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† Background and Aims Post-fire regeneration is a key process in Mediterranean shrubland dynamics, strongly
determining the functional properties of the community. In this study, a test is carried out to deteremine whether
there is co-variation between species regenerative types and functional attributes related to water use.
† Methods An analysis was made of the seasonal variations in leaf relative water content (RWC), leaf dry matter
content (LDMC), leaf moisture (LM) and live fine fuel moisture (LFFM) in 30 woody species of a coastal shrub-
land, with different post-fire regenerative strategies (seeding, resprouting or both).
† Key Results RWC results suggest that the studied resprouters have more efficient mechanisms to reduce water
losses and maintain water supply between seasons. In contrast, seeders are more drought tolerant. LDMC is higher
in resprouters over the course of the year, suggesting a more efficient conservation of nutrients. The weight of the
phylogenetic constraint to understand differences between regenerative strategies tends to be important for LDMC,
while it is not the case for variables such as RWC.
† Conclusions Groups of species with different post-fire regenerative strategies (seeders and resprouters) have
different functional traits related to water use. In addition to the role of phylogenetical constraints, these differ-
ences are also likely to be related to the respective life history characteristics. Therefore, the presence and abun-
dance of species with different post-fire regenerative responses influence the functional properties of the
communities.

Key words: Functional traits, leaf dry matter content, Mediterranean plants, post-fire, regenerative strategy, relative water
content, resprouter, seeder, woody species.

INTRODUCTION

Many studies have demonstrated that wildfires are an
important disturbance in the evolution and dynamics of
most Mediterranean-type ecosystems (Hanes, 1971;
Whelan, 1995; Lloret et al., 2002). Accordingly, most
Mediterranean woody species display post-fire regenerative
mechanisms. Some species (resprouters) have organs that
are protected from high temperatures to permit resprouting,
and other species (seeders) can compensate for the loss of
individuals immediately after wildfires with seeds that
resist high temperatures and germinate by taking advan-
tage of the increased space and resources available after a
fire (Trabaud, 1987, 1991; Keeley, 1995). There is also a
third group of species that use both post-fire regenerative
strategies (seeder–resprouter group). Finally, in the
Mediterranean ecosystems, there are a few species that
cannot regenerate after a wildfire. Of course, significant
variability can be found within these groups, according to
the degree of vulnerability to fire intensity, and the type of
structures promoting regrowth (such as lignotubers, crown
roots, rhizomes or bulbs) (Lloret, 2004). However, seeders
and resprouters are often considered the two main groups,
since they represent the two basic types of post-fire regen-
eration (Zedler et al., 1983; Pausas et al., 2004; Pausas
and Verdú, 2005).

Apart from their ecological features, species with
resprouting or seeding capacity in the Mediterranean basin

also have distinct evolutionary characteristics, due to their
biogeographical history. While most of the seeder taxa
evolved in the Quaternary (post-Pliocene), most of the
resprouter taxa were already present in the Tertiary
(pre-Pliocene) (Herrera, 1992) before the establishment of
the typical Mediterranean climate (Suc, 1984; Jalut et al.,
2000). Thus, some studies indicate that, in this region,
post-fire regenerative attributes may be due to phyloge-
netic constraints and not necessarily to adaptation to
environmental disturbances such as fires (Verdú, 2000;
Verdú et al., 2003; Pausas and Verdú, 2005).

Fire might affect species composition by: (a) eliminat-
ing other species that cannot regenerate after fire (Vilà
et al., 2001; Lloret and Vilà, 2003; Rodrigo et al., 2004);
(b) changing the patterns of relative abundance (Eugenio
and Lloret, 2004), according to the way their life history
fits to a fire pattern; or (c) allowing the establishment of
species new to the disturbed ecosystem. More specifically,
a high rate of recurrence of fires might drive a community
dominated by resprouters into a community with a high
abundance of seeders (Bellingham and Sparrow, 2000;
Pausas, 2001; Lloret et al., 2003). Functional ecosystem
properties may differ according to the relationship
between species composition and disturbance regime.
Under similar climatic conditions, successive studies show
that species composition largely determines the ecosystem
functional properties, which in turn can be explained by
the functional attributes of the species (Garnier et al.,
2004; Polley et al., 2005). In this context, functional plant* For correspondence. E-mail s.sauramas@creaf.uab.es
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classification aims to group species according to functional
similarities, thereby providing a more comprehensive
description of community functions (Lavorel et al., 1999;
Dı́az and Cabido, 2001). Thus, models of ecosystem beha-
viour may be elaborated on species’ functional properties
under a variety of different circumstances, such as a fire
(Keane et al., 2004).

