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Abstract 

Background  Introduction of non-native insect species and extreme wildfire events threaten terrestrial ecosystems 
and their services worldwide. However, the effect of invasive sap-feeding insect species outbreaks on fire severity 
is poorly understood, particularly regarding their effects on fire behavior and the probability of crown fire ignition. 
We set up two experimental designs to investigate how the alien tortoise scale Toumeyella parvicornis influenced 
fire behavior dynamics and canopy surface reflectance in Mediterranean Pinus pinea stands that were severely burnt 
in the summer of 2017. We combined Rothermel’s model for fire surface spread and Van Wagner’s crown ignition 
model to simulate fire behavior and employed data from the Landsat 8 collection to detect canopy wilt symptoms 
related to the multivoltine T. parvicornis abundance.

Results  Simulating fire behavior in single-story P. pinea thinned and unthinned stands indicated that all the predicted 
fires were surface fires. Uncertainty analysis of the canopy fuel attribute model inputs revealed that fires in thinned 
stands were entirely classified as surface fires. In contrast, only 62.7% were surface fires in unthinned stands, whereas 
37.3% were categorized as conditional fire types. Among the Landsat reflectance bands, only the NIR, green, and SWIR 
2 were sensitive to the abundance of T. parvicornis. Based on these sensitive bands, two-band NIR-multiplied veg-
etation indices were significantly associated with the abundance of T. parvicornis from the fall generation onward 
when sooty mold consistently covered the canopy needles.

Conclusion  The divergence between observed and predicted fires in pine stands highlights the need to investigate 
the processes and variables linked to T. parvicornis feeding activity on P. pinea trees to enhance fire behavior predic-
tion. Therefore, understanding how insect outbreaks can modify fire behavior in pine stands is crucial for effective 
management at the local and landscape levels. Identifying the vegetation index based on sensitive bands represents 
an essential step toward the early recognition of insect outbreaks on a large spatial scale.

Keywords  Canopy fuels, Crown fires, Extreme wildfires, Fire behavior, Fire modeling, Forest structure, Insect outbreak, 
Sap-feeding insect, Pinus pinea, Toumeyella parvicornis

Resumen 

Antecedentes  La introducción de especies de insectos no nativos y los eventos de incendios de comportamiento 
extremo amenazan los ecosistemas terrestres en todo el mundo. Sin embargo, los efectos del estallido de insectos 
chupadores de savia no nativos, sobre la severidad de los incendios es poco entendido, particularmente en relación 
a sus efectos en el comportamiento del fuego y en la probabilidad de ignición de las coronas. Establecimos dos 
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diseños experimentales para investigar cómo la especie exótica “escama de tortuga del pino” (Toumeyella parvicornis) 
influencia la dinámica del comportamiento del fuego y la reflectancia en la superficie del dosel en rodales de pino 
Mediterráneo (Pinus pinea) que fueron severamente quemados en el verano de 2017. Combinamos el modelo de 
propagación de fuegos superficiales de Rothermel y el modelo de ignición de coronas de Van Wagner, para simular 
el comportamiento del fuego y empleamos colecciones de datos del Landsat 8 para detectar síntomas de marchitez 
relacionados con la abundancia de la especie multianual T. parvicornis.

Resultados  La simulación del comportamiento del fuego en rodales coetáneos de Pinus pinea raleados y no ralea-
dos indicaron que todos los fuegos pronosticados fueron superficiales. Los análisis de incertidumbre de los modelos 
conteniendo los ingresos de datos de diferentes atributos revelaron que los fuegos en rodales raleados fueron todos 
clasificados como fuegos superficiales. En contraste, solo el 62,7% de los fuegos fueron superficiales en rodales 
no raleados, mientras que el 37,3% fueron categorizados como tipos de fuegos condicionales. Dentro de las bandas 
de reflectancia del Landsat, solo el NIR, green, y SWIR 2 fueron sensibles a la abundancia de T parvicornis. Basados en 
esas bandas sensibles, dos índices de bandas NIR- y vegetación múltiple fueron asociados significativamente con la 
abundancia de T. parvicornis desde la generación nacida en el otoño en adelante, cuando la fumagina cubrió consist-
entemente las acículas del dosel.

Conclusiones  La divergencia entre fuegos observados y pronosticados en rodales de pino subraya la necesidad de 
investigar los procesos y variables ligados con la actividad de alimentación de T. parvicornis sobre árboles de Pinus 
pinea para aumentar la predicción sobre el comportamiento del fuego. Por lo tanto, el entender cómo el estallido de 
insectos puede modificar el comportamiento del fuego en rodales de pino, es crucial para el manejo efectivo a nive-
les locales y de paisaje. Identificar el índice de vegetación basado en bandas sensibles representa un escalón esencial 
hacia el reconocimiento temprano del estallido de insectos a grandes escalas espaciales.

Background
Wildfires and insects are interacting components of for-
ests worldwide, shaping these ecosystems at the local and 
landscape scales (Turner 2010; Chuvieco et al. 2021; Pau-
sas and Keeley 2021). Although natural fires, independ-
ent of humans, shape forest species’ composition and 
stand structure, affecting their functioning and resource 
availability (Bowman et  al. 2020), human activities have 
profoundly shaped current fire disturbance regimes 
worldwide (Kelly et  al. 2023). Consequently, the fre-
quency of large and extreme wildfires in both non-fire 
and fire-prone ecosystems has increased significantly 
(Tedim et al. 2018; Cunningham et. al 2024), exacerbating 
their socioeconomic impact (Wang et al. 2018). Simulta-
neously, the current global market practices have con-
tributed to introducing non-native and invasive insect 
species and their uncontrolled spread (Roques et  al. 
2020; Canelles et  al. 2021; Garonna et  al. 2018). Given 
the impacts of climate change, the frequency of extreme 
wildfires and the spread of invasive insects are expected 
to increase in the European Mediterranean region, along 
with their ecological and socioeconomic impacts (Gali-
zia et al. 2021; Forzieri et  al. 2023). Depending on their 
interactions, fire-invasive insect outbreaks can amplify 
the extent and severity of fires (Kane et al. 2017), thereby 
deteriorating ecosystem services (Cervelli et  al. 2022; 
Silvestro et  al. 2021; Misseyanni et  al. 2025). Although 
insects represent a large part of the alien fauna and are 
among the taxa with the highest rate of introduction 

worldwide (Pyšek et  al. 2010; Kenis et  al. 2009), in the 
Mediterranean area, they have received less attention 
regarding their interaction with wildfire disturbances and 
their effects on fire behavior and severity.

In contrast, the interactions between native insects and 
fires in North American coniferous forests have been 
extensively studied, with contrasting results often attrib-
uted to variations in the spatiotemporal scale of the anal-
ysis (Meigs et  al. 2015 and references therein). Insects 
acting as the main drivers of wildfire interactions are 
xylem, phloem, and foliage feeders (Canelles et al. 2021). 
Insect feeding strategies modify the stand structure of 
forests and biophysical properties of fuels, determine 
tree mortality, unbalance the ratio between live and dead 
aboveground fuel components, and modify the dead fuel 
accumulation rate, horizontal and vertical connectivity of 
fuels, and flammability of canopy leaves by reducing the 
moisture content (Rego et  al. 2021a). Such fuel altera-
tions amplify the fire susceptibility of forest vegetation 
and, subsequently, the behavior and severity of fires (Jolly 
et al. 2012; Kane et al. 2017). However, to our knowledge, 
little is known about the interaction between wildfire dis-
turbances and sap-feeding insect outbreaks in P. pinea 
forest ecosystems of the Mediterranean basin, particu-
larly regarding their effects on fire behavior and the prob-
ability of crown fires.

