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Abstract Spatial heterogeneity of fuel moisture content
determines the spread rate and direction of a forest fire.
Research on the spatial heterogeneity of the moisture content
of dead fuel of Larix gmelinii Rupr. showed that: (1) fuel
moisture content in litter layer < semi-humus layer < humus
layer, and the coefficient of variation decreased with sam-
pling depth; (2) the sill value of the semi-humus layer was
highest, the humus layer moderate, the litter layer the small-
est, overall, the spatial heterogeneity of the semi-humus
layer was the highest. The humus layer in the slant direction
and three layers in a vertical direction showed strong spatial
correlation with the lowest nugget coefficient of 0.0968; (3)
the fuel moisture content of the humus layer showed strong
spatial anisotropy; and, (4) estimating the total moisture con-
tent of the sampling site by stimulated sampling reasonable
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control of the sampling interval, and increasing the sampling
intensity can reduce the error. When the sampling intensity
is increased to more than 16 and the sampling interval 3 m,
the standard error is < 15%. The spatial heterogeneity of fuel
moisture content is best revealed by increasing sampling
density, sampling in different fire seasons, and in different
slope directions and positions. The results can provide a sci-
entific basis for forest fire prediction and prevention.

Keywords Forest combustibles - Spatial heterogeneity -
Analog sampling - Standard error

Introduction

The moisture content of forest fuels determines the difficulty
of fire control and rate of spread (Li et al. 2015) and is a key
factor in fire risk and fire behavior prediction (Zhang et al.
2018). It has strong spatial heterogeneity, i.e. horizontal and
vertical distribution, and will change the distribution of fire
spread rate and direction (Wang et al. 2012). To accurately
estimate the probability of the occurrence of forest fires and
the spatial characteristics of fire spread, understanding fuel
moisture content and its spatial heterogeneity is necessary.
Spatial heterogeneity refers to the complexity and vari-
ability of system or system elements, including the spatial
composition, configuration and correlation of system ele-
ments (Bi et al. 2006). Geostatistics is an effective tool for
studying spatial heterogeneity of environmental factors and
was first proposed in the 1960s (Matheron 1963). It was
first applied in the mining and petroleum sectors (Zhang
et al. 2009) and widely used in the analysis of spatial pat-
terns of environmental factors and simulation of ecological
processes, especially in geology, ecology, water resources
and soil science (Wang et al. 2001). In recent years, there
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have been studies of spatial heterogeneity using geostatistics
(Shi 2012; Jing et al. 2016), mainly of soil nutrients and
soil water content (Liu 2013; Fu et al. 2014; Zhang 2016;
Song et al. 2019). There have been few studies on the spatial
heterogeneity of water content of forest fuels. Ivanov et al.
(2010) studied the spatial heterogeneity of soil water and
found that its heterogeneity index had a lag dependence on
the average water content. This characteristics can inhibit
the spatial heterogeneity of soil water after rainfall affected
by topography, thereby enhancing the spatial heterogene-
ity of soil content. In terms of the spatial heterogeneity of
the moisture content of forest fuels, field sampling intervals
and methods have considerable impact on the estimation of
fuel moisture content. Mao et al. (2012) noted that it was
important to determine the appropriate sampling interval and
sampling method for reducing errors. Ettema and Wardle
(2002) analyzed using geostatistics how the spatial distribu-
tion of soil organisms affected plant growth and plant com-
munity structure. The results were dependent on the spatial
resolution as defined by sample size, sampling interval, and
analysis variables. Liu and Shao (2012) studied the spatial
heterogeneity of soil water content in reclaimed grasslands
in the loess area, and analyzed the impact of sampling inter-
val and concluded that a small sampling interval could rep-
resent the real spatial heterogeneity of soil water content,
but with an increase of sampling interval, the variation of
spatial heterogeneity smaller than the sampling scale may
be hidden. Traditional statistical methods are difficult to

spatially characterize the impact of field sampling intervals
and methods on the estimation of fuel moisture content. In
contrast, geostatistics can effectively address this problem.

