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Abstract: Wildfires and pests are natural disturbance agents in many forest ecosystems that often
contribute to ecological succession, nutrient cycling, and forest species composition. Mongolian pine
(Pinus sylvestris var. mongolica) is a coniferous species that plays an important role as an ecological
barrier, and is widely spread in northern China. Its wood is loose; its branches, leaves, and cones
contain a high level of resin and volatile oils that make the species highly flammable and the stands
dominated by the species are very vulnerable to fire. Recently, resinosis on boles of Pinus sylvestris
became an epidemic in China. To explore the potential effects of pests on fire, we compared the
flammability of Mongolian pine barks with or without resinosis on boles using a cone calorimeter
and several combustion analyses. We found that the barks from boles with resinosis had a greater
oil content than the healthy trees. The study also indicated that the ignition times of the barks from
boles with and without resinosis were 6.00 s (±1.73) and 22.67 s (±1.15), respectively, and that the
heat release rate curves were parabolic, with peaks 225.19 and 75.27 kW/m2, respectively, for the two
bark types. Additionally, because resinosis was on the low- to mid-bole of infested trees, the barks
from boles with resinosis tended to be ignited much easier than those without resinosis. This clearly
evidenced that pests could affect fire severity and behavior by increasing forest flammability. More
information about the role that pests play in the different forest cover types is needed to increase our
understanding of fire danger and to develop sound forest management policies.

Keywords: resinosis; fire severity; fire intensity; combustibility; tree bark; fuel; Pinus sylvestris var.
mongolica

1. Introduction

Mongolian pine (Pinus sylvestris var. mongolica (MP)) is a geographical variety of Scots
pine (Pinus sylvestris). It is a widely distributed and strongly cold- and drought-resistant
coniferous species found in Northeast Asia, including Mongolia and adjoining parts of
southern Siberia and northern China [1–4]. MP is one of the principal tree species found in
the Three-North Shelterbelt Forest Project that was established for windbreak and sand
stabilization, and had a distribution area of up to 1309.74 km2 in northern China in 2015 [5].
MP forests have brought excellent ecological, economical, and social benefits to the sandy
lands in China’s semiarid regions, and have played an important role in afforesting and
building green ecological shelters. Large-scale afforestation with MP is still underway in
northern China [6].

To make MP a suitable species for shelter forest plantation, most previous studies on
MPs have primarily focused on its physiology, ecology, hydrology, pest/disease prevention,
and cultivation techniques [7–9]. The decline of MP forests in northern China has caused
serious ecological concerns; thus, to deal with the decline, many possible explanations
have been proposed [3,10]. Changing climate and land-use are altering fire regimes and
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are increasing pest risks and fire severity [11–13], and ecosystems, such as MP plantations,
that display poor resistance to disturbances may become even more vulnerable and prone
to decline if the fire and pest risks increases.

Wildfires are one of the major disturbances in forest ecosystems, which has become a
severe global problem that poses severe threats to the safety of human lives and properties,
as well as to the economy and the environment. MP is a flammable timber species, with its
stem, branches, needle leaves, and cones containing high levels of resin and other volatile
oils; hence, the susceptibility of MP plantations to pests and fire hazards is often high [14].

The largest natural distribution area of MPs in China is found in the Hulun Buir
administrative region, specifically, the Honghuaerji Mongolian Pine National Nature
Reserve (see Figure 1), which is an important germplasm resource of MP. The climate in
the Honghuaerji Reserve is dry and windy, and has the highest frequency of lightning-
caused forest fires in China. According to records of pest outbreaks and fires, several pest
outbreaks and seven large forest fires occurred in the aforementioned areas from 1994 to
2006. In such an environment, the interaction between wildfires and pests in MP stands
should receive more attention in order to keep MP forests healthy and productive.

Figure 1. Location map of the study area in China.

