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† Background and Aims This study analysed the differences in nitrogen (N), non-structural carbohydrates (NSC) and
biomass allocation to the roots and shoots of 18 species of Mediterranean dwarf shrubs with different shoot-rooting
and resprouting abilities. Root N and NSC concentrations of strict root-sprouters and species resprouting from the
base of the stems were also compared.
† Methods Soluble sugars (SS), starch and N concentrations were assessed in roots and shoots. The root : shoot ratio
of each species was obtained by thorough root excavations. Cross-species analyses were complemented by phylo-
genetically independent contrasts (PICs).
† Key Results Shoot-rooting species showed a preferential allocation of starch to shoots rather than roots as compared
with non-shoot-rooting species. Resprouters displayed greater starch concentrations than non-sprouters in both
shoots and roots. Trends were maintained after PICs analyses, but differences became weak when root-sprouters
versus non-root-sprouters were compared. Within resprouters, strict root-sprouters showed greater root concen-
trations and a preferential allocation of starch to the roots than stem-sprouters. No differences were found in the
root : shoot ratio of species with different rooting and resprouting abilities.
† Conclusions The shoot-rooting ability of Mediterranean dwarf shrubs seems to depend on the preferential allo-
cation of starch and SS to shoots, though alternative C-sources such as current photosynthates may also be involved.
In contrast to plants from other mediterranean areas of the world, the resprouting ability of Mediterranean dwarf
shrubs is not related to a preferential allocation of N, NSC and biomass to roots.

Key words: Mediterranean dwarf shrubs, nitrogen, non-structural carbohydrates, sprouting, resprouting, disturbance
response, root : shoot ratio, shoot-rooting ability, adventitious roots, allocation pattern, starch, chamaephytes.

INTRODUCTION

Disturbances are unpredictable events that reduce plant
biomass. They are a crucial factor affecting ecological strat-
egies, population biology, physiology and architecture of
terrestrial plants worldwide (DeSouza et al., 1986;
Pate et al., 1990; Hansen et al., 1991; Midgley, 1996;
Bell, 2001). Plant responses to disturbances have typically
been classified dichotomously, separating species that
survive and persist vegetatively (the resprouters) from
those that are killed and regenerate by seeds (the seeders
or non-sprouters) (Wells, 1968; Midgley, 1996). This
dichotomous classification is adequate for severe disturb-
ances causing the loss of all above-ground biomass such
as intense fires (Pate et al., 1990; Verdaguer and Ojeda,
2002; Vesk et al., 2004). However, when a wider range
of disturbance intensities and frequencies is considered,
plant responses seem to vary continuously along disturb-
ance gradients (Bellingham and Sparrow, 2000).

Disturbances can also affect below-ground biomass, a vari-
able that is frequently ignored in regeneration classifications.
For example, plants from eroded lands or mobile substrates are
frequently uprooted or buried by geomorphological processes
(Sakai et al., 1997; Guerrero-Campo and Montserrat-Martı́,
2000). Most species can survive a certain degree of uprooting;
however, once a certain threshold is surpassed, the plant

canopy dries out and only root-sprouters survive (Guerrero
Campo, 1998). Under such circumstances, the ability of
plants to root-sprout may be crucial for their persistence
(Guerrero-Campo et al., 2006). Similarly, many tropical and
temperate trees are able to survive wind throws and hurricanes
by forming adventitious roots from the layering branches (Del
Tredeci, 1995; Everham and Brokaw, 1996). Classifications
including the shoot-rooting and the root-suckering abilities
of plants are particularly scarce. Indeed, the ability to form
shoot-borne roots is often neglected in disturbance-response
analyses, and most studies on resprouting do not discriminate
between sprouts produced from roots, stems or stem-derived
structures (e.g. stolons or rhizomes) (Klimešová and Klimeš,
2003; but see Koop, 1987; Del Tredici, 2001). Root-
sprouters are plants with the ability to form adventitious
buds on their roots in response to special stimuli (Klimešová
and Martı́nková, 2004). Many root-sprouters show shallow
horizontal roots that sprout spontaneously, performing more
or less extensive clonal growth (Klimešová and Martı́nková,
2004). Nevertheless, apart from this typical form, root-
sprouters show a vast diversity of growth forms and not all of
them display clonal growth (Sachs, 2002; Klimešová and
Martı́nková, 2004). In this study, ‘root-sprouters’ will be
referred to as plants with the ability to form adventitious
shoots from their roots, irrespective of their ability to perform
clonal growth. Similarly, ‘stem-sprouters’ will be considered
as plants with the ability to resprout from stems or stem-derived
structures such as rhizomes, lignotubers, burls or stolons, but
not roots (Groff and Kaplan, 1988; Del Tredici, 2001). These
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different modes of vegetative regeneration have important
implications for plant persistence (Groff and Kaplan, 1988;
Bond and Midgley, 2003).