In a Mediterranean context, functional attributes related
to water economy or fire behaviour are a priori good can-
didates to explore the hypothesis that changes in species
composition due to a fire may promote changes in the
functional properties of the whole community. Leaf rela-
tive water content (RWC) is an indicator that is used to
evaluate plant water status (Larcher, 1995; Teulat et al.,
1997). Peñuelas et al. (2004) described how photosyn-
thetic rates and stomatal conductances decreased as leaf
RWC diminished in non-irrigated Phyllirea angustifolia
plants. Leaf dry matter content (LDMC) has also been
proposed as an indicator of plant resource use (Garnier
et al., 2001a). This trait is related to leaf lifespan and it is
involved in a fundamental trade-off between rapid pro-
duction of biomass and an efficient conservation of nutri-
ents (Grime et al., 1997; Poorter and Garnier, 1999; Ryser
and Urbas, 2000). Finally, living fuel moisture content,
which is determined by leaf loisture (LM) and live fine
fuel moisture (LFFM), is used in various fire model
systems (Andrews and Bevins, 2003; Piñol et al., 2005) as
a determining factor for the ignition and propagation of
fire (Chandler, 1983).

The purpose of this study is to characterize a set of
co-existing woody species with different post-fire regenera-
tive strategies (resprouter, seeder and seeder–resprouter),
according to various attributes related to their resource use,
particularly water economy, nutrient conservation and com-
bustibility. To this end, the seasonal variation of the leaf
RWC, the LDMC, the LM and the LFFM was analysed in
30 woody species from coastal shrublands of Catalonia.

The main aim of this study is to verify whether there is
a co-variation between regenerative groups and functional
groups. This hypothesis is based on the different biogeo-
graphical origins of the taxa co-existing in Mediterranean
communities and the role that these species play during
the course of the succession. Since both regenerative and
functional attributes are constrained by phylogenetic
history, phylogenetical distances between taxa were also
considered in the analyses.

More specifically, the following questions are addressed:
(a) does seasonality determine different leaf RWC and
LDMC in plants with different post-fire regenerative strat-
egies; and (b) do plants with different post-fire regenera-
tive strategies have different moisture contents in live fine
fuel (leaves and shoots)?

MATERIALS AND METHODS

Study site, species and general sampling procedure

The study area was located on the Massı́s del Montgrı́, a
Mediterranean protected coastal area located in the north-
east of Catalonia, (north-east Iberian Peninsula, 42.168N

3.248W). Vegetation grows on limestone and is mainly
dominated by open pine forests and also by Mediterranean
shrublands with the dominant species Quercus coccifera,
Cistus albidus, Cistus monspeliensis and Rosmarinus offi-
cinalis (Polo and Masip, 1987). Sampling was conducted
in 1–2 m high mature shrublands that had been untouched
by wildfire for .10 years.

The area’s climate is sub-humid Mediterranean, accord-
ing to the Emberger classification (Emberger, 1942). The
mean annual precipitation is 654.6 mm, with cool winters
(mean minimum annual temperature: 4.1 8C) and warm
summers (mean maximum annual temperature: 26.8 8C)
(Ninyerola et al., 2000, 2003).

The study was carried out on a sub-set of 30 woody
plant species growing in the study region and representa-
tive of the studied community and belonging to as many
different families and regenerative strategies as possible in
this type of community. They were classified into three
groups depending on their post-fire regenerative strategies
(Cucó, 1987; Papió, 1988; Lloret and Vilà, 1997; Verdú,
2000; Alberdi and Caverom, 2003; Lloret and Vilà, 2003),
and after direct field observations in a nearby area that
burned in September 2004: seeders (S), resprouters (R)
and seeder–resprouters (SR). Seeders are species that ger-
minate after fire but do not resprout (Sþ R–, sensu Pausas
and Verdú, 2005); resprouters are considered to resprout
but not to germinate (S– Rþ); and seeder–resprouters can
germinate and resprout after fire (Sþ Rþ).

Seven species were considered as seeders, 14 as
resprouters and nine as seeder–resprouters. Seeders
belonged to two families, resprouters to 13 families and
seeder–resprouters to four families (Table 1). Species that
neither germinate nor resprout were not considered since
there were none present in the studied community.

