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The impact of post-defoliation foliage of Pinus halepensis Mill. on the 
larval performance of Thaumetopoea pityocampa and its relationship 
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Induced defense in trees refers to the increased production of specific sub-
stances in response to herbivore attacks, which negatively affects the herbi-
vore. This type of resistance can contribute to the sustainable management of 
herbivorous insect problems in forest ecosystems. The Aleppo pine, a drought-
resistant forest tree species, holds great ecological and socioeconomic impor-
tance. One of  its  predators  is  the Pine Processionary Moth (PPM)  Thaume-
topoea  pityocampa.  This  study  explores  the  impact  of  new  foliage  that 
emerges following severe defoliation caused by the PPM on the subsequent 
year’s larval performance. Moreover, we investigate whether there is a differ-
ence in the chemical composition of the foliage of defoliated and undefoliated 
trees in terms of terpenes (monoterpenes, sesquiterpenes, and diterpenes), 
total phenols, nitrogen (N), carbon (C), and the C/N ratio. The aim is to deter-
mine whether these components act as an induced defense mechanism. The 
results indicate that the performance of L1 larvae was negatively affected by 
new foliage after defoliation. Larvae feeding on new foliage experienced high 
mortality rates and were significantly shorter than those that fed on the fo-
liage of undefoliated trees. The chemical composition analysis revealed that 
only  the  new foliage  after  defoliation  contained  bornyl  acetate  (monoter-
pene), and the concentration of p-cymene (another monoterpene) was higher 
in this new foliage compared to that of undefoliated trees. Furthermore, two 
diterpenes, methyl  dehydroabietate and dehydroabietal,  showed a stronger 
correlation with defoliation. These compounds have demonstrated insecticidal 
activity against other insects and could potentially serve as starting compo-
nents for a bio-insecticide against the PPM. These findings suggest the pres-
ence of an induced defense in Aleppo pine, as the tree produces foliage con-
taining specific terpenes that are unfavorable to larvae. This is one of the fac-
tors contributing to the reduction of the PPM population. However, due to the 
current climate change situation, further research is necessary to better un-
derstand how these conditions impact the susceptibility of trees to defoliation.
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Introduction
Aleppo  pine  (Pinus  halepensis Mill.),  a 

resinous species of the Pinaceae family, is 
widely distributed in the Mediterranean re-
gion and is the most important forest tree 
species  in  North  Africa  in  terms  of  area 
(Sbay & Zas 2018). Tolerant of drought and 
challenging edapho-climatic factors (Jaou-
adi  et  al.  2019),  Aleppo  pine  is  recom-
mended  for  reforestation  operations  in 
semi-arid regions (Mechergui et al. 2022). It 
has been planted in countries such as Ar-
gentina,  Mexico,  South  Africa,  and  Aus-
tralia (Salim et al. 2019). Aleppo pine holds 
undeniable ecological  and socio-economic 
importance,  providing ecosystem services 
such  as  habitat  protection,  biodiversity 
conservation,  climate  and  water  regula-
tion,  and  carbon  sequestration  and  stor-
age,  all  of  which  help  mitigate  climate 
change. Additionally, it plays a crucial role 
in  protecting  land  from  degradation  and 
desertification,  while  also  provides  re-
sources for cultural services (De las Heras 