Groff and Kaplan (1988) proposed four different types of
relationships among the root and shoot systems of vascular
plants: class 1, ‘bipolar plants’, in which neither shoot-
borne roots nor root-borne shoots are formed; class 2,
plants that form shoot-borne roots but not root-borne shoots;
class 3, plants that root-sprout but do not form shoot-borne
roots; and class 4, plants that can form both shoot-borne
roots and root-borne shoots. Although Groff and Kaplan
did not discuss the effect of disturbances, the classes they
proposed may be useful for understanding the response of
vascular plants to disturbance events.

Irrespective of the portion of the plant that is killed by
disturbance, most species that persist vegetatively maintain
protected reservoirs of dormant meristems, non-structural
carbohydrates (NSC) and mineral nutrients in safe places
to support initial regrowth of the lost biomass (Canadell
and López-Soria, 1998; Bell and Ojeda, 1999; Verdaguer
and Ojeda, 2002; El Omari et al., 2003; Vesk and
Westoby, 2004). The amount of carbon (C) needed may
be very small before the plant becomes self-sustained
(Richards and Caldwell, 1985). Indeed, it is still not clear
that resprouting ability is related to the availability of
NSC and nitrogen (N) stores. When disturbances affect
only the roots or do not eliminate all above-ground parts,
C resources for resprouting may be derived from current
photosynthesis (Sakai and Sakai, 1998). However, when
disturbances remove most or all above-ground biomass,
the ability of plants to resprout depends on the remobiliza-
tion of resources stored below ground, at least in the
initial stages of regrowth (Iwasa and Kubo, 1997).
Resprouters generally allocate more biomass and show
greater starch concentrations in the roots than non-sprouters
(Pate et al., 1990; Bell et al., 1996; Bell and Ojeda, 1999).
Nevertheless, a lack of correlation between resprouting
vigour and carbohydrate reserves in below-ground organs
has also been documented (Cruz et al., 2003). Some inves-
tigations have also demonstrated the relevance of below-
ground stores of N in supporting regrowth (El Omari
et al., 2003). Nutrient availability may exert an important
effect on the carbohydrate stores available for resprouting
(Knox and Clarke, 2005). However, resprouting ability
was unrelated to N content in the storage organs of the
Mediterranean shrub Erica australis (Cruz et al., 2003).
Indeed, resprouters do not seem to accumulate more macro-
nutrients than non-sprouters in roots (Pate et al., 1990).

Similarly, apart from showing phylogenetical, ecological
and developmental constraints (Itoh et al., 2002;
Tousignant et al., 2003; Kibbler et al., 2004), the formation
of shoot-borne roots seems to be limited by a threshold in
the NSC concentrations of stems (Veierskov, 1988).
Indeed, it has been suggested that apart from serving as
an energy source and yielding the carbon skeletons
needed for the construction of new roots (Van’t Hoff,
1968), carbohydrates such as phosphorylated sugars may
play a key role in regulating root initiation (Haissig, 1982,
1986; Veierskov, 1988). It could therefore be expected
that the ability of a plant to root-sprout or to form roots

from the shoots might be related to NSC and N levels of
roots and shoots, respectively. However, as far as is
known no previous studies have analysed such relationships
simultaneously and in a broad group of species. In addition,
it is currently not known whether different types of resprou-
ters, i.e. strict root-sprouters versus species resprouting
from stems or stem-derived structures, show differences in
concentrations of N and NSC in roots.

In this study, the aim was to test the general hypothesis that
the shoot-rooting and root-sprouting ability of plants are
related to N and NSC concentrations of shoots and roots,
respectively. As a consequence of this hypothesis, the follow-
ing were expected: (a) shoot-rooting species would show
higher NSC and N concentrations and allocate more
biomass to shoots than non-shoot-rooting species, and (b)
root-sprouters would have higher concentrations of NSC and
N and allocate more biomass to roots than non-root-sprouters.
An additional aim was to compare root N and NSC concen-
trations of strict root-sprouters and species resprouting from
the base of the stems. The expectation was that the former
would show higher N and NSC concentrations.

The restriction of the present analysis to dwarf shrubs aimed
to avoid possible variations of plant response to disturbance
associated with life-form (Vesk et al., 2004; Vesk, 2006).

MATERIALS AND METHODS

Species and study area

Eighteen species of Mediterranean dwarf shrubs were
selected for analysis (Table 1): five bipolar plants (class
1), seven shoot-rooting species (class 2), three root-
sprouting species (class 3) and three species with both the
ability to root-sprout and form shoot-borne roots (class 4).
The choice and definition of these species was based on a
previous study on the shoot-rooting and root-sprouting abil-
ities of the 123 most frequent phanerogams in the same area
(Guerrero-Campo et al., 2006).

