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Abstract

Allometric equations for the estimation of  crown fuel weight of  Black pine (Pinus nigra) trees in 
Southern Bulgaria were developed. Forty-two trees were destructively sampled and their crown fuels were 
weighed separately for each fuel category. Crown fuel components, were separated into size classes and regres-
sion equations that estimate crown fuel load by diameter class were derived. The allometric equation y = axb 
with diameter at breast height as the single predictor was chosen, because the addition of  other parameters 
did not decrease the residual sum of  squares significantly. The R2adj. values were relative high (R2adj. = 
0.68 -0.82) in all cases. Diameter at breast height was the most significant determinant of  crown fuel biomass. 
The aerial fuels that are consumed during crown fires (i.e. needles and twigs with diameter less than 0.63 cm) 
comprised 36.3% of  the total crown weight. Crown fuels, distributed as follows: needles 28.2%, branches 
with 0.0-0.63 cm diameter 12.1%, 0.64-2.5-cm diameter 23.7%, 2.51-7.5-cm diameter 20.4%, and >7.5-cm 
diameter 15.6%. The equations provide quantitative fuel biomass attributes for use in crown fire behaviour 
models, fire management and carbon assessment in Black pine plantations in Bulgaria.

Key words: crown fuel weight, Black pine, Pinus nigra, Southern Bulgaria

INTROdUCTION

Wildland fires are the most destructive disturbance of  the natural lands in 
Southern Europe (FAO, 2006). Forest landscapes have always been subjected to fires, 
and therefore burning has become part of  their dynamic natural equilibrium (Μoreno, 
Oechel, 1994). Recent changes of  land-use patterns have caused a reduction or 
abandonment of  traditional activities (extensive grazing or wood harvesting), which has 
resulted in the increase of  the amount of  available fuel (Perez et al., 2003). The forest 
plantations of  Black pine (Pinus nigra) are extremely prone to crown fires and represent 
~1/3 of  the total burned area in the Southern Bulgaria.

Since crown fuels are the main fuel layer supporting crown fire spread, crown 
fuel load assessment is essential for fire management planning (Keane et al., 2001). 
The relevance of  crown fuel load in crown fire phenomena is easily understood as 
it represents the potential energy source available to be released during a crown fire. 
Crown fuel load is essential in assessing crown fire intensity and flame length (Byram, 
1959; Thomas, 1963), fuel consumption during crown fires (Stocks et al., 2004), crown 
fire severity (Pollet, Omi, 2002), crown fire effects on ecosystems (Turner, Romme, 
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1994) and carbon emission from crown fires (Amiro, 2001). Furthermore, the ability to 
predict crown fuel load will facilitate fire managers to assess crown fire potential (Sando, 
Wick, 1972), the effectiveness of  canopy fuel treatments (Johnson et al., 1998; Stephens, 
1998; Agee et al., 2000; Fule et al., 2001; Scott, Reinhardt, 2001), the onset of  crowning 
(Van Wagner, 1977; Alexander, 1998; Cruz et al., 2004) and the crown fire rate of  spread 
(Cruz et al., 2002; 2005).  Finally, the application of  fire behaviour models that predict 
crown fire behaviour (Van Wagner, 1977; 1989; Forestry Canada Fire Danger Group, 
1992; Finney, 1998; Scott, Reinhardt, 2001; Cruz et al., 2002; 2005) entail a need for 
quantification of  crown fuel loads. Conifer needles and fine twigs are the main aerial 
fuels consumed within the flaming front of  a crown fire (Van Wagner, 1977; Call, Albini, 
1997; Scott, Reinhardt, 2001; Stocks et al., 2004).

Several crown fire behaviour attempts, followed by a semi-empirical approach, are 
found in the literature. This has lead to models suitable for implementation in operational 
fire modeling systems (Alexander, 1988; Van Wagner, 1977; 1993; Xanthopoulos, 1990, 
Rothermel, 1991, Cruz et al., 2005). Van Wagner’s (1997) model has been used as the 
basis for crown fire initiation in computer programs used for wildfire prediction such 
as BEHAVE (Burgan, Rothermel, 1984), FARSITE fire area simulator model (Finney, 
1998) and Nexus crown fire hazard assessment system (Scott, Reinhardt, 2001). 
Rothermel’s (1991) and Van Wagner’s (1993) crown fire spread models have empirical 
character and present various assumptions and limitations, nevertheless they have been 
incorporated in most wildfire predictions systems as Canadian Forest Fire Prediction 
System (Forestry Canadian Fire Danger Group, 1992), FARSITE fire area simulator 
model (Finney, 1998), NEXUS (Scott, Reinhardt, 2001) and BEHAVE –PLUS version 
3 (Andrews et al., 2005). Cruz et al. (2005) modeled crown fire behaviour based on an 
experimental dataset which covered a broad spectrum of  conifer fuel complexes and 
fire behavior characteristics. Their models have been incorporated to CFIS crown fire 
simulation model (Alexander et al., 2006).    

