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ABSTRACT

The potential of using Landsat TM5 imagery for deter-
mining biomass, percent canopy cover, and canopy
volume of shrub fuelbeds was investigated by comparing
field measurements with satellite spectral data. Twelve
square sample plots were georeferenced with the aid of a
global positioning system and differentially corrected for
higher location accuracy. Differential illumination effects
present in the imagery due to rugged topography were
reduced using a digital terrain model.

Regression equations between ground data and satellite
data were developed and the results extrapolated to the
shrublands at Parque Natural das Serras de Aire e Can-
deeiros (PNSAC), in central Portugal. Best results were
obtained using NDVI to estimate plot vegetation biomass
(’=0,76), followed by canopy cover (1>=0.65), and canopy
volume (r?=0.51). The ultimate aim of this ongoing pro-
ject is the development of satellite-based fuel mapping
capabilities, in order to support the application of spa-
tially distributed fire behavior simulation models.

1. INTRODUCTION

Vegetation fires are a major problem in Portugal, where a
total of approximately 1260000 hectares of forest, shru-
blands and rangelands (ca.14 % of the total area of the
country) burned during the last 15 years. A Mediterranean-
type climate, with warm, dry summers throughout most of
the country is partially responsible for the extent and seve-
rity of the fire problem. Demographic and socio-economic
changes in rural areas of the country, especially during the
last 20-30 years represent another set of very influential
factors. Since the early 1960’s many of these areas have
suffered moderate to severe population losses, due to inter-
nal migration to coastal cities, as well as emigration to
wealthier countries, in Europe and America. These losses

affected primarily the working-age population, leaving
behind the very young and the old. Traditional economic
activities, such as agricultural and livestock production
declined, but local investment of the migrant worker’s
savings allowed for some local development.

Such changes drastically reduced traditional vegetation
fuel use. Leaf litter, dead downed wood, and undergrowth
shrubs used to be important sources of fuel for domestic
consumption. Shrub biomass was also abundantly used to
cover the floor of livestock enclosures, and then input to
agricultural fields as fertilizer. Disruption of this depen-
dence due to increased availability of electric power and
industrial fertilizers led to progressive accumulation of
high fuel loading in rural landscapes and is often mentio-
ned as an important determinant of increased fire fre-
quency and severity (Silva, 1990; Almeida and Moura,
1992; Rego, 1992).

The severity of the problem has led to the development of
a series of research efforts, dealing namely with fuel map-
ping and fire spread simulation. The objective of the work
reported in this paper, which is part of an ongoing research
project, is the satellite-based mapping of structural proper-
ties of shrubland fuels relevant for fire spread simulation.
Mapping of quantitative, biophysical vegetation parameters,
such as biomass, canopy height and volume, or percent
cover relies on the development of models relating these pro-
perties with satellite spectral data, possibly in the form of a
vegetation index. In the initial stage of this project we are
concentrating on developing simple empirical models rela-
ting vegetation parameters with Landsat TMS5 spectral data.

1.1. Study area
The study area selected for shrubland fuel mapping is the

Serras de Aire e Candeeiros Natural Park (PNSAC), in
central-western Portugal. The Park covers an area approxi-
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mately 37000 ha., ranging in elevation from 50m to 680m.
and is located in a region of karstic geology. The area has
a mean annual temperature of 14.8°C and a mean annual
precipitation of 846 mm. Shrub formations are the domi-
nant land cover type in the steeper slopes and hilltops,
while agriculture occupies the more fertile terra rossa
soils, in the valleys. Sheep and goat herding are practiced
in the pastures of the main plateau between the two “Ser-
ras”, and forest stands are more abundant at the base of the
slopes. Natural vegetation is dominated by associations of
the Quercion broteroi alliance and abundant Quercus coc-
cifera formations result from degradation of forest cover.
Concurrent action of fire and grazing lead to frequent pre-
sence of species typical of Cisto-Lavanduletea class, alter-
nating with the Calluno-Ulicetea and the Ononido-Ros-
marinetea classes (Espirito-Santo ef al., 1988).

