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Abstract

1.

Prescribed burning treatments initially designed to mitigate wildfire risk may
have broader ecological consequences and enhance forest resilience to various
disturbances. Prescribed burning can alter tree defences both directly through
thermal stress and indirectly through changes in forest structure. Such changes in
defence investment may, in turn, affect defoliator species like the pine processionary
moth (PPM). With the increasing severity of PPM defoliation associated with
warmer winters, it is important to understand how treatments such as prescribed

burning affect tree defences against PPM.

. We quantified terpene composition and concentration in current year and mature

needles of dominant black pines, sampled before and 1 year after prescribed burning,
across burned and unburned sites in three sub-Mediterranean forests. Additionally,
we assessed needle N content, 5*3C and 620 composition, and fire severity param-
eters. A bioassay with first-instar PPM larvae was also conducted to evaluate how

needle terpene and N content influence the larval survival rate.

. Prescribed burning had no effect on needle terpene content 1year after treat-

ments. Terpene concentration was neither explained by fire severity, N content,
or isotope composition. Instead, drought conditions contributed to the increased
terpene concentrations in current-year needles of both burned and unburned pines

1year after treatments.

. Prescribed burning had a minor impact on PPM larvae. Larval survival is complex

and shaped by multiple interacting factors including treatment, needle age, and
terpene and N content. Notably, a higher survival rate was observed in mature

needles of burned pines as terpene and N content increased.

. Synthesis and applications. Our results highlight that prescribed burning in sub-

Mediterranean pine forests does not affect their resistance to PPM in the short
term, either positively or negatively, indicating that it can be implemented to
reduce wildfire hazard without influencing forest susceptibility to future PPM

outbreaks.
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1 | INTRODUCTION

Prescribed burning, widely used to mitigate wildfire hazards, often
generates collateral effects that extend beyond its primary goal. As
a low- to moderate-intensity fire, prescribed burning may influence
the physiological performance of trees (Battipaglia et al., 2016;
Reed & Hood, 2024), including their defence mechanisms (Cannac,
Barboni, et al., 2009). With rising temperatures predicted to
intensify pest outbreaks (Seidl et al., 2017; Battisti & Larsson, 2023;
Rossi et al., 2025; but see Rocha et al., 2020; Domingo et al., 2024),
understanding the effects of prescribed burning on tree defences
is crucial for designing effective forest management strategies that
support adaptation to changing climatic conditions.

Resin-based defences are a fundamental component of coni-
fer defences. Resin is composed of a complex mixture of terpenes,
stored in resin ducts within needles, xylem, and phloem, and serves
essential ecological roles such as deterring herbivores and reduc-
ing plant palatability (Langenheim, 2003). Terpene content (i.e.
composition and concentration) is influenced by both biotic and
abiotic factors, including defoliator pressure, drought stress, and
temperature changes (Kopaczyk et al., 2020). For example, higher
terpene concentrations are found under drought conditions (Llusia
& Pefuelas, 1998).

Low-intensity fires, such as prescribed fire, can directly af-
fect resin-based defences of pines through heat stress (Hood
et al., 2015) and indirectly through changes in forest structure (Vila-
Vilardell, Tepley, et al., 2024). However, the direction and magnitude
of these effects remain unclear, particularly concerning needle ter-
penes. While extensive research has explored how prescribed burn-
ing affects resin flow in the phloem or xylem, an important defence
against woodboring beetles (Hood et al., 2016), its impact on needle
terpene content, which may affect needle palatability and defolia-
tors' performance (Tiberi et al., 1999), is less understood.

Research to date has shown that needle terpene content follow-
ing prescribed fire varies as a function of time since burning, burn
frequency, and the tree's physiological response to fire damage and
fire-induced resource availability (Lavoir et al., 2013; Valor, Ormefio,
& Casals, 2017). While previous studies have assessed terpene
changes after burning, to our knowledge, no studies have yet exam-
ined how fire-induced changes in needle terpene content affect tree
vulnerability to defoliating insects. This is relevant because terpene
content is known to influence the behaviour of defoliator species
such as the pine processionary moth (Thaumetopoea pityocampa
Den. & Schiff, Achotegui-Castells et al., 2013), whose defoliation
impact is expected to intensify with increasingly frequent warmer
winters (Hédar & Zamora, 2004).

The pine processionary moth (PPM) is an endemic univol-
tine moth (Lepidoptera: Notodontidae) native to the northern

Mediterranean basin, with a life cycle comprising five stages. Larvae
are gregarious and feed on needles during autumn and winter
(Hodar et al., 2002), yet they rarely cause tree death (Battisti, 1988)
unless defoliation occurs over multiple years (Anderegg et al., 2015).
Early-instar larval mortality is high but variable (Zalucki et al., 2002)
and plays a crucial role in their overall survival, as larger colonies are
more likely to survive the winter because they have the ability to
build better-insulated nests that facilitate thermoregulation (Breuer
& Devkota, 1990). Once the larvae complete the fifth developmen-
tal stage, they descend to the ground and burrow into the mineral
soil to pupate, where they can remain in diapause for up to 9years
(Torres-Muros et al., 2016). They pupate at an average depth of
6-8cm (Torres-Muros et al., 2016), thus, they are unlikely to be af-
fected by prescribed burning.

PPM incidence increases as needle terpene concentrations de-
crease (Achotegui-Castells et al., 2013); however, PPM larval survival
shows weak (Hédar et al.,, 2004) or no correlation (Achotegui-
Castells et al., 2015) with needle terpene composition. Some ter-
penes, such as limonene and B-pinene, are known to deter PPM
oviposition (Panzavolta et al., 2015). Additionally, early-instar PPM
larval survival increases with higher needle N concentrations (Hodar
et al., 2002). The short-term excess of soil N following prescribed
burning (DeLuca & Zouhar, 2000) may accumulate in leaves, enhanc-
ing tree photosynthetic rates and plant growth (Reich et al., 1995),
which could ultimately boost larvae abundance (Song et al., 2018).

Open and grazed forests with sparse understory are more sus-
ceptible to PPM infestation because exposed soil provides optimal
conditions for pupation (Azcarate et al., 2023; Dulaurent, Portg,
et al., 2011), which suggests that changes in forest structure after
treatments may drive PPM performance (Régolini et al., 2014). Such
conditions are likely to occur following prescribed burning because
understory recovers slowly (Casals & Rios, 2018), reducing shading.
Furthermore, PPM egg parasitoids may also be impacted by the re-
duction in vegetation after burning, as they may lose their main source
of carbohydrates (Dulaurent, Rossi, et al., 2011), thus compromising
their role in regulating PPM population. Despite existing studies on
the impact of prescribed burning on phytochemicals and defoliator
performance (Rieske et al., 2002), the cascading effects of burning on
needle terpenes and PPM survival remain largely unexplored.

