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Abstract. Competition and facilitation may occur simultane-
ously in plant communities, and the prevalence of either
process depends on abiotic conditions. Here we attempt a
community-wide approach in the analysis of plant interac-
tions, exploring whether in a semi-arid environment positive
or negative interactions predominate and whether there are
differences among co-occurring shrub species. Most shrubs in
our plot exerted significant effects on their understorey com-
munities, ranging from negative to positive. We found a clear
case of interference and another case where the effect was
neutral, but facilitation predominated and the biomass of
annuals under most shrubs in our community was larger than
in gaps. Effects on soil water and fertility were revealed as the
primary source of facilitation; the build-up of soil organic
matter changed soil physical properties and improved soil
water relations. Facilitation by shrubs involved decoupling of
soil temperature and moisture. Sheltering from direct radia-
tion had an effect on productivity, but significant differences
in understorey biomass did not parallel understorey light envi-
ronment. A positive balance of the interaction among plants,
essentially mediated by changes in soil properties, is the
predominant outcome of plant interactions in this semi-arid
community.

Keywords: Competition; Facilitation; Interference; Soil hu-
midity; Water stress.

Nomenclature: Castroviejo et al. (1986-2001).

Abbreviations: A = photosynthetic rate; Fv/Fm = photo-
chemical efficiency of photosystem II; gs = leaf conductance
to water vapour; OM = organic matter; PAR = photosynthetic
active radiation; ¥, = Predawn water potential.

Introduction

Effects of abiotic factors on competition have been
addressed for decades, but facilitation has more recently
been revealed as a process as important as competition
in many habitats (Callaway 1995). While plants may
ameliorate physical stress, providing suitable habitats
for the establishment of other species, competition for
resources may reduce or override facilitation (Tielborger
& Kadmon 2000; Pugnaire & Luque 2001). Bertness &
Callaway (1994) predicted that the importance of facili-
tation increased with increasing environmental stress,
and some reports show that the intensity of facilitation
increases with stress (e.g. Pugnaire & Luque 2001;
Tewksbury & Lloyd 2001; Cavieres et al. 2002). How-
ever, there are less data on how important facilitation is
at the community level (Callaway et al. 2002) or how
common it is in a given environment. Positive interac-
tions among plants may be particularly common in dry
environments, where shade, conservation of soil mois-
ture and nutrient accretion seem to be the main facilita-
tion mechanisms (Callaway & Pugnaire 1999). The
environment under shrubs and trees often becomes a
suitable habitat for plant growth (Muller 1953; Vetaas
1992; Haase et al. 1996), because the benefits of finding
shelter may offset the detrimental effects of competition
when abiotic factors are extreme. The final balance of
the interaction between overstorey and understorey plants
depends on how the different species modify their envi-
ronment, which may include changes in nutrient dy-
namics (Hobbie 1992) and water availability (Breshears
etal. 1998; Dunne & Parker 1999). These processes will
ultimately determine whether positive or negative ef-
fects predominate under the canopy.

Evidence for facilitation in stressful environments is
based on spatial patterns of plant cover or on neighbour
removal experiments; however, relatively little is known
about causal mechanisms of facilitation, and such a
knowledge is a necessary next step for improving our
understanding of vegetation processes. This work aims
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to explore the mechanisms of biotic interactions in a
semi-arid community. We test, in a natural experiment,
how common facilitation was at the community level in
a semi-arid environment and whether there were differ-
ences in facilitation among different co-occurring shrub
species, while exploring the mechanisms involved in
the productivity of understorey annual plant communi-
ties. We also test whether facilitation of herbaceous
plants by woody species occurs through an attenuation
of irradiance and improved nutrient and water availabil-
ity. Finally we test whether shrub water status had any
influence on its understorey community, as less stressed
shrubs may enhance growth via increased litter produc-
tion or improved water dynamics underneath them.