Vegetation fires are a common element of the Park eco-
logy, and are often used as a management tool to control
the development of shrubs in pasturelands. Sometimes
fire gets out of control and burns more extensively than
intended, especially if it reaches areas of heavy shrub fuel
loading on steep slopes. PNSAC management recognizes
the need for more information on fire ecology of the Park
and has provided both financial and logistic support to
research described herein.

2. METHODS

2.1. Field-based vegetation analysis

Vegetation sampling and analysis took place in two stages.
During the first stage, we performed dimensional analy-
sis on 53 plants belonging to the 10 shrub species more
abundant at PNSAC (Table 1).

Table 1 - Plant species and number of individuals used to
develop dimensional analysis model for estimation of indivi-
dual plant biomass (eq. 4)

Plant species # plants

Quercus coccifera 5
Phyllirea angustifolia
Rosmarinus officinalis
Pistacia lentiscus
Cistus salvifolius
Cistus albidus
Lavandula luisieri
Arbutus unedo

Ulex parviflorus

0 NN 0 W Y o W

Daphne gnidium

Stands where each species is abundant or dominant were
located, and a stratified random design was used for indi-
vidual plant selection. Sampling strata were defined based
on plant height and diameter, and individual plants were
selected by walking a random number of paces into the
stand, in a randomly chosen azimuth. For each species, the
plant located nearest to the stoping point was selected. The
procedure was repeated until we obtained a sample size
considered representative of the specific and structural
composition of the shrublands. Plant height, diameter at
25 cm. height increments from the ground, and maximum
diameter were measured in the field, then plants were cut,
weighed and bagged for more detailed analysis. In the
laboratory, we determined branch biomass in 1, 10 and
100-hour timelag (HTL) classes (Fosberg, 1970) and foliar
biomass. Plant parts were oven-dried at 90°C (24 hours for
leaves and 1-HTL branches; 48 hours for 10 and 100 HTL
fuels) for dry weight calculation. These data were used to
develop a regression model for estimating the total bio-
mass of individual plants, with the simple dimensional
measurements mentioned above as independent variables.

The second stage of vegetation analysis involved estima-
ting biomass (fuel loading, ton.ha!), in 12 large square field
plots, adequately located to cover a wide range of variation
in vegetation abundance. Eight of the 12 plots measured
120 m on the side, and 4 measured 90 m. on the side, cor-
responding respectively to 16 and 9 Landsat pixels. The 12
plots were georeferenced with a global position system, by
measuring the coordinates of the 4 corners. The positions
were differentially corrected to a positional accuracy of 2-
5 m. with data from a base station located 45 km southeast
of PNSAC. The plots were meant to be internally homo-
geneous and placed within large patches of shrub forma-
tions, and at least 50 m. away from areas of different land
cover types, such as roads, forest stands, fire scars, etc. in
order to minimize the adjacency effect and consequences
of possible georeferencing or registration errors.

Each plot was inventoried for biomass with 6 regularly spa-
ced line transects, 3 with north-south orientation and 3 with
east-west orientation, and 36 inventory points were located
on a regular grid supported by these transects. Shrub plants
found at each inventory point were measured for the same
variables described above, and the data input into the dimen-
sional analysis regression model, for biomass estimation.
Whenever an inventory point fell on a non-vegetated spot,
it was moved to nearest plant along the transects, with 5 m.
spacing for the larger plots, and 3 m. spacing for the smal-
ler plots, and plot canopy volume was calculated as the
product of average vegetation height by percent cover. All
field work was performed between April and July 1993.
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Table 2 - Structural parameters and vegetation index values
for the 12 field plots

Plot Mean Canopy Canopy Biomass NDVI
number height cover voulme (ton.ha™?
(m) (%)  (m*m?)