In this study, the dead fuel of a Larix gmelinii forest in
the Saihanwula Nature Reserve was sampled in the litter
layer, semi-humus layer, and humus layer in three directions
to measure moisture content. Geostatistics was used (1) to
reveal the spatial heterogeneity of the dead fuel moisture
content and to analyze factors influencing spatial heteroge-
neity; and (2) to estimate total water content of the sample
area by simulated sampling and to analyze the influence of
sampling interval and sampling intensity on the standard
error of the moisture content, making the statistical data
closer to reality. The results of this study will be important
for preventing forest fires and for understanding the dynam-
ics between surface and underground fires.

Materials and methods
Study area

The Inner Mongolia Saihanwula Nature Reserve is in
the northern part of the Bahrain Right Banner, Chifeng
City, Inner Mongolia Autonomous Region, China
(118° 18'-118° 55" E, 43° 59'-44° 27" N) (Fig. 1). The
average elevation is 1000 m.a.s.l., and the climate is
mid-temperate semi humid. Annual average precipitation
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is approximately 400 mm, annual average temperature
is 2 °C (Yan et al. 2017). The area belongs to the for-
est steppe ecotone with the vegetation dominated by for-
ests with a coverage of 61.9%. The main tree species are
Xing’an larch (Larix gmelinii), aspen (Populus davidiana
Dode), white birch (Betula platyphylla Sukaczev) and
Mongolian oak (Quercus mongolica Fisch. ex Ledeb.)
(Zhang et al. 2008).

Field sampling

During the autumn fire prevention period in mid-Septem-
ber 2017, a typical area of a Larix gmelinii forest was
selected in the Reserve and a 100 m X 100 m sample area
established on a sunny slope at 1890 m.a.s.l. Three tran-
sects were taken in three directions: V (vertical) transect
was from the top to the bottom of the slope, H (horizontal)
transect was perpendicular to it, and O transect was on
the angle between them. The length of each transect was
96 m, the distance between the two points of the first 20
points was 0.3 m, 6 m in total, the distance between the
two points of the last 60 points was 1.5 m, 90 m in total
in three directions (Fig. 2). In the absence of precipitation
for five consecutive days, three layers—Ilitter layer, semi-
humus layer and humus layer, were sampled in three direc-
tions, one sample from each sampling point, numbered and
weighed (wet weight) on site, placed in an envelope and
taken to the laboratory for drying.
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Fig. 2 Schematic diagram of the sampling site

Calculation of fuel moisture content

Samples were dried to a constant weight after 8 h at
105 °C, and the moisture content in each layer was calcu-
lated using the following formula:

Wy = Wp)

M= x 100% (1)

D

where M is the absolute fuel moisture content (%), Wy, the
fuel wet weight (g), W, the fuel dry weight (g).

After calculating the fuel moisture content, the maximum,
mean, variance, standard deviation and coefficient of varia-
tion of the moisture content were analyzed to reveal spatial
heterogeneity.

Calculation of spatial heterogeneity of fuel moisture
content

Heterogeneity is the product of continuous interaction of
basic ecological and physical environmental processes
on spatial and temporal scales (Han and Wang 2002). A
semivariogram is a graph of how semi-variance changes as
the distance between observations changes. In this study,
semivariogram analysis and GS + 9.0 geostatistical analysis
software were used to establish the theoretical model of the
semivariogram. The moisture content and its spatial hetero-
geneity are described by the sill value (value on the y-axis),
nugget coefficients and fractal dimensions.

