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Abstract

In this study we developed a dynamic growth model for Scots e« sylvestris L.) plantations in Galicia (north-western
Spain). The data used to develop the model were obtained from a network of permanent plots, of between 10 and 55-year-
old, which theUnidade de Xestion Forestal Sostible (Sustainable Forest Management Unit) of the University of Santiago de
Compostela has set up in pure plantations of this species of pine in its area of distribution in Galicia. In this model, the initial
stand conditions at any point in time are defined by three state variables (number of trees per hectare, stand basal area anc
dominant height), and are used to estimate stand volume, classified by commercial classes, for a given projection age. The model
uses three transition functions expressed as algebraic difference equations of the three corresponding state variables used tc
project the stand state at any point in time. In addition, the model incorporates a function for predicting initial stand basal area,
which can be used to establish the starting point for the simulation. This alternative should only be used when the stand is not
yet established or when no inventory data are available. Once the state variables are known for a specific moment, a distribution
function is used to estimate the number of trees in each diameter class, by recovering the parameters of the Weibull function,
using the moments of first and second order of the distribution (arithmetic mean diameter and variance, respectively). By using
a generalized height—diameter function to estimate the height of the average tree in each diameter class, combined with a taper
function that uses the above predicted diameter and height, it is then possible to estimate total or merchantable stand volume.
© 2005 Elsevier B.V. All rights reserved.
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options as input variables, and constitute important densities and sites in the area of study. These data allow
tools for decision-making in sustainable forest man- the construction of static models, which may provide
agement. Most of these models are empirical and cangood results in unthinned or scarcely thinned stands
be organized around three types representing a broad(Garda, 200). A second inventory of these plots pro-
continuum of model classes: whole stand models, size vides information about the trajectories of the main
class models and individual tree modeDayis et al., stand variables over time. These data allow the con-
2001). struction of dynamic growth models, which predict
The choice of the type of model to develop rates of change, i.e. increments in any stand variable.
depends on both the purposes of its application and Integration of these equations (or summation when
the resources availablé/gnclay, 1994 These fac- using discrete time) provides a better description of the
tors also determine the data needed and the resolu-development of the stand over time than static models
tion of the estimates. Although individual tree models (Garda, 1988.
provide more detailed estimates, the complexity and  Several growth models for Scots pinéifus
the amount of input data increase from whole stand sylvestris L.) stands have been developed in Spain:
models to individual tree modelsGédow and Hui, Garda Abepn (1981) Garda Abepn and Gmez
1999; Davis et al.,, 2001 Among the three model Loranca (1984)Garda Abepn and Tella (1986)Rojo
types described, whole stand models are generally and Montero (1996andBravo (19984eveloped yield
recommended for the management of forest planta- tables for the main ecoregions in the Spanish natural
tions (Garda, 1988; Vanclay, 1994because they rep-  standsjRio and Montero (2001developed a dynamic
resent a good compromise between generality andstand growth model for th&entral System Moun-
accuracy of the estimates. In addition, the large state tains and théberian System Mountains, for both nat-
vectors that individual tree models require are likely ural stands and plantations; aRdlah et al. (2002,
to contain mostly redundant information, with con- 2003)developed a dynamic stand growth model and
sequent losses in precision (overparametrization), asa distance-independent individual-tree growth model
well as being costly or the values being impossible to for natural stands in north-eastern Spain. Preliminary
obtain accurately from routine field samplin@drda, studies Martinez Chamorro et al., 1998howed that
1999. the growth pattern of the plantations of Scots pine in
Nevertheless, some whole stand models provide Galicia (north-western Spain) was significantly dif-
rather limited information about the forest stand (in ferent from those corresponding to the rest of Spain,
some cases only stand volum&gficlay, 1994; Po& mainly because of dissimilar ecoregional conditions.
and Bartelink, 200R Considering that forest man- Nevertheless, although the oldest Scots pine stands
agement decisions require more detailed information in Galicia were planted in the 1940s, no full stud-
about stand structure and volume, as classified by ies of the growth and yield of this species have been
merchantable products, whole single-species, even-carried out to date in this region. Therefore, taking
aged stand models can be disaggregated mathematinto account that forest growth models are important
ically using a diameter distribution function, which tools for decision-making in sustainable forest man-
may be combined with a generalized height—-diameter agement, the objective of this study is to develop
equation and with a taper function to estimate com- a dynamic whole stand model for simulating the
mercial volumes that depend on certain specified log growth of Scots pine plantations in Galicia. Because
dimensions. Similar methodologies have been usedthe model is constituted by different interconnected
by Cao et al. (1982)Burk and Burkhart (1984) modules, the following submodels were developed: a
Knoebel et al. (1986)Uribe (1997) Rio (1999) site quality system (for both dominant height growth
Kotze (2003) and Castedo Dorado (2004in the and site index prediction), an equation for reduction
development of forest growth models, mainly for in tree number, a stand basal area growth function,
plantations. and a disaggregation system composed of a diame-
Generally, thefirst stepin constructing awhole stand ter distribution function, a generalized height—diameter
model for a given species is the use of data from an ini- relationship and a total and merchantable volume
tial inventory of plots covering a wide range of ages, equation.
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2. Material and methods which very intensive silvicultural treatments were car-
ried out, a subset of 68 of the initially established
2.1. Data plots was re-measured in the winter of 2003. These

