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ABSTRACT

Qualitative measures of resprouting capacity often fail to capture inter- and intra-species variation, whereas
available quantitative methods can be complex and time-consuming, hindering broad-scale comparative studies.
Here, we propose two quantitative indices that can be applied in a standard way in different regions. We sampled
1046 plants of 20 dominant species (6 shrubs, 7 trees and 7 tree/shrubs) from the seasonally dry forests of the
arid Chaco, central-western Argentina. Sampling was conducted in burned field sites one growing season after
fire. For each sampled plant we measured the diameter of the main burned trunk (MTD) and main resprout
(MRD), and the number of burned trunks (TN) and resprouts (RN); we then built estimated composite diameters
for trunks and resprouts (ECTD and ECRD) and we calculated two alternative Resprouting Capacity Indices: RCI
1 (ECRD/ECTD); and RCI 2 (MRD/MTD). The indices were validated against a measure of Resprouting Vigour
(RV) that included detailed measurement of all trunks and resprouts for a subset of sampled plants. In all cases,
variables indicative of fire severity were measured and included in the analyses. The RCIs and RV were highly
related, both at the species and growth form levels. Fire severity had no significant effect on these relationships,
but growth form affected RCI 2. All species were capable of resprouting, showing considerable inter-species
variation for the two proposed RCIs. Species rank differed considerably between RCIs and survival-only esti-
mations. RCI 1 was higher in tree/shrubs (i.e. species regarded as trees or shrubs) and trees than in shrubs. All
species showed decreasing resprouting capacity with increasing ECTD. Our results support the use of the pro-
posed RCIs as a robust tool to assess resprouting capacity, providing more details than survival-based assess-
ments. Choosing one or the other implies a trade-off between accuracy and simplicity, and may depend on the
scale and objective of the study, and resprouting patterns of studied species. Species, growth form and individual
plant size are relevant in explaining post-fire resprouting capacity and survival.

1. Introduction

larger scales are historical disturbance regimes, disturbance type and
severity, and environmental characteristics, among others (Kruger

Resprouting is one of the most common plant regeneration strate-
gies, allowing recovery after disturbances such as logging, herbivory
and fire, via dormant buds that consume below-ground reserves, even
when the entire aerial biomass has been lost (Bond and Midgley, 2001).
Being widespread in species from contrasting regions worldwide (Bond
and Van Wilgen, 1996; Del Tredici, 2001; Vesk and Westoby, 2004),
resprouting capacity is considered an ancestral trait in most plant
lineages (Wells, 1969; Bond and Midgley, 2003).

Resprouting capacity can vary widely among different species due
to factors acting at different spatial and temporal scales. Key factors at

et al., 1997; Bellingham and Sparrow, 2000; Del Tredici, 2001; Bond
and Midgley, 2001; Bond and Midgley, 2003; Vesk and Westoby, 2004;
Pausas and Keeley, 2014). At a smaller scale, growth form (Vesk et al.,
2004; Vesk, 2006; Zizka et al., 2014) and individual plant size
(Burrows, 1985; Hodgkinson, 1998; Keeley, 2006; Schafer and Just,
2014) are also key to explain plant response to disturbance, mainly
because there is a trade-off between reserve storage and the production
of new tissues (Bond and Midgley, 2001; Schwilk and Ackerly, 2005;
Vesk, 2006). For example, it’s been reported that shrubs in semiarid
environments tend to produce a greater number of thinner resprouts
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Trunk Diameter; MRD, Main Resprout Diameter; MTD, Main Trunk Diameter; RCI 1, Resprouting Capacity Index 1; RCI 2, Resprouting Capacity Index 2; RN,

Resprout Number; RV, Resprouting Vigour; TN, Trunk Number
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than trees, and a greater total volume of resprouts per unit area, so their
canopies can rapidly achieve the reproductive size; whereas trees al-
locate reserves to a smaller number of thicker resprouts to grow tall and
escape the flame zone (Hoffmann and Solbrig, 2003; Zizka et al., 2014).
However, the interactions between these and other species-specific
factors (such as plant functional traits) can be complex, and therefore
the physiological responses observed in the field can be difficult to
interpret in terms of growth form (Hodgkinson, 1998; Jackson et al.,
1999; Hoffmann and Solbrig, 2003; Falster and Westoby, 2005; Gurvich
et al., 2005; Vesk, 2006; Casals et al., 2018).

Furthermore, there is evidence that resprouting capacity in woody
species, including trees and shrubs, peaks between the first years of life
and maturity, and afterwards decreases with age (Burrows, 1985;
Hobbs and Mooney, 1985; Bond and Van Wilgen, 1996; Hodgkinson,
1998; Del Tredici, 2001; Hoffmann and Solbrig, 2003; Keeley, 2006;
Vesk, 2006; Clarke et al., 2013). In some cases a bimodal peak in re-
sprouting (measured as number of resprouts per plant) has been ob-
served (MacDonald and Powell, 1983).

Resprouting in response to fire has been widely studied (Lloret
et al., 1999; Higgins et al., 2000; Pausas et al., 2004), especially in
ecosystems with a long evolutionary history of periodic fires, such as
Mediterranean-climate ecosystems, where the frequency distribution of
post-fire resprouting tends to follow a bimodal pattern (Pausas et al.,
2004; Vesk et al., 2004; Pausas and Keeley, 2014). Therefore, in these
regions a dichotomous measure of presence/absence of resprouting has
proven useful for vegetation prediction and modelling at a large scale
(Noble and Slatyer, 1980; Loehle, 2000). However, in other fire-prone
regions, such as the Chaco of central-western Argentina, where the
evolutionary history of fire may not be as long and intense as in Med-
iterranean-climate ecosystems, a dichotomous classification of fire re-
sponse does not satisfactorily explain the inter- and intra-species var-
iations observed in the field (Vesk and Westoby, 2004; Moreira et al.,
2012). In these ecosystems, the response to fire may be better described
as a continuous gradient, for example, from species with high to species
with low resprouting capacity (Bellingham and Sparrow, 2000; Bond
and Midgley, 2003; Vesk and Westoby, 2004; Pausas et al., 2016).