The variation function describes the spatial heterogene-
ity of the moisture content, indicating changes at different
sampling intervals. The calculation formula is:

N(h)

y(h) = D 1Z05) = Z0xs + WP ©)
i=1

2N(h)

where y(h) is the semivariogram; N(h) is the sample loga-
rithm at a sampling interval of 4; Z is the regionalized ran-
dom variable; Z(x;) and Z(x;+ h) are measured values of
moisture content at x; and x;+ h, respectively.
Semivariogram models include spherical, exponen-
tial, Gaussian, and linear (Hernandez-Stefanoni and
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Fig. 3 Schematic diagram of an ideal semivariogram curve
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Ponce-Hernandez 2006). In this study, the dead fuel moisture
content and sampling interval were fitted with spherical, expo-
nential, Gaussian and linear semivariogram models. Figure 3 is
a schematic diagram of an ideal semivariogram curve.

a is the sampling interval at which the variation reaches the
sill value, indicating the spatial correlation scale of the random
variables; when / < a, any two points have a correlation and
the correlation decrease with the increase of /; when h>a,
there is no correlation (Bi et al. 2006); C,, is the nugget value,
indicating when # is very small, the change in values between
two points reflect the possibility of the randomness within the
regionalized variables Z(x); C, is arch height, indicating the
spatial heterogeneity caused by correlation factors (Li et al.
2012); Cy+ C, is the sill value, indicating the intensity of vari-
ations of regionalized variables within the scope of this study
is the largest variation of the observed indicators; the greater
the value, the higher the degree of overall spatial heterogeneity
(Hao 2005); C/(Cy+C)) is the nugget coefficient, indicating
the degree of spatial correlation of system variables. The nug-
get coefficient is the ratio of the nugget value to the sill value.
If the ratio is less than 25%, the system has a strong spatial
correlation, if between 25 and 75%, the system has moderate
spatial correlation. If the ratio is more than 75%, the spatial
correlation of the system is very weak (Yang et al. 2009). The
size of the fractal dimension D represents the curvature of
the semi-variogram curve, and the comparison between the
D values of different variables can determine the degree of
spatial heterogeneity (Wang et al. 2000).

For the regionalized variable fuel moisture content, the
semivariogram y(h) is not only related to the interval dis-
tance h, but also to the direction (Webster 1985). When a
variogram is constructed in a particular direction, it is called
an anisotropic variogram expressed as y(h, ), and y(h) is
called isotropic variogram (Li et al. 1998). The anisotropy
ratio f K(h) describes the anisotropic structure of the mois-
ture content. If K(h) is equal to or close to 1, the spatial het-
erogeneity is isotropic, otherwise it is anisotropic (Li et al.
1998).

The anisotropic equation is:

V(h’ ‘91)

K(h) =
Y (h ‘92)

3

where y(h, 8,) is the semi-variogram in 8, direction; y(h, 6,)
is the semi-variogram in @, direction.

Error statistics of fuel moisture content data
by different sampling methods

The moisture content measured by sampling is used for sim-

ulated sampling analysis. There are controlled, uncontrolled,
and random sampling methods (Mao et al. 2012).
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In the simulated controlled sampling, the moisture con-
tent data was sampled at intervals of h=1, 2, ..., 4 m; sam-
pling intensity is the number of sampling points, indicated
bym,m=1,2, ..., 20, a;,, is the standard error when sam-
pling intensity is m and the sampling interval is /. The equa-
tion is:

Zn—h (%Xt i) —3 2
i=1 m (4)
A, =

him n—h-1

where x; is the sample moisture content at i; X is the average
sample moisture content; n is the number of samples.

In the simulated uncontrolled sampling, the smaller the
sampling interval, the more samples that can be taken. The
moisture content error is calculated by the maximum value
of the sampling intensity m; the maximum value of m is n/h.
In the simulated random sampling, m samples are randomly
taken from the moisture content data of each layer in each
direction, m=1, 2, ..., 24, to calculate the average standard
error.

Results and analysis

Statistical description of moisture content of fuel
material

The average moisture content in each layer was: litter
layer < semi-humus layer < humus layer, and the water
content of the H litter layer was the lowest (11.3%). From
the coefficient of variation, the variability of the mois-
ture content in the litter layer was highest in all directions
(4.2-8.8%), in the semi-humus layer moderate in all direc-
tions (4.3-6.0%), and in humus layer lowest in all directions
(3.3-4.6%) (Table 1).

