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Abstract
& Keymessage Prescribed burning applied after a dry year increased (fall burns) or had no effect (spring burns) on pine resilience,
measured as the capacity to reach pre-drought growth levels compared with unburned pines. In fall burns, there was a larger
increase in resilience when the impact of drought and burning on pines was low and burning caused a significant release from tree
competition.
& Context Prescribed burning after a dry year can decrease a tree’s resistance (inverse of growth reduction during disturbance);
however, burning can increase resource availability and consequently tree resilience (capacity to reach pre-disturbance growth
levels). In addition, the burning season can affect the latewood to earlywood ratio (latewood:earlywood) and thus have an impact
on tree-ring density.
& Aims To study the effects of two consecutive disturbances (drought and burning) on Pinus nigra spp. salzmannii and Pinus
sylvestris in terms of (i) total tree-ring resistance, (ii) total tree-ring, earlywood and latewood resilience, and (iii) post-stress
latewood:earlywood.
& Methods We selected drought-affected trees (control) and drought-and-burning-affected trees (burned) for tree-ring sampling.
For each tree, we measured total tree-ring, earlywood, and latewood widths to determine resilience and resistance indices and
calculated pre- and post-stress latewood:earlywood as indicators of tree-ring density. We used linear mixed-effects models to
relate these response variables to the pine species, burning characteristics, and competition release.
& Results Resistance was higher in control trees than burned trees. P. nigra showed lower resistance than P. sylvestris but higher
resilience. Resistance positively influenced resilience. Specifically, as resistance increased, total tree-ring and latewood resilience
increased significantly in pines burned during the fall compared with those burned in spring or control pines. In fall burns, the
pines’ resilience increased, especially when pines were significantly released from tree competition. In P. nigra, post-stress
latewood:earlywood increased after fall burns as pre-stress latewood:earlywood decreased.
& Conclusion Prescribed burning can be a valuable management tool for overcoming the effects of a dry year on tree growth by
increasing resilience, especially in P. nigra.
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1 Introduction

Comparing tree growth before, during and after a drought event
can be used as a proxy of tree resilience and resistance (Lloret
et al. 2011). Resilience can be defined as the capacity to return
to pre-disturbance functioning and growth levels (Holling
1973). However, resilience per se does not consider the impact
of the disturbance; therefore, resistance, which is the reversal of
the reduction in ecological performance during a disturbance
(Kaufman 1982), can be included in the resilience analysis to
avoid underestimating the resilience (Lloret et al. 2011).

Successive drought events can deplete an individual tree’s
reserves, diminishing tree vitality and ultimately causing tree
death (Galiano et al. 2011). If drought-weakened trees are
further stressed by natural or management perturbations, such
as prescribed burning, resilience can be affected because fire
injured trees need their stored carbohydrates to replenish
killed or injured tissues (Varner et al. 2009). In contrast, pre-
scribed burning can have positive effects on tree growth as it
increases resource availability by removing understory and
small trees (Battipaglia et al. 2014) and releasing nutrients
after the fire (Certini 2005). Although some studies have an-
alyzed the effect on tree growth of prescribed burning and
subsequent drought events (Bottero et al. 2017; Collins et al.
2014; Lloret et al. 2011), few studies have studied the reverse
situation: prescribed burning after a drought event.

To fully understand a tree’s resilience to overlapping distur-
bances it is necessary to know the relative intensities (Bansal
et al. 2013) and the stochastic extrinsic factors associated with
the disturbances (e.g., release from tree competition) (Lloret
et al. 2011; Van Mantgem et al. 2016; Van Mantgem et al.
2018). Resistance to drought and burning together with the fire
severity experienced by each individual tree (e.g., crown, root
and stem injury, death of neighbor trees), the specific character-
istics of prescribed burns (e.g., intensity, season), tree attributes
(e.g., species, size, tree reserves status), and time since burning,
are all major sources of variability in tree resilience after
drought and prescribed burning.

Trees that have survived drought events generally have a
higher proportion of latewood compared with those that suc-
cumb to drought (Martinez-Meier et al. 2008). The tracheids
in latewood have a smaller diameter and thicker cell walls than
earlywood tracheids. Therefore, a higher proportion of late-
wood than earlywood likely increases the resistance to the
future embolism of upcoming drought events. Burning season
can influence the pine’s future resistance to cavitation because
burning in spring or fall could have different impacts on the
development of the next seasonal growth, producing changes
in the proportion of latewood to earlywood in a tree ring.
However, fire stem injury could lead to a lasting reduction in

xylem conductivity due to conduit wall deformation, resulting
in a permanent reduction in hydraulic safety and increasing
the likelihood of embolism (Michaletz et al. 2012; Battipaglia
et al. 2016; Bär et al. 2018).

