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Abstract

Questions: (1) What is the water threshold for shrub seedling establishment in

arid scrubland? (2) How do seedling root growth morphological traits affect the

water threshold required for seedling establishment?

Location: Arid scrubland, Atacama Desert, north-central Chile.

Methods: We conducted a field experiment with nine native shrub species

under a gradient of simulated rainfall to test if species with deep root

architecture have higher seedling survival rates and establish more successfully

during water pulses.

Results: Seedling survival rate was very low; only 2% of the 12 150 planted

seedlings survived the first summer drought. Seedling survival required at least

206 mm of water, which is twice the average rainfall and roughly equivalent to

the precipitation during an ENSO (El Niño Southern Oscillation) event in this

region. Seedling survival at the onset of the summer drought was best

explained by leaf habit, root length and initial seedling size. However, only

Senna cumingii seedlings survived through the first year. S. cumingii seedlings

had distinctively longer roots than the other shrub species, enabling them to

reach moister soil layers.

Conclusions: Water conditions resembling rainy years enhance shrub seedling

establishment in the Atacama Desert, but the effects of higher water availability

are strongly dependent on the shrub species. Rapid and deep rooting appears to

be a very important functional trait for successful first-year survival in this arid

system where water availability is highly episodic.

Introduction

Water limitation is a major driver of the composition,

structure and dynamics of plant communities in arid and

semi-arid ecosystems (Noy-Meir 1973). Water supply is

highly variable in time and space, taking place in either

short-term pulses of shallower soil water or large pulses of

longer and deeper soil water availability (Schwinning &

Sala 2004), with different consequences for plant species

composition in arid systems (Chesson et al. 2004). Episo-

dic recruitment of shrub and tree populations has been

linked to wet periods or years (Sheps 1973; Ackerman

1979; Bowers 1997; Pierson & Turner 1998), although

some continuous recruitment under background climatic

conditions also seems to occur in some ecosystems (Wat-

son et al. 1997; Wiegand et al. 2004).

Large pulses of heavy rain are infrequent and mostly

unpredictable, but in several arid and semi-arid regions

are often linked to pseudo-periodic climatic oscillations.

The El Niño Southern Oscillation (ENSO) cycle is the most

prominent source of inter-annual climatic variation on

our planet (Allan et al. 1996; McPhaden et al. 2006) and

has strong effects on a wide diversity of terrestrial ecosys-

tems (Holmgren et al. 2001). In many arid and semi-arid

ecosystems, rainy ENSO events trigger primary produc-

tivity pulses, followed by increases in productivity at

higher trophic levels (Holmgren et al. 2006b). Despite

their transitory nature, rainy ENSO events can enhance

recruitment of perennial plants and potentially have

long-term effects in dry ecosystems (Holmgren & Scheffer

2001). Field observations (Bowers 1997; Turner 1998),

field experiments (Gutiérrez et al. 2007; Squeo et al.

2007) and long-term monitoring of reforestation projects

(Sitters et al. 2011) have documented higher tree and

shrub seedling survival during these rainy events. This is
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also reflected in the age structure of dry forests (Holmgren

et al. 2006a) and in the size structure of cactus popula-

tions (Drezner & Balling 2002). The empirical evidence

indicates that whether or not a rainy period can induce

successful shrub and tree recruitment depends on the

dynamic interplay of plant growth rate, water availability

and herbivory (Holmgren et al. 2006a). In systems where

the availability of resources is transitory, rapid plant

growth is essential (Chesson et al. 2004; Scheffer et al.

2008), as well as plasticity in morphological and physio-

logical traits that allow plants to utilize resources when

they are available, and to avoid stressful conditions during

periods of scarcity (Grime 1994).

Plant species vary considerably in their morphological

and physiological traits, giving rise to a continuum of

plant strategies (Reich et al. 2003). Nevertheless, a funda-

mental axis of evolutionary specialization across vegetation

types expects high resource capture (rapid acquisition of

resources) at one end of the spectrum and high resource

conservation (conservative use of resources) at the other

end of the spectrum (Dı́az et al. 2004). These two main

types of plant strategy are associated with different plant

traits that allow species to either (1) avoid drought stress or

(2) tolerate it. For instance, plants can avoid water stress by

maximizing water uptake through long roots with a high

specific root length, or by reducing water loss through

deciduous leaves (Harrison et al. 2010). Comparisons be-

tween species of dry and wet environments suggest that

species from water-limited environments tend to have a

conservative strategy, with relatively lower specific root

lengths than species from wetter habitats, in which there is

a lower amount of root length achieved per unit of root

biomass invested and thus a lower absorptive surface

produced per volume of roots (Wright & Westoby 1999;

Nicotra et al. 2002). On the other hand, species from dry

environments tend to have higher root:shoot biomass

ratios, thus enabling water conservation (Canadell & Zedler

1995; Lynch 1995). Despite these generalizations across

vegetation types, our understanding of the role of plant

traits to explain the success of different species within dry

plant communities remains incomplete. The large fluctua-

tions in water availability typical of dry ecosystems expose

plants to extreme conditions of both supply and scarcity.