The effects of wildfire and pests have interacted for a long time to produce a forested
landscape dominated by seral or pioneering species of conifers. A number of studies on
pest outbreaks in ecosystems after a forest fire have been carried out, but the effects of
pests, with the exception of bark beetles, on fire has not been sufficiently studied [15].
Furthermore, differences in the severity of fires often exist in forests, with or without pest
outbreaks, in which non-infested stands have a much lower fire severity than infested
stands, which is possibly because of the non-infested stands’ lower fuel availability and
higher resilience to fires [16]. The trees killed by pests create abundant ground fuels; pest
outbreaks cause extensive tree mortality and the dead trees become a large contiguous fuel
base. However, the mechanism by which pests reduce a tree’s fire resistance and increase a
tree’s mortality has not yet been elucidated.

Bark traits are an important determinant of a tree’s resistance to fire [17–20]. Although
bark traits appear to be the most important tree traits to be considered for preventing
fire-induced mortality, only bark thickness and structure have been explored in numerous
studies [17,21,22]. Variations in the bark’s flammability that are caused by pests may be
one of the mechanisms by which pests weaken the fire resistance of trees. Moreover, bark
has fundamental functions for trees (water loss reduction, mechanical stability, protection
against exterior damage, and insulation of the stem against adverse climatic conditions);
hence, it is fatal to trees when tree bark catches on fire.

As global warming becomes more evident, as seen in the increased frequency of
extreme weather conditions, resinosis has become a common forest phenomenon in conifer
forests. Resinosis is an accumulation of resin in conifers that often arises as a result of an
insect or pathogen attack, specifically, wood wasp (Sirex noctilio Fabricius (Hymenoptera:
Siricidae)) attack in case of MP [23]. Recently, MP plantations in northeast China have



Forests 2021, 12, 365 3 of 12

been suffering an outbreak of wood wasps, with resin appearing on the low- to mid-bole
sections of infested trees (see Figure 2).

Figure 2. Symptoms of Pinus sylvestris var. mongolica (Mongolian pine (MP)) with resinosis: (A) accu-
mulation of granules of resin and loss of water in the MP bark of twigs; (B) solidification of resin on
the bark of an MP tree with resinosis; (C) cross section of MP bole exhibiting a concave shape.

The potential threat caused by the interaction between resinosis and fire to MP forests
is the focus of our study. We hypothesized that the pests in MP stands weaken a tree’s
resistance to fire by altering bark traits, which in turn render the tree more flammable. To
test our hypothesis, we compared barks traits from boles of MP with or without resinosis.
The findings from this study can be used to protect MP forests and promote the implemen-
tation of a shelter forest plantation project in northeastern, northwestern, and northern
China.

2. Materials and Methods
2.1. Study Site

The study area, Honghuaerji Mongolian Pine Nature Reserve, located near the Greater
Khingan Range of China, was established in 1998 by the Inner Mongolia Autonomous
Region because of its important germplasm resources of MPs. The reserve was then
promoted as a National Nature Reserve (NNR) in 2003 by the central government [24].
The reserve is bound by latitude 47◦41′–48◦08′ and longitude 119◦–125◦45′, and the total
area of MP forests is approximately 2.5 × 105 km2. The reserve belongs to the continental
monsoon climate in the middle temperature zone, with an annual effective sunshine of
2800 h, annual mean temperature of −3.6 ◦C, annual maximum temperature of 40.1 ◦C,
and annual minimum temperature of −49.3 ◦C. The annual precipitation is 344 mm, and
most precipitation occurs in July and August, while the annual evaporation is 1174 mm and
the aridity index is 1.33. Annually, a west wind dominated; however, during the summer,
south and east winds are more frequent. Frost starts in early September and dissapears in
early June.

