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Abstract

Large amounts of former cropland are being abandoned in developed regions. To formulate guidelines for land
reclamation programmes, we explored the effects of artificial shading, irrigation, and removal of weed competi-
tion on the performance of Retama sphaerocarpa (L.) Boiss. seedlings in a factorial experiment located in an
abandoned cropland in Central Spain. R. sphaerocarpa is of interest for revegetation because it is a drought
tolerant leguminous shrub that is a major structural component of the native plant community. Seedling perform-
ance was evaluated in three ways: seedling survivorship, growth, and photochemical efficiency. We also mea-
sured soil moisture and weed biomass production and found that both increased under artificial shading condi-
tions. Soil moisture increased very slightly where weeds were removed. Thus, increased transpiration from weeds
outweighed reduced evaporation from soils due to shading by weeds. Artificial shading was the most effective
treatment for seedling survivorship, followed by removal of competition by weeds. After summer, 34 % of the
seedlings survived in the most favourable conditions (artificially shaded plots where weeds were removed), com-
pared to ca. 1 % in full-light plots with no removal of weed competition. A positive effect of irrigation was found
for growth of seedling cover and height in shaded plots. The analysis of photochemical efficiency pointed out the
relevance of weed competition removal, and confirmed the usefulness of fast fluorescence transient techniques
for the quantification of seedling performance. The data suggest that competition between seedlings and weeds
was primarily for water rather than for light. We conclude that i) artificial shading improved seedling perform-
ance, but this is a little practical technique because of its cost; ii) as weeds compete with, rather than facilitate,
planted seedlings, weed clipping around the seedlings is a feasible technique that would improve seedling sur-
vival; and iii) seedling performance could also considerably improve with a higher irrigation than was used in
this experiment (75lm−2 per growth period), provided that weeds are removed.

Introduction

Various social, economical and technological changes
have resulted in the abandonment of extensive areas
of former cropland in developed countries during the
last few years (FAO 1998). This phenomenon has cre-
ated considerable quantities of “empty” spaces in
some regions of these countries. What can be done
with these spaces? They can be devoted to a different

use such as tree plantations (Lemieux and Delisle
1998); they can be left to undergo natural secondary
succession (Debussche et al. 1996); or they can be
managed to favour certain plant species which have
specific environmental and ecological benefits such as
soil erosion control, succession facilitation and in-
creased biological diversity (Vieira et al. 1994;
Whisenant et al. 1995; Bakker et al. 1998). However,
the establishment of native woody plant species in
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Mediterranean environments is usually hindered by
important abiotic and biological limitations such as
radiation input, water stress and competition from
herbaceous species. Thus, these constraints need to be
identified and appropriate management practices must
be developed to assure successful revegetation
projects.

In this study we experimentally explored the ef-
fects of various factors limiting the performance of
introduced seedlings of Retama sphaerocarpa (L.)
Boiss in abandoned croplands in a Mediterranean re-
gion. R. sphaerocarpa is a xerophytic, nitrogen-fix-
ing, leguminous shrub which ameliorates microcli-
matic conditions in its understory, thus increasing di-
versity and productivity of herbaceous species (Pug-
naire et al. 1996; Moro et al. 1997a, 1997b). It is a
pioneer species and a major structural component of
the native plant communities in many old fields, be-
ing usually the only woody species, and functions as
an �island� for the herbaceous plants in terms of nu-
trients, microclimate, and a refuge from livestock her-
bivory. It is a leafless shrub up to 4m tall which
mostly occurs in the dry regions of North Africa and
the Iberian Peninsula. Architecturally, it has multiple
branches holding green cladodes rising from thick
roots that can penetrate to soil depths of >25m (Haase
et al. 1996a). These subterranean parts sprout easily
when the aerial biomass is removed. Sexual reproduc-
tion is less successful because recently emerged seed-
lings are very susceptible to mortality due to abiotic
factors, herbivory, and competition from herbs (Haase
et al. 1996b; Gómez Sal et al. 1999).

Three important factors limit the establishment and
growth of woody plants in this type of habitat. These
are excessive radiation inputs, low precipitation and
water availability, and weed competition (Rey Bena-
yas 1998). Strong radiation can limit plant survival in
dry environments. However, the crown architecture of
R. sphaerocarpa has been shown to achieve an opti-
mal trade-off between radiation capture and avoid-
ance of photo-damage, enabling this species to sur-
vive under high light conditions (Valladares and Pug-
naire 1999). In our experimental design, radiation in-
put was manipulated by artificial shading, water input
by irrigation, and weed competition by clipping.
These three factors have complex interactions
(Berkowitz et al. 1995). Weeds may compete for re-
sources with woody species, but they may also reduce
radiation input and soil water evaporation thus
favouring seedling establishment. Our objective is to
ascertain the effects of these factors on the early es-

tablishment (first year) of R. sphaerocarpa, and then
to develop management practices to aid survivorship.
Performance of the seedlings can be assessed by mea-
suring their survivorship and growth as well as by
using eco-physiological methods. Here we use in vivo
fluorescence to screen many samples rapidly and
quantify the vitality of the planted seedlings (Hall et
al. 1993).