Under these conditions, one would expect plant traits

associated with high resource capture to be particularly

important during periods of high water availability. Indeed,

in some cases it appears that it is not the intrinsic root

system architecture per se that confers a selective advantage

in plants, but the ability of the root system to respond to

environmental cues (Malamy 2005). In sand dunes, for

instance, where soil water content declines rapidly after

rain, fast root growth seems particularly important to

explain high survival rates (Yang et al. 2010).

Understanding how functional traits relate to water

thresholds for plant establishment is essential to antici-

pate how arid and semi-arid plant communities will

respond to expected variability in rainfall with climate

change and to implement successful restoration strategies

in degraded drylands. Since plant traits are mostly geneti-

cally determined, there is substantial inter-specific varia-

tion among shrub and tree species (Schenk & Jackson

2002). In this paper, we assess the effect of soil water

pulses of different magnitude on survival of arid shrub

seedlings with different root architectures. We conducted

a field experiment with nine native shrub species, both

summer-deciduous and evergreen, with shallow, deep or

dimorphic root growth types, under a range of simulated

rainy conditions at the southern end of the Atacama

Desert. We hypothesized that rapid root extension would

enhance the use of water pulses and increase shrub

seedling survival in this arid scrubland. In particular, we

predicted that species with rapid root elongation and

higher specific root length would have higher seedling

survival rates.

Methods

Study site

The experiment was carried out in an arid scrubland

located at Quebrada El Romeral, 21 km north of La Serena

(291430S, 711140W, 300 m a.s.l.). The plant community is

dominated by small-sized shrubs such as Haplopappus

parvifolius, Senna cumingii, Pleocarphus revolutus, Encelia

canescens, Flourensia thurifera and Balbisia peduncularis (Oli-

vares & Squeo 1999; see Table 1). The soil is alluvial

stratified with a sandy texture, becoming stony below

surface (Squeo et al. 2006).

The climate is arid Mediterranean, with dry summers

(December–March) and rains concentrated mostly in au-

tumn and winter (May to September). Mean annual pre-

cipitation is currently 82.9 mm (1956–2003, Squeo et al.

2006). But longer meteorological records from La Serena

report an average of 114.4 mm (1878–1998, Soto & Ulloa

1997). Large rainfall events are associated with ENSO

(Aceituno & Montecinos 2003). In rainy El Niño years,

mean annual precipitation reaches 174 mm (1875–2000),

with occasional intense events over 200 mm (i.e. 1997:

233.4 mm, 1905: 487 mm, which is the largest recorded

event). Mean annual temperature is 11.41C (1956–2003;

Squeo et al. 2006). The maximum average temperature

during the summer is 211C, and the minimum in winter is

71C. The experiment spanned July 2004 to September

2005. The actual precipitation experienced by seedlings

during the growing period was 94.1 mm (July–October) in

2004 and 62.3 mm (April–August) in 2005 (Fig. 1a). Water

availability was highest between June and September

M.F. León et al. Rapid root extension enhances desert seedling survival

Journal of Vegetation Science

Doi: 10.1111/j.1654-1103.2010.01224.x r 2010 International Association for Vegetation Science 121



Table 1. List of shrub species (Quebrada El Romeral, north-central Chile). 1Marticorena et al. (2001); 2Squeo et al. (1999).

ID Species1 Family Root system2 Leaf habit2 Initial height (cm)

mean� 1 SE

Bi Bridgesia incisifolia

Bertero ex Cambess.

Sapindaceae Shallow Summer deciduous 0.63� 0.10

Cc Centaurea chilensis

Hook. et Arn.

Asteraceae Shallow Summer deciduous 1.59� 0.08

Ec Encelia canescens Lam. Asteraceae Shallow Summer deciduous 0.80� 0.06

Ft Flourensia thurifera

(Molina) DC.

Asteraceae Dimorphic Summer deciduous 1.39� 0.06

Bp Balbisia peduncularis

(Lindl.) D. Don

Ledocarpaceae Dimorphic Summer deciduous 1.46� 0.08

Sc Senna cumingii (Hook. et Arn)

H.S. Irwin et Barneby

Caesalpiniaceae Dimorphic Evergreen 2.21� 0.10

Pr Pleocarphus revolutus D. Don Asteraceae Dimorphic Evergreen 0.59� 0.07

Pc Proustia cuneifolia D. Don Asteraceae Deep Summer deciduous 0.54� 0.06

Hp Haplopappus parvifolius (DC.)

A. Gray

Asteraceae Deep Evergreen 0.41� 0.05
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Fig. 1. (a) Monthly rainfall, temperature and potential evapotranspiration (Etp) in the experimental site (Quebrada El Romeral, 2004 and 2005). (b)

Monthly soil water potentials at 20 cm and 40 cm. (c) Soil water content along a 60-cm-deep soil gradient at the onset of the dry season (December

2004). Data are means � 1 SE (n = 3). Different letters indicate significant differences in soil water content between soil layers.
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2004, combining high precipitation with low evapotran-

spiration rates (Fig. 1a, weather station Lirio, located at the

study site).