The study area was located between the middle Ebro
Valley and the pre-Pyrenees, in north-eastern Spain and the
main characteristics of the study sites are summarized in
Table 2. Each species was collected from only one natural
population within the study area. Due to their different distri-
butions, it was impossible to find a single location where all
18 species co-occurred. Similarly, it was not feasible to find
a single location with a sufficient number of dwarf shrubs
representative of the four different types of root : shoot
relationship analysed. Climate in the higher parts of the
study area is sub-Mediterranean, with short summer
drought periods and cold winters, and increased risk of
winter frosts with altitude (Creus-Novau, 1983). In the
lower parts, the risk of winter frosts is lower, but the length
of summer drought increases. This type of climate can be con-
sidered to be Mediterranean with a ‘continental influence’
(Rivas-Martı́nez, 1987). For more details about the study
area see Guerrero Campo (1998) and Palacio et al. (2006).

Plants response to disturbance

Information on the shoot-rooting and root-sprouting
ability of the study species was obtained from Guerrero-
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Campo et al. (2006) and Villar Salvador (2000).
Similarly, data on the resprouting ability of most study
species after fire or clipping were obtained from the litera-
ture (see Table 1). For the species whose resprouting
ability was not reported in the literature, clipping exper-
iments (by clipping 20 individuals at the ground level)
were performed to determine the percentage of

resprouting individuals remaining 6 and 12 months after
treatment. Resprouting ability of species was classified
in one of two categories (Table 1): ‘0’ non-sprouters
(when 0–20 % of the individuals resprouted, but most
new sprouts died after 1 year of clipping); and ‘1’ resprou-
ters (when .20 % of the individuals resprouted and most
new sprouts survived).

TABLE 1. Main characteristics of study species

Species Family
Root : shoot
relationship* Sprouting†

Period of minimum
biomass Study site

Artemisia herba-alba Asteraceae 2 0a Summer Ayerbe (Hu)
Bupleurum fruticescens ssp fruticescens Apiaceae 1 0h Winter Ayerbe (Hu)
Dorycnium pentaphyllum ssp pentaphyllum Fabaceae 4 1b,c,d,h Winter Bernués (Hu)
Echinospartum horridum Fabaceae 2 0a,b,e Winter Las Peñas de Riglos (Hu)
Fumana hispidula Cistaceae 2 0b,c Summer Villamayor 1 (Z)
Genista scorpius Fabaceae 3 1b Summer Ayerbe (Hu)
Hedysarum boveanum ssp. europaeum Fabaceae 3 1a,c Summer Villamayor 1 (Z)
Helianthemum syriacum Cistaceae 1 0b Summer Villamayor 1 (Z)
Lepidium subulatum Brassicaceae 2 0f Summer Villamayor 2 (Z)
Linum tenuifolium ssp. appresum Linaceae 4 1a Winter Jaca (Hu)
Linum suffruticosum Linaceae 4 1a, b Summer Villamayor 2 (Z)
Lithodora fruticosa Boraginaceae 3 1c Summer Ayerbe (Hu)
Ononis fruticosa Fabaceae 2 1a Winter Bernués (Hu)
Ononis tridentata Fabaceae 1 0c Summer Villamayor 2 (Z)
Salvia lavandulifolia Lamiaceae 2 1a Summer Villamayor 1 (Z)
Satureja montana ssp. innota Lamiaceae 2 0a Winter Lasieso (Hu)
Staehelina dubia Asteraceae 1 1a,b,c Winter Villamayor 1 (Z)
Thymelaea tinctoria ssp. tinctoria Thymelaeaceae 1 1b,c Summer Villamayor 1 (Z)

* Root : shoot relationship according to Groff and Kaplan’s classification: class 1, bipolar species; class 2, shoot-rooting species; class 3,
root-sprouters; class 4, species with both the ability to form roots from shoots and root-sprout.

† Sprouting ability after fire or clipping: 0 ¼ non-sprouters (when 0–20 % of the individuals resprouted, but most resprouts died after 1 year of
clipping); and 1 ¼ resprouters (when .20 % of the individuals resprouted and most resprouts survived). Sources of information: a ¼ authors’ personal
observation through experimental clipping or field prospects, b ¼ Villar Salvador (2000), c ¼ Guerrero Campo (1998), d ¼ Riera (2000), e ¼
Montserrat-Recoder et al. (1984), f ¼ A. Escudero, pers. comm., h ¼ Cucó (1987).