Toumeyella parvicornis is a soft-scale insect native 
to the Nearctic region that develops on specific Pinus 
species. In its native range, the primary pine tree host 
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species are P. banksiana and P. sylvestris (Clarke 2013). 
Outside its native range, it was observed on P. carib-
aea in the Turks and Caicos Islands, while in Southern 
Mediterranean Europe, large populations of these soft-
scale insects developed on P. pinea rather than on other 
Pinus species (Garonna et al. 2018). Climatic conditions 
determine the number of generations that T. parvicornis 
completes each year. While toward the northern limit of 
its native range in the USA and Canada, T. parvicornis 
is univoltine with one complete generation per year 
(Cooper and Cranshaw 2004), outside its native range it 
becomes multivoltine completing at least three genera-
tions, partially overlapping, on P. pinea trees in South-
ern Mediterranean Europe (Garonna et  al. 2018). The 
tortoise pine scale has received significantly less atten-
tion regarding their impacts on ecosystem patterns and 
processes than other insects, such as bark beetles (e.g., 
Dendroctonus spp. and Ips spp.). Even less research has 
focused on its interactions with wildfires and fire behav-
ior. T. parvicornis feeds on the phloem sap of its host 
tree species, extracting nutrients from the diluted plant 
sap, while filtering excess water and sugars and discard-
ing honeydew (Douglas 2009; Garonna et  al. 2018). On 
P. pinea, large populations of T. parvicornis nymphs and 
adult females feed on the needles and current-year twigs, 
leading to crown yellowing, premature needle loss, and 
dieback of branches (known as flagging). The large quan-
tities of excreted insect honeydew cover the host plants 
(including twigs, branches, and stem bark) and drip over 
all surfaces below the infested trees, such as litter and 
understory crowns when present. Although there is well-
established knowledge that insect attack (e.g., bark bee-
tles) leads to the accumulation of dead fuels, and then an 
increase in wildfire susceptibility, to our knowledge, no 
evidence of fuel modification by sap-feeding soft-scale 
insect outbreaks has been reported as the main driver of 
fire-insect interaction.

Over the last decade, wildfire events have blazed forest 
ecosystems at unprecedented rates of spread, intensity, 
and extension (Pais et  al. 2023). Although fire regimes 
have historically been depicted in Eurasia (Pausas 2022), 
recent global events are emerging as novel extreme wild-
fires associated with a higher frequency than expected 
(Duane et al. 2021), posing serious risks to human health 
and property (Knorr et al. 2016; Xu et al. 2020). In 2017, 
extreme wildfires spread worldwide, causing extensive 
and severe fires in natural and artificial forests (UNEP 
2022). In southern Italy, the high-severity wildfires expe-
rienced in 2017 in Mediterranean stone pine (Pinus 
pinea L.) forests have been only hypothetically linked 
to the non-native invasive pine tortoise scale (Toumey-
ella parvicornis Cockerell; hereinafter TP) insect species 
(Saulino et al. 2020). In Southern Italy, T. parvicornis was 

documented for the first time in 2014 in isolated P. pinea 
urban trees (Garonna et al. 2015); since 2015, it has rap-
idly spread in stone pine forest stands outside the urban 
environment (Garonna et  al. 2018; Nicoletti et  al. 2024; 
Niccoli et  al. 2024). To our knowledge, besides the link 
with wildfires suggested by Saulino et al. (2020), invasive-
scale insect species (Hemiptera: Coccidae) have never 
been related to wildfires inside or outside the native 
range of conifer forest species; this suggests that research 
studies are needed to fill this gap, fully understand fire-
invasive insect-scale interactions, and incorporate them 
into fire behavior simulation modeling.

However, from a fire behavior perspective, the near-
ground accumulation of flammable and volatile gases 
(e.g., biogenic volatile organic compounds; pyrolysis 
volatile products) produced during wildfire propagation, 
combined with complex topography (e.g., thalwegs and 
canyons) and weak wind conditions, has been associated 
with blowup or eruptive fire types (Viegas and Simeoni 
2011). This unpredictable and hazardous eruptive fire 
behavior can arise when a cloud of volatile gases from 
incomplete combustion or heated vegetation fuels accu-
mulates near the ground, where the gas concentration 
can reach the lower flammability limit (Chetehouna et al. 
2014). Under these conditions, eruptive behavior deter-
mines a sudden and rapid acceleration of the surface rate 
of spread in the flaming front, with high-energy release 
and heat convection development, which has often been 
reported as the leading cause of most firefighter losses 
(Barboni et  al. 2011). Although eruptive behavior has 
been frequently described as a fast and unexpected tran-
sition from a low-intensity surface fire to a canopy fire 
(Butler et al. 1998), it may also occur in a single layer of 
fuel (Viegas and Simeoni 2011). Nevertheless, insufficient 
knowledge about eruptive fire behavior hinders mod-
eling or replicating it at the field scale (Rego et al. 2021b). 
Therefore, further research is warranted to identify the 
variables and factors involved in the eruptive behavior of 
forest fires and their potential interactions with insect-
feeding activity.

Although insect outbreaks are traditionally monitored 
using field surveys, promptly monitoring large areas is 
not feasible with current high outbreak levels. Satel-
lite remote sensing has long been used for insect spread 
assessment and monitoring (Tuominen et al. 2009) and is 
a key tool for detecting large-scale spatial distributions. 
Nevertheless, insect detection is challenging due to the 
infestation cycle’s complexity, the cryptic behavior of 
several species (Rhodes et  al. 2022), and intricate com-
munity and plant–insect relationships (Pincebourde et al. 
2017). In this regard, a saprobe fungal group called sooty 
mold, which creates a black superficial encrustation of 
dense and dark hyphae on the host tree and all surfaces 
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below (Chomnunti et  al. 2014), has been recorded on 
honeydew excreted by TP populations since the end of 
2016 (Garonna et al. 2018). These sooty mold fungi have 
frequently been linked to changes in canopy tree reflec-
tance signals in evergreen broad-leaved (Fletcher 2005; 
Gausman and Hart 1974) and evergreen conifer trees 
infested with scale insects (Olsson et  al. 2012). Finding 
reflectance bands where only TP abundance and related 
infestation effects act as the dominant factors influenc-
ing the variation in canopy spectral reflectance would be 
helpful for practical and early detection.

Furthermore, because canopy trees show no significant 
and visible changes in the first stages despite the trees 
being already infested, understanding which infestation 
stages can be detected promptly helps to plan manage-
ment activities to control and mitigate large-scale insect 
outbreaks. Aiming to understand the mechanisms of 
two chronologically independent events—the wildfires 
that occurred in 2017 in a Mediterranean P. pinea for-
est, which severely burned over 60% of its total surface 
(973 ha), and the pre-fire invasion of the alien insect pest 
TP started in 2015—we studied, at local scale, (i) how TP 
outbreaks could have mechanistically affected fire behav-
ior, and (ii) whether the satellite surface reflectance bands 
are the most sensitive to highlight TP decline symptoms. 
Therefore, we first quantified fire behavior by employing 
Rothermel’s surface fire model (Rothermel 1991; 1972) in 
combination with Van Wagner’s crown ignition model 
in two different P. pinea stand types with different man-
agement regimes (thinned and unthinned) (Van Wagner 
1993; 1977). For fire behavior simulation, the boundary 
conditions (topography and fire weather) and pre-fire 
fuel conditions were referred to as stands affected by the 
high fire severity previously detected by field surveys and 
satellite images (Saulino et  al. 2020). We hypothesized 
that the TP outbreak affected fire behavior, creating con-
ditions for fire transition to the canopy layer by rearrang-
ing crown photosynthates, namely honeydew, along the 
vertical profile down to the forest floor, in both thinned 
and unthinned P. pinea stand types. Second, we related 
the Landsat L08 OLI/TIRS surface reflectance bands 
with the pre-fire monitored TP female abundance in pine 
stands blazed by wildfires. We hypothesized that satel-
lite-based vegetation indices would allow us to detect TP 
infestation only when sooty mold colonizes black needles 
and branches covered by honeydew.

