
O

D
l
o

F
L
B

a

A
R
R
A

K
S
F
D

I

M
T
p
d
e
a

(

h
1

Dendrochronologia 33 (2015) 16–24

Contents lists available at ScienceDirect

Dendrochronologia

j ourna l h o mepa ge: www.elsev ier .com/ locate /dendro

riginal  article

endroecological  potential  of  shrubs  for  reconstructing  fire  history  at
andscape  scale  in  Mediterranean-type  climate  grasslands:  The  case
f  Fabiana  imbricata

acundo  José  Oddi ∗, Luciana  Ghermandi
aboratorio Ecotono, Universidad Nacional del Comahue – Consejo Nacional de Investigaciones Científicas y Tecnológicas, Instituto de Investigaciones en
iodiversidad y Medioambiente, Quintral 1250, 8400 Bariloche, Argentina

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 14 August 2013
eceived in revised form 29 October 2014
ccepted 10 November 2014

eywords:
hrubland age structure
ire occurrence
endroecology

a  b  s  t  r  a  c  t

Fire  recurrently  affects  Mediterranean-type  climate  (MTC)  regions  causing  major  implications  on  the
structure  and  dynamics  of  vegetation.  In these  regions,  it is  important  to  know  the  fire  regime  for  which
reliable  fire  records  are  needed.  Dendroecology  offers  the  possibility  of  obtaining  fire  occurrence  data
from  woody  species  and  has  been  widely  used  in  forest  ecosystems  for fire  research.  Grasslands  are
regions  with  no  trees  where  shrubs  can  provide  dendroecological  evidence  for reconstructing  fire  history
at landscape  scale.  We  studied  the  dendroecological  potential  of  the  shrub  Fabiana  imbricata  to  reconstruct
fire  history  at  landscape  scale  in  MTC  grasslands  of northwestern  Patagonia.  In order  to accomplish  this,
we  combined  spatio-temporal  information  of recorded  fires  from  the  study  area with  the age  structure
of  F. imbricata  shrublands  obtained  from  dendroecological  methods.  Shrubland  age  structure  correctly
described  how  often  fires  occurred  in  the  past.  In rocky  outcrops,  where  fires cannot  reach,  individuals
are  long-lived  and  heterogeneous  in  age;  while  downhill,  individuals  are  young  and  shrublands  are even-
aged.  Five  pulses  of  massive  recruitment  were  found:  three  of  these  coincided  with  three  known  fires;  the
remaining  two  had  not  been  recorded  before.  A  bi-variated  analysis  showed  that  F. imbricata  recruited
mainly  during  two years  after  fire,  and  the  spatial  distribution  of  pulses  coincided  with  the fire  map.
Information  derived  from  shrubland  age structure  could  be used  to estimate  fire  regime parameters  such
as  fire  return  interval  at  landscape  or community  scale.  For  instance,  we  estimated  a fire return interval  of

nine  years  at  landscape  scale  and  ranging  from  11 to  24 years  at community  scale  (shrubland).  Our  results
in  northwestern  Patagonia  grasslands  showed  that  the  F. imbricata  chronology  can  be used  to  complement
other  information  sources  such  as  remote  sensing  and  operational  databases  improving  the knowledge
about  fire  regime.  The  present  study  demonstrates  that  is  possible  to  utilize  shrubs  as a  dendroecological
data  source  to  study  fire  history  in  regions  where  tree  cover  is  absent.

© 2014  Elsevier  GmbH.  All  rights  reserved.
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Fire is one of the most relevant disturbances in ecosystems of
editerranean-type climate (MTC) regions (Keeley et al., 2012).

he marked climatic seasonality determines that these regions are
rone to fire occurrence (Lloret, 2004): water stress in summer

ries the vegetation which becomes fuel for fires. In MTC, veg-
tation is recurrently affected by fire (Montenegro et al., 2004)
nd has evolved in the presence of this disturbance (Pausas and
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chwilk, 2012). Consequently, fire has modified the performance
f plant species (Naveh, 1975; Keeley et al., 2011) and influenced
oth assembly and dynamic of plant communities (Lloret, 2004; de
uis et al., 2006; Verdú and Pausas, 2007) as a key component of
hese ecosystems (Keeley et al., 2012).