TABLE 2. Main geological and climatic characteristics of study sites

Study site Substrate pH
SOM
(%)

N
(%)

CaCO3

(%)
Gypsum

(%) P (mm)
T

(ºC)
Altitude
(m a.s.l.) UTM

Ayerbe (Hu) Miocene clays intermingled
with marls

8.2 1.2 0.11 31.1 – 630.2 13.2 580 XM9280

Huesca (Hu) Miocene clays intermingled
with marls

8.3 0.4 0.04 37.8 – 587 13.4 488 YM0560,
YM0359

Bernués (Hu) Dominant sandstones
intermingled with marls and
conglomerates

8.5 0.4 0.04 48.8 – 693.2 12.0 810–1020 XN9704,
YN0108

Jaca (Hu) Badlands on Eocene marls. 8.2 0.6 0.05 39.0 – 824 11.4 920 XN9913
Las Peñas de
Riglos (Hu)

Massive calcareous
conglomerates

7.9 6.7 0.36 2.4 – 1246.6* 8.0* 1380 XN8908

Lasieso (Hu) Calcareous alluviums 8.7 0.6 0.03 54.1 – 653.2 12.1 675 YM1099
Villamayor 1 (Z) Gypsum sediments

intermingled with marls and
clays

7.8 4.7 0.25 44.8 2.0 402.9 14.1 340 XM8920

Villamayor 2 (Z) Powdery gypsum outcrops 7.7 1.9 0.14 15.6 55.5 402.9 14.1 320 XM8820

P ¼ precipitation (mm) and T ¼ temperature (8C): values were obtained from the closest weather station to the study population of each species
(always located less than 10 km away from the study site). No weather information was available for the population of Echinospartum horridum (Las
Peñas de Riglos, Huesca). Therefore, mean annual rainfall and temperature values for this site (*) were extrapolated from values recorded at the
meteorological station of Jaca located 25 km away (31 years of record, 840 m a.s.l.), following the vertical gradients proposed for the Pyrenees by
López-Moreno (2005) and Garcı́a-Ruı́z et al. (1985). Soil organic matter content (SOM, %) was analysed by the method of Walkley and Black (1934).
Total N concentrations (N, %) were measured with an elementar analyser (Elementar VarioMAX N/CM, Hanau, Germany). Carbonate content
(CaCO3, %) was assessed by Bernard’s calcimetry (Porta-Casanellas et al., 1986) and gypsum content (%) was determined with a C/S elementar
analyser (ISC144DR, Leco, St Joseph, Michigan).
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Collection of plant material

Plant material was collected during summer (August 2003)
and winter (January 2004), the two main periods of stress
in Mediterranean-type climate (Mitrakos, 1980). Most
Mediterranean dwarf shrubs show periodic oscillations of
their living and photosynthetic biomass following the season-
ality of Mediterranean climate (Orshan, 1989). For some
species, summer is the main period of stress and hence photo-
synthetic and living biomass is reduced to a minimum during
this time of the year (Orshan, 1954). However, in colder
Mediterranean areas winter is the most limiting period of
the year, and plants of such environments show minimum
living biomass during winter (Palacio et al., 2006). When
plants from diverse Mediterranean-type environments are
considered, samples taken during summer or winter may rep-
resent different phenological stages and data may not be com-
parable. Indeed, previous studies on the seasonal N and NSC
dynamics of six of the 18 study species showed that seasonal
trends of the concentrations of NSC and N are strongly
affected by leaf phenology, even for plants that co-exist at
the same site (Palacio et al., 2007a, b). Following the above
reasoning, the data obtained were sorted according to pheno-
logical state at the time of sampling. Accordingly, the period
of the year when each study species showed minimum living
biomass was identified (Table 1) and the data were sorted by
periods of high (i.e. when living biomass was minimum) and
low stress (otherwise), instead of by summer or winter
periods. The analysis focused on data from the periods of
high stress, when plants display minimum phenological
activity and hence they are more comparable.

On each sampling date (August 2003 and January 2004),
five medium-sized adult individuals of each species were
excavated down to 30–40 cm from their rooting point for
N and NSC concentration analyses. The excavated plants
were separated into coarse roots (.3 mm in width) and
main and secondary stems (older than 3 years). Therefore,
5 replicates � 18 species � 2 organs � 2 sampling dates,
totalling 360 samples, were collected. Samples were pro-
cessed within ,24 h from collection or else they were
stored at 220 8C. All plant material was vigorously
brushed to remove soil particles, cut in small pieces, and
stored at 220 8C until freeze-dried (Cryodos, Telstar
Industrial SL, Terrasa, Spain).

In August 2004, three adult individuals similar to those
used for chemical analyses were excavated to their full
rooting depth for biomass measurements. Most roots,
except very fine ones, were followed until their end and col-
lected. The excavated plants were partitioned into their
above- and below-ground biomass for root : shoot biomass
estimations. Dry leaves and branches were carefully elimi-
nated to ensure the sampling of living materials. Samples
were oven-dried to a constant weight at 60 8C and weighed.

Chemical analyses

Dried samples were milled (IKA MF10, IKA-Werke,
Staufen, Denmark) to a fine powder. Nitrogen mass-based
concentrations were measured with an elementar analyser
(Elementar VarioMAX N/CM, Hanau, Germany). Soluble

sugars were extracted with 80 % (v/v) ethanol and concen-
trations were determined colorimetrically using the phenol-
sulfuric method of Dubois et al. (1956) as modified by
Buysse and Merckx (1993). Starch and complex sugars
remaining in the undissolved pellet after ethanol extractions
were enzymatically reduced to glucose and analysed as
described in Palacio et al. (2007a). Non-structural carbo-
hydrates measured after ethanol extraction are referred to
as soluble sugars (SS) and carbohydrates measured after
enzymatic digestion in glucose equivalents are referred to
as starch.