Here, we measured the terpene content (composition and con-
centration) in current year and mature needles of dominant black
pines (Pinus nigra Arn. ssp. salzmannii (Dunal) Franco), sampled both
before and 1year after prescribed burning, coinciding with the pe-
riod when early-instar PPM larvae feed. We examined terpene con-
tent in relation to needle N content, '°C and §'%0 composition, and
fire severity parameters, which provide insights into the physiologi-
cal state of pines and potential palatability of needles. Additionally,
we conducted a bioassay to evaluate how changes in needle terpene
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or N content affect the survival of first-instar PPM larvae. Black pine
is one of the primary host species for PPM (Hédar et al., 2004) and is
highly sensitive to its impact (Azcarate et al., 2023).

Given that previous research has shown that needle terpene
concentrations decrease 1year after prescribed fire in black pines,
especially in those with improved physiological performance (Valor,
Ormeno, & Casals, 2017), and that terpene and N levels affect
PPM larval performance (Achotegui-Castells et al., 2013; Hodar
et al., 2002), we hypothesized that (i) prescribed burning would re-
duce needle terpene concentration in black pines 1 year after, (ii) this
response would be modulated by the tree's physiological state, spe-
cifically by changes in water and N availability after burning and the
extent of fire severity, and (iii) the combined effect of lower terpene
and higher N concentrations in needles 1 year after burning would

increase the survival of first-instar PPM larvae.

2 | MATERIALS AND METHODS
2.1 | Studyarea

The study was conducted in three sub-Mediterranean forests at the
southern foothills of the Pyrenees, northeastern Spain (Figure 1),
at elevations ranging from 570 to 670 m a.s.l. These forests are
dominated by Spanish black pine (Pinus nigra ssp. salzmannii), with
scattered Aleppo pines (Pinus halepensis Mill.) and downy oaks
(Quercus pubescens Willd.). The understory vegetation primarily
consists of European box (Buxus sempervirens L.) and kermes oak
(Quercus coccifera L.). The mean annual temperature is 14.3°C with
total annual precipitation of 591 mm (1996-2024). Notably, in 2020,
the year of prescribed burning, total precipitation was 787 mm, while
in 2021, it dropped to 487 mm.

In autumn 2020, prescribed burning was implemented in three
sites (Can Feliu, 8.2 ha; Lloreda, 10.6 ha; Puiggali, 8.7 ha) by the Forest
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FIGURE 1 Location of the study sites in northeastern Iberian
Peninsula and zoom of the three sites, each with two treatment
units.
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Action Support Group of the Government of Catalonia (GRAF),
using a strip-head fire ignition pattern. No prior thinning or harvest-
ing treatments had been conducted for at least the last 10years;
therefore, it was a direct underburn. Air temperature during burning
ranged from 12 to 24°C, relative humidity varied between 40% and
70%, and average windspeed was 2.6km h™L. Fire temperature was
recorded every 10s below the litter layer using thermocouples (type
K, 3mm diameter) connected to a Testo 175 datalogger in 15-20
pines per burned unit. Two thermocouples were used per pine, one
on the leeward (uphill) side and one on the windward (downhill) side,
both below the litter layer. The time during which the temperature
remained above 60°C was calculated as a measure of heat stress and
fire severity (Varner et al., 2009). Each burned unit was paired with
an adjacent unburned control unit.

To further characterize the burn, we estimated fuel moisture
content right before burning by sampling live fine fuels (<6 mm) from
pines, main understory shrub species, and herbs, as well as from
duff, litter, and mineral soil. Sampling was conducted at six randomly
selected points per treatment unit. Samples were weighed, dried
at 60°C for 48h, and reweighed to estimate fuel moisture content.
Also, we buried two nails next to both thermocouples per pine to

measure the depth of the burned litter and duff layers.

2.2 | Data collection

Prior to the burning treatments, we inventoried the forest structure
in two 452 m? circular plots per treatment unit. We measured
diameter at breast height (dbh), height, and canopy base height of
all pines larger than 7.5cm dbh, as well as canopy cover at the plot
centre using a spherical convex densiometer (Forestry Suppliers,
Inc.). Shrub cover, height, and crown diameter, as well as herb cover
were surveyed in 20 quadrats of 1 m? alongtwo 10 mtransects before
treatments (2020) and 5years after (2025). Regional allometries
were used to estimate the mean shrub biomass per treatment unit,
using medfuels v.0.0.1 R package (De Caceres et al., 2019).

We selected and tagged 15-20 dominant black pines with similar
dbh (average dbh of 17cm) per treatment unit, hereafter referred
to as selected trees (n=114), and sampled needles before and 1year
after prescribed burning in both burned and unburned units, follow-
ing a before-after-control-impact (BACI) design. In the burned units,
selected trees were those where fire temperature had been recorded.
Needles were sampled from the upper, south-facing portion of the
crown due to their larger photosynthetic capacity and greater N
content (Camm, 1993; Leuning et al., 1991; Figure S1), as N levels
influence PPM larval performance (Hédar et al., 2002). They were
consistently collected from the same location to minimize differ-
ences in needle chemical composition due to their position within
the crown (White, 1954), during the morning hours to minimize ter-
pene fluctuations as a function of the time of day (Riba et al., 1987),
and at the same time each year to minimize differences in terpene
concentration caused by seasonal changes (Llusia et al., 2006), in
late September to early October 2020 and 2021, when early-instar
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larvae are feeding. Before treatments, we sampled current-year nee-
dles (Pre_C), while 1year after, we sampled mature needles (Post_M:
needles that were Pre_C before treatments) and current-year nee-
dles (Post_C: needles that grew after treatments). Needles were pre-
served in liquid nitrogen until laboratory processing. Needles used
for the PPM larval bioassay were collected in October 2021 at the
Lloreda site from the upper, south-facing portion of the crown of
eight additional black pines, four from the burned unit and four from
the unburned unit, hereafter referred to as larvae trees (n=8). Larvae
trees were intermediate rather than dominant because we expected
them to be more affected by prescribed burning (i.e. lower needle
terpene concentrations after treatment), which could in turn have
a greater impact on larval survival. In the lab, part of the needles
from both selected and larvae trees were stored at -20°C for terpene
analysis; the remainder were dried at 60°C for 48h and processed
for '°C and 580 composition and N content analyses.