plots were selected for the dynamic components of the

The data used to develop the model were obtained model. The interval between the measurements was
from three different sources. Initially, in the winters considered sufficient to absorb the short-term effects
of 1996 and 1997, a network of 155 plots was estab- of abnormal climatic extremes. In most cases, an inter-
lished in pure Scots pine plantations in Galicia. Most val of 5 years is appropriat&gdow and Hui, 1999
of these plantations were established using 2-year-old  The first two sources of data were the two inven-
bare root planting stock, spaced 2 m apart. Early mor- tories carried out in 1996-1997 and 2003. The stand
tality was generally 5-10%, but no replacement of dead variables calculated for each inventory were: age (
plants was made because of the high initial density. Lit- in years), dominant height in meters) defined as
tle weeding was carried out and few pre-commercial the mean height of the 100 thickest trees per hectare,
thinnings were applied. The sites are of moderate fer- stand basal areaB( in m?ha1), number of trees
tility and soil depth, and in most cases at elevations per hectareX), and relative spacing index in percent
above 800 m. Summer droughts are not common in (RS). The latter variable was obtained for each plot as
these areas. RS = 10, 000/(H~/N) (Wilson, 1949.

The plots were located throughout the area of dis-  Mean, maximum, minimum and standard deviation
tribution of this species in the area of study, and were for each of the main stand variables (for both invento-
subjectively selected to represent the existing range of ries) are shown iffable 1
ages, stand densities and sites. The plot size ranged Apart from the two inventories, two dominant trees
from 625 to 1200 rf, depending on stand density, in  were destructively sampled at 114 locations (where cut-
order to achieve a minimum of 60 trees per plot. We ting was allowed) in the winters of 1996 and 1997.
adopted this procedure because the plots were estabThese trees were selected as the first two dominant
lished for developing a whole stand model and an ade- trees found outside the plots but in the same plan-
quate number of trees is required to accurately estimatetations within +5% of the mean diameter at 1.3 m
yield and growth. All the trees in each sample plot were above ground level and mean height of the dominant
labelled with a number. Two measurements of diame- trees. The trees were felled leaving stumps of aver-
ter at breast height (1.3 m above ground level) at right age height 0.11 m; total bole length was measured to
angles were made using callipers, and the arithmetic the nearest 0.01 m. The logs were cut at 2—-2.5 m inter-
mean of the two measurements calculated. Total heightvals along the first 4-5m of bole length and at 1 m
was measured in a 30-tree randomized sample and inintervals thereafter. The number of rings was counted
an additional sample including the dominant trees (the at each cross-sectioned point, and then converted to
proportion of the 100 thickest trees per hectare, depend-age above stump height. As cross-section lengths do
ing on plot size). Descriptive variables of each tree were not coincide with periodic height growth, we adjusted
also recorded, e.g. if they were alive or dead. height-age data from stem analysis to account for this

After examination of the data for evidence of plots bias usingCarmean’s method (197,2and the modifi-
installed in poor-extreme site conditions and plots in cation proposed biNewberry (1991¥or the topmost

Table 1
Summarised data corresponding to the plots from the first and second inventories used for model development
Variable 1st inventory (155 plots) 2nd inventory (68 plots)

Mean Maximum Minimum S.D. Mean Maximum Minimum S.D.
Stand age (years) <4 48 12 8 397 55 21 8
Dominant height (m) 12 226 40 43 155 240 9.0 39
Stand basal area fha 1) 343 742 42 144 446 726 162 113
Stems per hectare 1433 2720 600 &5 1247 2112 580 340

Relative spacing index (%) 25 807 122 121 200 423 110 56
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Table 2 state-space approadB4rda, 1994, which is adequate
Summary statistics of the sample of 228 trees used for model for systems that evolve in time. as takes place in forest
development systems, and makes use of state variables and transi-

Variable Mean Maximum  Minimum  S.D. tjon functions. The stand conditions at any point in
No. logs 107 21 6 2.9 time are defined by three state variables (dominant
d (cm) 228 365 87 57 height, number of trees per hectare and stand basal
Zf”("%) 181 2821 353 3233 area), and are used to estimate stand volume, class_il_‘ied
v (md) 0.246 Q815 Q016 0.178 by commercial classes. The model uses three transition
Age (years) 33 500 120 7.7 functions expressed as algebraic difference equations
d: diameter at breast height over bark (cin)total tree height (m); of the three corresponding state variables, which are
hy stump height (m)w: total tree volume over bark (h above used to project the future stand state. Once the state
stump level. variables are known for a given time, the model is

disaggregated mathematically using a diameter distri-
section of the tree. A test of six methods of estimating bution function, which is combined with a generalized
true heights from stem analysis dalzyér and Bailey, height—diameter equation and with a taper function to
1987 showed that Carmean’s algorithm provided the estimate total and merchantable stand volumes. Stand
most accurate estimates. Log volumes (stem parts with growth is subsequently calculated by subtraction.
merchantable size) were calculated by Smalian’s for-  The state of a system at any given time may be
mula. The top of the tree was considered as a cone. Treeroughly defined as the information needed to deter-
volume above stump height was aggregated from the mine the behaviour of the system from that time on;
corresponding log volumes and the volume of the top given the present state the future does not depend on
of the tree. The third source of data corresponds to the the past. In other words, it is assumed that two stands
228 trees felled. Summary statistics, including number with the same values for these variables would behave
of logs, mean, minimum, maximum and standard devi- in practically the same way, no matter how they hap-
ation of each of the main tree variables, are shown in pened to reach that sta®4rda, 1994. Therefore, the

