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Abstract

The thuya (Tetraclinis articulata (Vahl.) Mast.) forests are one of the most important ecosystems in semiarid envi-
ronments in north-western Africa, providing important economic profit and social services to local populations. However,
lack of tools aiding sustainable management of these forests is detected. In the present work models for the main tree
attributes as total height, crown diameter, height to crown base and stem form are developed for the species, using data
from a net of plots installed in JbelLattrech region, in the NE Tunisia. Presented models allow characterizing the ac-
tual state and timber production of forests by using variables measured in typical forest inventories and conform a
preliminary step for the future development of dynamic growth models.
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Resumen

Hacia el manejo sostenible de los bosques de araar (Zetraclinis articulata (Vahl.) Mast.) en Tlinez: modelos para
las principales variables de arbol

Los bosques de araar (Tetraclinis articulata (Vahl.) Mast.) constituyen uno de los ecosistemas mas importantes de
los ambientes semiéridos del noroeste de Africa, siendo ademas fuente de importantes beneficios econdmicos y servicios
sociales a las poblaciones rurales. Pese a este interés, hasta el momento no se han desarrollado herramientas que facili-
ten la gesiton sostenible de estas masas forestales. En el presente trabajo se presentan modelos para los principales
atributos de arbol individual: altura total, didmetro de copa, altura hasta la base de la copa y ecuacidén de perfil, desarro-
llados para la especie a partir de datos obtenidos en una red de parcelas permanentes instalada en la region de JbelLattrech,
en el NE de Tunez. Los modelos presentados permiten caracterizar el estado y produccion maderera actual de los bosques
de thuya a partir de las variables medidas habitualmente en los inventarios forestales para la gestion, y constituyen
ademas un paso preliminar para el desarrollo futuro de modelos dinamicos de crecimiento para la especie.

Palabras clave: araar; ecuacion de perfil; ambientes semiaridos; modelos de atributo de arbol.

Introduction The main areas for the species are located in Morocco

(600,000 ha), Algeria (160,000 ha) and Tunisia, where

The thuya or araar (Tetraclinis articulata (Vahl.) it occupies approximately 22,000 ha (Charco, 1999;
Mast.) is a Mediterranean forest species from the fam- ~ DREF, 2002). In Tunisia, the geographical distribution
ily Cupressaceae which extends from north-western  of the thuya is limited to the northern-eastern region
Africa to south-western Europe, covering a potential area (fig. 1), showing discontinuous forest patches from Cap
012,500,000 ha, nowadays reduced to only 800,000 ha. =~ Bon to Hammamet and Zaghouan areas (Rejeb et al.,
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1996). In Spain, some relicts of thuya, covering less
than 10 ha, are found in south-eastern semiarid regions
(Ibafiez et al., 1989).

The thuya forests are sources of highly valuable
services as soil erosion control, biodiversity conserva-
tion and CO, fixation, being also adequate for affores-
tation programs in arid and semiarid environments and
highly-erosionated soils, especially under expected
scenarios of climate change (Esteve-Selma et al.,
2010). In addition, thuya timber is largely appreciated
for construction, handcraft and cabinetmaking due to
its hardness, veneer, durability and fragrance. Special
interest has the root wood located in the enlarged cop-
pice stump (lupia). A secondary traditional use has been
resin tapping, from where the appreciated sandarac
gum is obtained.

Timber overexploitation, inadequate resin tapping,
grazing pressure and uncontrolled fires have resulted
in highly degraded forests (Charco, 1999), only pre-
served from extinction due to the resprouting capac-
ity of thuya. In the actual state of degradation lack of
large size trees exists, so currently the main product
from thuya forests is small woods for fuel and fencing
(DREF, 2002), attaining very low productions per
hectare.

