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Spatial information on the distribution of biomass is an important issue for monitoring and managing
the environment. It is a prerequisite for successful forest fire management and for predicting fire
intensity and fire behaviour, but estimates of biomass are time consuming and expensive and need to
be done depending on size classes. We propose a method that takes into account the contemporary
use of an allometric approach and remote sensed data from Very High Resolution (VHR) satellite
images to obtain distribution maps of biomass subdivided into different components while keeping
plant-destructive collection of data to a minimum. To test the feasibility of distributing biomass into
classes, we subdivided biomass into two size classes according to the size of leaves (thickness) and
branches (diameter). This is an approach that can be adapted to both fuel classes or to estimation of
the ligneaous component. We haphazardly selected eight areas, within the Site of Community
Importance “Monteferrato e Monte lavello” (Italy), where easy-to-measure characteristics (height,
diameter, cover) of vascular plants were collected. Regression equations between easy-to-measure
vegetation characteristics and biomass values were derived to estimate the biomass of each area in the
two size classes. Then, we evaluated the relationships between the normalized difference vegetation
index (NDVI) and the estimated biomass values for each area using regression equations and size
class. The equations that resulted from the regression analysis were used to create maps of biomass
using NDVI map. Such a procedure allows the identification of features otherwise lost when the
vegetation is represented only by vegetation class labels. This includes the orientation of vegetation
lines which may favor the spread of fire in a given direction; information that may be useful for hazard
management and prevention.

Key words: Allometric equation, Pinus pinaster, Erica scoparia, biomass size class, Very High Resolution
(VHR) satellite imagery.

INTRODUCTION

It is known that anthropogenic climate change and in- tation. Monitoring is considered essential and can be fre-
creasing human impact will lead to increased pressure on guent and even cheap if satellite images are used. Indices
the environment, including natural and semi natural vege- relative to the biomass (such as greenness index and
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NDVI) are often used for evaluating biomass amount and
vegetation health. This information is not enough and it is
often necessary to have the distribution of biomass sub-
divided following some criteria. A common one, probably
the most useful, is based on size classes which can help
in estimating the amount of photosynthesizing biomass,
or the amount of easy and quick to burn material, or the
amount of ligneous material, which, once estimated at
different time interval, can help the estimation of dead
branches and trunk (this also important for fire hazard
evaluation). In the case of biomass as fuel in wildfires
biomass size, classes are important. Fires are predicted
to potentially be more widespread and more frequent
(Parry et al., 2007; Marlon et al., 2009) as the climate
continues to be warm. Several studies indicate that the
increase in the frequency of wildfires and the longer du-
ration of the fire season are linked to increased spring
andsummertemperatures(Westerlingetal.,2006),changes
in the pattern of precipitation (Flannigan et al., 2000), and
development of high fuel loads associated with long-term
fire suppression (Schoennagel et al., 2004).

In the light of the scientific world’s diagnosis of new cli-
matic scenarios, wildfires in the Mediterranean basin
represent a serious worry, considering that here wildfires
are a common, and mostly human-induced feature where
they have long played an important role in modifying ve-
getation patterns (Montenegro et al., 2004). Large-scale
summer wildfires throughout the region have dramatically
increased in the last few decades (Nunes et al., 2005;
Bajocco and Ricotta, 2008; Catry et al., 2009; Ricotta et
al., 2012), mainly as a consequence of rapid land-use
changes (marginal rural land abandonment increasing
fuel accumulation), socio-economic conflicts and compe-
ting interests, in conjunction with climatic warming which
is reducing fuel humidity (Pausas and Vallejo, 1999).

In this context, spatial information on the distribution of
fuel load (biomass weight) is a prerequisite for successful
forest fire management and for predicting fire intensity
and fire behaviour (Rothermel, 1972; Gray and Reinhardt,
2003). The fuel load determines the potential amount of
heat that can be released during a fire, whereas the type
and distribution of fuel elements affect their combusti-
bility. Fine fuels burn more readily than coarse ones. Fine
fuels react faster to weather changes, particularly if these
fuels are dead, and they play a major role in the initial
stages of all fires (Baeza et al., 2002). Fuel models con-
sidering the different types of biomass (fine and coarse)
are an important factor that should be taken into consi-
deration for fire planning, assessing fire risk, and impro-
ving fire prevention since fuel types may present com-
pletely different fire propagation rates and fire behavior.

The feasibility of modeling fuel/biomass distribution by
remote sensing data has been frequently discussed in
several studies and estimates of fire hazard and distri-
bution maps of fuel have been provided (Vidal et al.,
1994; Vidal and Devaux-Ros, 1995; Burgan et al., 1996;
Riano et al., 2002; Rollins et al., 2004; Lasaponara and

Lanorte, 2007). Nevertheless, the use of remote sensing
images has been based on the analysis of medium- to
high-resolution sensors, such as Landsat TM data with-
out the subdivision of biomass into size classes.

