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Introduction

Forest fires are a serious ecological, eco-
nomic and social problem in Spain. Year af-
ter year, the Province of Avila has been one
of the interior areas with the greatest num-
ber of such fires (Palacios 2013). The centre
and south of the province are home to sev-
eral ranges that belong to the larger Sis-
tema Central. The highest of these ranges,
the Sierra de Gredos, was declared a Re-
gional Park in 1996. Summer thunder-
storms and human activity in the area,
which has been present for millennia (Gén-
ova et al. 2009, Lopez-Sdez et al. 2019),
have long rendered the Sierra de Gredos a
hot spot for forest fires (Palacios 2013, Vaz-
quez De La Cueva 2016). Moreover, the last

Iberian populations of Scots pine (Pinus sylvestris L.) have been declining
since the late-glacial period; among those that remain, relict stands have great
biological and ecological value. This paper investigates the effects of a 2009
fire on tree growth in one of these small populations in the Sierra de Gredos
(Spain) by examining the responses recorded in the tree-ring width series of
the surviving trees. The current status and distribution of these surviving
trees reveal the severity of the fire; indeed most show scars or other evidence
of fire damage. Dendroecological analysis revealed narrower tree rings, indi-
cating negative pointer years for the year of the fire and the following year. A
very significant reduction in growth was recorded for the years after the fire,
both in terms of tree-ring width and basal area increment; incomplete and
even absent rings were also recorded. No relationship was seen between these
effects and climatic events. The dates and geographical extension of former
possible disturbances were also investigated, using the data from these same
trees plus information collected from others in the region. The vulnerability of
these populations to past fires was evident. Lastly, given the problems affect-
ing the regeneration of these relict populations, it is strongly suggested to ur-
gently include all these populations in conservation and environmental man-
agement programs.

Keywords: Disturbances, Tree-ring Width, Growth Change, Absent Rings, Nega-
tive Pointer Years

50 years have seen huge urban expansion,
along with an increase in tourism and
sporting activities, which together have led
to a new urban-forest interface that in-
creases the risk of fires and makes it more
difficult to extinguish them (Galiana 2012).
In July 2009, for example, a fire affected
eight municipalities belonging to the Sierra
de Gredos Regional Park. Apart from the
lamentable loss of human life, it caused
enormous ecological damage affecting
over 4200 ha, of which 2600 within the
Park itself. The municipality of Cuevas del
Valle was particularly badly affected; in-
deed, 1500 ha were completely destroyed
and the La Rubfa Scots pine (Pinus sylves-
tris L.) forest, which lies within this munici-
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pality, was very badly hit.

The La Rubia forest, along with other
woods and stands of Scots pine that still
survive in the Sierra de Gredos, mark the
southwestern limit of all natural popula-
tions of this species (Willkomm 1896, Gaus-
sen 1949). Génova et al. (1988) mapped the
distribution of Scots pine forests in the
Sierra de Gredos, a work enhanced and up-
dated some vyears later (Génova et al.
2009). Recently, Lépez-Saez et al. (2019)
provided very detailed, specific and current
information on the different sites where
these stands are located. Though now re-
duced in size, the past extent and domi-
nance of these forests is evident from the
abundant Pinus pollen in the palaeopalyno-
logical sequences for different localities in
the Sierra, as they also are from the dating
of the numerous macroremains discovered
therein (Lopez-Saez et al. 2014, 2016, Ru-
biales & Génova 2015).

