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Abstract 
 
Canopy fuel characteristics play an important role in crown fire behaviour in conifer forests. In this study, the canopy fuel 
characteristics of Calabrian pine, Anatolian Black pine and Maritime pine stands in Turkey are estimated using forest stand 
parameters. Sets of equations are fitted to the measured data revealing correlations between canopy fuel characteristics and stand 
parameters by performing a stepwise multiple regression analysis. At the stand level, the resulting models explain a high percentage 
of the observed variability. The developed equations can be used by forest and fire managers to estimate canopy fuel characteristics, 
predict crown-fire behaviour and design fuel treatment projects in Turkey.  
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1. Introduction 
 

The estimation of plant biomass has significant 
implications for the management and functioning of 
forest ecosystems. Biomass is directly linked with the 
primary productivity of ecosystems, carbon emission 
and sequestration, energy pathways and nutrient 
cycles, wildlife habitats, and forest fire potential 
(Foody, 2003; Houghton et al., 2009; Roussopoulos 
and Loomis, 1979; Sah et al., 2004; Ter-Mikaelian and 
Korzukhin 1997).  

Forest fires are an important ecological factor 
shaping the landscapes in many parts of the world 
including the Mediterranean basin. Recent statistics 
(from 1988 to 2016) reveal that at least 2114 forest 
fires affect an average of 10615 ha of forested area in 

                                                           
 Author to whom all correspondence should be addressed: e-mail: merih.goltas@istanbul.edu.tr; Phone: +90 2123382400; Fax: 90 2122261113 
 

Turkey every year (General Directorate of Forestry, 
2016). Although surface fires account for most of the 
area burned in these areas, severe ecological impacts 
and difficulty of fire control are usually associated 
with crown fires (Bilgili, 1998). 

Crown fire behaviour is highly dependent on 
canopy fuel characteristics. Canopy fuel 
characteristics such as canopy base height (CBH), 
canopy fuel load (CFL) and canopy bulk density 
(CBD) are commonly accepted as the main parameters 
controlling crown fire initiation, fire spread and 
effects (Alexander and Cruz, 2012). Therefore, 
quantitative estimates of canopy fuel characteristics 
are required for developing reliable crown fire 
behaviour prediction models (Fernández-Alonso et al., 
2013; Scott and Reinhardt, 2001) and assessing crown 
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fire hazard (Andreu et al., 2018; Küçük et al., 2007; 
Mitsopoulos and Dimitrakopoulos, 2014).  

There are many studies discussing the crown 
fuel characterisation of different tree species. Stocks 
(1980) developed regression equations to estimate the 
weights of crown fuel components in Black spruce 
stands in north central Ontario. Johnson et al. (1989) 
developed regression equations to predict the crown 
fuel weights of Lodgepole pine and White spruce from 
the height and crown width in Alberta. Cruz et al. 
(2003) developed regression models using common 
stand parameters (e.g., stand density, basal area and 
stand height) as independent variables to predict 
canopy fuel characteristics (e.g., CBH, CFL and CBD) 
for Douglas-fir, Ponderosa pine, mixed conifer and 
Lodgepole pine stands in western United States and 
Canada. Mitsopoulos and Dimitrakopoulos (2007) 
developed allometric equations to estimate the crown 
fuel weight of Black pine trees in Southern Bulgaria. 
Küçük et al. (2008) developed several regression 
equations for the prediction of aboveground foliage 
and branch biomass of Calabrian pine and Anatolian 
black pine in the north and north-western regions of 
Turkey. Mitsopoulos and Dimitrakopoulos (2014) 
developed regression equations for the estimation of 
canopy fuels in Aleppo pine stands in Greece.  

Calabrian pine (Pinus brutia Ten.) and 
Anatolian black pine (Pinus nigra J.F. Arnold) cover 
26% and 19%  of the forested areas in Turkey, 
respectively. In addition, Maritime pine (Pinus 
pinaster Ait.) is one of the most commonly used exotic 
tree species in afforestation activities. Together with 
other coniferous species, they constitute more than 
half of the forested areas in Turkey. Most of these 
areas are susceptible to forest fires. Crown fires are 
common in most pine forest types in Turkey. Various 
models have been developed for the prediction of fire 
behaviour and fuel moisture dynamics and fuel load 
(Baysal et al., 2019; Bilgili et al., 2019a; Bilgili et al., 
2019b). Although some studies have been carried out 
on the characterization of crown fuel (Kucuk et al., 
2007; Kucuk et al., 2008), the results of these studies 
were based on allometric relationships. No studies 
have involved stand canopy characteristics to estimate 
fuel properties in the forested areas in Turkey. 