Methods

Field site and species

The field site was selected on an abandoned cropland
were the community was apparently homogeneous. It
was located at the Ramblilla de Genaro, a valley near
Tabernas, Almeria Province, Spain (37°01' N, 2°25' W,
350 m a.s.l.) in the northern foothills of the Sierra
Alhamilla range, 20 km north of Almeria city. The
climate in this area is Mediterranean semi-arid with a
mean annual precipitation of 242 mm and a pronounced
dry season from June to September during which there
is almost no rain in most years. Mean annual tempera-
ture in Tabernas (490 m altitude, 3 km to the east) is 17.9
°C with mean maxima of 10.7 °C in January and 34.7 °C
in August. Other general characteristics of the site and
climate have been described elsewhere (Pugnaire &
Haase 1996; Pugnaire et al. 1996a, b). Cover of peren-
nial species, determined by ten 50-m long transects, is
low (26.7 £ 0.8%), and dominated by two long-lived
tussock grass species, Stipa tenacissima and Lygeum
spartum (with a total of 73% of plant cover). In marl
communities shrubs are interspersed in the grassland;
most common species are Retama sphaerocarpa (6 *
2% cover) and Salsola oppositifolia (9.9 £ 8%) as well
as other salt-tolerant species because soil salinity is
locally high (Peinado et al. 1992).

Five individuals of the six most frequent shrub species
were randomly selected in a uniform flat area of about 1
ha. The species were Arthrocnemum macrostachyum,
Launaea arborescens, Lycium intricatum, Retama
sphaerocarpa, Salsola oppositifolia and Thymus
hyemalis, all of which are typically found in semi-arid
environments of SE Spain and some of which are also
found near salt marshes (Peinado et al. 1992).

Herbaceous plant communities

Annual plant communities were sampled at the peak
of biomass production in April, at four aspects (N, S, E,
and W) under the canopy of each individual shrub and in
ten gaps, using 10 cm X 10 cm quadrats. In the
understorey, quadrats were positioned half-way between
the shrub trunk and the projected edge of the canopy.
The community of annual species in this environment
was poorly developed and plant height generally did not
exceed 10 cm. Within each quadrat we collected all the
above-ground plant mass, sorted this material into indi-
viduals and species (except grasses, which were com-
bined), and then dried it in a ventilated oven at 70 °C for
48 hr. Plant density was obtained from these data.

Estimation of solar radiation

Solar radiation was measured below the canopy of
each shrub and in gaps with integrating paper sensors
(IPS; Friend 1961; Barden 1987; Ackerly 1992; Wayne
& Bazzaz 1993) constructed from small, 5 cm X 5 cm
stacks of light-sensitive, heliographic paper (Oxalid KL,
Kalle Repromedia Espafia S.A., Spain) placed within a
black cardboard envelope which had a circular aperture
1.5 cm in diameter to allow sunlight to reach the paper.
IPSs were calibrated against two quantum sensors (Skye
400-700 nm, UK) connected to a Squirrel data logger
(Grant, UK) under a range of sky conditions, and were
able to accurately estimate integrated photosyntheti-
cally active radiation (PAR) of up to 500 mol.m2.

Four IPSs were placed at ground level under each of
the five selected shrubs per species, midway between
the centre and the outer limit of the canopy, at the N, S,
W, and E aspects. Five additional IPSs were placed in
gaps. Values of solar radiation reaching each micro-
habitat on a clear spring day (April 7, 1999) from 9:00 to
15:00 solar time were compared.

