for Eucalyptus globulus Labill. and Eucalyptus nitens H.
Deane and Maiden, Castafio-Santamaria et al. (2013) for
Quercus pyrenaica Willd. in northwestern Spain. This stu-
dy presents in figure 6 an example of a thinning schedule
similar to those proposed for the best site qualities and the
most intensive interventions in France. In this schedule, it
is assumed that the target harvest dominant height is 28 m
with a quadratic mean diameter over 34 cm. The upper
growing stock limit is defined by a relative spacing index
of 20 % and the thinning intervals are based on dominant
height increments of 7 m. This figure also confirms the
difference between stand densities in both countries sin-
ce chestnut coppice stands in northwestern Spain present
higher densities, in most of the cases over 800 stems ha™.
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Figure 5. Stand density management diagrams for chestnut coppice stands in NW Spain for estimating stand volume (A), stem bio-
mass (B), total biomass (C).

Diagramas de manejo de densidad para masas de monte bajo de castafio en el NO de Espafia para la estimacion de volumen total de la masa
(A), biomasa de fuste (B), biomasa total (C).
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Figure 6. Example of silvicultural scheme proposed in France with a very intensive intervention in the best quality forests. The points

identified sample plots used in the adjustment process.

Ejemplo de esquema selvicola propuesto en Francia con una intervencién muy intensiva en las mejores calidades de estacion. Los puntos

identifican las parcelas de muestreo utilizadas en el proceso de ajuste.

CONCLUSIONS

Different management tools were developed for chest-
nut coppice stands in northwestern Spain and help deter-
mine the most appropriate practices for this type of stand.
These models have a wide potential use because the data
required for them are available from common forest in-
ventories.

Four site indices were derived in this study for chestn-
ut coppice stands in northwestern Spain. The indices were
determined by the value of dominant height (8, 12, 16 and
20 m at a reference age of 20 years), according to the pro-
posed site index curves.

The stand density models allow the explanation of the
fact that stand density in coppice stands is closely related
to historical silvicultural management, as a consequence
of many stems growing in the same stool and competing
for nutrients, water and space.

The stand biomass could be estimate with two different
systems depending on the management tool applied. The
first system enables calculation of stand biomass for diffe-
rent components implemented in the yield tables: wood,
bark, crown and total biomass. The second system was
fitted for stem and total biomass to be implemented in the
stand density management diagrams.

The proposed equations for stand volume can also be
used to estimate total volume to different top diameters or
height limit, and can be used to estimate multi-product vo-
lumes in the same tree, independently from using the one
implemented in the yield tables or in the SDMDs.

These management tools are very effective for the
design, display and evaluation of alternative density ma-
nagement regimes in forest stands. Estimation of stand
volume, stand biomass, site quality and carbon pools can
help stakeholders and Public Administrations to test se-
veral indicators of sustainable forest management related
to growing stocks. The SDMDs developed in this study
allows the development in a relatively easy way of alterna-
tive thinning schedules that could be compared using eco-
nomic criteria to facilitate management decisions. Here,
we only show some of the diagrams developed. However,
the other diagrams are available upon request.

As additional information becomes available, it can
be overlaid on the SDMDs to facilitate management deci-
sions, and dynamic growth models can be developed.
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Appendix

Table 2. Yield table for high density and SI =8 m.

Tabla de produccion para alta densidad e IS =8 m.

