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Resumen 

Los incendios forestales son un factor ecológico de gran importancia en los ecosistemas. Para que un incendio 
forestal ocurra se requiere de material combustible, condiciones ambientales favorables y un factor de inicio. Los 
combustibles forestales son considerados el elemento núcleo en el manejo del fuego, ya que son los únicos que 
pueden manipularse y así, modificar su influencia en el comportamiento del fuego. El propósito del presente 
trabajo fue mostrar la variabilidad y distribución espacial de las cargas de combustibles muertos en una parcela 
de muestreo de una hectárea, ubicada en un bosque de pino–encino. Se utilizaron evaluaciones de campo como 
técnica de recolección de datos, y métodos geoestadísticos como herramientas de análisis. El promedio general 
de las cargas de combustible obtenido fue de 54.86 Mg ha-1, con zonas de cargas superiores a 100 Mg ha-1. 
Asimismo, se identificó alta variabilidad espacial e independencia de los componentes combustibles, con 
diferencias de cargas de hasta 116.61 Mg ha-1 a una distancia de tan solo 72.11 m. El presente estudio se visualiza 
como una base importante en las investigaciones de cargas de combustibles a niveles de gran detalle; cuyos 
resultados permitirán a las áreas operativas y tomadores de decisiones agilizar el proceso de transición hacia el 
manejo del fuego. 

Palabras clave: Combustibles, comportamiento del fuego, distribución, fuego, independencia, manejo del fuego, 
variabilidad espacial. 

 

Abstract 

Forest fires are an ecological factor of high importance in ecosystems. A forest fire requires forest fuel, favorable 
environmental conditions and a starting factor in order to occur. Forest fuels are considered the core element in 
fire management since they are the only ones that can be handled and thus, modify their influence on fire 
behavior. The purpose of the present work is to show the variability and spatial distribution of dead fuel loads in 
a pine–oak forest plot with a surface area of one hectare. Field evaluations were used as a data collection 
technique, and geostatistical methods, as analysis tools. The general average of the fuel loads was 54.86 Mg ha-

1, with load areas larger than 100 Mg ha-1. Moreover, high spatial variability and independence of the fuel 
components were identified, with load differences up to 116.61 Mg ha-1 at only 72.11 m of distance. This work is 
envisioned as an important basis for studies of fuel loads at a highly detailed level. This will allow operational 
areas and decision makers to streamline the transition process towards fire management. 

Key words: Fuels, fire behavior, distribution, fire, independence, fire management, spatial variability. 
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Introduction 

Forest fires are an ecological factor of great importance in ecosystems and can occur 

due to natural causes or anthropogenic action (Flores et al., 2010). From 2005 to 

2020, a total of 126 049 fires were recorded in Mexico affecting 5 731 854 ha of land 

(Conafor, 2020). 

For a wildfire to occur, three basic factors are required: combustible material, 

favorable environmental conditions, and an igniting element (Pyne et al., 1996). 

Forest fuels are the core component of fire management, as they are the only fuels 

that can be manipulated (Sullivan, 2009). 

Forest fire studies demand methods to describe, measure, synthesize, and map fuels. 

In general, the methodologies utilized to estimate their spatial distribution are 

grouped into field assessments, associations, remote sensing and biophysical 

modeling (Keane, 2015). Pettinari and Chuvieco (2016) mapped fuels worldwide 

using remote sensing and a concept called a fuel bed, which refers to a relatively 

homogeneous landscape unit representing a unique combustion environment 

(Riccardi et al., 2007). 

In Mexico, Rentería (2004) mapped fuels in the Pueblo Nuevo ejido, in the state of Durango; 

while Rodríguez et al. (2011) mapped fuels in areas of the states of Quintana Roo, 

Campeche and Yucatán. On the other hand, Rubio et al. (2016) estimated operation-level 

fuel loads at the Iturbide Ecological Campus in the state of Nuevo León. 