Generally, satellite data are expressed in the form of
spectral indices that attempt to enhance the spectral con-
tribution of different features distributed over a surface.
One of the most promising applications of satellite data is
the estimation of biomass or primary productivity over time
and space through satellite derived vegetation indices
(Cihlar et al., 1991; Todd, 1998; Pettorelli et al., 2005). To
be effective biomass estimators, spectral indices must be
able to differentiate vegetation features; the characteristic
reflectance pattern for green vegetation is low reflecting
in the visible portion of the spectrum (particularly red)
with a sharp increase in reflectance in the near-infrared
portion. Vegetation indices respond to these expected dif-
ferences in near-infrared and red reflectance. These
broad-band vegetation indices have shown to be well
correlated with canopy parameters related to chlorophyll
and biomass abundance. For example, the normalized
difference vegetation index (NDVI) is calculated as the
difference between near-infrared and red reflectance
values divided by the sum of near-infrared and red reflec-
tance values. The Normalized Difference NDVI is a widely
used surrogate of the amount (as green biomass) and
vigor of vegetation at the surface (Tucker, 1979; Richardson
et al., 1983; Christensen and Goudriaan, 1993). Previous
studies have related NDVI values to different vegetation
attributes such as plant biomass (Tucker et al., 1985;
Persson et al., 1993; Hobbs, 1995), leaf area index (LAI)
(Waring, 1983; Tucker et al., 1986; Gilabert et al., 1996),
net primary production (NPP) (Tucker et al., 1981, 1983;
Paruelo et al., 1997) and percentage of absorbed photo-
synthetically active radiations (APAR) (Asrar et al., 1984;
Sellers et al., 1992).

In particular, the use of correlations between NDVI and
biomass has been found to be unstable (Richardson et
al., 1983; Tucker et al., 1983; Christensen and Goudriaan,
1993). This is because the reflection coefficients are pri-
marily determined by green foliage biomass and not the
amount of dry matter (Christensen and Goudriaan, 1993).
Thus, in order to assess the efficacy of NDVI in estima-
ting biomass size classes and their spatial distribution,
field-based quantitative estimates of available living or
dead vegetation weights are needed (Roussopoulos and
Loomis, 1979; Mikaelian and Korzukhin, 1997; Sah et al.,
2004).

An attractive means for estimating forest biomass is
through the use of empirical allometric relationships
(Whittaker and Woodwell, 1968; UsG et al., 1997). Allometry
describes relations or mutual proportions between dif-
ferent plant organs or in general structural characteristics.
Since measuring plant biomass in field conditions is labo-
rious and extremely time consuming, empirical relation-
ships or models are used to estimate the biomass from
in-field, easily measurable, biometric variables such as
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Figure 1. Location of the SCI “Monteferrato e Monte lavello” (IT5140007) and the study area.

stem diameter, height, crown diameters or volume and
crown cover. They have been used to estimate the bio-
mass of trees, shrubs and herbaceous species in several
environments (Assaeed, 1997; Ares and Fownes, 2000;
Hierro et al., 2000; Zianis and Mencuccini, 2004; Northup
et al., 2005; Pilli et al., 2006; Pokorny and Tomaskova,
2007; Ofatibia et al., 2010).

The basic objective of this work was to develop a
method for estimating biomass when subdivided into size
classes and obtaining their distribution maps starting with
the collection of simple vegetation characteristics and
keeping the vegetation-destructive part of the sampling to
a minimum. More specifically, this study aimed at: i) esti-
mating biomass through the use of an allometric model
based on relationships between biomass and vegetation
characteristics directly measured in the field in some
sample areas, ii) evaluating the potential of Very High
Resolution (VHR) images (like QuickBird) for estimating

biomass/fuel, iii) assessing the reliability of NDVI index to
spatialise values of biomass and fuel throughout the study
area.

MATERIALS AND METHODS

Study area

The study was carried out within the NATURA2000 site of commu-
nity importance (SCI) “Monteferrato e Monte lavello” (IT5140007;
UTM32 667237E, 4867255N), located west of Florence, Tuscany
(Figure 1). The SCl is approximately 1375 ha in area and ranges in
elevation from 60 to 936 m a.s.l., with south slope exposure. Within
this area, there are 530 ha of outcrops of ultramafic rocks with ser-
pentine where we focused our observations. Here elevation ranges
between 61 and 420 m a.s.l. Mean annual rainfall is approximately
1037 mm, October is the wettest month with 140 mm and July is the
driest month with 31 mm. Mean annual temperature is 14.4°C. The
average temperature of the coldest month (January) is 6°C and the
average temperature of the warmest month (July) is 24.1°C
(LaMMA and CSN, 2001). In the southern part of the SCI, there is
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Figure 2. The four photographs illustrate different types of vegetation cover present in the study area.

the Centre of Natural Science (CSN), which hosts an important
volunteer group of fire control and prevention.

The study area is characterized by evergreen mediterranean
shrubland and woodland with dominance of the maritime pine
(Pinus pinaster) (Figure 2), introduced from the 1 half of the 19"
century; some individuals of cypress (Cupressus sempervirens),
and oak (Quercus ilex). Heather (predominantly Erica scoparia)
dominates the shrub layer, with laurel (Laurus nobilis), rock rose
(Cistus spp) and myrtle (Myrtus communis). The herbaceous
vegetation is characterized by perennial grasses and forbs such as
Brachypodium rupestre and B. pinnatum which grow under the tree
and shrub canopy, and Helichrysum italicum, Alyssum bertolonii,
Bromus erectus, Festuca spp., which are found in more xeric situa-
tions. Furthermore, exposed stones are common in places and
ferns, lichens and mosses are also typically present (Figure 2).