The main objective of the study was to predict 
CFL, CBD and CBH values for Pinus brutia, Pinus 
nigra and Pinus pinaster stands in Turkey based on 
the easily measured stand canopy characteristics. The 
results of the study will contribute to fire behaviour 
prediction, biomass estimation, carbon sequestration 
and emissions from wildfires in pine ecosystems. 
 
2. Materials and methods 
 
2.1. Study area 
 

The study area is located in Istanbul, north-
west of Turkey, (41°01'N, 28°97'E) (Fig. 1). Istanbul 
is in the Marmara region, and the mean altitude is 
approximately 40 m. The climate of the study area is 
a typical Marmara climate, which has long, hot 

summers (25 °C) and short, mild winters (5 °C). The 
mean annual rainfall on this site is 815 mm, and the 
mean annual temperature is 14.5 °C.  

Pure stands of Calabrian pine, Anatolian black 
pine and Maritime pine are found throughout Istanbul. 
Stands with low canopy closure (<40%) are usually 
associated with a dense understory dominated by 
mainly broad-leaved evergreen shrubs (maquis). 
 
2.2. Tree measurements and data collections 
 

A total of 63 measurement plots were 
established in the study area, of which 22 were in 
Pinus brutia, 21 in Pinus nigra and 20 in Pinus 
pinaster stands (Fig.1). The number of the sample 
plots was determined based on the stand types that 
could be found over the study area. The measurements 
plots were determined in such a way as to stand 
development stage and canopy closure representative 
of the study area. In Turkey, stand types are identify, 
considering tree species composition, stand 
development stage and canopy closure. The stand 
development stages are classified using DBH which 
are “a” (0-7.9 cm) “b” (8-19.9 cm), “c” (20-35.9 cm), 
“d” (36-51.9 cm) and “e” (>52). Also canopy closure 
is classified as 1 (10-39%), 2 (40-69%) and 3 (70-
100%) considering the proportion of the forest floor 
covered by the vertical projection of the tree crowns. 
Stands that have lower stand development stages 
(a,b,c) are more vulnerable to crown fires because of 
higher amounts of consumable fuels.(Kucuk et al., 
2012). Therefore, for each canopy closure class, 
sample plots were selected based on “a”, “b” and “c” 
development stages. 

Measurements were made in plots measuring 
20 m × 25 m (500 m2). Plots were located in stands at 
least 30 m away from any openings to minimize the 
edge effects. The location of each plot was determined 
using a GPS device. 

The following measurements were made for 
every tree in each plot: diameter at breast height 
(DBH, cm), tree height, canopy base height (CBH, m) 
and crown closure (CC, %). DBH was measured at 1.3 
m above ground. CBH is defined as the vertical 
distance from the ground surface to live crown base 
(Mitsopoulos and Dimitrakopoulos, 2014; Wagner, 
1977) and is measured using an altimeter (Haga). CC 
was measured as the proportion of the area of the 
ground covered by the vertical projection of the 
crowns (in percent)  using a spherical densitometer 
(Lemon, 1956). Stand density (trees ha-1) was 
calculated based on the number of trees in each sample 
plot. Individual-tree- and plot-level canopy fuel 
characteristics were determined for every stand 
sampled. The basal area (BA) for each sample plot was 
calculated using the Eq. (1): 
 

2n

1 4

)(
BA

DBH   (1) 

 
From the data obtained, stand-level canopy fuel 
characteristics were also determined. 
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Fig. 1. Location of plot areas 
 

