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Abstract :

Alarming outbreaks of the insect defoliator Cephalcia tannourinensis are threatening the
survival of the cedars of Lebanon, Cedrus libani. As a first in situ biocontrol attempt against this
cedar web-spinning sawfly, inundative treatment using entomopathogenic nematodes (EPNs)
were applied from 2014 to 2016 in Tannourine cedars forest. The treatments consisted of
applying three times per year a commercial strain of Heterorhabditis bacteriophora in treated
sites and tap water in control sites. The success of this treatment was assessed by monitoring
the C. tannourinensis populations by measuring the density of underground larvae, emerging
adults and the associated foliar damage. High fluctuations of the pest’s population occurred
during the years of treatment in all sites. No statistical difference resulted between the EPNs
treated sites and the control sites for the density of underground larvae or emerging adults.
Although foliar damage in EPNs treated sites decreased significantly, the EPNs inundative
treatments against C. tannourinensis in the Tannourine forest is still at experimental phase.
Nevertheless, this study provides better guidance for future strategic biocontrol plans against
insect forest pests.
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Introduction
Climate change observed worldwide has effects on insects such as species distribution, increases
in population abundance, earlier outbreaks and enhanced winter survival (Battisti, 2008; Kurz
et al., 2008; Lindner et al., 2010; Larson, Tinghitella and Taylor, 2019; Peterson and Cipollini
2020). In Lebanon, the life cycle of an insect defoliator, Cephalcia tannourinensis (Chevin 2002)
(Hymenoptera: Pamphilidae), is mainly affected by the fluctuations in temperatures over the years.
Starting 2013, alarming new outbreaks have been observed following short periods of snow cover
in winters and dry summers with high temperatures (Nemer et al., 2014). These outbreaks are
threatening Cedrus libani (Richard 1823) (Pinales: Pinaceae), a vulnerable plant species according
to the 2000 Red List (Gardner, 2013).

This web-spinning sawfly causes intense defoliation that weakens cedars, declines their growth
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and threatens their survival if attacked for three consecutive years. The adults of C. tannourinensis
emerge from the ground in early spring, once the snow melts. After mating, females lay eggs on the
new cedars’ needle clusters called buds. After hatching, the larvae feed on these buds and move
to lower branches progressively forming a silky thread, from April till mid-June. The mature larvae
drop to the ground, enter the soil at 5 to 20 cm deep (Battisti, 1994) under the cedar’s crown and
prepare for diapause in an earth – walled chamber. Next spring, individuals with annual diapause
cycle (called pronymphs) develop pupal eye and become pupae, ready for adult emergence. The
other individuals (called eonymphs) will remain in the soil at deeper levels for their multiple year
diapause cycles (Battisti, 1993).

The first outbreaks of C. tannourinensis have been observed in the early 90s, in one of the north
cedars’ forests in Lebanon known as Tannourine forest nature reserve (Nemer et al., 2005). This
forest is one of the twelve main cedar forests in Lebanon (Hajar et al., 2010), protected under
nature reserve areas legislation (Lebanese Ministry of Environment, Law 558, 24/7/96). Since its
discovery, several paths were explored to take back the control of C. tannourinensis populations:
chemical control using aerial spraying of the diflubenzuron growth inhibitor was applied in the
forest between 1994 and 2004 (Nemer et al., 2005) causing a mortality rate of 80%. Moreover,
biological control studies were conducted in vitro using entomopathogenic agents as Beauveria
bassiana (Vuillemin 1912) (Hypocreales: Cordycipitaceae) (ARSEF 152, clade C), naturally occurring
entomopathogenic fungi in the Tannourine cedars forest. It is the first identified natural enemy of
C. tannourinensis causing 93 to 100% in vitro mortality rates on aerial populations (eggs and the
first three instar larvae) (Abdo et al., 2008) and 70 to 76% in vitro cumulative mortality rate on
pronymphs and eonymphs (Al Khoury et al., 2019). Entomopathogenic nematodes (EPNs) were also
tested in vitro against this sawfly: a commercial strain of Heterorhabditis bacteriophora (Poinar
1976) (Rhabditida: Heterorhabditidae) (HbCOM supplied by Koppert) and a local one found nearby
the Tannourine cedars forest (LB04) caused respectively 80% in vitro mortality rate (Noujeim,
Rehayem and Nemer, 2015); a local strain of Steinernema feltiae (Filipjev 1934) (Rhabditida:
Steinernematidae) found in the Tannourine forest (LB132) caused 60% in vitro mortality rate
(Rehayem et al., 2018). Finally, small-scale experiments conducted by Rehayem et al. (2018) in jars
under Tannourine forest’s environment showed 85% mortality rate for C. tannourinensis prepupae