Table 2 first question is how to characterize the state of the sys-
tem at any point in time. The state must be such that,
2.2. Model structure to a sufficient degree of approximation, future states

are determined by the current state and future actions,
This section describes the simulation of growth and and any quantities of interest can be estimated from
dynamics of Scots pine plantations using the proposed the state variablegarda, 1994. In selecting the state
model. The basic structure of the dynamic stand growth variables, the principle of parsimony must be taken into
model is shown irFig. 1 The model is based on the accountBurkhart, 2003, the model should be the sim-

/ \ / \ /" Disaggregation system

State variables (A,) State variables (A,) Diameter distribution

v

V, classified by
merchantable

Transition

 functions Generalized h-d function

il [ */
: products
v
Compatible volume
N N NG /

Fig. 1. Basic structure of the whole stand mod#l, H», N1, N2, B1, B =dominant height, number of trees per hectare and stand basal area at
agesA; andAy, respectively.



U. Diéguez-Aranda et al. / Ecological Modelling 191 (2006) 225-242 229

plest one that describes the biological phenomena anddominant height growth and site inde$ (lefined as the
remains consistent with the structure and function of dominantheight ofthe trees at a specific base age) mod-

the actual biological systenijlsum, 196§. A two els are defined as special cases of the same equation.
dimensional vector including dominant heigtif)(or Although true site productivity may not be fully repre-
age @A) and stand basal areB)(as explanatory vari-  sented by site index, it is the most widely accepted and

ables may be sufficient to describe the state of the standprobably the simplest method for estimating site pro-
ata given timeRienaar and Turnbull, 197,30 that the ductivity. Two algebraic difference equations derived
advantage of including an additional variable may not from the Sloboda (1971)and McDill and Amateis
be justified Decourt, 1974; Gaia, 1988. Neverthe- (1992) differential functions, and five algebraic dif-
less, in situations covering a wide range of silvicultural ference forms derived from the Bertalanffy—Richards
regimes, the inclusion of an additional variable such as (Bertalanffy, 1949, 1957; Richards, 195%orf (cited
the number of treesM) is necessaryGarda, 1994, in Lundqvist, 1957 and Hossfeld (cited ifPeschel,
Amateis et al., 1995Alvarez Gonalez et al., 1999 1938 growth functions were evaluated to model dom-
After thinning or pruning, it may take some time for inant height growth. These algebraic difference equa-
trees to fully occupy the additional space that has beentions are base-age invariant and polymorphic, and
made available to them. It might be expected that, one of these has multiple asymptotes. All of the
immediately after the intervention, a stand would grow models have been widely used to develop height/age
less than another not recently treated stand with the curves (e.gGarda, 1983; Cieszewski and Bella, 1989;
sameH, B andN. To account for this, a fourth variable  Elfving and Kiviste, 1997; Trincado et al., 2002;
representing relative site occupancy or canopy closure Calama et al., 2003
has been found to be useful in some instances, espe- Data from stem analysis and dominant height of the
cially where very heavy thinning and pruning take place sample plots measured twice were combined and used
(Garda, 1990. for modelling. Several data structures can be used to
The transition functions must possess some obvi- fit a model expressed in algebraic difference form. All
ous properties: (i) consistency, meaning no change for possible growth intervalsBrders et al., 1988typi-
zero elapsed time; (ii) path-invariance, where the result cally produce fitted models with a better predictive per-
of projecting the state first fromg to A1, and then formance as compared to, for example, forward moving
from A1 to A2, must be the same as that of the one- first differencesGoelz and Burk, 1992; Huang, 1999
step projection fromig to Ap; (iii) causality, in that a Therefore, this structure was selected for developing
change in the state can only be influenced by inputs the site quality system. To correct the inherent auto-
within the relevant time intervalQarda, 1994. Tran- correlation of the longitudinal data and structure used,
sition functions generated by integration of differential autocorrelation was modelled by expanding the error
equations (or summation of difference equations when term using the proposal dBoelz and Burk (1992,
using discrete time) automatically satisfy these condi- 1996)
tions. To fit these functions, it is necessary to make use )
of data from plots installed in stands from different sites  Hij = f(Hj. Ai. A, B) +e;j  with
and of different ages, and densities, measured at Ieasteij = pei_1.; + yei 1+ &ij (1)
twice; hence, interval or permanent plots are necessary
(Gadow and Hui, 1999 where H;; depicts prediction of heightby usingH;
The following sections describe how we developed (heighty), A; (agei), andA; (agej # i) as predictor vari-
each of the three transition functions and the disaggre- ables; 8 is the vector of parameters to be estimated;

gation system. e;j is the corresponding error term; theparameter
accounts for the autocorrelation between the current

2.3. Transition function for dominant height residual and the residual from estimatifig.1 usingH;

growth as a predictor; the parameter accounts for the autocor-

relation between the current residual and the residual
The difference equation methadl(itter etal., 1988 from estimatingd; usingH,_, as a predictor; ang; are
was used to develop a site quality system, in which both independent and identically distributed errors. In using
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all possible differences, the number of observations
is artificially inflated and the corresponding standard

errors for the parameters are therefore too small. Thus,

the standard errors were correcteddy(apdyn(fd),
wheren(apd) is the number of observations using all
possible differences angfd) is the number of obser-
vations if using only first difference$oelz and Burk,
1996. This provided consistent estimates of the param-

U. Diéguez-Aranda et al. / Ecological Modelling 191 (2006) 225-242

dN/dA

= aNP £(5)s4

)
whereK is a constants site index, andy, 8, andé the
model parameters.