A number of studies involving dendro-
chronological methods have provided in-
formation on P. sylvestris forests from dif-
ferent places within the Sierra de Gredos.
Covering the period 1923-1977, F. H. Schwe-
ingruber analysed the first tree-ring width
(TRW) data for the Sierra de Gredos (Inter-
national Tree-Ring Data Bank [ITRDB], code
SPAI058). Later, Richter (1988, Richter et
al. 1991) built chronologies for this species
for the municipalities of Navarredonda de
Gredos and Hoyos del Espino (ITRDB,
codes SPAI033 and SPAI034), as did Garcia-

iForest 15: 171-178


http://www.sisef.it/iforest/contents/?id=ifor3727-015
mailto:mar.genova@upm.es

>
-
ey
(%]
v
S
O
L.
©
=
(1]
(%]
[
v
c
o=
v
w
o
(V)
o0
=
m
|
-
wn
v
-
o
=

Génova M et al. - iForest 15: 171-178

Calvo (2004) and Génova et al. (2009) for
Cuevas del Valle. Other tree-ring chronolo-
gies for pure Scots pine stands and for its
mixed forest with Quercus pyrenaica - for
1839-2010 and 1844-2010, respectively —
have recently been recorded for Hoyocas-
ero (Gea-lzquierdo et al. 2015), and for Nav-
arredonda de Gredos for the period 1805-
2011 (Romero 2014).

Fire can damage trees to different ex-
tents depending on how the crown and
trunk are affected. Dendroecological analy-
sis are commonly used to estimate the
harm caused to the growth of fire-surviving
trees, to establish the extent of fires, or to
draw up records of fires (Beghin et al. 2011,
Mclauchlan et al. 2020). The frequency of
fires has been determined via the dating of
scars when the cambium dies (Niklasson &
Granstréom 2000, Swetnam & Baisan 2003,
Mclauchlan et al. 2020). However, this kind
of damage is not always evident and some-
times does not occur; other data sources
(proxies) that can indicate the distur-
bances caused by fire are therefore need-
ed. Among these, changes in radial growth
can be used, determined by measuring the
TRWs or determining the absence of tree
rings in surviving trees. Reductions in TRW
measurements, along with interruptions in
radial growth, can then be used to collate a
record of the fires to which a tree has been
exposed (Bond & Van Wilgen 1996, Ortloff
1996, DeBano et al. 1998, Beghin et al. 2011,
Battipaglia et al. 2014). In Spain, a number
of such studies have been undertaken us-
ing dendroecological techniques, including
those of Vega-Hidalgo (2000), Fulé et al.
(2008), Génova et al. (2008) and Rozas et
al. (2011), and more recently those of Al-
faro-Sanchez et al. (2018) and Camarero et
al. (2018). These studies dated fire scars,
absent tree rings, indicator rings (very nar-
row), and changes in the growth pattern,
to establish records and estimate the fre-
quency and geographical extension of
fires. However, the direct consequences of
known fires have only been examined by
Rozas et al. (2011) and Alfaro-Sanchez et al.
(2018).

In general, the available palaeobotanical
data suggest P. sylvestris has suffered a re-
duction in its Iberian range since the late-
glacial period. This fragmentation of the
original range has left marginal, relict pop-
ulations of great biological and ecological
importance, among the most vulnerable of

which are those of the Sierra de Gredos
(Morla et al. 2009). Fire and the difficulty in
regeneration are major factors of this vul-
nerability (Génova et al. 1988, Morla et al.
2009, and field observations in this study).
Currently, the uncontrolled increase in the
number of Iberian ibex (Capra pyrendica
subsp. victoriae) is all but preventing P.
sylvestris stands from regenerating. In-
deed, almost no saplings were located any-
where in the study area, a likely conse-
quence of the ibex browsing. Although the
ibex almost became locally extinct in the
20" century, the protection offered by the
Coto Real in 1905 (when just 10 individuals
were left), and the declaration of the Sierra
as a Regional Park and a Regional Hunting
Reserve in 1996, has allowed their popula-
tion to climb to over 8000 (Alados & Escds
2017).

The aims of the present work were: (i) to
examine the direct effects of the above-
mentioned forest fire occurred in July 2009
on the growth of surviving P. sylvestris
trees at the La Rubia site, using dendro-
chronological methods and dendrometic
evidence; (i) to detect other former envi-
ronmental disturbances affecting these
and other Scots pines across the Sierra de
Gredos; and (iii) to use the information
gathered to help document a regional and/
or local fire record. A better understanding
of how fire affects tree growth could be
useful in plans to protect these threatened
pine forests.

