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Abstract. Above ground biomass is frequently estimated with forest inventory data and an extrapolation method
for the per unit area evaluations. This procedure is labour demanding and costly. In this study above ground
biomass functions, with crown horizontal projection as the independent variable, were developed. Multi-resolu-
tion segmentation method and object-oriented classification based on very high spatial resolution satellite
images, were used to obtain the area of tree crown horizontal projection for Pinus pinea L. A set of inventory
plots were measured and with existing allometric functions for this specie above ground biomass per tree and
per plot were calculated. The two data sets were used to fit linear functions to estimate above ground biomass
for individual plot and for their cumulative values. The results show a good performance of the models. Errors
smaller than 10%, correspond to stand areas greater than 1.4 ha. These functions have the advantages of esti-
mating above ground biomass for all the area under study or surveillance, not requiring forest inventory; allow-
ing monitoring in short time periods and easily implemented in a geographical information system environment.

Keywords. Multi-resolution segmentation — Object-oriented classification — Vegetation mask — Crown hori-
zontal projection — Regression — Biomass estimation.

| — Introduction

Pinus pinea L. is a native of the Mediterranean, occurring from Portugal to Syria (Correia and Oliveira,
1999). In Portugal it is present from North to South, preferring the climates with Atlantic and Mediter-
ranean influence, especially the southern coastal areas. The stands have three main products,
namely fruit, timber and resin, and their density varies according to the main production. Presently the
first production has more interest due to higher income of the cones when compared with the latter
two (e. g. Correia et al., 2010; Mutke et al., 2005a). This specie is shade intolerant, with a leader shoot
apical dominance weaker than in other conifers which determines their umbrella shape crown (Mutke
et al., 2012) and is managed in open growth stands to promote crown growth as flower buds and, con-
sequently, fruit production occurs mainly in the outer crown annual shoots (Mutke et al., 2005b).

The Portuguese National Forest Inventory (IFN5, 2010) estimated an area of pure, dominant and
young plantations of Pinus pinea, of 130,300 ha, corresponding to about 4% of the forest area, with
about 73% of the stands situated in Alcacer do Sal region, southern coastal Portugal. Ground cover
of pure stands is larger than 50% in 64% of the area and between 30% and 50% in 20% of the area.
About 52% of the stands have areas larger than 10 ha, 34% between 2 ha and 10 ha and 14% be-
tween 0.5 and 2 ha. The total biomass (aerial and root) for the Alentejo region is 47.6 t/ha with an
error of 20.3% for pure stands and 5.1 t/ha with an error larger than 40% for plantations (IFN5, 2010).

Biomass allometric functions at tree level have been developed for Pinus pinea for Portugal (Cor-
reia et al., 2010; Correia et al., 2008), Spain (Ruiz-Peinado et al., 2011) and ltaly (Culttini et al., 2013;
Tabacchi et al., 2011; Cutini et al., 2009).
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The purpose of this study is to provide a simple tool, to assist stakeholders, researches and for-
est technicians, to quantify above ground biomass, regardless of the existence of inventory data,
which can be applied both at small and large scales. The objective is the development of allometric
functions to estimate above ground biomass as a function of crown horizontal projection per plot
and their cumulative values using very high spatial resolution satellite image data for Pinus pinea
monospecies stands.

Il — Materials and methods

The study area, ca. 35 km2, is located in coastal southern Portugal between Alcacer do Sal and
Setubal (geographical central coordinate of 8° 40’ 28.20”W and 38° 27’ 45.71”N). The region is
characterized by a Mediterranean climate, and is mainly occupied by Pinus pinea and Quercus
suber, in both pure and mixed stands.

A WorldView2 image (June, 2011) with a spatial resolution of 0.5 m was acquired for this study.

The image is composed by four multispectral bands, three in the visible region (blue, green and
red) and one in the infrared region (near-infrared). Ground control points (17 points, evenly dis-
tributed by the image) obtained with Global Navigation Satellite System (GNSS) and geodetic ver-
tices, identified on the ground and in the image were used to orthorectified and geometrically cor-
rect the image, with ENVI 4.8 (ENVI, 2009). The Root Mean Square Error (RMSE) of the geometric
correction was 0.30 m. The radiometric correction was carried out with the dark object subtraction
method (Chavez Jr, 1988) with the conversion of the images digital numbers (DN) to Top of At-
mosphere (ToA) reflectance and to soil reflectance through the atmospheric correction.