<m_MMM_HmM Stand before thinning Stand removed Stand after thinning Total stand

t H, N d, G \% Vis Vo Vo, W, W, N, d, G V, VvV, W_ W N d, G V, W, W, V. MAl PAl
10 57 7183 51 145 450 00 00 0.0 232 687 2717 42 38 120 120 3.6 102 4466 55 106 33.0 19.6 585 450 45 -
15 80 4466 75 195 793 00 00 00 366 835 1278 6.2 3.8 156 276 42 91 3188 79 157 636 325 744 912 61 93
20 10.0 3188 9.7 234 1133 20 0.0 00 489 9.7 734 79 36 178 454 44 83 2454 10.1 198 955 446 884 1409 70 99
25 117 2454 117 265 1451 174 05 0.0 599 1084 472 9.6 34 189 642 44 7.7 1982 122 231 1262 555 100.7 1904 76 9.9
30 132 1982 136 289 1739 483 6.0 00 69.6 1186 328 11.1 3.2 193 835 44 7.2 1655 141 257 1545 653 1114 2381 7.9 95
35 145 1655 154 30.8 1995 855 215 0.0 782 1275 240 125 3.0 193 1029 42 6.8 1415 158 27.9 180.2 739 120.7 2831 81 9.0
40 15.7 1415 171 323 2222 1219 458 00 856 1351 182 139 28 19.1 1220 41 6.4 1232 175 29.6 203.1 815 1288 3251 81 84
45 16.7 1232 186 33.6 2422 1548 747 00 922 1418 143 151 26 187 1407 40 6.0 1089 19.0 31.0 2234 88.2 1358 3642 81 7.8
50 17.6 1089 20.1 346 259.7 183.6 1044 0.0 979 1477 115 163 24 182 159.0 3.8 57 974 205 322 2414 941 142.0 4004 80 7.2
55 184 974 215 353 2750 2085 1329 0.2 103.0 152.7 94 174 22 177 1767 3.7 54 880 219 331 2573 99.3 1474 4339 79 6.7
60 19.1 880 228 36.0 2883 2299 159.0 0.6 107.4 157.2
Table 3.Yield table for high density and SI =12 m.

Tabla de produccion para alta densidad e IS = 12 m.

Input — -

variables Stand before thinning Stand removed Stand after thinning Total stand

t H, N d, G \Y Vs V, Vo W, W, N, d, G V, V., W, W, N, d, G VvV, W, W, V. MAl PAl
10 83 7183 6.5 239 100.2 0.0 00 0.0 423 936 2717 54 63 267 267 6.6 140 4466 7.1 176 735 357 79.6 100.2 10.0 -
15 114 4466 9.4 31.2 168.0 2.1 00 00 643 1175 1278 7.8 6.1 332 598 7.3 129 31838 10.0 251 1349 57.0 1045 1947 13.0 18.9
20 140 3183 121 36.5 2305 339 15 00 833 1377 734 99 57 361 960 74 120 2454 127 309 1944 759 1257 290.3 145 19.1
25 16.1 2454 145 404 2851 1006 184 0.0 994 1546 472 118 52 371 1330 7.3 111 1982 15.0 352 248.0 92.1 1435 381.0 152 181
30 179 1982 16.7 433 331.7 1735 604 0.0 113.0 1687 328 136 48 36.8 1699 7.1 104 1655 17.2 38.6 294.8 105.9 158.3 464.7 155 16.7
35 195 1655 18.7 455 371.1 2388 1164 0.0 1244 1804 240 152 44 36.0 2058 6.8 9.7 1415 19.2 411 3351 117.6 170.8 5409 155 15.2
40 20.8 1415 20.6 47.1 4042 2936 1744 0.1 1340 1903 182 16.7 40 348 2406 64 9.0 1232 21.1 431 3694 1275 181.2 610.0 153 138
45 219 1232 223 483 4320 3387 2279 0.6 1421 1985 143 181 3.7 334 2740 6.1 85 1089 228 44.6 398.6 136.0 190.0 672.6 14.9 125
50 229 1089 24.0 49.1 4553 3758 2750 2.6 149.1 2054 115 194 34 320 306.0 58 7.9 974 244 457 4233 1432 1975 7293 146 113
55 23.8 974 255 49.8 4748 4064 3154 7.1 155.0 2113 94 20.7 32 305 3365 55 75 880 26.0 46.6 444.3 1494 203.8 780.8 14.2 10.3
60 24.6 880 27.0 50.2 491.2 4317 349.8 15.1 160.1 216.3
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Table 6. Yield table for low density and SI =8 m.

Tabla de produccién para baja densidad e IS =8 m.