1 0.79 0.69 0.54 8.67 0.53
2 0.48 0.77 0.37 7.13 0.42
3 0.42 0.58 0.24 5.29 0.33
4 0.43 0.77 0.33 5.70 0.44
5 0.48 0.59 0.28 5.76 0.37
6 0.46 0.63 0.29 5.87 0.33
7! 0.37 0.49 0.18 4.34 0.37
8 0.36 0.89 0.32 10.04 0.59
9 0.33 0.242 0.08 1.78 0.30
10! 0.60 0.67 0.40 7.00 0.48
1! 0.41 0.70 0.29 7.25 0.46
12! 0.47 0.69 0.32 4.40 0.42

1 90m by 90m plots.

2 Plot 9 has 16 % of herbaceous vegetation cover, for a total green
vegetation canopy cover of 40 % (see Discussion).

2.2. Spatial database development and satellite image
processing

The spatial database developed for PNSAC includes a
digital terrain model (DTM) and a Landsat TM5 image
with all 7 channels. The DTM was digitized in-house,
from 1:25000 topographic maps developed by the Por-
tuguese Army Cartography Service. All 10 m. contour
lines were digitized and the resulting vector file was ras-
terized to a 30 m cell size, for integration with the Land-
sat imagery. The TM imagery was geometrically cor-
rected using control points obtained from the topographic
maps and co-registered with the DTM using a linear
polynomial and a nearest-neighbor resampling proce-
dure, in order to preserve radiometric integrity of the
data.

A simple analysis of TM visible channels histograms,
according to the procedure of Chavez (1988) indicated that
the imagery was gathered under a very clear atmosphere.
Therefore, we considered it adequate to calculate the nor-
malized difference vegetation index (NDVI) using appa-
rent, or top-of-the-atmosphere (TOA) reflectance values
of TM channels 3 (red) and 4 (infrared). The equation for
apparent reflectance is (Markham and Barker, 1986;
Moran et al., 1992):

Pap =T Ly) / (Egy.cos;. E.), where: @))
Pap = dimensionless TOA reflectance.

L, =spectral radiance at the satellite sensor (W.m™2.
srlum),

E,; = mean solar exoatmospheric irradiance (W.m™.
sr!.um™).

cos; = cosine of the angular exoatmospheric of the direct
solar flux onto the surface of each DTM pixel.

E. = Earth orbit eccentrcity correction factor (in astro-
nomical units, Igbal, 1983).

Image DN values were converted to radiance units using
the calibration coefficients recommended by Markham
and Barker (1986). Implementétion of equation (1) requi-
red calculation of a map of cos; values for the entire study
area, according to the formula (Igbal, 1983; Gratton et al.,
1993):

cos; = c0sS.cos6; + sinS.sinf,.cos(d, - A), where: 2)
S = local terrain slope.

0, = solar zenith angle.

¢, = solar azimuth angle.

A = local terrain aspect.

In order to evaluate eq. (2), it was necessary to derive
slope and aspect maps from the study area DTM. Once
proa Maps were available for TM channels 3 e 4, NDVI
was calculated according to the well known expression:

NDVI = (TM4 - TM3) / (TM4 + TM3) ' 3)

Vector files containing the vegetation plot coordinates
were then imported into the GIS (figure 1) and rasteri-
zed.

An average NDVI value was calculated for each of the 9
or 16 plot pixels and used as the independent variable in
the regression equation for predicting shrubland biomass.
Since the equation is only valid for shrublands, other land
cover types were masked out in the Park NDVI image
using land cover data obtained by digitising a vegetation
map of the study area.
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Figure 1 - NDVI image window from the Serra d’Aire, on the SE

edge of PNSAC, showing range of NDVI values and placement of
4 of the 12 field plots
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Figure 3 - Map of PNSAC showing shrublands and respective fuel
loadings, in tons of biomass per hectare

3. RESULTS

The dimensional analysis of individual plant data yielded
the following equation for biomass estimation from height
and diameter measurements:

Bioj,q = 0.642 * HO0075 * D401 (R2= (0.91), where: (4)

Bio;,q = individual plant biomass (kg)
H = plant height (m)
Dmax = plant maximum diameter (m)