These included: total canopy fuel load (CFLt), 
available canopy fuel load (CFLa), total canopy bulk 
density (CBDt) and available canopy bulk density 
(CBDa). Total canopy fuel load (CFLt, kg m-2) means 
the oven-dry mass of the canopy fuel (foliage and 
branches <0.3 cm, 0.3–0.6 cm, 0.6–1 cm and >1 cm in 
diameter) per unit ground area. However, only the fine 
fuels involving foliage and fine branches that are 
smaller than 0.6 cm in diameter are consumed in a 
crown fire (Jiménez et al., 2013). These fine crown 
fuels are termed as available CFL (CFLa) ( Fernández-
Alonso et al., 2013; Cruz et al., 2003; Mitsopoulos and 
Dimitrakopoulos, 2014; Reinhardt et al., 2006; Scott 
and Reinhardt, 2002; Stocks et al., 2004). Total 
canopy bulk density (CBDt, kg m-3) refers to the oven-
dry mass of the total canopy fuel mass per unit of 
canopy volume. Available CBD (CBDa, kg m-3) refers 
to the oven-dry mass of the available canopy fuel mass 
per unit of canopy volume. To estimate CFLt, CFLa, 
CBDt and CBDa , regression models developed by 
Kucuk et al. (2008) and Gómez-Vázquez et al. (2013) 
were used for Calabrian pine and Anatolian black pine 
and for Maritime pine, respectively. The data obtained 
were also used to determine important stand 
parameters. These included the number of trees per 
hectare (N, trees ha-1), stand basal area (BA, m2 ha-1), 
dominant height (H, m), quadratic mean diameter 
(QMD, cm) and relative spacing index (RSI, %). H was 
defined as the average of the 10 tallest trees measured 
in each plot). The RSI refers to the average spacing 
divided by the dominant stand height and was 
calculated by the Eq. (2) (Hart, 1928): 
 

5.0

5.0000.10

NH
RSI


   (2) 

 

where RSI is a percentage (%) and H is measured in 
m. 

A function of overall competition intensity was 
also calculated by the Reineke’s Stand Density Index 

(SDI). SDI accounts for the decrease in the number of 
trees as the stand develops and the carrying capacity 
of the site is reached. SDI is based on the relationship 
between QMD and stand density (Eq. 3) (Reineke, 
1933): 
 

6.1

25








QDM
NSDI

 (3) 

 

where: N is measured per hectare (trees ha-1) and QMD 
is measured in cm. 
 
2.3. Statistical analysis 
 

Multiple linear regression models were 
developed to estimate canopy fuel characteristics of 
the stands sampled. All the measured and estimated 
stand variables were considered as potential predictors 
during the process of the regression analysis. To select 
the variables for the regression models, stepwise 
selection method was used with the significance level 
for entering variables into the models and retaining 
them in the resulted equations (p-value) set at 0.05. 
The performance of the linear models were evaluated 
using the coefficient of determination (R2) and the root 
mean square error (RMSE). Potential 
heteroscedasticity has been tested by the Breusch–
Pagan test (Breusch and Pagan 1979), while the 
Variance Inflation Factor (VIF) was used for detecting 
potential multicollinearity (O’brien 2007). All 
statistical analyses were conducted using the statistical 
package SPSS (SPSS, 2013). 
 
3. Results and discussion 
 

Descriptive statistics for the stand parameters 
and canopy fuel characteristics in the three sampled 
pine species stands are presented in Table 1. For Pinus 
brutia, the stand characteristics ranged 9–31 cm for 
DBH, 4.5–12.7 m for H, 0.8–8.3 m for CBH and 20%–
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90% for CC; for Pinus nigra, the stand characteristics 
ranged 4–31 cm for DBH, 2.4–14.0 m for H, 0.5–8.7 
m for CBH and 25%–100% for CC; and for Pinus 
pinaster, the stand characteristics ranged 5–34 cm for 
DBH, 3.1–19.6 m for H, 0.4–12.8 m for CBH and 
20%–85% for CC. 

Linear regression models were developed to 
estimate canopy fuel characteristics, examining all 
stand parameters as potential predictors. Table 2 
summarises the regression models developed. For all 
the studied pine species, a very good fit was observed 
for the canopy fuel characteristics based on the set of 
the measured stand parameters. The R2 values were 
high in all regression models, whereas the RMSE 
values were insignificant. More specifically, for Pinus 
brutia, the stepwise linear regression analysis revealed 
SDI and N as the only statistically significant (p<0.05) 
variables for predicting CFL, explaining 99% of the 
variability in both CFLa and CFLt; H and N were the 
most significant predictors for CBD, explaining 91%, 
and 93% of the variation in CBDa and CBDt, 
respectively; and H and QMD explained 95% of the 
observed variation in CBH. No other stand variables 
were found to be significant in Pinus brutia plots. As 

for Pinus nigra, N and SDI were found to be the 
significant variables that explained 95% and 97% of 
the observed variation in CFLa and CFLt. CC and N 
were the most significant predictors of CBD, 
explaining 96% and 94% of the observed variability in 
CBDa and CBDt, respectively, whereas H and QMD 
explained 95% of the observed variation in CBH. 
Similar to Pinus brutia and Pinus nigra, the regression 
analysis for Pinus pinaster also provided a highly 
accurate models for predicting canopy fuel 
characteristics. BA and RSI were found to be the most 
significant predictors of CFL, explaining 99% of the 
variability in both CFLa and CFLt, whereas H and 
QMD were the significant variables that explained 
96%, 97% and 90% of the variation in CBH, CBDa and 
CBDt, respectively. For all the models developed, 
independent variables were tested for potential 
multicollinearity and heteroscedasticity. However, 
VIF (0.9–2.4) and the Breusch–Pagan test (>0.05) 
indicated no significant multicollinearity or 
heteroscedasticity, respectively. Plots of the observed 
versus predicted values for all the equations that 
resulted from the statistical analysis are shown in Figs. 
2-4. 