Field biomass sampling

Ground data were collected to extract the allometric relationships
between dry weight and easily measurable plant parameters (EMPP:
such as diameter, height, crown diameters, crown cover) in shrubs
and herbaceous layers during the summer of 2011.

In the study area, a series of shrubs (Erica scoparia) were ha-
phazardly selected to encompass a range of height, diameters, and
crown forms, in order to obtain a sample of different size shrubs
varying from smallest to largest. For each shrub, the following para-
meters were measured: i) two maximum crown diameters (taken at
right angles to each other across the canopy of the shrub); ii) mean
height obtained by measurements taken at many points, along
transects running parallel or orthogonal to the major diameter (mini-
mum number of observations was 10 values over 2 transects)

(Figure 3). Afterwards, shrubs were cut at ground level and the
fresh biomass was weighed with a portable scale.

A series of 60 x 60 cm plots were distributed with systematic
sampling in the study area to collect herbaceous layer. For each
sample, the percentage cover of herbaceous layer was estimated;
all plant species were cut at ground level and weighed with a
portable scale (1 g resolution).

In order to correctly evaluate the amount of biomass, the vegeta-
tion mass was arbitrarily divided into two size classes using the
value of 1 cm as the delimiter between fine and coarse biomass.
The size group <lcm of diameter (shrub leaves and fine parts of
branches and sprouts, and herbaceous species) includes material
that can ignite quickly and burn completely in a short time and the
size group >1 cm (shrub coarse material) is mainly made of large
small to large branches which will burn for a longer period but will
ignite less quickly (Deeming et al.,, 1972). Chopped shrub and
herbaceous species were placed in nylon bags, labeled, and
transferred to the laboratory for calculating dry weight (oven-dried
at 100°C until constant weight was reached). All components were
then weighted separately, in order to calculate fuel load and fuel
moisture for each class.

Then, for each sample of shrub and herbaceous species, we
obtain: total biomass in g per each of the chosen dimension classes
and their moisture content (water % of dry weight), the mean shrub
height (m), two shrub diameters, area and volume of each shrub,
percentage cover of herbaceous species.

For the tree layer, allometric equations were found to exist for
similar pine forests (Pinus pinaster) during the literature review
(Giovannini et al., 2001) and were used during this study, assuming
that they were applied here too. Giovannini et al. (2001) related
DBH and tree dry weight, dividing the dry weight in three fractions:
total tree, fine wood (diameter <5 cm) and leaves.
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Figure 3. Top and side view of a typical shrub showing measurement technique used.

Spectral operations for estimating biomass patterns

A QuickBird multispectral image (spatial resolution 2.4 m; spectral
resolution from 450 nm to 890 nm: four bands), acquired on 9
February 2009 (Figure 4), was pre-processed for both radiometric
calibration and geometric corrections to ensure that each pixel in
the image faithfully records the same type of measurement at the
same geographic location over time (Kennedy et al., 2009) and to
minimize the signal-to-noise ratio. Radiometric calibration included
a linear transformation of the Image Digital Numbers (DNs) into Top
of Atmosphere Radiance (TOARD) and then a non-linear trans-
formation of TOARD into TOA Reflectance (TOARF) values ranging
into [0,1], with these considered a parent class of surface reflec-
tance values in an ideal (atmospheric-noise free) case (Baraldi et

al., 2010). This assumption is made when ancillary data for
atmospheric correction are not available. A geometric correction
was performed in order to assign satellite images to their correct
position on the Earth’s surface (georeferencing) using Ground Con-
trol Points (GCP) as known points with a polynomial warping func-
tion and a nearest neighbor resampling to the Datum WGS84/UTM
coordinate system.

From calibrated images, spectral indices can be extracted with
the aim of enhancing the spectral contribution of vegetation while
minimizing that of the background. The normalized difference
vegetation index (NDVI) is one of the most widely used vegetation
indexes and its contribution in satellite assessment and monitoring
of global vegetation cover has been well demonstrated over the
past two decades. It is defined as:
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Figure 4. A true color image-map of the QuickBird scene acquired on 9 February 2009.

NDVI = (Rnir — Rrep)/( Ruir + Rrep)

Where, Rrep, and Ryir represent surface reflectance averaged over
visible (A ~0.6 yum) and NIR (near infrared) (A ~0.8 um) regions of
the spectrum, respectively. The NDVI is correlated with certain
biophysical properties of the vegetation canopy, such as fractional
vegetation cover, vegetation condition, and biomass.

Assessing biomass in georeferenced areas using NDVI

Once the allometric relationships between easy-to-measure plant
parameters (EMPP) and biomass (dry weight) were established, we
used them to estimate the biomass/fuel in georeferenced areas
(polygons) with uniform vegetation types in terms of density. For
each georeferenced area, we analysed the relationships between
mean NDVI and estimated biomass values (fine and coarse) per
unit area (t/ha) using linear regression models.

Within each stand, two areas were randomly selected. Under-
story vegetation (herbaceous and shrub layers) in each area was
collected in square plots (1 x 1 m) 2 m spaced along belt transects.
The number of plots was proportional to extent area. For all shrubs
rooted in the plots, the following easy-to-measure plant parameters
(EMPP) were determined: the longest crown diameter, the crown
diameter perpendicular to the longest, total plant height the crown
height of live foliage and the basal diameter (stem diameter just
above ground level). Percent coverage of species in the herba-
ceous layer was recorded. Within each area, we measured the DBH
(trunk diameter at breast height) and the height for each tree.