2.2. Field Sampling and Material Processing

The field survey took place in 2017. In the survey, we chose three representative
MP stands as sample plots; we measured the trees’ diameter at breast height (DBH) and
determined the stand ages for each plot. All trees in the plots were examined to detect
whether they were infected. We selected 61 MP trees with and 27 MP trees without
resinosis on their boles from the three representative MP stands, and used a 10-cm-wide
steel chisel to collect a bark sample (20 × 10 cm2) at the disease site (similar site for healthy
trees) from each MP tree. We tried to keep the infected trees similar in size (DBH) to
the healthy trees. Eighty-eight specimens with bark thickness ranging from 25 to 35 mm
were transported in separate plastic cases to the laboratory. Each of the two groups of
samples was randomly and approximately equally divided into three mixed samples. We
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first air-dried the collected materials for 30 days, and then they were paper-bagged and
oven-dried at 85 ◦C until the dry weight was stabilized. Finally, each mixed sample was
ground (20-mesh) with a pulverizer and mixed for further analyses.

2.3. Measuring Flammability, Oil Content, and Composition of Barks

Flammability can be described as four components of fuel characteristics that effect
fire behavior and probability, which can be measured at different scales and with different
metrics [25,26]. The cone calorimeter is a widely accepted fire testing apparatus that is
used to assess forest fuel flammability, such as pyrolysis, ignition, rate of smoke release,
flammability, mass loss rate, heat release rate, fire spread, and so forth [27,28]. We con-
ducted flammability tests on each subgroup material using the FTT0007 cone calorimeter
(Fire Testing Technology, West Sussex, UK), according to the ISO 5660-1 standard [29].
For each sample, the ground barks were put into a 10 × 10 cm2 specimen holder after
sifting, and three pieces were wrapped with aluminum foil [24]. For the measurement, the
temperature of cone calorimeter was set at 780 ◦C and the radiation of the heat source was
set at 50 kW/m2. The three healthy and three infested mixed samples were individually
measured once and the mean values were taken.

We used the organic solvent extraction method to measure the oil content in both
the infected and healthy barks. First, the samples were sifted through a 20-mesh sieve,
then 2 g of the sifted bark samples were put into a conical flask and mixed with 30 mL
petroleum ether; then, we put the conical flask into a cell disruptor (SCIENTZ-IID; Ningbo
Xinzhi Biotechnology Co. Ltd., Ningbo, China) for 20 min for the extraction process. After
extraction, we moved the liquid in the conical flask into a centrifuge tube and centrifuged
the liquid at 5000 g/min for 10 min; the weight of the centrifuged liquid and the weight of
the liquid after air-drying were used to derive the percentage of oil content.

The following physical characteristic and compounds of the bark samples were de-
termined: moisture content (%), ash content (%), resin content (%), 1% sodium hydroxide
extract (%), holocellulose (%), pentosane (%), and both acid-insoluble lignin (%) and acid-
soluble lignin (%). Technical details for extracting these composites in barks were followed
according to the GB/T 2677.2-2011, GB/T742-2008, GB/T 2677.6-1994, GB/T2677.5-1993,
GB/T2677.10-1995, GB/T2677.9-1994, GB/T2677.8-1994, and GB/T10337-2008 standards
in China.

2.4. Combustion Analyses

Heat release rate (HRR) is the heat available in every unit area of surface absorbing
heat within a particular surface, and it reflects the rate of heat generated by fire. As the HRR
increases, the heating being generated by the material surface burning, the pyrolysis rate
of the burning material, and the amount of volatile material released by burning all also
increase, accelerating the fire spread. HRR curves are made for both infected and healthy
trees; the curves are capable of showing any differences in flammability characteristics for
both infected and healthy trees.

Another commonly used flammability parameter is the mass loss rate (MLR), which
refers to the rate at which mass changes per unit area and unit time during burning. This
parameter also measures the degree of volatilization, pyrolysis, and burning of fuel at a
given fire intensity. MLR curves relate MLR to time after ignition; the MLR curves for
infected and healthy trees can also be used to discern any flammability differences for the
two types of trees.

