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Abstract

We have investigated the effect on growth of fertilisation versus biological nitrogen fixation by rhizobial nodules
in Retama sphaerocarpa (L.) Boiss, a leafless leguminous shrub native to the Iberian Peninsula and North-West
Africa that has generated interest for revegation of dry Mediterranean habitats. Our main objective was to op-
timise the formation of root nodules under nursery conditions and to evaluate their influence on the first year
of seedling growth in comparison with standard fertilisation. Seedlings of R. sphaerocarpa from two Spanish
localities were grown under two levels of fertilisation, and half of each were inoculated with rhizobia isolated from
adult Retama, Cytisus and Adenocarpus plants in the field. Although some promiscuity was observed, nodulation
was significantly successful with specific rhizobia. At the end of the experiment, highly fertilised plants were
taller and heavier and exhibited larger photosynthetic rates than either nodulated or non-nodulated plants under
low fertilisation. High fertilisation enhanced seedling growth but inhibited both the nodulation and the nitrogenase
activity of the nodules. Thus, physiological differences between nodulated and non-nodulated plants were observed
in the low but not in the high fertilisation treatment. Nitrogen uptake and use was enhanced by root nodules, which
translated into enhanced photosynthesis and growth. Since inoculation is simple, environmentally friendly and
cheap, and nodulated plants are more likely to overcome transplant stress than non-nodulated ones, our results
suggest that inoculation together with low, background fertilisation (instead of high fertilisation) should be used
when producing high quality seedlings of this autochthonous Mediterranean shrub.

Introduction

Global change and the associated habitat degradation
requires effective human interventions especially in
dry and degraded areas. Among the most important
interventions that will assist towards the recovery of
these habitats are revegetation projects but their effect-
iveness is limited by the paucity of ecophysiological
knowledge on native species. Leguminous shrubs are
dominant in a range of arid and extreme habitats
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(Bossard and Rejmanek, 1992; Nilsen, 1992; Pugnaire
et al., 1996), and have been considered useful for re-
vegetation of water deficient ecosystems that have low
availability of nitrogen, phosphorus and other nutri-
ents (Herrera et al., 1993). Biological nitrogen fixation
is an alternative to artificial fertilisation that circum-
vents much of the negative effects (both environmental
and sanitary) of fertiliser usage (Dileep Kumar et al.,
2001; Newton, 2000), and is of especial interest in sus-
tainable agriculture and land rehabilitation in adverse
habitats (Barea et al., 1990; Franco et al., 2000). Des-
pite intense research on biological nitrogen fixation by
rhizobial nodules of legume crops (e.g., Dileep Ku-
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mar et al., 2001; Newton, 2000; Streeter, 1988), very
little is known regarding wild leguminous and non-
leguminous nitrogen-fixing species, especially trees
and shrubs (Dart, 1998; Huss-Danell, 1980; Schulze et
al., 1991; Werner et al., 1998). Since the Rhizobium-
legume symbiosis exhibits high specificity and the
influence of nodulation on nutrient economy and plant
growth is also very species specific (Pate, 1986; San-
tamaria et al., 1997), the knowledge obtained with
legume crops cannot be directly extrapolated to wild
shrub legumes.

Many leguminous shrubs exhibit a prominent stem
net photosynthesis, which has a number of possible
benefits: extension of period of carbon gain in en-
vironments with periodic droughts (Nilsen, 1992;
Smith and Osmond, 1987), heat (Smith and Osmond,
1987) or excessive irradiance (Valladares and Pug-
naire, 1999), and tolerance of herbivory (Bossard and
Rejmanek, 1992). Stem photosynthesis helps meet dif-
ferent needs and provides a functional flexibility that
can explain the invasive nature of certain leguminous
shrubs (Bossard and Rejmanek, 1992).