Considering the singularity of the species and the
potential economic and social interest for the rural
populations, it is necessary to define sustainable manage-
ment schedules warranting wood and resin profit to-
gether with the preservation and improvement of the
forests. The scientific literature on the species mainly
focuses on phytosociological and autoecology studies
(Nabil, 1989; Schoenenberger, 1995), with almost no
reference to management practices (Bachoua and
Voreux, 1987). The development of management sched-
ules requires: 1) tools for estimating actual yield of
forests and ii) growth models which allow managers to
predict forest evolution under different scenarios and
management schedules. As a preliminary step for attain-
ing both objectives, tree-level models relating common
variables measured in forest inventories - as breast height
diameter - with interesting tree attributes are demanded.
In the case of thuya, the only available tree equations
are the ancient one and two-entry volume equations
developed for the forests in Moroccan Great Atlas (Ach-
hal et al., 1985). In this context, the main objective of
this work is to construct new models for predicting total
tree height, crown diameter, height to crown base, stem
taper curve and tree volume with flexible end-size prod-
ucts classification for thuya forests in NE Tunisia.

Figure 1. Thuya forests region in Tunisia and JbelLattrech study area.
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Material

The present study was carried at JbelLattrech, a
sandstone area highly representative for the species,
covering about 4,000 hectares. The annual average
rainfall is 393 mm, and average minimum—-maximum
temperatures for the coldest (January) and warmest
month (August) between 8.4-30.5 °C respectively (Ben
Mansoura and Garchi, 2001). The geology is domi-
nated by Oligocene sandstone. Soils of the study zone
are represented by soil of erosion on sandstone (cal-
caric fluvisols) and soil on dismantled calcareous crust
(calcic cambisols). Within this area, a net of 50 perma-
nent plots on pure even-aged stands of thuya was in-
stalled during the summer of 2009. Plots are circular,
of variable radius (ranging between 5.3-16.3 m), in-
cluding 40 trees with breast height diameter > 5 cm,
and were selected in order to cover the whole range of
age, site quality and stand density detected. The stands
are mainly coppices originated from clearcutting,
though selective thinning is occasionally applied. Areas
with signals (stumps) of recent tree harvesting (less
than five years) were avoided. Every tree was posi-
tioned by using a tape and a compass, identifying trees
coming from the same stump. Breast height diameter
was measured with a caliper at each tree, while total
tree height, height to crown base and crown diameter
over two perpendicular directions were measured in a

Table 1. Summary statistics for the data set used

random sample of 10-12 trees per plot, using an hyp-
someter and a flexible tape. A single tree from the
dominant stratum per plot was felled, and cut into logs
at 0.5 m intervals, according with the recommendations
by Prodan et al. (1997). Circumference length was
measured with a flexible n-tape at the end sections of
each log, and log volume was calculated using Huber’s
formula. Over bark total stem volume was obtained as
the sum of the volumes of all the logs. Summary sta-
tistics for the sampled plots and trees are shown in
Table 1. Height-diameter data, crown diameter, height
to crown base data, and the stem profile for the data set
are shown in Figure 2.

Methods
Height-diameter and crown attribute models

Twelve generalised height-diameter equations were
selected as candidate functions to model the height-
breast height diameter relationship (Table 2). All func-
tions tested are non-linear, constrained to pass through
the point (0.0, 1.3) and include dominant height and
diameter as covariates. Additionally, six biparametric
nonlinear functions over breast height diameter were
also evaluated for the crown diameter model (Table 2).
All these functions were selected among those proposed

Data level Variable Mean STD Min Max N

Plot N (stems/ha) 1,860 865 479 4,533 50
T (years) 57 10 36 77 50
BA (m?%ha) 12.90 6.39 2.32 27.74 50
dg (cm) 9.41 1.55 6.32 12.95 50
Do (cm) 12.76 2.32 7.85 17.43 50
ho (m) 6.52 1.38 4.20 11.00 50
hm (m) 5.46 1.09 3.61 9.17 50
Vol (m*/ha) 36.14 22.13 5.16 111.61 50
SDI 384 183 75 762 50

Tree dbh (cm) 9.09 2.87 5.00 22.00 2,000
h (m) 5.43 1.32 2.75 11.00 594
cw (m) 2.08 0.66 0.73 4.25 594
heb (m) 1.21 0.62 0.10 3.35 594

Sample-tree dbh (cm) 13.40 2.63 8.10 18.70 50
h (m) 6.51 1.38 4.20 11.00 50
V (dm?) 47.56 24.73 11.57 122.03 50