Sampling and measurements of traits

For each species, replicate samples were collected from
ten different plants, on the following occasions: spring
(May 2004), summer (August 2004), autumn (November
2004) and winter (February 2005). Individuals of the same
species were collected throughout the year, on the same
site and under similar conditions (on limestone without
forest canopy).

Three leaf variables were estimated throughout the year:
leaf relative water content (hereafter RWC in the text and
W in the equations), leaf dry matter content (LDMC in the
text and D in the equations) and leaf moisture (LM in the
text and L in the equations). In addition, live fine fuel
moisture (LFFM in the text and F in the equations) was
also measured from shoots ,6 mm in diameter.

The RWC (%) was determined as

W ¼ 100� ½ðMf �MdÞ=ðMt �MdÞ�

where Mf is the fresh mass, Mt is the turgid mass after
rehydrating the leaves, and Md is the dry mass after drying
the leaves in an oven. The leaf RWC takes into account
the turgid mass of leaves, and so it is the proportion of the
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leaf water content related to the maximum water content
that can potentially be achieved by the leaf.

The leaf dry matter content (D) (mg g21) was
determined as

D ¼ Md=Mt

Thus, LDMC is the proportion of the leaf matter content
without water related to the mass of the leaf with the
maximum water content.

Leaf moisture (L) (%) and live fine fuel moisture (F )
(%) of leaves and shoots, respectively, were determined as

L or F ¼ 100� ½ðMf �MdÞ=Md�

These parameters indicate the water content of leaves
(L) and shoots (F) under field conditions in relation to its
dry mass.

Leaf and shoot samples were collected from well-grown
plants and taken from the part of the canopy exposed to
direct sunlight at the time of sampling. Fully expanded
leaves free from herbivore or pathogen damage were
severed from a stem or twig, and the petioles were
removed (Garnier et al., 2001b). The number of leaves
sampled from each individual varied according to the size
and the weight of the leaves of each species. In all species
(except Calicotome spinosa in summer, autumn and
winter; and Crataegus monogyna in winter, because there
were no available leaves), the leaves were collected at
noon (between noon and 2 pm). RWC was determined fol-
lowing an adaptation of the method used by Munné-Bosch
and Peñuelas (2004). Leaves were stored in ice-box
conditions, inside plastic jars filled with water to saturate
the leaves (a previously weighed plastic jar filled
with water was used for each individual). They were
stored for 6–9 h, i.e. the period needed to reach water
saturation (Espelta, 1996). After saturation was achieved,
the fresh weight of leaves was obtained. Plastic jars were
closed hermetically and were conserved in ice-box con-
ditions so that there were no losses of water. Then the
leaves were weighed outside the jar, in order to obtain
their saturated weight (with a precision of 1025 g).
Finally, they were oven-dried for 48 h at 70 8C and
weighed. LDMC and LM were obtained with the same
procedure as RWC.

To determine LFFM, ten shoots (,6 mm diameter) from
ten different individuals were collected for each species
(except for Cistus salviifolius in spring). Each shoot was
closed in a hermetically sealed plastic bag and stored in
ice-box conditions so that the water lost during journeys
between the field and the laboratory remained inside the
plastic bag (Viegas et al., 2001). Then they were weighed.
Finally, they were oven-dried for 48 h at 70 8C and
weighed again (f. wt and d. wt, with a precision of 0.01 g).

Data analyses

The dependent variables for leaf data analyses were
RWC, LM and LDMC. In the case of shoots, the depen-
dent variable was LFFM. The differences between the
species belonging to the three regenerative strategies
during the seasons of the year were tested by using
repeated-measures analyses of variance (ANOVAs), where
the within-subject factor was season and the between-
subject factor was regenerative strategy (S, SR and R). In
these analyses, the replicates were the mean values of each
species obtained from the ten sampled individuals. For
shoot data analyses, the within-subject factor had four
levels (spring, summer, autumn and winter), while
for leaves there were three levels (summer, autumn
and winter). RWC, LM and LDMC values for spring
leaves could not be obtained in several study species.
Consequently, spring was excluded from these repeated-
measures ANOVAs of RWC, LM and LDMC to avoid too

TABLE 1. List of study species including their family,
regenerative strategy and life form according to Raunkiaer

classification (Raunkiaer, 1934)

Study species Family
Regenerative

strategy
Life

form*

Argyrolobium zanonii
(Turra) P. W. Ball

Leguminosae Seeder–
resprouter

C

Calicotome spinosa (L.)
LK

Leguminosae Seeder–
resprouter

NP

Cistus albidus L. Cistaceae Seeder NP
Cistus monspeliensis L. Cistaceae Seeder NP
Cistus salviifolius L. Cistaceae Seeder NP
Clematis flammula L. Ranunculaceae Resprouter PV
Coronilla minima (L.) Leguminosae Resprouter C
Crataegus monogyna Jacq. Rosaceae Resprouter MP
Daphne gnidium L. Thymelaeaceae Resprouter NP
Dorycnium hirsutum (L.)

ser. In DC.
Leguminosae Seeder–

resprouter
C

Dorycnium pentaphyllum
Scop.