Methods

The experimental design

The study was conducted in a 1-ha flat, homogenous
plot that was formerly cropland. It had been culti-
vated for many years until R. sphaerocarpa seedlings
were planted in the winter of 1998. This plot was lo-
cated in the “El Encín” experimental estate in Alcalá
de Henares, central Spain (Longitude 40°35� N, Lati-
tude 3°25� W). Mean annual temperature is 13.5 °C
and annual precipitation averages 450mm, with a pro-
nounced summer drought. In the year the experiment
took place, the late spring and summer were drier
than usual. The plot was fenced to exclude medium
and large size herbivores. Nevertheless, at the end of
summer we observed that rabbits damaged R.
sphaerocarpa seedlings severely.

The experiment was laid out as a split-plot design
with four replicate blocks. Each block contained four
main-plot treatments and each plot was 7.5m × 7.5m
in size. The main plot treatments were factorial com-
binations of artificial shading (artificially shaded vs.
full-light plots) and summer irrigation (irrigated vs.
non-irrigated plots). These main-plot treatments were
applied randomly within blocks. Each main-plot was
split into two sub-plot treatments, namely clipping vs.
no clipping of weeds. Twelve one-year-old seedlings
were planted in winter with a regular distribution in
each of the 32 sub-plots, being separated from each
other by at least 1.5m. The seedlings were planted
with 20-cm diameter plugs that were buried 40cm
deep. All seedling death within the 4 first weeks of
the experiment was attributed to transplanting prob-
lems, and these were replaced.

The treatments were the following:

1. Artificial shading: a black polyethylene net placed
1.8m above the ground, which reduced incident
radiation by 68%.

2. Irrigation: providing water uniformly to 1m2
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around the seedlings. This treatment was applied
three times. The total amount of water added was
15 litres m−2 at mid June, 30 litres m−2 at the end
of June and 30 litres m−2 at the peak of the dry
season (late July). Thus, the irrigated plots re-
ceived “additional” water equivalent to 17% of the
average annual precipitation in the area. We added
this relatively small amount of water to simulate
likely irrigation practice in large open fields.

3. Clipping of weed aerial biomass around the
planted seedlings. Weeds were clipped three times
during the growth period (April, May and June) to
continuously reduce competition by weeds, always
within a 0.5m×0.5m quadrat centred on each seed-
ling.

Measurements

We examined the performance of R. sphaerocarpa
seedlings in the different treatments in three ways: 1)
seedling survivorship, 2) growth and 3) effects on
photochemical efficiency. We also measured 4) soil
moisture and 5) weed biomass production.

1. Seedling survival was assessed three times: early
summer (beginning of July), end of summer (Oc-
tober) and 1 year after planting. One year after
planting, we also counted any new shoots from
apparently dead seedlings for an additional period
of 5 months.

2. Growth was estimated in all living seedlings by
measuring the following biometric parameters:
straightened seedling height, stem diameter (2cm
above the ground level), and seedling volume. The
volume was the product of the crown projected
area -the elliptical surface of the crown projected
onto the ground- and seedling height. All biomet-
ric parameters were measured right after planting
took place (before treatments were applied) and at
the end of the growth period (October, after treat-
ments were applied). To avoid the effect of initial
biometric differences in seedlings, growth was
evaluated as relative growth (initial biometric
measure-minus final biometric measure/initial bio-
metric measure).

3. Fast chlorophyll-a fluorescence induction kinetics
was measured with a Plant Efficiency Analyser
(PEA Hansatech Instruments Ltd. King’s Lynn
GB). We took the average of two fluorescence

measures per live seedling in the field in early
summer. The fast fluorescence rise has been de-
scribed earlier (Strasser et al. 1995) as OJIP-rise
due to the intermediate steps J (at 2ms) and I (at
30ms) between the initial fluorescence O (Fo,
measured at 50�s) and the maximal fluorescence
P (FM, which appears between 200 and 1000ms).
The experimental data were analysed according to
the equations of the OJIP-test (Strasser et al.
1996). We inferred a Performance Index (PIABS)
which is an overall value that combines parameters
related to photosynthetic activity. The PIABS was
defined according to the Nernst equation and can
therefore be considered in the logarithmic form as
an estimation of a potential or a photosynthetic
force of the sample (Strasser et al. 1999, 2000).
More details about the Performance Index can be
found in the cited publications.