Eq.(2)is the simplest assumption and considers the
instantaneous mortality rate as a constant quantity. This
approach was used Apmé et al. (1997and is appro-

eters and their standard errors. Fitting was carried out Priate for use in populations where the proportional

by modelling the mean and the error structure simulta-
neously using the SAS/ETSVIODEL procedure$AS
Institute Inc., 2000g which allows for dynamic updat-
ing of residuals.

2.4. Transition function for reduction in tree
number

We developed an equation for predicting the reduc-
tion in tree number due to density-dependent mortality,
or self-thinning, which is mainly caused by competition
for light, water and soil nutrients within a stanédet
and Christensen, 1987Density-dependent mortality

mortality rate is constant for all ages, site indices and
stand densitieClutter et al., 1988

On the other hand, Eg&)—(5)consider the mortal-
ity rate related to number of trees per hectare, age and
site index Clutter and Jones, 1980; Pienaar and Shiver,
1981; Bailey et al., 1983a Silva—cited invan Laar
and Ak@, 1997; Pienaar et al., 1990; Zunino and
Ferrando, 1997; Woollons, 199&lvarez Gonalez
et al., 2004. These equations differ only in the form in
which the effect of age is included. The effect of site
index was incorporated in the general form:

f(8) = co+c18? (6)

reflects lowered vigour and decreased growth rate, and  Parameter estimates were obtained by ordinary least

is at least partially predictabl&iurty and McMurtrie,
2000. This equation is especially important if only
low intensity thinnings are carried out, as was the case
of the studied stands, which were mostly located in
unthinned stands or stands thinned lightly from below
(A- or B-grade of severity-Smith et al., 199y
According toClutter et al. (1983)most mortality

analyses are based on the following variables obtained
from re-measurement data: age and number of trees
per hectare at the beginning and at the end of the period
involved, and sometimes site quality represented by the

site index value. Therefore, the model was constructed
using data from the 68 plots measured twice.

Fourteen biologically based algebraic difference
equations derived from the following four differential
functions were used for model development:

dN]CdA _x @

dn/da _ aNP £(S)A° (3)
N

dv/da s 8

squares using the Gauss—Newton’s iterative method
(Hartley, 196} of the SAS/STAP NLIN procedure
(SAS Institute Inc., 2000b

2.5. Transition function for stand basal area
growth

Stand basal area growth was also modelled using
algebraic difference equations. In this method, initial
B andA are assumed to provide sufficient information
about the growth trajectory of the stand, although the
inclusion of other variables in the equation (e.g. site
index) is also possible and sometimes necessary. Thus,
the use of an algebraic difference equation to project
stand basal area over time requires the knowledge of
theinitial B atageA, which may generally be calculated
directly on the basis of inventory data. Otherwise, the
previous use of an initialization equation to estimate
the initial B is required.

Therefore, the stand basal area growth system is
composed by two sub-modules: one for stand basal
area initialization and another for projection. The inte-
gral form of growth functions was used to develop the
initialization sub-module, while the stand basal area
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projection sub-module was fitted using algebraic dif- frequently used in forest growth models because of its
ference equations. flexibility and simplicity Maltamo et al., 1995; ®,

The initialization sub-module was fitted using data 1999; Kangas and Maltamo, 2000; Torres-Rojo et al.,
from 223 plots (155 from the first inventory and 68 2000. Expression of the Weibull density function is as
from the second one). The projection equation was fit- follows:
ted using pairs of data from the 68 plots measured twice.

Compatibility between both sub-modules was ensured . r— g\ L )

(i) by deriving the algebraic difference equations from  f(x) = (—) ( ) g ((—a)/p)’ (7)

the growth functions or vice versa; and (ii) by estimat- b b

ing independently the projection function parameters,

substituting their values into the initialization function, wherexisthe random variable,the location parameter
and then fitting it to obtain the estimates of the remain- which defines the origin of the functiomn, the scale
ing parameters. This form of proceeding gives priority parameter, andthe shape parameter that controls the
to the projection function, and it was selected because skewness.

it was considered that the model projection would be ~ The Weibull parameters can be obtained using dif-
most frequently used to estimate stand basal area fromferent methodologies, which can be classified in two
any given initial stand conditions obtained from a plan- groups: parameter estimation and parameter recovery
tation inventory. (Hyink, 1980; Vanclay, 199¢4 Several studiesQao

Eight algebraic difference equations obtained from et al., 1982; Reynolds et al., 1988; Borders and
the available literatureQlutter, 1963; Bennett, 1970; Patterson, 1990; Torres-Rojo et al., 2pb@ave found
Borders and Bailey, 1986; Pienaar and Shiver, 1986; that the parameter recovery approach provides better
Souter, 1986; Pienaar et al., 1990; Hui and Gadow, results than parameter estimation, even in long-term
1993; Forss, 1994and their corresponding integral projections.
forms, and six algebraic difference equations derived  The parameter recovery approach relates stand vari-
from the integral forms of the Bertalanffy—Richards ables, generally stand basal area, dominant height and
(Bertalanffy, 1949, 1957; Richards, 1958nd Korf number of trees, to percentile€gdo and Burkhart,
(cited in Lundqvist, 1957 functions were used for 1984 or moments Kewby, 1980; Burk and
model development. Taking into account the actual Newberry, 198% of the diameter distribution, which
relationship between stand basal area and site qual-are subsequently used to recover the Weibull param-
ity, site index was included as an explanatory variable eters. Nevertheless, the moment method is the only
accompanying the solved parameter of the growth func- one which directly warrants that the sum of the dis-
tions of Bertalanffy—Richards and Korf, in order to aggregated basal area obtained by the Weibull func-
improve the predictions of the corresponding initial- tion equals the stand basal area provided by an
ization equations. explicit growth function of this variable, resulting in