et  al.  2013,  Nocentini  et  al.  2022).  This 
species is vulnerable to pests such as the 
pine  processionary  moth,  Thaumetopoea 
pityocampa (Denis & Schiff.) (Lepidoptera, 
Notodontidae),  commonly  referred  to  by 
the acronym PPM. This moth is considered 
the  major  defoliator  of  pine  trees  in  the 
Mediterranean basin (Paiva et al. 2011). Its 
defoliations  cause  significant  economic 
and ecological damage (Battisti et al. 2016), 
and its urticating hairs affect human health 
(Battisti et al. 2016). Defoliation can result 
in a reduction in radial growth of up to 90% 
in cases of total defoliation (Jacquet et al. 
2013). It also negatively impacts cone pro-
duction in adult trees (Hódar et al. 2003). 
Severe and successive defoliation can lead 
to tree mortality (Vázquez-González et al. 
2021). Although various control techniques 
have been employed to combat this insect, 
their  effectiveness  remains  questionable 
(Cayuela  et  al.  2011).  Furthermore,  global 
warming appears to be facilitating the in-
sect’s expansion into new regions and af-
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fecting new species (Hódar et al. 2003, Bat-
tisti et al. 2005, Roques et al. 2015). There-
fore,  investigating  insect-tree  interactions 
is crucial in addressing this problem. Such 
investigations  could  provide  information 
on  the  vulnerability  and  subsequent  re-
sponse of trees to defoliation (Jactel et al. 
2015). The induced resistance of trees is a 
response  that  can  contribute  to  the  sus-
tainable  management  of  insect  herbivore 
problems in forest ecosystems (Eyles et al. 
2010).  Induced  defense  refers  to  the  in-
creased production of specific substances 
by trees in response to insect attacks. This 
negatively  affects  the  insects,  either  di-
rectly or indirectly,  by attracting their  an-
tagonists  (Vázquez-González  et  al.  2021). 
The  chemical  compounds  present  in  fo-
liage, including terpenes, phenols, and nu-
tritional compounds, such as nitrogen (N), 
and carbon-to-nitrogen (C/N) ratio, can sig-
nificantly impact the performance of early-
stage PPM larvae (Hódar et al. 2004, Jactel 
et  al.  2015).  These substances  include es-
sential  defense  molecules,  such  as  diter-
penes, monoterpenes, and sesquiterpenes, 
which are toxic to numerous invasive spe-
cies  (Mumm & Hilker  2006,  Vázquez-Gon-
zález et al. 2021). In addition, the physical 
and  chemical  characteristics  of  pine  nee-
dles  affect  the  population  dynamics  of 

PPM  (Jactel  et  al.  2015).  Several  studies 
have  shown  that  for  various  species  of 
pine,  such as Austrian pine (Pinus nigra – 
Battisti 1988), Scots pine (Pinus sylvestris – 
Hódar et al. 2004), and Atlas cedar (Cedrus 
atlantica – Sbabdji & Kadik 2011), the new 
foliage  produced  after  defoliation  nega-
tively  affects  larval  performance.  These 
studies suggest that trees respond to defo-
liation  by  producing  foliage  that  hinders 
larval development when they feed on it. 
This can be a factor in the decline of the 
PPM  population,  thereby  protecting  the 
trees against future attacks. In this regard, 
Zamoum (1998) observed a population de-
cline and larval growth retardation in heav-
ily  defoliated Aleppo pine areas one year 
before a decline was noted in lightly defoli-
ated areas. As plant defenses can influence 
and regulate herbivore population dynam-
ics (Kersch-Becker & Thaler 2019), identify-
ing the compounds responsible for this re-
action is important and could contribute to 
enhance  pest  management.  Despite  the 
progress made in this field, many cases re-
main  unknown.  The  study  conducted  by 
Hódar et al. (2015) on pines did not provide 
convincing evidence for the existence of an 
induced defense against PPM in three pine 
species  (Pinus  pinaster,  P.  nigra, and  P. 
sylvestris).  A  similar  issue  arises  with 
Aleppo pine,  as  no previous research has 
specifically  addressed  this  species.  How-
ever,  the response to PPM attacks varies 
between pine species in terms of chemical 
compounds (Faria et al. 2021). In this con-
text, this study aims to enhance our under-
standing of defoliation in Aleppo pine due 
to PPM in an area typically located in the 
semi-arid stage of the Algerian Saharan At-
las Mountains. It focuses on the response 
of  trees  to  PPM  attacks,  particularly  the 
effect  of  post-defoliation  foliage  on  PPM 
larval  performance  and  its  relationship 

with  induced  tree  defense.  The  study  in-
volves  monitoring  the  behavior  of  young 
larvae feeding on foliage from both defoli-
ated and undefoliated trees, along with an 
analysis  of  the  chemical  composition  of 
these foliages.

Materials and methods

Study area
This  study  was  conducted  in  the  Djelfa 

area, situated in the central Saharan Atlas 
Mountains  of  Algeria,  approximately  300 
km south of Algiers (Fig. 1). The climate is 
semi-arid,  with  an average annual  rainfall 
of less than 310 mm. Average temperatures 
range from 26 °C in July to 5.4 °C in January. 
The soil is shallow and calcareous, and the 
vegetation is dominated by steppe forma-
tions,  particularly  Alfa  steppe (Stipa tena-
cissima L.) and Armoise steppe (Artemisia 
herba-alba Asso). However, the tree forma-
tions  in  the  study  area  consist  solely  of 
Aleppo pine, which creates relatively dense 
and even-aged stands. The undergrowth is 
sparse  and  consists  mainly  of  Phoenician 
juniper (Juniperus  phoenicea  L.),  oxycedra 
(Juniperus oxycedra L.),  and alfa (Stipa te-
nacissima L.). It  is  worth mentioning that 
the extensive areas of artificial Aleppo pine 
tree formations are the result of reforesta-
tion efforts undertaken in the 1970s as part 
of the Green Dam project. Both natural and 
artificial  stands  are  homogeneous  and 
dense, with a cover of up to 70%. In the re-
forested stands, the trees have an average 
height of 2 to 4 m and are under heavy at-
tack  by  PPM  (Hezil  et  al.  2018).  Experi-
ments  and  foliage  sampling  were  con-
ducted at two sites (E1 and E2), the first lo-
cated in artificial stands (reforestation) and 
the second in a natural forest (Tab. 1). The 
two sites were chosen for their representa-
tiveness  and  accessibility.  The  two  sites 
were selected to conduct a biological trial 
on the insect.