We estimated fire severity parameters (percent crown scorch,
stem char height, bark char codes, and burned litter and duff depth)
1week after burning for all selected trees (n=70) and calculated the
duration of temperatures above 60°C. Percent crown scorch was
assessed visually. The bark char codes, which serve as a stem dam-
age indicator, were assessed visually at the lower 10cm around the
stem, following Ryan (1982). They were transformed into a contin-
uous stem damage index ranging from O (completely unburned) to
1 (severely burned). The depth of the burned litter and duff layers
was estimated by measuring the exposed portion of the nails placed
above the litter layer before fire. No specific permits were required

to conduct fieldwork in the study sites.

2.3 | Terpene content

Monoterpene and sesquiterpene content in the needles was
analysed both before and after burning from selected trees (n=322;
Pre_C, Post_C, Post_M) and only after burning from larvae trees
(n=16; Post_C, Post_M). Fresh needles (0.35g) were manually
ground in 50mL Teflon tubes filled with liquid nitrogen, then mixed
with 2mL of a daily-prepared 1:2000 dodecane:pentane solution,
with dodecane as an internal standard. Teflon tubes were shaken for
20min, and the extract was transferred into a 2mL glass vial, sealed,
and frozen. The ground needles in Teflon tubes were dried at 60°C
for 24 h and weighed.

Samples were analysed using a Gas Chromatograph (GC; 7890A,
Agilent Technologies) coupled with amass spectrometer (5975C inert
MSD with Triple-Axis Detector, Agilent Technologies), using helium
as the carrier gas at a flow rate of 1mImin™. Two ul of samples were
injected into the column, initially set at 35°C for 2min, then heated
at a rate of 15°C per minute to 150°C, held for 5min. The tempera-
ture was then raised at 20°C per minute to 250°C, held for 5min,
and finally raised at 20°C per minute to 280°C, where it was held
for 10 min, resulting in a total run time of 36 min. Commercial stan-
dards at different dilutions (1:1000, 1:10000, 1:100000) were used

to prepare calibration curves to quantify terpene content, which
included six monoterpenes (a-pinene, 3-carene, p-cymene, eucalyp-
tol, y-terpinene, linalool) and one sesquiterpene (x-caryophyllene).
All terpene calibration curves were highly significant (R?20.95).
Terpene quantification was performed using the fractionation prod-
uct with an ion mass of 93. Terpene concentration was calculated on
a needle dry mass basis. Monoterpene and sesquiterpene identifica-
tion was based on the comparison of each terpene mass spectra with
published spectra (NIST 05 and Wiley275 libraries).

2.4 | Stable isotope composition and nitrogen
content

We analysed needle 5'%C and 5'®0 composition and N content
in samples from selected trees collected both before and after
prescribed burning (n=330; Pre_C, Post_C, Post_M) to assess the
physiological state of pines. Additionally, we measured N content
in samples from larvae trees (n=16; Post_C, Post_M). The samples
were ground to powder at a frequency of 24s™ for 70s; then 4mg
were weighed into tin capsules for 5'%C and N content analyses
and 0.5mg into silver capsules for 50 analysis. The e signature
and N content were measured using an elemental analyser (organic
EA, Flash 2000; Thermo Fischer Scientific Inc.) connected to an
isotope ratio mass spectrometer (Delta V Advantage; Thermo Fisher
Scientific Inc.). The 8*80 signature was measured using continuous-
flow isotope ratio mass spectrometry (CF-IRMS; Thermo Finnigan
ConFlo Ill, Thermo Finnigan Delta XP). The isotope and N analyses
were done at the Stable Isotope Facility of UC Davis, CA, USA
(Pre_C) and at the Stable Isotope Lab of the Institute of Soil Research,
BOKU University, Austria (Post_C and Post_M). The stable isotope
results are expressed as per mil (%o) deviations relative to reference
standards (Vienna Pee Dee Belemnite for §'3C and Vienna Standard
Mean Ocean Water for §'¥0), while the N content results are
expressed in mg g'1 of dry needle.

2.5 | Pine processionary moth larval survival

Pine processionary moth (PPM) egg batches were collected in
August 2022 from black pines near the Lloreda site. Needles for
feeding the larvae were sampled in October 2021, shortly after
needles of selected trees were collected. Needles of larvae trees
were collected from eight pines at the Lloreda site - four from the
burned unit and four from the unburned unit (n=8). Collected nee-
dles were frozen with liquid nitrogen in the field and later stored at
-20°C until they were either analysed for terpenes and N content
or given to the larvae. The bioassay began in August and concluded
in September 2022. The bioassay protocol involved placing 30 first-
instar larvae in Petri dishes, where they were fed a specific needle
age from one of the four pines per treatment (Post_C or Post_M,

from burned or unburned units; Figure S1). Each treatment had five
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sets of Petri dishes, totalling 80 dishes with 2400 larvae. Larvae that
died immediately after being placed in a Petri dish were replaced. If
they survived beyond 1day, the experiment began. Each Petri dish
contained larvae from two different egg batches to mitigate batch
effect. Larvae were fed fresh, unfrozen needles daily. Petri dishes
were kept at room temperature, with a daily drop of water added
to maintain moisture (Figure S1). The bioassay concluded once all
larvae either died or transitioned to the second instar, following the
method outlined by Hédar et al. (2002). No ethical approval was re-
quired for this study as PPM larvae are not covered by the Directive
2010/63/EU.

2.6 | Data analysis

We fitted multiple models to evaluate the effects of prescribed
burning on needle chemical traits (terpenes, 8*3C, 5*80, and N) and
on larval survival (Table 1). Details of the modelling approaches are
described below.

To evaluate variations in terpene concentration following treat-
ments, we fitted a linear mixed-effects model (LMM) to total ter-
penes as a function of treatment (categorical with two levels: burn
and control) and needle age (categorical with three levels: Pre_C,
Post_C, and Post_M), using tree j as a random intercept to account
for the repeated measures of the same pine. The factor site was re-
moved as a random intercept because the initial model exhibited
singular fit; likewise, the interaction between treatment and needle
age was excluded due to non-significance. This model was applied
separately for both selected (Table 1: 1) and larvae trees (Table 1:
6). For the selected trees, we fitted the same models separately for
monoterpenes and sesquiterpenes. Because the results were consis-

tent with those for total terpenes, we focus only on total terpenes in

50f15

the Results section for simplicity. Monoterpene and sesquiterpene
results are provided in the Appendix.