To understand the role fire plays on the dynamic of fire-prone
cosystems it is important to not only view fire as a single event
ut also consider its regime (Lloret, 2004; Keeley et al., 2011). Fire
requency is one of the most relevant parameters used to charac-
erize fire regimes (Krebs et al., 2010) because species that recruit

nly in post-fire will not thrive with fire recurrence periods longer
han their life cycle (Zedler, 1995; Pausas and Vallejo, 1999). These
pecies could have a lack of seeds in the respective seed banks due
o fire intervals shorter than the reproductive age which could lead
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o local extinction (Lloret, 2004). Consequently, post-fire recovery
f plant species is an ecological process dependent on the inter-
al between fires (Bond and van Wilgen, 1996) and this interval
ffects landscape configuration in fire-prone ecosystems (Brown
t al., 1999).

Information about fire occurrence can be obtained from several
ools and records such as: satellite images, operational databases,
nd growth ring analysis in woody species (Agee, 1993; Morgan
t al., 2001; Fulé et al., 2003) – the latter generically called
dendrochronology” and “dendroecology” when growth rings are
tilized to address ecological questions (Fritts and Swetnam, 1989).
owever, depending on the study area, there are limitations for
btaining information about fires. For example, in some regions it is
ifficult to acquire a continuous temporal series of satellite images
rior to 2000, the time in which many sensors that are currently
idely used in fire studies (e.g., MODIS) were put into operation.

n other regions, organization of fire records by government agen-
ies is relatively recent and this complicates the access to historical
nformation. These difficulties make dendroecology a valuable tool
or dating the occurrence of fire (Fritts and Swetnam, 1989) and
econstructing fire history in an ecosystem (Medina, 2003). There
re two types of woody species for reconstructing fire history by
endroecology: species where time of fire is inferred from wood
re scars; and species where time of fire is derived from popu-

ation age structure (Johnson and Gutsell, 1994; O’Donnell et al.,
010). Although dendroecology is widely used in forest regions
Fritts and Swetnam, 1989), in parts of the world lacking forests,
hrubs can be an important alternative for dendroecological stud-
es (Liang and Eckstein, 2009; Myers-Smith et al., 2011) such as in
re regime research.

In northwestern extra-Andean Patagonia, a region character-
zed by a Mediterranean climate, fire is a key component in the
tructure and functioning of plant communities (Ghermandi et al.,
004). However, despite its ecological relevance, fire regime in this
egion has been scarcely studied (Oddi, 2013) and specific infor-
ation is still needed about its frequency which is more difficult

o obtain the longer the study period. In northwestern Patagonia,
here a strong west–east precipitation gradient determines the

egetation type (forest-ecotone-steppe), the study of fire occur-
ence using growth rings has been implemented within forest
cosystems (e.g., Kitzberger et al., 1997; Veblen et al., 1999). These
uthors have worked up to the forest-steppe ecotone analyzing
ustrocedurs chilensis (ciprés de la cordillera) samples. A. chilensis is

 valuable source for dating fires although its usefulness decreases
n the steppe where trees begin to cluster in groups, becoming
ighly isolated or absent further toward the east (Pastorino and
allo, 2004).

As in forests, the age structure of shrublands can be determined
hrough growth ring analysis (Keeley, 1993; Schweingruber and
oschlod, 2005). Therefore, long-lived seeder shrubs could be used
o estimate time elapsed since the last fire in grasslands where tree
over is absent. Fabiana imbricata Ruiz & Pav. (palo piche) is a char-
cteristic shrub of northwestern Patagonia and its spatial dynamic
s associated with fires (Ghermandi et al., 2004; Oddi et al., 2010).
his species is an “obligate seeder” (Pausas and Schwilk, 2012) that
s killed by fire and recruits seedlings almost exclusively in post-
re conditions establishing even-aged patches (Ghermandi et al.,
013). In successive fires, shrublands are subject to advance-retreat
ulses depending on the balance between recruitment and mature
hrubs eliminated by fire (Ghermandi et al., 2004, 2010). Overall,
hrublands are associated with rocky outcrops located in the high-

st areas where older plants remain sheltered from fire (Oddi et al.,
010). From these areas, shrublands advance over hillsides creat-

ng a mosaic of even-age patches corresponding to different fires.
. imbricata is a 1–4 m tall long-lived shrub (≈150 years; Oddi et al.,
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010) which has identifiable annual growth rings. Shrublands from
his species are extensive and form part of the landscape mosaic
n the northwestern Patagonian steppe (Anchorena and Cingolani,
002). Thus, in contrast to the grassland matrix, the age structure of
. imbricata shrublands could be useful in reconstructing fire histo-
ies at landscape scale by improving the information acquired from
perational databases and remote sensing.