Soil properties

Soil samples were collected on the same dates from
the upper 5 cm excluding litter and stones at the four
cardinal aspects under the canopy of each shrub and in
five gaps between them. Soil samples were placed in
labelled paper bags and immediately transported to the
laboratory for analysis. Two standard, commercially
available plant substrata (washed river sand and peat)
were included in the analyses for reference. Subsamples
of each soil were passed through a 2 mm sieve and finely
ground for nutrient analysis at the Unit of Analysis,
Environmental Sciences Centre (CSIC, Madrid, Spain).
Total phosphorus (P) and potassium (K) concentrations
were determined by emission spectrometry in induc-
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tively coupled plasma (Perkin Elmer ICP5500, USA)
after samples were digested in a mixture of HNO, and
HCIO, in a warm sand bath at ambient pressure. Total
nitrogen was determined by Kjeldahl analysis with
SeSO,-K,SO, as catalyst in a Tecator 20 digestion
system and a Kjeltec-auto 1030 analyser (Tecator, Swe-
den). Organic matter was determined by colorimetry.
Because of the high gypsum content (Cantén et al.
2001), soils were weighed after 2 hr at 250 °C to
eliminate the water imbibed in gypsum and thus to
prevent overestimation of their organic matter content.
Soil moisture at a depth of 10 cm was continuously
monitored under the canopy of three to four shrubs per
species in May and June 2000 using a SBIB-CHS sensor
which simultaneously determines temperature, conduc-
tivity, and volumetric soil moisture. The sensor meas-
ures the soil complex permittivity (i.e., the dielectric
constant) by separately determining the real and imagi-
nary components of soil impedance (Topp et al. 1980,
2000). It is optimized to operate at 50 MHz, when the
relaxation phenomena of the organic material is negligi-
ble and the weight of the electrical conductivity is low.
SBIB sensors give fine measurements of soil moisture,
continuously corrected for temperature. Each sensor
was connected to a data logger (Onset Computers,
Pocasset, MA, USA) and readings were taken every 1
min for periods of 4-5 days to monitor changes at the
onset of the drought season.

Water status and physiology of shrubs

Leaf or cladode water vapour conductance of every
shrub was measured in June 2000 in the early morning
under full, saturating sunlight with a portable infrared
gas analyser (model LCi, Analytical Development Com-
pany Ltd., Hoddesdon, UK). Pre-dawn water potentials
were determined on terminal shoots using a pressure
chamber (SKPM 1400, Skye Instruments Ltd.,
Llandrindod Wells, UK), and relative water content
(RWC) was determined by weighing in the field about 1
g of freshly cut, 15-cm long shoot segments from each
plant, which were then placed in a dark humid chamber
at room temperature with their cut ends covered by
saturated cotton wool until fully rehydrated; then they
were weighed again and dried in a ventilated oven at 70
°C for at least 48 hours. Physiological conditions of
shrubs were further assessed by measuring the photo-
chemical efficiency of PSII (Fv/Fm) with a portable
fluorimeter (PEA, Hansatech, Kings Lynn, UK). Leaves
were dark-adapted for 30 minutes early in the morning
on the same date as gas exchange measurements.

Statistical analysis

Differences between shrub species and gaps were
determined by ANOVA (GLM procedure and Tukey’s
multiple comparison test of Systat 5.2.1; Systat Inc.,
Evanston, US). The four plots under every shrub sampled
were pooled; biomass data were In-transformed to meet
normality criteria. A stepwise multiple regression model
using the best-subset regression method, including non-
redundant variables, was run to explore the relationships
of main abiotic factors with understorey biomass. A
hierarchical cluster analysis was performed to look for
similarities among understorey communities using the
mean number of individuals of the species found under
the canopy of each shrub species (furthest neighbour
method with Euclidean distances and standardized val-
ues; SPSS for Windows 11.0.0; SPSS Inc. 2001).

Results

Herbaceous plant community

Above-ground biomass of herbs that developed in
spring showed significant differences between gaps and
the understorey of the six shrub species (Fig. 1). While
Thymus hyemalis had an inhibitory effect on understorey
plant growth, biomass under Lycium intricatum did not
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Fig. 1. Above-ground biomass of herbs that developed in
spring in gaps (horizontal line) and under the canopy of six
shrub species near Tabernas, Almerfa (Spain). Significant
deviations from gap values shown by *(P < 0.05) and **(P <
0.01). Data are means * 1 SE (n=5). Bars with the same letter
are not significantly different (P > 0.05; ANOVA, Tukey’s
multiple comparison test).
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Table 1. Species and plant density (individuals m2) in the understory of six shrub species and in gaps in a semiarid environment near

Tabernas, Almeria, Spain (values are mean = 1 SE; n =5).