To assess variation in terpene concentration as a function of fire
severity in the burned units, we fitted a LMM, using crown scorch,
stem damage, minutes above 60°C, and depth of litter and duff burned
(all standardized continuous variables), and needle age as fixed covari-
ates, with tree j as a random intercept (Table 1: 2). The factor site was
removed as a random intercept because the model was overfitted.

We fitted a LMM to assess variation in terpene concentration as
a function of the physiological state of pines, with st’c composition,
580 composition, and N content (all standardized continuous vari-
ables) as fixed covariates and tree j as a random intercept (Table 1:
3). The factor site was removed as a random intercept because the
model was overfitted.

We also applied a multivariate sparse partial least-squares dis-
criminant analysis (sPLS-DA) to identify a set of terpenes associated
with either burned or unburned pines (selected trees; Table 1: 4) using
mixOmics v.6.25.1 R package (Rohart et al., 2017). sPLS-DA is a su-
pervised technique that selects the most relevant predictors that
contribute to discriminate between classes (burned vs. unburned).
We applied the sPLS-DA separately by needle age (Pre_C, Post_C,
and Post_M) and removed terpenes that were identified in less than
90% of all pines, resulting in a total of 28 terpenes.

Differences in 8'3C, 180, and needle N content of selected trees
between burned and unburned units were assessed using LMMs as
a function of the interaction between treatment and needle age, with
tree j as a random intercept to account for the dependency from re-
peated measures of the same tree (Table 1: 5). The factor site was
removed as a random intercept to simplify the model, as it explained
less than 10% of the total variance.

Differences in needle N content of larvae trees between burned

and unburned pines were assessed using LMMs as a function of

TABLE 1 Statistical models applied to each response variable for both selected trees and larvae trees.

Response variable Model formula Model type
Selected trees
1 Terpene concentration TerpeneConcentration; =Treatment; + NeedleAge; + Treg, LMM
2 Terpene concentration TerpeneConcentrationij=CrownScorchij+StemDamageij+ LMM
Minéoij+ LitterDuffBurnedij + NeedIeAgeij+Treej
Terpene concentration TerpeneConcentration; =613CU. +81BOU. +Ncontent; +Tree, LMM
4 Terpene composition X (matrix of terpenes composition) ~ Treatment (a different sPLS-DA
model for each needle age)
5 Needle trait (613C, 6180, N) NeedIeTraitij =Treatmentij+ NeedIeAgeij+Treatmentij X LMM
NeedIeAgeij +Treej
Larvae trees
6 Terpene concentration TerpeneConcentrationij=Treatmentij+ NeedIeAgeij+Treej LMM
7 N content Ncontent; =Treatment; + NeedIeAgeij +Tree LMM
8 Larvae survival Iogit(LarvaeSurvivaIij)=Treatmentij+ NeedIeAgeij+ Zero-inflated binomial GLMM

TerpeneConcentration; +Ncontent; + TerpeneConcentration; x
Treatment; + TerpeneConcentration; x NeedleAge; + Tree,

logit(m)=y
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treatment and needle age, with tree j as a random intercept (Table 1:
7). The interaction between treatment and needle age was excluded
from the initial model due to non-significance.

Finally, to assess potential factors affecting first-instar larvae
survival, we fit a zero-inflated binomial generalized linear mixed-
effects model (GLMM), with treatment, needle age, terpene concen-
tration, and N content as fixed covariates and tree j as a random
intercept (Table 1: 8). The response variable is the proportion of
larvae alive per Petri dish. The probability (z) of finding all larvae
dead was assumed to be constant. We chose a zero-inflated model
because initial results indicated zero-inflation caused by a large
number of zeros (60%). The interactions between Ncontent and
treatment, Ncontent and needle age, and treatment and needle age
were excluded due to non-significance.

Akaike's Information Criterion (AIC) was used to select the
best models, with a preference for the most parsimonious model
when AIC difference was <2. Pairwise differences among treat-
ment units and needle ages were determined using least-square
means, with a Holm correction factor to adjust the significance
level (¢=0.05) for multiple comparisons and reduce the risk of
Type | errors. Model assumptions were verified by checking for
residual patterns using DHARMa v.0.4.6 package (Hartig, 2022)
and by plotting residuals against fitted values and each covariate
(Zuur & leno, 2016). All analyses were conducted using R v.4.3.1
(R Core Team, 2023), including packages Ime4 v.1.1-34 (Bates

Can Feliu Lloreda

et al., 2015), gimmTMB v.1.1.7 (Brooks et al., 2017), and emmeans
v.1.8.8 (Lenth, 2023).

3 | RESULTS

3.1 | Stand characteristics and fire behaviour

Forest structure before prescribed burning treatments is summarized in
Table 2. Burned and unburned units of Lloreda and Puiggali sites were
structurally similar; yet, in Can Feliu, tree density differed consider-
ably due to the presence of more intermediate and suppressed trees.
After burning, we observed a reduction in shrub biomass and cover that
was still evident 5years after the treatments (Table 2). Fire severity in
dominant black pines showed no clear relation with fire temperature or
fuel moisture content (Table 3). Burning intensity was notably higher in
Puiggali, where maximum temperatures averaged 541°C, and exceeded
60°C at the stem base for an average of 215min. Greater crown scorch
was also recorded in Puiggali. Moisture content of live canopy fuels prior
to burning was lower in Puiggali and Lloreda, while understory woody
fuel moisture content was lowest in Puiggali. In contrast, herbs, litter,
and duff layers were drier in Lloreda compared with the other sites;
however, the depth of litter and duff burned was, on average, greater in
Puiggali. Milder burning conditions were recorded in Can Feliu, where
temperatures averaged 487°C, and exceeded 60°C for 103 min.

TABLE 2 Site characteristics and

Control Burn Control Burn

Latitude (°) 42.000 41.999 42.048  42.049
Longiture (°) 1.641 1.584 1.567 1.567
Elevation (m) 605 609 660 670
Aspect SW SE S w
Slope (%) 10 27 14 20
Stand basal area 29.2 34.8 19.9 16.6
(m?ha™)

Stand density 928.4 1790.5 618.9 751.6
(treesha™)

DBH (cm) 18(1.4) 14.5(0.5) 19.6(1) 16(0.6)
Stand height (m) 14(0.2) 9.7(0.3) 10.3(0.1) 10(0.2)
Canopy base height (m) 8.4(0.3) 4.7(0.2) 5.7(0.2) 4.9(0.1)
Canopy cover (%) 60 52.6 45 60.8
Before burning

Shrub cover (%) — 35.5 - 29.7
Shrub biomass (Mgha™!) — 6.8 — 4.3
Herb cover (%) — 39.4 — 65.1
Five years after

Shrub cover (%) 34.9 4.4 54.1 17.4
Shrub biomass (Mgha™) 6.1 0.3 8.6 1.9
Herb cover (%) 45.8 59.6 38.6 521

ReEal vegetation structure per treatment unit

Control Burn and site right before prescribed burning
and, for the understory vegetation, 5years

41.995 41996 after (mean values and SE in brackets).