As regards species, the boreo-alpine P. sylvestris L. is less
tolerant to drought than the sub-Mediterranean P. nigra spp.
salzmannii (Dunal) Franco (Martinez-Vilalta and Piñol 2002).
P. nigra is more fire resistant than P. sylvestris due to its thicker
bark, thicker needles, and higher canopy base height (see
Fernandes et al. 2008 for review), which is evidenced by the
lower mortality of P. nigra after prescribed burning compared
with P. sylvestris (Fernandes et al. 2008; Valor et al. 2017). In
terms of iso-hydric behavior, combining tree growth data with
wood isotope C information can help to determine more spe-
cifically the physiological response of each species to the com-
bined effect of fire and drought. δ13C is a good indicator of
plant intrinsic water-use efficiency (WUEi) (Farquhar et al.
1989). It reflects the balance between assimilation rate and sto-
matal conductance, and thus is an indicator of the internal reg-
ulation of carbon uptake and water losses (Saurer et al. 2004)
during prescribed burning (Battipaglia et al. 2016). Whereas
earlywood is usually formed from carbohydrates assimilated
in the previous year (Eilmann et al. 2010), latewood carbon
isotope values are clearly related to the current environmental
conditions and can contribute to explaining the physiological
mechanism behind the growth during and after the disturbance.
Thus, if prescribed burning enhances nutrient and water avail-
ability due to a reduction in tree competition, then WUEi may
decrease (as observed in previous studies by Battipaglia et al.
2014). However, if fire causes tree damage, it is plausible that
stomata conductance is reduced, and therefore, WUEi would
increase (Niccoli et al. 2019).

This study takes advantage of a series of moderate-intensity
prescribed burns that induced around 10–15% tree mortality
2 years post-burning (Valor et al. 2017). The burns were car-
ried out in the spring and fall of 2013, 1 year after the drought
in 2012, which was one of the driest years recorded in the
region (Sánchez-Costa et al. 2015). We studied the effects of
drought and burning season on total tree-ring, and earlywood
and latewood resilience of P. nigra spp. salzmannii and
P. sylvestris. We used dendrochronological and stable isotope
analysis and selected pines of similar sizes without any appar-
ent damage to the crown but in which stem or basal stem
injury was evident.

We hypothesized that applying prescribed burning the year
after a drought would increase pine resilience in comparisonwith
unburned pines due to the release from resource competition
induced by burning. This effect would be species-specific, as
P. sylvestris is more sensitive to fire and drought than P. nigra.
It would also be resistance dependent, as the magnitude of the
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impact of drought and/or burning on tree growth will determine
the resilience capacity of individual pines. Finally, we hypothe-
sized that burning season would have different impacts on the
development of the next seasonal growth.

Understanding to what extent prescribed burning and burn-
ing season may exacerbate, cancel out or reverse the effects of
drought on the resilience capacity of trees can contribute to the
prescription of this management technique. This is an impor-
tant issue given that drought frequency and intensity is pre-
dicted to increase with climate change.

2 Methodology

2.1 Study site, experimental design, and prescribed
burning

The study was performed in two localities in the foothills of
the Pyrenees, Miravé (41.9515° N, 1.4494° E) and Lloreda
(42.0569° N, 1.5706° E), in the NE Iberian Peninsula. We
selected one mixed P. sylvestris and P. nigra stand in each
locality. Within each stand, we selected two paired sites
(1 ha each) to perform prescribed burning either in spring or
fall. One plot (30 × 30 m) in each of the four sites, was set up
tomonitor the effects of prescribed burning on tree growth and
pine mortality.

The climate is sub-Mediterranean with a mean annual
rainfall of 748 mm in Lloreda and of 677.3 in Miravé,
and mean temperature of 11.4 °C in Lloreda and
11.5 °C in Miravé. The slope of all the plots was
around 25–30% in both localities. Miravé plots were
north oriented at an altitude of 723 m.a.s.l and
Lloreda plots were northeast oriented at an altitude of
749 m.a.s.l. Soils developed from calcareous colluvi-
ums, classified as Calcaric inceptisols (FAO 2006), they
were between 0.5 and 1 m deep, and basic (pH 6.8–7.5)
with a fine texture.

At both sites, the forest overstory was dominated by
Pinus nigra ssp. salzmanii (Dunal) Franco and
P. sylvestris L. and broadleaf trees (i.e., Quercus
pubescens Willd., Acer monspessulanum L., Sorbus aria
(L.) Crantz) were also common. The understory was
composed mainly of Buxus sempervirens L. and decid-
uous species (e.g., Lonicera etrusca Santi, Viburnum
lantana L., Amelanchier ovalis Medik.). Other evergreen
shrubs were also common in the understory (e.g.,
Juniperus oxycedrus L., Q. coccifera L.). The forest
characteristics were similar across plots except for the
understory phytovolume, which was lower in the
Lloreda spring burn, and the basal area of the stands,
which was higher in the Lloreda fall burn (Table 1).

Prescribed burning was carried out in late spring (5
June at Lloreda and 12 June at Miravé, 2013) and fall

(17 October at Miravé and 8 November at Lloreda,
2013) by the Forest Actions Support Group (GRAF)
of the Autonomous Catalan Government (Generalitat
de Catalunya), to reduce surface and ladder fuels and
thus reduce fire hazard. All burns were carried out fol-
lowing a strip headfire ignition pattern under similar
meteorological conditions, although forest floor moisture
was much lower in fall burns than in spring burns
(Table 1). Fire behavior was comparable among sites
and fire seasons, except in the Lloreda fall burn
(Table 1) where the combustion time above 120°C at
the soil surface was longer than in the other plots.
Immediately after prescribed burning, we visually esti-
mated the proportion of white ash in 1 m radius from
the tree center for each tree. White ash indicates smol-
dering and potential damage to the basal stem and root
collar (McCandliss 2002). Stem injury was characterized
by bole scorch height (BSH) (Wyant et al. 1986). We
measured the maximum (BSHmax) and minimum
(BSHmin) bole scorch height. One week after prescribed
burning, the crown volume scorched was visually esti-
mated to the nearest 5% as the change in needle color
resulting from heat transferred via convection. Details
on tree mortality over time and on the experimental
design for determining combustion times are reported
in Valor et al. 2017.