The aim of this work was  to assess the potential of F. imbri-
ata for reconstructing fire histories at landscape scale. Thus, given
he features mentioned above, if F. imbricata were a species use-
ul for dating fires, shrubland age structure should show how fires
ccurred in the past. The reconstruction of fire history from F. imbri-
ata dendroecology could be a starting point for other future fire
egime studies in grasslands with long-lived seeder shrubs.

aterials and methods

tudy area descriptions

Sampling sites were located in an area of 2500 ha in San Ramón
anch, 30 km east of Bariloche, Argentina (latitude −41◦04′; longi-
ude −70◦51′) (Fig. 1). The landscape has a relief with smooth plains
nd sierras (Anchorena and Cingolani, 2002) where numerous
ocky outcrops can be observed. Soils are classified as Haploxeroles,
oderately developed, of sandy-loam texture with a superficial

orizon containing moderate organic matter (Gaitán et al., 2004).
he climate is temperate with a mean annual temperature of 8.6 ◦C
nd 586 mm of rainfall showing a Mediterranean regime (60% of
recipitation occurring between May  and August) (Meteorolog-

cal Station, San Ramón ranch). Phytogeographically, the study
rea is within the sub-Andean district (Cabrera, 1971) and vege-
ation is characterized by the tussock grasses Pappostipa speciosa
nd Festuca pallescens accompanied by scattered shrubs of Senecio
racteolatus and Mulinum spinosum (Ghermandi et al., 2004), leav-
ng some areas covered by native shrublands of F. imbricata and
iscaria articulata (Anchorena and Cingolani, 2002). In particular,
. imbricata shrublands are commonly located along hillsides with
ecreasing shrub density toward rocky outcrops.

ethods: Sampling and element analysis

In order to study the potential of F. imbricata for reconstructing
re history at landscape scale, we  combined spatio-temporal infor-
ation of recorded fires in the study area with dendroecological

nformation.
For fire information, we  worked on three fires recorded in car-

ography and bibliography sources (Fig. 2). Two  of them (January
f 1989, 760 ha and January of 1999, 21,000 ha) have been mapped
rom Landsat images (Lanorte, non-published data; Oddi et al.,
010). The remaining fire occurred in San Ramón in 1981 and was

ocated near La Fragua village (de Caso, 1984, 160 ha).
For dendroecological analysis, nine sampling sites were estab-

ished in different shrublands of F. imbricata. Five of these were
laced in burned sectors of the 1981, 1989, and 1999 fires, and
he other four sites were placed in areas with no records of previ-
us fires (Fig. 2). Since the location of F. imbricata is near hilltops,
ll the sites were characterized by moderate slopes except site 1
hich was  flat (Table 1).

To determine the relationship between fires and shrublands
ge structure (i.e. to identify post-fire recruitments), each site

as divided into sampling strips (30 × 100 m)  perpendicular to

he terrain slope. Sampling design depended on density, size, and
orphology of plants in shrublands, which are variables strongly

elated to topography (Ruete, 2006; Ghermandi et al., 2010). Plants
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Fig. 1. Locat

rowing near rocky outcrops are sparse, with thick trunks, and tall
lthough sometimes could be prostrate. Plants downhill form con-
inuous shrublands and strips formed by plants of different sizes
taller plants nearest to rocky outcrops) can be distinguished. This
epeated shrubland distribution suggests cohorts related to differ-
nt F. imbricata pulses of recruitment. We  placed one sampling strip
ear rocky outcrops and one or two strips farther away depending
n the homogeneity of individuals (Fig. 3). In site 1, we used a sim-
le random sampling because topography was flat and the size of all
lants was similar. In site 7 (burned in the 1999 fire), a nearby non-

urned patch was  also sampled (Table 1). In each sampling strip, we
andomly selected different numbers of individuals according to
hrubland plant density. The number of individuals sampled near
ocky outcrops was lower (but >5) than in strips placed farther

t
a
u
r

able 1
ampling sites where F. imbricata stumps were cut. We defined flat as slope < 5%, and mo