1.579 1.581

600 601

SE E

25 27

24.6 24.6

906.3 1182.6

16.9(1.2) 14.9(0.6)

14.7(0.3) 9.6(0.2)

8.3(0.2) 4.6(0.1)

65 58.5

= 40.5

= 4.7

= 65.8

27.6 13.2

4.3 1.8

55.3 62.9
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burning characteristics, fire severity, and L] SRR Puiggali

fuel moisture content right before burning Burning characteristics

per site. Burning date 28/09/2020 30/09/2020 08/10/2020
n thermocouples 38 40 40
Maximum 487 (216-610) 552 (475-620) 541 (503-586)
temperature (°C)
n thermocouples 27 32 36
(T>60°C)

Fire severity
Minutes (T> 60°C) 103 (11-187) 113 (45-201) 215 (61-304)
Minutes (T>120°C) 34 (3-88) 45 (20-140) 111 (26-149)
Crown scorch (%) 3 (0-35) 26 (7.6-51.9) 35 (10-60)
Maximum stem char 0.7 (0.3-1.1) 2.3(1.8-2.9) 1.6(1.1-2.1)
height (m)
Stem damage [0-1] 0.6 (0.5-0.7) 0.7 (0.7-0.8) 0.7 (0.6-0.7)
Litter + duff burned 2(0-3.8) 1.4(0.7-1.9) 3.8 (0.8-5.1)
depth (cm)
Moisture content (% dry weight)

Pine 1h fuels 104.6 (101.1-107) 95.5(92.5-96.7) 97.3(93.6-100.3)
Pine needles 117.9 (113.7-133.8) 116.3(112.2-120.9) 113.1 (109.2-116.5)
Shrubs 1h fuels 84.1(80.6-91.4) 90.1(79.8-103.7) 80 (67-94.2)
Herbs 71.2 (68.6-79.8) 63 (58.9-79.7) 69.9 (62-73.5)
Litter 29.2(23.9-35.3) 5.6 (4.2-6.9) 34.6 (27.3-36.9)
Duff 57.9 (39.2-59.3) 15.9 (9.4-25.2) 57 (48.1-67.7)
Mineral soil (0-5cm) 11.8(11.5-13.6) 10.4 (8.4-11.5) 15(14.2-16.9)

3.2 | Needle terpene concentrations -—; 1254 Rec= 0.46 - Rem = 0.13

o))

We identified a total of 32 terpenes, including 14 monoterpenes é 1004

(MT) and 18 sesquiterpenes (SQT). The total terpene concentration 8 754

ranged from 50.4 to 74.0 mgg’1 of dry weight in selected trees, with g 504 Ea

the highest concentration found in Post_C needles of unburned units aC)

and the lowest in Pre_C needles of burned units (Figure 2, Table S1). E‘ 25+

Overall, Post_C needles had the highest concentrations in both
burned and unburned units. The most abundant terpenes were a-
pinene (MT, 25.9%), p-caryophyllene (SQT, 19.0%), a-caryophyllene
(SQT, 13.0%), germacrene-D (SQT, 12.2%), B-pinene (MT, 8.4%), and
limonene (MT, 4.4%), cumulatively accounting for 83% of the total
terpene concentrations.

Prescribed burning had no effect on terpene concentration
1year after treatment (p>0.05, Figure 2). Terpene concentra-
tions were consistently lower in burned units, both before and
after treatments, also for monoterpenes and sesquiterpenes sep-
arately (Figure S3). The various fire severity parameters assessed
at tree level failed to explain variability in terpene concentration
of burned pines as well; instead, the observed variability was at-
tributed primarily to needle age (Figure 3a). Consistent with the
lack of treatment effects, the sPLS-DA analysis did not identify
any terpenes that discriminated between the burned and un-

burned classes (Figure S5).

Pre C Post C Post M

© Control @ Burn

FIGURE 2 Estimated marginal means and confidence intervals
(95%) of the mixed-effects models for total terpene concentration
(mgg™* of dry weight) in Control and Burn treatments before (Pre)
and 1year after prescribed fire (Post) of current-year (_C) and
mature (_M) needles (n=322). Marginal (R’m) and conditional (R?c)
variance of the models are shown. Letters denote differences
among treatments and needle age levels (¢=0.05, Holm
adjustment). Coefficient estimates of the models are in Table S2.

3.3 | Stable isotopes and nitrogen content

Post_C and Post_M needles showed different physiological re-
sponses 1year after treatments (p <0.001, Figure 4). Specifically,
Post_C needles in unburned units exhibited 2.5% higher 51%C
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R = 0.25; R’m'= 0.06
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1
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1
1

Litter + duff burned - —o—

1
1

Minutes (T > 60 °C) 4 —e—

Post M 4 b——0—

-10 0
Coefficient estimate

(b)

Ric = 0,16, R‘m = 0.04
1
h——eo—
1
1
1
1

5180 (%o) { F————

1

1

1

1

F—o—

5"3C (%o)

N content (mg g™") 1

-4 0 4
Coefficient estimate

FIGURE 3 Model coefficient estimates and confidence intervals (95%) of total terpene concentration (a) in burned units as a function

of fire severity parameters and needle age (n=99) and (b) in both burned and unburned units as a function of isotope composition and N
content (n=322). Intercept of (a) equals Post_C measurements; intercept of (b) equals average concentration across Pre_C, Post_C, and
Post_M measurements. Coefficients are standardized. Filled points denote significant coefficients (p <0.05). Marginal (R?m) and conditional

(R?c) variance of the models are shown.