 

Table 1. Basic descriptive statistics 
 

Species Pinus brutia
Variable n Minimum Maximum Mean Standard Devation eviation 
Basal Area (BA), m2 ha-1 22 0.855 34.774 13.070 9.452 
Dominant Height (H), m 22 4.524 12.714 10.133 2.926 
Stand density (N), trees ha-1 22 112.000 1100.000 454.227 311.238 
Canopy closure (CC), % 22 0.200 0.900 0.598 0.257 
Quadratic Mean Diameter (QMD), cm 22 9.238 31.182 20.184 8.104 
Relative Spacing Index (RSI), % 22 28.407 187.206 64.435 41.574 
Stand Density Index (SDI) 22 25.838 667.471 281.836 179.417 
Available Canopy Fuel Load (CFLa), kg m-2  22 0.081 0.706 0.308 0.201 
Available Canopy Bulk Density (CBDa), kg m-3 22 0.017 0.215 0.071 0.051 
Total Canopy Fuel Load (CFLt), kg m-2  22 0.110 0.991 0.425 0.277 
Total Canopy Bulk Density (CBDt), kg m-3 22 0.024 0.286 0.097 0.070 
Canopy Base Height (CBH), m 22 0.767 8.286 5.662 2.535 

Species Pinus nigra
Variable n Minimum Maximum Mean Standard Devation eviation 
BA, m2 ha-1 21 2.007 33.462 10.060 8.663 
Height (H), m 21 2.434 14.011 7.336 2.913 
Stem density (N), trees ha-1 21 112.000 2150.000 547.262 606.492 
Canopy closure (CC), % 21 0.250 1.000 0.581 0.252 
Quadratic Mean Diameter (QMD), cm 21 4.590 30.778 18.755 8.178 
Relative Spacing Index (RSI), % 21 33.645 186.339 86.693 34.905 
Stem Density Index 21 51.138 627.607 224.739 162.403 
Available Canopy Fuel Load (CFLa) kg m-2  21 0.102 1.780 0.479 0.489 
Available Canopy Bulk Density (CBD) kg m-3 21 0.027 0.973 0.177 0.242 
Total Canopy Fuel Load (CFLt) kg m-2  21 0.109 1.319 0.447 0.364 
Total Canopy Bulk Density (CBDt) kg m-3 21 0.028 0.721 0.157 0.174 
CBH m 21 0.538 8.672 4.023 2.371 

Species Pinus pinaster 
Variable n Minimum Maximum Mean Standard Devation eviation 
BA m2 ha-1 20 2.346 36.167 12.311 9.424 
Height (H) m 20 3.074 19.607 10.414 3.740 
Stem density (N) trees ha-1 20 112.000 1700.000 460.900 385.009 
Canopy closure (CC), % 20 0.200 0.850 0.548 0.234 
Quadratic Mean Diameter (QMD), cm 20 5.029 34.586 19.510 6.816 
Relative Spacing Index (RSI), % 20 25.608 113.389 61.601 28.989 
Stem Density Index (SDI) 20 56.681 688.780 268.661 182.571 
Available Canopy Fuel Load (CFLa) kg m-2  20 0.067 1.067 0.360 0.278 
Available Canopy Bulk Density (CBDa) kgm-3 20 0.052 0.129 0.099 0.020 
Total Canopy Fuel Load (CFLt) kg m-2  20 0.068 1.181 0.388 0.308 
Total Canopy Bulk Density (CBD) kg m-3 20 0.080 0.347 0.161 0.067 
CBH m 20 0.359 12.786 5.964 2.983 
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Table 2. Statistics of the stepwise multiple regression 
 
Variable Variables in equation Equation p-value F R2 RMSE 

Pinus brutia 
Available CFL SDI, N 0.001+0.000078SDI+0.00063N < 0.0001 15534.6 0.99 0.005 
Available CBD H, N 0.028-0.00265H+0.00015N < 0.0001 99.5 0.91 0.016 
Total CFL SDI, N 0.00011+0.00012SDI+0.001N < 0.0001 3563.5 0.99 0.015 
Total CBD H, N 0.033-0.00306H+0.00021N < 0.0001 127.6 0.93 0.019 
CBH H, QMD -2.694+0.6903H+0.0674QMD < 0.0001 211.6 0.95 0.552 