Geostatistics spatial on heterogeneity of fuel moisture
content

The three H layers and O litter layer are linear models; the V
litter layer, V semi-humus layer and O humus layer are expo-
nential models; the O semi-humus layer is a Gauss model;
and, the V humus layer is a spherical model. Figure 4 is
a variation function model curve of the moisture content.
According to the fitting model, the minimum coefficient of
the V litter layer is 0.0350, the minimum coefficient of the
H semi-humus layer is 0.0190, and the minimum coefficient
of the O humus layer is 0.0520.

According to the parameters from the semivariogram fit-
ting model, the sill value of the litter layer in three directions
from high to low is V (0.0155)> H (0.0120) > O (0.0067);
the sill value of the semi-humus layer from high to low is O
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Table 1 Dead fuel moisture content in a Larix gmelinii forest

Layer Direction Maximum (%) Minimum (%) Mean (%) Variance Standard Coefficient of
deviation variation (%)
Litter layer H 76.5 0.0 11.3 1.2 1.1 9.8
Vv 65.3 23 20.3 1.6 1.3 6.2
(0] 52.1 22 20.1 0.7 0.9 4.2
Semi-humus layer H 160.3 2.0 38.1 52 2.3 6.0
% 125.7 17.9 63.0 7.3 2.7 43
(0] 218.1 44 54.4 6.4 2.5 4.6
Humus layer H 1244 14.8 38.4 3.1 1.8 4.6
Vv 138.2 234 69.1 7.2 2.7 39
o 130.5 32.1 67.9 49 2.2 33
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Fig. 4 Semivariogram model curve of fuel moisture content

(0.1592) >V (0.0736) > H (0.0497); and, the sill value of the
humus layer from high to low is V (0.0753) > O (0.0532) > H
(0.0276). The variation ranges of the V litter layer, V humus
layer and O humus layer is from 3.5 to 5.5 m, indicating a
spatial correlation of fuel moisture content at this distance
(Table 2).

For the high or higher spatial correlations, there are O
semi-humus layer, O litter layer and V three layers, and the

lowest nugget coefficient is 0.0968. The fractal dimension
of fuel moisture content in three directions is higher, rang-
ing from 1.8640 to 1.9930 and the highest fractal dimen-
sion is the V litter layer, which is 1.9930. The lowest fractal
dimension is the O semi-humus layer, which is 1.8640. The
difference of the fractal dimension of each moisture content
is relatively small, but the degree of spatial heterogeneity
caused by spatial correlation can still be seen.
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Table 2 Semivariogram model and related parameters of fuel moisture content in a Larix gmelinii forest

Layer Direction Model Nugget Sill Range a  Nugget coefficient Determina-  Residual SS Fractal dimension
C, Cy+C,; Cy/(Cy+C)) tion coef-
ficient
R2
Litter layer H Linear 0.0120 0.0120  64.9618 1.0000 0.1590 6.490E-05  1.9450
Vv Exponential 0.0015 0.0155 3.9000 0.0968 0.0350 1.005E-04  1.9930
o Linear 0.0067 0.0067 64.9618 1.0000 0.5630 1.019E-05 1.9550
Semi-humus layer H Linear 0.0497 0.0497  64.9618 1.0000 0.0190 1.261E-03  1.9690
Vv Exponential 0.0093 0.0736  10.5000 0.1264 0.1200 3.552E-03 1.9700
o Gaussian 0.0531 0.1592 111.3709 0.3335 0.4010 0.0118 1.8640
Humus layer H Linear 0.0276  0.0276  64.9618 1.0000 0.1820 2.445E-04 1.9530
1% Spherical ~ 0.0073 0.0753  4.0000 0.0969 0.0980 1.070E-03  1.9740
0 Exponential 0.0098 0.0532  5.1000 0.1842 0.0520 1.105E-03  1.9750
H/V Litter layer V/0 Litter layer H/O Litter layer
H/V ——--- Semi-humus layer V/O - Semi-humus layer H/O ------- Semi-humus layer
H/V =--=- Humus layer V/O -==- Humus layer H/O ------ Humus layer
27 27 Py
9 2 2
>
g1 Sl g,
g “ 8 T
2 : :
0 1401 2802 4203 5604 70 O 1401 2802 4203 5604 70 07 1401 2802 4203 5604 70
Interval/m Interval/m Interval/m
Fig. 5 Anisotropy ratio curve of dead fuel moisture content in three transects
0.20 —H transect ----V transect ------- O transect
Anisotropy of the fuel moisture content -
5016 .
Samples were taken in three directions and the data were - _
subject to anisotropic analysis and compared. K(%) values 3
. . . ) co12f
deviated from 1 (Fig. 5). According to the anisotropy curve &
of litter layers, the variation of O was less than that of H
and V. Comparing the variation of H and V anisotropy, 008l
the variation of H was greater than that of V in the range : s B :
of 34-47 m, otherwise the variation of V was greater than Interval/m