The generation of forest fuels cartographic material is a challenge, particularly, due 

to the scale characteristics and the complexity of the processes interacting in 

ecosystems (Keane, 2015). Mexico is in the transitioning process of public policies 

towards fire management programs. However, their application entails, among other 

things, the implementation of fuel management programs at the operational level 

(Houtman et al., 2013). 

In the fuel complex, the importance of dead materials lies in the fact that, together 

with grasses, this is where fire ignitions generally start. For this reason, fuel 

management programs focus their attention on this type of fuel (Semarnat and 
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Sagarpa, 2007). However, the study of the spatial distribution of these fuels at 

operating levels has been little studied. The purpose of this work was to show the 

variability and spatial distribution of dead fuel loads in a one-hectare forest sample 

plot located in a pine-oak forest. It is expected to lay an important foundation for fuel 

load research at a very detailed level; this will allow both operational areas and 

decision makers to streamline the transition process towards fire management. 

 

Materials and Methods 

The study was carried out in the Sierra de Quila Flora and Fauna Protection Area 

(Figure 1). This area extends upon 14 168 ha, at 20°14.65' to 20°21.67' north and -

103°56.79' to -104°7.98' west. 

 

 

Figure 1. Study area and sampling plot location. The subplot arrangement is 

composed of the subplot row number and the subplot column number (n,n). 
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A 100 × 100 m forest sample plot was established in a representative area of Pinus-

Quercus forest, with a 10 % slope and northwest orientation. The coordinates of its 

centroid are 20°17'51.89" north and -104°4'16.35" west. Its delimitation was carried 

out with topographic precision, using a Sokkisha TM10E theodolite with 5" accuracy. 

The orientation of the plot was determined with the slope. Starting from one of the 

corners, square subplots of 20 × 20 m were delimited to cover a total of 25 (Figure 

2a); 30 × 30 cm microplots and a 15 m transect of total length were installed in each 

microplot as shown in Figure 2b (Rubio et al., 2016). 

 

 

Adapted from Rubio et al. (2016). 

Figure 2. a) Shape and distribution of the sampling plot and b) interior design of 

the nested subplots. 

 

In the case of litter (L) and fermentation (F) fuel loads, the depths and percentages 

of coverages of these layers were measured in each microplot (Figure 2b). The 

material was then collected in a plastic bag and transferred to the National Forest Fire 

Research Laboratory, located in the Experimental Station Altos de Jalisco (INIFAP), 
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where it underwent a drying process in a semi-automatic oven (self-made) at 70 °C, 

until it reached a constant minimum moisture and weight (Xelhuantzi et al., 2011). 

Once the dry weight values were obtained, the Organic Layer Load (OLL) was 

calculated, using an adaptation of the equations described by Morfín et al. (2012). 

In the nested transect of each subplot, the Fallen Woody Material (fWM) was counted 

using the planar intersection method described by Brown et al. (1982) and the 

classification by time delay 1, 10, 100 and 1 000 hours described by Fosberg et al. (1970) 

(Figure 2b). In the 1, 10 and 100-hour fuels, the diameter of each element was measured 

using a Pretul model 21454 vernier calibrator to obtain the Average Quadratic Diameters 

(AQD). Fuels with 1 000 hours were measured for diameter with a Truper® model Fh-5m 

tape measure and their condition was identified as firm or rotten. 

Estimates of unit area loading were made using the equations described by Morfín et 

al. (2012). For practical purposes, fuel loads of 1, 10 and 100 hours were reclassified 

as Fine Woody Material (FWM), while those of 1 000 hours were reclassified as Coarse 

Woody Material (CWM), according to Woodall and Monleon's criteria (2008). An 

exploratory data analysis was performed for each fuel component, based on its 

descriptive statistics. Likewise, at the subplot level, spatial analyses were carried out 

according to the equations described in Table 1 (Kalogirou, 2003; Pebesma, 2004; 

Townsend and Fuhlendorf, 2010; López, 2016). 
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Table 1. Equations used for spatial analysis of fuel loads. 