Methodological approach
The experiments focused on two aspects. 

(i)  Performance  of  young  larvae:  This  in-
volved  examining  the  performance  of 
young larvae in relation to the type of fo-
liage  (from  defoliated  trees  vs. undefoli-
ated  trees);  young  larvae  were  reared  in 
the laboratory and newly hatched colonies 
were  introduced  onto  both  undefoliated 
trees  and  previously  defoliated  trees 
through assisted defoliation. The impact of 
the two types of foliage on the young lar-
vae was assessed by estimating their  sur-
vival  and  growth.  (ii)  Foliage  biochemical 
composition:  The  second  aspect  involved 
comparing the biochemical composition of 
the two types of foliage used to feed the 
larvae.

Sampling and assisted defoliation
In  November  2021,  assisted  defoliation 

was  performed  by  infecting  Aleppo  pine 
trees with third-stage larval nests collected 
from neighboring trees to maintain similar 
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Fig. 1 - The map of study sites.

Tab.  1 –  Characteristics  of  the  study 
sites.

Parameter
Station

E1 E2

Latitude N 34°39′ 04.52″ 34°43′ 28.16″

Longitude E 03°11′ 31.55″ 03°14′ 38.60″

Altitude 1122 m 1245 m

Stand type Reforestation Natural
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stationary  conditions.  A  total  of  48  trees 
were subjected to assisted defoliation,  of 
which 23 trees at site E1 and 25 trees at site 
E2. To achieve a 90% defoliation rate, 3 to 5 
nests  were  used  per  tree,  depending  on 
the crown size (Hódar et al. 2015). Alomg 
with the trees selected for assisted defolia-
tion, 19 additional trees were designated as 
controls, of which 9 trees were located in 
site E1 and 10 in site E2. The control trees 
were chosen for their similarity to the defo-
liated trees in terms of size and social posi-
tion.  They  were  also  chosen  for  the  ab-
sence of any signs of PPM attack.

Laboratory rearing of young larvae L1
The  rearing  of  young  larvae  at  the  L1 

stage is crucial, as the first L1 instar of PPM 
heavily relies on needle food quality (Hódar 
et al. 2015). Larvae were reared in August, 
September,  and  October  2022  at  the  re-
search  station  of  the  Institut  National  de 
Recherche Forestière (INRF) in Djelfa, Alge-
ria,  under  ambient  conditions.  At  the be-
ginning  of  August  2022,  twelve  egg 
batches were randomly collected and incu-
bated in glass tubes in the laboratory. Each 
clutch was transferred to a petri dish upon 
hatching.  Following  hatching,  the  larvae 
were fed foliage collected from trees in E1 
and  E2,  specifically  three  defoliated  and 
three control trees from E1, and three de-
foliated  and  three  control  trees  from  E2. 
The foliage used to feed the larvae was re-
newed daily by carefully replacing the ex-
hausted twigs with freshly harvested ones. 
Covering the base of the twig with cotton 
soaked  in  distilled  water  prevented  the 
needles  from drying out  quickly.  The sur-
vival  rate  was  estimated by  counting the 
larvae that reached the second larval instar 
compared to the initial  number  of  hatch-
lings.

Monitoring of young colonies on trees
Monitoring was conducted by  attaching 

egg  batches  to  pine  trees  after  ensuring 
that no other egg batches were present. In 
September 2022, a total of 195 egg batches 
were placed on 65 trees. This included 31 
trees at site E1 and 34 trees at site E2, with 
three  egg  batches  attached  to  each  tree 
(for  a  similar  procedure,  see  Hódar et  al. 
2015).  The trees  were  monitored  daily  to 
observe the emergence of young colonies 
on  the  crowns.  Once  the  second  larval 
stage  (L2)  was  reached,  two  parameters 
were evaluated: the number of remaining 
pre-nests on the trees, and the estimated 
survival rates of the young colonies. These 
colonies were then transferred to the labo-
ratory to measure the length of the larvae.