Fitting of both sub-modules was carried out using numeric compatibility Kyink, 1980; Knoebel et al.,
the SAS/STAP NLIN procedure 8AS Institute Inc., 1986; Kangas and Maltamo, 2000; Torres-Rojo et al.,
2000h over the logarithmic transformation of the equa- 2000. It was therefore the method selected for this
tions to avoid problems associated with the estima- study.

tion of standard errors of the coefficients due to het- In the moment method, the parameters of the
eroscedasticity. Weibull function are recovered from the first three order
moments of the diameter distribution (i.e. the mean,
2.6. Disaggregation system variance and skewness coefficient, respectively). Alter-
natively, the location parameter)(may be set to zero.
2.6.1. Diameter distribution The use of this condition restricts the parameters of the

Many parametric density functions have been used Weibull function to two, thus making it easier to model,
to describe the diameter distribution of a stand (e.g. and providing similar results to the three-parameter
Charlier, Normal, Beta, Gamma, Johnsgn Weibull). Weibull (Maltamo et al., 1995Alvarez Gonalez and
Among these, the Weibull function has been the most Ruiz, 199§. Thus, to recover parametassandc the
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following expressions were used: / ™
- B N Stand
d 2 5 1 variables
var= —— (M (1+ - ) —T“ (14 -
2 (1 + %) c c %
(8)
d, = [(4B}/(rN)]°®
d
b = 71 (9) Y
r (1 + E) d, d= f(d,stand variables)

whered is the arithmetic mean diameter of the observed
distribution, var its variance, and the Gamma func-

tion. . d

Once the mean and the variance of the diameter _
distribution are known, and taking into account that var= dy*d* k
Eg. (8) only depends on parameigrthe latter can be
obtained using iterative procedures. Paramétean
then be calculated directly from E(P). Considering n \ 2
that the disaggregation system is developed for inclu- nCD = f(dvar)
sion in a stand growth model, only the arithmetic mean
diameter requires to be modelled, because the variance
can be directly obtained from the arithmetic and the @ nCD
quadratic mean diametetiy) using the equations in K "
Fig. 2

Thus, the arithmetic mean diameter was modelled Fig. 2. Diagram of the disaggregation systeB=stand basal
using the following expressioii-(azier, 198} area; N=number of trees per hectaraiy=quadratic mean
. diameter;d = arithmetic mean diameter; var=diameter variance;
d=d, — eXp (10) nCD =number of trees per hectare in the diameter ctéssliameter

at breast height of the average tree in the diameter class.
whereX is a vector of explanatory variables (e.g. dom-
inant height, number of trees per hectare, age) that tural state of the stands, a single height—diameter rela-
characterize the state of the stand at a specific time tionship cannot well represent all situations. More-
and must be obtained from any of the functions of the over, the height—diameter curve of an even-aged stand
stand growth model, anflis a vector of parameters to  varies with ageCurtis, 1967; Assmann, 1970; Speidel,
be estimated. This procedure insures that predictions of 1983; Lappi, 199Y. that is, trees of different ages but
average diametee/} are always lower than quadratic  with similar diameters belong to different sociological
mean diameterd;), and has beenwidely used indiame- classes.
ter distribution modelling using the parameter recovery A practical alternative is the use of a generalized
approachCao et al., 1982; Burk and Burkhart, 1984; height—diameter relationship, which predicts the height

Knoebel et al., 1986 of a tree as a function of its diameter at breast height
The diagram of the proposed disaggregation system and one or more stand variables (e.g. dominant height,

is shown inFig. 2 quadratic mean diameter, dominant diameter, number
of trees per hectare, stand basal area) which take into

2.6.2. Height estimation for diameter classes account some basic characteristics common to all the

Once the diameter distribution is known, it is nec- local height regressions that represent each individ-
essary to estimate the height of the average tree inual stand Gadow and Hui, 1999; Staudhammer and
each diameter class. A local height-diameter rela- LeMay, 2000).
tionship may be used for this. Nevertheless, because Nine generalized height—diameter relationships that
of the heterogeneity of site conditions and silvicul- predict the dominant height of the starfd) when the



U. Diéguez-Aranda et al. / Ecological Modelling 191 (2006) 225-242 233

diameter at breast height of the subject tideequals by Dieguez-Aranda (2004 he advantage of compat-
the dominant diameter of the stanfy)Y were used for ible systems is that they allow the use of a very simple
model developmentMgnness, 1982; Gaffrey, 1988; and common volume equation (ewg= agd“th“2, v =
Tome, 1988; Caadas et al., 1999; Nilson, 1999 he ag + a1d?h) if only total volume is required, thereby
equations ofGaffrey (1988)and Nilson (1999)were simplifying the calculations.
modified to ensure the above-mentioned compatibil-  Data on diameter at different heights and total stem
ity. These equations include exponential terms in the volume from 228 destructively sampled trees were used
form 1/ — 1/do, 1 — dldg or (1 — €’0?) /(1 — ePoo), or for fitting a compatible system. To correct the inherent
multiplicative terms such a#dp. autocorrelation of the longitudinal data used, and tak-
Parameter estimates were obtained by ordinary leasting into account that observations within a tree were
squares using the Gauss—Newton’s iterative method not equally distributed, the error term was expanded
(Hartley, 196} of the SAS/STAP NLIN procedure using an autoregressive continuous time model GAR(
(SAS Institute Inc., 2000b (Zimmerman and Kinez-Anbn, 200). The main pur-
Practical use of the generalized height—diameter pose in using this error structure was to obtain con-
equation requires estimation of dominant diameter, sistent estimates of the parameters and their standard
which is difficult to project Lappi, 1997. Therefore, it errors.
must be estimated from the diameter distribution. The  Fifteen equations were tested for comparison
remaining explanatory variables can be easily obtained (Diéguez-Aranda, 2004The fittings were carried out
at any point in time from dominant height, number of by simultaneously optimizing total tree volume, diam-
trees per hectare and stand basal area transition func-eter at different heights and the error structure using