Statistics

All data were checked for normality and homoscedasticity
prior to statistical analyses. When data lacked normality they
were log- or inversely transformed (Zar, 1984). To determine
whether any of the measured factors were associated with
shoot-rooting, all species with the capacity to form roots
from shoots (classes 2 and 4) were compared with all
species that did not (classes 1 and 3). The parallel organiz-
ation of the data was used to look at root-sprouting, i.e. root-
sprouting species (classes 3 and 4) were compared with
non-root-sprouting species (classes 1 and 2). Differences
among the four types of root : shoot relationships (Groff
and Kaplan’s classification) were also assessed by comparing
the four classes independently. It is important to note that
non-root-sprouters (classes 1 and 2) may include species
with the ability to resprout from stem-derived structures,
which are widespread among Mediterranean-type species
(James, 1984). To assess the relationship between the
resprouting ability after clipping (irrespective of the plant
part sprouts were formed from) and N and NSC concen-
trations, species with and without the ability to resprout
after fire or clipping (Table 1) were compared.

Differences in SS, starch and N concentrations among dis-
turbance responses (shoot-rooting, root-sprouting, Groff and
Kaplan classes and resprouting after clipping) were explored
by nested ANOVAs by considering ‘species’ as a nested
factor within ‘disturbance response’. Similarly, differences
in NSC and N concentrations of roots between strict root-
sprouters and stem-sprouters were analysed by using nested
ANOVAs, with ‘species’ nested within the factor ‘resprout-
ing type’ (i.e. root-sprouters versus stem-sprouters).

To analyse differences in the internal allocation of NSC
and N between roots and shoots of study species, the quo-
tient between root and shoot concentrations was calculated
for the concentration of starch, SS and N in all individuals
sampled. This provides an estimate of the relative allocation
to roots and shoots of each resource within individuals.
Differences in the relative allocation of carbohydrates and
N among disturbance responses were explored by nested
ANOVAs, with ‘species’ as a nested factor within ‘disturb-
ance response’.

Root : shoot ratios of the study species did not follow a
normal distribution, not even after being transformed.
Therefore, differences in the root : shoot ratio of
shoot-rooting versus non-shoot-rooting species, root-
sprouters versus non-root-sprouters and species with and
without ability to resprout after clipping, were analysed
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by non-parametric U Mann–Whitney tests. These analyses
were performed separately for species showing minimum
above-ground biomass in summer and winter. All statistical
analyses were conducted with SPSS 13.0 (SPSS Inc.,
Chicago, IL, USA).

Analyses that treat species as independent data points do
not take into account that species may share traits through
common phylogenetic origin and may lead to correlations
that are artefacts of relatedness (Felsenstein, 1985; Harvey
and Pagel, 1991). Therefore, in addition to analyses treating
each species as an independent data point, trends in NSC and
N concentrations were assessed using phylogenetically inde-
pendent contrasts (PICs). One way to perform PICs is to
compare pairs of taxa below a node in a bifurcating phylo-
geny. The relationship between variables is then phylogen-
etically independent because both taxa in a comparison
have evolved independently (Felsenstein, 1985).
Felsenstein’s method requires that the true phylogeny is
known. However, Purvis and Rambaut (1995) developed a
model [Comparative Analysis by Independent Contrasts
(CAIC)] that applies Felsenstein’s approach to data sets for
which only approximate phylogenies are available. This
model obtains a single value (called ‘contrast’) for each vari-
able within the taxa below a node, showing its magnitude and
direction of change. Contrasts are then scaled using infor-
mation of the length of the branches leading from that node
(or an assumption on the length of the branches if it is not
known; Harvey and Pagel, 1991). When analysing both
quantitative and categorical variables, as in this study, differ-
ences between categories have to be analysed by the
BRUNCH module of CAIC (Purvis and Rambaut, 1995).
This algorithm uses the categorical variable as the predictor
and sets all contrasts in the predictor variable to þ1. If there
is no tendency for taxa in any of the categories to have higher
or lower values of the quantitative variable (in this study N
and NSC concentrations), contrasts in the dependent variable
should show no significant tendency to be different from
zero. The existence of such a tendency is assessed by using
one-sample t-tests against a population of mean zero
(Purvis and Rambaut, 1995).

Here, a phylogenetic tree was obtained using the method
of Soltis et al. (2000) for the structure down to the family
level and that of Wojciechowski et al. (2004) for the
Fabaceae, the only family with more than two species,
and used to compute independent standardized contrasts
for all variables. In the absence of node age, all branch
lengths were assumed to be equal (Purvis and Rambaut,
1995). Comparisons between disturbance response types
were undertaken using t-tests on the contrasts generated
by CAIC using the BRUNCH option (n ¼ 8, 5 and 7 con-
trasts for shoot-rooting, root-sprouting and resprouting
after clipping, respectively).