Site Topography Type of samplin

Slope Aspect

1 Flat – Random 

2  Moderate East Strips 

3  Moderate East Strips 

4  Moderate South Strips 

5  Moderate North Strips 

6  Moderate North Strips 

7  Moderate North Strips 

8  Moderate South Strips 

9  Moderate West Strips 

a One of three strips corresponds to the nearby non-burned patch.
 study area.

way, sampling a total of 337 plants. Individuals were cut to soil
evel using a power saw to extract a stem disk (or stump). These
amples were sanded up allowing growth rings to be read. Then,
tumps were read in the laboratory using a magnifying glass and
lant age was determined by a simple ring count.

To study the spatio-temporal fit between shrubland age
tructure and fire, we depicted frequency histograms from the
stablishment year per strips and sites. We  visually inspected
hether the establishment frequency pattern of the entire study

rea corresponded chronologically to the time of fires. Finally,

o statistically assess the association between fire occurrences
nd establishment of individuals, a bi-variated event analysis was
sed. Bi-variated event analysis is utilized to examine temporal
elationships between climatic and/or disturbance events with

derate as 5% < slope < 25%.

g Strip number n Fire

– 50 Unknown
3 145 1999
2 19 1999
2 22 1989
2 16 Unknown
2 15 Unknown
3a 25 1999
2 15 Unknown
2 30 1981/1999
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Fig. 2. Map  of recorded fires in the study area and location of sampling sites.
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Fig. 3. Sampling designs used in three sampled sites (upper), and site features by which
and  individuals similar in size, and therefore simple random sampling was used. In Site 2
classes  far from rocky outcrops. In site 3 (moderate slope), because there was a single pla
ronologia 33 (2015) 16–24 19

emographic patterns (Suarez and Kitzberger, 2010). This is a tem-
oral modification to Ripley’s K function used for point pattern
nalysis in space (Bigler et al., 2007). We  used KD1 software (Gavin,
007) because it enables testing dependence between two event
ypes ordered in one direction. Since we  assessed a one-directional
rocess in time (fire occurrence followed by establishment events),
orward selection was used (Bigler et al., 2007). KD1  estimates L
unction from K function as LRF(t) = KRF(t)/2 − t being R an event
o-occurring with or followed by an F event (recruitment and
re) (Gavin, 2007). Confidence envelopes (95%) were estimated
y Monte Carlo simulations with 1000 replicates randomizing fire
ime by a process without replacement. In the same way  as point
attern analysis, values above the upper confidence limit indicate
ynchrony between the two evaluated events, and values below
he lower confidence limit indicate asynchrony (Gavin, 2007). We
onsidered the years 1981, 1989, and 1999 as fire events. Since the
rst recorded fire occurred in 1981, F. imbricata establishments in
he temporal window 1981–2011 were used as recruitment events.

Fire information derived from age structure was used to
stimate fire intervals at landscape and community scales. At
andscape scale (2500 ha in our target landscape), fire interval is
stimated as (f − 1)/d, where “f” is the number of fires occurred in
he entire landscape, therefore “f − 1′′ represents the quantity of
re intervals and “d” is the elapsed time between the first fire and
he last one (Arno and Petersen, 1983). At community scale, fire
nterval can only be estimated from sites where more than one fire
as occurred (Arno and Petersen, 1983). At this scale, the interval is

lso estimated as (f − 1)/d, but in this case “f” represents the quan-
ity of fires occurred in a same community (a same site in our study)
nd “d” is the time elapsed between the first fire and the last one
ccurring in the assessed community.

 those designs were employed (lower). Site 1 was characterized by a gentle slope
 (moderate slope), three sampling strips were used since we found two plant size
nt size class downhill, two sampling strips were used.
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Fig. 4. Age structure of F. imbricata shrublands found in each sampling site.
In site 1 we  used a simple random sampling design and therefore this site is not included here.
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Table  2
Year of establishment of F. imbricata individuals and fires identified from cohorts observed. Establishment years and number of recruitments (in parentheses) are showed
according to sampling design of each site.

