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Abstract. This work follows previous field studies aiming to define five different stone pine (Pinus pinea L.) tree
developmental stages, of which three corresponded to cone production stages. Based on collected data of cone
production of stone pine stands in 40 georeferenced plots and 330 trees in three production campaigns (2004/05,
2005/06 e 2006/07), geostatistical methods of semivariogram and kriging were used to assess the areas of cone
productive classes. The study area is located in the region of Setubal Peninsula in South-Western Portugal, the
denominated Provenance Region V, which is the area with the highest cone production in the country. A simple
kriging model with a detrended exponential semivariogram was selected and the results of cone productive class-
es 1 (299-658 kg.ha™), 2 (122-298 kg.ha™!), and 3 (lower than 112 kg.ha!), have a potential extent of 345,056
ha, 189,571 ha, and 148,275 ha, respectively. Considering the actual stone pine area the estimated areas of the
three productive classes were 23,196 ha, 29,329 ha and 3559 ha for classes 1, 2 and 3, respectively. Further
application of geostatistical methodology can be used to evaluate the potential of expansion of stone pine in this
region on areas with other land cover types considering cone and/or kernel productive classes.

Keywords. Kriging — Semivariogram — Stone pine — Cone Productive areas.

Résumé. Ce travail suit des études visant a définir cinq stades de développement d’arbres de pin parasol (Pi-
nus pinea L.), dont trois correspondaient a étapes de la production de cénes. Les données de terrain ont été
collectées en 40 placettes géoréférencées avec 330 arbres, pendant trois campagnes de production (2004/05,
2005/06 e 2006/07). L’évaluation des zones de classes productives de céne a été exécuté avec les méthodes
géostatistiques de semivariogramme et krigeage. Les placettes ont été installées en peuplements de pin pa-
rasol dans la région de la péninsule de Setubal au sudouest du Portugal, la Région de Provenance V, qui est
la productrice plus importante de cénes du pays. Un modele de krigeage simple, avec une semivariogramme
exponentielle et retrait de tendance a été sélectionné, et les résultats des classes productives de céne : 1 (299-
658 kg.ha''), 2 (122-298 kg.ha™), et 3 (inférieure & 112 kg.ha™'), ont donné des zones d’occupation potentiel
de 345 056 ha, 189 571 ha, et 148 275 ha, respectivement. Compte tenu de la surface effective de pin para-
sol, les zones estimées des trois classes productives sont 23 196 ha, 29 329 ha et 3559 ha pour les classes
1, 2 et 3 respectivement. L’application de la méthodologie géostatistique peut étre également utilisée pour éva-
luer le potentiel d’expansion du pin parasol dans des zones avec d’autres types d’occupation du sol dans cette
région, envisageant les classes productives de céne et /ou de pignon.

Mots-clés. Krigeage — Semivariogramme — Pin parasol — Zones productives de céne.

| — Introduction

The area of stone pine (Pinus pinea L.) in Portugal has increased 46% since 1995, corresponding cur-
rently to about 6% (about 176,000 ha) of the total forest area (ICNF, 2015) and ranking as the fifth
species in occupied area. The main source of income for stone pine producers is kernel production
for food industry, but environmental benefits in terms of sand dune fixation, soil protection and im-
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provement of degraded ecosystems should also be envisaged. The cone production in Portugal is ca.
65 millions of cones corresponding to about 600 to 700 tons of kernel, mostly aimed at exportation.

This work follows a study that defined five tree developmental stages, of which three correspon-
ded to cone production stages (Carrasquinho et al., 2010), in stone pine stands installed in the
Provenance Region V located in South-western Portugal (Cardoso and Lobo, 2001). A comple-
mentary work of evaluation of the areas of these productive classes is thereby required. Model-
ing cone production as a function of stone pine tree biometric variables showed the relationships
among these variables (e.g., Calama and Montero, 2005; Freire, 2009; Rodrigues et al., 2014) and
the need of evaluation of their spatial variability. Geostatistical tools, such as the ones implemented
in Geographical Information Systems (e.g., Geostatistical Analyst tool ArcGis 10.2.2). Geograph-
ical Information Systems (GIS) for quantifying spatial variation of clustered data variables, can be
used in forest applications. Within this context, this work intended to quantify areas for three cone
productive classes, in Provenance Region V, through a geostatistical interpolation of cone pro-
duction data obtained in field plots. That information should allow for a detailed assessment of the
productive potential of the regions abridged by the study.