Shrub species

Arcthrocnemun Launaea Lycium Retama Salsola Thymus Gaps
Anagallis arvensis 0+0 0+0 0+0 55 0+0 0+0 010
Apiaceae 0+0 0+0 5%5 0+0 0+0 0+0 0+0
Arenaria leptoclados 00 0+0 25+t 16 0+0 0+0 0+0 0+0
Asphodelus tenuifolius 55 0£0 0x0 0+0 0x0 0x0 0+0
Asteraceae 00 0+0 10+ 10 0+0 00 0+0 010
Asterolinon linum-stellatum 140 £ 34 35+23 0+0 25 +25 5+5 395112 195+ 76
Calendula tripterocarpa 15+10 55 209 65 £ 26 1515 5+5 10+ 12
Carrichtera annua 105 + 27 90 +39 125 +45 140 + 66 60 =19 5+5 10+8
Clypeola jonthlaspi 100 + 66 0+0 00 10+ 10 0+0 0+0 0+0
Diplotaxis ilorcitana 215+90 50 +£22 15+ 10 15+ 10 35+22 0+0 15+ 10
Erodium cicutarium 50+21 20+ 12 15+ 10 10+6 30+9 15+ 10 20+ 4
Euphorbia falcata 20+ 15 10+6 5+5 15+£10 25+ 14 5+5 108
Euphorbia helioscopia 20+ 12 0+0 0+0 0+0 0+0 0+0 5+4
Gynandriris sisyrinchium 1510 0+0 00 0+0 0+0 00 5+4
Helianthemum ledifolium 0+0 0+0 0+0 0+0 0+0 60 £ 34 20+ 12
Lamiaceae 0x0 5+5 0+0 0x0 0+0 0+0 0+0
Leontodon hispidilus 0t0 0+0 0+0 0+0 55 0+0 00
Linaria oliganta 90 +39 55+29 15+ 10 105 +£52 15+10 35£15 55+18
Linum strictum 60 =37 55£33 55 10+6 15+15 140 £ 86 75 +25
Logfia clementei 5%5 0+0 0+0 0+0 0+0 5+5 0+0
Logfia minima 00 00 00 35+22 90 £ 90 55 5+12
Medicago minima 0+0 50 +34 25+16 I15+15 0+0 65 +40 65 +33
Medicago truncatula 0+0 0x0 0x0 70 £27 70 £20 50 + 44 40+ 17
Mesembrianthemum 0+0 0+0 15+ 10 0+0 55 0+0 00
Paronichia argentea 0£0 0x0 0x0 0£0 0x0 5£5 0x0
Plantago ovata 00 00 10£10 00 00 20 +£20 35+ 14
Poaceae 910 +234 425+97 380 £ 95 670 =107 655 £222 1360 £ 261 645+ 174
Reichardia tingitana 0+0 0x0 00 0+0 5+5 00 105
Silene tridentata 0+0 00 10+ 10 20+ 15 15+15 55+33 75 £ 46
Silene littorea 45+20 55+12 130 + 37 6553 70 + 37 330 £201 65 +31
Sonchus tenerrimus 120 £ 45 60 £31 40 £ 34 6522 150 £33 00 00
Spergularia rubra 0+0 0+0 10+ 10 0+0 0+0 5+5 0+0
Thymus baeticus 0+0 00 0+0 0+0 0+0 15+10 0x0
Trigonella polyceratia 10+ 10 0+0 0x0 25+25 106 15+ 15 25+ 14
Unknown 10+ 10 55 55 30 £30 5£5 60+ 19 20+ 12

differ from biomass in gaps (Fig. 1). All other shrub
species had significantly more biomass of annuals in
their understorey than there was in gaps. The positive
effect of shrubs was not equal in all cases, though, as the
biomass below Retama sphaerocarpa was almost twice
the biomass under the other species (Fig. 1).

A total of 35 annual and perennial species was found
in gaps and in the understorey of our shrubs (Table 1),
but this number included all the grasses combined in one
group, as species could not be identified. There were no
significant differences among aspects in the number of

understorey species. The total number of species found
in gaps and under the canopy of the different shrubs, and
the average number of species per sample, were not
significantly different among shrubs (Table 2). How-
ever, 40% of the species excluding Poaceae were found
only under shrubs (Table 1). A cluster analysis of species
density under each shrub and in gaps showed that the
community under Thymus was similar to the community
in gaps (Fig. 2) and that the communities most differen-
tiated from gaps were those under Retama and Salsola.
All other communities lie between these two extremes.

Table 2. Cumulative number of species in the

Neum Noamp Ning Mass understory; (N,,.); mean number of species per

. o divi 2 .