Leguminosae Seeder–
resprouter

C

Erica arborea L. Ericaceae Resprouter MP
Fumana ericoides (Caav.)

Gandg.
Cistaceae Seeder C

Fumana thymifolia (L.) Cistaceae Seeder C
Globularia alypum L. Globulariaceae Seeder–

resprouter
NP

Helianthemum
nummularium (L.)
Miller

Cistaceae Seeder C

Lavandula latifolia Med. Labiatae Seeder–
resprouter

C

Lonicera implexa Aiton Caprifoliaceae Resprouter PV
Olea europaea L. Oleaceae Resprouter MP
Osyris alba L. Santalaceae Resprouter NP
Phillyrea angustifolia L. Oleaceae Resprouter NP
Pistacia lentiscus L. Anacardiaceae Resprouter MP
Quercus coccifera L. Fagaceae Resprouter NP
Quercus ilex L. Fagaceae Resprouter MP
Rhamnus alaternus L. Rhamnaceae Resprouter P
Rosmarinus officinalis L. Labiatae Seeder NP
Smilax aspera L. Liliaceae Resprouter PV
Staehelina dubia L. Compositae Seeder–

resprouter
C

Teucrium polium L. Labiatae Seeder–
resprouter

C

Thymus vulgaris L. Labiatae Seeder–
resprouter

C

* C, Chamaephyte; NP, Nano-Phanerophyte; MP, Macro-Phanerophyte;
P, Phanerophyte; PV, Phanerophyte-Vine.
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many missing values. All species, except C. spinosa and
C. monogyna (because they lack leaves in some seasons),
were included in the repeated-measures ANOVAs of leaf
parameters. In the case of LFFM, all species, except
C. salviifolius (no data from spring were available), were
included in the analyses.

The relative seasonal variations of RWC, LM and LFFM
were estimated as: (winter values – summer values)/
(winter values). Accordingly, one-way ANOVAs were per-
formed to test differences between regenerative strategies.

Since the spring season could not be included in the
previous repeated-measures ANOVAs that considered the
seasonal variation of some variables, a nested ANOVA
was performed separately for each one of the four seasons,
and for each of the dependent variables (RWC, LM,
LDMC and LFFM). Species were considered a random
factor nested within strategy.

Post hoc comparisons between the different regenerative
strategies were carried out using Fisher’s l.s.d. test for all
situations with significant ANOVA results. To approximate
normality in a better way, RWC and LDMC were trans-
formed into their log-odds fi.e. log [LDMC/
(1 2 LDMC)]g, since they are proportions. LM and LFFM
were not transformed as they fulfilled the requirements for
parametric analyses.

As the set of studied species were not equally indepen-
dent units and phylogenetic constraints influence species
traits, the hypothesis was tested that differences between
species in leaf and shoot variables are higher when the phy-
logenetic distance between species increases. First, follow-
ing Pausas and Verdú (2005), a phylogenetic tree was
assembled for the whole set of species by pruning the Hilu
et al. (2003) angiosperm tree to the family level, where the
respective species were grafted. Thus a phylogenetic tree
was obtained, where the distances between the closest
branches were assumed to be the unit (Fig. 1). The phylo-
genetic distance matrix between species was considered to
be, for each pair of species, the sum of the respective
number of steps until a common bifurcation. It was
considered that the distance between species belonging to
the same family was one, and the minimal distance
between species belonging to different families was two. In
this way it was considered that the distance between
families was higher than between species of the same
family, even when these species belong to different genera.
Similarly, the values of the leaf or shoot variable distance
matrix between species were calculated as (xi 2 xj)

2, xi and
xj being the values of a given variable x (RWC, LDMC,
LM, LFFM) for the species i and j.