Site Year of establishment Cohorts Firesa

Without rocky outcrop With rocky outcorp

Simple random
sampling

Near rock Intermediate distance Far rock Unburned
patch

1 1975 (7); 1976 (8);
1977 (22); 1978 (7);
1979 (6)

– – – – 1 1999

2  – 1862 (2); 1870 (1);
1873 (1); 1909 (1);
1919 (1)

1974 (1); 1975 (14);
1976 (34); 1977 (35);
1978 (14); 1979 (8);
1980 (7); 1981 (4);
1988 (1)

1999 (20) – 2 1975–1978;
1999

3  – 1914 (1); 1920 (1);
1926 (1); 1934 (1);
1935 (1); 1962 (1);
1963 (1); 1964 (1)

– 1999 (12) – 1 1999

4  – 1989 (4); 1990 (1) – 1901 (1); 1904 (1);
1915 (1); 1939 (1);
1944 (1); 1989 (7);
1990 (5)

1 1989

5  – 1918 (1); 1929 (1);
1938 (1); 1977 (1)

– 1933 (1); 1975 (2);
1976 (2); 1977 (5)

1 1975–1978

6  – Specimens with pith
rotten but all
establishments before
to 1945 (6)

– 1977 (1); Remaining
with pith rotten, but all
establishments before
to 1956 (9)

0 None

7  – 1895 (1); 1916 (1);
1930 (1); 1951 (1);
1952 (1); 1977 (1);
1999 (2); 2000 (1)

– 1999 (11) 1916 (1); 1928
(1); 1951 (1);
1952 (1); 1968
(1)

1 1999

8  – 1963 (3); 1964 (2) – 1963 (6); 1964 (3);
1971 (1)

– 1 1963–1964

9  – 1976 (1); 1977 (2);
1980 (1); 1981 (3);
1982 (1)

– 1954 (1); 1976 (1);
1977 (2); 1984 (1);
1981 (4); 1982 (3);

– 3 1975–1978;
1981; 1999
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a Fires dates that were known before to this study are showed in bold.

esults

The age structure of F. imbricata shrublands is described by site
n Table 2 and Fig. 4.

ite 1

In this site there were no rocky outcrops nearby and we used a
imple random sampling design (therefore site 1 is not included in
ig. 4). Plants were grouped in one age class ranging from 33 to 36
ears.

ite 2

At this site, three strips were placed. We  observed old plants in
he strip near rocky outcrops, and two cohorts of younger ages in
he two downhill strips. In the higher sector, long-lived individuals
aried in age. At intermediate distance from rocky outcrops most
ndividuals ranged from 32 to 35 years, while in the farthest strip
he age of all individuals was just 12 years.

ite 3
Individuals distant from rocky outcrops formed one even-aged
roup (12 years old). Near the rocky outcrops individuals were
ong-lived and varied in age.

w
s

1999 (7); 2000 (3)

ite 4

The age structure was  formed by one group of individuals homo-
eneous in age, and several individuals without a clearly defined
attern. The even-age group (ages 21–22) corresponded to individ-
als sampled far from rocky outcrops. Of the individuals sampled
ear rocky outcrops, half were also ages 21–22 and the remaining
ere long-lived plants.

ite 5

Age pattern was  similar to site 3. Most individuals sampled dis-
ant from the rocky outcrops formed an even-age group (ranging
rom 34 to 36 years), while individuals near rocky outcrops were
ong-lived and heterogeneous in age.

ite 6

In this site it was very difficult to identify the age of most indi-
iduals cut since in general the piths were rotten. Nevertheless,
hen reading growth rings from the outermost ring toward the

ore, we found specimens over age 55 and several individuals with
ges >100 years in both near and far strips.

ite 7
Plants from the 1999 unburned patch had various ages but all
ere older than 43 years. In the burned patch, the age pattern was

imilar to site 4. Individuals located far from rocky outcrops were



22 F.J. Oddi, L. Ghermandi / Dendrochronologia 33 (2015) 16–24

a shru

e
y

S

t

S

t
f
o

fi
t
r
a
V
w
t
r
t
a

r
c
t
a
e
o
1
b
1

D

w

1
P
B
p
a
p
D
n
(2013) showed that thus far dendrochronologists have worked
only with 30 shrub species worldwide and no studies infer fire
occurrence. However, shrubs provide the opportunity to obtain

Fig. 6. Bi-variated event analysis for fire occurrence and individual establishment.
LRF function (black line) shows LRF values for fire occurrence (F) followed by estab-
lishment events (R) observed during an interval of 15 years after fire. LRF is a temporal
modification to Ripley’s K function that enables testing dependence between two
Fig. 5. Age structure of F. imbricat

ven-aged (12 years). Near rocky outcrops, a few plants were 12
ears old while most plants were older and varied in age.

ite 8

In both strips, we found even-aged individuals ranging from 47
o 48 years.

ite 9

We  found three age groups (11–12, 29–31, and 34–35 years) in
he two strips sampled. These three groups were present in the strip
ar from rocky outcrops. However, in the strip near rocky outcrops
nly the groups aged 29–31 and 34–35 were present.