Arthrocnemun macrostachyum 18 10+£0.5% 1600 + 33220 32+06° samplo? (Nsamp)’ number of individuals per Tilz Ning):
Launaea arborescens 14 80+10% 803+133° 53+04>  meanindividual plant mass (Mass, mg.m™) found
Lycium intricatum 19 80+052 797 + 58€ 30+07°  inthe understory of six shrub species and in gaps in
Retama sphaerocarpa 19 92+0.72 1174 + 122;) 7.0+ 0.83 the field. Values are mean + 1 SE, n = 5. Values in
Salsola oppositifolia 19 88% 0~6aa 1114£85 44206 3 column followed by the same letter are not sig-
gz)’:’” hyemalis S oRiena sy 040l nificanty different (P> 0.05; ANOVA; Tukey’s

multiple comparison test).
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Gaps

Fig. 2. Hierarchical cluster analysis of community composi-
tion (average number of individuals of each species) under
each shrub species and in gaps, using the furthest neighbour
method with Euclidean distance and standardized values.

Irradiance in the understorey

In the middle of the day the available PAR under the
canopy of different shrub species was 30-50% of that in
gaps (Fig. 3). PAR transmission through the canopy
varied significantly among the different species, with
Salsola oppositifolia and Lycium intricatum casting the
darkest shade. Architectural features of the canopy and
specific foliage traits (i.e., leaf size, internode length,
leaf angle and orientation, leaf area index) seemed to be
more important determinants of PAR transmission than
canopy height or volume, as shown by the lack of
relationship between canopy size and ground level PAR
(data not shown). This fact explained why the PAR
available under sub-shrubs (e.g. Thymus, 0.3-0.6m
height) was very similar to that under relatively tall
shrubs (e.g. Retama, 1.3-2.2 m height). Within a species,
however, increasing canopy height and volume signifi-
cantly decreased the integrated PAR available under the
canopy (data not shown).

Soil properties

The organic matter content of soil in gaps and under
the canopy of the six shrub species ranged between 2.5
and 6%, being highest under Retama sphaerocarpa
(Table 3). Mean values of organic matter under each
shrub strongly correlated with soil nitrogen (r=0.893; P
<0.01) and phosphorus (r =0.792; P < 0.05) as well as
with biomass of annuals (r = 0.877; P < 0.01). Soil
nutrient content paralleled organic matter content, with
N- and P-concentrations the highest under Retama and
K under Salsola oppositifolia (Table 3). Gap soils and
soils under Thymus hyemalis showed the lowest N, P,
and K values. Soil N and P concentrations were corre-
lated with the biomass of understorey plants (r = 0.786
and r = 0.84, respectively; P < 0.05).

Soil moisture at 10 cm depth under different cano-
pies and in gaps varied significantly. In most cases there
was a well-defined daily pattern of moisture change
(Fig. 4) cycling at exactly 24 hr; the amplitude of such
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Fig. 3. Integrated PAR over 6 hr (9-15 solar time) of a spring
day (7 April 1999) in gaps (horizontal line) and under the
canopy of six shrub species. Significant deviations from gap
values shown by * (P < 0.05) and ** (P < 0.01). Values are
mean = 1 SE (n = 5). Bars with the same letter are not
significantly different (P > 0.05; ANOVA, Tukey’s multiple
comparison test).

changes, obtained by Fourier analysis, was different for
the different species. The largest amplitude was found
under Thymus hyemalis (daily change > 2.5%) and the
lowest under Retama (daily change < 0.1%). On average,
soil moisture differed significantly among shrubs, being
highest under Retama (3.36 £ 0.01%) and lowest in gaps
(1.04£0.01%) and under Lycium intricatum (2.3 +0.01%)
and Thymus hyemalis (2.8 £ 0.01%). Soil moisture was
inversely correlated to radiation reaching the soil (r = —
0.886; P <0.01) and positively correlated with the number
of species of annuals (r = 0.78; P < 0.05). Soil tempera-
ture varied slightly under different shrubs (Fig. 4), being
highest in gaps (34.7 £0.07 °C) and lowest under Salsola
oppositifolia (30.8 £0.05 °C). Soil temperature and mois-
ture were positively correlated in gaps and under some
but not all shrubs. Those where soil temperature and
moisture did not correlate had the highest facilitative
effect on the biomass of annuals.