Ignition time (IT) is the time until ignition from the beginning of heating for a fuel to
burn with a stable flame [25]; IT is an important index to assess a material’s flammability.
Experiments were conducted to calculate the ITs for both infected and heathy trees; the
differences between the two ITs revealed combustion differences from another aspect.
Total heat release (THR) is the accumulation of heat generated per unit area from the start
of burning to the end of burning. Analyzing both HRR and THR together reveals the
flammability of a fuel more objectively and comprehensively. Combustion differences were
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expected in the THRs for both infected and healthy trees, and THR curves were prepared
for both infected and healthy trees. Fire occurrence index (FOI) is often used to assess a
material’s fire hazard; FOI is defined as the ratio between IT and the peak of HRR. For a
fuel, a larger FOI value suggests a higher fire resistance, while a smaller FOI value signifies
a lower fire resistance.

All statistical analyses were conducted using SPSS 24.0 statistical software (SPSS,
Chicago, IL, USA). We conducted a t-test to determine if there were statistically significant
differences between the FOIs of infected trees and healthy trees. We also conducted a t-test
and Pearson correlation to determine if there were statistically significant differences or
correlations between the FOI and bark compositions of infected trees and healthy trees.
Such analyses can disclose which composites are favorable for ignition and which are not.

3. Results

Compared with healthy trees, the barks of infected trees contained a large amount of
resin and oil, indicating that a decline of disease increased the bark’s oil content substan-
tially. We conducted a T-test to determine if there were statistically significant differences
between the two groups, with or without resinosis on boles, of the barks from the MP
stands. The average oil content of the healthy MP tree barks was 4.0 (± 0.29) %, which is
significantly smaller than 24.5 (± 1.0) % (p < 0.001), which was the average bark oil content
of MP with resinosis on their boles. In other words, barks from the MP trees with resinosis
on their boles were more susceptible to ignition compared with the healthy MP trees.

Figure 3 consists of the mean HRR over heating time curves for both groups of barks
from MP, with and without resinosis on boles, and the curves are parabolic with peaks. The
horizontal axis (heating time) represents the time for sustained ignition of the test sample.
The mean peak values were 225.19 kW/m2, 70 s after ignition and 75.27 kW/m2, 50 s after
ignition, for both infected and heathy tree barks, respectively. The curves show that the
HRR of barks from the infected trees were substantially greater than those from the healthy
trees for the duration of 0 to 325 s after ignition. Thus, the results indicated that a high
content of resin and oil in the tree’s bark could increase forest flammability; therefore, MP
stands with infected trees face a higher fire hazard than healthy MP stands.

Figure 3. Heat release rate curves for barks of Pinus sylvestris with and without resinosis on boles.
All materials were sifted through a 20-mesh sieve. Curves show the mean of all of the tests in each
group. The horizontal axis represents the time for sustained ignition of the test sample. Whiskers
indicate ± 1 standard errors of the mean.
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Figure 4 contains the mean MLR curves that changed with heating time for both
groups of barks from the infected and healthy MP trees. As the curves show, the mass loss
rate for barks from the healthy MP trees were much smaller than that from the infected
MP trees for the duration of 0 to 200 s after ignition. This indicates that the infected tree
barks may have contained a larger proportion of flammable chemical constituent sensitive
to pyrolysis. Thus, the barks of MP trees with resinosis on boles burned faster than that of
the healthy tress.

Figure 4. Mass loss rate (MLR) curves of barks from MP with and without resinosis on the boles.
Curves show the mean of all of the samples in each group. The horizontal axis represents the time
for sustained ignition of the test sample. Whiskers indicate ± 1 standard errors of the mean.

Table 1 shows the results for the test we conducted on the ignition time for the bark
samples. As the table indicates, the times to ignition were 6.00± 1.73 s and 22.67± 1.15 s for
the two groups of MP tree barks, and the t-test detected a significant difference between the two
means (p < 0.001). We also tested the time of extinction for the two bark types—303.00± 33.14 s
for the infected trees barks and 285.67 ± 38.63 s for healthy trees barks—and there was no
significant difference found (p = 0.093). These results show that although resinosis affects a
bark’s ignition time, it has no significant effect on the time of extinction.

Table 1. Heating process of Pinus sylvestris var. mongolica barks of healthy and infected stems.