Three-way partial Mantel tests were then performed, in
which the correlation between the variables and the regen-
erative type distances (A and B, respectively) were ana-
lysed when the effects of phylogenetic distance (C) are
kept constant (Smouse et al., 1986; Fortin and Gurevitch,
1993). For these analyses, a ‘regeneration distance matrix’
was obtained from the absolute differences of the values
given to each regenerative type: resprouters (0), seeder–
resprouters (1) and seeders (2). This code was selected
because seeder–resprouters share traits of both seeders
and resprouters and there is not any a priori reason to

assume that seeder–resprouters are closer to either of the
two other categories. The statistics resulting from this
partial test are regression coefficients (bAB�C) correspond-
ing to the partial linear correlation of two distance
matrices (A,B) after controlling for the linear effect of a
third matrix (C). Significant differences from zero in these
coefficients were assessed by comparing reference distri-
butions obtained after 999 iterations that permuted the
arrangement of the elements of one of the distance
matrices. The test for each variable was performed for
each one of the four seasons, and when data were unavail-
able for some species the species was dropped from the
analysis and the matrices were modified accordingly.

The Statistica 6 (Statsoft) program was used for the
statistical analyses. The Passage 1.0 program (Rosenberg,
2002) was used for Mantel tests to analyse the effects of
phylogeny.

RESULTS

Leaf relative water content (RWC)

Overall, RWC was significantly higher in resprouters than
in seeder–resprouters and seeder species (F2,25 ¼ 5.73,
P ¼ 0.009). No significant differences between seeder–
resprouters and seeders were found (Fig. 2). As expected,
RWC significantly increased from summer to winter
(F2,50 ¼ 44.66, P , 0.001). Although this seasonal vari-
ation in RWC was less intense in resprouters than in the
other two strategies, the interaction between season and
strategy was only marginally significant (F4,50 ¼ 2.47,
P ¼ 0.056) (Fig. 2). Accordingly, the relative seasonal
variation was lower for resprouters than for the other two
types (Table 2). In fact, when analysing each season separ-
ately, significant differences between regenerative strat-
egies were observed only in spring (F2,149 ¼ 6.22,
P ¼ 0.008) and summer (F2,233 ¼ 12.04, P , 0.001). Post
hoc analyses demonstrated that, in both spring and
summer, resprouters had a significantly higher RWC than
seeders and seeder–resprouters. The same pattern was
observed when correlating differences in RWC between
species and regenerative type, keeping the phylogenetic
distance constant (Table 3).

Leaf dry matter content (LDMC)

Overall, LDMC was significantly higher in resprouters
than in the other two regenerative strategies (F2,25 ¼ 4.50,
P ¼ 0.021) (Fig. 3), but no significant differences between
seasons were found (F2,50 ¼ 1.34, P ¼ 0.269). The inter-
action between regenerative strategy and season was not
significant (F2,50 ¼ 1.82, P ¼ 0.140). When analysing
each season separately, significant differences between
strategies were found in summer (F2,233 ¼ 5.16, P ¼
0.013) and autumn (F2,248 ¼ 5.65, P ¼ 0.009). Post hoc
analyses demonstrated that in summer, resprouters had a
higher LDMC than seeders, and seeders had a higher
LDMC than seeder–resprouters, while in autumn resprou-
ters had a higher LDMC than the other two strategies
that showed similar values. These differences between
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regenerative strategies can be attributed to phylogenetic
constraints, since no significant correlation between differ-
ences in LDMC and regenerative type were found when
keeping constant the effect of phylogenetic distance in
partial Mantel tests (Table 3).

Leaf moisture (LM)

There was a significant increase in LM from summer
to winter (F2,50 ¼ 46.01, P , 0.001), but the seasonal
pattern of variation changed according to the regenerative

strategies (season � strategy interaction: F4,50 ¼ 4.05,
P ¼ 0.006) (Fig. 4). Although there were no significant
differences between regenerative strategies in a given
season, seeders varied the most between summer and
winter, while seeder–resprouters varied less and resprou-
ters presented the most constant pattern across the seasons
(Table 2). Thus, in winter, the LM of seeders was higher
than in autumn, while the other two strategies did not
display any significant differences between autumn and
winter. As a result, of the three strategies, the seeders pre-
sented the lowest LM in summer, but their values were the

Ranunculaceae: Clematis flammula R

Liliaceae: Smilax aspera R

Anacardiaceae: Pistacia lentiscus R

Thymelaeaceae: Daphne gnidium R

Cistaceae

Cistus albidus S
Cistus monspeliensis S
Cistus salviifolius S
Helianthemum nummularium S
Fumana thymifolia S
Fumana ericoides S