Although numerous studies correlate crown or foliage biomass with tree 
dendrometric characteristics (Kittredge, 1944; Moeur, 1981; Grigal, Kernik, 1984; 
Baldwin et al., 1997; Monserud, Marsal, 1999), few studies measure crown fuel load by 
diameter size classes (Brown, 1978; Stocks, 1980; Johnson et al., 1989; Johnson et al., 
1990) as it is required in fire behaviour modeling.

The objective of  this study was to develop allometric equations for the crown 
fuel load estimation of  Black pine trees. Diameter at breast height (DBH) was chosen as 
the independent variable because this characteristic is highly correlated to tree biomass, 
and is consistently measured during forest inventories (Ter-Mikaelian, Korzukhin, 1997; 
Ziannis, Mencuccini, 2004).

METHOdS

Study area
The study areas were located in the eastern part of  Ivaylovgrad region (26°06′N, 

41°31′W) and Harmanli region (25°97′N, 41°55′W) in south Bulgaria. These areas were 



59

chosen because they are representatives of  Black pine plantations in southern Bulgaria. 
The altitudes were ranged from 50 m to 840 m a.s.l. and the climate belongs to the 
submediterranean type, with cold winters and dry hot summers. The mean annual 
rainfall is 775 mm and the mean annual air temperature is 13 °C. In the past, numerous 
fires have burned different parts of  the forest. The forest comprises even-aged stands, 
often with a sparse understorey of  herbaceous vegetation and a substantial layer of  pine 
needles litter.

Fuel sampling
Crown fuel biomass was measured by destructive sampling of  a total of  42 trees 

during the summer. The trees were selected by random sampling from representative 
stands in the forest.  Trees with extremely lopsided crowns, heavily defoliated or with 
broken top were excluded (Brown, 1978). 

For each sampled tree, DBH was measured to the nearest mm. The crown width 
was measured on each tree as the average of  two perpendicular measurements taken on 
the ground on felled trees. Sample trees were felled carefully as to avoid breaking branches. 
After felling, the tree age was measured and measurements of  total height, height from 
ground to living crown and crown length were taken to the nearest decimeter.  Crown 
fuels were separated into the following diameter classes (Deeming et al., 1977; Brown, 
1978): needle foliage, 0.0-0.63 cm, 0.64-2.5 cm, 2.51-7.5 cm, and >7.5 cm. Needles 
were separated from other live fuels because of  their different chemical composition 
affecting combustion, and the higher probability of  detachment from the tree after 
crown scorching by fire (Agee, 1983). The fuels of  each tree were weighed in situ the day 
it was cut. After weighing of  all fuel components in the field, samples of  each fuel size 
were taken in the laboratory for moisture content determination. Moisture contents of  
all fuel size classes were determined after drying at 105 °C for 48 h and then weighed. 
The large fuel category (> 7.5 cm) was dried for at least 120 h or until constant weight.

Statistical Analysis
Ovendry weights for each fuel size class were initially plotted against variables 

such as DBH, height, age, height from ground to live crown, crown length and crown 
width in order to provide a visual assessment between the relation of  crown fuel biomass 
and the independent variables. Table 1 presents descriptive statistics for variables used 
in the analysis. Least-square regression models were developed for individual variables 
testing several curvilinear models. The regression models with the highest R2adj. and the 
lowest standard error of  estimate (SEE) were selected.