Equation Variable 

𝐼𝐼 =
𝑛𝑛
𝑊𝑊
∑  𝑛𝑛
𝑖𝑖=1 ∑ 𝑤𝑤𝑖𝑖,𝑗𝑗𝑧𝑧𝑖𝑖𝑧𝑧𝑗𝑗𝑛𝑛

𝑗𝑗=1

∑ 𝑧𝑧𝑖𝑖2𝑛𝑛
𝑖𝑖=1

 

𝐼𝐼   = Moran´s index Moran's Index 

𝑛𝑛 = Number of observations 

𝑊𝑊 = Sum of weights 𝑤𝑤𝑖𝑖,𝑗𝑗 

𝑧𝑧 = Attribute deviation with characteristics 𝑥𝑥𝑖𝑖 

𝛾𝛾(ℎ) =  
1

2𝑛𝑛(ℎ)
�[𝑍𝑍(𝑥𝑥𝑖𝑖) − 𝑍𝑍(𝑥𝑥𝑖𝑖 + ℎ)]2
𝑛𝑛

𝑖𝑖=1

 

𝛾𝛾(ℎ) = Semivariance 

ℎ= Distance interval 

𝑍𝑍(𝑥𝑥𝑖𝑖) = Sample value at a location 𝑥𝑥𝑖𝑖 

𝑍𝑍(𝑥𝑥𝑖𝑖 + ℎ) = Value of the sample at interval distance 

h from𝑥𝑥𝑖𝑖 

𝑃𝑃 =
∑ 𝑃𝑃𝑖𝑖𝑛𝑛
𝑖𝑖=1 ∗ 𝐴𝐴𝑖𝑖
∑𝐴𝐴𝑖𝑖

 

𝑃𝑃 = Thiessen Polygon Fuels 

𝑃𝑃𝑖𝑖  = Fuels measured in the subplot 𝑖𝑖 

𝐴𝐴𝑖𝑖  = Area of influence of the subplot 𝑖𝑖 

𝑍𝑍(𝑋𝑋0) = �𝜆𝜆 ∗ 𝑍𝑍(𝑥𝑥𝑖𝑖)
𝑛𝑛

𝑖𝑖=1

 
𝑍𝑍(𝑋𝑋0) = Inverse Weighted Distance Fuels (IWD) 

𝜆𝜆 = Weight assigned to the sample 

𝑍𝑍𝐾𝐾𝐾𝐾(𝑋𝑋) = �𝜆𝜆 ∗ 𝑍𝑍(𝑥𝑥𝑖𝑖)
𝑛𝑛

𝑖𝑖=1

 𝑍𝑍𝐾𝐾𝐾𝐾(𝑋𝑋0) = Ordinary Kriging Fuels (OK) 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = �∑ (𝑦𝑦0 − 𝑦𝑦𝑖𝑖)𝑛𝑛
𝑖𝑖=1

𝑛𝑛  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = Root mean square error 

𝑦𝑦0 = Predicted value 

𝑦𝑦𝑖𝑖 = Observed value 

 

The normality of the residuals of the interpolations was verified with the Shapiro-Wilk 

test. The interpolation method was chosen, since it presented the best RMSE 

adjustment. Correlation coefficients on the fuel components were estimated using the 
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Spearman method. Statistical and geostatistical analyses were performed with the R 

Project gstat, lctools and rgdal libraries (Bivand et al., 2020; Kalogirou, 2020; 

Pebesma and Graeler, 2020). 

 

Results and Discussion 

Fuel loads litter and fermentation 

Table 2 shows the descriptive statistics for layers L and F. Layer L had average 

values of litter fuel load (L), litter layer depth (L_depth) and litter layer fuel 

bulk density (L_AD) of 17.95 Mg ha-1, 4.68 cm and 4.07 g cm-3 respectively. 

In layer F, the average values of fermentation fuel load (F), depth of the 

fermentation layer (F_depth) and bulk density of the fuel in the fermentation 

layer (F_AD) were 33.12 Mg ha-1, 3.26 cm and 10.96 g cm-3, respectively. 