Methods
Study site and wildfire event
Various land uses characterize the Vesuvian landscape, 
including volcanic geosites, forests, farmlands, and high-
density urban settlements surrounding the volcanic pedi-
ment (Fig. 1). In the summer of 2017, multiple wildfires 

burned 88% of the Vesuvius National Park’s total forest 
surface. Wildfires burned approximately 600  ha of P. 
pinea forests with high severity, completely consuming 
soil organic horizons and surface vegetation, leading to 
complete overstory pine mortality (Saulino et al. 2020).

Experimental and sampling design
Two experimental designs were set up to investigate (i) 
the sensitivity of pre-fire surface reflectance bands to TP 
decline symptoms and (ii) TP outbreak effects on fire 
behavior in Mediterranean P. pinea forests (Fig. 2).

From the beginning of May 2016 to the end of March 
2017, that is, before the wildfire events, field sampling 
was performed in P. pinea stands to monitor the TP 
abundance in six infested plots of Vesuvius National Park 
and one in a non-infested (control plot) coastal Paestum 
site (Fig. 1). In each of the six infested plots, the pre-fire 
TP abundance was visually assessed by field sampling in 
May, July, October 2016, and March 2017 on 10-cm-long 
terminal shoots. Surface reflectance bands were acquired 
from the Landsat LC08 OLI/TIRS remote sensing image 
collection available in Google Earth Engine (GEE), in the 
months of TP female abundance sampling.

In September and October 2018, 1  year after the 
wildfire occurrence, a post-fire sampling approach was 
applied to measure stand structural attributes in six 
20 m-radius circular sampling plots: three in the thinned 
and three in the unthinned P. pinea stands infested with 
TP and severely burned in the summer of 2017. In par-
allel, biophysical properties of the surface and canopy 
fuels were assessed in two unburned plots representative 
of thinned and unthinned stands, located approximately 
500 m from severely burned plots.

As this was an unplanned experiment, this sampling 
design for fire behavior modeling was intended to build 
a pre-fire stand structure and surface and canopy fuels 
in both thinned and unthinned stand types. Then, to 
simulate fire behavior, the measured values from three 
thinned and three unthinned plots were averaged to rec-
reate the two representative stands, one thinned and one 
unthinned.

Satellite detection of TP decline symptoms
Toumeyella parvicornis abundance assessment
The abundance of T. parvicornis was assessed on four 
dates from May 2016 to March 2017 according to the 
sampling design detailed by Garonna et  al. (2018) by 
manually counting the abundance of adult reproductive 
female stage. We monitored TP abundance in 6 infested 
plots in the P. pinea stands of Vesuvius National Park and 
1 in a non-infested (control plot) P. pinea coastal stand. In 
each monitoring plot, the abundance of adult reproduc-
tive female stage was counted on the proximal 10 cm part 
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of current-year terminal shoots in 30 terminal shoots of 5 
dominant P. pinea trees randomly sampled.

As the TP completes at least three generations 
per year, overwintering as a mated female in repro-
ductive diapause, the repeated measures sampling 
design allowed the assessment of the TP adult female 

abundance over four generations: the 3rd overwinter-
ing generation (2015–2016) in mid-May 2016 (spring), 
the 1st generation in mid-July 2016 (summer), and the 
2nd generation in mid-October 2016 (fall), plus the 
abundance of the 3rd overwintering (2016–2017) adult 
female generation in mid-March 2017 (winter).

Fig. 1  Location of the study sites and field sampling plots in Vesuvius National Park (red circle marker) and Paestum coastline forest (blue 
circle marker) in Southern Italy. The green polygons in a and b indicate the P. pinea forest, while the orange line in a identifies the boundary 
of the Vesuvius National Park forests. The violet circle markers in a and b indicate the spatial position of the sampling plot of T. parvicornis (TP) female 
abundance, while the light gray circle markers in a indicate the location of the stand structure sampling plots in P. pinea stand types (unthinned 
and thinned) used in fire behavior (FB) simulations
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Remote‑sensed data
We used the improved Landsat Collection 2 prod-
ucts (USGS, 2021) in the Google Earth Engine (GEE). 
In GEE, we selected the Landsat 8 OLI/TIRS (LC08) 
Surface Reflectance Collection 2, Tier 1, Level 2 data-
sets (C02/T1_L2) from May 2016 to March 2017, 
corresponding to the dates of TP abundance field 
sampling. Before using C02/T1_L2 data, the sur-
face reflectance (SR) bands were scaled by applying 
a scale factor of 0.0000275 and an additional offset 
of − 0.2 per pixel (https://​www.​usgs.​gov/​faqs/​how-​
do-i-​use-​scale-​factor-​lands​at-​level-2-​scien​ce-​produ​
cts). The quality assessment mask to exclude pixels 
with clouds, shadow, water, and snow was produced 
by applying a multi-pass algorithm called “CFMask” 
(Foga et  al. 2017) and employing the Landsat qual-
ity assessment band (QA_PIXEL) (https://​code.​earth​
engine.​google.​com/​f5c0a​39792​34d13​31344​0e512​c8409​
ae). In the GEE, the SR values of the B02-B07 bands 
were extracted per pixel across a stack of valid pixels 
(e.g., cloud and snow-free pixels) from filtered Landsat 
images with a sun elevation > 10°.

Satellite vegetation indices
The TP infestation-sensitive SR bands were used to com-
pute six two-band vegetation indices (VIs) related to 
changes in vegetation health (Table 1). All two-band VIs 
are primarily based on the commonly used normalized 
difference VIs according to the following two algebraic 
formulas:

In (1), SRa and SRb are two Landsat LC08 SR bands, 
whereas in (2), the SRNIR represents a near-infrared (NIR) 
Landsat SR band. VIv represents the NIR-multiplied ver-
sion of the normalized difference VI.

Modeling fire behavior and its parametrization
In thinned and unthinned P. pinea stands, stand struc-
ture attributes were assessed in six 20 m-radius circu-
lar sampling plots, where we measured the number of 
trees, stem diameter at breast height (DBH, cm), total 
height (HT, m), and canopy base height (CBH, m). We 

(1)VI =
(SRa − SRb)

(SRa + SRb)

(2)VIv = VI • SRNIR

Fig. 2  Pre- and post-fire workflow to field monitoring and remotely detect T. parvicornis infestation and simulated fire behavior in Mediterranean 
P. pinea stand types (unthinned and thinned). Pre-fire Landsat L08 OLI/TIRS imageries were obtained in infested (local) and non-infested (relatively 
distant) P. pinea stands in months of TP monitoring from May 2016 to March 2017. After the multiple wildfire events of the 2017 summer season, 
stand structure and fuel samplings were carried out in burnt and unburnt (remnant) P. pinea stands from September to December 2018. These 
samplings were set to recreate the pre-fire stand structure, surface, and canopy fuel conditions used to simulate fire behavior in the unthinned 
and thinned stands

Table 1  Algebraic formulas and references for the two-band vegetation indices (VIs) computed using T. parvicornis infestation 
sensitive SR Landsat bands in southern Mediterranean P. pinea forests, where the Red, Green, NIR (near-infrared) and SWIR 2 (short 
wave infrared) value correspond respectively to the 30 m resolution LC08 surface reflectance bands B3 (0.53–0.59 µm), B4 (0.64–
0.67 µm), B5 (0.85–0.88 µm), B7 (2.11–2.29 µm)

Vegetation index Algebraic formula References

Normalized Difference Vegetation Index NDVI = (NIR−Red)
(NIR+Red)

Tucker et al., 1973

Green Normalized Difference Vegetation Index gNDVI = (NIR−Green)
(NIR+Green)

Gitelson et al., 1996

Normalized Burn Ratio index NBR =
(NIR−SWIR 2)
(NIR+SWIR 2)