~249 Re%c= 0.78; R*m = 0.51 307 Rec = 0.58: Rfm = 0.44 144 R%c= 0.6: R*m = 0.15
o
~ -26 4 —~ 28- g 12 4
£ R :E/ ab
& 28+ 2 § 104
o o 26 2
3
-30 - z 87
24 -

T T T
Pre_C Post_C Post M

T T T
Pre_C Post_C Post M

T T T
Pre_C Post_C Post M

@ Control @ Burn

FIGURE 4 Estimated marginal means and confidence intervals (95%) of the mixed-effects models for nitrogen (N) content (mgg™?) and
5'%C and 5'%0 composition (%o) in Control and Burn treatments before (Pre) and 1year after prescribed fire (Post) of current-year (_C) and
mature (_M) needles (n=330). Marginal (R?’m) and conditional (R%c) variance of the models are shown. Letters denote differences among
treatments and needle age levels (¢=0.05, Holm adjustment). Coefficient estimates of the models are in Table S5.

values compared with those in burned units, while §*%0 values
remained similar. Conversely, Post_M needles in unburned units
showed 3.3% lower §'20 values than burned units, while §3C re-
mained similar. N content was significantly higher in Post_C nee-
dles of both burned and unburned units and in Post_M needles of
burned units compared with pretreatment levels. Terpene concen-
trations were positively related with 51C composition (Figure 3b),
yet only significantly for monoterpenes (p<0.05, Table S4,
Figure S4). However, neither §*0 nor N content influenced ter-

pene concentrations.

3.4 | Pine processionary moth larvae survival

Survival of first-instar larvae ranged from 1% to 20%, primarily in-
fluenced by N content and the interaction of terpene concentration
with treatment and needle age (Figure 5A, Figure S7). Larvae fed on
mature needles (Post_M) demonstrated a 9.5% higher survival prob-

ability than those fed on current-year needles (Post_C, p<0.001).

Interestingly, the effect of terpene concentration on larval survival
varied by treatment and needle age (indicated by the terpene con-
centration x treatment and terpene concentration x needle age interac-
tions, Table 4, Figure S7). Additionally, higher survival probabilities
were observed with increasing N content in both needle age classes
of burned and unburned pines (Table 4, Figure S7). Terpene con-
centrations of larvae trees ranged from 19.7 to 36.5mgg™* of dry
weight and were consistently higher in Post_C than in Post_M from
both burned and unburned trees (Figure 5B, Table S6). However, no
significant differences in N content were observed between treat-
ments or needle age classes for the larvae trees (Figure 5C, Table S7),

contrasting with findings from selected trees (Figure 4).

4 | DISCUSSION

Contrary to our first hypothesis, needle terpene concentrations did
not decrease 1year after burning, when PPM larvae are in the early

stages of development. Terpene concentrations of current-year
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FIGURE 5 Estimated marginal means and confidence intervals (95%) of (A) the predicted probability of survival of first-instar larvae as

a function of treatment, needle age, total terpene concentration, and nitrogen (N) content (mgg™ of dry weight; n=2400), (B) total terpene
concentration (n=16) and (C) N content of the needles used to feed larvae as a function of treatment and needle age (n=16). Marginal (R’m)
and conditional (R?c) variance of the mixed-effects models are shown. Letters denote differences among treatments and needle age levels
(¢=0.05, Holm adjustment). Coefficient estimates of (A) model are in Table 4, (B) model in Table S6, and (C) model in Table S7.

TABLE 4 Coefficient estimate, standard error (SE), and confidence intervals (Cl: 95%) of the zero-inflated mixed-effects model for the
probability of survival of first-instar larvae as a function of needle terpene concentration, treatment, and needle age (Table 1: 8).

Parameter Coefficient SE
Prob. of survival (Conditional)
(Intercept) -3.06 0.98
Terpenes -3.01 1.39
Burn 2.53 1.31
Post_M 3.32 0.52
N content 0.58 0.23
TerpenesxBurn 4.66 1.43
Terpenes x Post_M 1.34 0.47
Prob. of survival (Zero-inflated)
(Intercept) 0.9 0.27

Cllow Cl high R%c R%m IcC
0.81 0.65 0.44
-4.99 -1.13
-5.73 -0.28
-0.03 5.09
2.3 4.34
0.12 1.04
1.86 7.46
0.42 2.26
0.37 1.42

Note: The conditional component of the model explains the factors influencing the survival of larvae; intercept equals Control, Post_C. The zero-
inflated component (Bernoulli part) of the model indicates that the probability of finding a larva as either dead or alive is constant across different
terpene concentrations and levels of treatment and needle age. Cl in bold indicate a significant difference with the intercept. R%c, conditional

variance; R?’m marginal variance; ICC, intraclass correlation coefficient.

needles (Post_C) increased 1year after treatments both in burned
and unburned units, suggesting that this increase was not related to
burning (Figure 2), but rather to the drought conditions during the
post-treatment year, as reflected by an increase in 5'%C and 5'®0
in Post_C needles (Figure 4). Neither did fire severity parameters
nor the physiological state of pines explain the variability in terpene
content (Figure 3), which also contradicts our second hypothesis.
Instead, a considerable amount of variability was attributed to dif-
ferences among pines, indicated by a relatively high intraclass cor-
relation coefficient (ICC) in the models (Table S2). These intrinsic
differences likely influenced the observed survival trends of first-
instar PPM larvae. Larvae feeding on mature needles, regardless of
treatment, showed higher survival probabilities, likely due to the
consistently lower terpene concentrations in these needles. This
provides partial support for our third hypothesis: needle terpene
content affects larvae survival, but the relationship is neither linear

nor universal.

4.1 | No effect of prescribed burning in terpene
content 1year after treatments

Prescribed burning did not reduce needle terpene concentration
1year after. This lack of response may reflect the prevailing drought
conditions during the post-treatment year, which could have masked
any potential physiological benefit of burning on trees and/or the
fire intensity of the treatment, which may not have reached the
threshold required to modify resource availability.

Although we had expected burned pines to be less affected by
drought conditions after burning (Vila-Vilardell, Valor, et al., 2024)
and, consequently, to follow a different defence investment strat-
egy than unburned pines, the fact that the burns were directly
implemented without prior cutting treatment may explain why
this effect was not observed. The dual-isotope analysis (5'°C and
5'%0) revealed physiological differences between burned and un-

burned pines, suggesting variations in their performance 1year
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after. For instance, in burned pines, the lower 51%C in Post_C nee-
dles suggests reduced photosynthetic rates, while the higher §:%0 in
Post_M needles points to lower stomatal conductance (Scheidegger
et al., 2000), both reflecting a response to the drought conditions.
However, despite these physiological differences, we found no re-
lationship between terpene concentration and isotope composition
(Figure 3b). This contrasts with Valor, Ormefo, and Casals (2017),
where terpene content was reduced 1year post-burning in relation
to pre-burning, especially in trees that improved their physiological
performance, but in this case due to fire-induced thinning (Valor,
Gonzélez-Olabarria, et al., 2017). Nonetheless, the lack of a control
unit in that study makes it difficult to fully separate the effect of
burning from interannual environmental variability, even though
their results were consistent across species. Our results align more
closely with Lavoir et al. (2013), who also reported no effect of burn-
ing on needle terpene concentrations in P. nigra, likely due to low
fire severity.