Regression analysis revealed that DBH had the highest correlation with crown 
fuel weight and, therefore, was used as the primary independent variable in this study. 
The addition of  other variables such as tree height, age, height to live crown, live crown 
length and crown width did not improve the correlation significantly. Therefore, crown 
fuel weight was expressed as a simple power function of  DBH,  y = axb, where y = 
ovendry weight of  a crown fuel component in kg, x = DBH in cm, a, b = estimated 
coefficients.   Estimates of  a and b were obtained by OLS after a log–log transformation 
of  the above allometric equation to a linear model.
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The antilog of  the intercept was multiplied by a correction factor in order to 
account for bias inherent in fitting models to the geometric mean rather the arithmetic 
mean (Baskerville, 1972; Sprugel, 1983). The correction factor (CF) was calculated as 
follows (Sprugel, 1983):

CF = exp(S2
y,x/2),     (1)

Where S2
y,x  is SEE calculated from:

SEE = [Σ(lnYI – lnY’I)
2 / (N-2)]1/2   (2)

For each model, normal probability plots of  residuals and plots of  standard 
residuals versus predicted values were calculated to test the assumptions of  least-squares 
regression. In addition, plots of  standardised residuals against fitted values of  the 
independent variable were used to test assumptions related to homogeneity of  variance. 
The SPSS ver.11 statistical package (Norusis, 1997) was used for the analysis.

RESULTS ANd dISCUSSION

Crown fuel distribution
The crown biomass of  the forty sampled trees separated into fuel components 

is given in Table 2. The largest fuel load was in the needles category (28.2%), followed 
by 0.64 – 2.5 cm diameter class (23.7%), and the 2.51 – 7.5 cm diameter class (20.4%). 
The available crown fuel load (i.e., needles and branches 0.0-0.63 cm) that are usually 
consumed during crown fires (Stocks et al., 2004), represents 36.3% of  total crown 
biomass in Black pine.  Although fuel distribution data for Black pine were unavailable for 
comparison with the results of  this study, we found that the crown biomass distribution 
pattern among the fuel components of  Black pine was similar to the general pattern 
found in pine species (Agee, 1983), and specifically Pinus contorta Dougl., Pinus ponderosa 
Laws. and Pinus monticola Dougl. (Brown, 1978).

The pattern of  crown fuel biomass distribution in Pinus nigra appears to be 

Table 1
Descriptive statistics of  Black pine sampled trees

dBH (cm) Height 
(m)

Crown 
Length (m)

Height to live 
crown base 

(m)

Crown 
Width (m)

N 42 42 42 42 42

Minimum 10 9.3 4 5 1.8

Maximum 30 18.8 7 13.9 7

Range 20 9.5 3 8.9 6.2

Mean 18,66 14.26 5.29 8.25 3.99

Standard deviation 6,65 2.75 0.86 2.69 1.31

Standard Error 1,01 0.46 0.13 0.41 0.21
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typical of  most pine species, where the biomass of  large branches makes up the largest 
component followed by needles. In general, it appears that the overall pattern of  crown 
fuel distribution is mostly variable in young trees up to the point of  canopy closure, 
when branches begin to become shaded out by competitors and self-pruning occurs 
(Xiao, Ceulemans 2004). After this point, the changes in crown fuel distribution reflect 
mostly a reduction in the ratio between needles biomass to branch biomass, as tree 
crown recedes upward and foliage becomes concentrated at the end of  long branches 
(Williams et al., 2003).

Expected fuel weights for a given tree size (dBH)
 A good fit of  the least square line of  log-log transformed data was found 

when plotting the logarithmic values of  dry crown fuel weights against DBH, with the 
exception of  the large (> 7.5 cm in diameter) branches. The variables for allometric 
regressions are given in Table 3. The relationships for live crown fuel components were 
able to explain more than 68% of  the observed variation. The allometric model failed to 
provide reasonable estimates for the largest crown branches category (>7.5 cm), perhaps 
due to the limited number (n=12) of  sampled trees with this fuel category. Since fuels 
larger than 1 cm diameter are rarely consumed during crown fires (Call, Albini 1997; 
Scott, Reinhardt, 2001; Stocks et al., 2004), the estimation of  large diameter crown fuel 
classes is of  minor importance for fire behaviour prediction.

Our results support the most common mathematical model in biomass studies 
y=axb, where y is the aboveground biomass or crown fuel weight and  x - DBH (Brown, 
1978; Stocks, 1980; Johnson et al., 1990; Ter-Mikaelian, 1997; Zianis, Mencuccini, 2004). 
It is emphasised that the allometric regression equations presented in this paper are only 
valid within the range of  stem diameters (10-30 cm) covered by sampled trees.