Key & Benson, 2006

Near-infrared reflectance of vegetation NIRv = NDVI • NIR Badgley et al. 2017

Green Near-infrared reflectance of vegetation gNIRv = gNDVI • NIR

Near-infrared Normalized Burn Ratio NIRv = NBR • NIR

https://www.usgs.gov/faqs/how-do-i-use-scale-factor-landsat-level-2-science-products
https://www.usgs.gov/faqs/how-do-i-use-scale-factor-landsat-level-2-science-products
https://www.usgs.gov/faqs/how-do-i-use-scale-factor-landsat-level-2-science-products
https://code.earthengine.google.com/f5c0a3979234d13313440e512c8409ae
https://code.earthengine.google.com/f5c0a3979234d13313440e512c8409ae
https://code.earthengine.google.com/f5c0a3979234d13313440e512c8409ae
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measured the DBH using a tree calliper (®Haglöf Man-
tax), and TH and CBH of standing trees using an ultra-
sound digital hypsometer (®Haglöf Vertex VL402). As 
this experiment was unplanned, we could not deter-
mine the exact year, spatial extension, and thinning 
system applied in the thinned pine stands. However, we 
recognized the thinned stands by assessing the pres-
ence of remnant tree stumps and, consequently, by the 
lower tree number and basal area per ha. Owing to the 
structural homogeneity of single-storied P. pinea for-
ests, we averaged the structural and biophysical param-
eters to recreate the two representative stands, one 
thinned and one unthinned, to predict fire behavior.

We simulated fire behavior of fuel loads and spatial 
arrangement conditions under thinned and unthinned 
stand types (Table  2). In both stands, the structural 
and biophysical properties of the surface fuels, canopy 
fuels, and topographic and environmental attributes 
were determined to predict fire behavior by apply-
ing Rothermel’s model for fire surface spread (Rother-
mel 1972) and Van Wagner and Rothermel’s model for 
crown fire initiation and spread (Rothermel 1991; Van 
Wagner 1977). We managed the data and simulated the 
fire behavior in R software (R Core Team 2024) using 
the “firebehavioR” package (Ziegler et al. 2019).

Surface fuel attributes
We computed a 1-h litter load (LL1h, Mg ha−1) on litter 
samples collected in the summer season (July–August) 
from both unburnt stand types. As the total energy 
released at the soil surface during burning reflects the 
heat energy content of the duff and needles burning 
material, 1-h litter load includes dead needles (≤ 0.6 cm) 
and the duff layer of partially decomposed needles, wood, 
and bark chips ≤ 0.6  cm. Eight litter samples (four sam-
ples per stand) were collected using PVC collars with a 
fixed surface area of 0.313 m2. Next, each sample com-
posed of litter (mainly dead pine needles) was oven-
dried at 65 °C, and then the dead litter biomass was dried 
repeatedly until its constant weight was attained. The 
heat content of needles litter, specified by the amount of 
thermal energy released during fuel burning, was meas-
ured with Mahler’s Adiabatic Bomb Calorimeter (S.D.M. 
Apparecchi Scientifici©, http://​arian​tg.​com/​wp-​conte​nt/​
uploa​ds/​2017/​08/​Catal​ogues​dm.​pdf ) on six litter sam-
ples randomly collected from the P. pinea stand unburnt 
and uninfested by T. parvicornis of the Paestum coast-
line forest. The calorimeter was calibrated with the acid 
benzoic pellet, filling the bomb to 30 ± 2  bar (~ 30  atm) 
with oxygen. Each sample was oven-dried at 65 °C until 
weight loss stabilized, and then ground using a hammer 
mill with a 1-mm mesh size. From each milled sample, 
a 0.5-g aliquot was used to determine the gross heat of 

Table 2  Variables and values for structural and biophysical properties of the surface fuels, canopy fuels, and topographic and 
environmental attributes used for modeling fire behavior in thinned and unthinned P. pinea stands

a Numerical values obtained from the literature. See the main text for further citations

Variable Short description Value Unit

Thinned Unthinned

1 h litter load Duff and dead litter with a diameter < 0.6 cm, consisting of fallen needles, bark, 
and twigs

32.83 34.65 Mg 
ha−1

1 h litter SAVa The surface-area-to-volume ratio for litter with a diameter < 6 mm 7355 m2 
m−3

1 h litter moisture 
content

Moisture content of dead litter computed on a dry basis weight 10 13 %

Fuel bed depth Depth of dead litter fuel (< 6 mm) above the fermentation layer 15 18 cm

Moisture of extinctiona The threshold moisture value for litter is mainly composed of pine needles 25 %

Heat content Gross heat of combustion (GHC) for litter, healthy needles of P. pinea 22,702 J g−1

Canopy fuel load Dry biomass of live needles and twigs per unit of area (< 3 cm) 2.55 2.65 kg m2

Canopy bulk density Dry biomass of live needles and twigs per unit of volume 0.20 0.47 kg m3

Crown base height Vertical distance between the ground surface and the live canopy base stratum 11.9 9.2 m

Needles moisture 
contenta

Moisture content for live needles on a dry basis weight 100 %

Topographic slope Topographic slope computed on 10 m cell resolution DEM 12.85 21.67 %

10 m open wind speed The average value of scalar wind speed 4.92 km h−1

Wind direction The average value of the vector wind direction 337.96 degree

Wind adjustment factor Adjust factor for the 10 m open wind speed to the midflame height below the canopy 
(~ 2 m above ground surface)

0.11 0.12 -

http://ariantg.com/wp-content/uploads/2017/08/Cataloguesdm.pdf
http://ariantg.com/wp-content/uploads/2017/08/Cataloguesdm.pdf
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combustion (GHC, J g−1), representing the enthalpy of 
complete combustion of a fuel with all carbon oxidized to 
CO2 and all hydrogen converted to H2O.

Canopy fuel attributes
Since 1- and 2-year-old P. pinea needle cohorts repre-
sent the main canopy live fuel within the flaming front of 
the crown fire, canopy fuel attributes were assessed con-
sidering live needles and apical twig biomass at the tree 
and stand scales. First, live needle and twig dry biomass 
(NTDB, kg tree−1) was computed at the tree scale using 
species-specific nonlinear allometric equations devel-
oped for the photosynthetic biomass (needles and twigs 
with diameters < 3  cm) of P. pinea trees (Cutini et  al. 
2013). For thinned and unthinned stands, the canopy 
fuel load (CFL, kg m−2) was computed by summing the 
dry needle and twig dry biomass (NTDB, kg tree−1) cal-
culated for each ith P. pinea tree in the plot. Here, CFL 
expresses the live needle and twig fractions of the canopy 
fuels potentially consumed within the flaming front of a 
crown fire (Cruz et al. 2003).

In both thinned and unthinned stands, the canopy bulk 
density (CBD, kg m−3) and photosynthetic dry biomass in 
the canopy per unit volume of the canopy (Nunes et al. 
2022) were calculated as the ratio between the CFL and 
the stand canopy volume (SCV, m3 m−2). The SCV was 
calculated by summing the ith tree crown volume in each 
plot, assuming each tree crown to be a cylinder, includ-
ing space. In each plot, the mean stand crown base height 
(CBH, m) was estimated by averaging the crown base 
height measured at the individual tree level.

Moisture content needles (MCN, %) of P. pinea were 
obtained (Rego et  al. 2021c) and considered equal for 
both stand types. We selected an MNC value of 100% 
reported for July because this was when stand-replacing 
wildfires occurred in the studied stand. Although dif-
ferences existed in the moisture content of needles and 
twigs according to age, we considered 100% as the mean 
value representative of MCN.