 

Table 2. Descriptive statistics for layers L and F. 

Concept Minimum Quartile 1 Median Mean Quartile 2 Maximum Unit 

L 7.03 14.13 17.27 17.95 21.36 39.32 Mg ha-1 

L_depth 2.25 3.75 4.75 4.68 5.25 7.00 cm 

L_AD 1.96 3.34 3.82 4.07 4.33 10.50 g cm-3 

F 4.37 18.58 27.59 33.12 49.16 100.59 Mg ha-1 

F_depth 0.33 1.75 2.50 3.26 4.25 9.25 cm 

F_AD 7.03 9.40 10.93 10.96 11.78 17.97 g cm-3 

L = Litter layer; L_depth= Litter layer depth; L_AD= Litter layer fuel bulk density; 

F = Fermentation layer; F_depth = Depth of the fermentation layer; F_AD = bulk 

density of the fuel in the fermentation layer. 
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The fermentation layer presented a correlation coefficient of 0.96 p < 0.05, with respect to 

its depth; in the leaf litter layer it was 0.44 p < 0.05, with respect to its depth. Fuel loads 

were higher than those registered by Bonilla et al. (2013), who cite values of 3.76 cm, 3.14 

cm for depths, and 10.95 Mg ha-1 and 9.00 Mg ha-1 for L and F fuel loads, respectively. The 

L_AD and F_AD records were higher than those obtained by Morfín et al. (2007), which 

were 1.67 and 6.79 g cm-3 for L_AD and F_AD, respectively. 

 

Fuel loads Fallen Woody Material 

Descriptive statistics for the fWM fuels are summarized in Table 3. The root mean square 

diameters of the 1-, 10-, and 100-hour fuels were 0.23, 1.04, and 22.94 cm2, 

respectively. Average values of 0.04, 0.49 and 2.7 Mg ha-1 were obtained for the 1-, 

10- and 100-hour fuels, while 0.22 and 0.34 Mg ha-1 were obtained for the 1 000-

hour firm (HF) and 1 000-hour rotten (HP) fuels, respectively. fWM fuels evidenced 

no apparent correlation, and their loads were lower than the ones documented by 

Bonilla et al. (2013), whose values are 1.67, 0.62, 3.72 and 25.72 Mg ha-1 for 1, 10, 

100 and 1 000-hour fuels, respectively. 

 

Table 3. Descriptive statistics for fWM fuels in Mg ha-1. 

Concept Minimum 
Quartile 

1 Median Mean 
Quartile 

2 
 

Maximum 
1 H 0.00 0.00 0.00 0.04 0.08 0.39 
10 H 0.00 0.00 0.35 0.49 1.05 1.74 
100 H 0.00 0.00 0.00 2.70 3.56 14.23 
1 000 HF 0.00 0.00 0.00 0.22 0.00 3.08 
1 000 HP 0.00 0.00 0.00 0.34 0.00 4.09 
FWM 0.00 0.35 1.74 3.23 3.91 14.58 
CWM 0.00 0.00 0.00 0.57 0.00 4.24 

fWM = Fallen Woody Material; FWM = Fine Woody Material; CWM = Coarse 

Woody Material. 
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Total and component fuel loads 

Figure 3a shows the quantile distribution of the loadings grouped in F, L, FWM and 

CWM; Figure 3b shows the histogram of the total loadings. Together, the litter and 

fermentation layers concentrated 92.91 % of the total fuels, with an average of 54.86 

± 10.51 Mg ha-1. The fermentation layer contributed the highest percentage, with 

56.77 %, followed by the litter layer, with 36.14 %, while FWM and CWM together 

concentrated 7.09 % of the total fuels, with an average of 54.86 ± 10.51 Mg ha-1. This 

means that, if fire is present in the area, the horizontal behavior will depend mainly 

on the litter and fermentation layers, with the existence of quite critical areas where 

fuel loads exceed 100 Mg ha-1. The results are similar to those of Rubio et al. (2016), 

authors who indicate an average load of 49.6 Mg ha-1 for a stand with no fire, whose 

fermentation layer fuels are the most representative. 