tions. the SAS/ETS MODEL procedure$AS Institute Inc.,
20003.
2.6.3. Total and merchantable volume estimation Aggregation of total ) or merchantablew) tree

Once the diameter and height of the average tree in volume times number of trees in each diameter class
each diameter class are estimated, the total tree volumeprovides total V;,.;) Or merchantable stand volume
can be calculated directly using a volume equation. If (V,y), respectively.
required, a volume ratio equation may be used to esti-  The diagram of the total and merchantable volume
mate the volume to a certain height or diameter as a estimation system is shown Fig. 3.
percentage of total volum&(rkhart, 1977; Cao et al.,

1980; Clutter, 1980; Reed and Green, 1p&dterna- 2.7. Selection of the best equation in each module

tively, merchantable volume from the stump to some

fixed top diameter limit or bole length may be estimated The comparison of the estimates of the different
from a taper equation, by integrating it over a specified models fitted in each module was based on numer-
height of the tree. The latter is the most commonly used ical and graphical analyses. Two statistical criteria
approachKozak, 1988; Newnham, 1992; Riemeretal., obtained from the residuals were examined: the coef-
1995; Castedo Dorado aAdvarez Gonalez, 2000; B, ficient of determination for nonlinear modek?) (see
2000; Novo et al., 2003 Ryan, 1997 pp. 419 and 424), which shows the pro-

A volume equation and a taper function are numer- portion of the total variance of the dependent variable
ically consistent if the total volume of a tree calculated that is explained by the model; and the root mean
using the volume equation is the same as the volume square error KMSE), which analyses the accuracy
calculated by integrating the taper equation over the of the estimates. Although several shortcomings have
total height of the tree. In this case, the equations consti- been stated against the use of %R in nonlinear
tute acompatible systerdémaerschalk, 1972; Clutter, regressionNeter et al., 1996 the general usefulness
1980; Rustagi and Loveless, 199Bometimes, the  of some global measure of model adequacy would
volume equation can be replaced by a merchantableseem to override some of those limitatiorRyén,
volume equation, which provides the total volumg ( 1997).
when the total heighti is used as an input variable. An The importance of validation to those who con-
up-to-date review of compatible systems is provided struct and use models is well recognizé&gkeatil and
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Fig. 3. Diagram of the total and merchantable volume estimation systediameter at breast height of the average tree in the diameter class;
H=dominant heightip = dominant diameter; =total tree heighty; =top diameter at heighit;; iy, = stump height#; = height above ground
level to top diameted;; [, = log length;v =total tree volume above stump leve];= merchantable tree volume, the volume above stump level
to a specified top diametef; nCD =number of trees per hectare in the diameter clégg; = total stand volumeV,,;r = merchantable stand
volume.

Blake, 1981; Reynolds, 1984; Mayer and Butler, 1993; Apart from these statistics, one of the most effi-
Rykiel, 1996; Vanclay and Skovsgaard, 1997; Huang cient ways of ascertaining the overall picture of model
et al., 2003. Therefore, the validation of each module performance is by visual inspection. Therefore, graph-
was based on the analysis of the same statistical cri-ical analyses, consisting of examination of plots of
teria but the residual of each observation (tree or plot, observed against predicted values of the dependent
depending on the data set) was obtained by refitting the variable and of plots of studentized residuals against
model without that observation. This technique, gener- the estimated values, were carried out. These graphs
ally referred to as-way cross-validation, is not really  are useful both for detection of possible systematic dis-
a true validation using an independent data set, but it is crepancies and for selecting the weighting faditeter
often useful as an additional criterion for selecting the etal., 1998. Specific graphs suitable for each of the dif-
best model. ferent components of the model were also examined.
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2.8. Overall validation of the model variables stand basal area and stand volume was carried
out.
In addition to the validation of each component
of the dynamic growth model, overall validation of
the whole model was carried out. It must be tak- 3. Results and discussion
ing into account that validation of a growth model
is complicated because it consists of several submod-3.1. Transition function for dominant height
els that may be estimated independently or simul- growth
taneously using different techniquekluang et al.,

2003. The algebraic difference form of the differential
The use of an independent data set is the preferredfunction proposed byMcDill and Amateis (1992)
method of model validationRretzsch et al., 2002; resulted in the best compromise between biological
Huang et al., 2003; Kozak and Kozak, 2008s new behaviour and goodness-of-fit statistics, producing the

data for model validation were not available in this most adequate site index curvdsd. 4). Therefore,
study, observed state variables from the first inventory it was selected for height growth prediction and site
of the 68 plots measured twice were used to estimate classification:

stand basal area and total stand volume at the age of

) . > 5139
the second inventory, including all the components of Hz = 1577 (12)
the whole stand model. These variables were selected 1- (1 - %9) (%)

because (i) stand basal area is perhaps the most impor- _ )
tant variable in planning thinning operations, and (i) Where H1 and A; represent the predictor dominant
estimation of stand volume involves all the functions height ¢z) and age (years), arf the predicted dom-

included in the whole stand growth model andis closely inant height at agd,.
related to economical assessments. In selecting the base age, 40 years was best for pre-