Multi-resolution segmentation method with the Contrast split segmentation algorithm applied in
eCognition software, version 8.0.1 (Definiens Imaging, 2010), which used as an auxiliary band the
Normalized Difference Vegetation Index (NDVI) generated a vegetation mask. The vegetation mask
was composed by objects that delimit the tree crowns and separates them from the other land uses.
The object-oriented classification with nearest neighbour method was applied to separate the for-
est species (Sousa et al., 2015; Sousa et al., 2010), which in this study were Pinus pinea, Pinus
pinaster and Quercus suber.

An area of 2885 ha was selected from the satellite image for the analysis. A square grid of 45 m
x 45 m (2025 m?2) was overlaid to the area. The crown horizontal projection of each grid (CHPPS)
was calculated using ArcCatalog and ArcMap software version 10, (ESRI, 2010). Grids were clas-
sified according to forest species composition and ground cover (GC,, defined as the percentage
of area occupied by the crown horizontal projection of the trees in relation to the grid area). A grid
was considered Pinus pinea monospecies when all the individuals were of this specie.

The design of the forest inventory was a random stratified sampling by proportional allocation, with
strata defined as function of ground cover, namely 10-30%, 30-50% and >50%.The dataset of the
forest inventory is composed of 33 monospecies plots of Pinus pinea, 5 in the first stratum, 18 in
the second and 10 in the third, with a sampled area of 6.7 ha. In each plot, for all the trees with di-
ameter at breast height larger than 5 cm, this measure, total height and crown radii (North, South,
East and West directions) were measured (Avery and Burkhart, 1994). The trees geographical lo-
cation was recorded by a. Tree crown horizontal projection (CHP,) was calculated as a circle. Its
radius is the arithmetic mean of the crown radii measured. The plot crown horizontal projection
(CHPp) has the sum of CHP)).The tree above ground biomass (W) was calculated using the allo-
metric functions of Correia et al. (2008), as the sum of wood (ww), branches (wbr), leaves (wl) and
bark (wb) biomass (W = ww + wbr + wl + wb).

The statistical analysis was based on a correlation analysis with the Spearman test, as normality
assumption could not be met (evaluated with Shapiro-Wilk test), and on the linear regression. It
was assumed that a null value of above ground biomass corresponds to a null value of crown hor-
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izontal projection (W = B x, where f is the slope). The linear functions were was fitted with ordinary
least square linear regression method with the crown horizontal projection calculated from satel-
lite image data as independent variable and above ground biomass estimated from the forest in-
ventory as dependent variable, for their individual plot and cumulative plot values. The allometric
functions goodness-of-fit were evaluated with the sum of squares of the residuals (SQR), the co-
efficient of determination (R?), the adjusted coefficient of determination (R?,). It is recommended
that validation is done with an independent set of data. When that is not possible Paulo et al. (2015),
Myers (1986) and Clutter et al. (1983), suggest using predicted residual error. The sum of its square
values (PRESS), and the sum of its absolute values (APRESS) as well as their average values
(PRESSm and APRESSm), were used as the validation test. The closer to the null value of resid-
uals, the better is the model. Error was evaluated by error; (%) = ((y; - y;)/y;) x 100 (where y;and y;
are the estimated and calculated above ground biomass, respectively). Statistical analysis was im-
plemented in R statistical software (R Development Core Team, 2012).

Il — Results and discussion

The multi-resolution segmentation and the object oriented classification processes resulted in a veg-
etation mask with high accuracy (Fig. 1). The agreement between the classification by forest spe-
cies and the ground truth, evaluated with the Kappa statistics (Congalton et al., 1983), was 79%
while the global precision was 90%.
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Fig. 1. lllustration of the vegetation mask by forest species over a WorldView-2 image
with false colour composite (RGB = red, NIR and blue) and two inventory plots.