Leguminosae

Coronilla minima R
Dorycnium hirsutum SR
Dorycnium pentaphyllum SR
Calicotome spinosa SR
Argyrolobium zanonii SR

Rosaceae: Crataegus monogyna R

Rhamnaceae: Rhamnus alaternus R

Santalaceae: Osyris alba R

Ericaceae: Erica arborea R

Caprifoliaceae: Lonicera implexa R

Compositae: Staehelina dubia SR

Oleaceae Olea europaea R
Phillyrea angustifolia R

Globulariaceae: Globularia alypum SR

Labiatae

Lavandula latifolia SR
Thymus vulgaris SR
Rosmarinus officinalis S
Teucrium polium SR

Fagaceae Quercus ilex R
Quercus coccifera R

FI G. 1. Phylogenetic tree assembled using information from Hilu et al. (2003). R, resprouter, S, seeder, SR, seeder–resprouter.
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highest in winter (Fig. 4). No significant correlations
were observed between LM and regenerative type when
keeping constant the effect of the phylogenetic distance
(Table 3).

Live fine fuel moisture (LFFM)

As expected, LFFM was significantly lower in summer
than in autumn, winter and spring, the latter being the
season with the highest values (F3,78 ¼ 52.93, P , 0.001)
(Fig. 5). Overall, differences between regenerative strat-
egies were not significantly different (F2,26 ¼ 0.88,
P ¼ 0.426), although seeders tended to attain higher
LFFM values than the other regenerative strategies
in autumn and winter (season � strategy interaction:
F6,78 ¼ 2.39, P ¼ 0.036). Thus the seasonal pattern of
seeders differed from the other regenerative strategies
since the LFFM of seeders varied the most between

summer and winter, while those of seeder–resprouters and
resprouters varied the least over this period (Table 2).
Accordingly, a nested ANOVA showed significant differ-
ences between strategies in winter (F2,259 ¼ 5.71,
P ¼ 0.009), when seeders attained their highest values,
followed by resprouters and seeder–resprouters (Fisher’s
l.s.d. post hoc test).

The same pattern was observed when correlating
differences between species in LFFM (winter) and regen-
erative type when keeping the phylogenetic distance
constant (Table 3).

Summer Autumn Winter
Season
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FI G. 2. Mean leaf relative water content (RWC) (%) of the three regen-
erative strategies [seeder (S), resprouter (R) and seeder–resprouter (SR)],
in summer, autumn and winter. Vertical bars denote 0.95 confidence
intervals. Post hoc Fisher’s l.s.d. significant differences (P , 0.05) are
indicated with different letters: upper case letters (A, B, C) indicate
differences between seasons, italic lower case letters (a, b) in the key
indicate differences between strategies, and roman lower case letters
(a, b) indicate differences between seasons for a given strategy. All the

species (except C. spinosa and C. monogyna) are included.

Summer Autumn Winter
Season

200
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af

 d
ry

 m
at

te
r c

on
te

nt
 (m

g 
g–

1 )

SR a
S a
R b

FI G. 3. Mean leaf dry matter content (LDMC) (mg g21) of the three
regenerative strategies [seeder (S), resprouter (R) and seeder–resprouter
(SR)], in summer, autumn and winter. Vertical bars denote 0.95 confi-
dence intervals. Letters indicate post hoc Fisher’s l.s.d. significant differ-
ences (P , 0.05) between strategies. All the species (except C. spinosa

and C. monogyna) are included.

TABLE 3. Summary of results of the partial Mantel test
between the RWC, LDMC, LM and LFFM matrices and the
regeneration distance matrix for each season, when the effect
of phylogenetic distance was kept constant RWC and LDMC

data were transformed into their log-odds (see text).

Spring Summer Autumn Winter

RWC b 0.251 0.173 0.027 20.067
P-value 0.017* 0.010* 0.728 0.214

LDMC b 0.045 0.001 0.118 0.063
P-value 0.7 0.978† 0.052† 0.246

LM b 20.099 20.01 0.064 20.007
P-value 0.339 0.881 0.327 0.902

LFFM b 20.1 0.016 20.077 0.141
P-value 0.171 0.874 0.235 0.033*

*The partial Mantel test shows significant differences between
regenerative strategies, which were also observed in the results of the
nested ANOVA for each season, without taking into account phylogeny.