 

a) b)  

F = F; H = L; MLF =FWM; MLG = CWM; Densidad = Density. 

Figure 3. a) Percentage contribution of the fuel components Fermentation (F), 

Litter (L), Fine Woody Material (FWM) and Coarse Woody Material (CWM) to total 

fuel loads; and b) Histogram of total fuel loads; the dark gray block represents the 

confidence interval of the mean. 

 

Table 4 shows the fuel loads by component in the subplots, and Table 5 shows their 

correlation coefficients and p-values. The total fuel loads had a correlation coefficient 
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of 0.97 with the fermentation component; this means that the fermentation fuel loads 

can be used as a basis for making inferences about the total loads. Furthermore, the 

correlation between the depth of the fermentation layer and its fuel load makes it 

possible to generate depth rates that allow for expeditious preliminary estimates. 

 

Table 4. Fuel loads by component in the subplots (Mg ha-1). 

Subplot Totals F L FWM CWM 
1,1 53.11 27.59 17.52 3.91 4.09 
1,2 71.86 49.23 21.59 1.05 0.00 
1,3 58.32 32.92 21.84 3.56 0.00 
1,4 75.29 49.16 25.01 1.12 0.00 
1,5 33.68 19.54 14.13 0.00 0.00 
2,1 46.90 21.10 19.63 3.71 2.45 
2,2 65.39 26.07 39.32 0.00 0.00 
2,3 13.92 4.37 9.56 0.00 0.00 
2,4 70.17 42.72 27.10 0.35 0.00 
2,5 31.11 13.84 17.27 0.00 0.00 
3,1 38.85 18.58 7.03 12.10 1.14 
3,2 40.06 25.72 14.33 0.00 0.00 
3,3 54.01 33.69 15.71 4.60 0.00 
3,4 89.83 53.89 21.36 14.58 0.00 
3,5 29.04 10.02 11.91 7.11 0.00 
4,1 35.77 15.51 16.70 3.56 0.00 
4,2 79.38 51.10 17.19 11.10 0.00 
4,3 72.59 49.32 18.60 0.43 4.24 
4,4 30.06 17.21 12.86 0.00 0.00 
4,5 50.57 27.89 19.12 3.56 0.00 
5,1 130.53 100.59 24.91 5.03 0.00 
5,2 81.91 63.99 16.87 1.05 0.00 
5,3 45.71 26.15 17.67 1.90 0.00 
5,4 48.16 32.38 11.82 1.74 2.21 
5,5 25.27 15.35 9.57 0.35 0.00 

F = Fermentation layer; L = Litter layer; FWM = Fine Woody Material; CWM = 

Coarse Woody Material. 
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Table 5. Correlation coefficients of the fuel components in 

the subplot. 

Concept Total F L FWM CWM 

Totals 1 0.97 0.71 0.36 0.03 

F p < 0.05 1 0.59 0.35 0.03 

H p < 0.05 p < 0.05 1 0.06 -0.12 

FMW p = 0.07 p = 0.09 p = 0.76 1 0.22 

CWM p = 0.89 p = 0.89 p = 0.56 p = 0.28 1 

F = Fermentation layer; L = Litter layer; FWM = Fine Woody Material; CWM = 

Coarse Woody Material. 

 

Spatial dependence of fuel components 

Figure 4 shows a set of correlograms of the fuel components F, L, FWM and CWM. All 

Moran indices were close to zero, with p-values > 0.05. This indicates that the fuel 

components are not spatially self-correlated. 
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F = F; H = L; MLF =FWM; MLG = CWM. 

Figure 4. Correlograms of the fuel components F, L, FWM, and CWM. 