<m~_hmn_H8 Stand before thinning Stand removed Stand after thinning Total stand

t H N d, G VoV, V, V, W, W N d, G V, V, W, W N d, G VvV, W, W, V., MAl PAl
10 57 3366 58 89 274 00 00 00 177 532 1196 48 22 68 68 26 73 2170 63 6.7 206 151 459 274 27 -
15 8.0 2170 85 122 495 01 00 00 283 652 581 70 22 91 159 30 6.6 1590 9.0 100 404 253 587 564 38 58
20 10.0 1590 109 149 720 50 01 00 382 761 341 90 22 105 264 32 61 1248 114 128 615 350 701 879 44 6.3
25 11.7 1248 132 171 934 226 22 00 471 858 224 108 20 113 377 32 57 1025 137 151 821 439 80.1 1198 48 64
30 132 1025 153 189 1131 47.7 117 00 550 943 158 125 19 117 493 32 53 867 158 17.0 1014 518 89.0 150.8 50 6.2
35 145 867 173 203 131.0 736 288 00 621 101.8 117 140 18 118 611 31 50 751 177 185 119.2 589 96.8 180.3 52 59
40 157 751 19.1 215 1470 974 498 0.0 683 1083 90 155 17 117 728 3.0 47 661 195 19.8 1353 65.2 1036 2081 52 56
45 167 661 208 225 161.3 1185 71.7 0.0 738 1140 71 169 16 116 844 29 45 590 21.2 20.9 149.7 70.8 109.6 2341 52 52
50 17.6 590 224 233 1740 1368 925 03 786 1191 58 182 15 113 957 28 42 532 228 218 162.7 758 1148 2584 52 4.9
55 184 532 239 239 1853 152.8 111.6 1.0 829 1235 48 194 14 110 1068 2.7 40 484 243 225 1743 80.2 1195 2810 51 45
60 19.1 484 254 245 1953 166.7 1288 2.7 86.8 1274
Table 7. Yield table for low density and SI = 12 m.

Tabla de produccion para baja densidad e IS =12 m.

Input — -

variables Stand before thinning Stand removed Stand after thinning Total stand

t H N d G \% Vis Vyu V4 W, W N d G V Ve W, W, N d, G VvV, W, W, V. MAl PAl
10 83 3366 7.4 147 611 00 00 00 322 723 1196 6.2 36 152 152 47 101 2170 80 110 459 276 622 611 61 -
15 11.4 2170 10.7 19.6 105.0 60 01 00 497 915 581 88 3.6 193 345 52 93 1590 11.3 16.0 857 445 822 1202 8.0 118
20 14.0 1590 13.7 23.3 1464 413 52 00 650 1081 341 112 34 213 558 54 87 1248 143 200 1251 59.6 99.3 1809 9.0 121
25 16.1 1248 16.3 26.1 1835 915 294 0.0 781 1220 224 133 31 222 780 53 81 1025 169 230 161.3 728 1139 2393 9.6 117
30 179 1025 18.8 283 2158 1394 684 0.0 89.2 1338 158 153 29 222 1002 52 7.6 867 193 254 1935 84.1 126.2 2938 9.8 109
35 195 867 21.0 30.0 2436 1804 1107 0.1 98.7 1438 117 171 27 219 1221 50 71 751 215 273 221.7 93.8 136.6 3438 9.8 10.0
40 20.8 751 23.0 31.3 2674 2148 1503 0.7 106.8 1522 90 187 25 213 1434 48 6.7 661 23.6 288 246.1 102.1 1455 3895 9.7 9.1
45 219 661 249 323 2877 2433 1852 31 1138 1593 71 202 23 206 1641 45 63 590 255 30.0 267.1 109.2 153.0 4312 96 8.3
50 229 590 26.7 33.1 3051 267.1 2151 84 119.7 1654 58 21.7 21 198 1839 43 59 532 27.2 30.9 2853 1154 1595 469.2 94 7.6
55 23.8 532 284 337 3200 287.1 240.6 17.2 1249 1706 48 23.0 20 191 203.0 41 56 484 289 31.7 3009 120.7 165.0 503.9 9.2 6.9
60 24.6 484 30.0 34.2 3327 304.0 2623 29.0 129.3 175.1
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