Materials and methods

Study area and tree sampling

The La Rubia Scots pine forest study site
lies within the Sierra de Gredos Regional
Park (in the south of the Province of Avila,
Spain) near the Puerto del Pico mountain
pass (1390 m a.s.l. - Fig. 1). This pass is an
important natural connection between the
Northern and Southern Iberian Mesetas; it
has been used since ancient times (Génova
et al. 2009) and became key in transhu-
mance systems (Lopez-Sdez et al. 2016).
Human use of fire (which favoured the ap-
pearance of pasture) and the commercial
logging of the larger Scots pine trees, have
together modified the structure and tree
density of this area, and of all Scots pine
forests in the Sierra de Gredos (Génova et
al. 2009, Lépez-Saez et al. 2019).

This area was heavily damaged by a for-

est fire in July 2009. Its geographical ex-
tent was determined via visual analysis of
aerial photographs taken before and after
the event (material provided by the Centro
de Descargas del CNIG, https://[www.centro
dedescargas.cnig.es — Fig. 1). The current
status and distribution of the surviving
trees indicate the severity of the fire; some
old P. sylvestris trees remain, along with
some younger trees, although most show
scars or other evidence of fire damage. The
area also has many burnt remains (Fig. 2).

In November and December of 2018, den-
drochronological samples were taken us-
ing a Pressler borer from 23 surviving trees
(young and mature) at the La Rubia site (al-
titude 1600 m a.s.l. — Fig. 1). At least two
samples were taken from each tree, includ-
ing samples from injured parts of the
trunk. Dendrometric data were also re-
corded for each tree, along with any exter-
nal evidence of fire damage.

Climate data

The meteorological records available for
the region (AEMET, Agencia Estatal de Me-
teorologia, Gobierno de Espaia, 2021) were
compiled, but since they were discontinu-
ous and incomplete, mean annual tempera-
tures and total annual precipitations were
calculated for the 1950-2020 period using
data from nearby meteorological stations
(2818E, 2820, 2834, 3319D, 3405, 3407,
3416). These stations are located at differ-
ent altitudes, so each series of climate data
was standardized against their mean. Val-
ues exceeding the standard deviation were
used to identify the most anomalous years

(Fig. 3).

Effects of the 2009 fire on the sampled
trees

Borer samples were prepared and sec-
tioned for the visualization of tree rings,
and the width of each ring determined to
within 1/100 mm using a LINTAB measuring
table. The synchronization and dating of
the tree rings were determined by graphi-
cal and statistical analysis using TSAPWIN
(Rinn 2011) and COFECHA (Holmes 1999)
software. To establish the effect of fire on
the radial growth of trees, the following
items were recorded: (i) anomalies in tree
growth, including scars, and incomplete
and/or absent rings for the two years fol-
lowing the fire (2010 and 2011); all were de-
tected during the synchronization process;
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Fig. 1- (a) Location of the
study area (red) in the Sierra
de Gredos Regional Park
(blue) within the Province of
Avila (green); (a) study area
marked on an aerial photo-
graph taken in 2018 (http://
www.centrodedescargas.
cnig.es) nine years after the
fire. The red dots show the
location of the sampled trees.
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(ii) narrower tree rings indicating negative
pointer years for the year of the fire and
the following year (2009 and 2010), i.e., a
TRW differing by = 20% from the mean for
the examined ring plus the immediately
previous ring (Holmes 1992). Pointer years
were recognised as such when shown by
>75% of the TRW series examined; (jii)
growth changes from 2009, both in terms
of TRW and basal area increment (BAI). The
BAIl was estimated as (eqn. 1):

BAI=x (R!-R_,| ()

where R; and R., are respectively the radii
corresponding to the end and the begin-
ning of the annual TRW for the year t
(Biondi & Qeadan 2008). The percentage
growth change (GC) was determined as
(egn. 2):
co=M2-M1 0o @
M1
where M1 is the mean for n years prior to
the fire, and M2 the mean of n years after
the fire (Nowacki & Abrams 1997). M1 and
M2 were calculated for 5 and 10 years, ac-
cording to Nowacki & Abrams (1997) and
Camarero et al. (2018). The threshold for
recognising a GC in a tree was a change of
225% (Nowacki & Abrams 1997), and 250%
for sets of trees (Gea-lzquierdo & Cafiellas
2014).