2.2 Tree selection and tree competition index

Pine’s resilience was analyzed by randomly selecting at
each plot 15 trees per species and burning season, with
similar DBH and without any damage on the crown
(Table 2). Tree sampling was representative of the pop-
ulation of trees that experienced prescribed burning, as
most pines, 70% of pines with DBH between 15 and
25 cm, did not experience crown damage. Additionally,
we select 15 control trees per species growing in an
adjacent site left unburned.

For each burned tree, we computed the Hegyi’s com-
petition index (CI) (Hegyi 1974) before burning in 2012
(CI12) and 2 years post-burning in 2015 (CI15)
(Table 2). The Hegyi’s index is a distance-dependent
tree competition index, and it was calculated using the
pairwise function of the Siplab package (Garcia 2014)
for each year as follows:

CIi ¼ ∑
n

j¼1

DBH j=DBHi

distij

where CIi is the competition index for the subject tree i,
DBH the diameter at breast height, distij the distance
between the subject tree i and the competitor tree j,
and n is the number of competitors in the neighborhood
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zone. A search radius of 3.5 m defined the neighbor-
hood zone. Following Lorimer (1983), the radius was
defined by multiplying the mean crown radius of over-
story, 1 m, by 3.5. Then, to quantify the release from
tree competition experienced by each tree, we compute
a relative competition index (RCI15) as the difference
between pre (CI12) and post-burning competition (CI15)
indices relative to pre-burning levels (Table 2).

2.3 Tree-ring measurements

A total of 176 pines were cored to the pith during
November and December 2016. Two cores per tree were
extracted with an increment borer with a 4.5-mm diam-
eter at a 50-cm height above the ground, with an angle
of 120° between them. Cores were prepared following
standard dendrochronological techniques (Stokes and
Smiley 1968). Total tree-ring, earlywood and latewood
widths of each annual tree-ring were measured from
year 2015 until the pith, as latewood in early fall
2016 was still not defined in all cores. We used a
Lintab 3 measuring system coupled to the TSAP tree-
ring software (Frank Rinn, Heidelberg, Germany), with
a precision of 0.001 mm. Cores of each locality, spe-
cies, and plot were dated and visually cross-dated by
comparing characteristic narrow rings present in all trees
to detect the presence of false and missing rings. Cross-
dating was validated in the 12 chronologies developed
using the COFECHA software (Holmes 1983), which
calculates cross-correlations among individual series of
tree growths.

Using the Dendrochronology Program Library (dplR)
package in R, Version 2.10.1, tree-ring series were
detrended with a cubic smoothing spline with a 50%
frequency response cutoff of 10 years to remove long-
term growth trends embedded in the raw tree-ring series
that were thought to be induced by non-climatic influ-
ences, such as aging and competition between trees
(Fritts 1976). The standard chronology was calculated
as the bi-weight robust mean value of each detrended
series. In addition, individual series were subjected to
autoregressive modeling and also averaged using a bi-
weight robust mean to obtain the residual chronology
(Cook 1985). The residual chronology was used to an-
alyze climate-growth relationships because by removing
the autoregressive component it is possible to determine
stronger more reliable correlations with climate. We
used the standard chronology to calculate common den-
drochronological statistical measures, and thus determine
by how much growth for any given year has been in-
fluenced by growth in the preceding year.

Total tree-ring, earlywood, and latewood were con-
verted into basal area increments (BAI) using the

INBAI function of the Dplr package (Bunn 2008). We
preferred to use BAI over raw ring tree widths because
it is less dependent on tree age and avoids the need for
detrending, which could obscure the effects of reduction
in tree competition on tree growth as it removes the
low-frequency variability (Biondi 1999).

We studied tree responses to a dry year that occurred in 2012,
just 1 year before prescribed burning was applied. To determine
whether the 2012 event was a year with significant growth re-
duction in the two species we used the package PointRes (van
der Maaten-Theunissen et al. 2015) (Fig. 5 Annex1).

2.4 Resistance and resilience indices

The resistance and resilience indices were calculated as in
Lloret et al. (2011) as follows:

Resistance BAISt=BAIpreSt
Resilience BAIpostSt=BAIpreSt

where BAISt is the average BAI during the stress period
(drought 2012 and prescribed burning 2013), BAIpreSt is
the average BAI of the 3 years preceding the stress
period (2009 to 2011), and BAIpostSt is the average
BAI of the 2 years after the stress period (2014 and
2015). Resilience was also calculated separately for
years 2014 and 2015. Resilience was calculated for total
tree-ring, earlywood, and latewood. Resistance was only
calculated for total tree-ring, as the earlywood of the
trees burned during the fall of 2013 was unaffected by
fire. Thereafter, the resilience and resistance indices re-
fer to the 2012 drought; however, these indices were
calculated for individuals that were only drought-
affected (control) and for individuals that were
drought-and-burning-affected (burned).