Sample Time to Ignition (s) Time of Extinction (s)

Barks from MP without resinosis 22.67 ± 1.15 285.67 ± 38.63
Barks from MP with resinosis 6.00 ± 1.73 303.00 ± 33.14

Note: Experimental conditions were as follows: the temperature of cone calorimeter was set at 780 ◦C and the
radiation of heat source was set at 50 kW/m2.

We generated mean THR curves that changed with heating time for the two types of
tree barks and the curves are presented in Figure 5. As shown, the THR of the infected
tree barks was consistently greater than that of the healthy tree barks, and the two THRs
achieved their maximum values at a heating time of 500 s, which were 36.59 MJ/m2 for
the infected tree bark and 15.63 MJ/m2 for healthy tree bark. Both curves had the heat-
releasing characteristics of an early and fast acceleration, which later on slowed down in
the test. The results of the THR and HRR tests further confirmed that in terms of the heat
released during ignition, the infected tree barks released much more heat than the healthy
tree barks; therefore, the lower resin and oil content in the tree barks should help forest fire
prevention.
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Figure 5. Total heat release (THR) curves of the barks from MP with and without resinosis on boles.
The curves show the mean of all of the tests in each group. The horizontal axis represents the time
for the sustained ignition of the test sample. Whiskers indicate ± 1 standard errors of the mean.

The FOI was computed for the two types of tree barks. As Figure 6 suggests, the
FOI for healthy tree bark was 0.297, which was significantly greater than 0.026 (p = 0.039),
which was the FOI value for the infected tree bark. Because larger FOI values represent
higher fire resistance and vice versa, the FOI test results indicated that the bark of MP
with resinosis on boles would make trees susceptible to forest fires. In addition, we
calculated the Pearson correlation coefficient between FOI and the other bark compounds;
the coefficients are presented in Figure 7. The correlation between FOI and the moisture,
resin, and alkali extractive were negative, with coefficient values of −0.995, −0.998, and
−0.999, respectively, at p < 0.05. The correlation between FOI and the ash, holocellulose,
lignin, and acid-insoluble lignin were positive, with coefficient values of 0.978, 0.999, 0.975,
and 0.994 at p < 0.05, respectively.

Figure 6. Comparation of the fire occurrence indexes (FOIs) of barks from MP with and without
resinosis on boles. Whiskers indicate ± 1 standard errors of the mean.
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Figure 7. Chemical composition contents of barks from MP with/without resinosis on boles, and an
analysis of the correlations between the MP bark chemical composition and FOI. The colored column
heights reflect the Pearson correlation coefficient. Colored points represent chemical composition
contents (%) and the values are the means.

4. Discussion
4.1. Effects of Pests on Fuels

Biomass is the material basis of fire and is necessary for the survival of pests. The
change in the behavior of pests to biomass is the theoretical basis for the influence of pests
on forest fires, and there is a complex relationship between fire and pests. Fires can affect
the survival and occurrence conditions of forest pests; similarly, pests can also affect the
frequency and intensity of forest fires by changing the characteristics and distribution of
fuels [30]. This study was the first to assess the role played by resinosis on the flammability
of tree barks by examining the bark’s chemical compounds. Although our results support
conventional thinking that resin and oil are strong drivers of the ignition requirements for
bark, the chemical allocation has also been found to be a significant factor for assessing
fuel flammability [31].

Our results indicated that the resinosis of MP significantly alters the chemistry and
flammability of MP barks. Holocellulose, which has a high relative molecular mass, is
known to be more thermally stable. A high ash content reduces the fuel flammability and
the fuel’s contact with oxygen, as only the organic part of the fuel supports combustion [32].
In contrast, the extractive (30 mL ether) has a low relative molecular mass and is known to
be relatively volatile and flammable. These changes in the bark’s chemistry indicate that
the inherent ignitability of barks from MP without resinosis on boles is lower than that of
the trees with resinosis.