Fig. 5 shows the age structure of all sampled shrublands where
ve massive pulses of recruitments can be observed. Three of
hese recruitment pulses are related to the 1981, 1989, and 1999
ecorded fires. The remaining recruitments occurred in 1963–1964
nd 1975–1978 and are probably related to two unknown fires.
isual observation is supported by the bi-variated event analysis
hich showed LRF values above the upper confidence level in the

wo years after fire (Fig. 6). This analysis shows that F. imbricata
ecruitment of individuals during the two years after fire is greater
han that expected by chance and therefore fire and recruitment
re temporally related events.

Five identified recruitment pulses (Fig. 5) indicate the occur-
ence of five fires on the studied landscape. Since the oldest fire
orresponded to 1963–1964 and the most recent occurred in 1999,
he interval between fires estimated at landscape scale was of
pproximately nine years. Fire interval at community scale was
stimated only from sites 2 and 9 (burned more than once and with-
ut stand-replacing fires). Site 2 was burned twice (1975–1978 and
999 fires) and the fire interval was 21–24 years. Site 9 was affected
y three fires (1975–1978, 1981, and 1999) and the fire interval was
0.5–12 years.
iscussion

Forest age structures derived from dendrochronology have been
idely used for reconstructing past ecological events (Veblen,

e
e
2
m
u

blands found in entire sampling.

986; Williams and Johnson, 1990; Wells et al., 2001; Taylor, 2010;
oulos et al., 2013), such as fire occurrences (Van Wagner, 1978;
ergeron et al., 2004; Silver et al., 2013). Although shrubs are
otentially useful for ecological reconstructions (Schweingruber
nd Poschlod, 2005), only a few have been performed with these
lant species (Rayback and Henry, 2006; Schmidt et al., 2006;
anby and Hik, 2007; Lantz et al., 2010; Buras et al., 2012) and
one in fire regimes. For example, in a recent review Lu and Liang
vent types ordered in one direction (fire and recruitment in this case). Confidence
nvelopes (dashed lines) are based on 1000 Monte-Carlo simulations and show the
.5  and 97.5 percentiles of the distribution of LRF values simulated under a null
odel of independence between events. * indicates years with LRF values above the

pper confidence envelopes (p < 0.05).



droch

d
a
S
2
w
i
fi
o
d

r
i
f
o
f
F
l
d
w
2

m
a
a
s
h
r
G
(
f
e
i
r
r
T
fi
t
r
9
fi
e

y
p
s
o
1
i
t
f
1
l
a
i
i
t
t
o
c

d
o
a
e
m

e
f
s
t
o
t
i
m
t
n
F
f
T
c
t

C

d
s
fi
r
p
r
d
fi
P
a
r

A

a
t
a
a
S
N
N
N

R

A
A

A

B

B

B

B

B

C
C

F.J. Oddi, L. Ghermandi / Den

endroecological information where tree cover is reduced such
s in tundra ecosystems or in arid/semiarid regions (Eckstein and
chweingruber, 2009; Copenheaver et al., 2010; Hallinger et al.,
010). F. imbricata is a long-lived shrub with legible growth rings
hich recruits individuals in post-fire. These characteristics make

t potentially suitable for dendroecological studies associated with
re regime. In the present study, we showed that age structure
f F. imbricata shrublands was associated with fire occurrence and
escriptive of the landscape fire history.