Topographic and environmental attributes
Topographic slopes were obtained from the 10  m cell-
size digital elevation model (DEM) upgraded to version 
1.1 (Tarquini et  al. 2023), computing the slopes accord-
ing to the Horn Algorithm. Time series of scalar wind 
speed and direction registered during July 2017 were 
obtained from a weather station 20  km away at 848  m 
a.s.l. (Agerola, 40° 38′ 48.59″ N; 14° 32′ 26.19″ E). Addi-
tionally, time series of precipitation and air temperature 
registered in 2017 at sub-hourly time resolution with 
10-min intervals were obtained from a weather station 
5 km away and at 209 m a.s.l. (Ercolano, 40° 49′ 32.00″ 
N, 14° 22′ 20.80″ E).

From the wind time series, we selected data regis-
tered from July 02, 2017, at 00:00:00, until July 15, 2017, 
at 23:50:00, the days when fires mostly spread in the 
pine stands. Scalar wind speed and direction data were 
recorded at sub-hourly time resolutions at 10-min inter-
vals by a weather station equipped with an anemometer 
and wind vane sensors, both positioned at a vertical dis-
tance of 10 m above the open ground surface. The aver-
age wind speed (ws, km h−1) was calculated as a simple 
arithmetic mean of 10  min of wind speed observations, 
irrespective of the wind direction, to avoid underesti-
mating fire processes related to or dependent on wind 
speed (Torn and Fried 1992). The wind direction (wd, 
°) was calculated using vector functions (Suppl. Text 
S1) to avoid the challenges related to the discontinuity 
at 0 = 360° when the wind fluctuates around the north 
(Brock and Richardson 2001). Modeling surface fire 
behavior requires estimating the wind speed underneath 
the canopy, 2 m above the ground surface. To reduce the 
10  m open scalar wind speed averages to the midflame 
height (~ 2 m), we employed the vertical wind adjustment 
factor (WAF) (Andrews 2012). Therefore, we calculated 
the sheltered WAF according to the equation developed 
by Andrews (2012) to consider the existing differences 
in the vertical and horizontal canopy structures of both 
pine stands.

Data analysis
To identify surface reflectance bands sensitive to TP 
abundance, we extracted values of the Landsat LC08 SR 
bands per pixel from images acquired in correspond-
ence with TP field sampling carried out on four dates 
from May 2016 to March 2017. We applied principal 
component regression (PCR) to reduce redundant Land-
sat LC08 SR bands and determined how the dependent 
variable, TP abundance, co-varied with the independent 
variable, L08 SR bands. PCR was computed by employ-
ing the singular value decomposition algorithm, pooling 
data across sites and time, as PCR requires a large sample 
size to improve its performance. The onesigma approach 
was applied to identify the optimal number of PCR com-
ponents according to the standard deviation of the leave-
one-out ordinary cross-validation residuals and global 
root mean square error of prediction (RMSEP) values 
estimated for each PCR dimension (Hastie et  al 2009). 
The TP infestation-sensitive SR bands were discrimi-
nated by calculating Pearson’s correlation (ρ) between 
each variable and the components of the PCR (Husson 
et  al. 2017), choosing the SR bands that, together with 
TP abundance, significantly correlated (p < 0.05) with the 
same PCR component. PCR was performed using the 
“pls” (Liland et al. 2023) R package.
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We computed two-band VIs using the most sensi-
tive Landsat LC08 SR bands to TP female abundances 
to detect canopy decline symptoms in infested stands. 
We employed a general linear model to assess the rela-
tionship between TP abundance and the two-band VIs 
by estimating model parameters using the ordinary least 
squares (OLS) procedure. In the regression model, the 
response variable, TP female abundance (TPfemale, n), was 
used as a proxy for changes in tree canopy health induced 
by T. parvicornis infestation. As TP female abundance 
came from counting, a natural logarithmic transfor-
mation (TP abundance + 1) was used to meet the mod-
el’s normality and homoscedasticity assumptions and 
account for zero values. Simultaneously, the two-band 
VIs were log-transformed (VI values + 1) as they are the 
algebraic ratios between the surface reflectance bands. 
The performance of each linear model was evaluated by 
assessing its accuracy using the root mean square error 
(RMSE) and adjusted coefficient of determination (adjR2) 
fitting metrics. The general linear model was performed 
by using the “caret” (Kuhn 2008) R package.

Finally, we analyzed the uncertainty related to the 
canopy fuel attribute inputs on the simulated criti-
cal values for crown fire initiation, fireline intensity (FI, 
kW/m), flame length (FL, m), and surface rate of spread 
(ROS, m/min) computed using Van Wagner and Rother-
mel’s models. Sources of uncertainty are related to the 
canopy fuel load (CFL, kg m−2), bulk density (CBD, kg 
m−3), crown base height (CBH, m), and needle moisture 
content (MCN, %) that significantly contribute to fire 
spread and its probability of transition to the tree crown 
(see Supp Text S2 for details). Uncertainty related to the 
MCN was quantified by computing critical parameters 
involved in crown fire ignition for 1000 generated values 
in the extreme range of live canopy fuel moisture condi-
tions varying between 30 and 150% (Alexander and Cruz 
2013).

Results
Fuel structure and environmental conditions preceding 
wildfires
Thinned and unthinned pine stands were dominated by 
dead litter surface fuels (1-h time lag, diameter < 0.6 cm) 
far from the canopy base height, 11.9  m in the thinned 
and 9.2  m in the unthinned stand (Table  2). While the 
canopy fuel load (CFL) was slightly similar, canopy bulk 
density (CBD) was consistently higher in the unthinned 
stand, with average values of 0.20 kg m−3 for the thinned 
stand and 0.47 kg m−3 for the unthinned stand. The latter 
was characterized by a significantly higher tree density 
and smaller trees (Suppl. Figure S1). During the wildfire 
days, wind mostly blew from the northwest quadrants 
(Suppl. Figure S2) with an average direction of 337.96° 

and an average arithmetic speed of 4.92 km h−1 (Table 2). 
In the month before the wildfires on July 02, 2017, rainfall 
was scarce, with a total of 4.6 mm occurring in the three 
events (Suppl. Figure S3). The latest precipitation event 
(1.2 mm on June 28, 2017) occurred approximately 3 days 
before the onset of the wildfires. During the 10  days 
before wildfires, the daily air temperatures ranged from 
19.7 to 34.0 °C, with an average of 25.5 °C (± 0.7).

Fire behavior model
Rothermel’s model predicted surface fires in both stand 
types infested by T. parvicornis. The predicted surface 
fire parameters required to initiate crown fires were 
consistently lower than the critical thresholds (Table 3). 
The critical fireline intensity (FLI) in the thinned stand 
was 4677  kW  m−1, approximately double that of the 
2619 kW m−1 predicted in the unthinned stand. In con-
trast, the Rothermel predicted FLI was 176  kW  m−1 in 
the thinned and 336  kW  m−1 in the unthinned stand. 
Furthermore, the critical surface flame length (FL) was 
3.8 vs. 2.9  m, while predicted FL accounted for 0.8 and 
1.1 in thinned and unthinned stands, respectively. The 
predicted critical rate of spread (ROS) of 0.8 m min−1 in 
thinned stand conditions was markedly lower than the 
critical ROS value of 21.8 m min−1 required to initiate a 
crown fire. In parallel, in the unthinned stand, the pre-
dicted ROS of 1.2 m min−1 was considerably lower than 
the critical value of 9.6 m min−1.