 

Figure 5 corresponds to the semivariograms and semivariogram clouds for the total 

F and L loads. The theoretical semivariograms with best fit to the experimental ones 

presented a complete seed behavior at 636.66, 439.55 and 45.00, with RMSE fit 

errors of 6.29, 8.99 and 0.82 for the total F and L loads, respectively. This confirms 

the randomness of the fuel loads shown by the spatial autocorrelation indices. 
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Distancia = Distance; Semivarianza= Semivariance; Semivariograma combustibles 

totales = Semivariogram total fuels; Nube de semivariograma combustibles = 

Semivariogram cloud fuels. 

Figure 5. Semivariograms and semivariogram clouds for total F and L fuels. 

 

Spatial interpolation of total fuels 

Figure 6 shows the spatial distribution, in quantiles, of the residuals for the Thiessen, 

IWD and OK interpolations on the total fuel loads utilized for its estimation. The mean 

values of the residuals were 2.07, 0.04 and -0.001, with standard deviations of 34.08, 

26.36 and 26.53 for Thiessen, IWD and OK, respectively. The lowest RMSE and 

variance of residuals were obtained in the IWD interpolation, with values of 25.82 and 

694.60, followed by 25.98 and 703.46 for OK, and 33.46 and 1 161.87 for the 

Thiessen polygons. In all cases, the residuals exhibited a normal behavior with p-

values of 0.40, 0.30 and 0.14 according to the Shapiro-Wilk normality test for 

Thiessen, IWD and OK, respectively. The spatial independence present in the fuel 

loads prevented the OK interpolation method from being superior to IWD. The RMSE 
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values of IWD and OK were very similar; however, IWD recorded lower residual 

variances and, therefore, it was chosen as the interpolation method to be used. 

 

 

Figure 6. Residual distribution graphs. 

 

Figure 7 shows the spatial distribution of total fuel loads in the sample plot. The 

percentage of the plot that exhibited fuel loads between 50.57 and 72.04 Mg ha-1 was 

48.28 %, while, 36.62 % had an interval of 35.25 to 50.57 Mg ha-1. On the other hand, 

10.70 % had the highest values of 72.04 to 130.53 Mg ha-1, and only 5.65 % had the 

lowest values, of 13.92 to 35.25 Mg ha-1. The spatial distribution of fuels showed the 

presence of areas with more than 100 Mg ha-1, higher than the ones reported by Morfín 

et al. (2007), whose loads are approximately 80 Mg ha-1, in coniferous forests. 

 

Figure 7. Spatial distribution of total fuel loads in the sample plot. 
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Compared to studies in which field data collection is based on sampling sites and 

clusters with radii generally smaller than 20 m, and whose results are extrapolated 

to a surface area of one hectare (Xelhuantzi et al., 2011; Conafor, 2011; Chávez et 

al., 2016), measurements in the sampling plot allowed to identify variations in detail. 

The distance between the subplot with the smallest total load and the subplot with 

the largest total load is only 72.11 m, with a load difference of 116.61 Mg ha-1. A 

sampling site with a radius of less than 20 m would hardly be able to represent such 

a difference in fuel loads. The results show the heterogeneity in the horizontal 

distribution of the dead fuel components in an area of one hectare. However, 

according to the methods described by Velasco et al. (2013), the sampling plot should 

correspond to a homogeneous area. 

 

Conclusions 

In a one-hectare sample plot of Pinus-Quercus forest, dead forest fuel loads are 

spatially distributed independently, in a range of 13.92 to 130.53 Mg ha-1, with 

no correlation between their components. This indicates that there are areas 

where fuel loads must be reduced in order to avoid further damage in the event 

of a forest fire. The sampling design utilized has identified detailed variations in 

fuel loads and evidences heterogeneity over a relatively small area. 

Measurements were made directly in the field, with a high level of detail; 

however, achieving the expected accuracy entails relating the availability of time 

to the economic resources. More sample plots are required in order to obtain 

replicates and analyze data between plots. The scaling of factors must be 

adjusted, based on further research, to create links between planning and 

operational activities. Interdisciplinary work and the development of integration 

methods must be encouraged in order to allow specialists from different areas 

to contribute their knowledge to achieve adequate fire management. 
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