RESULTS

Comparison between shoot-rooting and
non-shoot-rooting species

There were no significant differences among carbohydrate
and N concentrations in the shoots and roots of shoot -

rooting and non-shoot-rooting species (Fig. 1). However,
shoot-rooting species showed marginally higher SS concen-
trations in shoots than non-shoot-rooting species after the
analysis of PICs (P ¼ 0.054). Shoot-rooting species showed
significantly lower relative starch concentrations in roots
than in shoots (P ¼ 0.012), which indicates preferential
allocation of starch to shoots (Table 3). Such a trend was
still noticeable after the analysis of PICs, though differ-
ences between groups were weak (P ¼ 0.076). No signifi-
cant differences were found between the root : shoot ratios
of both types of species (P ¼ 0.931 and P ¼ 0.190 for
species showing minimum above-ground biomass in
summer and winter, respectively).

Comparison between resprouters and non-sprouters

Root-sprouters had significantly higher concentrations of
starch than non-root-sprouters in both shoots and roots
(Fig. 2). Indeed, starch concentration in roots of root-
sprouters was almost double that of non-root-sprouters.
However, no significant differences were found between

FI G. 1. Concentrations of soluble sugars (SS), starch and nitrogen (N) in
shoot-rooting and non-shoot-rooting species. Values are means þ2 s.e. ns
indicates no significant differences according to a nested ANOVA (P .
0.05). n ¼ 8 for non-shoot-rooting species and n ¼ 10 for shoot-rooting

species. See text for further details on calculations.
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SS concentrations of both organs and the NSC, N or
biomass allocation patterns in both groups of plants
(Fig. 2; Table 3; P ¼ 0.850 and P ¼ 1.000 for the root :
shoot ratio of species showing maximum stress in
summer and winter, respectively; see also Supplementary
Information available online). Trends were similar after
the analysis of PICs, though differences in starch concen-
trations were not significant (P ¼ 0.077 and P ¼ 0.053 for
shoots and roots, respectively). Nitrogen concentrations
were significantly higher in the shoots of root-sprouters,
though such differences disappeared when PICs were ana-
lysed (P ¼ 0.202). Results were very similar when resprout-
ing after clipping instead of strict root-sprouting was
considered (Fig. 3 and Table 3). Nevertheless, according
to the analysis of PICs, differences in the starch concen-
trations of shoots (P ¼ 0.051) and roots (P ¼ 0.009) were
stronger when species with different ability to sprout after
clipping instead of species with different root-sprouting
ability were compared. Finally, when the analysis was con-
ducted on the classes of Groff and Kaplan, root-sprouters
(classes 3 and 4) showed significantly greater starch con-
centrations than non-root-sprouters (classes 1 and 2) in
both their shoots and roots (Fig. 4).

Comparison between root-sprouters and stem-sprouters

Root-sprouters had higher mean concentrations of starch
in roots than stem-sprouters (99.99+ 8.71 versus 49.99+
5.13 of stem-sprouters), but differences were weak (P ¼
0.051). For SS and N, differences were not significant
(P . 0.05). Similarly, strict root-sprouters showed signifi-
cantly greater allocation of starch in roots than stem-
sprouters (P ¼ 0.021; Table 3).

DISCUSSION

The results indicate that the different types of root : shoot
relationship analysed (Groff and Kaplan, 1988) do not
entail different biomass allocation patterns within
Mediterranean dwarf shrubs. Nevertheless, some important
differences were found in the concentration and relative
allocation to roots and shoots of NSC in species with differ-
ent shoot-rooting and root-sprouting abilities. Resprouting
ability showed a clear relationship with increased starch
concentrations both in roots and shoots, while the
shoot-rooting ability of Mediterranean dwarf shrubs may
depend on a preferential allocation of starch to shoots and
increased shoot SS concentrations.

Results obtained with cross-species and PICs led to
similar trends, though some differences were noticeable.
In some cases, significant differences disappeared after
PICs analyses, as for N concentrations in roots of root-
sprouters and non-root-sprouters. Yet in other cases, differ-
ences were significant, such as differences in shoot SS con-
centrations of shoot-rooting species. This may indicate
phylogenetic biases due to sampling (Felsenstein, 1985).
Nevertheless, in most cases the analysis of PICs reduced
the strength of the observed differences while maintaining
the trends. This was the case, for example, of differences
in starch concentrations in roots and shoots of species

FI G. 2. Concentrations of soluble sugars (SS), starch and nitrogen (N) in
root-sprouting and non-root-sprouting species. Values are means þ2 s.e.
Different letters indicate significant differences according to a nested
ANOVA (P , 0.05). ns indicates no significant differences. n ¼ 12 for
non-root-sprouters and n ¼ 6 for root-sprouters. See text for further

details on calculations.