Including gaps and all the shrubs, the mean number
of understorey species was positively correlated to soil
humidity (r = 0.78; P < 0.05) and negatively to irradi-
ance (r =—0.88; P <0.01). Individual plant mass was,
overall, significantly correlated with the shrub’s relative
water content (r=0.972; P <0.01) and with soil organic
matter (r = 0.74; P <0.05).

A stepwise multiple regression using the best-subset
model building showed that soil OM, ground-level ra-
diation, and soil moisture significantly explained the
biomass found in the understorey of shrubs:

Biomass = 0.44*OM + 0.36*Soil moisture + 0.04*PAR - 2.5;
R?2=0.998; P =0.002).

The contribution of each mentioned variable was sig-
nificant (none of the P-values were > 0.006), and all the
standardized regression coefficients were positive.
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Table 3. Physical and chemical soil properties under the canopy of six shrub species near Tabernas (Almeria, Spain). Organic matter
(OM) and concentrations of nitrogen (N), phosphorus (P) and potassium (K). Values are mean % 1 SE, n =5. Values in a column
followed by the same letter are not significantly different (P> 0.05; Tukey’s multiple comparison test).

Species OM(%)

Arthrocnemun macrostachyum 3.60 +0.032
Launaea arborescens 274 +0.14%
Lycium intricatum 3.15+0.042
Retama sphaerocarpa 6.03 0,09b
Salsola oppositifolia 3.30+0.112
Thymus hyemalis 2.53+0.08%
Gaps 2.79+0.98%

N(%) P (ppm) K(ppm)
0.208 +0.0309 133 + 3de 283 % 124
0.171 £ 0.001¢d 87+ 7P 203 + 9b¢
0.253 £0.021¢ 100 + 6b¢ 383 +13°
0.422 +0.007F 155+ 9¢ 233 +3¢d
0.163 £0.010° 118 + 4¢d 483 +26F
0.088 £ 0.005P 58 +3% 150 + 6°
0.040 + 0.006% 40+ 12 77 +£22

Water status and physiology of shrubs

Predawn water potentials (¥,,) showed significant
differences among the six shrub species (Table 4). The
relative water content followed a similar pattern, with
Retama sphaerocarpa and Launaea arborescens show-
ing the highest values and Arcthrocnemun macro-
stachyum the lowest (Table 4). The most stressed shrubs,
based on the level of photochemical efficiency of
photosystem II (Fv/Fm) were Lycium intricatum and
Thymus hyemalis, while Retama sphaerocarpa and
Launaea arborescens showed the best physiological
conditions (Table 4). Overall, physiological variables
were unrelated to total biomass or species richness
under the canopy, showing that the shrub physiological
status did not directly influence understorey growth.
Physiological variables were also unrelated to the meas-
ured soil humidity.

Discussion

Most shrubs in our field site had significant effects
on their understorey communities compared to gaps,
ranging from negative to positive. We found a clear case
of interference (by Thymus hyemalis) and a species
where the effect was neutral (Lycium intricatum), but
facilitation predominated, and most of the screened

Table 4. Pre-dawn water potentials (¥, ), relative water
content (RWC), and photochemical efficiency of photosystem
II (Fv/Fm) of six shrub species growing near Tabernas
(Almeria, Spain) in June 2000. Values are mean + 1 SE,n =
3 - 5. Values in a column followed by the same letter are not
significantly different (P > 0.05; Tukey’s test).

Species ¥, (Mpa) RWC Fv/Fm

2524003% 052+005¢ 072+ 028
024009 075+0.113% 080+0012
—41+09% 059£001¢  0.64%0.04°
—-17+02° 080£0.02% 0.78+0.05%
474093 064+002> 0.692003°
~30+08% 037+002¢ 0.67+002P