Where N: stand density, T: age, BA: basal area, dg: mean squared diameter, Do: dominant diameter, ho: dominant height, hm: mean
stand height, Vol: total stand volume, SDI: Reineke’s stand density index, dbh: breast height diameter; h: total tree height, cw: crown

diameter, hcb: height to crown base, V: total tree volume.
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Figure 2. Plot charts for total height and crown diameter as a function of breast height diameter (above); height to crown base as a
function of total height and stem form profile relating relative diameter and relative height (below).

by Sanchez-Gonzalez et al. (2007). Height to crown
base hch was modeled as a function of total height
using the nonlinear equation proposed by Dyer and
Burkhart (1987), linearized by applying logarithmic
transformation over the ratio between /cb and total
height (see eqs. hcbl and hcb2; Table 2).

The available fitting set consists of measurements
taken from trees located within different plots. This
hierarchical nested structure leads to lack of independ-
ence among observations coming from the same plot.
To alleviate this, candidate functions were fitted as
multilevel nonlinear (dbh-h and crown diameter mod-
els) or linear (log(hcb/h)) mixed models, including
random components at plot level. In the nonlinear
models, first all the parameters were considered as
mixed, and then reduced structures considering less
random components were compared in terms of log-
likelihood. In the case of linear mixed models, ex-
planatory covariates were first selected using stepwise
criteria, and then random plot components acting over
intercept were included. Linear and nonlinear mixed
models were carried using respectively MIXED and
NLMIXED procedures in SAS/STAT® v.9.2 package.

Between models comparison was carried by using
Akaike Information Criteria (AIC) together with effi-
ciency (EF), root mean square (RMSE) and bias (E),
evaluated over the conditional predicted value (includ-
ing EBLUP’s for the random parameters):

Where y;, ; and y are respectively the observed,
predicted and averaged value for the response variable
y, n is the number of observations, and p the number
of parameters in the model.

Stem curve and compatible volume function

The thuya stem form was described applying the
compatible system of equations proposed by Fang
et al. (2000) for slash and loblolly pine. This system
includes a segmented taper function, and total tree and
merchantable stem volume functions. The segmented
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Table 2. Evaluated height-diameter and crown diameter models

Eq. Height — diameter model Eq. Crown diameter model
hl h-1.3=(ho-1.3)((dbh/Do)*) cwl cw=a(dbh®)

h2 h-1.3=(ho-1.3)(1-exp(-a dbh))/(1-exp(-a Do)) cw2 cw=c+a(dbh®)

h3 h-1.3=dbh/((Do/(ho-1.3))+a (dbh-Do)) cw3 cw=a.exp(b/dbh)

h4 h-1.3=(a((1/dbh)-(1/Do))+(1/(ho-1.3))"3)2 cw4 cw=a(1-exp(-b.dbh))
h5 h-1.3=(ho-1.3) exp(a((1/dbh)-(1/Do))) cw5 cw=(a.dbh)/(b+dbh)
h6 h-1.3=(ho-1.3)(1+a (ho-1.3)/((1/dbh)-(1/Do))) cwo cw=(dbh /(a+(b.dbh)))?
h7 h-1.3=(a((1/dbh)-(1/Do))+(1/(ho-1.3)) )3

h8 h-1.3=ho(1+a.exp(b.ho))(1-exp(-c(dbh/ho))) hebl heb = h et

h9 h-1.3=(ho-1.3)exp(a (1-(Do/dbh))+(b((1/Do)-(1/dbh))) hcb2 log (hecb/h) = f(x)
h10 h-1.3=(ho-1.3)/(1-(a(1-((Do/dbh)))))

hll h-1.3=(ho-1.3)exp(a(1-(dbh/Do)))exp(b((dbh/Do)(1/dbh)))

h12 h-1.3=(a(ho") (ho-1.3))/(abs((Do-dbh)/dbh)")

Where h = total height, ho: dominant height, Do: dominant diameter, dbh: breast height diameter, cw: crown diamenter, hcb = height
to crown base, f(x) is a linear function of explanatory variables constrained to be < 0.

taper function assumes that a tree stem can be divided
into three parts, each of them with a different geo-
metrical shape, separated by two inflection points oc-
curring at unknown but estimable relative heights p,
and p,, and its main expression is:

(k=by) (k=B)
B

di: h » (l_q) a{l*’zaéz [1]