TABLE 3. Relative allocation of starch, soluble sugars (SS)
and nitrogen (N) to roots and shoots of species with different

rooting and sprouting abilities

Disturbance response n Starch SS N

Shoot rooting ability:
Rooting 10 1.1 (0.5) 1.8 (1.2) 1.2 (0.3)
Non-rooting 8 1.4 (0.5) 1.8 (1.3) 1.2 (0.3)

Root-sprouting ability
Root-sprouters 6 1.3 (0.5) 1.9 (1.2) 1.2 (0.3)
Non-root-sprouters 12 1.2 (0.4) 1.7 (1.3) 1.2 (0.3)

Sprouting after clipping:
Non-sprouters 8 1.2 (0.5) 1.8 (1.5) 1.1 (0.2)
Resprouters 10 1.3 (0.4) 1.8 (1.2) 1.3 (0.3)

Root- versus stem-sprouters
Root-sprouters 6 1.3 (0.5) 1.9 (1.2) 1.2 (0.3)
Stem-sprouters 4 1.1 (0.3) 1.5 (0.9) 1.3 (0.3)

Mean values of the quotient between root and shoot concentrations are
shown along with standard deviations (in parentheses). Values in bold
indicate significant differences between groups after a nested ANOVA
(P , 0.05; see text for further details on calculations).
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with different root-sprouting ability. Though such a loss in
significance may be indicative of phylogenetic biases, it
may also be due to a loss of statistical power linked to
the reduced number of contrasts available (n ¼ 5 in this par-
ticular case). Further studies dealing with a broader array of
species of Mediterranean dwarf shrubs are needed to clarify
these preliminary results.

This study included species from a range of sites, with
different climates and soils, and it is difficult to evaluate
whether this could have influenced the results. Nutrient
and water availability may affect NSC accumulation and
biomass allocation patterns (Cruz et al., 2002; Cheng
et al., 2004). Most study sites showed similar nutrient avail-
ability (N and soil organic matter), which was quite low
(Table 2). However, water availability was quite different
between sites, lower sites showing a marked summer
drought period (Table 2). It is impossible to assess how
such differences in water availability may have affected
the results. Nevertheless, a recent study has shown that,
although differences in resource availability may lead to

changes in starch and biomass allocation of congeneric
sprouter and non-sprouter shrubs, the overall effect of nutri-
ent or water availability is small when compared with
differences between resprouters and non-sprouters (Knox
and Clarke, 2005).

In accordance with previous results (Veierskov, 1988) the
shoot-rooting species analysed showed greater relative allo-
cation of starch to shoots than roots and marginally greater
SS concentrations in shoots than non-shoot-rooting species
after the analysis of PICs. However, their starch and N

FI G. 4. Concentrations of soluble sugars (SS), starch and nitrogen (N) in
species with different root : shoot relationship according to Groff and
Kaplan’s classification: class 1, bipolar species; class 2, shoot-rooting
species; class 3, root-sprouters; class 4, species with both the ability to
form roots from shoots and root-sprout. Values are means þ2 s.e.
Different letters indicate significant differences according to a nested
ANOVA (P , 0.05). ns indicates no significant differences. n ¼ 5 for
class 1 species, n ¼ 7 for class 2 species, n ¼ 3 for class 3 species and

n ¼ 3 for class 4 species. See text for further details on calculations.

FI G. 3. Concentrations of soluble sugars (SS), starch and nitrogen (N) in
species with (dark columns) and without the ability to sprout after fire or
clipping (open columns). Values are means þ2 s.e. Different letters indi-
cate significant differences according to a nested ANOVA (P , 0.05). ns
indicates no significant differences. n ¼ 8 for non-sprouters and n ¼ 10

for sprouters. See text for further details on calculations.
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concentrations in shoots were similar to those of
non-shoot-rooting species. Roots without large parenchyma
storage tissue, and hence ‘cheaper’ in terms of energy
requirements, may be selected for in these species with a
fast root formation and presumably also a high root turn-
over. This indicates that their reliance on stores is weaker
than expected. Other C-sources apart from in situ stores
may be involved in the formation of new roots.
Carbohydrates needed to complement the construction of
new roots may be directly diverted from photosynthesis
(Sakai and Sakai, 1998). Similar results were obtained for
rooting branches of the tree Backhousia citriodora
(Kibbler et al., 2004). In this species, rooting success of
branch cuttings depends on the developmental stage of
the leaves: branch cuttings with mature leaves form roots
faster than cuttings with immature leaves, presumably due
to the greater capacity to export resources from mature
leaves (Kibbler et al., 2004).