Detection of other environmental
disturbances in Scots pines of the Sierra
de Gredos

Other environmental disturbances re-
flected by the trees at the La Rubia site
(this study), by the P. sylvestris TRW series
for the Sierra de Gredos compiled from the
ITRDB (codes SPAIo33 and SPAIl034), and
from Garcia-Calvo (2004), Génova et al.
(2009) and Romero (2014), were also stud-
ied. For both the La Rubia and these raw
series, negative pointer years and growth
changes were recorded using the same
methods indicated in the previous section,
in this case for the common period 1900-
2000.

Local chronologies were obtained by
standardizing the raw series with spline
models and using the robust mean, em-
ploying ARSTAN software (Cook & Krusic
2008). The expressed population signal
(EPS) was determined for each of the in-
dices of the chronologies. The EPS mea-
sures the statistical quality of the mean site
chronology compared to a perfect, infin-
itely replicated chronology (Wigley et al.
1984); a value of >0.85 is the minimum re-
quired for selecting a representative pe-
riod. For such periods, the intercorrelation
(IT - Holmes 1999) and the cross-date in-
dex (CDI) between the chronologies were
calculated to determine their cross correla-
tion. The CDI combines the standard Stu-
dent t values with the sum of the equal
slope intervals (Rinn 2011).

The common negative pointer years for
the chronologies were determined accord-
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Fig. 2 - (a) View of the La Rubfa site with dead (but standing) trees, and some sur-
vivors; (b) a surviving tree with over 50% of its crown lost; (c) tree with a large scar

caused by a fire dating back to 1975.

ing to Génova et al. (2009), i.e., through
the growth indices that decreased in the
way described above and through the re-

800

ductions by one or more standard devia-
tions with respect to the mean for the
chronology.

6,00
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Fig. 3 - Differences in mean annual precipitation (DMAP, green bars) and total annual
temperature (DTAT, red bars) with respect to the mean for the meteorological series
of data analysed. The driest and warmest years (exceeding the standard deviation)
are shown in the lower and upper parts of the graph, respectively.
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Tab. 1 - Characteristics of the trees sampled at the La Rubfa site. (ER): estimated trunk
radius; (MSL): maximum sample length; (MNR): maximum number of tree-rings;

(MTRW): mean TRW.

ID  External evidence (E:]) (¢1A15n|1-) MNR A(A;E‘V;l I:::
RUO1 fallen tree over trunk 53.34 402.76 177 2.28 1842-2018
RUO2 fallen tree over crown 21.82 194.86 44 4.43 1975-2018
RUO3 fire scar, 50% crown defoliated 14.33 107.4 42 2.56 1977-2018
RUO4 fire scar, 30% crown defoliated 32.48 223.68 79 2.83 1940-2018
RUO5 fire scar, 30% crown defoliated 25.64 196.8 62 3.17 1957-2018
RUO6 old fire scar 35.03 299.49 156 1.92 1863-2018
RUO7 fire scar 18.31 138.97 53 2.62 1966-2018
RUO8 fire scar, 30% crown defoliated 41.08 270.32 144 1.88 1875-2018
RUQ9 30% crown defoliated, roots exposed  19.11 151.58 37 4.10 1982-2018
RU10 fire scar 21.5 165.58 38 4.36 1981-2018
RU11 30% crown defoliated, roots exposed 17.04 116.52 31 3.76 1988-2018
RU12 none 28.98 229.66 35 6.56 1984-2018
RU13 209% crown defoliated 31.37 217.86 42 5.19 1977-2018
RU14 old fire scar 37.58 198.66 77 2.58 1942-2018
RU15 none 55.25 338.12 148 2.28 1871-2018
RU16 20% crown defoliated 49.52 311.07 211 1.47 1808-2018
RU17 none 22.93 152 34  4.47 1985-2018
RU18 fire scar 29.3 271.65 50 5.43 1968-2017
RU19 fire scar 25.8  209.11 54 3.87 1965-2018
RU20 fire scar 43.95 27791 118 2.36 1901-2018
RU21 fire scar 24.04 289.01 147 1.97 1872-2018
RU23 fire scar 20.54 172.91 59 2.93 1960-2018