We have investigated here the effect of fertilisation
and biological nitrogen fixation by rhizobial nodules
on seedling development in the practically leafless
leguminous shrub retama (Retama sphaerocarpa (L.)
Boiss). Our main objective has been to optimise the
formation of root nodules under nursery conditions
and to evaluate their influence on the first year of
growth in comparison with a standard fertilisation
practise. In particular, we had three questions: (i) What
physiological and growth parameters are enhanced or
affected by nodulation? (ii) How important is this en-
hancement in comparison with standard fertilisation?
(iii) Rhizobium strains from which leguminous shrub
(Cytisus, Adenocarpus, Retama) render the largest
nodulation efficiency in Retama? Retama is native to
the Iberian Peninsula and North-West Africa, and is
frequent in a wide range of dry Mediterranean habitats.
Retama has a notable ecological role due to the forma-
tion of ‘islands of fertility’ where the growth of a num-
ber of annuals and other woody species is favoured
(Pugnaire et al., 1996). It has a remarkable capacity to
withstand drought and the associated Mediterranean
summer stresses due to its crown architecture and its
deep root system (Haase et al., 1996, 1999; Valladares
and Pugnaire, 1999). Retama formations have been
intensively exploited, which has generated seminat-
ural savanna-like systems of remarkable productivity
(Gómez Sal et al., 1999). Retama seedlings can be
produced in nurseries and there is increasing aware-

ness of its value in revegetation projects. However,
studies on how seedling performance is affected by
nutrient availability and/or by the presence of nodules
in this species are lacking. Current nursery techniques
do not involve inoculation and commercially available
retama seedlings commonly lack nodules.

Materials and methods

Plant material and experimental design

Seeds of Retama sphaerocarpa were collected during
the early autumn of 1998 from two wild popula-
tions, one located in the most arid region of Europe
(Tabernas desert, Almería, Spain) and the other loc-
ated in a dry continental site (Almunia de Doña God-
ina, Zaragoza, Spain). Seeds were sown in �Forest
Pot containers (cavity volume of 300 cm3) filled with
horticultural peat (pH ca. 7) on 17 March 1999. Peat
was used because it enhanced the chances of not hav-
ing nodules in the non-inoculated (control) plants, and
because it is a standard substratum in many commer-
cial nurseries. Plants were maintained in the nursery of
the National Centre for Plant Genetic Improvement ‘El
Serranillo’ (Ministerio de Medio Ambiente) in the vi-
cinities of Guadalajara (Central Spain). Both the areas
of seed origin and the area where the nursery is loc-
ated have a Mediterranean-type climate with a dry and
hot summer; most of the precipitation falls in autumn
and spring. Three to four seeds were sown per cavity
and after germination only one seedling was allowed
to grow. Date of sowing was taken as day 0 of the
experiment. The plants were well watered and kept
outdoors under ambient irradiance, temperature and
air humidity from spring to autumn 1999 (days 0 –
230). Plants were transferred in autumn (day 230) to a
glass house and they were maintained under summer
conditions (diurnal mean temperature of 25 ◦C, rising
up to 35 ◦C at midday, ambient light supplemented
with halogen 400 W Philips HLRG lamps rendering
an average 500 ± 100 µmol m−2 s−1 photosynthetic
photon flux density (PPFD) at the plant level) till the
end of the experiment (day 295).

A factorial experiment was designed to test for
main effects and interactions of fertilisation and
Rhizobium inoculation on several morphological,
physiological and growth variables. Factors were: two
populations, two fertilisation regimes, and five inocu-
lants plus a control (no inoculation). Half of the plants
received a high fertilisation regime and the other half
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a low fertilisation regime. Nutrient solutions contained
41, 12 and 4 mg per l of N (provided as NO3 NH4), P
and K, respectively (high fertilisation) and 4 , 2 and 1
mg per l of N, P and K respectively (low fertilisation).
Both nutrient solutions were enriched with 1ml per l of
a solution of oligoelements containing 1 g of mg, 0.7 g
of Ca, 0.7 g of S, 2 g of Mn, 2 g of B, 0.1 g of Cu, 0.1 g
of Zn, 0.1 g of Na, 0.1 g of Mo, 0.5 g of Fe, 0.1 g of Ni,
0.1 g of Co, and 0.5 g of I per l of solution. Nutrient
solutions were supplied via the irrigation system once
a week. At the end of the experiment, each plant had
received 200, 60, and 20 mg of N, P and K respectively
in the high fertilisation regime, and 20, 10, and 4 mg
per plant of N, P and K respectively in the low one.