To understand the effect of burning season on resistance to
future drought events we used the latewood to earlywood ratio
(latewood:earlywood) as an estimate of wood density (Bodig
and Jayne 1993). The latewood:earlywood is an important
hydrological trait as a higher proportion of latewood increases
a tree’s resistance to embolism at low water potential and can
act as water storage (Domec and Gartner 2002). For each tree,
we subtracted the mean pre-stress latewood:earlywood
(2006–2012) from the mean post-stress latewood:earlywood
(2014–2015) (DIF_latewood:earlywood). Positive values of
DIF_latewood:earlywood indicate higher latewood:earlywood
than in the pre-stress period and negative values indicate lower
latewood:earlywood than in the pre-stress period.

2.5 Climatic data

Monthly precipitation (P) and temperature (T) from
1975 to 2015 were obtained for both sites using
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climatic records and projections elaborated by the
Spanish Meteorological Agency (AEMET) (see
Ninyerola et al. 2000 for the spatial resolution of the
original climatic data and the approach applied to
downscale the climatic records). Monthly potential
evapotranspiration (PET) was estimated using the
Thornthwaite (1954) method. For each month, the dif-
ference between P and PET (P-PET) was calculated as a
measure of water availability.

2.6 Carbon isotopes

Once we had obtained the chronologies for each site,
species and burning season, we selected the five trees
with the highest inter-series correlation with a similar
age. One additional core was extracted from these se-
lected trees using a 7-mm-diameter borer with a drill at
a 50-cm height. We selected the section corresponding
to the period 2011–2015 from each sampled core.
Earlywood and latewood were divided and separated
for each year. The earlywood and latewood of the five
trees were pooled for each combination of year, site,
species and burning season. To estimate the standard
deviation of the samples, the earlywood and latewood
of 2011 were not pooled. Pooled and individual samples
were ground with a milling chamber. The carbon stable
isotope composition was measured at the IRMS Lab of
University of Campania “L. Vanvitelli” by continuous-
flow isotope ratio mass spectrometry (Delta V
Advantage, Thermo Scientific, Bremen, Germany) using
0.06 mg of dry matter for 13C measurements. The δ13C
series were corrected for the Suess Effect (decrease in
δ13C of atmospheric CO2 since the beginning of indus-
trialization) resulting from the emission of fossil carbon
dioxide, which is depleted in 13C (Francey et al. 1999).
The corrected series were used for all statistical analy-
ses. Isotopic compositions are expressed in delta nota-
tion (‰) in accordance with accepted Vienna PeeDee
Belemnite reference standards for carbon isotope values.
The standard deviation for the repeated analysis of an
internal standard (commercial cellulose) was lower than
0.2‰ for C.

2.7 Data analysis

A linear mixed-effects model (LMM) was used to test
whether resistance and resilience in P. nigra and
P. sylvestris differed between control (drought-affected
trees) and burned trees (drought-and-burning-affected
trees), and by how much resilience was influenced by
resistance. Thus, we modeled resistance as a function
of burning treatment (burned and control trees) with
species as fixed factors; and total tree-ring, earlywood

and latewood resilience as a function of burning sea-
son (control, fall, and spring burns), species, and
resistance.

To test whether resistance and resilience were influ-
enced by prescribed burning characteristics, we
modeled, using LMM, resistance as a function of
BSHmin and burning season (spring and fall); and total
tree-ring, earlywood, and latewood resilience as a func-
tion of pine species, resistance, BSHmin, RCI15 (release
from tree competition), and CI12 (pre-burning competi-
tion index). Models were developed separately for each
burning season and for the whole post-stress period and
separately for 2014 and 2015.

To test the influence of burning season and pre-stress
latewood:earlywood on post-stress latewood:earlywood, for each
species wemodeled, using LMM,DIF_latewood:earlywood as a
function of burning season and pre-stress latewood:earlywood.

Model selection was based on a robust form of
Akaike’s information criterion (AICc) (Burnham and
Anderson 2004). All models included two-way interac-
tions except for the interaction between species and C12.
Maximum likelihood was used for computing the AICc,
while restricted maximum likelihood was used to esti-
mate model coefficients. All mixed models developed
included a random factor (locality). Residuals of the
final mixed models did not show a pattern. Highly cor-
related explanatory variables were not used. All analy-
ses were conducted with the software R (v. 3.2.1, the R
Foundation for Statistical Computing) using the package
nlme (Pinheiro et al. 2007) for linear mixed-effects
modeling, and the package AICcmodavg (Mazerolle
2019) for model selection. The model variances ex-
plained by fixed effects (marginal R2) and by both fixed
and random effects (conditional R2) are provided
(Nakagawa and Schielzeth 2013).

The following parameters were calculated to assess
the goodness of the determined chronologies: Mean
inter-series correlation (Rbar), to assess agreement be-
tween individual series in each fire severity class;
expressed population signal (EPS), to determine to what
extent the chronologies, which are based on a limited
number of trees, were representative of the “hypotheti-
cal” true chronologies (Wigley et al. 1984).