4. Soil moisture was measured at 0–20cm depth.
Measurements were taken in early spring (May),
late spring (June) and mid summer (end of July)
using the TRIME-method, an specially designed
TDR technique (IMKO, Micromodultechnik com-
pany).

5. Above ground weed biomass was clipped, dried at
80 °C and weighed for one third of the 0.5×0.5m
quadrats. Clipping was practised always in the
same quadrats.

Data analysis

Statistical analyses of data were based upon ANOVA
to detect the effects of treatments and treatment inter-
actions on the above mentioned measures. The gen-
eral structure of the ANOVA is shown in Table 1.
Seedling survival was so low under some treatment
combinations that we did not have sufficient repli-
cates to test the effects of treatment interactions on
seedling growth. We used STATISTICA for the anal-
yses (Statsoft, Inc. 1993).
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Results and discussion

Treatment effects on soil moisture, weed biomass
production and R. sphaerocarpa seedling
performance

Overall, we found significant differences for R.
sphaerocarpa seedling survivorship and fluorescence
Performance Index PIABS, i.e. photochemical effi-
ciency, and for soil moisture and weed biomass pro-
duction among treatments (Table 2). The rank of im-
portance for the treatments was artificial shading, re-
moval of weed competition, and irrigation; irrigation
had very little effect on the various variables analy-
sed. Soil moisture increased under artificial shading
conditions (Figure 1, Table 2A). Soil moisture aver-
aged 16.9 ± 1.15 % in late spring and 4.44 ± 0.59 %
in mid summer in full-light plots, and 21.06 ± 2.63 %
and 5.1 ± 0.32 %, respectively, in shaded plots. Weed
removal had only minor effects on soil moisture when
water was a limiting factor (4.63 ± 0.65 % in non-
clipped plots vs. 4.9 ± 0.49 % in clipped plots in
mid-summer) (Figure 1, Table 2A). Total weed bio-
mass production also increased in the plots under ar-
tificial shading treatment (63.89 ± 15.39g/m2 in full-
light plots vs. 83.98 ± 19.47g/m2 in shaded plots)
(Figure 2, Table 2B)

Artificial shading greatly affected seedling survi-
vorship, followed by removal of weed competition
(Table 2C). After summer, only 34.4 % of the seed-
lings survived under the most favourable conditions
(artificially shaded plots with removal of competi-
tion), compared to ca. 1 % that survived in full-light

plots without the removal of competition (Figure 3).
For the rest of the year, mortality was insignificant.
We did not observe any new shoots sprouting from
apparently dead seedlings during the following grow-
ing season. For R. sphaerocarpa seedling growth, the
only significant effect we found was that irrigation
increased volume under artificial shading conditions
(−0.48 ± 0.53 in irrigated plots vs. − 0.57 ± 0.36 in
non-irrigated plots) (Table 1D). We found only one
significant interaction effect at P < 0.05: weed re-
moval and irrigation increased stem diameter growth
in shaded plots (F1,6 = 8.31). Actually, these growth
parameters were slightly negative, i.e. seedling vol-
ume and stem diameter shrank rather than expanded,
meaning that seedling performance was extremely
poor even under favourable treatments.

The fluorescence measurement allows an estima-
tion of the efficiency of these treatments. Figure 4 re-
presents the effects of environmental manipulations
on seedling photosynthetic performance (PIABS). The
highest and lowest PIABS values were obtained under
conditions of maximal and minimum (control) envi-
ronmental manipulation, respectively. This figure and
Table 2E show that the removal of weeds increased
the PIABS under full light, artificial shade, no irriga-
tion, and irrigation conditions.

Interpretation and management implications

The positive effects of artificial shading on the per-
formance of R. sphaerocarpa seedlings are attributed
to the reduction of abiotic stress. Abiotic stress ame-
lioration has two major components in our study: a
reduced soil moisture evaporation that may increase
water availability to plants (Figure 1, Table 2A) and
a likely reduction of direct photo-inhibition. We did
not assess direct photo-inhibition. R. sphaerocarpa
has been reported to be able to cope efficiently with
strong radiation (Valladares and Pugnaire 1999), but
our results suggest that this is only true for adult,
well-established plants, since we obtained a very low
survivorship rate for seedlings under full-light condi-
tions. The surplus of available water provided by ar-
tificial shading was also used by weeds (seedling
competitors) throughout the growth period, since ar-
tificially shaded plots exhibited a greater total weed
biomass production (Figure 2, Table 2B). Weed cover
in our study little affected soil moisture, although
clipped plots exhibited slightly moister soils than
non-clipped plots (Figure 1, Table 2B).