Allometric and growth measurements

A minimum of 10 plants from each treatment were
harvested at four different times during the experi-
ment (days 30, 95, 180 and 295). Prior to harvest,
plant height was measured in 20 plants per treatment.
Harvested plants were divided into leaves (leaves are
small in size and number and of a very short lifespan
in Retama sphaerocarpa), cladodes (photosynthetic,
green stems) and roots. Leaves and cladodes of each
plant were scanned with a PC compatible desk scan-
ner at 600 dpi resolution, and the area was estimated
with a commercially available image analysis software
(Sigmascan, Jaendel Scientific, USA). The projected
area of the cladodes was multiplied by �/2 to correct
for the fact that their surface corresponds to that of a
hemi-cylinder. Plant material was then dried for 48 h
at 65 ◦C and weighed. From this data we calculated
root:shoot ratio, leaf area ratio (LAR, m2 kg−1, con-
sidering ‘leaf area’ as leaf plus cladode surface area)
and relative growth rate (RGR, g g−1 day−1, calcu-
lated as ln mean dry weight at time 2 minus ln mean
dry weight at time 1 divided by time elapsed in days).
Total plant biomass and root:shoot ratio were meas-
ured at the four harvesting times, LAR was calculated
for days 30, 95 and 180. By day 30, most plants
had germinated and were initiating stem growth with
the cotyledons still functional. Since plants exhib-
ited some ontogenetic and developmental variability
at each sampling time even within the same treatment,
only plants at the most frequent and representative
ontogenetic stage were sampled each time. RGR was
calculated for the following three periods: RGR1 days
30–95, RGR2 days 95–180, and RGR3 days 180–295.
In addition, cladode diameter was measured on 25

plants of each treatment on day 95 with a calliper of
an instrumental error <0.01 mm.

Bacteria isolation and inoculant preparation

Five different inoculants were prepared from nodules
collected from adult plants of different leguminous
shrubs in the field. Inoculants RST-1 and RST-2 were
obtained from two different individuals of Retama
sphaerocarpa from Torrelaguna (Madrid, Spain), in-
oculant AH-EP1 was obtained from Adenocarpus his-
panicus (Lam.) DC. (El Paular, Madrid, Spain), and
inoculants CP-EP1 and CP-P1 were obtained from
Cytisus purgans (L.) Boiss. (from El Paular, Mad-
rid, and Piedralabes, Avila, respectively). According
to Leon-Barrios et al. (1991), inoculants RST-1 and
RST-2 were ascribed to Bradyrhizobium and inocu-
lants AH-EP1, CP-EP1 and CP-PA1 to Rhizobium.
The strains are kept with these reference codes in M.
Fernández-Pascual collection. The surface of the nod-
ules was sterilised with ethanol 95% (v/v) for 30 s
and then washed five times with sterilised distilled
water. Sterilised nodules were cut with a razor blade
and a sample was transferred to Petri dishes contain-
ing solid Vincent (1970) medium. The inoculant was
prepared by growing the strains from isolated colonies
at 28◦C with orbital shaking in liquid Vincent (1970)
media. Seedlings were inoculated on day 57 with 1 ml
per plant of strain suspension containing 10 8 colony
forming units ml−1.