†The partial Mantel test does not show any significant differences
between regenerative strategies, but significant differences were found in
the results of the nested ANOVA for each season, without taking into
account phylogeny.

RWC, relative water content; LDMC, leaf dry matter content; LM, leaf
moisture; LFFM, leaf fine fuel moisture.

TABLE 2. One-way ANOVA for the relative seasonal variation
of the three water-related variables for the three different

regenerative strategies

n F P-value Fisher’s l.s.d. post hoc

RWC 28 9.35 ,0.001 R , S, SR
LM 28 8.48 0.002 R , S, SR
LFFM 30 4.43 0.021 R, SR , S

Values of the relative seasonal variation are the result of: [variable
(winter) — variable (summer)]/variable (winter)]. Post hoc Fisher’s l.s.d.
significant differences (P , 0.05) are shown in the third column.

RWC, relative water content; LM, leaf moisture, LFFM, leaf fine fuel
moisture; R, resprouter, S, seeder; SR, seeder–resprouter.
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DISCUSSION

Although in areas with a Mediterranean-type climate, all
plant species are expected to endure Mediterranean
summer drought, the present study demonstrates that the
species with resprouting syndrome show different beha-
viour in the face of seasonal drought when compared with
seeders. Thus, species with different post-fire regenerative
strategies exhibit different functional properties within the

ecosystem (Paula and Pausas, 2007). RWC results suggest
that resprouters exhibit a higher and more stable water
conservation strategy than do seeders from summer to
winter. Accordingly, Correia and Catarino (1994)
described very negative values of leaf water potential for
the seeder Cistus species, with high variations throughout
the year, while the resprouter Pistacia lentiscus sustained
fewer variations and less water deficit over the course of
the year. Therefore, morphological drought-avoiding traits
are more common in resprouters, while non-resprouters
should be physiologically more drought tolerant
(Pausas et al., 2004), allowing them to survive on drier
sites. The results are complementary to findings in similar
communities (Paula and Pausas, 2007) and suggest that
the resprouters under study have more mechanisms to
reduce water losses and maintain water supply between
seasons, so they tend to avoid dehydration. In contrast,
seeders would tolerate lower leaf water contents in their
tissues during drought periods. As a result, seeders tend to
lose and gain water more easily than resprouters, and
these differences may be due to traits such as cell charac-
teristics that permit elasticity and osmotic adjustments
(Medrano and Flexas, 2004).

In addition, plant water stress varies according to the
depth and extension of root systems (Pereira and Chaves,
1993). Dawson and Pate (1996) described different root
morphologies for Australian woody species with different
resistance to fire: the most sensitive species had a single
main root and a number of shallow lateral roots, while fire-
resistant species had multiple lateral and main roots
arising from a lignotuber. Similar descriptions are avail-
able of woody species from the Mediterranean basin:
Cistus seedlings have shallow root systems while some
resprouter species such as P. lentiscus have deeper rooted
seedlings (Kummerow, 1981; Clemente et al., 2005). Thus
it is highly feasible that species belonging to different
post-fire regenerative strategies also differ with respect to
the depth and extension of their root systems, and this
factor could be involved in leaf water and nutrient conser-
vation strategies. The extension of root systems is also
related to above-ground plant size. In the present case,
most of the resprouters are bigger than the seeders, and
they could develop deeper root systems, allowing a more
stable RWC throughout the year.

One important reason for the co-variation between
post-fire regenerative traits and water use-related traits may
be that these two groups of taxa (resprouters and seeders)
originally evolved under different environments. Most of
the resprouters under study are species that have evolved
from ancient taxa present in the Tertiary (pre-Pliocene),
before the establishment of the Mediterranean climate,
while most seeders appeared later, contemporaneously
with the Mediterranean climate, and they comprise fewer
families. This difference in evolutionary context may,
therefore, have contributed to the emergence of different
strategies to tackle seasonal water deficit: relatively stable
leaf water content and drought-avoiding traits in resprou-
ters, and drough tolerance traits and poikilohydric ten-
dencies in seeders, appearing under conditions of great
variability in available water.
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Seasonal variation is shown to be present in all the three
variables related to water. The general pattern is that the
lowest water content is found in summer, while it tends to
increase between autumn and winter. As expected accord-
ing to Garnier et al. (2001a), the present results suggest
that LDMC is a parameter that does not vary so much
between seasons, since this parameter relies on the dry
mass of the leaf and the maximum water that can be
stored. However, there are some interesting differences in
LDMC in species with different regenerative strategies. It
was found that resprouters have a consistently higher
LDMC than seeders throughout the year. This means that
the leaves of resprouters, when compared with those of
seeders, have a structure with a greater proportion of dry
matter in relation to saturated weight. This suggests a
slower production of biomass, a longer leaf lifespan and a
more efficient conservation of nutrients (Grime et al.,
1997). Ryser and Urbas (2000) reported that differences in
behaviour after disturbances are more closely related to
the leaf lifespan and conservation of nutrients than to the
availability of nutrients. In contrast, seeders, which often
correspond to early successional species, would invest
more resources in fast growth and reproduction, with a
less efficient use of nutrients and water (Terradas, 1979;
Nogueira et al., 2004).