Equation reliability
This is the first crown fuel biomass study of  Black pine in Bulgaria, employing 

destructive sampling of  individual trees (n=42). The data more closely represent error-
free measures of  crown fuel components because they were obtained in total on each tree. 
A problem in most attempts to model aboveground biomass is that biomass components 

Table 2
Crown loads for each fuel component in Black pine sampled trees

Crown fuel category Crown load distribution by fuel component (%)

Needles 28.2

Branches 0.0-0.63 cm diameter 12.1

Branches 0.64-2.5 cm diameter 23.7

Branches 2.51-7.5 cm diameter 20.4

Branches > 7.5 cm diameter 15.6

Total crown biomass 100
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are estimated from samples rather than whole tree measurements. Variability of  these 
estimates confounds the model fitting process. Subsampling to evaluate the weight of  
each tree component or roundwood diameter class is less accepted (Catchpole, Wheeler, 
1992). Direct measurement is extremely expensive, time consuming, and consequently, 
ovendry tree biomass estimates of  individual tress will continue to be calculated from 
subsamples taken within the crown. 

Several authors pointed out that the dimensional relationships, for which 
the allometric equations are developed, depending on age, density and site quality 
(Baskerville, 1983; Long, Smith, 1988). Also, the crown fuel load equations might show 
an over-prediction bias in forest stands with high densities and basal areas (Cruz et 
al., 2003). The trees sampled in this study are representative of  sizes and conditions 
of  Black pine plantations most commonly found in southeastern Balkan region. Since 
biomass relationships for crown fuel size classes have not been reported for other Balkan 
regions, these equations could be applied elsewhere on an interim basis.  However, for 
future research, the influence of  topographic and stand structure characteristics on 
crown biomass – DBH relationship of  Black pine should be investigated, in order to 
render these equations more globally applicable.

CONCLUSIONS

This study produced allometric equations that allow the estimation of  crown 
fuel biomass at tree level for Black pine, based on DBH. The log-log transformation of  
the allometric model y=axb gave the best fit for all live crown fuel components except 
the branches with diameter >7.5 cm. The R2adj. values were between 0.68 and 0.82. 
The allometric equations for crown fuel biomass estimation of  Black pine plantations 

Table 3 
Regressions of  crown fuel components (kg) on diameter at breast height (cm)  

for Black pine trees in BulgariaA

Crown Fuel 
Component a (SE) b (SE) n R2 adj SEE c.f.

Foliage -1.437 (0.243)*** 2.069 (0.194) *** 42 0.73 0.042 1.000882

0.0-0.63 cm -2.314 (0.309) *** 2.421 (0.247) *** 42 0.70 0.067 1.002247

0.64-2.5 cm - 1.558 (0.281) *** 2.082 (0.224) *** 42 0.68 0.056 1.001569

2.51-7.5 cm -3.489 (0.359) *** 3.605 (0.280) *** 42 0.82 0.065 1.004234

Total crown 
biomass -1.599 (0.245) *** 2.588 (0.196) *** 42 0.81 0.042 1.000882

 A Regression equation form: lny = lna+b(lnx).
 SE= Standard Error, R2 adj = adjusted multiple coefficient of  determination, SEE = Standard Error of  
Estimate, c.f.= correction factor (Sprugel, 1983).
 *** P<0.0001
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may enable fire managers to assess crown fuel hazard, to evaluate fuel treatments and 
to predict crown fire behaviour and effects at stand and landscape level. Tree DBH is 
a basic measurement in all forest inventories. Therefore, biomass estimates of  crown 
fuel components by diameter classes could easily be incorporated into existing forest 
management inventory systems. 

REFERENCES

Agee, J. 1983. Fuel weights of  understory-grown conifers in southern Oregon. Canadian J. of  Forest Res., 
13, 648-656.

Agee, J. K., Bahro, B., Finney. M. A., Omi, P. N., Sapsis, D. B., Skinner, C. N., van Wagtendonk, J. W., Weath-
erspoon, C. P. 2000. The use of  shaded fuelbreaks in landscape fire management. Forest Ecology and 
Management, 127, 55-66.

Alexander, M. E. 1998. Crown fire thresholds in exotic pine plantations in Australasia. PhD Thesis, Austra-
lian National University, Canberra, Australia. 228.

Amiro, B. D. 2001. Paired-tower measurements of  carbon and energy fluxes following disturbance in the 
boreal forest. Global Change Biology, 7, 253-268.

Baldwin, V. C., Peterson, K. D., Burkhart, H. E., Amatais, R. L., Dougherty, P. M. 1997. Equation for Esti-
mating Loblolly Pine Branch and Foliage Weight and Surface Area Distributions. Canadian J. of  Forest 
Res., 27, 918-927.

Baskerville, G. L. 1972. Use of  logarithmic regression in the estimation of  plant biomass. Canadian, J. of  
Forest Res., 2, 49-53.