Different protocols have been proposed for measuring resprouting
capacity, from estimations of post-disturbance survival percentage at
the species level (Pérez-Harguindeguy et al., 2013), which is a measure
of resprouting capacity based on a qualitative binary classification of
resprouting success (i.e. yes/no), to more complex quantitative mea-
sures. The former are usually simple and fast but they lack precision for
detailed comparative studies, since they often fail to capture the intra-
and inter- species variability. The latter generally involve several
parameters such as pre-fire and post-fire plant height and basal dia-
meter, and/or number and length of resprouts, in order to estimate
canopy volume, plant biomass and/or resprouted biomass, (e.g. Cruz,
Pérez, and Moreno, 2003; Fulbright, Dacy, and Drawe, 2011; Gittins,
Ghermandi, and Bran, 2011; Gurvich et al., 2005; Moreira et al., 2012;
Zizka et al., 2014). Another method of special interest for the present
study is that of Neke et al. (2006), who proposed measuring the number
and diameter of all trunks (pre-disturbance independent variables) and
the number and diameter of all resprouts (post-disturbance dependent
variables) to calculate composite diameters (i.e. the diameter of ag-
gregated cross-sectional areas) of both and estimate the resprouting
vigour as the composite diameters of resprouts divided by the compo-
site diameters of trunks. All these protocols can be logistically complex
and/or time-intensive and therefore impractical in many situations, for
example for measuring a large number of species for comparative
purposes. Therefore, developing a quantitative measurement of re-
sprouting capacity that captures inter- and intra-specific variations, and
is simple enough to be used in different ecosystems and situations, can
be very useful for comparative studies in fire ecology.

Here we propose a quantitative resprouting capacity index that
considers the diameters of the main trunk and the main resprout (i.e.
the thickest ones), and the number of burned trunks and resprouts in
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each individual plant, to estimate the respective composite diameters
(see Methods). As an even simpler option, we also propose an index that
uses only the diameters (i.e. not number) of the main burned trunks and
resprouts. The proposed indices account for non-resprouted individuals
(i.e. no resprouts recorded during sampling, used as proxy for non-
surviving), therefore combining not only a measure of resprouting
vigour, but also the survival rate at the individual level, hence better
reflecting the resprouting capacity of species in the field. We support
the proposed indices with detailed measurements of actual composite
diameters (following Neke et al., 2006), and we illustrate their potential
by reporting on the resprouting capacity of 20 woody species of three
different growth forms (6 shrubs, 7 trees and 7 tree/shrubs) from the
dry Chaco region of central Argentina.

Resprouting (rather than recruitment) is the main post-fire re-
generation strategy of dominant species in the Chaco (Morello and
Saravia Toledo, 1959; Gurvich et al., 2005; Barchuk et al., 2006; Bravo
et al., 2014; Torres et al., 2014). Although Chaco forests have been
historically subjected to fire for centuries to millennia, due to hunting
practices of indigenous peoples (Morello and Saravia Toledo, 1959) and
also possibly to natural fires produced by lightning during summer
storms, there is no evidence of fire as a strong natural selection pressure
over longer evolutionary time. However, fire is a common factor in the
region, mainly due to its use as a management tool (Kunst et al., 2000;
Kunst et al., 2003; Casillo et al., 2006) and the expansion of population
and agriculture (Talamo and Caziani, 2003; Grau et al., 2005; Boletta
et al., 2006; Bravo et al., 2010), which has increased the frequency of
fires (Arganaraz et al., 2015a), challenging the adaptive capacity of
plants.

On these bases, here we (1) propose two quantitative indices of
resprouting capacity with the potential to be applied in a standard way
in different regions; (2) assess and compare the resprouting capacity of
20 woody dominant species of the arid Chaco forests; (3) analyse the
influence of growth form and trunk diameter (as a proxy for plant size)
on the resprouting capacity of woody plants. For completeness, patterns
of survival are also explored and discussed in relation to the proposed
indices.

2. Materials and methods
2.1. Study area

The study area is located in north-western Cérdoba Province, cen-
tral Argentina (30°207-32°10’ S, 64°10’-65°38’W). Phytogeographically,
this area belongs to the arid Chaco, including also a portion of the
Chaco Serrano District (Cabrera, 1976; Morello et al., 1985) (Fig. 1).
The vegetation is characterized by highly seasonal semi-deciduous
xerophytic forests, with a mean annual precipitation ranging from <
500 mm to > 750 mm, concentrated in the spring-summer months
(October-March) lowest mean monthly minimum and highest mean
monthly maximum temperatures of 10.7 °C (July) and 26.1 °C (Jan-
uary), respectively (Capitanelli, 1979; Giorgis et al., 2015). The canopy
of the lowland forests is discontinuous, dominated by Aspidosperma
quebracho-blanco and Prosopis flexuosa. The shrub layer is thorny, dense
and usually continuous, dominated by Larrea divaricata, Mimozyganthus
carinatus and Senegalia gilliesii. A lower and discontinuous layer of
grasses and herbs is dominated by Trichloris crinita, T. pluriflora, Gouinia
paraguayensis, Setaria spp. and Pappophorum spp. (Cabido et al., 1992).
In the mountain areas, the most representative species include Lithraea
molleoides, Zanthoxylum coco, Vachellia caven and Jarava pseudoichu
(Giorgis et al., 2011)

Fire season spans from June through December (i.e. early winter
through early summer), with highest occurrence of fires in
August-September (Miglietta, 1994; Arganaraz et al., 2015a). Fire fre-
quency varies considerably within the study region, mainly depending
on climatic variables, human population density and vegetation type
(Arganaraz et al., 2015b). The fire return interval for most of the study
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Fig. 1. Location of sampling sites within the study
area in NW Cérdoba Province, central Argentina.
Sampling sites included seven independent fire
events (numbered 1 to 7 in the left panel) of dif-
ferent sizes (see Table 2 and main text for details).
We sampled 11 sites in total, including more than
one site in the most extensive fires (labelled with
lowercase letters). Black squares correspond to
sampling sites for Data Set 1; white circles corre-
spond to sampling sites for Data set 2. Black lines
indicate the main mountain ranges in the study area.

Argentine
Chaco

area is 10 years or more, but some areas burn every 5-6 years, and
others every 3-4 years (especially grasslands) (Bravo et al., 2010;
Arganaraz et al., 2015a).

2.2. Plant species selection

Based on previous surveys (Cabido et al., 1992; Diaz et al., 1998;
Conti and Diaz, 2013) we selected a total of 20 woody species dominant
in the study area, representing 10 taxonomic families. We classified
these species into three growth form types: shrubs (six species), trees
(seven species), and tree/shrubs (seven species), with the latter in-
cluding species whose growth form can be regarded either as tree or

Table 1

List of species included in this study, with their corresponding taxonomic information and growth form (trees

shrub (Demaio et al., 2002; Zuloaga et al., 2008) (Table 1). The selected
species account for approximately 80% of the woody biomass, therefore
their response to fire largely accounts for the response of the entire
ecosystem.