Pinus nigra
Available CFL N, SDI 0.00627+0.000799N+0.0001562SDI < 0.0001 4182.1 0.99 0.024 
Available CBD CC, N 0.0597-0.2348CC+0.000463N <0.0001 223.6 0.96 0.050 
Total CFL N, SDI 0.0216+0.000556N+0.000537SDI <0.0001 339.6 0.97 0.062 
Total CBD CC, N 0.031215-0.06590CC+0.00032N <0.0001 156.5 0.94 0.043 
CBH H, QMD -1.692+0.4324H+0.13562QMD <0.0001 209.3 0.95 0.507 

Pinus pinaster
Available CFL BA, RSI -0.01+0.0297BA+0.0000681RSI < 0.0001 1494871.6 0.99 0.007 
Available CBD H, QMD 0.05286-0.005596H+0.005373QMD < 0.0001 336.9 0.97 0.003 
Total CFL BA, RSI -0.0377+0.0334BA+0.00025RSI < 0.0001 136332.7 0.99 0.005 
Total CBD BA, RSI -0.059+0.01030BA+0.02RSI < 0.0001 77.9 0.90 0.022 
CBH H, QMD -2.1015+0.8548H-0.04282QMD < 0.0001 138.3 0.97 0.585 

 

 
 

Fig. 2. Observed vs predicted values for Available CFL (a), Available CBD (b),  
otal CFL (c), Total CBD (d) and CBH (e) in Pinus brutia 
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Fig. 3. Observed vs predicted values for Available CFL (a), Available CBD (b), Total CFL (c), 
Total CBD (d) and CBH (e)in Pinus nigra 
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Fig. 4. Observed vs predicted values for Available CFL (a), Available CBD (b), Total CFL (c), Total CBD (d) and CBH  
(e) in Pinus pinaster 
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Few studies have dealt with the estimation of 

canopy fuel characteristics in the eastern 
Mediterranean pine forests (Kucuk et al., 2008; 
Mitsopoulos and Dimitrakopoulos, 2007; Mitsopoulos 
and Dimitrakopoulos, 2017). The results of this study 
indicated that mean canopy fuel characteristics (i.e., 
CFL, CBD and CBH) for Black pine, Calabrian pine 
and Maritime pine stands were comparable to and 
within the range reported by other studies in the 
Mediterranean Basin such as Spain (Fernández-
Alonso et al., 2013; Gómez-Vázquez et al., 2013) and 
Greece (Mitsopoulos and Xanthopoulos, 2016) and in 
other parts of the world such as North America 
(Alexander et al., 2004; Cruz et al., 2003; Reinhardt et 
al., 2006; Scott and Reinhardt, 2001). However, most 
of the North American studies did not use allometric 
relationships developed from the same stands of the 
study sites; therefore, the results should be interpreted 
with care due to the possible effect of the regional 
variability (Stocks, 1980) and approaches and 
methodologies adopted and definitions used to 
describe fuel characteristics in different studies. In the 
current study, canopy fuel characteristics were 
estimated based on the implementation of species-
specific crown fuel allometric models; hence, it is 
expected to provide more robust estimates of the CFL, 
CBD and CBH values of the studied species. 

Fuel complex characteristics commonly 
accepted as controlling crown fire spread are CFL and 
CBD. Because canopy fuel properties (quantification 
of live needle foliage, fine live and dead twigs etc.) of 
each tree species are different, CFL and CBD are 
different. Cruz et al. (2003) gave CFL values for the 
mixed conifer fuel type (mean: 1.4 kg kg m-2), 
followed by Pinus contorta (1.0 kg m-2), Pseudotsuga 
menziesii (1.0 kg kg m-2) and Pinus ponderosa (0.61 
kg kg m-2).  Scott and Reinhardt (2001) reported CFL 
values for Pinus contorta (1.22 kg kg m-2) and Pinus 
ponderosa, (2.25 kg kg m-2). We found CFL values for 
Pinus brutia (0.43 kg kg m-2), Pinus nigra (0.45 kg kg 
m-2) and Pinus pinaster (0.39 kg kg m-2). Cruz et al. 
(2003) found similar CBD for Pinus ponderosa and 
Pseudotsuga menziesii (mean: 0.18 kg m-3). They give 
CBD values for the mixed conifer fuel type (mean: 
0.32 kg m-3) and Pinus contorta, (0.28 kg m-3).  Scott 
and Reinhardt (2001) measured CBD for Pinus 
ponderosa (0.33 kg m-3). We found CBD values for 
Pinus brutia (0.10 kg m-3), Pinus nigra (0.16 kg m-3) 
and Pinus pinaster (0.16 kg m-3). 