It is well known from previous studies that woody
resprouters and non-sprouters show differences in allo-
cation of resources to roots (Pate et al., 1990; Iwasa and
Kubo, 1997; Bell and Ojeda, 1999). The results presented
here complement the classical resprouter versus non-
sprouter view by presenting new data on differences in N
and carbohydrate allocation between different types of
resprouters (i.e. strict root-sprouters and stem-sprouters).
In the current study, root-sprouters had greater concen-
trations and allocated relatively more NSC to roots than
stem-sprouters. Strict root-sprouters may therefore show a
stronger tendency for root storage than species resprouting
from the base of their stems.

According to the present results, no differences in the
concentration of N in shoots and roots were found
between resprouting and non-sprouting species when phylo-
genetic biases were excluded from the analyses. Although
the relevance of nutrients such as N to support regrowth
of resprouters has been demonstrated experimentally (El
Omari et al., 2003), it does not seem to be followed by a
differential accumulation of N in below-ground organs
(Pate et al., 1990; Cruz et al., 2003). Nutrient availability
interacts with resprouting ability and NSC-storing capacity
of plants (Knox and Clarke, 2005), and such interaction
may be complex. For example, in a study on Erica australis,
high nutrient availability favoured the growth of resprouts
by increasing their biomass and length, but at the same
time, reduced plant investment on the lignotuber, leading
to a reduced number of resprouting buds (Cruz et al.,
2002). Another important factor that may affect the
relationship between nutrient availability, resprouting
ability and amount of stored reserves is the nature and eco-
physiology of microsymbionts such as mycorrhizae or
N2-fixing microbia. Species with N2-fixing symbionts
such as the Fabaceae show higher N concentrations in
their roots than species from other families (Chapin,
1980). The higher root N concentrations of Fabaceae are
followed by increased root starch concentrations both in
seeders and resprouters of this family (Pate et al., 1990).
Similarly, differences in mycorrhizal fungi between
resprouters and non-sprouters could result in differences
in the accessibility of plants to soil nutrients and ultimately

in their investment to stored reserves. However, as far as is
known, no previous studies have assessed the differences in
mycorrhizal fungi of both groups of plants. Further studies
on the internal cycling of N, and on the activity of micro-
symbionts of resprouters and non-sprouters are needed to
clarify these issues.

One important difference found in this study compared
with previous studies is that resprouters show significantly
greater concentrations of starch than non-sprouters both in
shoots and roots, while in other studies resprouters accumu-
lated more carbohydrates than non-sprouters in roots but not
shoots (Pate et al., 1984; Bell and Pate, 1996; Bell and
Ojeda, 1999). Furthermore, previous studies reported sig-
nificant differences in the root : shoot allocation patterns
between resprouters and non-sprouters, the former investing
more biomass in roots. However, this study found no sig-
nificant differences in the root : shoot biomass ratios of
resprouters and non-sprouters. Comparative studies have
focused on species from fire-prone environments of
Australia (Pate et al., 1990; Bowen and Pate, 1993; Bell
et al., 1996) and South Africa (Bell and Ojeda, 1999;
Verdaguer and Ojeda, 2002), where the selective pressure
for fire persistence traits is strong (Bond et al., 2005).
Contrastingly, this study used species from Mediterranean
Basin shrublands, where fire-based selection is thought to
have been weaker than in other Mediterranean areas of
the world (Pausas et al., 2006). Other disturbances such
as herbivory may have exerted a strong influence on the
evolution of plant species in Mediterranean shrublands
(Naveh, 1975). Indeed, grazing has historically been very
important in these areas, and Mediterranean species show
various adaptations to avoid being consumed by herbivores
(Margaris and Vokou, 1982; Lev-Yadun and Ne’eman,
2004). Disturbances such as herbivory may exert a weaker
selection towards allocating below-ground starch and
biomass than fire.

In conclusion, this study shows that significant differ-
ences in starch allocation exist between rooting and non-
rooting species of Mediterranean dwarf shrubs and that,
although root-sprouters show slightly greater concen-
trations of starch in roots than stem-sprouters, both types
of resprouters display similarly higher concentrations of
carbohydrates when compared with non-sprouters. The
classical root : shoot biomass and starch allocation trade-
offs observed in species from fire-prone ecosystems of other
Mediterranean-type areas of the world do not seem to
apply to Mediterranean dwarf shrubs, which might
account for different allocation patterns of biomass and
starch.

SUPPLEMENTARY INFORMATION

Supplementary information is available online at http://aob.
oxfordjournals.org/. Data on mean soluble sugars (SS),
starch, total non-structural carbohydrate (NSC) and nitrogen
(N) concentrations in the roots and shoots of the study
species are provided together with the mean root : shoot
ratios (R : S) of study species in August 2004.
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Cruz A, Pérez B, Moreno JM. 2003. Plant stored reserves do not drive
resprouting of the lignotuberous shrub Erica australis. New
Phytologist 157: 251–261.
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López-Moreno I. 2005. Disponibilidad de recursos hı́dricos y gestión de
los embalses en el Pirineo central español: interacciones entre varia-
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