Table 1. General structure of the ANOVAs –degrees of freedom
for the different sources used to detect treatment effects on the
various measures analysed in the experiment.

Term Df

Total 31

Main plots 15

Blocks 3

Shading 1

Irrigation 1

Shading×Irrigation 1

Error I 9

Clipping 1

Clipping×Shading 1

Clipping×Irrigation 1

Clipping×Shading×Irrigation 1

Error II 12
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We found one marginally negative effect of irriga-
tion on seedling performance; fewer seedlings sur-
vived in irrigated plots at mid-summer (Figure 3, Ta-
ble 2C). This effect can be attributed to increased
competition by weeds in irrigated plots rather than to
negative effects of the water itself. In fact, at this time
weed biomass production was greater in irrigated
plots than in non-irrigated plots.

Removal of competition by weeds improved seed-
ling performance. Our fluorescence analysis pointed
to this treatment as the most efficient. Weed layer was
very dense and taller than the seedlings, a feature of
vegetation cover in recently abandoned cropland. Is
weed competition primarily for space and light or for
water? Our data suggest that competition is primarily
for water for two reasons: 1) increased transpiration

Figure 1. Changes in soil moisture under different treatment conditions (see Table 2A for overall statistical comparisons). Pair-wise com-
parisons resulted in not different means at P < 0.05 according to a Tukey’s test. Bars are standard errors. Environmental conditions are: FL
= full light, AS = artificial shade, NI = no irrigation, I = irrigation, WP = weed presence, WR = weed removal.

Figure 2. Total weed biomass production under different treatment conditions (see Table 2B for overall statistical comparisons). Pair-wise
comparisons resulted in not different means at P < 0.05 according to a Tukey’s test. Bars are standard errors. Environmental conditions are:
FL = full light, AS = artificial shade, NI = no irrigation, I = irrigation.
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from weeds outweighed reduced evaporation from
soils in the soil moisture loss balance, and 2) artifi-
cial shading improved seedling survival (light was not
limiting). A number of studies have demonstrated that
herb competition reduces survival and growth of dif-
ferent woody species, either planted or naturally es-
tablished (Gordon et al. 1989; Morris et al. 1993;
Owens et al. 1995; Kollmann and Reiner 1996; Geyer
and Long 1998; Lemieux and Delisle 1998). Henkin
et al. (1998) found that soil water depletion during the
spring-summer transition period left very little avail-
able water in the rooting zone of the herbaceous veg-
etation to maintain shrub seedlings throughout the
summer. The difference in the success of shrub seed-
ling establishment mainly reflected the accessibility
of water below the rooting zone of the herbaceous
vegetation. Early succession weeds are capable of
rapidly developing their biomass and exploit re-
sources, particularly water, more efficiently than R.
sphaerocarpa seedlings (Alon and Kadmon 1996).

It is remarkable the enormous mortality of planted
1-year old R. sphaerocarpa seedlings. A later exami-
nation of the seedlings within their nursery bags made
us suspect that part of this mortality could be due to
the curvature acquired by the main root. Thus, a con-

clusion of this experiment is that the choice of this
age seedlings for revegetation projects is clearly not
the best. This does not invalidate our experimental
results since all seedlings were produced under equal
conditions in the same nursery and randomly picked
out to be planted among different treatment plots. An
alternative is the introduction of pre-germinated R.
sphaerocarpa seeds. Espigares et al. (under review)
did so and also found an enormous competition effect
of herb seedlings on recently emerged R. sphaero-
carpa seedlings. Survival of seedlings, either planted
or not, in early establishment has been found to be a
bottleneck in the recruitment process of many woody
species (García-Fayos and Verdú 1998; Rey Benayas
1998).

Since weeds proliferate more intensively during
the first two years right after cropland abandonment,
introduction of R. sphaerocarpa seedlings should take
place later, when weeds proliferate less and perenni-
als are still little abundant. In this way, excessive
weed competition can be avoided. Actually, our field
observations indicate that natural re-establishment of
R. sphaerocarpa usually does not occur before 4–5
years after cropland abandonment. The management
practices of artificial shading, irrigation, and weed re-

Table 2. Effects of artificial shading, irrigation, and removal of weed competition on A) soil moisture, B) weed biomass production, C) R.
sphaerocarpa seedling survivorship and D) growth, and E) fluorescence Performance Index. (*) P < 0.1, * P < 0.05, ** P < 0.01, ***P < 0.001.
Note: if for a given measure a treatment had not been applied yet or was not considered, the general structure of the ANOVA reported in
Table 1 does not remain.