Analyses showed significant relationships 
between stand density indices (e.g., N, SDI, RSI), 
stand variables (e.g., H, CC) and canopy fuel 
characteristics. The results showed that there was a 
proportional increase of the CFL and CBD as the size 
and/or the stem density of the trees in a stand 
increased. This finding supports most of the previous 
studies that the stand-density variables are the most 
important variables affecting the canopy fuel 
characteristics (Cruz et al., 2003; Fernández-Alonso et 
al., 2013; Gómez-Vázquez et al., 2013; Mitsopoulos 

and Dimitrakopoulos, 2014; Reinhardt et al., 2006; 
Ruiz-González and Álvarez-González, 2011).  

The results also showed that stand variables 
were important descriptors to explain the canopy fuel 
characteristics variation for the three species in the 
region. For example: for Pinus brutia, when the 
diameter is between 20 and 30 cm and stand density is 
500-600 tress ha-1, Total CFL and CBD varies between 
0.11-0.99 kg m-2, 0.04-0.29 kg m-3 respectively. When 
the diameter is between 31 and 40 cm and stand 
density is 250-300 tress ha-1, Total CFL and CBD 
varies between 0.14-0.56 kg m-2, 0.02-0.12 kg m-3 
respectively. For Pinus nigra, when the diameter is 
between 5 and 15 cm and stand density is 900-1000 
tress ha-1, total CFL and CBD varies between 0.12-
1.32 kg m-2, 0.09-0.72 kg m-3 respectively. When the 
diameter is between 15 and 30 cm and stand density is 
250-300 tress ha-1, total CFL and CBD varies between 
0.10-0.58 kg m-2, 0.03-0.18 kg m-3 respectively.   

For Pinus pinaster when the diameter is 
between 5 and 15 cm and stand density is 500-600 
tress ha-1,  total CFL and CBD varies between 0.09-
0.55 kg m-2, 0.08-0.20 kg m-3 respectively. When the 
diameter is between 15 and 30 cm and stand density is 
300-400 tress ha-1,  Total CFL and CBD varies 
between 0.14-1.18 kg m-2, 0.14-0.35 kg m-3 
respectively. 

Variables such as H and CC were found to 
significantly affect the estimation of CFL, CBD and 
CBH. It should also be noted, however, that other 
factors, such as physiographic and soil conditions and 
climate regime as well as site index (Fernandes and 
Rego, 1998) might affect canopy fuel characteristics, 
and that past forest management practices (e.g., 
thinning, clearings etc.) could also potentially affect 
the canopy fuel biomass distribution in pine stands 
(Gracia et al., 2007; Gilliam et al., 1995). The 
incorporation of these variables in future predictive 
models may further improve the predictive power of 
the existing models, enabling fuel mapping at larger 
scales across the forested landscape. 
 
4. Conclusions 
 

The relationships between forest stand 
variables and canopy fuel characteristics was studied 
for Calabrian, Black and Maritime pines in north-
western Turkey.  The results revealed that canopy fuel 
characteristics (CLF, CBD and CBH) are strongly 
related to forest stand variables: primarily N, SDI, CC, 
BA and H, in all the examined species. The linear 
regression models developed for predicting canopy 
fuel characteristics explained a very high percentage 
of the observed variability.  

It should be noted here that variability 
explained by the models is the variability of the 
residuals predicted by the allometric relationships 
obtained from the literature, not the actual variability 
of the original data. The results merely indicate that 
relationships developed using forest stand variables 
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are as good as the allometric relationships developed 
from tree variables. 

The estimation of canopy fuel characteristics 
based on forest stand measurements can be of great 
help for forest and fire managers to evaluate 
silvicultural interventions and fuel treatments, assess 
fire hazard, and predict fire behaviour and effects at 
the stand level. As known, some of the forest stand 
variables such as N, BA and H are already available in 
all forest inventories.  

They can be estimated by high resolution 
remote sensing techniques, and variables such as SDI 
and RSI can easily be predicted. Therefore, predictions 
of the fuel complex characteristics from the developed 
models could easily be incorporated into the existing 
and under development forest management inventory 
systems. Future validation of the regression models 
with independent sampled data would be required as 
the regression models can only be valid within the 
range of the data used to develop the relationships.  
 