A. macrostachyum
L. arborescens

L. intricatum

R. sphaerocarpa
S. oppositifolia

T. hyemalis

shrubs had under the canopy a biomass of herbs larger
than in gaps. Not all the species had the same effect,
however, as the outstanding positive effect of Retama
sphaerocarpa clearly separated it from the other shrub
species (Fig. 1). Shrubs also increased the realized niche
of 14 species that did not establish in gaps (Table 1).
Shrubs could be graded by their effects on soil
fertility. At one end of the gradient was Retama sphaero-
carpa, with the highest soil levels of OM and nutrients; at
the other end was Thymus hyemalis with opposite traits.
Other shrub species were placed in between. The canopy
may have created a favourable environment for micro-
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Fig. 4. Temperature (top) and volumetric soil moisture (bot-
tom) at a depth of 10 cm under the canopy of six shrub species
and in gaps in late spring 1999.
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organisms under most shrubs, with effects on nutrient
dynamics. Under the canopy of shrubs in arid environ-
ments the amount of bacteria and fungi is larger than
outside (Aguilera et al. 1999) and mineralization rates are
higher (Moro et al. 1997). On the other hand, species
such as Thymus are known by their anti-microbial ef-
fects affecting both fungi and bacteria development
(Salmeron et al. 1995; Dorman & Deans 2000), imply-
ing that decomposition is halted and nutrients are rela-
tively less available under Thymus canopies. Large num-
bers of individuals indicated that germination was not
inhibited in our case, but interference effects resulted in a
significant reduction of plant biomass under Thymus.
Soil organic matter also influences soil physical
properties related to soil moisture (Jenny 1980; Chan-
cellor 1994; Duchaufour 1995). For instance, daily vari-
ations in soil temperature and moisture were smallest
under Retama, and largest in gaps and under Thymus
hyemalis. Apparently, the accretion of organic matter
decoupled soil humidity and temperature under these
shrubs. Organic matter increases the water-holding ca-
pacity by keeping small soil aggregates together, while
large soil aggregates are related to high bulk densities
and low water retention capacities (Boix-Fayos et al.
2001). These two contrasting sets of traits are present in
soils from our six shrubs, with end points in Retama and
Thymus, suggesting that the relationship between soil
temperature and humidity depends on soil structure.
The amount of organic matter affects soil thermal con-
ductivity and heat capacity. At a given moisture content,
increasing the percentage of soil organic matter de-
creases thermal conductivity. Likewise, at a given mois-
ture level, thermal conductivity and heat capacity in-
crease with bulk density; holding constant bulk density,
both properties increase with soil moisture (Abu-Hamdeh
2001). Thus, understorey soils enriched in OM are buff-
ered against high temperatures, avoiding extremes that
may be harmful to both micro-organisms and plants.
Differences in soil moisture under the different shrub
species (Fig. 4) may be a consequence of the balance
between evaporation, transpiration, and water supply
(Joffre & Rambal 1993) and of the rooting depth of
plants. Thus, shrubs with a well-developed herbaceous
community in the understorey may show moisture values
lower than shrubs hosting fewer herbs underneath be-
cause of higher transpiration rates (Domingo et al. 2000).
The improvement of soil fertility by shrubs, and
particularly the accretion of OM, is apparently the pri-
mary source of facilitation in our environment. Although
sheltering from direct sunlight did have an effect on
understorey growth, the biomass under the canopy of the
different shrub species did not correlate with the incident
radiation reaching the soil. This does not agree well
with the interpretation of experimental manipulations in

other arid ecosystems, where shade is proably the most
important facilitation factor (Nobel 1984; Belsky et al.
1993; Georgiadis 1989; Callaway et al. 1991; Valiente-
Banuet & Ezcurra 1991; Moro et al. 1997; Holmgren
2000).

Physiological measurements revealed no overall ef-
fect of shrub water status on understorey growth.

Concluding remarks

There were significant transient (climatic) and per-
manent (soil-related) micro-environmental differences
under the canopy of the different shrub species that
changed the herbaceous community. The influence of
the shrubs on the herbs underneath varied from negative
(Thymus) to very positive (Retama) and was mostly
caused by changes in the physical and chemical charac-
teristics of the soil. The most important factor seemed to
be organic matter accretion, which had an effect on soil
water relations. Overall, our data are consistent with the
idea that facilitation prevails over competition in ex-
treme environments but for particular species, the net
balance of the interaction with other species will depend
on a number of direct and indirect species-specific ef-
fects related to water conservation and supply.
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