Results mean TRW of each tree also varied widely,
from 1.47 mm in the oldest tree to 6.56 mm
Effects of the 2009 fire in a young tree (Tab. 1). Nine years after

During synchronization and dating, data
from one tree was rejected (samples too
damaged); data for 22 trees were there-
fore used in the following analyses (Tab. 1
and Tab. 2). The estimated radius of the
trunk and the maximum number of rings
were very variable, ranging from 14 to 55
cm and 31 to 211 rings, respectively. The

the fire, external evidence of the damage
was still visible, including wounds, scars
and other traces revealing the trunk to
have partially burned (seen in 59% of the
examined trees), crown defoliation of 20-
50% (seen in 36%), and difficulties in devel-
opment due to having to sustain the
weight of burned and fallen trees, or the

exposure of roots due to post-fire erosion
(Tab. 1).

Some 41% of the studied trees showed
narrower rings in 2009, as did 86% in 2010.
In addition, four trees formed no rings or
incomplete rings in 2010 and/or 2011 (Tab.
2). Some 64% of the trees showed a signifi-
cant, negative GC for the TRW series over
the 5 years from 2009, as did 59% in BAI se-
ries (Tab. 2 and Fig. 4). These percentages
were similar to those returned when exam-
ining the 10 years since the fire (68% and
55% respectively). Those trees for which
growth was significantly affected suffered
a mean reduction of 46% in TRW, and of
44% in BAI, over the five years since the fire,
and of 40% and 35%, respectively, over the
10 years since the fire (Tab. 2). In general,
the trees that suffered the greatest exter-
nal damage showed a large reduction in
growth, although in some cases a GC of
over 40% was seen with no or little evi-
dence of external damage (Tab. 1 and 2).

Other disturbances detected

According to the dated fire scars, two
fires occurred at the La Rubia site before
2009: one in 1941 and one in 1975 (see Fig. 2
lower right, and Fig. 4). Moreover, taking
into account the TRW series obtained in
the present and previous studies (Garcia-
Calvo 2004, Génova et al. 2009) for the
same area, two negative pointer years
were identified: 1941 and 1960 (detected in
87% and 95% of TRW series, respectively).
The GC values corresponding to 1941, 1960
and 1975 were significant only over the 5
years from 1960 (64% of trees).

In the additional TRW series of P. sylv-
estris examined (SPAlo33, SPAlo34 and
NAVA - Fig. 5), negative pointer years were
detected for 1913 (99% of the TRW series),
1951 (77%) and 1981 (76%). The GC was nega-
tive and significant from 1913 to 1923 for
65% of trees.

Four index chronologies were established
from the TRW series examined (Tab. 3).
The chronology for Cuevas del Valle (CUEV)

Tab. 2 - Tree-ring anomalies and growth changes for the trees sampled at the La Rubfa site. (NR 09/10): narrower rings in 2009 and/
or 2010; (a) absent or incomplete ring in 2010; (b): absent or incomplete ring in 2011; (GCWS5): percentage change in tree-ring width
over 5 years from 2009; (GCW10): percentage change in tree-ring width over 10 years; (GCB5): percentage change in basal area over
5 years; (GCB10): percentage change in basal area over 10 years; (*): indicates non-significant change.