2.3. Field measurements

Resprouting capacity was measured in individual plants at sites that
have been subjected to accidental fires. A total of seven independent
fire events were visited (Fig. 1; Table 2). Five of them had a surface area
of 1-300 ha, and were extensively traversed during sampling, covering
all, or a large part of the affected area. The remaining two fires were

7; shrubs = 6; tree/shrubs = 7). Nomenclature

follows the Catélogo de las Plantas Vasculares del Cono Sur (Zuloaga et al., 2008) and online updates (http://www.floraargentina.edu.ar/). The last columns indicate
if the species were included in one or the two datasets compiled for the study (see details in the main text), and the respective number of individuals sampled for each

dataset.
Dataset 1 (N = 192) Dataset 2 (N = 854)

Species Family Growth form Yes/No n Yes/No n

Aloysia gratissima (Gillies & Hook.) Tronc. Verbenaceae shrub Yes 19 Yes 60
Aspidosperma quebracho-blanco Schltdl. Apocynaceae tree Yes 25 Yes 57
Castela coccinea Griseb. Simaroubaceae tree/shrub No - Yes 31
Celtis ehrenbergiana (Klotzsch) Liebm. Celtidaceae tree/shrub Yes 16 Yes 64
Cercidium praecox (Ruiz & Pav.) Burkart & Carter Fabaceae tree No - Yes 60
Condalia microphylla Cav. Rhamnaceae shrub Yes 19 Yes 62
Geoffroea decorticans (Gillies ex Hook. &Arn.) Burkart Fabaceae tree Yes 19 Yes 56
Jodina rhombifolia (Hook. & Arn.) Reissek Santalaceae tree Yes 2 Yes 14
Larrea divaricata Cav. Zygophyllaceae shrub Yes 8 Yes 35
Lycium sp. Miers Solanaceae shrub No Yes 56
Mimozyganthus carinatus (Griseb.) Burkart Fabaceae shrub No - Yes 30
Maytenus spinosa Griseb. Celastraceae shrub Yes 15 Yes 27
Prosopis chilensis (Molina) Stuntz. Fabaceae tree No - Yes 14
Prosopis flexuosa DC Fabaceae tree Yes 20 Yes 61
Prosopis torquata (Cav. ex Lag.) DC Fabaceae tree/shrub Yes 5 Yes 35
Senegalia gilliesii Steud. Fabaceae tree/shrub No - Yes 35
Senegalia praecox Griseb. Fabaceae tree/shrub Yes 8 Yes 27
Vachellia aroma Gillies ex Hook. & Arn. Fabaceae tree/shrub Yes 10 Yes 51
Vachellia caven (Molina) Molina Fabaceae tree/shrub Yes 26 Yes 60
Ziziphus mistol Griseb. Rhamnaceae tree No - Yes 19
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Relevant information of the fire events visited during the present study. The first column refers to the fire events as presented in Fig. 1.

Fire event Reference location Approximate coordinates Average altitude (m.a.s.l.) Approximate area of fire (hectares) Date of fire Date of sampling

1 El Poniente 31°40’S, 65°23'W 350 250 September 2008 March 2009

2a Ascochinga 30°56’S, 64°20'W 1000 45,000 September 2008 April 2009

2b Ascochinga 30°57’S, 64°15'W 690 45,000 September 2008 April 2009

2c Ascochinga 30°54'S, 64°15'W 760 45,000 September 2008 April 2009

2d Los Terrones 30°47’S, 64°28'W 1250 45,000 September 2008 June 2009

3 Pichanas 30°50’S, 65°08'W 490 280 =~ August 2008 April 2009

4 Luyaba 32°07’S, 65°03'W 670 570% = August 2009 June 2010

5a Casa Bamba 31°20S, 64°24'W 790 6,000 September 2017 April 2018

5b Carlos Paz 31°23'S, 64°26'W 750 6,000 September 2017 April 2018

6 Deéan Funes 31°27’S, 64°16'W 830 220 September 2017 May 2018

7 Cérdoba city 31°26’S, 64°11'W 430 1 August 2017 May 2018
*Only 300 ha occurred in vegetation relevant to the present study.
much larger, covering 6,000 and 45,000 ha (J. Argaharaz, pers. ECTA = 7 x (MTD/2)* x TN (€))

comm.); therefore representative sites for sampling were chosen within
them (Fig. 1; Table 2). At each visited site plants were randomly se-
lected and sampled. In an attempt to cover different diameter classes
within each species and obtain the fullest possible picture of the re-
sponse capacity at different plant sizes, a total of 1046 individuals were
sampled. The number of individuals sampled for each species was
mainly determined by the combination of logistic feasibility and re-
lative abundance of each species in the visited sites.

In all cases, measurements were taken after the growing season
following the fire, between March and June (Table 2). These mea-
surements comprised two distinct datasets: one included a detailed
measurement of the diameters of each burnt trunk and resprout of each
individual plant. This dataset (Dataset 1) comprised a total of 192 in-
dividuals belonging to 13 species (4 shrubs; 4 trees and 5 tree/shrubs;
Table 1). The other dataset (Dataset 2) included the measurement of the
diameter of only the main trunk and main resprout (i.e. the thickest
ones), and total number of trunks and resprouts recorded in each in-
dividual plant (see details below). This dataset comprised 854 in-
dividuals belonging to 20 species (6 shrubs, 7 trees and 7 tree/shrubs;
Table 1). The number of sampled individuals per species ranged be-
tween 2 and 26 for Dataset 1, and between 14 and 64 for Dataset 2
(Table 1). All diameter measures were recorded and analysed in milli-
metres.

For Dataset 1 (N = 192; Table 1) the following variables were
measured in each plant:

1. Diameter of burned trunks (TD): the diameter of all burned trunks
was measured close to the ground with a measuring tape or —in the case
of smaller individuals- a manual caliper. Then, following the metho-
dology of Neke et al. (2006), a composite trunk area (CTA) was cal-
culated by adding the area of the measured trunks, as follows:

CTA = Y 7 x (TDy/2)?
Zi: (€9)

And then a composite trunk diameter (CTD) was obtained as:

CTD = CTA X 4/ 2

2. Diameter of resprouts (RD): the diameter of all resprouts was
measured at approximately 5 cm from its base using a manual caliper.
Composite resprout area (CRA) and resprout diameter (CRD) were
calculated with equations analogous to the previous point.

Following Neke et al. (2006), CTD and CRD were used to calculate
the resprouting capacity (hereafter referred to as ‘Resprouting Vigour’,
RV) for each individual, using the following equation:

RV = CRD/CTD 3)

Next, using only the diameter of the main burned trunk (MTD) and
the number of burned trunks (TN), for each sampled plant we calcu-
lated the estimated composite trunk area (ECTA) as follows:

Analogously, the diameter of the main resprout (MRD) (i.e. the
thickest ones), and the number of burned resprouts (RN) were used to
calculate, for each sampled plant, the estimated composite resprout
area (ECRA).