Nitrogenase activity

Nitrogen fixation was measured by the acetylene re-
duction assay (ARA) on nodulated roots following the
method described in Fernández-Pascual et al. (1988).
Roots were enclosed in 100 ml tubes closed with
rubber stoppers. Ten ml of air were removed from
the tubes and the same amount of acetylene was ad-
ded. Incubation temperature was 25 ◦C. Gas samples
were taken after 15 min of acetylene exposition to
eliminate the problems of plant disturbance and long-
term exposure to acetylene (Sinclair and Serraj, 1995).
Gas samples were analysed for ethylene and acetylene
content in a Perkin-Elmer 8310 gas chromatograph
equipped with a hydrogen flame ionisation detector
and a column filled with Porapak R. Nitrogen was
used as the carrier gas and the flow rate was set to
50 ml min−1. Although a flow-through system for the
assessment of nitrogenase activity (Fernández-Pascual
et al., 1996; Minchin et al., 1992) was available, the re-
latively low number of nodules per root obtained with
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inoculants AH-EP1, CP-EP1 and CP-PA1, their relat-
ively low nitrogenase activity, and the elevated number
of treatments and replicates made ARA a more viable
method.

Photosynthetic measurements

Maximum photosynthetic (Amax) and dark respiration
rates of the cladodes were measured with a portable
open gas exchange system (LCA4, Analytical De-
velopment Co., Hoddesdon, UK). The central unit
recorded incident photosynthetic photon flux dens-
ity (PPFD) and cuvette temperature simultaneously.
Incident PPFD was either full sunlight during the
measurements carried out in summer (days 90–95) or
was supplied by an halogen lamp during the measure-
ments carried out in winter (days 285–295); in both
cases PPFD ≥ 1900 µmol m−2 s−1 was found to be
saturating but not photoinhibitory and thus appropri-
ate for rendering a quick measurement of Amax. When
temperature inside the cuvette exceeded the external
air temperature by more than 4.0 ◦C the measure-
ments were discarded. In all cases gas exchange was
measured at 28±5 ◦C, which were the natural sum-
mer temperatures; winter measurements were carried
out in the heated glass house. Cladodes were natur-
ally exposed to saturating sunlight for at least 1 h
before entering the cuvette to ensure full induction of
photosynthesis. Once Amax was recorded, the cuvette
containing the cladodes was darkened with a black
piece of fabric and dark respiration was registered after
allowing some minutes for stabilisation of the read-
ings. Gas exchange measurements were carried out
between 10:00 and 14:00 h, which was optimal for
the determination of maximum rates due to the lack
of stomatal and non-stomatal limitations during this
period.

Nutrient content determinations

Nutrient analyses of plants harvested at the end of
the experiment (day 295) were carried out at the Unit
of Analysis of the Centre of Environmental Sciences
(CSIC), Madrid, Spain. For determination of total
phosphorus and potassium, samples were digested in
a mixture of HNO3 and HClO4 in a warm sand bath at
ambient pressure, and analysed by emission spectro-
metry in an inductively coupled plasma (Perkin-Elmer
ICP5500, USA). Total nitrogen was determined by
Kjeldahl analysis with SeSO4 and K2SO4 as cata-
lysers in a Digestion System 20 (Tecator, Sweden).
N was automatically determined in a Kjeltec-auto

Table 1. Seed weight and stem diameter, leaf plus stem area ratio
(LAR), root:shoot ratio and relative growth rate (RGR) of Retama
sphaerocarpa from Almería (very dry site) and Zaragoza (dry site)
at different times during the experiment

Variablea Population P
Arid Semi-arid
(Almería) (Zaragoza)

Seed weight (mg) 95 78 ∗
Stem diameter at day 95 (mm) 1.01 0.89 ∗
LAR at day 30 (m2 kg−1) 2.06 6.69 ∗
LAR at day 95 (m2 kg−1) 2.95 3.10 n.s.
LAR at day 180 (m2 kg−1) 2.19 2.35 n.s.
Root:shoot ratio at day 30 0.34 0.37 n.s.
Root:shoot ratio at day 95 0.62 0.77 ∗
Root:shoot ratio at day 180 0.76 0.83 n.s.
RGR (g g−1 day −1) days 30–95 0.0509 0.0519 –
RGR (g g−1 day −1) days 95–180 0.0126 0.0142 –
RGR (g g−1 day −1) days 180–295 0.0033 0.0031 –

aValues represent the mean of n independent samples; n = 100 for
seed weight, n = 20 for stem diameter, for LAR and root:shoot
ratio; RGR was calculated from pools of 20 seedlings from each
population harvested at four different times during the experiment.
Results of ANOVA are reported as ∗ P≤ 0.001, n.s. (not significant)
P> 0.05.