Larval length measurements
Larval length was measured in a sample 

of 200 larvae from 40 colonies, with 5 lar-
vae per colony. Each colony was associated 
with a single tree, comprising 20 defoliated 
trees and 20 undefoliated trees. Measure-
ments  were  taken  using  a  graduated  mi-
crometer loupe at 10× magnification. After 

preservation in formalin for 24 hours, the 
larvae  were  spread  on  glass  slides  and 
fixed with transparent glue.

Chemical analysis of the foliage
The chemical  analysis  of  the  foliage  en-

abled us to identify the compounds associ-
ated  with  the  feeding  behavior  observed 
for the larvae. The analysis focused on ter-
penes, total phenols, nitrogen (N), and car-
bon (C).  Terpene analysis  was  performed 
using  GC-MS  (Gas  Chromatography-Mass 
Spectrometry – Mateus et al. 2010, Djerrad 
et al. 2015). Foliage samples were collected 
from  the  previously  identified  trees  (see 
above) in early September 2022, a date cor-
responding to the onset of development of 
PPM L1 larvae (Zamoum 1998). The needle 
twigs  taken  from  different  parts  of  the 
crown were carefully wrapped in aluminum 
foil, placed in sealed bags, and transported 
to the laboratory in ice coolers. The essen-
tial oils (EOs) were extracted using the hy-
drodistillation method (Djerrad et al. 2015). 
The GC-MS analysis of the essential oils was 
performed using the method described by 
Laoudi et al. (2023). For total phenols, Ni-
trogen,  and  Carbon,  samples  were  taken 
from  the  same  trees  in  October.  These 
samples  were  then  cleaned,  dried,  and 
ground to a fine powder. After preparation 
of  the  aqueous  extract,  total  phenolics 
were determined according to the method 
of Singleton et al. (1999). Nitrogen analysis 
was performed using the Kjeldahl method, 
while  the  total  weight  of  carbon  in  the 
plant material  was estimated by multiply-
ing the weight of the incinerated plant ma-
terial by 0.72.

Statistical analysis
The survival rate of L1 larvae reared in lab-

oratory  and larval  length were compared 
using Student’s t-test. A two-factor ANOVA 
was employed to analyze the survival rate 
of L1 larvae and ascertain any differences in 
the length of larvae from colonies on defo-
liated and undefoliated trees in E1 and E2. 
Regarding  foliage,  a  principal  component 
analysis  (PCA)  was  performed on all  vari-
ables obtained from the chemical analysis, 
including 50 identified compounds, mono-
terpenes, sesquiterpenes, diterpenes, total 
phenols, Nitrogen (N), Carbon (C), and the 
C/N  ratio.  All  identified  compounds  were 
included in  the  PCA  analysis,  as  terpenes 
may  occur  in  tree  defense  in  significant 
amounts or as minor compounds (Whitehill 
et  al.  2023).  Additionally,  a  t-test  was ap-
plied to variables that exhibited the strong-
est correlation with the PC1 axis. The data 
were  tested  for  normality  and  homosce-
dasticity.  All  statistical  tests  and  graphs 
were performed using R software.

Results

Larval survival in laboratory rearing
The survival rate of L1 larvae reared in the 

lab and fed on foliage taken from undefoli-
ated trees was twice as high as that of lar-
vae fed on new foliage taken from defoli-
ated trees. The average survival rates were 
58.2 ± 15.4% and 28.96 ± 6.77%, respectively 
(Fig.  2),  corresponding  to  a  reduction  of 
29.24%,  which  was  statistically  significant 
(t-test,  t =  -4.2577,  df  =  6.865,  p-value  = 
0.003). Moreover, two-factor ANOVA anal-
ysis revealed that the survival rate of L1 lar-
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Tab. 2 - Results of a two-factor ANOVA examining the survival rate of larvae L1 fed on 
foliage taken from undefoliated and defoliated trees of sites E1 and E2.

Factor df SS MS F value Pr(<F)

Site 1 0.00028 0.00028 0.016 0.90

Foliage 1 0.25 0.256 14.88 0.005**

Site × Foliage 1 0.00331 0.0033 0.192 0.672

Residuals 8 0.138 0.017 - -

Fig. 2 – Mean (± SE) 
survival (%) of larvae L1 
by foliage taken from 
defoliated and undefo-
liated trees from 
experimental sites E1 
and E2.
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vae was dependent on the type of foliage, 
rather  than  on  the  harvest  site  (Tab.  2). 
This indicates that the foliage of undefoli-

ated  trees  provides  superior  nutritional 
value for L1 larvae survival compared to the 
foliage of defoliated trees.