The respective estimated composite trunk diameter (ECTD) and
estimated composite resprout diameter (ECRD) were also calculated for
each sampled plant as follows:

ECTD = \JECTA X 4/7 5)
ECRD = \JECRA x 4/m (6)

Afterwards, we calculated a resprouting capacity index (hereafter
referred to as RCI 1) as:

RCI1 = ECRD/ECTD )

Additionally, we calculated an alternative resprouting capacity
index (hereafter referred to as RCI 2) considering only MTD and MRD of
each sampled individual as:

RCI2 = MRD/MTD ®

For Dataset 2 (N = 854; Table 1), the diameter of the main trunk
(MTD) and main resprout (MRD), as well as the number of trunks (TN)
and resprouts (RN) were recorded for each individual. Afterwards, Egs.
(4)-(8) were calculated for each individual. For this dataset the fol-
lowing criterion was used for measuring RN: when there were between
0 and 20 resprouts, the exact number was recorded. When there
were > 20, the number was recorded as “+20”. In such cases, a value
of 25 was used for statistical analyses. These ranges were selected fol-
lowing previous studies (e.g. Flinn et al., 1992; Kunst et al., 2000;
Casillo et al., 2006; Zizka et al., 2014). For eight species (three shrubs,
three trees and two shrub/trees) trunk counts (TN) were missed in the
original sampling, therefore they were calculated based on a re-
presentative sample (N = 152; Appendix A), and not on the plants
sampled at burnt sites. Regression analyses of this representative
sample showed no significant relationship between trunk diameter and
TN, therefore a single mean value was used for each of these eight
species.

Because the main purpose of Dataset 1 was to establish the re-
lationship between the RV and the RClIs, field measurements did not
include non-resprouting individuals (i.e. RN = 0, therefore making RV
and RCIs be zero). In contrast, for Dataset 2 non-resprouting individuals
were included as a proxy of the survival rate of each species.
Comparisons of the response variables (i.e. RCIs, ECRD and RN) be-
tween species were based on Dataset 2.

Given that resprouting capacity may vary considerably depending
on fire severity (i.e. aboveground and belowground organic matter
consumption from fire; Keeley, 2009) (Bellingham and Sparrow, 2000;
Keeley, 2006), variables indicative of fire severity were measured in
and around each sampled individual of both datasets (Moreno and
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Oechel, 1989; Pérez and Moreno, 1998; Henig-Sever et al., 2001;
Keeley, 2009; Catry et al., 2010). The following variables were mea-
sured in each individual:

Minimum standing diameter: the diameter of the thinnest burned
trunk that remained standing was measured and values were assigned
to the following intervals: 1 = 0-5 mm; 2 = 5-10 mm; 3 = 10-20 mm;
4 = 20-30 mm; 5 = +30 mm. Intervals were defined based on bib-
liography (e.g. Anderson, 1982; Moreno and Oechel, 1989) and on
previous field observations by the authors.

State of bark: the state of the bark after the fire was classified as
follows:

1 = Burned (when the bark was black due to the fire but remained
mostly attached to the trunk)
2 = Loose (when the bark, in addition to being black, appeared
detached due to fire damage)

State of soil: the state of soil surrounding each individual was
classified as:

normal colour or slightly blackish (i.e. burned) on the surface
= blackish colour, burned up to 1 cm in depth

= presence of white ashes on the surface, burned more than 1 cm
in depth

w N =
|

We then calculated a composite fire severity value for each in-
dividual by adding the scores recorded for the three variables men-
tioned above. Based on their frequency, the severity values were
grouped a posteriori into four categories, which were used as levels of
severity in the analyses. Additionally, the ‘Percentage of plant affected
by fire’ was estimated visually, and classified a posteriori as fully af-
fected (i.e. 100% of plant affected) or not fully affected (i.e. < 100% of
plant affected). Both composite fire severity and percentage affected by
fire (with their corresponding levels) were used as fixed factors in the
statistical analyses (see below). Values originally recorded and their
corresponding a posteriori values of both variables are presented in
Appendix B.

2.4. Data analysis

2.4.1. Analysis of Dataset 1

We explored the relationship between the RCIs and RV (Dataset 1)
at the species and growth form levels through linear regressions, using
log-transformed data. A linear model was used to evaluate if severity
and growth form (and their interactions) affected the performance of
the RCIs; percentage affected by fire was not included in the analysis
because almost all individuals had a value of 100%. Model selection
was based on the Akaike criterion (Akaike, 1972). The adjustment of
the models was made using the nlme R-package (Pinheiro et al., 2013).

2.4.2. Analysis of Datset 2

To explore the differences in the response variables (RCI 1, RCI 2,
ECRD and RN) between species, Dataset 2 was analysed through gen-
eralised linear models, considering a normal distribution model for
variables RCI 1, RCI 2 and ECRD (using log-transformed data); and
Poisson distribution for RN. The models considered species, severity
and percentage of plant affected by fire as factors. Because there is a
relationship between resprouting capacity and ECTD (i.e. larger plants
have more resources to resprout), this latter variable was included in
the model, as well as its interaction with species. The models also
considered the heterogeneity of variances due to species. Model selec-
tion was based on the Akaike criterion (Akaike, 1972). The adjustment
of the models was made using nlme (Pinheiro et al., 2013) and lme4
(Bates et al., 2015) R-packages. The relationship between the RCIs and
ECTD was analysed through standardised major axis regression (Warton
et al., 2006) using the smatr R-package (Warton et al., 2012). The

Forest Ecology and Management 473 (2020) 118267

relationship between ECTD and survival was analysed through logistic
regression. Differences between growth forms were explored through a
posteriori contrast analysis (i.e. lineal combination of the parameters of
the model), grouping species by growth form in three different positions
along the full range of diameters of the full Dataset 2 considering
deciles one, five (the median value of the data) and nine of the ECTD.
Analyses were performed using InfoStat Version 2017p (Di Rienzo
et al., 2017) and R (R Core Team, 2019). For completeness, and with
the purpose of depicting the physiognomic differences between the
studied growth forms, summary values of independent variables ECTD
and TN were compiled based on empirical data (i.e. not modelled) and
presented in Appendix C.