LM and LFFM are often used as indicators of combust-
ibility (Piñol et al., 1998; Viegas et al., 2001; Andrews
and Bevins, 2003; Castro et al., 2003). The results for LM
and LFFM indicate that seeders have more leaf and shoot
moisture and that they rehydrate more in winter.
Moreover, seasonal variation is higher in leaves than in
shoots, in both strategies. Despite the tendencies observed
in some species, the statistical analyses do not support
the hypothesis that seeder species are at greater risk of
fires in summer, at least with respect to this parameter
related to combustibility. Further exploration of structural
traits is needed to form a more complete picture of differ-
ences in combustibility and inflammability in the different
regenerative strategies.

An important number of species in the Mediterranean
basin display both post-fire regenerative strategies
(seeding and resprouting). The present results suggest that
this group tends to follow a similar strategy for water and
nutrient use to that used by drought-tolerant seeders. This
concurs with the evolutionary history of these species,
which involves only four families (Leguminosae,
Labiatae, Compositae and Globulariaceae) that mostly
evolved in the Quaternary (post-Pliocene). However, the
relatively stable seasonal pattern of LFFM in seeder–
resprouters tends to be more similar to that of resprouters
than that of seeders, indicating that they cannot rehydrate
shoots to the same extent as seeders during autumn and
winter.

It can be expected that species belonging to the same
family should display more similar traits than distant
taxa. This may be relevant for an evolutionary explanation
of the occurrence of traits, but it is not particularly import-
ant when describing the pattern of changes of the func-
tional attributes in the community in relation to the
disturbance pattern. Thus the observed differences

between regenerative types may be influenced by the fact
that some of them are represented by a few families
(seeders), and the phylogenetic and the regenerative
effects are hardly distinguished. Accordingly, when the
phylogenetic distance is kept constant, the differences
between regenerative groups tend to disappear, suggesting
that attributes related to leaf nutrient conservation and leaf
structure are more likely to be determined by phylogenetic
constraints. This is not the case with LFFM (in winter)
and RWC, where differences between regenerative groups
exist even when the weight of the phylogenetic distance is
kept constant. RWC would appear as a plastic trait indicat-
ing leaf water status. It would quickly respond to water
environmental conditions with a similar behaviour in phy-
logenetically distant taxa. Finally, LM and LFFM do not
show any dependence on phylogenetic constraints,
although, overall, there are no significant differences
between the regenerative groups.

Overall, the present study reveals important differences
in the leaf properties (water and dry matter content) of
species that present distinct post-fire regeneration strat-
egies throughout the various seasons. This supports the
hypothesis that changes in the relative abundance of post-
fire regenerative groups due to fires would promote
changes in functional properties at the community level.
These differences between regenerative types can be inter-
preted under the classical ‘r–K’ syndromes gradient. It is
worth noting that this gradient of syndromes is determined
by the evolutionary context. On the ‘r’ side we find
species that emerged within the typical Mediterranean
climate and that belong to a few families (Cistaceae,
Labiatae), while on the ‘K’ side there are a number of
Tertiary (pre-Pliocene) taxa belonging to a larger variety
of families. This finding concurs with the observation in
Mediterranean forests of the impact of drought episodes
on these groups of species (Peñuelas et al., 2001). This
suggests that the irregular water availability of the
Mediterranean climate would have favoured the radiation
of woody taxa with a relatively shorter lifespan, with a
lesser ability to regulate water use (drought tolerance strat-
egies) and produce a large number of seeds that can be
stored in the soil seed bank until the appropriate con-
ditions for establishment arise. Clearly, these traits closely
correspond not only to the conditions found after wild-
fires, but also, generically, to the early stages of the
succession that can be initiated by other disturbances
(fire, clearing or drought episodes).
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