For each species, we used a general linear model to
analyze the relationship between the δ13C earlywood
and δ13C latewood of the current year and between
the δ13C earlywood of the current year and the δ13C
latewood of the previous years in the pre-burning years
(2011–2012–2013) and the post-burning years (2014–
2015). We included 2013 as pre-burning years because
as spring burns occurred late in the season, we consider
that prescribed burning did not impact the earlywood of
pines burned in spring. Lastly, to detect time variations
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in the δ13C latewood, the mean and standard error of
δ13C latewood for each species, site and burning season
were plotted over time.

Climate-growth relationships were analyzed for each spe-
cies by calculating Pearson’s correlations between control re-
sidual chronologies (total tree-ring, earlywood, and latewood)
and P-PET of monthly data, and data of two and three con-
secutive months using the package TreeClim (Zang and
Biondi 2015). The results of this analysis can be found in
Annex 2 Figs. 6 and 7.

3 Results

3.1 Tree-ring chronologies

Trees had a similar age within and between chronologies
(Table 6 ESM 1). In all chronologies, the EPS had high values
(> 0.85), indicating that the chronologies constructed from
detrended individuals were representative of the whole tree
population (Table 6 ESM 1). The mean BAI for each chronol-
ogy revealed a similar growth pattern during the entire period
(Fig. 1).

3.2 Resistance and resilience of burned and control
pines

Resistance was higher in control pines compared with
burned pines (Fig. 2a) and in P. sylvestris compared
with P. nigra (Table 3), and the species per treatment
interaction was not significant. In contrast, resilience
was higher in P. nigra than in P. sylvestris independent-
ly of burning treatment (Table 3). Total tree-ring and
latewood resilience increased in pines burned in the fall
compared with control and spring burned pines, as re-
sistance increased (interaction resistance × burning,
Table 3 and Fig. 2b).

3.3 Resistance and resilience of burned pines

The resistance of pines burned in fall was lower than
that of pines burned in the spring as BSHmin increased
(Table 4, Fig. 3a). For pines burned in fall, the inter-
action between RCI15 and CI12 indicated a positive ef-
fect of the release of tree competition (estimated as
RCI15), especially in pines with a high pre-burning
competition index (CI12) in the total tree-ring and late-
wood resilience (Table 4 and Fig. 3b for total tree-ring
resilience).

In agreement with the model that included the control
pines (Table 3) resistance had a positive effect on the
total tree-ring and latewood resilience of both species
(Table 4). Differences between species resilience were

mainly found for the latewood resilience and were
higher in P. nigra than in P. sylvestris, except in 2015
when the species factor was not significant (Table 4). In
2015, the positive effect of competition release on total
tree-ring resilience decreased when individuals experi-
enced higher fire severities (Interaction RCI15 x BSHmin,
Table 4; Fig. 3c).

We did not describe the effects of fire severity on spring
burns because no differences were detected in the total tree-
ring or latewood resilience between pines burned in spring
and control pines (Table 3); however, the models can be found
in ESM 1 (Table 7).

Fig. 1 Mean and standard error of total tree-ring basal area increment
(BAI) for the whole-time span for P. nigra (a and b) and for P. sylvestris (c
and d) at Miravé and Lloreda localities for control (black line), spring
(green) and fall (brown) plots. Gray shading underlines the year of pre-
scribed burning (2013) and the post-burning period 2014–2015. n = 15
trees per locality, fire treatment and species, except in Lloreda for P. nigra
in fall burns (n = 14) and for P. sylvestris in spring burns (n = 12)
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3.4 Impact of burning season on the post-stress
latewood:earlywood

The pre-stress latewood:earlywood of P. sylvestris was
significantly lower than that of P. nigra (P < 0.05), with-
out differences between the control and prescribed burn-
ing sites.

In P. nigra, the latewood:earlywood was higher after
fall burns than after spring burns and in control pines
(Table 5). In addition, post-stress latewood:earlywood
increased significantly as pre-stress latewood:earlywood
decreased (Table 5). In P. sylvestris, neither burning
treatment nor pre-stress latewood:earlywood were
significant.

3.5 Carbon isotope ratios in P. sylvestris and P. nigra

For 2012 and 2013, in P. nigra, the δ13C of earlywood
was related to latewood δ13C of the current year

(P < 0.001, R2 = 0.90) (Fig. 4a) but not to the previous
δ13C of latewood (Fig. 4b). For 2014 and 2015, the
δ13C of earlywood did not significantly correlate with
the current or previous δ13C of latewood (data not
shown). Considering only latewood, the δ13C of
P. nigra tended to be lower in the year of burning
and the years after in comparison with pre-burning
years, without clear differences between burning seasons
(Fig. 4 c and d).

For 2012 and 2013, in P. sylvestris the δ13C of the
current earlywood was directly correlated to the late-
wood δ13C of the previous season (P < 0.05, R2 = 0.53)
(Fig. 4b) but not to the latewood δ13C of the current
year (Fig. 4a). As in P. nigra, for 2014 and 2015, the
earlywood δ13C did not significantly correlate with the
current or previous latewood δ13C (data not shown).
Considering only latewood, just after burning (2013),
at the Lloreda site, the latewood δ13C of P. sylvestris
was higher in fall burns than in spring burns (Fig. 4, e).