Survival of young colonies on trees
Monitoring  colonies  on  trees  provided 

critical data for understanding larval devel-
opment following a year of heavy defolia-
tion,  thus  facilitating the development  of 
new control and prevention methods. We 
found that colony survival rates were sig-
nificantly higher on undefoliated trees (48% 
for site E1 and 44.4% for site E2) compared 
to defoliated trees (21.79% for E1 and 15.9% 
for  E2).  The  survival  rate  of  colonies  is 
more than twice as  high on undefoliated 
trees than on defoliated trees,  regardless 
the collecting site (Fig. 3).

Length of larvae from colonies on trees
We measured the average length of the 

larvae from colonies on trees (Fig. 4). The 
results of the two-factor ANOVA (Tab. 3) in-

dicate that the tree category (defoliated or 
undefoliated)  had a  significant  impact  on 
larval length. Meanwhile, the site (E1 or E2) 
does not significantly influence the length 
of larvae. On undefoliated trees, the aver-
age larval  length was 5.96 ± 1.22 mm for 
site E1 and 6.14 ± 1.48 mm for site E2.  In 
contrast, on defoliated trees, the average 
length of larvae was 5.20 ± 0.75 mm for E1 
and 5.41 ± 1.22 mm for E2,  i.e., an average 
reduction in growth of 0.76 mm in E1 (t = 
-3.5555, df = 65.811, p-value = 0.0007) and 
0.73 mm in E2 (t = -2.6724, df = 97.519, p-
value = 0.009).

Chemical composition of foliage
The GC-MS chemical analysis allowed the 

determination of the chemical composition 
of the essential oils (EOs), which led to the 
identification of 50 distinct chemical com-
pounds.  The  sum  of  their  concentrations 
corresponds to an average of 98.03 ± 1.33% 
(± SD) of the EOs, indicating a very high de-
gree of precision in the identification of the 
EOs  volatile  compounds.  The  most  abun-
dant compounds were trans-caryophyllene 
(22.13 ± 7.20%), phenethyl isovalerate (18.52 
± 4.02%), α-pinene (8.06 ± 4.13%), β-myrcene 
(5.60  ±  1.37%),  α-humulene  (5.17  ±  1.46%). 
Nevertheless,  the  presence  of  bornyl  ac-
etate (0.25 ± 0.14%) only in the foliage sam-
ples from defoliated trees should be men-
tioned.

Principal component analysis (PCA) effec-
tively distinguished between the two cate-
gories of foliage collected from the defoli-
ated and undefoliated trees, while sites E1 
and E2 showed no significant influence (no 
distinction). The first axis (PC1) accounted 
for 33.90% of the total variance (Fig. 5) and 
the second axis (PC2) for 20.10%, overall ac-
counting for  54.01% of  the total  variance. 
The  two  foliage  categories  were  signifi-
cantly separated along the first axis  (R2 = 
0.49, p-value= 0.01).

PC1 was found to be associated with 28 
variables, with the most significant correla-
tions  observed  for  methyl  dehydroabi-
etate,  α-humulene,  trans-caryophyllene, 
dehydroabietal,  and  sesquiterpenes  (Tab.
4).  The terpenes that  exhibited the most 
positive correlation with PC1 were methyl 
dehydroabietate,  dehydroabietal,  and  p-
cymene.

The t-test showed a significant difference 
between defoliated and undefoliated tree 
foliage  for  the  following  compounds:  p-
cymene  (t =  3.365,  df  =  9.991,  p-value  = 
0.007),  α-humulene (t = -3.279, df = 7.854, 
p-value = 0.01), and trans-caryophyllene (t 
= -3.85, df = 9.989, p-value = 0.003). Methyl 
dehydroabietate  and  dehydroabietal 
showed no significant difference between 
the two types of foliage.

The p-cymene concentration was 0.60 ± 
0.13%  in  the  foliage  of  defoliated  trees, 
while  it  was  0.34  ±  0.13%  in  undefoliated 
trees.  Conversely,  the  concentrations  of 
trans-caryophyllene and  α-humulene were 
higher in the foliage of undefoliated trees, 
with  values  of  27.46  ±  4.72%  and  6.18  ± 
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Tab. 3 - Results of a two-factor ANOVA examining the length of the larvae. The factors 
included are the category of tree (defoliated or undefoliated) and the site (E1 or E2).