The regression models between EMPP and biomass values, allo-
wed us to estimate the total biomass (fine and coarse) for shrub
and herbaceous layers for each area through the application of the

regression equations. For the tree layer, the total pine dry weight,
the fine wood fraction and coarse fraction were estimated by DBH
measurements using allometric models developed for similar pine
forest in Mediterranean area by Giovannini et al. (2001). The bio-
mass proportions were summed to give the tree biomass.

Statistical approaches for estimating biomass

Regression analyses were performed to determine the relationship
between biomass and EMPP. The independent variables used
were crown diameters (cdl1, cd2), mean height (H), crown area (ca)
of shrub plants and percentage cover of herbaceous plants. The
dependent variables were fine, coarse and total biomass and were
tested for normality of distribution using the Shapiro-Wilk test
(Shapiro and Wilk, 1965), and if necessary transformation was made.

Linear (Y = Bo+ B1*X1) or non linear regression models (Y = dry
weight of biomass in grams, X1...Xn are the respective explanatory
variables in each model) were used to assess the choice of inde-
pendent variables and predictive equations selected based on
adjusted R? values and the significance (p-value) of the regression
coefficients. GIS analyses were performed with GRASS (GRASS
Development Team, 2011) and statistical analyses using R 2.13.1
for Windows (R Development Core Team, 2011).

RESULTS

The allometric models based on regression equations
models all resulted as statistically significant and explained
between 66 (R* = 0.66) and 93% (R” = 0.93) of the varia-
bility in individual biomass (fine and coarse). In parti-
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cular, results of the regression analysis indicate that the
mean height was the variable that best predicted fine and
coarse shrub biomass (Table 1). The linear relationships
with R* above 0.7 were chosen as the best fitting equa-
tions to the predicted fine and coarse fuel biomass (Table
1). Figure 5 shows the scatter plot of best relationships
obtained by regression analyses: mean height of shrub
plants plotted against fine and coarse shrub biomass dis-
played a positive trend as scatter is significant. Likewise,
the scatter plot between percent cover of herbaceous
plants and herbaceous biomass indicated a good rela-
tionship. These scatter plots can give an idea of the
effecttiveness of EMPP in investigating its relationship
with biomass.

Allometric analysis showed that the percentage of
coverage of herbaceous species is an effective allometric
measure for predicting the biomass in the herbaceous
vegetation layer, since the regression result was statis-

tically significant (Table 1). The NDVI index, performed
on QuickBird images with Very High Resolution, con-
firmed itself as a good predictor of fine and coarse dry
weights for estimating biomass/fuel in this area, as repor-
ted in Table 2. Figure 6 shows mean NDVI plotted against
fine and coarse biomass.

The coefficients results obtained from the regression
analysis were used to distribute the fuel values on the
area of interest and to create a fine-fuel map and coarse-
fuel map (Figure 7a, b). The fine fuel ranged from 0.02 to
20 t/ha and the coarse fuel ranged from 0 to 320 t/ha.

DISCUSSION

The knowledge of how the distribution of natural biomass
weights subdivide into size classes is important for impro-
ving current fire prevention and fire behavior modeling,
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Figure 7. Distribution of fine (A) and coarse (B) biomass (t/ha) in the study area.

which can alleviate the negative impacts of fire on the
ecosystem. It may also be important in order to follow the
production of vegetation dead mass and other issue
where leaves need to be separated by more ligneous
components. Information on the spatial distribution of

biomass weights in terms of fine and coarse types is
essential for understanding where fuel is denser or where
it is discontinuous and the different fire propagation rates
and fire behavior. For example, a considerable part of the
study area was depleted of vegetation, hence, following



Figure 8. Detail of fine fuel map.

CORINE land cover classification or even a classification
based on two-stage hierarchical system (Baraldi et al.,
2010; Blonda et al., 2011), it was classified as bare soil
where no fuel would have been allocated. With this type
of fuel distribution, it is clear that this underestimates the
fine particles, the part of the vegetation that contributes
most in the propagation of the forest fire. Furthermore,
the model developed in this paper, allows the identifica-
tion of features otherwise lost when the vegetation is
represented only by vegetation class labels. This includes
orientation of vegetation lines which may favor the spread
of fire in a given direction, information that may be useful
for hazard management and prevention (Figure 8).

Estimates of biomass and fuel loadings are necessary
for many applications in the fields of fire management,
ecology, biomass, and bioenergy research. However, the
use of destructive sampling to provide these estimates is
time consuming and expensive, and furthermore, in pro-
tected sites, there are strong restrictions on cutting vege-
tation, making difficult the acquisition of fuel distribution.
In this paper, statistical regression models were used to
derive allometric equations for biomass by fuel size cate-
gories. Numerous studies have assessed the relationship
between vegetation structure and fuel biomass and among
which some authors have reported that total bio-mass in
shrubland ecosystem was closely related to height and
vegetation cover (Ohmann et al., 1976; Buech and Rugg,
1995; Fogarty and Pearce, 2000; Saglam, 2008). The
correlations of vegetation height provided in our study
also coincide with that described by Fernandes (1998) in
Portuguese shrubland and by Rittenhouse and Sneva
(1977) of Wyoming big sagebrush.