Treatment Effects

Dependent variable Artificial shading Weed competition removal Irrigation Block effects

A) Soil moisture

In early spring F1,3 = 3.82 F1,6 = 6.56* NOT APPLIED F1,3 = 10.94**

In late spring F1,3 = 12.72* F1,6 = 0.09 NOT APPLIED F1,3 = 0.58

In mid-summer F1,9 = 12.37** F1,12 = 3.89(*) F1,9 = 0.73 F1,9 = 1.43

B) Weed biomass

In early spring F1,3 = 1.6 NOT CONSIDERED NOT APPLIED F1,3 = 0.91

In late spring F1,3 = 4.61 NOT CONSIDERED NOT APPLIED F1,3 = 0.62

In mid-summer F1,9 = 0.28 NOT CONSIDERED F1,9 = 4.24 F1,9 = 0.28

Total F1,9 = 10.23** NOT CONSIDERED F1,9 = 0.51 F1,9 = 5.53*

C) Seedling survivorship

In mid-summer F1,9 = 0.89 F1,12 = 3.08 F1,9 = 4.45(*) F1,9 = 0.25

Early autumn F1,9 = 24.4*** F1,12 = 16.31** F1,9 = 1.27 F1,9 = 0.25

After 1st year F1,9 = 23.23*** F1,12 = 8.57* F1,9 = 0.52 F1,9 = 0.99

D) Seedling growth after the growing season(1)

Straightened height NOT CONSIDERED F1,6 = 0.57 F1,3 = 2.71 F1,3 = 3.47

Stem diameter NOT CONSIDERED F1,6 = 0.02 F1,3 = 0.22 F1,3 = 0.33

Volume NOT CONSIDERED F1,6 = 0.03 F1,3 = 11.44* F1,3 = 22.19**

E) Fluorescence Performance Index NOT CONSIDERED F1,12 = 24.85*** F1,9 = 0.33 F1,9 = 10.04**

(1) For these measurements analyses apply to shaded plots only. See Data Analysis for further explanations.

206



moval have an economic impact. From our experi-
ment, we suggest the following for introduction of R.
sphaerocarpa in Mediterranean abandoned croplands:
1) Artificial shading improves seedling performance
because it increases soil water availability and, prob-
ably, because it ameliorates photo-inhibition damage.
2) Weeds hinder, rather than facilitate, the implanta-
tion of seedlings, competition being primarily for wa-
ter. 3) The irrigation scheme adopted in this experi-
ment did not improve seedling performance. 4) Weed
removal favoured photosynthetic activity as measured
by OJIP fluorescence rise. We highlight the following
associated conclusions for management of R.
sphaerocarpa plantations. 1) Unfortunately, artificial
shading is not a practical technique because it is very
costly, unless plantations are concentrated into small

plots scattered in the target lands. 2) Clipping of
weeds around the seedlings, particularly in late spring
and early summer, is an inexpensive technique that
would greatly improve seedling survival. 3) A larger
amount of water than was used in this experiment
(75lm−2 per growth period), added by irrigation,
could also considerably improve seedling perform-
ance, as long as weeds are removed. 4) In vivo fluo-
rescence techniques are a rapid and useful method to
quantify the actual vitality of planted seedlings. Over-
all, our results demonstrate the importance of experi-
mental approaches, together with empirical field ob-
servations, to understand factors explaining woody
seedling performance and, as a consequence, to im-
prove the success of revegetation efforts.

Figure 3. Survival counts of planted R. sphaerocarpa seedlings under the 8 treatment combinations (see Table 2C for overall statistical
comparisons). Bars are standard errors. Environmental conditions are: FL = full light, AS = artificial shade, NI = no irrigation, I = irrigation,
WP = weed presence, WR = weed removal. Data for significant differences according to ANOVAs are the following. At mid-summer: NI =
77.08 ± 14.43 %, I = 64.12 ± 20.37 %. In early autumn: FL = 5.2 ± 9.06 %, AS = 29.81 ± 18.54 %; WP = 10.54 ± 14.35 %, WR = 24.48
± 20.97 %. After one year: FL = 3.64 ± 5.24 %, AS = 24.48 ± 17.6 %.
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