Factor df SS MS F value Pr(<F)

Site 1 3.93 3.934 2.74 0.10

Tree category 1 27.14 27.135 18.90 <0.001***

Site × Tree category 1 0.01 0.008 0.006 0.94

Residuals 195 279.98 1.436 - -

Tab.  4 -  Variables  most  strongly  corre-
lated with PC1.

Variables
Correlation
with PC1

Methyl dehydroabietate 0.94

Dehydroabietal 0.85

p-cymene 0.79

(3E)-Cembrene A 0.77

Cembrene 0.77

α-Ylangene -0.81

Germacrene D -0.84

sesquiterpenes -0.84

Trans-caryophyllene -0.93

α-Humulene -0.94

Fig. 3 - Colonies sur-
vival (%) by tree cat-
egory in the experi-
mental sites E1 and 

E2.

Fig. 4 – Mean (± SE) 
length of larvae by 

tree category in the 
experimental sites 

E1 and E2.
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0.74%, respectively, in comparison to defo-
liated  trees,  which  had  values  of  16.80  ± 
4.87% and 4.16 ± 1.32%.

The  concentration  of  nitrogen  (dry 
weight) was higher in the foliage of defoli-
ated trees (1.13 ± 0.004%), while in undefoli-
ated trees it was 1.12 ± 0.004% (t = 2.503, df 
=  9.9827,  p-value  =  0.03).  On  the  other 
hand,  sesquiterpene  concentration  was 
higher in the foliage of undefoliated trees, 
with  a  value  of  59.39  ±  6.59%,  while  its 
value in defoliated trees was 46.96 ± 5.16%; 
these  differences  was  significant  (t = 
-3.6332, df = 9.453, p-value = 0.005). For to-
tal phenols, monoterpenes, diterpenes, C, 
and C/N ratio, the difference in concentra-
tions between the two types of foliage was 
not significant.

Discussion
This  study was conducted to  determine 

the effect of defoliation of Aleppo pine (Pi-
nus  halepensis)  by  the pine processionary 
moth (PPM) on the performance of young 
PPM larvae.  The methodology was based 
on the behavior of larvae feeding on new 
foliage that develops on trees after severe 
or total defoliation, and compared to those 
feeding  on  foliage  of  undefoliated  trees. 
This study was prompted by previous ob-
servations indicating that years of heavy at-
tack are usually followed by periods with-
out attack, as well as by reference to previ-
ous work addressing similar issues in other 
pine species. The two types of foliage were 
also  studied  to  determine  their  chemical 
composition and to assess any differences 
between them.

Larval survival
The results indicate that the new foliage 

appearing  after  defoliation  negatively  im-
pacts  the  performance  of  PPM  L1.  High 
mortality was observed among larvae fed 
with  foliage  from  defoliated  trees  in  the 
laboratory, indicating that the new needles 
growing after  defoliation are unfavorable 
for larval development. Modifications in fo-
liar  nutrients or other traits that enhance 
the  response  to  defoliating  insects  could 
represent  a  form  of  induced  resistance 
(Clancy 2002). A very similar finding was re-
vealed  for  colonies  attached to  trees.  In-
deed, both for E1 reforestation and E2 nat-
ural  forest  sites,  the  survival  rate  among 
PPM colonies was higher on undefoliated 
trees than on defoliated trees. This finding 
supports the hypothesis that a direct rela-
tionship exists  between the prior  defolia-
tion of Aleppo pine and the survival of PPM 
larvae  (Zamoum  &  Démolin  2004).  This 
study  demonstrates  that  the  type  of  fo-
liage used to feed L1 larvae has a significant 
impact  on  their  survival  rate.  This  is  also 
consistent  with  findings  from  previous 
studies  on  other  pine  species  (Battisti 
1988,  Hódar  et  al.  2004)  and  Atlas  cedar 
(Sbabdji & Kadik 2011).

Larval length
Larvae were significantly longer on unde-

foliated trees  than  on  defoliated  trees,  a 
trend  observed  at  both  study  sites.  This 
highlights  the  importance  of  mature  fo-
liage for optimal larval development. Simi-
larly,  Zamoum (1998) noted a retardation 
in larval growth in heavily defoliated areas 
compared to lightly defoliated or undefoli-
ated areas. Evidence exists on the impact 
of  herbivore-induced  plant  responses  on 
the performance and development of indi-
vidual  insect  herbivores  (Kersch-Becker  & 
Thaler  2019).  Moreover,  it  has  been  de-
monstrated  that  defense  chemicals,  such 
as  terpenes,  can  have  toxic  or  inhibitory 
effects on several insect species (Whitehill 
et al. 2023).