Characteristic changes to the fuel conditions within affected stands over the course of
pest infection have been widely documented in the literature [33–36]. We found that the
interactions between bark beetles and coniferous trees were mentioned the most frequently;
other interactions were not found in the literature [15]. Conifers are more likely to produce
large amounts of resins, which further increase dramatically when the trees are infected,
showing that resins play an important role in the tree’s defense against pests [37,38].
However, resins are highly flammable, which is an important reason for some of the pest-
induced forest fuels (e.g., barks from MP with resinosis) are highly flammable [33,35]. It is
worth mentioning that pests’ influence on fuels are diverse; the influence could be on fuel
profiles, fuel loadings, fuel flammability, fuel bed properties, and fuel chemistry.
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4.2. Changes of Fire Ecology and Prediction

As global warming becomes more evident and as wildfires cause huge threats to
human life and property, fire prediction and hazard assessment have become increasingly
urgent and necessary [39–42]. The severity and scale of pest outbreaks have caused
concerns among forest managers, politicians, firefighters, and ecologists about the potential
impact of the pest-induced fuel on fire occurrence, severity, and behavior. Coupling pests
and fuel is helpful to assess and mitigate fire hazards [43,44]. Our results showed that the
resinosis of MP could significantly increase the probability of bark fire occurrence, even
though bark is an important organ of tree resistance to fire [18,20,22]. The data collected
during the field surveys in 2017 indicated that resinosis is more prominent at the bottom
bole than at the top bole, and it is also noted that the stem surface facing the southwest is
more likely to be affected by pests. The ignition of barks is fatal to coniferous trees and the
effects of resinosis on the bark’s flammability could weaken its fire resistance and increase
the mortality of MP trees [20,45], signifying how potential fire behavior, fire severity, and
fire ecology are influenced by the resinosis of MP [46,47]. The flammability property test
on barks in this study indicates that more comprehensive data support and consideration
are needed in order to evaluate the forest fire resistance. The fact that close correlations
exist between pest, fuel characteristics, fire hazard, and fire behavior could be utilized in
fire prediction.

Several methodological matters need further refinements and to be taken into consid-
eration. Using ground material instead of unground samples to conduct the tests entails
the loss of the effect of the plant material structure on its relative flammability [46,48].
However, it is impossible for the unground material to uniformly cover the exposed surface
of the sample holder, whereas most results normally reported for the cone calorimeter are
expressed on a square meter basis. Thus, the ground material and the assumed exposed
surface area of the sample holder are applicable to the cone calorimeter. Moreover, the
inputs for the Rothermel model and the BEHAVE fire behavior prediction model are speci-
fied as flammability property data (such as the heat content) from vegetation samples that
have been ground. Thermal analyses of the ground material have long been performed
in order to characterize the flammability of forest fuel. The ground sample is more ho-
mogenized and burns more completely, but it is necessary to wrap the sample holder with
aluminum foil in order to avoid ground material scattering and sample MLR errors caused
by air convection during the combustion process. Nevertheless, aluminum foil may affect
the heating of the samples. There remains a gap regarding the extrapolation of the cone
calorimeter results for ground material to predict fire behavior in the field.

5. Conclusions

Fire ecology and fire prediction for pest-induced fuels represent a great unknown
to both forest fire managers and ecologist. This study evaluated the changes caused by
pests regarding the fire risks of MP stands. Our study provides new insights into fire and
pest management based on bark flammability in MP forests. This study demonstrated the
relative importance of pest influences on potential fires in MP forests. Global warming
and frequent extreme weather conditions have a negative impact on forest health; frequent
drought, fire, and frost result in forest vulnerability to pest attacks that cause a decline in
ecological shelters. Our study empirically showed strong associations between resinosis
on MP boles and fire susceptibility: the accumulation of pest-induced resin and chemical
changes in the barks increased the bark’s flammability and made healthy stands more
susceptible to fire. Therefore, forest fire risk is high for the forests with resinosis, and the
role that pests play in fire-prone forests should receive more attention.
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