1030 analyser (Tecator, Sweden). N, P, and K con-
tents were expressed on both dry weight and leaf area
bases. Nitrogen uptake efficiency was estimated as
the total plant N content versus the total N provided
to the plant in each fertilisation treatment. Instantan-
eous N use efficiency was estimated as the maximum
photosynthetic rate per g of N.

Statistical analyses

Analysis of variance (ANOVA, Tukey test, SYSTAT
6.0 Windows version 1996, SPSS Inc. Chicago, IL,
USA) was used to test for differences among popula-
tions, and fertilisation and inoculation treatments. In
all cases, the data met the assumptions of normality
and homocedasticity. For the sake of simplicity, data
from the two populations were pooled together when
they did not differ significantly. Since the combina-
tion of high fertilisation plus inoculation rendered few
true replicates (i.e., highly fertilised and nodulated
plants), it was not included in the final analyses of
most variables.

Results

Overview of the main effects on seedling performance

Seedling performance under the different treatments
was very similar for the two populations (Almería, arid
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Figure 1. Nodulation success (% of total harvested plants exhibit-
ing root nodules, mean ± SD) with the different inoculants (RST-1
and RST-2 from Retama sphaerocarpa, AH-EP1 from Adenocarpus
hispanicus, CP-EP1 and CP-P1 from Cytisus purgans, see Material
and Methods) applied on day 57 to Retama sphaerocarpa seedlings
versus the control (i.e., non-inoculated plants). Letter code indicates
significantly different groups (ANOVA P < 0.001, Tukey test, n ≥
20 plants per harvest).

site, and Zaragoza, semi-arid site) of Retama sphaero-
carpa examined, despite the significantly different
weight of the seeds from each locality (Table 1). Sig-
nificant differences between the two populations were
observed only during the first 2 months of growth and
only in LAR (at day 30), stem diameter and root:shoot
ratio (at day 95, Table 1). Seedlings from heavier seeds
(arid site) were initially taller and heavier (this trend
was significant during the first 3 months and could
be observed up to day 180 in the low fertilisation
treatment). However, seedlings from the two popu-
lations exhibited the same relative growth rate (Table
1), and the differences between the two populations
were not visible by the end of the experiment (day
295). The high fertilisation treatment enhanced plant
growth, but only after 6 months. Morphological and
physiological differences between inoculated and non-
inoculated plants were observed in the low but not in
the high fertilisation treatment.

Inoculation, nodulation and nitrogenase activity

Even though a few Retama sphaerocarpa seedlings
inoculated with Rhizobium strains isolated from Ad-
enocarpus hispanicus and Cytisus purgans (AH-EP1
and CP-EP1 respectively) produced nodules, the nod-
ulation success (i.e., percentage of harvested seedlings
with nodules on the roots) was not significantly dif-
ferent from non-inoculated seedlings (i.e., controls,
which did not exhibit nodules, Figure 1). On the

Figure 2. Root nodule fresh weight per plant and nitrogenase activ-
ity (mean ± SD) of Retama sphaerocarpa seedlings under low and
high fertilisation regimes at the end of the experiment (day 295).
Only data for the nodules from inoculants RST-1 and RST-2 are
shown (not enough material was obtained from the less success-
ful inoculants). Nitrogenase activity was measured by acetylene
reduction after 15 min. No significant differences were found for
seedlings from the two populations or for inoculant RST-1 versus in-
oculant RST-2; thus the data were pooled. Significance of the mean
differences (Pvalue of the ANOVA) is provided for each variable (n
= 8 plants).

contrary, Rhizobium inoculants from adult Retama
sphaerocarpa shrubs (strains RST-1 and RST-2) had a
very high nodulation success (Figure 1). Nitrogenase
activity was detectable in nodules from strains RST-
1 and RST-2 and high fertilisation treatment inhibited
both the formation of nodules and the nitrogenase
activity of the nodules (Figure 2).