GC-MS analysis
The GC-MS chemical  analysis enabled us 

to determine the chemical composition of 
the essential oils (EOs), identifying 50 dif-
ferent compounds. The chemical composi-
tion of foliage was very similar to that re-
ported in studies carried out in the same 
area (Djerrad et al. 2015, Haichour 2023). A 
total  of  19  monoterpenes,  15  sesquiter-
penes, and 13 diterpenes were identified.

Monoterpenes and diterpenes
The presence of monoterpenes and high 

levels of diterpene resins in pine trees has 
a detrimental effect on defoliating insects 
(Mumm & Hilker 2006). Our results reveal 
the  presence  of  bornyl  acetate  (a  mono-
terpene)  only  in  the new foliage  that  re-
sprouted after defoliation. Foti et al. (2020) 
asserted  that  the  induction  of  this  com-
pound constituted the most significant re-
sponse to PPM attack in Calabrian pine (Pi-
nus nigra subsp. laricio [Poiret] Maire). Fur-
thermore, Cates et al. (1987) demonstrated 
that  bornyl  acetate  exerts  a  growth-in-
hibitory  effect  and affects  the  survival  of 
the larvae of Choristoneura occidentalis, in-
dicating that it may act as a toxin or a feed-

ing inhibitor. Moreover, bornyl acetate has 
been shown to possess insecticidal activity 
against  a  wide  range  of  insect  species 
(Feng et al. 2019, 2020, Song et al. 2022).

P-cymene is  also a  monoterpene that  is 
positively correlated with defoliation,  and 
its  concentration  is  higher  in  defoliated 
tree  foliage.  P-cymene  has  demonstrated 
larvicidal  activity  against  Musca domestica 
(Diptera:  Muscidae  – Gharib  et  al.  2024). 
Additionally, p-cymene is a significant con-
stituent of the essential oils (EOs) derived 
from  the  leaves  and  inflorescences  of 
Chenopodium ambrosioides (L.), which has 
demonstrated  toxicity  against  Tribolium 
confusum (Kasrati et al. 2024).

The two compounds most positively cor-
related  with  defoliation  are  methyl  dehy-
droabietate and dehydroabietal, which are 
diterpenes.  Suárez-Vidal  et  al.  (2019) also 
found the induction of diterpenes in Alep-
po pine as a response to attack by the pine 
weevil  Hylobius  abietis,  including  abietic 
and  dehydroabietic  acids.  According  to 
Hao et al.  (2022), dehydroabietic acid and 
its derivatives possess a strong insecticidal 
activity.  Hwang et al.  (2022) reported the 
presence of two compounds, methyl dehy-
droabietate  and  dehydroabietal,  in  the 
resin of Pinus rigida, a species known for its 
resistance to pinewood nematodes (PWN). 
In  comparison,  Pinus  densiflora  and  Pinus 
koraiensis  are considered to be less  resis-
tant to these pests. The authors noted that 
these  compounds  has  a  direct  impact  on 
the mobility and mortality of PWN.

Sesquiterpenes
Trans-caryophyllene (also known as  β-ca-

ryophyllene) and  α-humulene (also known 
as  α-caryophyllene)  are  sesquiterpenes 
negatively correlated with defoliation. The 
high  concentration  of  these  two  com-
pounds in undefoliated foliage, compared 
to newly developing foliage after  defolia-
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Fig. 5 – Principal 
component analy-
sis (including all 50 
chemical com-
pounds from GC-
MS analysis) of the 
foliage from defoli-
ated and undefoli-
ated trees.
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tion, is particularly revealing. This observa-
tion is consistent with findings reported by 
Achotegui-Castells  et  al.  (2013) in  Scots 
pine (Pinus sylvestris), who suggested that 
the  decrease  in  sesquiterpene  concentra-
tion  in  the  foliage  following  defoliation 
may result from a compensatory response 
among different terpenes in the tree after 
the attack.  This  assumption is  supported, 
among  other  findings,  by  Hwang  et  al. 
(2022), which indicates that sesquiterpene 
levels are lower in the resin of Pinus rigida 
Mill.,  a  species  that  is  more  resistant  to 
PWN.