In order to evaluate whether the model performs dicting dominant height at other agéi¢guez-Aranda
acceptably well when used for prediction of stand basal €t al., 2095? ) )
area and stand volume, a critical error, expressed as a 10 estimate the dominant heigli{) of a stand for
percentage of the observed mean, was computed re-S0me desired agef), given site indexg) and its asso-
arranging-reese’s (1960)2 statistic Reynolds, 1984;  Ciated base agei), S andA, must be substituted into

Robinson and Froese, 2004 Eq.(12)for H1 andA1, respectively:
51.39
n Hy = 13

72 Z i = 3%/ s 2 1- (1 - Q) (%)14277 -

Ecrir. = = — (11) 2
y
30

wheren is the total number of observations in the data 25
set,y; the observed valuey; ‘its prediction from the ]
fitted model,y the average of the observed values, E 207
a standard normal deviate at the specified probabil- £ 15-
ity level (r=1.96 fora=0.05), andy?,, is obtained o
for « =0.05 andn degrees of freedom. If the speci- ]
fied allowable error expressed as a percentage of the 57
observed mean is within the limit of the critical error, 0-

the x2 test will indicate that the model does not give © 10 20 30 40 50 60 70
Age (years)

satisfactory predictions; otherwise, it will indicate that

the predlctlons ar_e accgptgblg. . Fig. 4. Site index curves for heights of 5, 10, 15 and 20 m at 40 years
Apart from this statistic, inspection of plots of  qyeriaid on the trajectories of observed values over time. Same-tree
observed against predicted values of the dependentor plot measurements joined by lines.
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Similarly, to estimate site index at some chosen base 3.3. Transition function for stand basal area

age, given stand height and agendA; must be sub-
stituted into Eq(12) for H, andA», respectively:

1—(1

3.2. Transition function for reduction in tree
number

5139

S =
5139\ [ A\ 277
Hi Ap

(14)

growth

The following modification of the Korf (cited in
Lundgvist, 1957 function was selected for stand basal
area initialization:

—1.369

B = 9240 (159954 (16)
whereB is the predicted stand basal are& fra 1) at
ageA, andsS the site index (m) estimated using Et4)
at a reference age of 40 years. Ep) will work well

The equation that provided the best results was in situations in which the silvicultural practices applied

(Dieguez-Aranda et al., 200Bb

N = (N 19894 1138 % 1079(5/1000)

x (A23.3079_ Al3.3079))—l/1.5896 (15)

whereN> is the predicted number of trees per hectare
at aged,, N1 the number of trees per hectare at dge
ands the site index (m) estimated using Ef4) for a
reference age of 40 years.

This equation implies that the relative rate of change
in the number of trees is proportional to a power func-
tion of age. Eq(15)may be applicable in stands where
the initial stand density was similar to those of the plots
used in this study, and where no thinnings or only light
thinnings have been carried out; otherwise, it is bet-

were similar to those carried out in the stands where the
experimental data used were collected. It should only
be used when no inventory data are available.

The corresponding function for stand basal area pro-
jection was:

B
By = 92.40(l

9240

(A1/Ap)t38°
) a7)

whereB, is the predicted stand basal are& fra 1)

at a given projection agé,, and B; the stand basal
area (Mha1) at ageA;, which are used as initial
values of the projection function expressed in alge-
braic difference form. These variables provided enough
information about the growth trajectory of stand basal
area. Similar results were obtained Bgnnett (197Q)

ter not to consider reduction in tree number, especially cjytter and Jones (198@ailey and Ware (1983and

after thinning operationg:ig. 5shows the trajectories

Murphy and Farrar (1988%tand basal area predictions

of observed and predicted number of trees over time qyerjaid on the trajectories of observed values over time

for different initial densities.

3000
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15001 = S

WOOO-\
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n
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o
|

Stems per hectare

70

are shown irFig. 6.

Basal area (m?ha)

40

I 30
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Fig. 5. Trajectories of observed and predicted stem number over Fig.6. Basal area predictions overlaid on the trajectories of observed
time. Model projections for initial stockings of 1100, 1500, 1900 and  values over time. Initial values obtained for site indexes of 9, 13, 18
2300 stems per hectare. Same-plot measurements joined by lines. and 25m. Same-plot measurements joined by lines.
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3.4. Disaggregation system B = b%_(ll+12)b£1b§2 1= (1— p1) (b%I[I)?zl)k

. o (b3—bo)k k/b
3.4.1. Diameter distribution a2 = (1 — p2) b2b3 ro= (1 — hg/h)""