3. Results

3.1. Relationship between the resprouting vigour (RV) and the proposed
resprouting capacity indices (RCI 1 and RCI 2)

Regression analyses of Dataset 1 (N = 192) showed a highly sig-
nificant relationship between RV and the two proposed RCIs for the
three studied growth forms, with R* values ranging between 0.76 and
0.92and P < 0.0001 (Fig. 2). Furthermore, at the species level RV was
also highly related to the two RCIs, with the only exceptions of Prosopis
torquata (R* = 0.63, P = 0.11 for RCI1; R? = 0.58, P = 0.14 for RCI 2)
and Senegalia praecox (R? = 0.33, P = 0.14 for RCI 2) (Appendix D).
The composite fire severity had no significant effect on the relationship
between the RCIs and the RV (Appendix E), indicating that the level of
severity did not affect the performance of the proposed indices. Fur-
thermore, the growth form did not have an effect on the performance of
RCI 1, but it did have an effect on RCI 2 (Appendix E), indicating that
estimations for trees and tree/shrubs are more accurate than for shrubs,
therefore comparisons between growth forms (i.e. contrast analysis) for
RCI 2 are not reported.

3.2. Differences between species in the RCIs and their components

All the studied species were able to resprout after the fire; however,
they showed considerable differences in their resprouting capacity, as
captured by both RCI 1 and RCI 2 (Fig. 3). RCI 1 indicated that Celtis
ehrenbergiana was the species with the highest resprouting, followed by
P. flexuosa, Vachellia aroma, P. chilensis and Aloysia gratissima, whereas
Lycium sp. had the lowest capacity (Fig. 3). For RCI 2, within-growth
form comparison showed that for trees P. chilensis resprouted the most,
followed by Z. mistol and A. quebracho-blanco. For tree/shrubs, C. eh-
renbergiana had the highest resprouting and S. gilliesii the lowest; and
for shrubs, L. divaricata resprouted the most, followed by Maytenus
spinosa; while Lycium sp. had the lowest resprouting (Fig. 3).

Despite the rank order of species showed some variations between
the two indices (Fig. 4; Appendix F), the overall pattern was similar and
highly correlated (Spearman correlation coefficient, p = 0.70,
P = 0.002).

Regarding individual components of RCIs, species differed con-
siderably in their ECRD and RN (Fig. 5). C. ehrenbergiana had the largest
ECRD, followed by P. chilensis and P. flexuosa, whereas S. gilliesii had the
smallest ECRD (Fig. 5). RN was highest in C. ehrenbergiana, followed by
Castela coccinea; and was lowest for S. gilliesii (Fig. 5).

3.3. Survival percentage at the species level

Although most individuals resprouted, three species in particular
had significantly lower survival percentages than expected by chance
(i.e. = 3 deviations of the expected value of 92%; Chi-
square = 139.46; P < 0.0001; N = 854; see details in Appendix G),
namely S. gilliesii (64%; n = 36), C. praecox (67%; n = 60) and P.
flexuosa (82%; n = 61). The ranking of species according to their sur-
vival percentage differed considerably from that of RCIs (Fig. 4;
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Fig. 2. Regression analysis of Dataset 1 showing the relationship between the two proposed Resprouting Capacity Indices (RCI 1 and RCI 2) and the Resprouting
Vigour (RV), with their respective regression coefficients for each of the three studied growth forms (4 shrubs, n = 60; 4 trees, n = 65; 5 tree/shrubs, n = 64).
P < 0.0001 for all relationships. Three cases with externally studentised residuals larger than four were excluded from the analysis. In each chart the solid line
indicates the adjusted value, the dashed lines indicate the 95% prediction values, and the dotted lines indicate the 95% confidence interval. Data was log transformed
for the analysis.

. Tree . Tree/shrub I:] Shrub

2.0 1.5
1.5
- N1.0
g g
1.0
0.5
0.5
0.0 0.0
L O PO A B & L > & @O DD R QD D T O F D R L LR P OR
S LT P L EFO RIS PO SFSF R FES LY P L XL PO
IS . R L S ISY S D> &S S FL LS L &
el \\,b&q,\o A e S «© \Sz,i&ogoo &S @é\"’e’ S RO \S’"’\)” FE A,gY L FCFE S P S é\@\ob X

Species Species

Fig. 3. Comparison between species of the two proposed Resprouting Capacity Indices: (a) RCI 1; and (b) RCI 2, for the 20 studied species (6 shrubs, white bars; 7
trees, black bars; and 7 tree/shrubs, grey bars). Whiskers indicate 95% confidence interval. Species names in alphabetical order (number of sampled individuals in
parenthesis): AloGra = Aloysia gratissima (n = 60); AspQue = Aspidosperma quebracho-blanco (n = 57); CasCoc = Castela coccinea (n = 31); CelEhr = Celtis
ehrenbergiana (n = 64); CerPra = Cercidium praecox (n = 60); ConMic = Condalia microphylla (n = 62); GeoDec = Geoffroea decorticans (n = 56); JodRho = Jodina
rhombifolia (n = 14); LarDiv = Larrea divaricata (n = 35); LycSp. = Lycium sp. (n = 56); MaySpi = Maytenus spinosa (n = 27); MimCar = Mimozyganthus carinatus
(n = 30); ProChi = Prosopis chilensis (n = 14); ProFle = P. flexuosa (n = 61); ProTor = P. torquata (n = 35); SenGil = Senegalia gilliesii (n = 35); SenPra = S.
praecox (n = 27);VacAro = Vachellia aroma (n = 51); VacCav = V. caven (n = 60); ZizMis = Ziziphus mistol (n = 19).
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Fig. 4. Relationship between the rankings of resprouting capacity obtained for the 20 studied species (6 shrubs, 7 trees and 7 tree/shrubs) with the two proposed
quantitative Resprouting Capacity Indices (RCI 1 and RCI 2), and the ranking obtained with survival percentage (inverted scale in y axis in (a) and (b)), which is a
measure of resprouting capacity based on a qualitative binary classification of resprouting success (i.e. yes/no), for the same species. Species names (ordered by
growth form): Shrubs; 1. Aloysia gratissima (n = 60); 2. Condalia microphylla (n = 62); 3. Larrea divaricata (n = 35); 4. Lycium sp. (n = 56); 5. Maytenus spinosa
(n = 27); 6. Mimogzyganthus carinatus (n = 30). Trees: 7. Aspidosperma quebracho-blanco (n = 57); 8. Cercidium praecox (n = 60); 9. Geoffroea decorticans (n = 56);
10. Jodina rhombifolia (n = 14); 11. Prosopis chilensis (n = 14); 12. P. flexuosa (n = 61); 13. Ziziphus mistol (n = 19). Tree/shrubs: 14. Castela coccinea (n = 31); 15.
Celtis ehrenbergiana (n = 64); 16. Senegalia gilliesii (n = 35); 17. S. praecox (n = 27); 18. Prosopis torquata (n = 35); 19. Vachellia aroma (n = 51); 20. V. caven

(n = 60).