ID NR 09/10 GCWS5 GCW10 GCW5 GCW10 ID NR 09/10 GCWS5 GCW10 GCW5 GCW10
RUO3 no/yes®  -74.21 -63.09 -71.33 -55.08 RU17 yes/yes -38.63 -44.74 -29.53 -26.70
RU14 yes/yes -60.34 -49.97 -58.94 -46.93 RUO9 yes/yes -28.40 -31.97 -23.02* -18.11*
RUO1 no/yes®  -57.84 -44.79 -57.27 -43.16 RU16 no/yes -26.19 -22.85* -25.39 -21.24*
RUO2 no/yes -55.16 -45.00 -51.25 -37.10 RUO4 no/yes? -24.38* -25.11 -21.25* -19.35*
RU13 yes/yes -47.80 -45.53 -44.90 -39.77 RUO8 yes/no -20.95* -29.66 -18.75* -26.31
RU19 no/yes® -47.35 -41.18 -43.36 -32.35 RU23 yes/yes -18.90* 4.96* -12.11* 25.59
RU12 no/yes -46.70 -42.78 -39.81 -25.08 RUO6 yes/no -6.67* 10.67* -5.69* 13.07*
RUO5 yes/yes -44.60 -38.09 -41.64 -31.16 RU20 no/yes -5.47* -2.13* -2.69* 3.13*
RU10 yes/yes -41.67 -40.77 -36.10 -27.52 RU15 no/no -2.09* 18.63* -0.65* 22.49*
RU18 no/yes -39.04 -29.78 -35.42 -21.35* RU11 no/yes 7.55* -2.20* 25.10 37.95
RU21 no/yes -39.02 -29.49 -37.37 -25.93 RUO7 no/yes 38.32 32.16 57.59 71.26
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Fig. 4 - Tree-ring width series (TRW) for
the La Rubia site for the period 1900-
2018. (a) TRW and (b) basal area incre-
ments (BAI). Grey lines, individual series;
red lines, means for the TRW and BAI
series showing a reduction in growth
over the five years since the fire. Red
oval: indicates a steep growth change
since 2009. Black arrows indicate dates
for fire scars before 2009 (1941 and

1975).

Fig. 5 - Location of Pinus sylvestris popu-
lations for which chronologies were
established in the Sierra de Gredos
range. The values between the chrono-
logies are the cross-date index values
for 1900-198s5.

on the south side of the Sierra collects a
long TRW series for the La Rubia site (from
the present work) and from the work of
Garcia-Calvo (2004) and Génova et al.
(2009). The four chronologies obtained are
all representatives of the period 1900-1985,
with the NAVA chronology extending to
2005 and the CUEV chronology to 2000.
The three chronologies established for the
northern part of the Sierra de Gredos
(SPAI033, SPAlo34 and NAVA) showed
both high cross-correlation values and IT
values (Fig. 5, Tab. 3). However, the chro-
nology for the southern slope (CUEV)
showed a lower IT with respect to the lat-
ter chronologies (in fact below the accep-
tance threshold of 0.33 indicated by
Holmes 1999). However, the minimum val-
ue of 10 for the CDI (Rinn 2011) was
reached in all cases, allowing all four
chronologies to be considered synchro-
nised.

During the 1900-1985 common represen-
tative period of the chronologies for the
northern side (SPAlo33, SPAlo34 and
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NAVA), four negative pointer years were
detected: 1913, 1950, 1951 and 1965. The
narrower ring for 1913 was also followed by
a negative and significant GC for the next
10 years. In contrast, the CUEV chronology
(from the southern side) showed negative
pointer years for 1941-1942 and 1960-1963,
the first two coinciding with fire scars
dated to 1941. The period 1960-1963 was a
period of very much narrower TRWs, with

1960 1970 1980 1990 2000 2010 2020

Navarredonda de Gredos

Puel -
delPico + ™

®
Cuevas del Valle

1960 returning the lowest chronology in-
dices (Fig. 6). A significant, negative GC was
also detected for 1960-1965. In general, the
main environmental disturbances detected
on the opposite sides of the mountain
range did not match, although the 1996
negative pointer year was identified in the
longest CUEV (south) and NAVA (north)
chronologies (Fig. 6).