The equation selected for predicting arithmetic k/b k/b

| ’ = (1— 1 —(1— 2
mean diameter and for use in the parameter recovery ri=0=p) rz=(1-p2)
approach was: agd1haz—k/b1

c1 =

d = d, — e 1294-0.00018N-+00363% (18) ! bi(ro — r1) + ba(r1 — a1r2) + baaarz

wheredisthe predicted arithmetic mean diameter (cm), ¢ Merchantable volume equation:

dg the quadratic mean diametgr (cm')th_e number of vi = R (byrg + (I + I)(b2 — b1)r1
trees per hectare, atfithe dominant height (m). VB Il I
+ Io(b3 — b)arra — B(1 — g1)PafT2al?)
3.4.2. Height estimation for diameter classes (21)
The model that provided the best results was a mod-
ification of the function proposed bgaffrey (1988)
optained after (i) subst_itution of the_guadratic mean  y — god“p® (22)
diameter by dominant diameter, and (ii) removal of one _ _
parameter and its associated variable, as it was notsig-  The obtained parameter estimates were:
nificantly different from zero:

e Volume equation:

ao 7.047x 107
h =13+ (H _ 13) e7.197((]/d0)—(1/d)) (19) ap 1.846

az 0.9320
wherer is the predicted total height (m) of the subject il égii 132
tree d its diameter at breast height (cm), adm) and bz 2 699% 10-5
do (cm) dominant height and dominant diameter (aver- p, 0.1039
age values of the 100 thickest trees per hectare) of thepz 0.6116

stand where the subject tree is included, respectively. ) ] ]
The following notation was used!=diameter at

breast height over bark (cmj;=top diameter at height
For total and merchantable volume estimation of hi over bark (cm)7. = total trfee height (m)hiihe'ght
above the ground to top diametér(m); iy =stump

the average tree in each diameter class, the compatibleheight (M) = total tree volume over bark (frabove
system proposed biyang et al. (2000yvas selected. stumplevélp,- = merchantable volume over bark)n

This system assumes that tree bole has three sections i .
each with a constant form factor that differs between the volume from stump level to a specified top diameter

i i : : . di; ao, a1, az, by, by, b3, p1, p2 = regression coefficients
sections. Itis constituted by the following components: to be estimated; = /40,000, metric constant to con-

e Taper function: vert from diameter squared in éto cross-section area
inm2; g; = hilh
1 ‘11 1 .

3.4.3. Total and merchantable volume estimation

d; = Cl\/]’l(k_bl)/bl(l — qi)(k—ﬁ)/ﬁail+lzaé2 (20) o
3.5. Overall validation of the model

where

) ) Observed dominant height, number of trees per
Iy =1if p1 < q; < p2;  Ootherwise, hectare and stand basal area from the first inventory
Ir=1if pp < g; <1; Ootherwise of the 68 plots measured twice served as initial values

for the corresponding transition functions (E€&2),
p1 and p, are relative heights from ground level (15) and (17)respectively). They were used to project
where the two inflection points that assumes the the stand state at the age of the second inventory. Later,
model occur Eq.(18)was used for estimating arithmetic mean diam-
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Bpred= 0.9641Bobs + 1.7917; R?= 0.9373 Vprea= 1.0051Vops+ 2.1963; A% = 0.9598
— F value 0.85; Prob>F 0.4334 ™ F value 0.63; Prob> F 0.5357
w 80 & 800
= i 5 ]
o
£ 60- E 6001
w g 1
£ 40 2 400
T ] = 1
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Fig. 7. Plots of observed against predicted values of stand basal area (left) and stand volume (right). The solid line represents the linear mode
fitted to the scatter plot of data and the dashed line is the diagehial the coefficient of determination of the linear model, andAlvalue and
its associated probability are the results of the simultan&etest for intercept =0 and slope =1.

eter, which allowed calculation of the variance of the than 10-year-old should not be made, since for younger
diametric distribution. EqY(8) and (9)were used to  ages erratic height growth may lead to erroneous classi-
recover the Weibull parameters, which allowed esti- fications. However, the model may be used with caution
mation of the number of trees in each diameter class. forages above 55 years until more data are recorded and
Egs.(19) and (22Wwere used to estimate the height and used to test or refit the model, because the behaviour
the total volume of the average tree in each diameter of the different components was evaluated and found
class, respectively. Aggregation of total tree volume logical for ages close to the rotation length (for the best
times number of trees in each diameter class provided results, approximately 70-80 years) ($égs. 4—6.
total stand volume. The most important limitation of the model is that it
Fig. 7 shows observed against predicted values of does not consider the later effect of thinning and prun-
stand basal area (left) and stand volume (right) obtained ing before the trees fully occupy the additional space
following the above procedure. The linear model fitted that has been made available to them. Thus, it is rec-
for each scatter plot and the coefficient of determination ommended that thinning trials are carried out, and that
showed good behaviour for both variables. The simul- measurements of dominant height and stand basal area
taneousF-test for intercept=0 and slope =1 showed growth are made, and the reduction in tree number per
no bias and provided no reason for rejecting the null hectare in old pine plantations are monitored to confirm
hypothesis. or modify the relationships in a data set corresponding
A critical error of 10.9 and 15.3% was also obtained to a longer period.
for stand basal area and total stand volume, respec-
tively. Considering the required accuracy in forestry
growth modelling, where a mean prediction error of Acknowledgements
the observed mean at 95% confidence intervals within
+10-20% is generally realistic and reasonable as a Funding for this research was provided by the
limit for the actual choice of the acceptance and rejec- Ministry of Science and Technology through project
tion levels Huang et al., 2008 we can state that the ~AGL2001-3871-C02-01 “Crecimiento y evolaci de
model provides satisfactory predictions for the avail- Mmasas de pinar en Galicia”. Helpful review comments
able data. Nevertheless, the model should be tested andvere provided by two anonymous referees.
modified, if required, as new data become available.
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