Appendix F) and was not correlated (p = -0.10; P = 0.69 for RCI 1 and
p = 0.04; P > 0.87 for RCI 2). This was especially noticeable for Ly-
cium sp., which was ranked first in terms of survival percentage, but it
was ranked 20th according to the RCIs (Fig. 4). The main reason for this
is that this species had usually very thin resprouts, therefore although
they may be numerous, their composite diameter is relatively low
compared to the composite trunk diameter.

3.4. Differences between growth forms

differences between them (Table 3). Furthermore, ECRD differed be-
tween trees and shrubs for the three deciles, and between trees and
tree/shrubs for D1 and D9; whereas shrubs did not differ from tree/
shrubs (Table 3). RN differed between trees and shrubs for all deciles,
while it differed between trees and tree/shrubs only for D9, and showed
no differences between shrubs and tree/shrubs (Table 3). Finally, mean
values of ECTD for shrubs was 48.37 mm, for tree/shrubs 69.04 mm
and for trees 99.64 mm; moreover, mean TN for shrubs was 3.01, for
tree/shrubs 2.08 and for trees 1.38 (Appendix C).

Trees and tree/shrubs differed significantly from shrubs regarding
RCI 1 for all three deciles analysed, but showed no significant
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Fig. 5. Comparison between species of the response variables: (a) Estimated Composite Resprout Diameter (ECRD), and (b) Resprout Number, for the 20 studied
species (6 shrubs, white bars; 7 trees, black bars; and 7 tree/shrubs, grey bars). Whiskers indicate 95% confidence interval. Species names in alphabetical order
(number of sampled individuals in parenthesis): AloGra = Aloysia gratissima (n = 60); AspQue = Aspidosperma quebracho-blanco (n = 57); CasCoc = Castela coccinea
(n = 31); CelEhr = Celtis ehrenbergiana (n = 64); CerPra = Cercidium praecox (n = 60); ConMic = Condalia microphylla (n = 62); GeoDec = Geoffroea decorticans
(n = 56); JodRho = Jodina rhombifolia (n = 14); LarDiv = Larrea divaricata (n = 35); LycSp. = Lycium sp. (n = 56); MaySpi = Maytenus spinosa (n = 27);
MimCar = Mimozyganthus carinatus (n = 30); ProChi = Prosopis chilensis (n = 14); ProFle = P. flexuosa (n = 61); ProTor = P. torquata (n = 35); SenGil = Senegalia
gilliesii (n = 35); SenPra = S. praecox (n = 27);VacAro = Vachellia aroma (n = 51); VacCav = V. caven (n = 60); ZizMis = Ziziphus mistol (n = 19).
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Table 3

Forest Ecology and Management 473 (2020) 118267

Contrast analysis comparing the Resprouting Capacity Index 1 (RCI 1), the Estimated Composite Resprout Diameter (ECRD; mm) and the Resprout Number (RN)
between the three studied growth forms (shrubs, n = 6; trees, n = 7; and tree/shrubs, n = 7), with their corresponding estimated values. RCI 2 was not compared
due to the effect of growth form on the performance of the index (see main text for details). Comparisons were made at three different points in the range of values of
the Estimated Composite Trunk Diameter registered for the full Dataset 2, namely deciles one (D1), five (D5 = median) and nine (D9) of the data. P values

highlighted in bold indicate significant differences between growth forms (a =

tribution, while RN considering a Poisson distribution (see details in Methods).

0.05). The variables RCI 1 and ECRD were analysed considering a normal dis-

Trees vs. shrubs Trees vs. tree/shrubs

Shrubs vs. tree/shrubs Estimated values

Variable

DF F-value P-value F-value P-value F-value P-value Trees Shrubs Tree/shrubs
RCI 1 D1 1 11.90 6.0E-04 1.50 0.221 24.460 < 0.0001 2.341 1.948 2.487
D5 1 48.15 < 0.0001 0.14 0.708 58.690 < 0.0001 1.766 1.418 1.783
D9 1 24.75 < 0.0001 1.90 0.169 11.800 6.0E-04 1.214 0.931 1.147
RCI 2 D1 1.613 1.530 1.699
D5 1.351 1.219 1.351
D9 1.068 0.902 0.997
ECRD D1 1 16.467 1.0E-04 7.210 0.0074 2.595 0.108 12.468 5.798 8.007
D5 1 5.071 0.0246 0.418 0.5177 2.890 0.090 9.203 7.362 8.719
D9 1 15.380 1.0E-04 16.218 1.0E-04 0.054 0.815 6.152 10.105 9.763
Z-value
RN D1 1 0.390 0.6970 0.913 0.361 —0.580 0.562 9.482 8.816 8.046
D5 1 -1.334 0.1820 -0.715 0.475 —0.844 0.398 10.354 11.943 11.065
D9 1 —2.493 0.0147 —3.205 1.35E-03 —0.304 0.761 11.634 17.862 16.883

3.5. Influence of plant size (ECTD)

At the growth form level, both RCIs showed a decreasing pattern
with increasing values of ECTD (Table 3). For RCI 1, tree/shrubs had
the highest values of resprouting for deciles D1 and D5, whereas trees
had higher resprouting in decile D9 (Table 3; Appendix H). A similar
pattern was observed for ECRD in trees, but the opposite was observed
in tree/shrubs and shrubs. Moreover, RN also increased with increasing
values of ECTD for all three growth forms (Table 3). For ECRD, trees
had the highest values for D1 and D5, and shrubs for D9. For RN trees
had the highest value for D1 and shrubs for D5 and D9 (Table 3).

At the species level, all the studied species showed a decreasing
resprouting capacity as their ECTD increased for both proposed indices
(Fig. 6). However, regression slopes differed among species both for RCI
1 (SMA regression, Likelihood Ratio = 94.7; P = 4.82e-12) and RCI 2
(Likelihood Ratio 154.4; P = < 2.22e-16) (Fig. 6). Furthermore,
survival was significantly and negatively associated with ECTD
(B = S.E. = —0.078 = 0.012; Wald test z —6.63; P = 3.48e-11;
N = 854; Appendix I), showing an 8.1% decrease in the chances of
survival for every centimetre of increase in ECTD.

4. Discussion

4.1. Relationship between the resprouting vigour and the proposed
resprouting capacity indices

The analysis of Dataset 1 showed that the two proposed indices, RCI
1 (the ratio of the estimated composite resprout diameter to the esti-
mated composite trunk diameter), and RCI 2 (the ratio of the main
resprout diameter to the main trunk diameter), had a consistent re-
lationship with the RV, both at the growth form level (Fig. 2) and at the
species level (Appendix D). This results support the use of the indices as
reliable estimators of resprouting capacity. The non-significant re-
lationship observed in P. torquata for the two RCIs, and in S. praecox for
RCI 2 (Appendix D), despite both showed relatively high R? values,
could be explained by the low number of replicates of these two species.
Further measurements will help confirm the performance of the pro-
posed RCIs for said species. Our results indicate that despite the
variability in the number and diameter of resprouts and trunks between
and within species, the allometric relationship between their respective
estimated composite diameters (ECRD and ECTD) is closely linked to
the relationship between the diameter of the main resprout and the
main trunk, as has been shown for a limited number of tree species by
Schafer and Just (2014).