Where I, = 1 if pl < q < p2; 0 otherwise; I, =1 if
p2 < q < 1; 0 otherwise; and

(b-b)k (bs—by)k i
o, =(-p) kb o, =(1-p,) bt ﬁ=bli(1+2)bzl'bs[2 [1.1]

k

a,dbhh” b
b(ry—r)+b,(r —an)+boyr,

(&}

[1.2]

k k

k
ro=(1—%]" n=(=p ) n=(1-p)= [13]

With d;: section diameter (cm) at height section h;;
dbh: breast height diameter (cm); hy: stump height (m);
q = hy/h; h: total height (m); k=r/40000; a,, a,, a,, by,
b, bs, pi, p,: parameters to estimate. From the previous
taper model total stem volume V (m?) is given by:

V = a,dbh® h 2]

And merchantable volume V; (m®) up to a section
diameter d; is directly given by:

k k
V= Clzhh by + (L 4+ L)b, =) + L(by = by oy _ﬁ(l_q%allmazh [3]

Parameters from the taper function [1] were inde-
pendently estimated, and then used to develop volume
functions [2] and [3] (method (ii) in Fang et al.,
2000). Diameter section data are expected to be
highly correlated, so a continuous second-order au-
toregressive structure was incorporated (Zimmerman
and Nufiez-Antén, 2001). Dynamic fitting of model
[1] considering autoregressive structure was carried
using PROC MODEL on SAS/ETS ® v.9.2. package.
Accuracy of the compatible system of equations was
evaluated in terms of EF, RMSE, and E for section
diameter, total volume and merchantable volume. In
the latter, volume for the first two-meters log from
the 14 sample trees with dbh > 15 ¢cm was used to
carry evaluations.

Results
Height-diameter and crown attribute models

Table 3 includes comparison criteria for height-diam-
eter and crown diameter models. No option considering
two or more random parameters attained convergence.
Among the converged functions for height-diameter, the
three-parameter model h8 with parameter “a” as mixed
attained the best performance:
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Table 3. Fitting statistics and comparison criteria for the different models evaluated. Bolds indicate selected models
Model Random n E RMSE EF AIC  Model Random n E RMSE EF AIC
hl a 594 —0.4614 1.0085 0.4246 1753.19 cwl b 594 -0.0015 0.3731 0.6788 608.28
h2 a 594 -0.4501 1.0034 0.4305 1740.62 cw2 b 594 0.0137 0.4207 0.5916 607.02
h3 a 594 -0.4377 1.0050 0.4287 1756.25 cw3 a 594 0.0035 0.3869 0.6547 650.82
h4 a 594 -0.4342 0.9960 0.4389 1725.68 cw4 a 594 0.0038 0.3760 0.6738 616.86
h5 a 594 —-0.4209 0.9883 0.4475 1728.83 cw5 b 594 —0.0005 0.3757 0.6743 614.52
h7 a 594 -0.4282 0.9928 0.4424 172547 cw6 a 594 0.0015 0.3829 0.6617 634.43
h8 a 594 -0.0023 0.6546 0.7576 1323.62
h8 b 594 0.0192 0.6605 0.7532 1332.41 [6] Intercept 594 <0.0001 0.5107 0.4640 981.7
h9 b 594 -0.4212 09883 0.4475 1730.81 [7] Intercept 594 0.0406 0.4366 0.5149 -
h9 a 594 -0.4208 0.9898 0.4458 1732.10
h10 a 594 -0.4246 0.9840 0.4523 173494 [1] - 529 0.0073 0.8514 0.9637 -
h10 b 594 -0.4190 0.9827 0.4538 1734.07 [2] - 50 -1.5084 4.5498 0.9675 -
hll b 594 -0.0013 0.6639 0.7507 1353.44 [3] - 14 2.6689 4.4227 0.6510 -
h12 b 594 -0.0092 0.7158 0.7101 1436.73
h12 a 594 —0.0018 0.7151 0.7108 1434.67
h12 c 594 —0.0081 0.7841 0.6523 1519.19

Where Random: parameter of the models selected as random, n: number of observations, E: bias, RMSE: root mean square error, EF:
modeling efficiency, AIC: Akaike’s Information Criterion (see text for detailed description on these statistics).

dbh

h—1.3= ho[l+(-0.4760 + u)exp ™! 157””]ll - exp"'lo"éﬁ ] +e [4]

Where u is a random plot term, normally distributed
with mean zero and variance 6*(u)=0.0316; e is a re-
sidual error term, following a normal distribution with
mean zero and variance 6%(¢)=0.4599.