Baskerville, G. L. 1983. Balsam fir foliage regressions are age dependent. Canadian J. of  Forest Res., 13, 
1248-1251.

Brown, J. K. 1978. Weight and Density of  Crowns of  Rocky Mountains Conifer. USDA, Forest Service, 
Intermountain Forest and Range Experiment Station Research Paper INT-197. (Ogden, UT), 56.

Byram, G. M. 1959. Combustion of  forest fuels. In ‘Forest Fire: control and use’. (Davis, K. P. Ed.), Mc-
Graw Hill Book Co: New York, 61-89. 

Call, P., Albini, F. A. 1997. Aerial and surface consumption in crown fires. International J. of  Wildland Fire, 
7, 259-264.

Catchpole, W. R., Wheeler, C.J. 1992. Estimating plant biomass: A review of  techniques. Australian J. of  
Ecology, 17, 121-131.

Cruz, M. G., Alexander, M. E., Wakimoto, R. H. 2003. Assessing canopy fuel stratum characteristics in 
crown fire prone fuel types of  western North America. International J. of  Wildland Fire, 12, 39-50.

Cruz, M. G, Alexander, M. E., Wakimoto, R. H. 2002. Predicting crown fire behavior to support forest 
fire management decision making. In: ‘Forest fire research & wildland fire safety’. (Viegas, D. X. Ed), 
Proceedings of  the IV International Conference on Forest Fire Research, Millpress Scientific Publica-
tions: Rotterdam, 1-10.

Cruz, M. G., Alexander, M. E., Wakimoto, R. H 200) Modeling the likelihood of  crown fire occurrence in 
conifer forest stands. Forest Sci. 50, 640-658.

Cruz, M. G., Alexander, M. E., Wakimoto, R. H 2005. Development and testing of  models for predicting 
crown fire rate of  spread in conifer forest stands. Canadian J. of  Forest Res. 35, 1926-1939.

Deeming, J. E., Burgan, R. E., Cohen, J. D. 1977. The national fire danger rating system--1978. USDA, For-
est Service General Technical Report. INT-39, 63.

FAO. 2006. Global Forest Resources Assessment 2005 – Report on fires in the Mediterranean Region. Fire 
Management Working Paper 8. www.fao.org/forestry/site/fire-alerts/en.

Finney, M. A. 1998. FARSITE: Fire area simulator-model development and evaluation. USDA, Forest Ser-
vice, Rocky Mountain Research Station Research Paper RMRS-RP-4. (Ogden, UT), 47.

Forestry Canadian Fire Danger Group. 1992. Development and Structure of  the Canadian Forest Fire 



64

Behavior Prediction System. Forestry Canada, Science and Sustainable Development Directorate, In-
formation Report ST-X-3. (Ottawa, Canada), 65.

Fule, P. Z., McHugh, C., Heinlein, T. A., Covington, W. W. 2001. Potential fire behavior is reduced following 
forest restoration treatments. In ‘Proceedings of  Ponderosa Pine Ecosystems Restoration and Con-
servation’. (Vance, R.K., Edmminster, C.B., Covington, W. W., Blake, A. Eds), USDA, Forest Service, 
Rocky Mountain Research Station RMRS-P-22. (Ogden, UT), 28-35.

Grigal, D. F., Kernik, L. K. 1984. Generality of  black spruce biomass estimation equations. Canadian J. of  
Forest Res., 14, 486-490.

Johnson, A., Woodard, P., Titus, S. 1989. Lodgepole pine and white spruce fuel weights predicted from 
height and crown width. Canadian J. of  Forest Res., 19, 527-530.

Johnson, A., Woodard, P., Titus, S. 1990. Lodgepole pine and white spruce crown fuel weights predicted 
from diameter at breast height. Forestry Chronicle, 596-599.

Johnson, K.N., Sessions, J., Franklin, J., Gabriel, J. 1998. Integrating wildfire into strategic planning for Sierra 
Nevada forests. J. of  Forestry, 96, 42-49.

Keane, R.E., Burgan, R., Wangtendonk, J. 2001. Mapping wildland fuels for fire management accross mul-
tiple scales: Intergating remote sensing, GIS, and biophysical modeling. International J. of  Wildland 
Fire, 10, 301-319.