Il — Materials and methods

1. Data collection in the plots

Cone production was obtained from 40 circular georreferenced plots with 330 trees, installed in
2004 and 2005, in eight counties on Provenance Region V, with data production collected in the
2004/05, 2005/06 and 2006/07 campaigns. The data used in this study were the cone production
per plot, obtained from the sum of the productions available for each tree in the three campaigns,
as it was not possible to obtain production data for the three campaigns from some trees. The pro-
ductive classes were defined with average productions per ha in the ranges of: lower than 112
kg.ha™ for class 1, 122-298 kg.ha™" for class 2, and 299-658 kg.ha™! for class 3, respectively. The
eight counties where plots were located in Chamusca, Coruche, Vendas Novas, Montemor-o-Novo,
Setubal, Alcacer do Sal, Grandola and Santiago do Cacém, respectively (Fig. 1). These counties
corresponded to a total area of 682,902 ha. To obtain digital information concerning the area of dis-
tribution of stone pine in Portugal, Land Use and Land Cover Map of Portugal mainland 2007 (COS
2007) (DGT, 2007) was used. This digital chart is based on the interpretation of orthorectified aer-
ial photos and also in a multi series satellite imagery enabling a better identification of the vege-
tation phenology and of the soil occupation. The minimal cartographic unit is 1 ha with a minimum
20 m distance between lines; consequently the grain of analysis, a pixel of 20m width, was used.

2. Data treatment

The productive area estimations were performed using the geostatistic extension implemented in the
Geostatistical Tool in the ArcGis package 10.2.2 (Esri Inc.) Geostatistics are based on the concepts
of kriging and semivariogam. Kriging is the ultimate spatial linear interpolating model of a spatial ran-
dom variable Z(s): s D R? of the general form (Schabenberger and Pierce, 2002; Gongalves, 2015):

Z(s) = u(s) + &(s) (Equation 1)

where u(s) is the mean of the random field and is its variance. The variance is evaluated by the
semivariogram y(h), h being the Euclidean space between two points, which in its general form is
given by:

nh) =Y Var[Z(s) — Z (s+h)] (Equation 2)
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Fig. 1. Counties of stone pine locations.

The semivariogram is thereby representative of the spatial correlation of values of a variable Z(s)
in the points s and (s+h) and can be modeled by several kinds of equations such as spherical, ex-
ponential or Gaussian. The common applications of the semivariogram rest on assumptions of in-
trinsic or second order stationarity and isotropy. A theoretical configuration of the semivariogram is
shown in Fig. 2. It can be noticed that the semivariogram converges monotonically to an asymp-
tote (sill) at a given lag distance (pratical range) representative of the distance from the first point.

In real conditions a discontinuity at the origin, the so-called nugget effect, can exist, due for example
to measurement error and the convergence occurs on a partial sill (Fig. 3).

In this study we considered the geostatistical interpolation by simple, ordinary and universal krigings.
General equation 1 allows to define simple kriging if the mean of equation u(s) is known, ordinary
kriging if the mean is unknown, or universal kriging if the mean is given by an expression like:

u(s) = x(s)B (Equation 3)

with B unknown. The kriging predictors of Z(s) with a general form p(Z s ) are estimated as a gen-
eral sum:
p(Z; s,) = A'Z(s) (Equation 4)

where A is the vector of kriging weights, representative of the contribution of each of the measured
points to the estimated spatial variation. The predictors are calculated in order to minimize pa-
rameters error parameters such as the mean prediction error:
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Z(s,)=2,Ms,)Z(s,)
n