In the case of crown diameter model, all the function
tested reached similar values, with model cw1 consid-
ering “b” as a mixed parameter attaining the best values
in terms of EF and RMSE:

ew=0.3568(dbh" ™) + ¢ [5]

Where v is a random plot term, normally distributed
with mean zero and variance 6*(v)=0.0011; e is a re-
sidual error term, following a normal distribution with
mean zero and variance 6*(¢)=0.1475.

For height to crown base, selected linear model for
logarithmic transformation over hcb/h included as
explanatory covariates the inverse functions of the
squared age, stand density and the squared breast height
diameter, as well as the product among diameter-height
ratio and the inverse of stand age:

1 1
h _ 2 _
log| C%) = 12164197744 505.99 -~

(6]
! +10.6371@+ w+e
hT

—-15.3029
d

bh*

Where w is a random plot term, normally distrib-
uted with mean zero and variance 6*(w)=0.1125; e is
a residual error term, following a normal distribution
with mean zero and variance 6%(¢)=0.2778. The ex-
pected marginal value for hcb after applying antiloga-
rithmic transformation and bias correction (Flewelling
and Pienaar, 1981) is:

dbh

v

1.2164-1977.44-—505.991 15,3020 —+10.6371
72 N dbh?

heb=1.2154h exp

Performance results for models [6] and [7] are also
included in Table 3.

Stem curve and compatible volume function

Table 4 shows fitted parameters and standard errors
for Fang’s stem curve equation [1], compatible volume
equation [2] and merchantable volume equation [3].
Stem taper model [1] and volume equation [2] lead to
unbiased estimates, with modeling efficiencies attain-
ing values over 0.96 and RMSE below 1 cm and 5 dm?
for section diameter and tree volume, respectively
(Table 3). In the case of merchantable volume [3],
RMSE and E values are similar to those obtained for
tree volume, though EF reaches 0.65, mainly indicating
low variability in the values for the first two-meter log
in the selected trees.
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Table 4. Parameter estimates (and standard errors in parenthesis) for stem curve equation [1], volume equation [2] and mer-

chantable volume equation [3]

Equation a, a, a, b, b, P |3
[1]-[3]  0.000069  1.77048 0.97947  0.000017  0.00003  0.000026  0.13129 0.54913
(9.13E-6)  (0.0528)  (0.0501)  (2.59E-6)  (1.44E-6)  (7.99E-7)  (0.0093)  (0.0369)
Discussion and conclussions References

The developed tree-level models for thuya allow pre-
dicting variables whose measurement is largely expensive,
as individual height, crown diameter or height to crown
base, using explanatory covariates typically obtained in
forest inventories, as breast height diameter. Other inter-
esting attributes as crown volume (computed by assuming
a geometrical shape for the crown) or competition indices
can be easily derived. The formulation of these models
as mixed, including a random plot component, allows to
carry calibrations for new locations where a small sample
of tree heights or crown size attributes are measured (see
Calama and Montero, 2004, for details on model localiza-
tion), improving the accuracy in the predictions. Moreo-
ver, the developed stem curve and compatible volume
equations following the method proposed by Fang et al.
(2000) permit a flexible classification of timber products,
by defining the minimum end diameter of the logs for
cabinet making, construction, fencing or fuel wood, what
means an advantage over the traditional volume equations
by Achhal et al. (1985). Additional benefits of the pro-
posed modeling approach is that allow combining the
stem curve and crown dimensions models with parameters
as timber density for the species (790 kg/m?, Matouk,
2005) and crown bulk density to make estimates of aeri-
al tree biomass and fixed CO,, which will help to deter-
mine the capacity of Tunisian thuya forests as CO, pools.
Finally, these models can be seen as a preliminary step
for the subsequent construction of growth and yield mod-
els which permit to predict the evolution of thuya stands
under different scenarios and to define optimum scientif-
ic-based management schedules.
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