The model was adjusted with the module NONLIN of
Systat5 for Windows (reference), using the Quasi-Newton

algorithm. Asymptotic standard errors for the parameter
estimates are 0.046 for the constant term, 0.142 for the
exponent of variable H, and 0.168 for the exponent of
variable D,,,.. The biomass estimates obtained with equa-
tion 4 were used in the inventory procedure described in
section 2.1 to calculate plot biomass. Padl (1993) deter-
mined the percent standard error of the mean for the plot-
level biomass estimates and found values ranging from
12 % to 44 %. For 6 of the plots the error is smaller or equal
than 15 %, and only for 3 plots is the error larger than
30 %. These estimates were correlated with mean plot
NDVI (Figure 2a). The regression model represented in
Figure 2a is given by:

Bioyio = -2.923 + 21.486 £ NDVI (R?=0.76), where (5)
Bio,)o = plot biomass (ton.ha™!).

Standard error of the parameter estimates for equation 5
is 1.657 for the intercept and 3.87 for the slope.
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Figure 2 - NDVI vs. plot vegetation structure scatterplots.
a) NDVI vs. biomass

Figure 3 displays a map of shrub fuel loading classes for
PNSAC, where shrubland areas were identified with the
digital land cover map mentioned above, and fuel loadings
were obtained from equation 5. NDVI was also used to esti-
mate percent canopy cover and canopy volume, per plot. The
equation relating NDVI with canopy cover is (Figure 2b):

Focoveryy = 1.211 + log(NDVI?*M) (R?=0.65), where (6)
Focovery = plot canopy cover ( %).
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Figure 2b - NDVI vs. canopy cover. Plot 9b has 24 % of shrub
cover and 16 % of herbaceous cover. Straight below 9b is plot 9,

which represents the same location, but considering only shrub
cover (see Table 2 and Discussion)

Asymptotic standard error of the parameter estimates for
equation 6 is 0.16 for the constant term and 0.375 for the
exponent. The relationship between NDVI and canopy
volume is given by (figure 2c¢):

canvolp, = -0.083 + 0.932 * NDVI (R?=0.51), where (7)
canvoly, = plot canopy volume (m3.m?).

Standard error of the parameter estimates for equation 7
is 0.123 for the intercept and 0.287 for the slope.
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Figure 2¢ - NDVI vs. canopy volume. See Discussion for com-
ments on plot 8, the one with the highest NDVI value

4. DISCUSSION

Estimation of plant biomass at the plot level was perfor-
med as the two-stage process described in section 2.1.
There are, therefore, two main sources of error for these
estimates: the estimation of individual plant biomass, and
extrapolation of these estimates to the entire plot. Good-
ness-of-fit statistics given for equation 4, and the more tho-
rough analysis by Paiil (1993), presenting predictive abi-
lity and multicollinearity statistics for this model, indicate
that it fits the data very well, has good predictive ability
and low collinearity. Paudl (1993) also assessed the ade-
quacy of pooling plants from all species into a single
regression model by testing for significance of differences
between regression coefficients of the overall model and
those of models containing smaller groups of species, and
concluded that global pooling was an acceptable proce-
dure. The magnitude of percent standard error of the mean
values for the plot-level biomass estimates indicate that it
would be adequate to increase sampling intensity above the
current level of 36 points per plot.

Of the shrubland structural attributes determined at the
level of the plot and correlated with NDVI, biomass has
the best fit, followed by % cover. The weakest correlation
is with canopy volume. Biomass per unit area is the most
important stand characteristic for fuel modelling and fire
behavior simulation, and therefore the results are encou-
raging. The relationship between NDVI and biomass
seems to be linear, for the range of biomass amounts pre-
sent in the study area. However, various authors have
noticed an asymptotic trend in the relationship between
leaf area index (LAI) and vegetation indices, for values of
LAI larger than about 3 (Peterson et al., 1987; Baret et
Guyot, 1991). This trend may, therefore, occur at sites with
higher fuel loadings and create difficulties for fuel map-
ping based on vegetation indices.