Uncertainty in fire behavior predictions
By keeping the needle and twig moisture (MCN) con-
stant at 100% for each of the thousand randomly 
simulated canopy fuel conditions (Suppl. Figure S4), 
Rothermel’s model predicts that only surface fires would 
occur in thinned P. pinea stands (Fig.  3). Meanwhile, 
62.7% of the fires predicted were surface fires in the 
unthinned stand, whereas 37.3% were conditional fire 
types. Conditional fire indicates a type where crown fuel 
conditions are sufficient to support active crowning, but 

Table 3  Rothermel predicted the fire type and critical fire 
behavior parameters involved in crown fire initiation for thinned 
and unthinned P. pinea stands pre-fire conditions (see Table 2 for 
pre-fire stand conditions)

Fire behavior parameter Thinned Unthinned

Predicted Critical Predicted Critical

Type of fire Surface Surface

Fireline intensity (kW m−1) 176 4677 336 2619

Flame length (m) 0.8 3.9 1.1 2.9

Rate of spread (m min−1) 0.8 21.8 1.2 9.6
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surface fire intensity is below the critical threshold for 
crown fire initiation (Scott and Reinhardt 2001). Under 
these conditions, for 37.3% of conditional fires predicted 
in the unthinned stands, fire is expected to remain on the 
surface despite the crown fuels being able to sustain an 
active crown fire. The critical values of the fire parame-
ters (FLI, FL, and ROS) needed for the onset of crown-
ing were consistently higher in the thinned stand than 
those in the unthinned stand (Fig. 3). For thinned stand 
simulated canopy fuel conditions, critical values of fire-
line intensity (FLI) required to initiate a passive crown 
fire ranged from a minimum of 2409 kW m−1 to a maxi-
mum of 7366 kW m−1, with a flame length (FL) varying 
in a range of 2.8 to 4.66 m and a ROS between 11.2 and 
34.3  m  min−1. In contrast, a range of FLI between 752 
and 4697 kW m−1, with a flame length between 1.38 and 
3.8 m and ROS between 2.8 and 17.24 m min−1, were the 
critical values needed for the transition of the fire from 
the ground surface to the tree crown in the unthinned 
stand.

By varying the needle moisture content (MCN) within 
the range of 30–150% while keeping the structural 
arrangement of canopy fuels constant, Rothermel’s model 
predicted conditional fires for MCN values below 54% 
in the thinned and below 98% in the unthinned P. pinea 
stand (Fig. 4). Conversely, surface fires were predicted for 
all MCN values above these two thresholds in both pine 
stands. In the thinned stand, the critical FLI required for 
crown ignition ranged between 1208 and 2228  kW  m−1 
for conditional fires and 2229 and 7953 kW m−1 for sur-
face fires. Critical FL values were within a narrow range 
of 2.0 to 2.6  m, and the ROS values ranged from 5.6 to 
10.3  m  min−1 for conditional fires. Conversely, the FLI 
varied between 2.7 and 4.8  m for surface fires, and the 
ROS values ranged from 10.4 m min−1 to a maximum of 
37.08  m  min−1. In the unthinned stand, critical FLI for 
crown ignition ranged from 676 to 2568 kW m−1 for con-
ditional fires, whereas critical values of FL varied from 1.5 
to 2.8 m and ROS from 2.48 to 9.3 m min−1. Conversely, 
FLI varied from 2569 to 4453 kW m−1 for predicted sur-
face fires, with FL values ranging from 2.9 to 3.7 m and 
critical ROS between 9.4 and 16.35 m min−1.

Landsat SR bands sensitive to TP infestation
All SR bands, except NIR and TP, correlated significantly 
with the first PCR component (Fig.  5). In contrast, TP 
abundance and NIR, together with Green and SWIR 2, 
significantly correlated with the second PCR dimension. 
Specifically, TP abundance (ρ = − 0.75, p = 0.000) and 
SWIR-2 (ρ = − 0.54, p = 0.003) were negatively corre-
lated, while NIR (ρ = 0.97, p = 0.000) and Green (ρ = 0.53, 
p = 0.004) were positively correlated with the second 
PCR. According to the one-sigma approach, two was 

Fig. 3  Type of fire and critical values of the a fireline intensity (kW 
m−1), b flame length (m), and c surface rate of spread (ROS, m min-1) 
in thinned and unthinned P. pinea stands predicted from N = 1000 
randomly simulated canopy fuel conditions. Surface fire indicates 
a fire that burns fallen needles, bark, and twigs (≤ 0.6 cm), the duff 
layer, and plants near the surface. Conditional fire describes 
a condition where the crown bulk density (CBD) is sufficient 
to support a crown fire, and the surface fireline intensity (FLI) remains 
below the critical threshold required for crown ignition
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the optimal number of dimensions in the PCR model, 
explaining 92% of the variance in the Landsat LC08 SR 
bands and producing an RMSEP of 14,4 (Suppl. Figure 
S5). In addition, the second PCR dimension explained 
57.5% of the TP abundance variance, significantly more 
than the first dimension of the PCR model, which 
explained only 0.8% of the TP variance.

TP infestation‑sensitive vegetation indices
Throughout the four TP generations, all linear relation-
ships between female abundance and two-band veg-
etation indices (VIs) displayed a negative slope (Fig.  6). 
From the second generation in 2016 onward, the pre-
dictor variable VIs showed a significant relation (F-test, 
P < 0.05) with TP female abundance (Fig.  7a). Notably, 
NIR-multiplied VIs were significantly associated with TP 
abundance in the second (2016) and third (2016–2017). 
In contrast, standard two-band VIs were significantly 
related to the abundance of TP female adult stage only in 
the third overwintering generation (2016–2017), except 
for the NBR indices, which were also significantly linked 
to TP female abundance in the second generation (2016) 
(Fig. 7a).

NIR-multiplied vegetation indices were more effec-
tive in predicting the abundance of TP females than the 
standard version of the normalized vegetation index 
(VI) across the second (2016) and third (2016–2017) 
generations. The adjusted R-squared (adjR2) values for 
the standard version of the normalized two-band VIs 
ranged from − 0.07 to a maximum of 0.71, while the NIR-
multiplied version of the two-band VIs had adjR2values 
ranging from 0.21 to 0.86 (Fig. 7a). Notably, all two-band 
vegetation indices exhibited low adjR2values during the 
first female generation, as observed in mid-July 2016.

Statistically significant estimated slopes (t-test, P < 0.05) 
were identified in the second generation (2016). Sta-
tistically significant slopes were observed in the second 
(2016) and third overwintering (2016–2017) generations 
for NBR, NIRv, gNIRv, and NBRv indices. In contrast, the 
NDVI and gNDVI indices were significant in the third 
overwintering generation (2016–2017) (Suppl. File S1). 
The linear models across the four TP generations exhib-
ited RMSE values ranging from 6.4 to 15.4 (Fig.  7b). In 
the third overwintering generation (2015–2016), all two-
band VIs showed similar RMSE values ranging from 
6.5 to 7.7 while consistently increasing in the first gen-
eration in July 2016, with RMSEs between 11.0 and 13.4. 
Model accuracy in the second generation (October 2016) 
decreased to RMSE values ranging from 6.4 to 7.8 only 
for NIR-multiplied VIs. The RMSEs for the standard VIs 
were higher for the same TP generation, ranging from 8.9 
to 15.5 (Fig. 7b). In the third overwintering TP generation 

Fig. 4  Change in type of fire and critical values of the a fireline 
intensity (kW m−1), b flame length (m), and c surface rate of spread 
(ROS, m min−1) in thinned (solid line) and unthinned (dotted line) 
P. pinea stands according to the variation of a wide range in fuel 
moisture conditions encompassing both healthy, live, and desiccated 
or dead needles and twigs. For the definition of surface 
and conditional fire, see Fig. 3
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(2016–2017), the accuracy of NIR-multiplied VIs was 
higher than that of standard VIs, with RMSE ranging 
from 7.7 to 9.4 and between 11.1 and 13.8.