References 
 
Alexander M.E., Cruz M.G., (2012), Interdependencies 

between flame length and fireline intensity in predicting 
crown fire initiation and crown scorch height, 
International Journal of Wildland Fire, 21, 95-113. 

Alexander M.E., Stefner C., Mason J., Stocks B., Hartley G., 
Maffey M., Wotton B., Taylor S., Lavoie N., Dalrymple 
G., (2004), Characterizing the jack pine-black spruce 
fuel complex of the International Crown Fire Modelling 
Experiment (ICFME), 393. Canadian Forest Service, 
Northern Forestry Centre.  

Andreu A.G., Blake J.I., Zarnoch S.J., (2018), Estimating 
canopy fuel characteristics for predicting crown fire 
potential in common forest types of the Atlantic Coastal 
Plain, USA, International Journal of Wildland Fire, 27, 
742-755. 

Baysal I., Yurtgan M., Kucuk O., Öztürk N., Estimation of 
crown fuel load of suppressed trees in non-treated young 
calabrian pine (Pinus Brutia Ten.) plantation areas, 
(2019), Kastamonu Üniversitesi Orman Fakültesi 
Dergisi, 19, 351-360. 

Bilgili E., (1998), Forest fires and fire management policies 
in Turkey, In FAO Meeting on Public Policies Affecting 
Forest Fires. 

Bilgili E., Coskuner K.A., Usta Y., Goltas M., (2019b), 
Modeling surface fuels moisture content in Pinus brutia 
stands, Journal of Forestry Research, 30, 577-587. 

Bilgili E., Coskuner K.A., Usta Y., Saglam B., Kucuk O., 
Berber T., Goltas M., (2019a), Diurnal surface fuel 
moisture prediction model for Calabrian pine stands in 
Turkey, iForest-Biogeosciences and Forestry, 12, 262. 

Breusch T.S., Pagan A.R, (1979), A simple test for 
heteroscedasticity and random coefficient variation, 
Econometrica, Journal of the Econometric Society, 47, 
1287-1294. 

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 Journal of Wildland Fire, 12, 39-50. 

Fernandes P., Rego F., (1998), Equations for fuel loading 
estimation in shrub communities dominated by 
Chamaespartium tridentatum and Erica umbelata, 
Paper presented at the Proc. 3rd Int. Conf. on Forest Fire 
Research-14th Conf. on Fire and Forest Meteorology, 
Luso, Portugal, 1, 2554-2564 

Fernández-Alonso J.M., Alberdi I., Álvarez-González J.G., 
Vega J.A., Cañellas I., Ruiz-González A.D., (2013), 
Canopy fuel characteristics in relation to crown fire 
potential in pine stands: analysis, modelling and 
classification, European Journal of Forest Research, 
132, 363-377. 

Foody G.M., (2003), Remote sensing of tropical forest 
environments: towards the monitoring of environmental 
resources for sustainable development, International 
Journal of Remote Sensing, 24, 4035-4046. 

GDF, (2016), General Directorate of Forestry. Forestry 
statistics, On line at: 
https://www.ogm.gov.tr/ekutuphane/Istatistikler/Forms/
AllItems.aspx (accessed 05.07.2019). 

Gilliam F.S., Turrill N.L., Adams M.B., (1995), 
Herbaceous-layer and overstory species in clear-cut and 
mature central Appalachian hardwood forests, 
Ecological Applications, 5, 947-955. 

Gómez-Vázquez I., Crecente-Campo F., Diéguez-Aranda 
U., Castedo-Dorado F., (2013), Modelling canopy fuel 
variables in Pinus pinaster Ait. and Pinus radiata D. 
Don stands in northwestern Spain, Annals of Forest 
Science, 70, 161-172. 

Gracia M., Montané F., Piqué J., Retana J., (2007), 
Overstory structure and topographic gradients 
determining diversity and abundance of understory 
shrub species in temperate forests in central Pyrenees 
(NE Spain), Forest Ecology and Management, 242, 391-
397. 

Hart H., (1928), Stem Density and Thinning: A Pilot 
Experiment to Determine the Best Spacing and Thinning 
Method of Teak, Proefsta Boschwesen, Batavia, Meded 
21. 

Houghton R., Hall F., Goetz S.J., (2009), Importance of 
biomass in the global carbon cycle, Journal of 
Geophysical Research: Biogeosciences,114.  