Inoculation versus fertilisation: effects on growth

Fertilisation increased seedling relative growth rate,
which translated into the largest plants at final harvest
(Figure 3). Plants in the high fertilisation treatment but
without nodules (nodulated plants were not included
in this treatment) were significantly taller and heavier
and their root:shoot ratio lower than in the case of low-
fertilised plants, either with or without nodules (Figure
3). Nodulated plants exhibited higher relative growth
rates and were heavier and taller than non-nodulated
plants under low fertilisation (Figure 3). Nodulated
plants exhibited root:shoot ratios higher than highly
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Figure 3. Plant height, plant dry weight and root:shoot ratio
(mean±SD) of Retama sphaerocarpa seedlings with and without
root nodules under low fertilisation and without nodules under high
fertilisation (the treatment nodules + high fertilisation did not render
enough replicates and was excluded from the analyses) at the end of
the experiment (day 295). Only data for nodulated plants from in-
oculants RST-1 and RST-2 are shown (not enough material from the
less successful inoculants was available). No significant differences
were found for seedlings from the two populations or for inoculant
RST-1 versus RST-2; thus the data were pooled. Letter code indic-
ates significantly different groups (ANOVA P < 0.001, Tukey test,
n = 15 plants, except for plant height measurements where n = 40
plants).

fertilised plants but lower than non-nodulated plants
(Figure 3). In all cases, differences between treatments
in plant dry weight were due to differences in shoot
weight since root weight remained constant across
treatments.

Inoculation versus fertilisation: effects on
photosynthesis

Maximum rates of photosynthesis (Amax) and respir-
ation were measured at two different times during
the experiment (days 85–95 and 285–295), with the
second series of measurements exhibiting lower rates

than the first one. High fertilisation plants without
nodules exhibited the same Amaxand respiration rates
as nodulated plants under low fertilisation, and these
rates were significantly higher than those of non-
nodulated plants in low fertilisation (Figure 4). There
were no differences among treatments in respiration
rates measured at day 295.

Inoculation versus fertilisation: effects on nutrient
uptake

Fertilisation significantly enhanced nitrogen and phos-
phorus concentration of both roots and shoots but
had no significant effect on potassium concentration
(Figure 5). In the low fertility treatment, nodulated
plants had higher tissue N concentration than non-
nodulated plants in both roots and shoots. Nodulated
plants did not differ from non nodulated plants in their
phosphorus and potassium concentrations (Figure 5).
Nitrogen uptake efficiency (estimated as the fraction
of the available nitrogen that was incorporated into the
plant) was very poor in highly fertilised plants (Figure
6), while nodulated plants were very efficient (plants
had more nitrogen than the amount supplied with the
watering due to the nitrogenase activity of the nod-
ules, Figure 6). Instantaneous nitrogen use efficiency
(estimated by Amax on a nitrogen content basis) was
also very low in highly fertilised plants, and was also
significantly larger in nodulated than in non nodulated
plants under low fertilisation (Figure 6).