The proposed RCIs provide a simple and accurate quantitative
measure of resprouting capacity at the individual level, allowing a large

a) b) Fig. 6. Standardised Major Axis analysis showing
the relationship between the Estimated Composite
° 0.5 o Trunk Diameter (ECTD) and the two proposed
084 . o Likelihood ratio=94.7 N Likelihood ratio=154.4 Resprouting Capacity Indices: a) RCI 1); and b) RCI
N e p=4.8e-12 044 .= p=<2.22e-16 2. All sampled individuals are depicted (N = 854),
. with their corresponding growth form and re-
- 0.6 N spective regression lines for each species indicated
Q Q 031 as follows: shrubs (n = 270) = empty circles, da-
= 041 = shed lines; trees (n = 281) = black filled circles,
:o" §° 0.2 black solid lines; tree/shrubs (n = 303) = grey
circles, grey lines. Log transformation of data was
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dividuals (i.e. zero values) in the analyses.
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number of species to be measured in a short time, therefore constituting
a robust option for standardized intra- and inter-specific comparisons
between different floras.

The fact that the present study includes more species than previous
quantitative studies allows us to draw more robust conclusions about
the allometric relationships of the above-ground plant tissues before
and after the fire. In addition to the intrinsic value of the indices to
assess the resprouting capacity of species after a fire, the allometric
relationships presented here may be valuable in predicting and/or
modelling the potential response of the studied species before a fire
occurs (Lloret et al., 2003; Reyes and Casal, 2008; Vesk and Yen, 2019).
The combination of information on the resprouting capacity and life-
history traits of species (e.g. growth form, age, size, etc), and commu-
nity-level aspects such as availability of fuel (as indicator of potential
intensity of fire) can help delineating vegetation management actions to
prevent or minimize the socio-ecological impact of fires (Keeley, 2006;
Baeza and Vallejo, 2008; Rodriguez Trejo, 2008; Keeley et al., 2009).

Moreover, the proposed RCIs have additional advantages with re-
spect to other protocols: 1) pre-fire plant height can be more difficult to
estimate if a considerable portion of the burnt plant has been con-
sumed, whereas an accurate measure of burnt trunk diameter can be
recorded even if most of the plant has been consumed; and 2) the
diameter of trunks and resprouts are easier to measure compared to the
variables used in other studies, such as plant height. For example, in
floras with tall trees and/or shrubs, and/or in areas of dense vegetation
and/or rugged terrain, plant height can be impractical or time-con-
suming to measure, often involving for example transport of special
devices through thick and thorny vegetation and/or steep slopes.

4.2. Practical recommendations for comparative ecology

Although both RCIs show a close relationship with each other and
with the RV, either could be more appropriate depending on the si-
tuation. First, if the number of species to be studied is low, then RCI 1 is
probably the best option, since it provides more accuracy than RCI 2.
But if the number of species is large, then RCI 2 could be a more
practical option in terms of time and logistics, although, given that RCI
2 was affected by growth form in its estimation of RV, comparisons
between growth forms should be taken with caution, or be focused on
the intra-growth form level. On the other hand, aspects related to the
resprouting patterns of the species may also be relevant to decide be-
tween one index or the other. For example, for species with a single
trunk and many resprouts (could be hundreds) RCI 2 is more practical
but could underestimate the resprouting capacity more than RCI 1 with
respect to RV, since it does not consider TN and RN, while RCI 1 does.
Conversely, in the less likely case of species with many trunks but one
(or very few) resprouts, RCI 2 could overestimate resprouting capacity
more than RCI 1. Therefore, there is a trade-off between simplicity and
accuracy that depends mainly on the objectives and scale of the study
(e.g. number of species), and on the resprouting characteristics of the
studied species.

Another important point to consider when measuring resprouting
capacity is the time of measurement after the disturbance. Although
some of the variables commonly used when assessing resprouting ca-
pacity may not change considerably from one year to the next (e.g. the
number and diameter of burned trunks), others may do (e.g. number
and diameter of resprouts, plant height and/or aboveground biomass;
Montes et al., 2004; Falster and Westoby, 2005; Neke et al., 2006; Zizka
et al., 2014). Therefore time since disturbance should be acknowledged
when interpreting the results and/or if comparisons between species or
populations are to be made. It is worth mentioning that this short-
coming is common to most methods for assessing resprouting capacity,
such as the survival rate (see further in the text).

Forest Ecology and Management 473 (2020) 118267

4.3. Differences between species in the RCIs and its components

This is one of a few studies that quantitatively measures and com-
pares the post-fire resprouting capacity of a large number of species of
different growth forms and sizes. The fact that all the studied species
were capable of resprouting one growing season after the fire is sup-
ported by previous studies both in the Chaco region (Béo et al., 1997;
Moglia and Jofre, 1998; Kunst et al., 2000; Martinez Carretero and
Dalmasso, 2002; Talamo and Caziani, 2003; Gurvich et al., 2005;
Casillo et al., 2006; Torres et al., 2014; Herrero et al., 2016), and other
(semi-) arid regions (Flinn et al., 1992; Dacy and Fulbright, 2009; Zizka
et al., 2014). The considerable inter-species variability observed in the
RCIs and their components (Figs. 3 and 5) is also consistent with pre-
vious more restricted studies (Biurrum et al., 1983; Béo et al., 1997;
Moglia and Jofre, 1998), although with some variations in the relative
resprouting capacity between species. The high variability at the intra-
species level, especially regarding ECRD and RN (Fig. 5) could be an
indication that other aspects such as the characteristics of fires (i.e.
location, altitude, season, area), the disturbance history (e.g. herbivory)
at the sampling sites, and microsite level features (e.g. terrain slope and
aspect, or soil depth), which were beyond the scope of this study, could
affect resprouting capacity (Clarke et al., 2005; Fulbright et al., 2011).