Fig. 2 Prediction line and partial
regression residuals of the
resistance model showing for
P. nigra and P. sylvestris the
significant effect of burning
treatment in Table 3 on resistance
(a); and the interaction in Table 3
for latewood resilience between
burning season and resistance (b)

Table 3 Summary of the mixed
models (estimate ± std) describing
total tree-ring resistance as a
function of species and burning
treatment and total tree-ring,
early- and latewood resilience as a
function of burning season, spe-
cies and resistance

Parameters Resistance (total tree-ring)

Intercept 0.82 ± 0.05***

Species (P. sylvestris) 0.10 ± 0.03***

Treatment (burning) − 0.08 ± 0.03*
R2 conditional / marginal 0.08 / 0.18

Parameters Resilience (total tree-ring) Resilience (earlywood) Resilience (latewood)

Intercept 0.40 ± 0.14 0.21 ± 0.11 0.66 ± 0.22**

Resistance 0.66 ± 0.14*** 0.83 ± 0.11*** 0.54 ± 0.22*

Species (P. sylvestris) − 0.23 ± 0.04*** − 0.15 ± 0.05*** − 0.23 ± 0.06***
Season (spring) 0.18 ± 0.20 0.10 ± 0.31

Season (fall) −0.41 ± 0.20* −0.77 ± 0.30*
Resistance × season (spring) −0.19 ± 0.23 −0.17 ± 0.36
Resistance × season (fall) 0.59 ± 0.23* 0.99 ± 0.34**

R2 conditional/marginal 0.32 /0.38 0.23/ 0.30 0.20 / 0.27

The intercepts coefficients of the resistance and resiliencemodels correpond to P. nigra and control trees. Thus, for
treatment the coefficients show the change from burned pines to control pines; for species, the coefficient shows
the change from P. sylvestris to P. nigra; for season from spring or fall prescribed burning to control pines

***Significant at P < 0.001; **significant at P < 0.01; *significant at P < 0.05; † significant at 0.05 <P< 0
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Two years after burning, P. sylvestris burned in fall had
lower latewood δ13C than in spring burns at both sites
(Fig. 4, e and d).

4 Discussion

4.1 Effects of prescribed burning after a dry year
on pine resilience and resistance

Prescribed burns performed the year after a dry year did not
reduce pine resilience compared with pines growing in control
(unburned) stands. Moreover, individuals’ resilience was pos-
itively influenced by resistance and varied between pine spe-
cies and burning seasons. First, the resilience of those individ-
uals with lower resistance indices was similar in both burned
and control pines. This suggests that the impact of burning on
drought-stressed individuals in spite of being additive was
irrelevant. Second, individuals that resisted drought and burn-
ing well showed higher resilience when burning was executed
in the fall after the dry year compared with those burned in the
spring or left unburned. Two years post-burning, tree mortality
was greater in fall burns than in spring burns (Valor et al.
2017). Therefore, the release from tree competition in fall
burns may have had a greater positive effect on pine resilience

compared with those burned in the spring. The effect of com-
petition release was especially marked in pines with a high
pre-burning competition index, suggesting that prescribed
burning benefited the growth performance of the more
stressed individuals. However, not only was the competition
release higher after fall burns, but also the fire damage to the
surviving pines. Prolonged heating in fall burns, as indicated
by the higher combustion times recorded during fall burns
compared with spring burns (Valor et al. 2017), may have
caused basal stem girdling and killed small pine roots
(Varner et al. 2009). This explains why the effect of competi-
tion release was more noticeable in those pines less damaged
by burning (low bole scorch height) as well as the lower re-
sistance of fall burned pines compared with spring burned
pines. Overall, fire severity after fall burns negatively impact-
ed the resistance of some individuals but enhanced the resil-
ience through the release of competition as time since burning
increased.

4.2 Differences in resistance and resilience
between species

P. sylvestris had a higher resistance index than P. nigra, which
indicates that P. nigra is, unexpectedly, more sensitive to
drought and prescribed burning. If resistance and resilience

Table 4 Summary of the mixed models (estimate ± std) describing total tree-ring resistance of burned pines and total tree-ring and latewood resilience
of fall burned pines for the whole period post-stress (2014–2015) and in 2014 and 2015

Parameters Resistance (total tree-ring)

Intercept 0.85 ± 0.10***

Species (P. sylvestris) 0.07 ± 0.05*

Burn season (spring) − 0.10 ± 0.13
BSHmin − 0.004 ± 0.001**
Season (spring) × BSHmin 0.004 ± 0.001*

R2 conditional/marginal 0.08 / 0.37

Parameters Resilience (total tree-ring) Resilience (latewood)

2014 + 2015 2014 2015 2014 + 2015 2014 2015

Intercept 0.26 ± 0.19 0.17 ± 0.19 0.17 ± 0.21 0.24 ± 0.21 − 0.06 ± 0.24 0.19 ± 0.25

Resistance 0.95 ± 0.19*** 1.13 ± 0.21*** 0.98 ± 0.21*** 1.27 ± 0.24*** 1.62 ± 0.30*** 1.18 ± 0.25***