Discussion

We have found a significant and positive effect of root
nodules on the physiology and growth of retama (Re-
tama sphaerocarpa) seedlings (Figures 3 and 4). High
fertilisation had also a positive effect on plant growth,
but the effects of nodulation on growth of these plants
could not be determined due to the inhibitory effects of
nutrients on nodule formation (Figure 2). Thus, either
high fertilisation or inoculation must be applied to en-
hance seedling growth and quality, but both methods
are mutually exclusive. However, the use of fertilisers
has important environmental and sanitary drawbacks
(Newton, 2000), while inoculation is environmentally
clean and safe (Dileep Kumar et al., 2001). Other
advantages of nodulation and reduced fertiliser ap-
plication were apparent. Nitrogen uptake efficiency
and photosynthetic nitrogen use efficiency increased
under low fertilisation (Figure 6; Nilsen, 1992). The
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Figure 4. Maximum photosynthetic rate (Amax) and dark respiration (mean ± SD) of Retama sphaerocarpa seedlings with and without root
nodules under low fertilisation and without nodules under high fertilisation (the treatment nodules + high fertilisation did not render enough
replicates and was excluded from the analyses) at days 95 and 295 of the experiment. High respiration rates were due to high measurement
temperatures (28 ◦C). Only data for the nodulated plants from inoculants RST-1 and RST-2 are shown (not enough material from the less
successful inoculants was available). No significant differences were found for seedlings from the two populations or for inoculant RST-1
versus RST-2; thus the data were pooled. Letter code indicates significantly different groups (ANOVA P < 0.001, Tukey test, n = 8 plants).

lower root:shoot ratio of highly fertilised plants (Fig-
ure 3) makes them more vulnerable than nodulated
plants not only to nutrient limitations but also to water
shortage, a typical limiting factor for plant survival
and growth in the Mediterranean region. Legumes sel-
dom occur as pioneers in primary succession, which
has been attributed to the lack of enough nitrogen in
the seeds for nodule formation before the plant ob-
tains a net gain in nitrogen through symbiotic fixation
(Hanley and Fenner, 1997). Transplantation of nodu-
lated plants eliminates this problem and legumes could
then be used to accelerate plant succession. All these
facts together point to inoculation as the recommen-
ded method to ensure the establishment of leguminous
shrubs in arid and poor habitats.

The inhibition of biological nitrogen fixation by
high fertilisation is attributable to the well-known
inhibitory effects of nitrate on nodulation and nitro-
genase activity (Streeter, 1988). Nodule formation
and maintenance is energetically expensive so plants
having access to combined nitrogen do not invest in
nodules (Streeter, 1988). In very productive legume
crops such as soybean, nitrogen fixation and soil nitro-
gen levels are usually not enough to maximise yield,
and fertilisation renders better results than nodulation

(Newton, 2000; Streeter, 1988). Our results reinforce
these findings since highly fertilised plants of retama
exhibited larger photosynthetic and growth rates than
nodulated plants under low fertilisation (Figures 3 and
4). But considering the moderate productivity of wild,
leguminous shrubs, and the fact that most of these
shrubs grow in water-limited environments, maxim-
isation of yield in arid zones becomes less relevant
than assuring plant survival. Herrera et al. (1993)
found that inoculation with selected rhizobia the seed-
lings of two leguminous shrubs (Anthyllis cytisoides
and Spartium junceum), to be used for revegetation
of arid, Mediterranean sites improved outplanting per-
formance and plant survival. The comparative effect
of different fertilisation regimes was not investigated
in their study, but the results vary according to the
species (Herrera et al., 1993) and can be affected by
the particular environmental characteristics of the site
(Ovalle et al., 1996).

As a practically leafless shrub, photosynthetic car-
bon gain in retama is achieved by the stems (Haase
et al., 1999). In our study, maximum photosynthetic
rate at the end of the experiment exhibited a signific-
ant correlation with plant dry weight (Figures 3 and
4), as has been shown in other non-leguminous shrubs
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Figure 5. Nitrogen, phosphorus and potassium concentration (mean ± SD) of shoots and roots of Retama sphaerocarpa seedlings with and
without root nodules under low fertilisation and without nodules under high fertilisation (the treatment nodules + high fertilisation did not
render enough replicates and was excluded from the analyses) at the end of the experiment (day 295). Only data for the nodulated plants from
inoculants RST-1 and RST-2 are shown (not enough material from the less successful inoculants was available). No significant differences were
found for seedlings from the two populations or for inoculant RST-1 versus RST-2; thus the data were pooled. Letter code indicates significantly
different groups (ANOVA P < 0.001, Tukey test, n = 15 plants).