4.4. Survival percentage at the species level

Species ranking based on survival percentage, which is often used as
a measure of resprouting capacity (e.g. Lloret and Lépez-Soria, 1993;
Lloret et al., 1999; Wright and Clarke, 2007), showed considerable
differences when compared to the two proposed RCIs (Fig. 4). For ex-
ample, ten species had 100% survival, and therefore were ranked first
(Fig. 4; Appendix F), whereas -with the exception of Lycium sp., which
was last for both RCIs- these ten species were ranked between 3 and 17
by RCI 1, and between 1 and 19 by RCI 2 (Fig. 4; Appendix F), in-
dicating that the RCIs provided a much higher level of disaggregation
regarding inter-species differences in resprouting capacity. Further-
more, the observed pattern support the hypothesis that the main stra-
tegies for plant survival to fire, namely avoidance of mortality and/or
tolerance via resprouting (Jackson et al., 1999; Hoffmann and Solbrig,
2003) can follow decoupled trajectories (Bond and Van Wilgen, 1996;
Jackson et al., 1999; Del Tredici, 2001; Bond and Midgley, 2001).

It should be noted that plant survival through resprouting is not
necessarily evident one growing season since the last fire occurrence,
since factors such as fire intensity, fire season and plant size may pre-
vent resprouting in the first months after the fire (Rundel et al., 1987;
Moreno and Oechel, 1991; Drewa, 2003). Conversely, it is possible that
individuals presenting resprouts after the first growing season will not
survive into subsequent seasons (Moreno and Oechel, 1991; Haggerty,
1994; Moreira et al., 2012). Therefore, resprouting capacity may be
under- or overestimated when assessed only one growing season since
the fire event, as in the present work.

4.5. Differences between growth forms

As can be deduced from the values of ECRD and RN in Table 3,
shrubs and tree/shrubs tended to produce more resprouts of smaller
diameter compared to trees, which is in agreement with previous stu-
dies on woody species in semi-arid environments (Hoffmann and
Solbrig, 2003; Zizka et al., 2014). Although trees had a larger ECRD
than shrubs and tree/shrubs for D1 and D5 (Table 3), the total re-
sprouting capacity (i.e. RCI 1) for these sizes was higher in tree/shrubs
than in trees; whereas shrubs had lower values in all sizes. This in-
dicates that the increase in ECRD in relation to the increase in ECTD is
lower in shrubs compared to the other growth forms (see further
below). These allometric variations have been reported elsewhere (e.g.
Hodgkinson, 1998; Vesk, 2006; Zizka et al., 2014) and are indicative of
different strategies of growth forms to respond to fire and other
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selective pressures (Kruger, 2017; Archibald et al., 2019).
4.6. Influence of plant size

Resprouting capacity showed a consistent decreasing pattern with
increasing ECTD, both at the species level (Fig. 6) and growth form
level (Table 3; Appendix H) indicating that even when the ECRD in-
creases with increasing ECTD, as was the case for shrubs and tree/
shrubs (Table 3), it does not compensate the increase in ECTD. The
pattern observed at the growth form level is consistent with previous
reports suggesting a maximum resprouting capacity in the early years of
plant life (Kayll and Gimingham, 1965; Keeley, 1986; Bell and Pate,
1996; Bond and Van Wilgen, 1996; Ojeda, 1998; Del Tredici, 2001;
Bond and Midgley, 2001; Vesk, 2006). The increasing resprouting ca-
pacity -from low at the early seedling and sapling stages to maximum
capacity at young-to-mature stages- could be related to the increasing
extent of the plant’s root system as the plant matures (Hobbs and
Mooney, 1985). Afterwards, the adventitious buds responsible for
sprouting become buried by woody tissues as the plant ages, although a
combination of life-history, (onto)genetic, physiological and anato-
mical factors may be involved in limiting the lifespan of buds
(Hodgkinson, 1998; Del Tredici, 2001; Keeley, 2006; Clarke et al.,
2013).

The loss of resprouting capacity with aging could also partly explain
the negative relationship between survival percentage and ECTD
(Appendix I). However, to some extent the pattern found here is con-
tradictory to other studies on woody species from semi-arid environ-
ments, savannas and temperate forests (Jackson et al., 1999; Bond and
Midgley, 2001), and even for some species of the Chaco forest (e.g. A.
quebracho-blanco, V. aroma, Z. mistol and Propsopis sp.; Morello and
Saravia Toledo, 1959). One possible explanation is that many woody
species (especially trees) tend to grow in height to avoid disturbances
such as fire and herbivory (Bond and Van Wilgen, 1996); if these spe-
cies succeed in avoiding the disturbance, then the selective advantage
of resprouting capacity decreases (Hoffmann and Solbrig, 2003; Clarke
et al., 2013). Hence, if the canopy of individuals of greater size is
reached by fire (i.e., if they are “top-killed”), survival chances are lower
than in smaller individuals that still preserve a high resprouting capa-
city due to ontogenetic factors (Vesk, 2006). At the species level, dif-
ferences in the regression slopes (Fig. 6) may indicate differences in
strategies, in which the size-resprouting capacity relationship can be
adjusted to different curves than that found at the growth form level
(e.g. Hodgkinson, 1998). These trade-offs have been described, for ex-
ample, for species of savanna ecosystems (Bond and Van Wilgen, 1996)
and involve evolutionary aspects related to the historical fire regime
and to changes in plant cover over time due to environmental and
anthropogenic factors.

4.7. Data limitations

Legislation in Cérdoba Province strictly regulates de use of fire in
rural areas (Ley 8571, 1999), making large-scale experimental studies
with fire logistically difficult to carry out, especially in remote areas
such as our study area. Therefore, one of the main challenges in a study
with many species, such as the one presented here, is finding appro-
priate burned sites that are both logistically accessible and have ap-
propriate vegetation characteristics necessary for the study. This often
limits the possibilities of achieving fully balanced data for all species
and/or growth forms, as could be achieved in a manipulated field ex-
periment. For example, some species were difficult to find and therefore
were underrepresented (e.g. J. rhombifolia had only two specimens in
Dataset 1 and 14 in Dataset 2), and consequently the robustness of the
results was diminished for such species. Furthermore, in unmanipulated
studies such as ours the characteristics of fire events, as well as aspects
at the microsite level (mentioned earlier in Section 4.3) may differ
considerably, adding variability to the data and calling for precaution
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in the interpretation and extrapolation of results to draw broader pat-
terns and conclusions. Future studies under more controlled conditions
would be highly valuable to contrast with our results.

Despite these constraints, we believe that the proposed indices can
be a very useful tool for comparative studies in fire ecology.
Furthermore, the results presented here provide unprecedented and
valuable information on the resprouting patterns of dominant species
from an extensive region such as the Chaco, where fire is a highly re-
levant socio-ecological factor. In this sense, we hope that our study will
serve to promote comparative studies both in the Chaco and in other
fire-prone regions. This would allow, on the one hand, testing the
proposed indices; and on the other hand, increasing the number of
studied species, which has an implicit benefit for delineating appro-
priate fire management policies and actions in particular regions.
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