that of H, indicating the complexity of variation of surface
fuel moisture content in both directions. The anisotropy of
the semi-humus layer is complex or there is no anisotropy;
in comparing the variation of V and O, the anisotropy ratio
ranged from 0.55 to 1.55, indicating a more changeable
trend; the anisotropy curves of the humus layer showed
strong spatial anisotropy, and the anisotropy comparison
result was V > O > H. This shows that the anisotropy of
the moisture content of the semi-humus layer in this Larix
gmelinii forest was insignificant or changeable.
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Fig. 6 Simulated uncontrolled sampling error analysis

Error analysis of the estimation of the fuel moisture
content

The analysis of simulated sampling data shows that the
sampling error will increase with an increase of sampling
interval in uncontrolled sampling (Fig. 6). Therefore,
reducing the sampling interval and increasing sampling
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intensity as much as possible can reduce the error but it
has little practical significance.

The results of simulated controlled sampling (Fig. 7)
can be observed from the error analysis in H, V, O direc-
tions: when the sampling interval is 1-4 m, the error
decreases but not obviously with an increase of sampling
interval; when the sampling intensity in three directions
increases, the standard error decreases finally to 0.1. In
the H direction, when the sampling interval is 3-m and
the sampling intensity 16, the standard error is reduced
to 14.1%; in the V direction, when the interval is 4-m and
sampling intensity 20, the standard error is 13.9%; in the
O direction, when the interval is 2-m and the intensity 19,
the standard error is 14.6%.

Error analysis of simulated random sampling shows that
the standard error decreases with the increase of sampling
intensity (Fig. 8). Within the sampling intensity, m=1, 2,
3, ..., 24, more than eight samples are required to keep the
standard error below 15%. Due to the randomness of the
sampling interval and the large range of error variation
during random sampling, the results are not representative.

Discussion

Effects of general statistics and geostatistics on spatial
heterogeneity of fuel moisture content

Different statistical methods were used to study spatial
heterogeneity of the dead fuel moisture content. The aver-
age water content in the litter layer, semi-humus layer and
humus layer was 17.2%, 51.8%, and 58.4%, respectively.
The closer to the surface, the lower the water content of
the fuel. This is consistent with Man et al. (2019) on the
dynamic moisture content changes of three layers surface
fuel. The moisture content of the surface fuel is most
related to climatic factors of the day or the previous day.
These have a significant impact on the moisture content of
the litter layer, then on the semi-humus. The surface litter