where carbon gain is achieved by leaves (e.g., Val-
ladares et al., 2000). Even though green stems are
photosynthetically not efficient in a number of woody
species (e.g., Comstock and Ehleringer, 1988), photo-
synthetic activity of the cortical tissues of leguminous
shrubs like Retama, Spartium or Cytisus is as high
and efficient as reported for leaves (Bossard and Re-
jmanek, 1992; Haase et al., 1999; Nilsen, 1992). In
fact, green, photosynthetic stems allow for an effi-
cient tradeoff between irradiance capture and avoid-
ance in arid environments (Valladares and Pugnaire,
1999) and confers a great physiological flexibility,
which plays an important role in the ecological success
of these leguminous shrubs (Bossard and Rejmanek,
1992). It has been argued that one important advantage
of having photosynthetic stems is to guarantee whole-
season supply of photosynthate for rhizobial nodules,
since these nodules fix nitrogen down to 4 ◦C during

the winter (Wheeler et al., 1979). All these features,
together with its remarkable drought tolerance and its
capacity to fix nitrogen via rhizobial nodules, make
Retama sphaerocarpa a well-suited species for reve-
getation projects in arid Mediterranean environments
of low fertility.

When evaluating plant performance, it is essential
to consider the influence of ontogeny (McConnaughay
and Coleman, 1999). For instance, in agreement with
our results with retama (Figure 4), photosynthetic
characteristics have been shown to vary during the on-
togeny of the plant (Altesor et al., 1992). Seed size and
weight exerts a strong influence on plant morphology
and physiology (Marañón and Grubb, 1993; Shipley
and Peters, 1990), but our results show that the in-
fluence of seed weight in the performance of retama
seedlings (i.e., larger seeds render larger seedlings)
vanishes after 3 months (Table 1), which confirms
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Figure 6. Nitrogen uptake efficiency (total plant N expressed as a
fraction of N provided per plant in each fertilisation treatment, the
reference value of 1 is indicated by the dotted line) and instantan-
eous N use efficiency (maximum rate of carbon gain per g of N)
of Retama sphaerocarpa seedlings with and without root nodules
under low fertilisation and without nodules under high fertilisation
(the treatment nodules + high fertilisation did not render enough rep-
licates and was excluded from the analyses). Values are expressed
as mean ± SD for plants at the end of the experiment (day 295).
Only data for the nodulated plants from inoculants RST-1 and RST-2
are shown (not enough material from the less successful inoculants
was available). No significant differences were found for seedlings
from the two populations or for inoculant RST-1 versus RST-2; thus
the data were pooled. Letter code indicates significantly different
groups (ANOVA P < 0.001, Tukey test, n = 15 plants).

that ontogeny can change the outcome of comparative
studies.

Rhizobium–legume symbiosis is known to be spe-
cific (Fisher and Long, 1992), but some rhizobia
isolated from leguminous shrub were shown to be
promiscuous (Santamaria et al., 1997). Although some
promiscuity was observed in our experiment (i.e.,
rhizobia strains from Cytisus and Adenocarpus initi-
ated some nodules in Retama), our results indicate a
significantly larger nodulation success with specific
rhizobia in Retama. Some preliminary studies with
sterilised soils suggested that the seeds of Retama
contain viable rhizobia that can produce nodules un-
der artificial conditions (Pérez-Fernández and Lamont,
2000). However, current nursery techniques, which
do not involve inoculation, most commonly produce
non-nodulated retama seedlings.

In conclusion, nitrogen uptake and use was en-
hanced by the presence of rhizobial nodules in retama
seedlings, which translated into enhanced growth un-
der low fertilisation. Nodulation success was rather
high using inoculants from adult R. sphaerocarpa
plants. Inoculation is simple, environmentally friendly
and cheap, and nodulated plants are more likely to
overcome transplant stress than non-nodulated ones.
Thus, our study suggests that inoculation together with
low, background fertilisation (instead of high fertil-
isation) should be used when producing high quality
seedlings of this autochthonous shrub for revegetation
projects of dry and poor Mediterranean areas.
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