Available fuel biomasses are very important for the
spreading and intensity of fire. In this study, average fine
biomass was 3.8 t/ha, while average coarse biomass was
47.5 t/ha and average total biomass was 38 t/ha. Similar
results were found in some Mediterranean shrublands
(Specht, 1969; Icona, 1993; Dimitrakopoulos, 2002;
Saglam, 2008).
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A close relationship was found in this study between
NDVI and biomass, and consequently the vegetation
index gave an indicator of fuel biomass. Numerous studies
are now using NDVI as a proxy of vegetation productivity
instead of performing direct vegetation assessments
(Kerr and Ostrovsky, 2003; Pettorelli et al.,, 2007
Wittemyer et al.,, 2007). Studies have revealed some
discrepancies regarding the shape of these relationships
(quadratic, log-linear, linear relationships between NDVI
and vegetation biomass (Hobbs, 1995; Gilabert et al.,
1996; Schino et al., 2003), respectively). However, due to
the variety of statistical approaches used, it remains un-
clear whether these discrepancies reveal true biological
differences, such as differences in plant community
characteristics, or methodological concerns.

In this study, the relationships found between NDVI and
biomass was used to distribute the biomass values on
the area for creating maps of fine and coarse biomass
components. Maps, in particular, are essential for com-
puting fire hazard spatially and for assessing fire risk by
their use in models simulating fire growth and intensity
across a landscape (Keane et al., 2001). Biomass distri-
bution maps account for structural characteristics of
vegetation related to fire behavior and fire propagation.
Remote-sensing data is becoming the primary method in
fuel classification and mapping efforts. Satellite sensors
provide digital information that can easily be tied into
other spatial databases using GIS analysis, which can be
imported into fire behavior and growth models.

Knowing the amount of biomass and other fuel charac-
teristics across a landscape is becoming increasingly
important to fire managers as a new generation of fuel
and fire management decision support systems come on
line. With accurate fuel information, fire managers should
be able to make better-informed decisions about ongoing
wildland fires and fuel treatments.

The originality of our study resides in the presentation
of a new modeling approach that uses NDVI and field
vegetation data to create distribution maps of biomass. It
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Table 1. Regression models for estimation of shrub biomass by Cd1 (first max diameter of crown shrub), Ca (Area shrubs),

Ch (mean height of shrub), Hcover (herbaceous cover).

Dependent

. Predictor variables Constant and coefficients F R’Adj
Variables
a: 3.49 -
Cd1 b: -11.37 18.71 0.639
. a.1.72 o
Shrub coarse biomass Ca b: -10.83 20.53 0.661
a: 0.01 o
Ch b -0.512 17.19 0.789
a: 1.59
1 A1 . rokk
Cd b: -0.94 50 0.830
a. 0.72
h fi i 25. 713%**
Shrub fine biomass Ca b: -0.18 5.83 0.713
a:2.22 "
Ch b: -4.06 150 0.937
Herbaceous biomassb Hcover ;l_ : (i%i 21.29 0.833**

Significance code: *** P<0.001; **, P<0.01.

Table 2. Regression models for estimation of biomass by NDVI.

Dependent

Constant and

Predictor 2 A
variables variables coefficients F R™Adj
. . a: 3.36 -
Fine biomass NDVI Mean b: -0.24 17.4 0.701
, a: 51.07 "
Coarse biomass NDVI Mean b:-4.04 9.01 0.612

Significance code: **, P<0.01; *, P<0.05)

demonstrates that it is possible to spatially distribute
several biomass characteristics by: 1) locally determining
allometric relationships, 2) using them in a series of geo-
referenced polygons for evaluating local values of the
chosen biomass characteristics, 3) determining relation-
ships between radiometric indices and the chosen bio-
mass characteristics using biomass and radiometric cha-
racteristics calculated in each polygon, and finally 4)
using the radiometric indices to spread the biomass cha-
racteristics values in the landscape.

Particularly, in this study, the relationships found bet-
ween NDVI and biomass were used to distribute the
biomass values on the area for creating maps of fine and
coarse biomass components. Our model does not require
the use of ancillary variables (Riafio et al., 2002) and is
based on relationships between fine and coarse biomass
and NDVI. Other authors used supervised classification
techniques on low resolution imagery (such as Landsat
TM) to generate the fuel maps and did not take into

account fine and coarse fuel (Vidal et al., 1994; Vidal and
Devaux-Ros, 1995; Burgan et al.,, 1996; Riano et al.,
2002; Rollins et al., 2004; Lasaponara and Lanorte,
2007).

In conclusion, in this study carried out in Pinus pinaster
dominated sites, we developed a series of regression
equations for predicting fine and coarse fuel biomass of
species common in a Mediterranean region, mainly Erica
scoparia. The regression models developed herein are
suitable for predicting fuel biomass in similar shrub areas.
Local and site-specific fuel biomass data should be used
for more reliable fire behavior predictions. Given the
range of the data on which the relationships were based,
this study provides a valuable contribution to biomass
research in general. However, it should be kept in mind
that the range of fuel characteristics on which the rela-
tionships were based represents the range of conditions
under which it is possible to use the relationships gene-
rated through this study.