At site level, shrubland age structure showed a clear pattern
elated to fire. Long-lived individuals not reached by fire are located
n rocky outcrops, while younger and even-age populations are
ound downhill (Fig. 4). This pattern describes how the structure
f F. imbricata populations is shaped by fire which is important
or understanding shrubland spatial dynamics (Oddi et al., 2010).
ires advance from the grass matrix and burn F. imbricata plants
ocated in the lowest sectors adjacent to the grassland. Due to the
ecrease of fuel continuity, fires lose their capability of spreading
hen reaching rocky outcrops (Swanson et al., 1988; Turner et al.,

001), lowering the chance of plants being killed by fire.
At landscape scale, we observed synchrony between the recruit-

ent of F. imbricata and fire occurrence. Shrublands of this species
re established during two years post-fire as the bi-variated event
nalysis indicated. In MTC  ecosystems, germination of seeder
hrubs is commonly enhanced by direct fire effects such as
eat or smoke (Keeley and Fotheringham, 2000). According to
ecent F. imbricata studies (Ghermandi et al., 2013; Dudinszky and
hermandi, 2013), seedling establishment was  linked to direct

heat and smoke) but also indirect (seeds exposure on soil sur-
ace by erosion and elimination of allelopathic substances) fire
ffects. As well, the shrubland age structure described fire activity
n space. Sites burned in 1981, 1989, and 1999 showed post-fire
ecruitments, while in non-burned sites during these years, the
ecruitment pulses showed no correspondence to the known fires.
his was important since we could determine occurrence of two
res not previously recorded. One of these fires was  identified from
he recruitment pulses between 1975 and 1978 that along with cor-
esponding shrub ages of 32–35 years suggest that sites 1, 2, 5, and

 were affected by the same fire. The remaining fire was identi-
ed in site 8 where an even-age pattern as the result of a massive
stablishment during 1963–1964 was observed.

At landscape scale, we estimated a fire return interval of nine
ears, leading us to expect that on average, a fire will occur “at any
lace of the landscape” every nine years. In order to better under-
tand the effects of fires, it is also necessary to know the length
f time between fires within a same community (Morrison et al.,
995). At sites burned more than once, F. imbricata allowed us to

dentify previous fires showing that this species could be poten-
ially useful in estimating the fire interval at community scale. In
act, at site level the estimated return interval ranged between
1 and 24 years. Unlike with the fire return interval estimated at

andscape scale (Arno and Petersen, 1983), we expect that on aver-
ge, a fire will affect “a same community” every 11–24 years. It is
mportant to highlight the constraint imposed by the longevity of
ndividuals (analysis could not be extended beyond 150 years). Fur-
hermore, recent high-severity fires (stand-replacing) could erase
he imprint that old fires leave on age structure making more than
ne fire in the same shrubland difficult to identify from dendroe-
ological analysis.

To fully understand relationships between fire and vegetation
ynamic in MTC  ecosystems, it is necessary to have accurate fire

ccurrence records (Mouillot et al., 2003). However, information
bout fire regime in the southern hemisphere is limited (O’Donnell
t al., 2010). In open shrub-grassland complexes, this lack of infor-
ation is partly due to the absence of trees. However, in these

D

D
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cosystems, shrubby species are a potential source of information
or obtaining fire records at landscape scale. We  found that age
tructures of F. imbricata shrublands contain information related
o fire occurrence which could be utilized complementary with
ther sources such as satellite images and operational databases
o improve our knowledge about fire regime. In addition, climate
nfluences fire regimes by affecting productivity and vegetation

oisture (Pausas and Paula, 2012; Pausas and Ribeiro, 2013). In
his regard, it is important to highlight the importance of old shrubs
ear rocky outcrops. Ring-width series of long-lived specimens of
. imbricata could be used to show aboveground biomass dynamic
rom the linkage between these series and remote sensed NDVI.
hese long-lived individuals could also allow us to reconstruct past
limate and therefore infer when fire-conducive weather condi-
ions occurred (i.e., dry conditions).

onclusion

Grasslands are regions with no trees where shrubs can provide
endroecological evidence for reconstructing fire history at land-
cape scale. Recruitment pulses of F. imbricata were associated with
re in time and space causing the shrubland age structure to cor-
ectly describe how fires occurred in the past. Recruitment took
lace during the two years after fire and spatial distribution of
ecruitment pulses coincided with the fire map. Fire information
erived from shrublands age structure could be used to estimate
re frequency at landscape or community scale in northwestern
atagonian MTC  grasslands. As we  showed in this study, shrubs
re an alternative for improving knowledge on fire regime in other
egions of the world where forests are absent.
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