using 625 000 Infective Juveniles (IJs) / m2 of a commercial strain of H. bacteriophora.

In light of these results, biological control seems a promising attempt to control C. tannourinensis
avoiding the use of chemicals in a nature reserve. To our knowledge, no biological control treatment
was conducted in situ on a large scale against C. tannourinensis. Therefore, this study aims to
control biologically the populations of C. tannourinensis in different chosen sites of Tannourine
cedars forest nature reserve, by applying a commercial strain of H. bacteriophora. The efficacy
of these inundative EPNs treatments in controlling this devastating pest will be evaluated by
monitoring (i) the underground population of C. tannourinensis; (ii) its aerial population and (iii)
the cedar damage it causes.

Materials and methods

Area of study

This study was carried out entirely in the Tannourine cedars forest nature reserve. An area with
high C. tannourinensis outbreak was located by the forest managers and had been previously
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surveyed with no autochthone EPNs found, but only indigenous entomopathogenic fungi B.
bassiana (Rehayem et al., 2018). The habitat in this section is mostly dense cedar stands mixed
with broadleaved trees, large rocks and a slope going from medium to high (15 to 30%). Eight
reachable sites were then selected by the forest’s managers within this section (Fig. 1): each

site is 100 m2 and includes approximately 7 cedar trees. All 8 sites have the same climatic and
environmental conditions and are distant from each other by at least 4m. Due to the forest’s
topography and the habitat composition, the sites were not overlooking each other’s. These sites
were then differentiated into two types: the first includes 4 sites treated using EPNs (thereafter
described as EPNs sites); the second includes 4 other sites treated using only tap water (described
as control sites).

Fig. 1 Area of study and chosen sites in the Tannourine cedar forest

Sites in red are EPNs treated sites; sites in blue are control sites treated with tap water. The red rectangle on map
shows the location of the Tannourine cedar forest. E. 1: EPNs treated site 1; E. 2: EPNs treated site 2; E. 3: EPNs
treated site 3; E. 4: EPNs treated site 4; C. 1: Control site 1; C.2: Control site 2; C. 3: Control site 3; C. 4: Control site
4. Lebanese map © Aramco World (Chad, 2019)

EPN treatments

Following the studies conducted for the control of C. tannourinensis via the EPNs in vitro and in a
small-scale trial (Noujeim, Rehayem and Nemer, 2015; Rehayem et al., 2018), a commercial strain
of H. bacteriophora was chosen for the current study (H. bacteriophora LARVANEM; purchased
from Koppert B.V., Berkel en Rodenrijs, the Netherlands). This strain was applied at a rate of 625