Kittredge, J. 1944. Estimation of  the amount of  foliage of  trees and stands. J. of  Forestry 42, 905-912.
Long, J. N., Smith, F. W. 1988. Leaf-area sapwood area relations of  lodgepole pine as influenced by stand 

density and site index. Canadian J. of  Forest Res., 18, 247-250.
Moeur, M. 1981. Crown width and foliage weight of  northern Rocky Mountain conifers. USDA Forest Ser-

vice, Intermountain Forest and Range Experiment Station Research Paper INT-283. (Ogden, UT), 14.
Monserud, R. A., Marshall, J. D. 1999. Allometric crown relations in three northern Idaho conifer species. 

Canadian J. of  Forest Research, 29, 521-535.
Moreno, J. M., Oechel, W. C. 1994. The role of  fire in Mediterranean-type ecosystems. Springer-Verlag: 

New York. 201.
Norusis, M. J. 1997. SPSS professional statistics. SPSS Inc: Chicago, 376.
Perez, B., Cruz, A., Fernandes-Gonzales, F., Moreno, J.Μ. 2003. Effects of  the recent land-use history on 

the postfire vegetation of  uplands in Central Spain. Forest Ecology and Management, 182, 273-283.
Pollet, J., Omi, P. 2002. Effect of  thinning and prescribed burning on crown fire severity in ponderosa pine 

forests. International J. of  Wildland Fire, 11, 1-10.
Quezel, P. 2000. Taxonomy and biogeography of  Mediterranean pine species. In  ‘Ecology, Biogeography 

and Management of  Pinus halepensis and Pinus brutia Forest Ecosystems in the Mediterranean Basin’. 
(Ne’eman, G., Trabaud, L. Eds), Backhuys Publishers: Leiden, 1-12. 

Sando, R., Wick, C. 1972. A method of  evaluating crown fuels in boreal stands. USDA Forest Service, 
North Central Forest Experiment Station Research Paper NC-84. 26.

Scott, J. H., Reinhardt, E. D. 2001. Assessing crown fire potential by linking models of  surface and crown 
fire potential. USDA Forest Service, Rocky Mountain Research Station Research Paper RMRS-29. 
(Fort Collins, USA), 59.

Sprugel, D. G. 1983. Correcting for bias in log-transformed allometric equations. Ecology, 64, 209-210.
Stephens, S. L. 1998. Evaluation of  the effects of  silvicultural and fuels treatments on potential fire behavior 

in Sierra Nevada mixed conifer forests. Forest Ecology and Management, 105, 21-35.
Stocks, B. J. 1980. Black spruce fuel weights in northern Ontario. Canadian J. of  Forest Res., 10, 498-501.  
Stocks, B. J,, Alexander, M. E., Wotton, B. M., Stefner, C. N., Flannigan, M. D., Taylor, S. W., Lavoie, N., 

Mason, J. A., Hartley, G. R., Maffey, M. E., Dalrymple, G. N., Blake, T. W., Cruz, M. G, Lanoville, R. 
A. 2004. Crown fire behaviour in a northern jack pine - black spruce forest. Canadian J. of  Forest Res., 
34, 1548-1560.

Ter-Mikaelian, M., Korzukhin, M. 1997. Biomass equations for sixty-five North American tree species. For-
est Ecology and Management, 97, 1-24.

Thomas, P. H. 1963. The size of  flames from natural fires. In ‘Proceedings of  9th International Symposium 
on Combustion Processes’. Academic Press: New York. 844-859. 



65

Turner, M. G., Romme, W. H. 1994. Landscapes dynamics in crown fire ecosystems. Landscape Ecology, 
9, 59-77.

Van Wagner, C. E. 1977. Conditions of  the start and spread of  crown fires. Canadian J. of  Forest Res., 7, 
23-34.

Van Wagner, C. E. 1989. Prediction of  crown fire behavior in conifer stands, In ‘Proceedings at the 10th 
Conference on Fire and Forest Meteorology’. (MacIver, D.C., Auld, H., Whitewood, R. Eds) Ottawa, 
Canada, 207-212. 

Williams, C. J., LePage, B. A., Vann, D. R., Tange, T., Ikeda, H., Ando, M., Kusakabe, T., Tsuzuki, H., Sweda, 
T. 2003. Structure, allometry, and biomass of  plantation Metasequoia glyptostroboides in Japan. Forest 
Ecology and Management, 180, 287-301.

Xiao, C. W., Ceulemans, R. 2004. Allometric relationships for needle area in young Scots pines: needles, 
branches and trees. Forestry, 77, 369-382.

Zianis,. D, Mencuccini, M. 2004. On simplifying allometric analyses of  forest biomass. Forest Ecology and 
Management, 187, 311-332.

E mails: ioanmits@for.auth.gr, bombardier415@yahoo.gr