Discussion
Fire behavior in Mediterranean pine stands infested 
by the alien soft‑scale Toumeyella parvicornis
By simulating fire behavior across the single-storied 
structure of P. pinea stands representative of the pre-
fire fuel condition, we highlighted a general pattern of 
predicted surface fire occurrences (low fire severity), 
starkly contrasting the stand-replacing wildfires (high 
fire severity) documented in the summer of 2017 for the 
same burnt stands infested by T. parvicornis (Saulino 
et  al. 2020). The discrepancy between the expected and 
observed fire behaviors suggests that under the speci-
fied topographic and fire weather conditions, the surface 
fuel load’s biophysical properties and spatial arrange-
ment alone were insufficient to sustain crown fire initia-
tion; this raises questions about the unpredictable factors 
that enable surface flames to overcome the wide vertical 

discontinuity (fuel strata gap) between the litter fuel and 
crown base height measured in both stand types. Along 
the stems, dead branches, epiphytes, lianas, likens, and 
bark flakes can fill the vertical discontinuity of fuels and 
contribute to the rise of surface flames (Cruz et al. 2003). 
The propagation kinematics of the flame front showed 
that the flames ascended from the litter to the tree stem 
base up to the dead and live crowns by climbing along 
the stems. Simultaneously, colder air masses from adja-
cent unburnt areas interacted with the fire, contributing 
to the formation of fire whirls. The images showed that 
epiphytes (mosses and lichens) poorly colonized the tree 
stems, while pruned dead branches and root-climbing 
liana species such as Hedera helix were absent, because 
they preferentially associate with other forest types of the 
Vesuvius (Saulino et al. 2023; De Marco et al. 2023). The 
outer stem bark may be the vector of the flames spread-
ing upward despite its high lignin content (Rowell and 
Dietenberger 2013). Alternatively, we assume that the 
Biogenic Volatile Organic Compounds (BVOCs) emit-
ted during the fire may have played a contingent role in 

Fig. 5  Correlation plot between dimensions of principal component regression and scores of Landsat-L08 surface reflectance bands (white 
background) and abundance of the T. parvicornis (TP) female adults (gray background). White symbols ***, **, * express correlation significance 
p-value < 0.001, < 0.01, and < 0.05, respectively
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the fire transition to the crown. The relationship between 
total BVOC content in the litter (mainly needles) of P. 
pinea and flammability has been reported in laboratory 
conditions (Della Rocca et al. 2017). However, in the field, 
the role of BVOC in the transmission of fire between 
fuel strata gaps has not yet been fully explored because 
of the difficulties in measuring them during a fire (Viegas 
and Simeoni 2011; Courty et al. 2014). As BVOCs have a 
low ignition temperature and are denser than air, some 
authors have suggested that when an approaching fire 
heat vegetation fuels, they can be emitted in the flaming 
front and accumulate underneath the canopy or near the 
ground (Barboni et al. 2011; Coudour et al. 2014).

At the time of the fire, tree stem bark smeared with 
dripped honeydew and sooty mold could represent proxy 
variables for fire severity. The honeydew excreted by TP 
colonies growing on the terminal shoots in the current 
year coated the underlying needles, branches, and stems, 
on which several species of sooty mold fungi grow, form-
ing a dark layer of mycelia. Coated and opaque needles 
prematurely senesce, die, and drop late, inducing mor-
tality in the proximal live branches. Consequently, in 
the 3-year-old dead needle cohort, phenological falling 

copiously in July–August was added to the premature 
fall of the 1- and 2-year-old brown needle cohorts, simul-
taneously increasing dead litter and lowering the dead 
canopy fuel load. The spatial rearrangement of fuels 
following the fall and accumulation of dead needles 
and honeydew dripping on the forest floor could have 
increased the fuel load and energy released during com-
bustion, but not the vertical continuity. Indeed, the flame 
length and rate of spread in the image sequences (Suppl. 
Video S1) were comparable to the predicted values and 
were insufficient to allow the fire to spread to the crown.

Soft-scale insects synthesize high quantities of oligo-
saccharides to cope with phloem sap osmotic pressure, 
increasing the sugar concentration of the excreted hon-
eydew deposited onto the underlying tree organ surfaces 
(Douglas 2006). As honeydew is water-soluble, it is eas-
ily washed off during summer rainstorms. Further, a long 
period of absent or scarce precipitation and high air tem-
perature favors transient accumulation on the outermost 
surface of aboveground tree organs (needles, branches, 
and outer bark) on which colonies of black sooty mold 
proliferate. Under these conditions, the energy required 
to ignite the honeydew deposited on tree organs is 

Fig. 6  Relationship between female abundance of T. parvicornis (n) and two-band normalized vegetation indices (see Table 1 for VIs acronyms): 
the 3rd overwintering generation (2015–2016) in mid-May 2016 (black circles), the 1st generation in mid-July 2016 (red circles), the 2nd generation 
in mid-October 2016 (green circles) and the 3rd overwintering (2016–2017) in March 2017 (blue circles). Vertical and horizontal gray lines are 1st 
standard deviations
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expected to decrease with increased evaporative water 
loss. Burning the outermost bark tissue covered by hon-
eydew, the fire climbs along the stem to the tree crown. 
Consequently, sugar-concentrated honeydew, combined 
with the flammability of P. pinea live needles (Della Rocca 
et al. 2017), probably generated an ignitable mixture with 
a higher heat content value, bringing canopy fine fuels 
to the ignition temperature; this suggests that honey-
dew smearing over tree components from the canopy to 
the underlying tree organs may have connected the live 
crown and litter fuel layers, amplifying fire severity and 
the likelihood of a crown fire. However, in the studied 
Mediterranean pine stands, although the phloem-feeding 
activity of TP redistributed along the vertical stand pro-
file, crown photosynthates, and honeydew appeared to be 
the main drivers of interaction-inducing crown fires, fur-
ther investigations are needed to understand the process 
and variables involved and their implications in modify-
ing the dynamics of fire behavior.

Fire uncertainty and management implications
Fire behavior predicted by varying canopy fuel conditions 
in thinned and unthinned stands highlights that regulat-
ing stem density could have had a relatively low impact 

on mitigating fire severity in P. pinea stands infested by 
T. parvicornis outbreaks. Because pine needle moisture 
content (MCN) had held constant at 100%, the observed 
variation in critical crown fire parameters was solely 
related to all simulated canopy fuel conditions. Under 
these constraints, unlike the observed stand-replacing 
fires, the predicted fire types were surface fires, with con-
ditional fires predicted only in unthinned stands. Condi-
tional fire describes a condition in which, although the 
crown bulk density (CBD) is sufficient to support a crown 
fire, the surface fireline intensity (FLI) remains below the 
critical threshold required for crown ignition (Scott and 
Reinhardt 2001; Van Wagner 1977). Nevertheless, in both 
the representative pine stands, none of the surface FLIs 
predicted by Rothermel’s model met the critical FLI val-
ues required for the onset of crowning; this suggests that 
the higher CBD measured in both P. pinea stands could 
have created more favorable conditions for the spread of 
crown fire than for its initiation. While the CBD controls 
the fire front’s heat transfer and fire spread rate, and can-
opy fuel load (CFL) determines the consumption rate and 
heat released during fuel combustion, crown base height 
(CBH) and surface FLI regulate the likelihood of crown 
fire initiation.

Fig. 7  Adjusted regression coefficients (a, adjR2) and root mean square error (b, RMSE) estimated for each linear relationship between the TP female 
abundance (n) and two-band vegetation indices (see Table 1 for VIs acronyms) detected over T. parvicornis generations: the 3rd overwintering 
generation (2015–2016) in mid-May 2016 (spring), the 1st generation in mid-July 2016 (summer), the 2nd generation in mid-October 2016 (fall) 
and the 3rd overwintering (2016–2017) in March 2017 (winter). In a) white symbols ***, **, * express linear model significance p-value < 0.001, < 0.01, 
and < 0.05, respectively
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Under the specified canopy fuel conditions, decreased 
needle and twig water content (MCN) affected the pre-
dicted fire behavior in both stand types. However, the 
critical fire parameters were higher than those predicted 
by Rothermel’s model, suggesting that crown fires are 
unlikely to be initiated under these conditions. Neverthe-
less, the fire behavior parameters (FLI, FL, and surface 
ROS) in the unthinned pine stand showed greater sen-
sitivity to MCN variations in the thinned stand, as con-
ditional fires were predicted at consistently higher MCN 
values; this suggests that, together with CBH, the live 
canopy needle moisture content is relevant in controlling 
crown fire initiation in the studied stands. While CBH 
represents the vertical distance from the litter at which 
there is sufficient canopy fuel to sustain and propagate a 
fire, MCN regulates the quantity of heat of pre-ignition 
and residence time of the flames required for the ignition 
of foliar canopy fuels (Van Wagner 1977; Xanthopoulos 
and Wakimoto 1993).