000 IJs / m2 using a watering can, from autumn 2014 till autumn 2016. Each treatment consists
of two applications separated by one week and was applied after rain or following the irrigation
of the site, to increase soil humidity and provide a suitable environment for the EPNs. Three
treatments were conducted per year, each targeting a specific stage of the web spinning sawfly.
The autumn treatment targets the prepupae overwintering; the spring treatment targets the pupae
in preparation for their metamorphosis into adults. Summer treatment targets the larvae who just
dropped from the cedar trees in preparation for their diapause in the soil. Prior to each treatment,
the viability and the concentration of the EPNs suspension were checked. Establishment of EPNs
and their ability to find and infest the larvae once in the soil was also checked: Ten perforated
Eppendorf tubes containing two Galleria mellonella (Linnaeus 1758) (Lepidoptera: Pyralidae)
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larvae, commonly used biological filter for EPNs (Sturhan and Mráček, 2000), were introduced into
the soil of each site before each EPNs application at a depth between 5 to 20 cm. They were then
collected after 3 days. The cadavers of G. mellonella larvae were then placed individually on the
modified white traps (Kaya and Stock, 1997) for emergence of the IJs. Emerging nematodes were
used to infest fresh G. mellonella larvae to confirm Koch’s postulates of pathogenicity. A minimum
70% mortality rate of the G. mellonella larvae was expected to consider the EPNs application
successful (which means IJs were able to penetrate the soil and infest the larvae). If not, another
treatment was rescheduled.

The success of the EPNs treatments during the 3 years of study was evaluated by monitoring the
evolution of C. tannourinensis populations (measuring the density of prepupae and the emerging
adults) and the percentage of the cedar damage it causes.

Monitoring the underground population of C. tannourinensis

The underground population of C. tannourinensis is directly targeted by the EPNs treatments.
Measuring the underground density of prepupae is a commonly used monitoring method for sawflies
(Battisti, 1994; Nemer et al., 2005; Holuša, 2011; Meterc, Borkovič and Jurc, 2014;). In this study,

1 m2 was defined under a cedar branch bearing traces of larval feeding. The litter layer (up to 5
cm depth), when existent, was removed and the presence of C. tannourinensis larvae in that layer

was checked. 16 soil samples (V = 25 x 25 x 15 cm3) were extracted from this 1m2. The number
of C. tannourinensis prepupae was counted for each sample. This experiment was conducted once
during the autumn period of each year (during the month of November as cited by Nemer (2008)).

The measured parameter is the density of prepupae found in 1 m2.

Monitoring the aerial population of C. tannourinensis

The adult population of C. tannourinensis was collected using yellow sticky traps (20 x 10 cm):
This accessible and easy technique is commonly used by foresters for the monitoring of large
populations of sawflies (Battisti and Rodeghiero, 1998; Nemer et al., 2005; Holusa and Drapela,
2006). These traps were hung in the middle of each site from April till June. They were replaced
every two weeks. This experiment was conducted once every year. The parameter measured is the
number of emerging adults found on the yellow trap of each site.

Monitoring the cedar damage caused by C. tannourinensis

Monitoring the cedar damage caused by C. tannourinensis helps in evaluating the efficacy of the
treatment: 10 cedar branches were collected randomly from each site during the beginning of July
every year. The following parameters were counted: for each branch, the total number of buds and
the damaged buds showing bites.

Statistical analysis

Statistical analysis was conducted using the Minitab program (version 18). Before conducting
analysis, data were checked for homogeneity of variance. T test was applied to compare the
difference between the years in prepupae density and between the two types of sites (p < 0.05).
Kruskal-Wallis test was applied to compare the difference in adult outbreaks between years and
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types of sites (p < 0.05). Analysis of variance (ANOVA) was applied to compare the difference
between the two types of sites and between the cedar damage (p < 0.05).

Results

Preparation for the EPNs treatment

Prior to each EPNs application for each treatment, the viability and the concentration of the EPNs
suspension as well as the 70% minimum mortality rate for the G. mellonella larvae traps were
checked. These three criteria were met and no treatment was rescheduled.

Monitoring the underground population of C. tannourinensis

The monitoring of prepupae was affected by snowstorms which lead to missing data, especially for
the control sites for the year 2014. Same goes for 2016 (the underground density could only be
measured for two sites (Table 1).