The higher terpene concentrations observed in Post_C needles
of both burned and unburned units compared with pre-burning
levels were likely driven by the drought conditions during needle
growth (Blanch et al., 2009; Llusia & Pefuelas, 1998), in our study
reflected by an increase in 5'%C, particularly in the unburned units,
and in 5180 values of Post_C needles. Indeed, average total precipi-
tation decreased from 787 mm in the pretreatment year to 487 mm
post-treatment. Therefore, changes in terpene concentration 1
year after are likely more influenced by the different meteorologi-
cal conditions during needle growth than by the treatments itself.
The increase in terpene concentration of Post_C needles is aligned
with the growth-differentiation balance hypothesis (GDBH), which
posits that limited resources—in this case, water deficit—constrain
growth more than carbon fixation, leading to a larger relative alloca-
tion of carbon to defences (Herms & Mattson, 1992). However, be-
cause terpenes and proteins are produced via different biosynthetic
pathways, the GDBH provides limited support for a direct trade-
off between growth and carbon-based secondary compounds like
terpenes (Haukioja et al., 1998; Malone et al., 2024). Additionally,
the concurrent increase in N content observed in Post_C needles
(Figure 4) may reflect broader physiological responses to drought
rather than a direct link between nutrient availability and terpene
production, since terpenes do not seem to respond to fertilization
(Haukioja et al., 1998).

Regarding fire damage, we found no relationship between fire
severity and terpene content lyear after, regardless of the fire
severity levels observed (Table 3). Increases in needle secondary
metabolites in responses to crown scorch have been documented
shortly after burning, but these effects generally disappear within a
few months (Alonso et al., 2002; Cannac, Pasqualini, et al., 2009) or
significantly decline after 1year (Valor, Ormefo, & Casals, 2017). It
is therefore likely that any response specifically linked to fire injury
had disappeared by the time of sampling.

In line with the terpene concentration results, burning treat-
ments had no effect on terpene composition. Previous findings are
mixed, with some reporting changes in needle terpene composition

after burning (Lavoir et al., 2013), PPM defoliation (Achotegui-
Castells et al., 2013; Hodar et al., 2004; Lombardero et al., 2013),
or drought (Blanch et al., 2009; Llusia & Pefuelas, 1998), and others
reporting no changes after PPM defoliation (Hodar et al., 2015) or
drought (Kleiber et al., 2017).

We found consistently lower terpene concentration in burned
units. This variability between paired units may be related to the
fact that, although burned and unburned units were structurally
similar (with the exception of Can Feliu; Table 2), they represent
different stands with similar but not identical management histories
and site characteristics (e.g., Can Feliu burned unit was steeper than
its paired unburned). Because terpene content is highly sensitive to
both biotic and abiotic factors (Kopaczyk et al., 2020), differences
between stands may have contributed to the observed variability
in terpene concentrations. However, despite the structural differ-
ences between units in Can Feliu, similar trends observed at the
other two sites (Figure S2) suggest that changes in needle terpene
concentrations before and after treatments were not influenced by
these structural differences but rather by other factors, such as the

different meteorological conditions.

4.2 | PPM larvae survival is influenced by multiple
factors

PPM larvae survival was shaped by multiple interacting factors
rather than by burning alone, as observed with other phytophagous
insects (Land & Rieske, 2006; Rieske et al., 2002). The interaction
between burning treatment and needle terpene concentration
underscores the role of chemical defences in modulating the effects
of burning. Needle age and N content further influenced survival,
emphasizing the multifaceted nature of these dynamics.

Larvae survival was higher on mature needles, which consistently
had lower terpene concentrations (Figure 5b). While this aligns with
prior studies (Smits & Larsson, 1999), other factors, such as needle
toughness or defoliation status, could also have contributed to the
observed survival patterns (Hodar et al., 2004; Zovi et al., 2008). The
literature reports a weak or non-existent relationship between PPM
larvae performance and needle terpene levels (Hédar et al., 2004,
2015; Lombardero et al., 2013). As such, our study failed to find a
conclusive result. The significant variation in terpene concentrations
among individual trees (Table Sé; ICC=0.72) suggests that tree-
specific traits play a key role in shaping the environment for larvae.
Moreover, needle chemical composition is highly sensitive to light
availability (White, 1954). Selected trees were dominant and had higher
terpene concentrations than larvae trees, which were intermediate
and therefore had lower access to light. Consequently, larval survival
rates might have differed if larvae had been fed needles from dominant
pines. However, because our experiment focused on comparing treat-
ments, the results remain valid for assessing differences in survival
rates between larvae fed needles from burned and unburned pines.

The positive relation between needle N content and larval
survival, in agreement with previous studies (Hodar et al., 2002),
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further emphasizes the importance of host plant quality. N supports
the synthesis of structural proteins critical for larval development
(Mattson, 1980). However, the absence of differences in N content
between burned and unburned pines, despite transient increases in
soil N following burning (Romanya et al., 2001), suggests that these
changes may not translate directly into foliar N content.

4.3 | Implications and future directions

The survival rates observed in our bioassay (1%-20%) are lower than
those reported in other studies (Achotegui-Castells et al., 2015;
Hédar et al., 2004, 2015) and may reflect unmeasured factors, such
as behavioural or developmental dynamics. While we controlled
environmental factors affecting larvae performance and only
manipulated the type of food provided, the overall low survival
rate could indicate that we overlooked important, yet not entirely
understood, factors (Zalucki et al., 2002). For example, larvae reared
in small groups may experience different survival patterns compared
with their natural gregarious behaviour in communal settings. If the
leading larva dies, the procession can easily collapse and disintegrate
(Fitzgerald, 2003), potentially increasing mortality among the
remaining individuals in the group. Furthermore, mixing larvae from
different egg batches might also introduce variability, since larvae'
behaviour is influenced by sex and body size (Uemura et al., 2023).
Our findings demonstrate that, under the conditions studied,
prescribed burning does not affect needle terpene concentration
or composition, nor does it negatively affect PPM larvae survival.
These results emphasize the need to consider both biotic and abiotic
factors, as well as individual tree variation, when evaluating the eco-

logical impacts of prescribed burning treatments.