ACKNOWLEDGMENTS

This work was supported by the European Community's
Seventh Framework Programme, within the project
FireSense (Fire Detection and Management through a
Multi-Sensor Network for the Protection of Cultural
Heritage Areas from the Risk of Fire and Extreme Weather
Conditions - FP7-ENV-2009-1-244088-FIRESENSE).

REFERENCES

Ares A, Fownes JH (2000) Comparisons between generalized and
specific tree biomass functions as applied to tropical ash. New
Forests 20: 277-286.

Asrar G, Fuchs M, Kanemasu E, Hatfield J (1984) Estimating absorbed
photosynthetic radiation and leaf area index from spectral reflectance
in wheat. Agron J 76:300—306.

Assaeed AB (1997) Estimation of biomass and utilization of three
perennial range grasses in Saudi Arabia. J. Arid Environ. 36: 103-
111.

Baeza MJ, De Luis M, Ravent6s J, Escarré A (2002) Factors influencing
fire behaviour in shrublands of different stand ages and the
implications for using prescribed burning to reduce wildfire risk. J.
Environ. Manage. 65: 199-208.

Bajocco S, Ricotta C (2008) Evidence of selective burning in Sardinia
(ltaly): which land-cover classes do wildfires prefer? Landsc. Ecol.
23: 241-248.

Baraldi A, Durieux L, Simonetti D, Conchedda G, Holecz F, Blonda P
(2010) Automatic Spectral-Rule-Based Preliminary Classification of
Radiometrically Calibrated SPOT-4/-5/IRS, AVHRR/MSG,
AATSR,IKONOS/QuickBird/OrbView/GeoEye, and DMC/SPOT-1/-2
Imagery—Part I: System Design and Implementation, IEEE Trans.
On Geosc. Remote Sens 28: 1299-1325.

Blonda P, Chaabene F, Dimitropoulus K, Gammalidi N, Rejichi S, Santi
E, Tarantino C, Torri D (2011) Earth Observations for complementing
vegetation definition and distribution: an example for fire propagation.
Proceedings of ICST.

Buech RR, Rugg DJ (1995) Biomass relations for components of five
Minnesota shrubs. North Central Forest Experiment Station. USDA
Forest Service, Research Paper, NC-325, ST Paul, MN.

Burgan RE, Hartford RA, Eidenshink JC (1996) Using NDVI to asses
departure from average greenness and its relation to fire business.
General Technical Report INT-333, US Department of Agriculture,
Forest Service, Intermountain Research Station, Ogden, UT, 8 pp.

Catry FX, Rego FC, Bacdo F, Moreira F (2009) Modelling and mapping
wildfire ignition risk in Portugal. Int. J. Wildland Fire 18: 921—-931.

Chilar J, St-Laurent L, Dyer JA (1991) Relation between the normalized
difference vegetation index and ecological variables. Remote Sens.
Environ. 35:279-2.98

Christensen S, Goudriaan J (1993) Deriving Light Interception and
Biomass from Spectral Reflection ratio. Remote Sens. Environ.
48:87-95.

Deeming JE, Lancester JW, Fosberg MA, Furman RW, Schroeder MJ
(1972) The national Fire Danger Rating System. USDA For. Ser.
Paper RM-84, 165pp.

Dimitrakopoulos AP (2002) Mediterranean fuel models and potential fire
behavior in Greece. Int. J. Wildland Fire 11: 127-130

Fernandes PM (1998) Fire spread modeling in Portuguese Shrubland,
Il International Confer. On Forest Fire Research, 14™ Conference on
Fire and Forest Meteorology 1:661-628.

Flannigan MD, Stocks BJ, Wotton BM (2000) Climate change and forest
fires. Sci. Tot. Environ. 262:221-229.

Fogarty LG, Pearce HG (2000) Draft field guides for determining fuel
loads and biomass in New Zealand vegetation types. Fire Tech-
nology Transfer Notes, Forest and Rural Fire Research 21: 1-17.

Gilabert M, Gandia S, Melia J (1996) Analyses of spectral-biophysical
relationships for a corn canopy. Remote Sens. Environ. 55:11-20

Giovannini G, Vallejo R, Lucchesi S, Bautista S, Ciompi S, Llovet J
(2001) Effects of land use and eventual fire on soil erodibility in dry
Meditteranean conditions. Forest Ecol. Manag. 147:15-23.

Santi et al. 85

GRASS Development Team (2011) Geographic Resources Analysis
Support System (GRASS) Software. Open Source Geospatial
Foundation Project. http://grass.osgeo.org

Gray KL, Reinhardt E (2003) Analysis of algorithms for predicting
canopy fuel, 2nd International Wildland Fire Ecology and Fire
Management Congress and Fifth Symposium on Fire and Forest
Meteorology, Orlando, Florida.

Hierro JL, Branch LC, Villareal D, Clark KL (2000) Predictive equations
for biomass and fuel characteristics of Argentine shrubs. J. Range
Manage. 53:617-621.

Hobbs T (1995) The use of NOAA-AVHRR NDVI data to assess
herbage production in the arid rangelands of Central Australia. Int J
Remote Sens 16:1289-1302.