Table 1 Underground density of C. tannourinensis larvae /m²

-* Data missing due to snowstorms

During 2014, the lowest underground larvae density among the EPNs sites was 68 larvae/m2 while

the highest was 303 larvae/m2. As for 2015, 58 larvae/m2 was the lowest larvae density while the

highest was 220 larvae/m2. Among the control sites, the lowest and highest larvae densities were

33 and 203 larvae/m2 respectively during 2015. No statistically significant difference was detected
between 2014 and 2015 for the prepupae at the EPNs sites (p>0.05). As for the year 2015, no
statistically significant difference was observed between the EPNs sites and the control sites (123.5
± 72.8 and 146.3 ± 79.5 respectively, p = 0.690). This experiment cannot confirm the efficacy of
the EPNs treatment.

Monitoring adult population of C. tannourinensis

The year 2015 witnessed alarming outbreaks of C. tannourinensis with the highest numbers of
adults emerging from both types of sites (respectively 52.98% and 76.62% higher for EPNs sites
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and control sites compared to 2014). In 2016, a decrease of 57.81% was observed at EPNs sites and
54.52% at control sites compared to 2015. Comparing the two types of sites, the number of adults
emerging from the control sites was higher than those emerging from EPN treated sites for the
years 2015 and 2016 (respectively 19.84% and 29.21%) (Fig. 2). Nevertheless, this number is not
significantly different between the two types of sites (p>0.05). Moreover, no significant difference
was noted between the years for each type of sites. No conclusion can be made yet concerning the
success of the EPN treatments in controlling the adult populations of C. tannourinensis following
this experiment.

Fig. 2 Evolution of aerial population of C. tannourinensis in EPNs and control sites.

For each year, data shown is the number of adults emerging calculated for 100 m2 of each type of sites

Monitoring the damage on cedars caused by C. tannourinensis

Percentage of foliar damage in the EPNs treated sites decreased significantly by about 40% from
2014 till 2016 (F=11.92, df=2, p<0.001). As for the control sites, the foliar damage significantly
increased by about 13% in 2015 and then significantly decreased by about 34% in 2016 (Fig. 3)
(F=11.92, df=2, p<0.001).
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Fig. 3 Evolution of the foliar damage caused by C. tannourinensis on cedars in EPNs and
control sites.

For each year, data shown is the percentage of foliar damage calculated for 100m2 for each type of sites

Discussion
C. tannourinensis is the main cedar defoliator threatening the growth and the viability of the
Tannourine cedars forest since 1997. This study represents the first biological control attempt

against C. tannourinensis on a large scale (100m2 sites). Underground and aerial populations of the
pest were monitored as well as the foliar damage on cedars following inundative EPNs’ treatments.

Considering the underground population, results show that most of the samples had larvae density

higher than the defoliation threshold of C. tannourinensis which is 70 prenymph / m2 (Nemer, 2008).
This proves how urgent it is to find a way to control this devastating pest. In the EPNs’ treated
sites, the number of prepupae decreased without any significant difference from 2014 to 2015,
following one year of treatment. At first sight, it seems that one year of treatment is not enough to
control the underground population of this pest. But with limited data collected in this experiment
due to snowstorms, no strict conclusion can be made. This decrease can also be attributed to the
usual winter mortalities due to climatic and pedological parameters (Gruppe, 1996; Gill, Goyar and
Chahil, 2017).

As for the aerial population of C. tannourinensis, the number of emerging adults increased in 2015
and then significantly decreased in 2016 in both EPNs and control sites. This change might reflect
the pest dynamic enhanced by the high temperature observed in 2014. The lack of difference
between EPNs and control sites can be attributed to the timing of the treatment and the pest
dynamic. Other authors found similar results for example with pheromone traps to control the
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outbreaks of the bark beetle, Ips typographus (Linnaeus 1758) (Coleoptera: Curculionidae) (Grodzki
et al., 2006); with massive releases of rodenticides to control the outbreaks of the common vole
Microtus arvalis (Pallas 1778) (Rodentia: Cricetidae) (Olea et al., 2009) or with aerial spraying of
insecticides to control outbreaks of the pine processionary moth Thaumetopoea pityocampa (Denis
& Schiffermüller 1775) (Lepidoptera: Notodontidae) (Cayuela, Hodar and Zamora, 2011).