Species (P. sylvestris) − 0.17 ± 0.10† − 0.22 ± 0.10* − 0.23 ± 0.12†

RCI15 − 1.31 ± 0.74† − 0.76 ± 0.81 − 0.60 ± 1.05 − 1.83 ± 1.05†

CI12 − 0.007 ± 0.02 − 0.04 ± 0.03 − 0.01 ± 0.03 − 0.001 ± 0.040
BSHmin − 0.004 ± 0.002* − 0.003 ± 0.002 − 0.005 ± 0.002* − 0.006 ± 0.002*
RCI15 × CI12 0.46 ± 0.19* 0.41 ± 0.20* 0.60 ± 0.21** 0.50 ± 0.26*

RCI15 X BSHmin − 0.04 ± 0.02†

R2 Conditional / Marginal 0.47 / 0.47 0.45 / 0.45 0.44/ 0.44 0.42 / 0.42 0.34 / 0.34 0.41/0.41

The intercepts coefficients of the resistance model correpond to P. nigra and to fall burned trees. In the resilience model the intercept coefficient
correpond to P. nigra. Thus, for spring, the coefficient shows the change from spring to fall burns and for species, from P. sylvestris to P. nigra

RCI15, relative competition index in 2015; CI12, pre-burning Hegyi competition index; BSHmin, minimum bole scorch height (cm)

*** Significant at P < 0.001; ** significant at P < 0.01; * significant at P < 0.05; † significant at 0.05 <P< 0.1
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depend on the amount of stored reserves (Galiano et al. 2011;
Lloret et al. 2011), then the differences observed between
species could reflect a trade-off. Therefore, higher resistance
in P. sylvestris would have resulted later in lower resilience
while lower resistance in P. nigra would have resulted in
higher resilience. Species differences in climate-growth rela-
tionships could also explain the unexpected higher resistance
of P. sylvestris. The growth of P. nigra showed a stronger

correlation with the P-PET of the current year (contrary to
Martin-Benito et al. 2013) and thus, growth during the
drought year probably reflects the climatic conditions of that
year. However, in P. sylvestris the effect of the previous-year
climate was more important, and therefore, growth in the
drought year was influenced by the favorable conditions of
the previous year. The relationship between δ13C in earlywood
and current or previous δ13C latewood suggests a tight cou-
pling of wood formation and currently canopy photosynthesis
in P. nigra,while wood formation of P. sylvestris seems to rely
more on stored carbohydrates from the previous year. In ad-
dition, the lower resilience of P. sylvestris compared with
P. nigra can be related to the higher sensitivity of
P. sylvestris to fire than P. nigra (Fernandes et al. 2008;
Valor et al. 2017). Although P. sylvestris was more resistant
than P. nigra, the higher latewood δ13C in the year of pre-
scribed burning in fall burns suggests a decrease in stomata
conductance due to fire stress. This may have affected the
physiology of post-burning pines, which would explain the
lower resilience observed in P. sylvestris; however, the loss
of resilience could also be attributed to structural changes in
the xylem caused by the fire (Bär et al. 2018). Nevertheless,
2 years post-burning there was no difference between
P. sylvestris and P. nigra in total tree-ring resilience. This
was supported by the more negative values with respect to
the pre-burning years of latewood δ13C in P. sylvestris. This
probably indicates an improvement in water availability in-
duced by the higher release from tree competition observed
in fall burns.

4.3 Effects of burning season on latewood:earlywood

Prescribed burning mainly impacted resilience through
its effect on latewood, while earlywood resilience was
not clearly affected. In pines with an improved condi-
tion due to increased environmental resources caused by
burning, a long-lasting differentiation between latewood
tracheids in summer and fall months could have

Fig. 3 Prediction line and partial regression residuals of the models
showing for burned pines, the significant interaction in Table 4 between
burning season and minimum bole scorch height on resistance (a); and
the interactions in Table 4 between the release from tree competition
(RCI15) and the pre-burning competition index (CI12) (b) and between
the release from tree competition (RCI15) and the minimum bole scorch
height (BSHmin) on total-tree ring resilience in 2015 (c)

Table 5 Summary of the mixed model describing the post-burning
DIF_latewood: earlywood for P. nigra

Parameters Estimate ± std. error

(Intercept) 0.65 ± 15***

Pre-stress latewood:earlywood − 0.64 ± 0.21**
Season (spring) 0.06 ± 0.07

Season (fall) 0.18 ± 0.07*

R2 Conditional 0.41

R2 Marginal 0.41

***Significant at P < 0.001; **t, P < 0.01; *, P < 0.05

The intercept coefficient correspond to control trees. Thus, or season, the
coefficient shows the change from spring or fall to control
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occurred. Our findings are similar to those of Linares
et al. 2009, who found that the greatest difference be-
tween unthinned and intensively thinned treatments in
Abies pinsapo was the number of latewood tracheids.
Other studies have found crown scorch or releases from
tree competition to be possible causes of increases in
post-fire latewood (Alfaro-Sánchez et al. 2018; De
Micco et al. 2013).

In P. nigra, post-stress latewood:earlywood was higher in
pines burned in fall compared with pines burned in spring and
control pines. This may be due to the use of available carbo-
hydrates to replenish dead tissues after fall burns, which were
more severe than spring burns, rather than for earlywood cells
(Cown 1977) and/or to the higher reduction in tree competi-
tion after the fall burns that resulted in an increase in latewood.