layer has the lowest water content, possibly because the lit-
ter layer fuel has more and larger pores and water perme-
ability is strong, promoting downward infiltration. In field
sampling, as sampling depth and fuel moisture content
increase, the coefficient of variation decreases, which is
similar for soil moisture in the Taiyueshan small watershed
in Shanxi (Wang et al. 2017) and for soil water content
(Owe et al. 1982). This indicates that moisture content
in the litter layer is more affected by external conditions
than lower layers (Yin et al. 2013), and that the spatial
distribution of the fuel moisture content in the lower lay-
ers is relatively homogeneous and stable, while the spatial
variation of the moisture content in the litter layer is more
active (Qiu et al. 2016). In terms of directional variation,
the coefficient of variation of H and V moisture content is
largest in the litter layer, indicating that the variation of
fuel moisture content in litter layer is the largest in these
two directions, while in the O direction, the coefficient
of variation was largest in the semi-humus layer is the
largest, which indicates that the variation of fuel moisture
content in semi-humus layer is the largest in this direction.
The standard deviation of fuel moisture content of three
layers in three directions is the largest in the V direction,
indicating that the data are more discrete and that there are
significant differences among different sampling points.
These statistical results may be related to soil structure,
vegetation status, sampling method, and climate factors.
This study used the principles and methods of geo-
statistics, combined with ground survey data, to visually
describe the spatial distribution of dead fuel moisture con-
tent (Liu et al. 2008). Mao et al. (2012) investigated the
spatial heterogeneity of surface fuel moisture content in a
Larix gmelinii forest and reported that the maximum sill
value of the litter layer in the O direction was the highest
(0.1632), followed by the value in the V direction, and the
value in the H direction was the smallest. The humus layer
of the H direction was the largest (0.1276). Generally, the
spatial heterogeneity of the litter layer is higher than that
of the humus layer (Mao et al. 2012). In this study, the
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03 05}
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Fig. 7 Simulated controlled sampling of error analysis in a H direction, b V direction, and ¢ O direction
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Fig. 8 Random sampling simulation error analysis

order of sill value of the litter layer was V> H > O, the
semi-humus layer O > V> H, and the humus V> O > H.
Overall, the spatial heterogeneity of the moisture content
of the semi-humus layer was the highest, that of the humus
layer moderate, and lowest in the litter layer. It can be seen
that the total spatial heterogeneity of fuel moisture content
at different depths was different.

Effects of sampling methods on fuel moisture content

The spatial heterogeneity of fuel moisture content is closely
related to factors of sampling methods and to natural pro-
cesses. In estimating the total moisture content of the sam-
pling area by stimulated sampling reasonable control of the
sampling interval, and increasing sampling intensity can
reduce error. When the sampling intensity is increased to
more than 16 times and the sampling interval is 3 m, the
standard error is < 15%. At the same sampling interval,
with an increase in the number of sampling points, the rate
of error reduction is increased (Yan et al. 2019). Zhang
et al. (2017) studied the spatial heterogeneity of soil mois-
ture in the slope land reconstruction and natural grassland
reconstruction in degraded red soil area and concluded that
increasing sampling density and scale could better reveal the
spatial heterogeneity of soil moisture. Xing et al. (2015) con-
sidered that increasing the sampling points could improve
the accuracy of soil moisture monitoring. These are consist-
ent with the results of this study.

Compared with Mao et al. (2012) on the spatial hetero-
geneity of fuel moisture content, the results in this study
may better reflect the spatial heterogeneity of fuel moisture
content. This may be because the selected samples were
taken in three layers and the sampling intensity was greater,
the results were more representative. The optimal sampling
intensity depends on sampling interval, the degree of vari-
ation and the variation rate of the indicators (Conen et al.
2005). By controlling the sampling interval, sampling inten-
sity can be appropriately reduced within a certain interval
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limit, thereby obtaining a more accurate estimate of fuel
moisture content.

Conclusion

The spatial heterogeneity of the dead fuel moisture content
in the litter, semi-humus and humus layers in three direc-
tions, vertical, horizontal and slant in a Larix gmelinii forest
was analyzed using geostatistics. The spatial heterogene-
ity of fuel moisture content was highest in the semi-humus
layer. This has practical bearing for a statistical study of dead
fuel moisture content and lays the basis for the prediction
of the spread rate of a surface fire to underground fire when
forest fires occur. In addition, it has a role in predicting the
fire risk level and the forest burned area to provide a basis
for the development of firefighting plans.

In this study, only the dead fuel in a sample area in a
L. gmelinii forest was selected and only during the autumn
fire prevention period, and the selected plot was on a sunny
slope. Therefore, in future research, it will be necessary to
establish multiple experimental plots in different fire sea-
sons and on different slope directions and positions. This
will improve the accuracy of moisture content measurement,
reduce experimental errors, increase the accuracy of fire risk
prediction and provide a theoretical basis for effective pre-
vention and control of forest fires.
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