Tab. 3 - Available TRW series and chronologies for Pinus sylvestris in the Sierra de Gre-
dos. (MA): mean altitude; (NT): no. of trees; (NS): no. of TRW series; (EPS): expressed

population signal; (IT): intercorrelation fo

r the period 1900-1985; (*): 9 trees from the

2018 sampling and 12 trees from previous samplings.

ID "at(i;‘)‘de "°"(g>vivt)“de m NT/NS Time span TEi?siéf’?? T
SPAIO33 (ITRDB)  40.33  -5.17 1465 12/25 1812-1985 1900-1985 0.63
SPAIO34 (ITRDB)  40.33  -5.13 1470 12/26 1769-1985 1900-1985 0.75
NAVA 40.35 511 1500 32/ 68 1805-2011 1900-2005 0.75
CUEV 4031 -5.02 1600 21*/45 1761-2018 1900-2000 0.19
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Fig. 6 - Chronologies of tree-ring indices for P. sylvestris in the Sierra de Gredos. Grey
lines: local chronologies; blue line: mean chronology for the north side. Blue vertical
lines indicate the negative pointer years common to the chronologies of the north
side. Magenta vertical line indicates the negative pointer year in the two longest
chronologies. Magenta stars mark the negative pointer years for the CUEV chronol-

ogy (south side of the Sierra).

Discussion

The high mountain forests of Pinus sylves-
tris in the Sierra de Gredos, including those
located in the Regional Park, have been
strongly affected, both in terms of their
structure and extension, by anthropic ac-
tivity. Indeed, they have been reduced to
small relict woods and stands over the last
2000 years, mainly due to an increase in
the frequency of fires. The devastating fire
of 2009 wiped out most of the remaining
pines over a vast area of the Sierra; nearly
all the survivors show external traces of
fire damage.

Studies on P. sylvestris in northern Italy
(Beghin et al. 2011), and on P. canariensis on
the island of Tenerife (Rozas et al. 2011),
show that incomplete and absent tree
rings, such as those noted in the present
work, are clear signs of a tree having suf-
fered the effects of fire. While some au-
thors indicate growth to be increased after
a fire (Py et al. 2006, Alfaro-Sanchez et al.
2018), especially for trees growing in arid
and semi-arid areas, other studies report
that surviving trees may experience a re-
duction in growth (Peterson et al. 1991, El-
liott et al. 2002, Beghin et al. 2011, Rozas et
al. 2011, Guiterman et al. 2015), or even a
mixed response (Peterson et al. 1994,
Mutch & Swetnam 1995). Such growth in-
creases might be explained by the reduced
competition for water and nutrients after a
fire, while the smaller photosynthetic ca-
pacity resulting from crown damage might
cause reductions in growth. The extent of
growth reduction might be expected to re-
flect fire frequency and/or the severity of
damage suffered.

The present results indicate a marked and
generalized reduction in growth after the
2009 fire. The significant, negative changes
in growth since this year, as reflected by
both the TRW and BAI data (not very differ-
ent from each other), lasted for at least 10
years after the fire. They are also compara-
ble to the results reported by Beghin et al.
(2011) for P. sylvestris, and very similar (in
terms of the percentage of damaged trees
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and the degree and duration of growth re-
duction) to those reported by Peterson et
al. (1991) for Pseudotsuga menziesii and Pi-
nus contorta. In addition, the negative
pointer years recorded in the TRW series
for the year of the fire and later - also used
in dendroecological studies on the effects
of forest fires by Niklasson & Granstrém
(2000), Beghin et al. (2011), and Alfaro-
Sanchez et al. (2018) - are here shown to
be determinant in identifying the conse-
quences of fire in P. sylvestris. Finally, it
should be noted that none of the discussed
findings appears to be related to any par-
ticularly anomalous climatic conditions be-
tween 2009 and 2010; the climate data ana-
lysed revealed no such anomalies existed
(Fig. 3).