ICONA (1993) Manual de Operaciones Contra Incendios Forestales,
Instituto Nacional Para la Concervacion de la Naturaleza (Spain),
Madrid, pp. 283.

Keane RE, Burgan R, van Wagtendonk J (2001) Mapping wildland fuels
for fire management across multiple scales: Integrating remote
sensing, GIS, and biophysical modeling. Int. J. Wildland Fire 10:301-
319.

Kennedy RE, Towensend PA, Gross JE, Cohen WB, Bolstad P, Wang
YQ, Adams P (2009) Remote sensing change detection tools for
natural resource managers: understanding concepts and tradeoffs in
the design of landscape monitoring projects. Remote Sens. Environ.
113:1382-1396.

Kerr JT, Ostrovsky M (2003) From space to species: ecological
applications for remote sensing. Trends Ecol. Evol. 18: 299-305.

LaMMA, CSN (2001) La Serie Storica della Stazione di Prato Galceti
(1971-1998). in Consiag and CSN (eds): 1957-1999 La falda pratese:
oltre quarant'anni di monitoraggio e caratteristiche ambientali. Prato,
Edizioni Consiag.

Lasaponara R, Lanorte A (2007) Remotely sensed characterization of
forest fuel types by using satellite ASTER data. Int. J. Applied Earth
Observation and Geoinformation 9: 225-234.

Marlon JR, Bartlein PJ, Walsh MK, Harrison SP, Brown KJ, Edwards
ME, Higuera PE, Power MJ, Anderson RS, Briles C, Brunelle A,
Carcaillet C, Daniels M, Hu FS, Lavoie M, Long C, Minckley T,
Richard PJH, Shafer SL, Tinner W, Umbanhowar C, Whitlock C
(2009) Wildfire responses to abrupt climate change in North America.
PNAS, 106: 2519-2524.

Mikaelian MT, Korzukhin MD (1997) Biomass equations for sixty-five
North American tree species. Forest Ecol. Manag. 97: 1-24.

Montenegro G, Ginoccho R, Segura A Keely JE, Gomez M (2004) Fire
regimes and vegetation responses in two Mediterranean-climate
regions. Revista Chilena de Historia Natural 77: 455-464.

Northup BK, Zitzer SF, Archer S, McMurtry CR, Boutton TW (2004)
Above-ground biomass and carbon and nitrogen content of woody
species in a subtropical thornscrub parkland. J Arid Environ. 62:23-
43.

Nunes MCS, Vasconcelos MJ, Pereira JMC, Dasgupta N, Alldredge RJ
(2005) Land cover type and fire in Portugal: do fires burn land cover
selectively? Landsc. Ecol. 20: 661-673.

Ohmann LF, Grigal DF, Brander RB (1976) Biomass estimation for five
shrubs from northeastern Minnesota. USDA Forest Service,
Research Paper, NC-133, St. Paul, MN.

Onfatibia GR, Aguiar MR, Cipriotti PA, Troiano F (2010) Individual plant
and population biomass of dominant shrubs in Patagonian grazed
fields. Ecologia Austral 20:269-279.

Parry ML, Canziani OF, Palutikof JP, van der Linden PJ, Hanson CE
(2007) Working Group Il to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change (eds) Cambridge
University Press, Cambridge, United Kingdom and New York, NY,
USA.

Paruelo J, Epstein H, Lauenroth W, Burke | (1997) ANPP estimates
from NDVI for the Central Grassland Region of the United States.
Ecology 78:953-958

Pausas JG, Vallejo R (1999) The role of fire in European Mediterranean
ecosystems. In: Chuvieco E (ed.).Remote sensing of large wildfires in
the European Mediterranean basin. Springer, Berlin, pp. 3-16.

Persson P, Hallkonyves K, Sjostrom G, Pinzke S (1993) NOAA AVHRR
data for crop productivity estimation in Sweden. Adv Space Res
13:111-116.


http://www.informatik.uni-trier.de/~ley/db/journals/aeog/aeog9.html#LasaponaraL07
http://www.informatik.uni-trier.de/~ley/db/journals/aeog/aeog9.html#LasaponaraL07
http://www.informatik.uni-trier.de/~ley/db/journals/aeog/aeog9.html#LasaponaraL07

86 J. Ecol. Nat. Environ.

Pettorelli N, Pelletier F, Von Hardenberg A, Festa-Bianchet M, C6té S
(2007) Early onset of vegetation growth vs. rapid green-up: impacts
on juvenile mountain ungulates. Ecology 88:381-390.

Pettorelli N, Vik J, Mysterud A, Gaillard J-M, Tucker C, Stenseth N
(2005) Using the satellite-derived NDVI to assess ecological
responses to environmental change. Trends Ecol Evol 20:503-510.

Pilli R, Anfodillo T, Carrer M (2006) Towards a functional and simplified
allometry for estimating forest biomass. For. Ecol. Manag. 237:583—
593

Pokorny R, Tomaskova | (2007) Allometric relationships for surface
area and dry mass of young Norway spruce aboveground organs. J.
Forest Sci. 12:548-554.

R Development Core Team (2011) R: a language and environment for
statistical computing. R Foundation for Statistical Computing, Vienna.

Riano D, Chuvieco E, Salas X, Palacios-Orueta A, Bastarrika A (2002)
Generation of fuel type maps from Landsat TM images and ancillary
data in Mediterranean ecosystems. Can. J. Forest Research
32:1301-1315.