(Equation 5)

where n is the number of plots. Other statistics for kriging error evaluation are the mean predic-
tion error, the average standard error, the root mean square error and the standardized root mean
square (Johnson et al., 2001). A good spatial model requires that the mean prediction error val-
ues should be close to zero, root mean square values as lower as possible, average standard er-
rors close to and root mean square and standardized errors close to 1. Detrending and kernel treat-
ment of semivariograms were also applied in this study. Indeed experimental semivariograms can
follow a curve pattern distinct from the Fig. 2 and Fig. 3 above, for example as smooth concave
curves that approach the origin with decreasing gradients or that increase sharply after reaching
the sill. These patterns are indicative of a global trend or rift which is imposed on the short range
variation in the spatial variable. The global trend is an overriding process that affects the meas-
urements on a deterministic way. The superficial trend can be represented by an equation (e.g.,
a polynomial) removed to pay attention to the stochastic spatial structure submitted to kriging
processes and replaced before final predictions are made. Experimental semivariograms can also
present some high frequency white noise fluctuations, which can be smoothed through convolu-
tion with the so-called kernel functions (e.g., exponential, Gaussian or spherical).
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Fig. 2. Theoretical configuration of a semivariogram (adapted from Johnston, 2001).
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Fig. 3. Semivariogram with a nugget and partial sill (adapted from Bohlig, 2001).
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Following the mentioned geostatistical principles, 24 kinds of kriging were applied to evaluated ar-
eas for cone production, differing about the type of kriging (simple, ordinary or universal) semi-
variogram (spherical, exponential or Gaussian), kernel and trend removal.

Il — Results and discussion

The spatial model chosen, which optimized the four error criteria aforementioned, was a simple krig-
ing with an exponential semivariogram, a lag size of 11.86m, a second order polynomial trend func-
tion and an exponential kernel function (Fig. 4). The exponential function provided a convenient
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Fig. 4. Semivariogram chosen for the modeling of spatial variability of cone production.
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Fig. 5. Kriging results for the three cone productive classes.
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smoothing of point autocorrelation. The values of mean prediction error root mean square error,
average standard error and standardized root mean square were -0.61 kg, 66.57 kg, 2.3 kg and
0.94 respectively. In the total 682,902 ha counties’ area, the results from kriging of cone produc-
tive classes 1 (299-658 kg.ha™"), 2 (122-298 kg.ha'), and 3 (lower than 112 kg.ha™"), gave poten-
tial occupation areas of 345,056 ha, 189,571 ha, and 148,275 ha, respectively (Fig. 5).

The magnitude of these areas is indicative of the potential of this region for stone pine cultivation.
After intercepting these kriging results with the actual pine stone areas in the 8 counties, using COS
2007, the areas for productive classes 1, 2, and 3 were 23,196, 29,329 and 3558 ha, respectively
(Fig. 6). The red (dark) area concerning to higher production (1), corresponded to transect of
Chamusca, Coruche, Vendas Novas Novas, Montemor o Novo and Alcacer do Sal. The blue (grey)
area concerning the lower productive class (3) was located mainly in Santiago do Cacém County.
The yellow (brighyt) area concerning productive class 2 was located in Grandola, Northern Alcacer
and Southern Chamusca. The digital chart COS 2007 was therefore a valuable tool to overlap and
compare the theoretical kriging results with the actual soil occupation.
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Fig. 6. Actual predicted areas of distribution the three cone
productive classes.
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IV — Conclusions

This study allowed a prediction of the areas of three productive classes of stone pine in the Prove-
nance Region V, respectively 23,196, 29,329 and 3558 ha, for cone productive classes 1, 2 and 3,
located in a continuous longitudinal transect from Chamusca to Alcacer do Sal. The results also
showed the potential of geostatistical tools, integrated with GIS, for evaluating of forest biometri-
cal and environmental variables, such as soil and topography. In particular, for stone pine, two in-
teresting field studies that can be envisaged with these tools are the variability of kernel produc-
tion with biometrical, soil and climate variables and also the potential expansion of stone pine to
areas actually occupied with maritime pine or grassland. With these studies an improved valida-
tion of the geostatistical predictions should also be achieved.
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