5 | CONCLUSIONS

We found no evidence that prescribed burning affected needle
terpene content in dominant black pines 1year after. This suggests
that the prescribed fire did not reach a severity threshold to trigger
shifts in terpene investment 1year after, either through damage or
improved physiological status. Instead, the increased terpene con-
centrations observed in current-year needles of both burned and un-
burned pines were influenced by the prevailing drought conditions
during their growth. The lack of response in terpene content 1year
after treatments is consistent with the absence of clear effects of
prescribed burning on 613C, 6180, and N content. Furthermore,
1year after burning, the effect on larval survival was minimal, with
variations in survival primarily attributed to differences in terpene
concentration across needle age classes. These results indicate
that the survival patterns of PPM larvae are complex, influenced
by multiple factors, yet highlight that prescribed burning in these
sub-Mediterranean forests does not lead to undesirable negative

impacts on subsequent PPM performance.
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Figure S1. Sampling of Pinus nigra needles (left); first-instar larvae
feeding on P. nigra needles (right).

Table S1. Mean (SE) of needle terpene concentration (pgg’1 of dry
weight) of dominant Pinus nigra spp. salzmannii by treatment unit.
Figure S2. Total terpene concentration (mgg™ of dry weight) in
Control and Burn treatments before (Pre) and 1 year after prescribed
fire (Post) of current-year (_C) and mature (_M) needles (n=2322) per
treatment unit.

Figure S3. Estimated marginal means and confidence intervals (95%)
of the mixed-effects models for monoterpene and sesquiterpene
concentration (mgg™? of dry weight) in Control and Burn treatments
before (Pre) and 1year after prescribed fire (Post) of current-
year (_C) and mature (_M) needles (n=322). Marginal (R’>m) and
conditional (R2c) variance of the models are shown. Letters denote
differences among treatments and needle age levels (a=0.05, Holm
adjustment). Coefficient estimates of the models are in Table S2.
Figure S4. Model coefficient estimates and confidence intervals
(95%) of monoterpene and sesquiterpene concentration (A) in
burned units as a function of fire severity parameters and needle age
(n=99) and (B) in both burned and unburned units as a function of
isotope composition and N content (n=322). Intercept of (A) equals
Post_C measurements; intercept of (B) equals average concentration
across Pre_C, Post_C, and Post_M measurements. Coefficients are
standardized. Filled points denote significant coefficients (p<0.05).
Marginal (R?m) and conditional (R%c) variance of the models are shown.
Figure S5. Sample plot of the sparse partial least-square discriminant
analysis (sPLS-DA) showing terpene concentration by needle age
projected into the space spanned by the two components. Ellipses
represent 95% confidence intervals around each treatment (Burn
and Control); the star represents the centroid of each treatment.
Figure S6. Terpene concentration (mgg™ of dry weight) of the
needles used in the bioassay to feed larvae by tree and treatment

(n=16), divided by monoterpene and sesquiterpene concentration.

Figure S7. Predicted probability of survival of first-instar larvae as
a function of treatment, needle age, total terpene concentration,
and N content (mgg'1 of dry weight). (A) Estimated marginal means
and confidence intervals (95%); (B) predicted response as a function
of terpene concentration, treatment, and needle age (N content is
marginalized over); (C) predicted response as a function of N content,
treatment, and needle age (terpene concentration is marginalized
over). Shaded areas represent the 95% confidence intervals. Marginal
(R?m) and conditional (R%c) variance of the mixed-effects models are
shown. Letters denote differences among treatments and needle
age levels (a=0.05, Holm adjustment). Coefficient estimates of the
model are in Table Sé.

Table S2. Coefficient estimate, standard error (SE), and confidence
intervals (Cl, 95%) of the mixed-effects models for needle total
terpene, monoterpene, and sesquiterpene concentration (mgg’1
of dry weight) as a function of treatment and needle age (Table 3:
1). Intercept equals Control, Pre_C. Cl in bold indicate a significant
difference with the intercept. R%c, conditional variance; R?m marginal
variance; ICC, intraclass correlation coefficient.

Table S3. Coefficient estimate, standard error (SE), and confidence
intervals (Cl, 95%) of the mixed-effects models for needle total
terpene, monoterpene, and sesquiterpene concentration (mgg™* of
dry weight) of pines growing in burned units 1 year after prescribed
fire as a function of fire severity (Table 1: 2). Intercept equals Post_C.
Cl in bold indicate a significant difference with the intercept. R%c,
conditional variance; R?m marginal variance; ICC, intraclass
correlation coefficient.

Table S4. Coefficient estimate, standard error (SE), and confidence
intervals (Cl, 95%) of the mixed-effects models for needle total
terpene, monoterpene, and sesquiterpene concentration (mgg'1 of
dry weight) as afunction of needle isotope composition and N content
(Table 1: 3). Intercept equals the average terpene concentration
across both control and burn treatments, and Pre_C, Post_C, and
Post_M measurements. Cl in bold indicate a significant difference
with the intercept. R%c, conditional variance; R?m marginal variance;
ICC, intraclass correlation coefficient.

Table S5. Coefficient estimate, standard error (SE), and confidence
intervals (Cl, 95%) of the mixed-effects models for needle §13C
(%o), 180 (%o), and N content (mgg™* of dry weight) as a function
of treatment and needle age (Table 1: 5). Intercept equals Control,
Pre_C. Clin bold indicate a significant difference with the intercept.
R?c, conditional variance; Rm marginal variance; ICC, intraclass
correlation coefficient.

Table Sé6. Coefficient estimate, standard error (SE), and confidence
intervals (Cl, 95%) of the mixed-effects models for total terpene
concentration (mgg™! of dry weight) in needles used in the bioassay
to feed larvae as a function of treatment and needle age (Table 1:
6), collected 1year after prescribed fire. Intercept equals Control,
Post_C. Clin bold indicate a significant difference with the intercept.
R?%c, conditional variance; R’m marginal variance; ICC, intraclass

correlation coefficient.
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Table S7. Coefficient estimate, standard error (SE), and confidence
intervals (Cl, 95%) of the mixed-effects models for N content (mgg™
of dry weight) in needles used in the bioassay to feed larvae as a
function of treatment and needle age (Table 1: 7), collected 1year
after prescribed fire. Intercept equals Control, Post_C. Cl in bold
indicate a significant difference with the intercept. R?c, conditional
variance; R’m marginal variance; ICC, intraclass correlation

coefficient.
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