Richardson J, Everitt JH, Gausman HW (1983) Radiometric Estimation
of Biomass and N-Content of Alicia Grass. Remote Sens. Environ.
13:179-184.

Ricotta C, Guglietta D, Migliozzi A (2012) No evidence of increased fire
risk due to agricultural land abandonment in Sardinia (Italy). Nat.
Hazards Earth Syst. Sci. 12: 1333-1336.

Rittenhoua LR, Sneva FA (1977) A technique for estimating big sageb
prodution. J. Range Manag. 30:68-7.

Rollins MG, Keane RE, Parsons RA (2004) Mapping fuels and fire
regimes using remote sensing, ecosystem simulation, and gradient
modeling. Ecological Applications14:75-95.

Rothermel RC (1972) A mathematical model for predicting fire spread in
wildland fuels. USDA Forest Service, Intermountain Forest and
Range Experiment Station Research Paper, INT-115, Ogden, UT.

Roussopoulos PJ, Loomis RM (1979) Weights and dimensional
properties of shrubs and small trees of the Great Lakes conifer forest.
USDA Forest Service North Central Experiment Station, Research
Paper, 178, p. 6.

Saglam B, Kagik O, Bilgili E, Ding Durmaz B, Baysal | (2008) Estima-
ting Fuel Biomass of Some Shrub Species (Maquis) in Turkey. Turk.
J. Agric. For. 32: 349-356.

Sah, J.P., Ross, M.S., Koptur, S., Snyder, J.R. 2004. Estimating above
ground biomass of broadleaved woody plants in the understory of
Florida Keys pine forests. Forest Ecol. Manag. 203: 319-329.

Schino G, Borfecchia F, De Cecco L, Dibari C, lannetta M, Martini S,
Pedrotti F (2003) Satellite estimate of grass biomass in a moun-
tainous range in central Italy. Agrofor. Syst. 59:157-162

Schoennagel T, Veblen TT, Romme WH (2004). The interaction of fire,
fuels, and climate across Rocky Mountain forests. BioScience
54:661- 676.

Sellers P, Heiser M, Hall F (1992) Relations between surface Con-
ductance and spectral vegetation indexes at intermediate (100 m?
to 15 kmz) length scales. J Geophys Res 97:19033-19059.

Shapiro SS, Wilk MB (1965) An Analysis of Variance Test for Normality
(Complete Samples). Biometrika, 52:591-611.

Specht RL (1969) A comparison of the sclerophyllous vegetation
characteristics of Mediterranean type climates in France, California
and southern Australia. Il. Dry matter, energy and nutrient accumu-
lation. Aust. J. Bot. 17: 293-208

Todd SW, Hoffer RM, Milchunas DG (1998) Biomass estimation on
grazed and ungrazed rangelands using spectral indices. Int. J.
Remote Sens. 19: 427-438

Tucker C, Holben B, Elgin J (1981) Remote-sensing of total drymatter
accumulation in winter-wheat. Remote Sens. Environ. 11:171-189

Tucker C, Justice C, Prince S (1986) Monitoring the grasslands of the
Sahel 1984-1985. Int. J. Remote Sens. 7:1571-1581

Tucker CJ (1979) Red and Photographic Infrared Linear Combinations
for Monitoring Vegetation. Elsevier North Holland Inc. 8:127-150.

Tucker CJ, Vanpraet C, Boerwinkel E, Gaston A (1983) Satellite
Remote Sensing of Total Dry Matter Production in the Senegalese
Sahel. Remote Sens. Environ. 13:461-474

Tucker CJ, Vanpraet C, Sharman M, Vanittersum G (1985) Satellite
remote sensing of total herbaceous biomass production in the
Senegalese Sahel-1980-1984. Remote Sens. Environ. 17:233-249

Us6 JL, Mateu L, Karjalainen T, Salvador P (1997). Allometric regres-
sion equations to determine aerial biomasses of Mediterranean
shrubs. Plant Ecol. 132:59-69.

Vidal A, Devaux-Ros C (1995) Evalueting forest fire hazard with a
Landsat TM derived water stress index. Agric. For. Meteorol. 77: 202-
224.

Vidal A, Pinglo F, Durand H, Devaux-Ros C, Maillet A (1994) Evaluation
of a temporal fire risk index in Mediterranean forests from NOAA
Thermal IR. Remote Sens. Environ. 49: 296-303.

Waring R (1983) Estimating forest growth and efficiency in relation to
canopy leaf-area. Adv. Ecol. Res. 13:327-354

Westerling AL, Hidalgo HG, Cayan DR, Swetnam TW (2006) Warming
and earlier spring increase western US forest wildfire activity.
Science 313:940-943.

Whittaker RH, Woodwell GM (1968) Dimension and production relations
of trees and shrubs in the Brookhaven Forest, New York. J. Ecol.
56:1-25.

Wittemyer G, Rasmussen H, Douglas-Hamilton | (2007) Breeding
phenology in relation to NDVI variability in free-ranging African
elephant. Ecography 30:42-50

Zianis D, Mencuccini M (2004). On simplifying allometric analyses of
forest biomass. Forest Ecol. Manag. 187: 311-332.