The correlation between NDVI and canopy cover takes a
non-linear form (figure 2b) essentially due to plot 9, which
has the lowest levels of shrub canopy cover and mean
vegetation height of all 12 plots, probably due to the fact
that it was located in a relatively recent fire scar. An higher
than expected NDVI value may be explained by the pre-
sence of a much higher proportion of herbaceous vegeta-
tion cover than at any other plot (16 %, compared to 4 %
for the next higher level of herbaceous cover, which is vir-
tually absent from 9 of the plots (Paul, 1993). Thus, in
equation 6, herbaceous vegetation contributes to NDVI but
not to the corresponding value of canopy cover, since this
refers only to shrubby vegetation. If herbaceous and shrub
cover are added, the total green vegetation cover of plot
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9 goes up to 40 %, as shown by the data point labeled 9b
in Figure 2b. The relationship between the two variables
loses its non-linear character and can be fitted by a straight
line with R?=0.64 (not shown). The biomass of plot 9 her-
baceous vegetation is quite small, and therefore the effect
discussed here seems to be absent from the relationship
between NDVI and biomass.

The relatively poor fit between NDVI and canopy volume
is primarily due to plot 8, which has the highest fuel loa-
ding and shrub canopy cover of all plots, but a quite low
mean vegetation height. The strongly dominant shrub spe-
cies at this plot is Ulex parviflorus, a species that tends to
have bulk density values on the high range, for the species
studied at PNSAC (Paul, 1993; Pereira et al., to appear)
and usually grows in tight, continuous stands. This
contrasts somewhat with the spatial arrangement of plants
in most other shrub formations of the study area, where
individual crowns tend to be farther apart. The idiosyn-
cratic canopy architecture of U. parviflorus dominated
stands, may thus be responsible for the outlier behavior of
plot 9, which has a strong influence on a regression model
with only 12 observations.

Figure 3 shows the spatial distribution of shrub biomass,
or shrub fuel loadings at PNSAC. Areas of very high loa-
dings (10-15 tons/ha) can be found in small patches scat-
tered throughout the Park, and usually associated with
drainage features. Intermediate levels of fuel loading (5-
10 tons/ha) are particularly abundant at Serra d’Aire, on
the eastern edge of the Park, but can also be found in
smaller patches at the westernmost Serra dos Candeeiros
and in the central plateau. Lower fuel loadings (0-5
tons/ha) predominate in areas of more intensive sheep and
goat herding in the central plateau, and around agricultu-
ral valleys. The very fine-grained mosaic revealed by
Figure 3 reflects the underlying heterogeneity of the natu-
ral environment and cultural practices, but it is also, to
some extent, an artifact of the discretization of a conti-
nuous variable into 3 classes.

5. CONCLUSIONS

Based on our results, it seems possible to estimate struc-
tural parameters of mediterranean shrublands with a
degree of accuracy adequate for large scale fuel modelling
and mapping. The current methodology can be improved,
however, and we are developing a new vegetation struc-
ture sampling procedure based on the use of a portable
field spectroradiometer and small (1-4m?) plots. These
will be used for destructive analysis of vegetation and

calibration of equations relating shrubland community
structure with field spectroradiometric data. It will be pos-
sible to apply the same equations to Landsat TM radio-
metric data and obtain estimates of shrubland fuel loading
and structure over broad geographic areas.

In the regression analysis of NDVI and canopy cover data,
a deviant plot corresponds to an earlier post-fire seral
stage than at other plots, when grasses are more abundant,
and the outlying data point in the NDVI vs. canopy volume
scatterplot represents a plot strongly dominated by a single
shrub species of relatively high bulk density. These results
reveal the confounding effects of canopy architecture,
species composition and community diversity. In order to
address these problems, the PNSAC data are being re-
analysed with spectral mixture analysis models (Adams et
al., 1986; Smith et al., 1990), in an attempt to improve our
ability to discriminate between different ecological com-
munities, and use the shade endmember to infer commu-
nity physiognomy (Ustin et al., 1993).
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