Recently, Alfaro-Sánchez et al. (2018) found a higher late-
wood proportion in burned P. halepensis compared with un-
burned ones at sites with high water availability but not at
water-limited sites. The increase in post-stress in the
latewood:earlywood compared with control pines, may confer
a higher resistance to embolism and provide a minimal hy-
draulic conductivity at lower water potentials (Mayr and
Cochard 2003) as latewood can act as water storage (Domec
and Gartner 2002). Moreover, the increase in post-stress

latewood:earlywood in P. nigra was higher in those individ-
uals with low pre-stress latewood:earlywood, suggesting that
the whole population enhances resistance to upcoming
drought events.

5 Conclusions

Prescribed burning after a dry year reduced tree resistance
(inverse of growth reduction during disturbance) compared
with pines that were only exposed to drought; however, tree
resilience (capacity to reach pre-disturbance growth levels)
was higher in fall burned pines compared with spring
burned pines and control pines. After fall burns, as resis-
tance increased, total tree-ring and latewood resilience was
enhanced, especially when pines experienced a release from
tree competition.

P. nigra had higher resilience than P. sylvestris. This may
be explained by (1) P. sylvestris having higher resistance, sug-
gesting a trade-off between resistance and resilience in terms
of tree reserves, (2) P. nigra having higher pre-stress
latewood:earlywood, (3) differences in the climate-growth re-
lationship of the species to the same dry year, and 4)
P. sylvestris having higher sensitivity to fire compared with

Fig. 4 δ13C values in current
earlywood (EW (t)) versus current
latewood (LW(t)) (a) and in
current earlywood (EW (t)) versus
previous latewood (LW (t− 1))
(b) for P. nigra and P. sylvestris
for pre-burning years 2012 and
2013. The regression for
P. sylvestris in b was y = 0.44x -
14.08, R2 = 0.53, n = 8, P < 0.05
and for P. nigra in a was
y =1.80x+20.60 , R2 = 0.90, n = 8,
P < 0.001). δ13C pool values in
current latewood (LW(t)) for
P. nigra burned in fall and spring
at Lloreda (c) andMirave (d) sites
and for P. sylvestris burned in fall
and spring at Lloreda (e) and
Mirave (f). The std is showed for
the 2011 year (n = 5)
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P. nigra. For P. nigra, our results suggest that the increase in
resource availability induced by prescribed burning increases
the proportion of latewood with respect to earlywood, which
most likely increases the pines’ resistance to cavitation.
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Annex 1 Analysis of pointer years

To ascertain that the 2012 event was a year with sig-
nificant growth reduction in both species we used the
package PointRes (van der Maaten-Theunissen et al.
2015). For each tree and year, we calculate the relative
growth change (in percentage) (RGC) of a specific year
compared with the 3 preceding years in each species. A
threshold of 25% was established, below which RGC in
a specific tree and a year was considered a negative
pointer year or a positive pointer year when the RGC
was above 60%. For each year, when more than 50% of
all trees within the control chronologies exceed the 25%
or 60% threshold, the year was considered a negative or
positive pointer year, respectively (Fig. 5).

Annex 2 Growth-climate relationships
in P. sylvestris and P. nigra

Climate-growth relationships were analyzed for each species,
by calculating Pearson correlations between control residual
chronologies (total tree-ring, earlywood, and latewood) and P-
PET of monthly data, and data of two and three consecutive
months using the package TreeClim (Zang and Biondi 2015).

In P. sylvestris, total tree-ring was positively correlat-
ed with accumulated P-PET of previous November and
December and current January and with current summer
P-PET (June, July and August) (Fig. 6a). Earlywood
showed higher positive correlations with P-PET of
November–December-January (Fig. 6c) and latewood
with the accumulate P-PET of summer months (Fig.
6e). In the 2012 dry year accumulated P-PET in previ-
ous November–December and current January, as well
as in the summer months, was the lowest respect to the
historical values (Fig. 7).

In P. nigra, total tree-ring was significantly correlated
with accumulated P-PET of April–May-June and current
fall (September, October, and November) (Fig. 6, b).
Earlywood was highly correlated with P-PET in April–
May–June and latewood with accumulated P-PET in the
fall months (Fig. 6, d and f). In the 2012 dry year,
accumulated P-PET in April–May–June and fall were
lower compared with the historical values (Fig. 7).

Fig. 5 Mean growth deviation for the period 1983–2015 for P sylvestris
(a) and P. nigra (b). In gray, years identified as positive or negative
pointer years are highlighted
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Fig. 6 Correlation between the
TRW index of the residual
chronologies of control pines and
P-PET of three consecutive
months in P. sylvestris for total
tree ring (a), earlywood (c), and
latewood (d) and in P. nigra for
total tree ring (b), earlywood (d),
and latewood (f). Months with
small letters denote months of the
year before tree-ring formation.
The correlation showed for a giv-
en month includes the two pre-
ceding months (e.g., correlation
showed in August represents the
correlation of June, July and
August). Significant coefficients
are in dark gray

Fig. 7 Precipitation minus Potential Evapotranspiration (P-PET) for the
temporal windows that significantly correlated with the growth ofP. nigra
and P. sylvestris (see Fig. 6) during the period 2011–2015. The mean and
standard deviation of P-PET over the entire period (1975–2015) is
showed as a reference of historical values. Months with small letters
denote months of the year before tree-ring formation
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