Satellite detection of TP‑infested P. pinea stand
NIR-multiplied vegetation indices accurately identi-
fied infested P. pinea forest stands starting from the 
second generation of T. parvicornis soft-scale insects. 
At the beginning of 2016, corresponding to the early 
stages of infestation (3rd and 1st generations of 2015 
and 2016, respectively), pine trees exhibited no detect-
able changes in their canopy health status despite being 
on a declining trajectory. Symptoms of canopy health 
decline became detectable only from the second gen-
eration onward (October 2016). This temporal hiatus 
may be attributed to the fixed growth pattern of the P. 
pinea terminal shoots of P. pinea in the dome-shaped 
canopy. As P. pinea is characterized by a monocyclic 
growth pattern in which current annual shoots are pre-
formed within the buds on the apex of the preceding 
year’s shoots (Lanner 1976), in 2016, the rate of shoot 
growth of current annual shoots on the external crown 
and the healthy status of needles were affected solely by 
biotic and abiotic conditions experienced in the previ-
ous 2015 growth season, while they were unaffected 
by T. parvicornis sap-feeding activity. Consequently, 
in 2016, when T. parvicornis second generation had 
formed dense colonies on the current year shoot, in 
addition to honeydew smothering and turning black 
with sooty mold (Suppl. Figure S6), the underlying 
organs of the host tree (Bragard et  al. 2022) and can-
opy decline symptoms became diagnostic features in P. 
pinea stand through the NIR-multiplied indices. Conse-
quently, the NIR spectrum became sensitive to canopy 
decline symptoms, as the feeding activity of TP induced 
the premature falling of 1- and 2-year-old needles, 
reducing leaf area and increasing the exposure of the 

below-coarse branch surfaces coated with black sooty 
mold encrustations. The high sensitivity of NIR reflec-
tance to blackish cover led us to infer that sooty mold 
is a diagnostic factor that allows the satellite detection 
of P. pinea canopy wilt symptoms related to T. parvi-
cornis soft-scale outbreaks; this suggests that the higher 
accuracy observed in predicting TP female abundance 
in the second generation was related to the progressive 
development of sooty mold cover. However, an alterna-
tive hypothesis explaining the low detection accuracy of 
infested pine canopies in the first stage of infestation is 
the NIR reflectance spectrum of honeydew-coated nee-
dles. As honeydew consists of sugar with high reflec-
tance in the NIR spectrum (Dull and Giangiacomo 
1984), we propose that it could have enabled the detec-
tion of the first stage of infestation by keeping the NIR 
reflectance high and similar to that of a healthy canopy. 
Consequently, the absence of a significant change in the 
P. pinea canopy reflectance spectrum at the beginning 
of a T. parvicornis outbreak renders early infestation 
detection challenging and inaccurate.

In addition to NIR, the Green and SWIR 2 reflectance 
bands were sensitive to T. parvicornis canopy wilt symp-
toms, suggesting that these three bands are determinants 
for identifying infested P. pinea tree stands. As the infec-
tion progressed, before the canopy needles were dropped, 
they gradually turned brown and dry, probably due to 
changes in the needle pigment content and dehydra-
tion of tissues. Consequently, we suppose T. parvicornis 
sap feeding could induce chlorophyll degradation with 
repercussions in the green reflectance spectrum region 
(Jacquemoud and Ustin 2019a; Gitelson et  al. 1996), a 
spectral change comparable to chlorophyll degradation 
in senescent needles (Jacquemoud and Ustin 2019b). 
Simultaneously, the feeding activity may have reduced 
tissue water in the needles. As the SWIR spectral region 
is sensitive to needle water content, dehydration follow-
ing T. parvicornis feeding likely alters the SWIR 2 spec-
tral responses.

Nevertheless, dehydration simultaneously alters the 
NIR spectral response due to the rearrangement of the 
mesophyll cell wall–air interfaces following a decrease 
in needle turgor (Jacquemoud and Ustin 2019b). Under 
T. parvicornis outbreak conditions, using the green and 
SWIR 2 reflectance spectrum regions and the highest-
sensitivity NIR region could help improve the assessment 
of P. pinea canopy wilt symptoms. Our results partially 
agree with that the green, red, and NIR spectra are sensi-
tive to black sooty mold, with NIR as a discriminant band 
between coated and uncoated tree leaves (Fletcher 2005). 
However, no difference in red surface reflectance was 
observed between healthy and infected conifer forests 
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(Olsson et al. 2012), suggesting that the role of red signals 
in detecting infection should be further investigated.

The higher accuracy of NIR-multiplied versions of 
commonly used vegetation indices for evaluating decline 
symptoms in pine canopies may be attributed to their 
remarkable ability to normalize variations in background 
reflectance (Badgley et al. 2017). Consequently, NIR-mul-
tiplied vegetation indices overcome mixed-pixel noise, 
reducing sensitivity to background contamination while 
emphasizing the proportion of pixel reflectance ascrib-
able to the canopy vegetation in the pixel (Badgley et al. 
2017). However, almost all satellite VIs were not invari-
ant to changes in canopy health conditions unrelated to 
insect-based wilt symptoms. Hence, when canopy decline 
symptoms related to insect feeding activities are con-
fused with those caused by additional factors, the reflec-
tance data may not provide sufficient information to 
appropriately recognize insect outbreaks.

Conclusions
To improve fire behavior modeling, the divergence 
between observed and predicted fire severity in pine 
stands highlights the need for exploring fire-driving 
processes and variables related to T. parvicornis feed-
ing activity on P. pinea trees. The high fire severity 
documented in thinned and unthinned stands appears 
consistent with a departure from known fire dynamics 
conditions, most probably about unknown processes and 
variables (e.g., BVOCs and eruptive fires) resulting from 
fire-insect interactions. Future research should focus 
on developing a more consistent and reliable fire behav-
ior model to ensure a more comprehensive understand-
ing of fire dynamics. Consequently, including insect-fire 
dynamics in fire-spread models is crucial for implement-
ing effective fire management strategies in vulnerable 
ecosystems. Understanding how insect outbreaks can 
exacerbate fire behavior in P. pinea stands is essential 
for managing them at the local and landscape levels and 
developing appropriate strategies to mitigate future wild-
fire footprints.

The NIR, Green, and SWIR 2 reflectance bands were 
sensitive to T. parvicornis canopy wilt symptoms, sug-
gesting that these three bands are determinants in the 
remote detection of infested P. pinea tree stands. How-
ever, as the infection progressed, symptoms of canopy 
health decline only became detectable from the fall 
generation onward when T. parvicornis second genera-
tion had formed dense colonies on the current year’s 
shoot and turned black with sooty mold, the underly-
ing organs of the host tree. Under these conditions, 
canopy decline symptoms become diagnostic through 
three NIR-multiplied vegetation indices, NIRv, gNIRv, 

and NBRv, computed using the most sensitive reflec-
tance bands. Therefore, understanding how T. parvi-
cornis insect-scale outbreaks modify canopy spectral 
signals and identifying the vegetation index using the 
most sensitive reflectance bands represent two essen-
tial steps toward the early recognition of T. parvicornis 
outbreaks on a large spatial scale.
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