While keeping this dendroecological evi-
dence of the effects of fire in mind, other
evidence of disturbances prior to 2009 was
sought in the TRW series available for P.
sylvestris across the larger region. The
chronologies for the north side of the
Sierra de Gredos synchronise well with one
another and provide evidence of different
events compared to the south side. In-
deed, the major disturbances that affected
tree-growth on the two sides of the Sierra
were often different. In part this is because
the Sierra de Gredos forms a huge oro-
graphic barrier running east to west, which
accentuates its action as a climatic and eco-
logical frontier. On the north side, the year
1913 was the only negative pointer year to
coincide with a negative GC in all the exam-
ined series and chronologies, indicating a
possible forest fire. However, the 1950-1951
negative pointer years were not followed
by growth changes; the climatic conditions
over this two-year period (precipitation
and temperature below and above aver-
age, respectively - Fig. 3) could have acted
as a driver of growth reduction. On the
south side, the fire scars from 1941 and
1975, and the 19411942 negative pointer
years, perhaps indicate small local fires,
even though no more conspicuous evi-
dence was detected. The 1960-1963 period

was also one of narrower TRWs; in fact,
they were the smallest of the entire period
of the south-side chronology (Fig. 6). How-
ever, significant changes in tree growth
were only seen until 1965. The anomalies
detected in 1940-1945 and 1960-1965 on
the south side of the Sierra coincide with
the negative pointer years identified for
the entire Sistema Central by the chronolo-
gies of P. sylvestris and P. nigra (Génova
2000). In addition, the 1942 and 1996 nega-
tive pointer years have recently been iden-
tified in P. nigra chronologies from different
sites in the Sierra de Gredos (Camarero et
al. 2018), and in the present work the 1996
negative pointer year was also detected in
the longest chronologies for both sides of
the Sierra. These negative pointer years
and periods might be related to adverse cli-
matic episodes for the region (droughts in
the early 1960s, 1975, and 1990s - Fig. 3), or
for the Iberian Peninsula as a whole
(droughts suffered in the 1960s and 1990s
- Vicente-Serrano 2006, Gonzdlez-Hidalgo
et al. 2018).

Evidence of other fires is also provided by
the P. nigra trees of the region. In the
chronology for Arenal (south side of the
Sierra de Gredos), an abrupt reduction or
halt in growth is indicated by the large
number of incomplete or absent tree rings
since 1926, especially for 1927 and 1928
(prolonged in some trees until 1950 — Gén-
ova et al. 2008, 2009). Camarero et al.
(2018) also reported a relationship be-
tween the negative pointer years deter-
mined for the P. nigra chronologies and the
increase seen in historical fires for the re-
gion at the end of the 19* century, particu-
larly during the 1880s and 1890s. These
fires seem to have coincided with the in-
crease in droughts, as seen for some peri-
ods in the present study.

Conclusions

Dendroecological analyses revealed the
effects of a 2009 forest fire on the radial
growth of P. sylvestris in the Sierra de Gre-
dos; these effects are unrelated to any par-
ticularly adverse climatic conditions. Al-
most 70% of the analysed trees showed no-
table growth reduction since 2010, includ-
ing old and young trees, and those with
and without external evidence of fire dam-
age. In some trees, incomplete or absent
rings were also detected.

The major disturbances revealed by the
TRW series and the chronologies for P.
sylvestris did not coincide for the north and
south sides of the Sierra. Indeed, the differ-
ing synchrony of the chronologies reveals
the trees on either side to have been sub-
ject to different environmental conditions.
Evidence of a possibly local forest fire in
1913 was found for the trees on the north
side. Other local forests fires may also have
occurred on the south side (in 1941 and
1975), although other evidence suggests
the trees may have been responding to ad-
verse climatic conditions.

The present results could be useful in
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plans to protect the relict woodland and
stands of P. sylvestris in the Sierra de Gre-
dos. Given their great biological and eco-
logical value, their vulnerability to forest
fires, and the regeneration difficulties they
face (owed not least to the browsing of
saplings by ibex) suggest they should be-
come an urgent focus of conservation and
environmental management.
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