Nitrogen, Carbon, C/N, and total phenol
The  production  of  low-nutritive-quality 

foliage after defoliation may serve as a de-
fense strategy, as new plant tissues do not 
sufficiently  meet  the  nutritional  require-
ments of defoliators (Clancy 2002). In the 
present study, the nitrogen (N) rate is  of 
particular  significance  with  regard  to  the 
new foliage. On the other hand, no signifi-
cant differences were observed in the car-
bon  content  and  C/N  ratios  between the 
two  types  of  foliage.  The  observed  in-
crease in larval mortality in the foliage after 
defoliation suggests that the nutritive qual-
ity did not affect the survival of PPM L1 lar-
vae. It is also noteworthy that the nitrogen 
concentration in the new foliage increased 
after defoliation, as previously observed by 
Hódar et al. (2004, 2015). In response to de-
foliation,  trees  often  undergo  compen-
satory growth, which entails boosting pho-
tosynthesis  and  increasing  leaf  nitrogen 
(Clancy 2002, Hódar et al. 2015). This result 
contradicts the CNB hypothesis, which sug-
gests  that  abundant  nutrients,  like  nitro-
gen, enhance plant growth while reducing 
chemical defenses. In contrast, it supports 
the  GDB  hypothesis,  which  proposes  a 
trade-off between growth and the produc-
tion of defense compounds (Stamp 2003, 
Vázquez-González et al. 2021).

The total phenol content showed no sig-
nificant differences between the two types 
of foliage. In response to PPM defoliation, 
the increase in phenol content, which acts 
as a defense mechanism, was not consis-
tently observed in several cases (Hódar et 
al. 2004, 2015).

Terpenes associated with induced 
defense against PPM

Unlike the findings of  Hódar et al. (2015) 
regarding Pinus pinaster, P. nigra and P. syl-
vestris,  the  principal  component  analysis 
(PCA) of the chemical compounds enabled 
us  to  clearly  distinguish  the  foliage  from 
defoliated and undefoliated trees. This dif-
ferentiation may be due to the induced de-
fense  mechanisms  against  PPM  in  the 
Aleppo  pine.  Notably,  chemical  defenses 
against  herbivores  in  Mediterranean  pine 
species exhibit considerable diversity, even 
within  populations  (Vázquez-González  et 
al. 2021)

Several studies have investigated the re-
lationship between terpenes and PPM de-

foliation. However, research on these ter-
penes and their contributions to defensive 
mechanisms against defoliators is still in its 
early stage (Faria et al. 2021). Furthermore, 
our  study presents  the initial  observation 
of four terpenes that may play a role in the 
defense  response  of  Aleppo  Pine  against 
one of its main herbivores. The compounds 
identified in this study, including bornyl ac-
etate,  p-cymene,  methyl  dehydroabietate, 
and  dehydroabietal,  may  represent  a  po-
tential starting point for the development 
of a bio-insecticide against PPM. Essential 
oils  and  their  components,  such  as  ter-
penes, can be synthesized and formulated 
into  stable  bioinsecticides  for  use  in  tar-
geted pest management strategies (Pavela 
&  Benelli  2016).  These  formulations  offer 
an  environmental  friendly  alternative  to 
synthetic  chemicals,  thereby  reducing  re-
liance on conventional insecticides (Pavela 
&  Benelli  2016,  Mossa  2016).  However, 
these findings are still  preliminary and re-
quire further validation. Additional studies 
utilizing a greater number of samples are 
necessary  to  substantiate  these  findings. 
Moreover,  further investigation is  needed 
to  assess  the  effectiveness  of  these  ter-
penes against the PPM.

Conclusion
The results of this study indicate the exis-

tence  of  an  induced  defense  mechanism 
against  PPM in Aleppo pine.  Our findings 
suggest that severe defoliation in this pine 
species  could  be  one of  the  factors  con-
tributing to the reduction of the PPM pop-
ulation. The tree seems to react by produc-
ing  foliage  containing  specific  terpenes 
with insecticidal  properties that are detri-
mental to the larvae, thus preventing a sec-
ond consecutive severe attack. This result 
must  also  be  considered  in  the  manage-
ment of insect populations. It is important 
to note that the present study focused on 
a  single  population  of  Aleppo  pine,  thus 
not including possible additional  variation 
from different provenances.  Furthermore, 
due  to  the  ongoing  effects  of  climate 
change,  additional  research  is  needed  to 
better understand how this impact affects 
trees'  susceptibility  to  defoliation,  as  it 
could positively influence the population of 
PPM (Battisti & Larsson 2023). Moreover, it 
is possible that climate change could also 
impact the defensive mechanisms of trees 
(Jactel et al. 2019).
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