The plots have a mean number of trees per hectare of 71 (SD = 23), a mean Chpps of 885.3 m?
(SD = 355.1) and a mean w, of 11792.6 kg (SD = 4200.5). The Spearman'’s correlation coefficients
show that there are strong positive correlations between W and CHP; (0.851), Wp and CHPp (0.724),
and W, and CHP,; (0.651). Relation between W, and CHP; reflects, at least partially, the inclu-
sion of small patches of soil pixels between tree crowns and also the inclusion of mixed pixels, soil/
vegetation and shadow/vegetation in the vegetation mask (Ke and Quackenbush, 2011), which orig-
inate a higher area of crown horizontal projection obtained from satellite image when compared
with the one of inventory data.
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The fitted functions of above ground biomass per plot (W) and the cumulative above ground bio-
mass per plot (W) have statistical properties that are indicative of their good performance (Table 1),
denoted by the large R2aj and close to zero validation statistics. The variability of the relation of
crown horizontal projection and above ground biomass per plot (Fig. 2a) is rather large. This is prob-
ably due to Pinus pinea growth habit and the competitive relations with their neighbours. Consid-
ering for example seven plots with above ground biomass between 40-50 t, the number of trees
per hectare varies between 54 and 99 trees/ha, the basal area per hectare between 7.0 m? and
8.6 m2 and ground cover between 17.2% and 48.0%. Spatial distribution pattern in each plot can
partially explain the variation in the relation between above ground biomass and crown horizontal
projection. It is in the plots where the trees have the crowns touching their neighbours that the re-
lation between CHP and W is smaller while the plots with most of the trees in free growth the in-
verse occurs. In fact this specie is one of the few pines with weak epinastic control that develops
quite wide crowns (Mutke et al., 2012). Adult trees can reach 16-20 m of crown diameter. In our
study the wider crowns have 15 m of crown diameter. The variation between above ground bio-
mass and crown horizontal projection is related to the available aerial growing space. The trees
surrounded by neighbours tend to develop competitive relations, in which high or low shade and
branch abrasion, as referred by Oliver and Larson (1996), are the main driving factors. This is es-
pecially noticeable in shade intolerant species like Pinus pinea, which tend to show crown shyness
thus inverting the relation between wood and branch biomass. In opposition, when developing in
open growth tend to expand widely their crowns resulting in a higher proportion of branch biomass.

Table 1. Statistical properties of the allometric functions
Allometric function SQR R? R2aj PRESS APRESS PRESSm APRESSm
W, .. =12.4076 x CHP 551305965 0.893 0.890 0.000000239 0.0023942  0.000000007 0.000073

pss pss

w =14'1471XCHPpsc 7477064463 0.995 0.995 0.000000006 0.0003334  0.0000000002 0.000010
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Fig. 2. (a) Crown horizontal projection per tree vs above ground biomass (Wps); (b) cumulative crown
horizontal projection vs cumulative above ground biomass (Wsz; and (c) error.

The overall error is 15.4% for Wps, smaller than that of the National Portuguese Forest Inventory
(IFN5, 2010). Figure 3 illustrates the estimation of above ground biomass with Wps. The cumula-
tive above ground biomass estimated with Correia et al. (2008) functions and the estimated with W
show some deviation, both negative and positive (Fig. 2b) and errors >20% up to 5000 m? of cu-
mulative crown horizontal projection areas (Fig. 2c). The error decreases up to 25000 m? stabilis-
ing afterwards, and is smaller than 10% for crown projection areas larger than 10000 m2. Consid-
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ering the mean crown horizontal projection area obtained from satellite image data (885.3 m?) and
the mean above ground biomass per plot (11792.6 kg), to an error of 10 %, correspond stand ar-
eas of 1.4 ha. Noteworthy is that these stand areas cover more than 86% of the stands of this specie.
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Fig. 3. lllustration of above ground estimation with Wps.

IV — Conclusions

Satellite data with very high spatial resolution images enables above ground biomass estimation,
since a vegetation mask per forest species can be obtained with accuracy. Above ground biomass
estimation with allometric functions, with crown horizontal projection as the independent variable,
can be used for Pinus pinea monospecies stand areas equal to or larger than 1.4 ha for an error
equal to or smaller than 10%. When compared with the estimation with forest inventory data and
an extrapolation method for the per unit area evaluations, three main advantages can be pointed
out: all the area can be evaluated without extrapolation; it allows short time periods monitoring; and
can be easily implemented in a geographical information system environment.

Nonetheless some limitations can be pointed out. The date of the images acquisition is of the ut-
most importance. For the Mediterranean region it is during the dry season (June to September)
that the higher contrasts between the tree crowns and the understory vegetation are attained, en-
abling to derive the vegetation mask, by forest species, with high accuracy. Another limitation is
that the scenes of WordIView-2 have a swath of 16.4 km at nadir which makes it difficult to eval-
uate large areas as several scenes have to be worked.
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