Jiménez E., Vega J.A., Ruiz-González A.D., Guijarro M., 
Alvarez-González J.G., Madrigal J., Cuiñas P., 
Hernando C., Fernández-Alonso J.M., (2013), Carbon 
emissions and vertical pattern of canopy fuel 
consumption in three Pinus pinaster Ait. active crown 
fires in Galicia (NW Spain), Ecological engineering, 54, 
202-209. 

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

Kucuk Ö., Bilgili E., Baysal İ., (2007), Fire development 
from a point source in surface fuels of a mature 
Anatolian black pine stand, Turkish Journal of 
Agriculture and Forestry, 31, 263-273. 

Kucuk Ö., Bilgili E., Sağlam B., (2008), Estimating crown 
fuel loading for calabrian pine and Anatolian black pine, 
International Journal of Wildland Fire, 17,147-154. 

Kucuk, Ö., Bilgili, E., Bulut, S., Fernandes, P.M. (2012), 
Rates of surface fire spread in a young calabrian pine 
(Pinus brutia Ten.) plantation, Environmental 
Engineering and Management Journal, 11 1475-1480. 

Lemon P., (1956), A Spherical densitometer for estimating 
forest overstory density, Forest Science, 2, 314-320. 

Mitsopoulos I., Dimitrakopoulos A., (2014), Estimation of 
canopy fuel characteristics of Aleppo pine (Pinus 
halepensis Mill.) forests in Greece based on common 
stand parameters, European Journal of Forest Research, 
133, 73-79. 

Mitsopoulos I., Xanthopoulos G., (2016), Effect of stand, 
topographic, and climatic factors on the fuel complex 
characteristics of Aleppo (Pinus halepensis Mill.) and 



 
Kucuk et al./Environmental Engineering and Management Journal 20 (2021), 2, 309-318 

 

 318

Calabrian (Pinus brutia Ten.) pine forests of Greece, 
Forest Ecology and Management, 360, 110-121. 

Mitsopoulos I.D., Dimitrakopoulos A.P., (2007), Canopy 
fuel characteristics and potential crown fire behavior in 
Aleppo pine (Pinus halepensis Mill.) forests, Annals of 
Forest Science, 64, 287-299. 

O’brien R.M., (2007), A caution regarding rules of thumb 
for variance inflation factors, Quality & Quantity, 41, 
673-690. 

Reineke L., (1933), Perfecting a stand-density index for 
even-aged forest, Journal of Agricultural Research, 46, 
627-638. 

Reinhardt E., Scott J., Gray K., Keane R., (2006), Estimating 
canopy fuel characteristics in five conifer stands in the 
western United States using tree and stand 
measurements, Canadian Journal of Forest Research, 
36, 2803-2814. 

Roussopoulos P.J., Loomis R.M., (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, North 
Central Forest Experiment Station, On line at: 
https://www.srs.fs.usda.gov/pubs/10699. 

Ruiz-González A.D., Álvarez-González J.G., (2011), 
Canopy bulk density and canopy base height equations 
for assessing crown fire hazard in Pinus radiata 
plantations, Canadian Journal of Forest Research, 41, 
839-850. 

Sah J., Ross M., Koptur S., Snyder J., (2004), Estimating 
aboveground biomass of broadleaved woody plants in 

the understory of Florida Keys pine forests, Forest 
Ecology and Management, 203, 319-329. 

Scott J.H., Reinhardt E.D., (2001), Assessing crown fire 
potential by linking models of surface and crown fire 
behaviour, Res. Pap. RMRS-RP-29. Fort Collins, CO: 
US Department of Agriculture, Forest Service, Rocky 
Mountain Research Station, On line at: 
https://www.nwcg.gov/sites/default/files/training/docs/
s-490-assessing-crown-fire-potential.pdf 

Scott J.H., Reinhardt E.D., (2002), Estimating canopy fuels 
in conifer forests, Fire Management Today, 62, 45-50. 

SPSS, (2013), SPSS statistical software Armonk, NY: IBM 
Corporation. 

Stocks B., (1980), Black spruce crown fuel weights in 
northern Ontario, Canadian Journal of Forest Research, 
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 Journal of Forest Research, 34, 1548-1560. 

Ter-Mikaelian M.T., Korzukhin M.D., (1997), Biomass 
equations for sixty-five North American tree species, 
Forest Ecology and Management, 97,1-24. 

Wagner C.V., (1977), Conditions for the start and spread of 
crown fire, Canadian Journal of Forest Research, 7, 23-
34. 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