The peak of C. tannourinensis dynamic was also shown in the evolution of the foliar damage caused on
the cedar buds. The percentage of foliar damage in the control sites increased significantly in 2015
then decreased significantly in 2016. As for the EPNs treated sites, it decreased from 2014 to 2015
and significantly from 2015 to 2016. This might show the effect of the EPNs inundative treatments
after 3 years of treatment but still does not confirm their effectiveness as a curative strategy during
alarming outbreaks of C. tannourinensis. The reason why significant differences were detected in
the foliar damage experiment and not with the aerial population of C. tannourinensis experiment
remains unclear. It can be attributed to the pest dynamic hiding the effects of the EPNs’ inundative
treatments. Battisti and Rodeghiero (1998) reported male predominance of Cephalcia arvensis
(Panzer 1805) (Hymenoptera: Pamphilidae) in their catches which might be the case for the
experiment of this current study. This can be explained by the fact that males of C. tannourinensis
are more active and emerge earlier than females (Nemer et al., 2005).

Regardless of the efficacy of the EPNs’ inundative treatments on C. tannourinensis, urgent strategies
are needed to control any future outbreaks of this pest. Following the actual global warming, climate
conditions in forests in high altitudes are becoming warmer thus more suitable for the insects’
development in areas where they used to be absent (Battisti, 2008; Cayuela, Hodar and Zamora,
2011; Pureswaran, Roques and Battisti, 2018; Choi et al., 2019). This is the case of the north cedars’
forests of Lebanon, such as the Ehden nature reserve and the cedar protected area of Bcharreh.
In these two forests above 2000 m of altitude, long snow coverage duration and low temperatures
prevented the outbreak of C. tannourinensis population until recently (personal communication by
forest managers): high temperatures enhanced alarming outbreaks of C. tannourinensis in these
forests, where chemical treatments were applied in 2015 in Bcharreh as a last resort to limit the
damages on the “cedars of God” (Nemer et al., 2014). As an alternative to chemicals, pheromone
traps controlling the emerging adults might be a more suitable strategy (Faccoli and Stergulc,
2008; Galko et al., 2016). Future studies on the C. tannourinensis' pheromone, previously identified
and extracted from the female adults (Nemer et al., 2007), are highly encouraged.

With its trials and errors, this study offers insights that can guide the implementation of future
biocontrol strategies against forest pests like C. tannourinensis. It highlights the impact of climate
change on pest dynamics and the urgency to take it into account for future control strategies,
particularly in high – altitude forests where rising temperatures have led to increased outbreaks
in previously unaffected areas. The findings of this study suggest that managing pests during
the high fluctuation of its population might hide the efficacy of the treatments. Therefore, it is
crucial to establish a defined efficient monitoring plan for the pest’s population before attempting
any treatment. The monitoring methods should be labor – efficient and less influenced by
climatic conditions. The effectiveness of this monitoring plan helps with early interventions and
therefore prevents outbreaks from reaching damaging levels. Finally, biocontrol treatments still
face challenges under natural forest conditions. This study advocates for continuous research to
understand the behavior of entomopathogenic agents under these conditions.
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Conclusion
As a conclusion, the efficacy of the EPNs inundative treatments in Lebanese cedars forests especially
in the Tannourine forest is still at experimental phase. Therefore, it is still not recommended when
facing alarming outbreaks of C. tannourinensis. With its trials and errors, this study can guide
future strategic biocontrol plans against forest pests.
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