Experimental design

We used a randomized complete block factorial experi-

mental design to assess the effects of water addition and

species on seedling survival. These two factors were

replicated in nine blocks of 54 experimental plots each.

Six water levels (0, 50, 100, 200, 400 and 600 mm)

supplementing natural rainfall and nine common native

shrub species with different leaf and root characteristics

(see Table 1) were randomly assigned to the experimental

plots. In each 1-m2 experimental plot we planted 25

seedlings of only one species growing under one water

level. The complete experiment contained 486 experimen-

tal plots and 12 150 seedlings. We collected seeds and soil

from the experimental site and placed them in germination

trays. Seedlings were transplanted in the field experimental

plots after the first rain in July 2004 (54.4 mm) when

seedlings were o2-cm tall. Seedlings were planted 20-cm

apart in a 4-cm wide and 5-cm deep hole. No soil prepara-

tion was done prior to planting.

We applied drip irrigation using a combination of

drippers delivering 2, 4 and 6 L h�1, concentrated in four

pulses of equal magnitude between July and September

2004. All large and small mammal herbivores (mostly

goats, native rodents, rabbits and hares) were excluded

using a perimeter fence around the experimental area.

We used 2-m high galvanized fences (0.5-cm mesh),

buried 30 cm into the ground and with a 25-cm strip

flashing on the upper part of the fence. To avoid uncon-

trolled shading and any potential effect of hydraulic lift on

water conditions (Squeo et al. 1999; León & Squeo 2004),

we removed the aboveground biomass of existing shrubs.

Soil moisture

Soil water potential was measured with 36 Peltier cooled

thermocouple psychrometers (model PST-55, Wescor

Inc., Utah, USA) installed at 40-cm depth. We distributed

six psychrometers per water treatment in three blocks and

maintained them until the end of the experiment.

Monthly measurements were done at 10:00, with a dew

point microvoltmeter (model HR-33T, Wescor). Calibra-

tion of the thermocouple psychrometers was evaluated

individually using three solutions of known water poten-

tial following the calibration methods described in Brown

& Bartos (1982). Since we used the microvoltmeter dew

point mode, no temperature corrections were necessary.

The experimental site contains a low percentage of solu-

ble salts and therefore has a low electrical conductivity,

which reduces any potential effects of soil salinity.

Additionally, in December 2004 we recorded the soil

water content along a 60-cm deep soil gradient by collect-

ing samples at increasing 10-cm depths. Soil water con-

tent was estimated using the gravimetric method (g

water/100 g soil) in each of the plots where seedlings

were harvested (n = 3 blocks).

Seedling growth and survival

Seedling survival was monitored weekly during 2004

(July–December) and monthly during 2005 (January–-

September). At the beginning of December 2004, we

harvested 54 seedlings of each species (3 seedlings per

plot per 6 water levels in 3 blocks). We carefully exca-

vated the roots to measure total root length, and oven

dried all plant material at 751C for 48 h to calculate

root:shoot biomass ratios. Specific root length (SRL, mm

mg�1) was estimated using the length of the main root

axis divided by the total root biomass.

Statistical analyses

We used repeated measures (rm) ANOVA to test for

differences in seedling survival across species and irriga-

tion treatments. Time was the within-subject factor. The

replication unit was the plot (Appendix S1). All P values

were Huynh-Feldt adjusted, a procedure that corrects for

deviations from the sphericity assumption in the varian-

ce–covariance matrix (Zar 1999). Survival proportions

were arcsin square root-transformed prior to statistical

analysis to meet the normality distribution assumption.

We also used rmANOVA to compare soil water potentials

among water treatments. We used two-way ANOVAs

(GLM, Type III SS) to test for differences in shoot and root

biomass, root length, root:shoot biomass ratio and SRL

across species and irrigation treatments at the time of

seedling harvest (December 2004). All post hoc differences

between treatments were tested with Tukey tests.

We used a step-wise multiple regression to assess the

relative importance of plant morphological traits to ex-

plain early seedling survival before the summer drought

(at the time of harvest in December 2004). The indepen-

dent variables available in the model were irrigation

treatment, root architecture type (shallow, deep or di-

morphic), leaf habit (summer deciduous or evergreen),

seedling initial height, root biomass, root length, SRL,

root:shoot ratio, shoot biomass and shoot growth rate

(estimated as the difference between shoot length at the

time of harvest and the time of planting divided by the

length at the time of planting). Survival, shoot growth

rate, root:shoot ratio and SRL data were arcsin square

root-transformed prior to the analysis.
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Results

Soil moisture

The upper soil layers within the first 20 cm dried out very

rapidly, reaching extremely low water potentials of 5 MPa

during the summer drought (Fig. 1b). Deeper soil layers

were moister (Fig. 1c) but also fluctuated throughout the

year (Fig. 1b). Soil moisture at 40-cm depth changed

significantly through time (rmANOVA, F6,174 = 96.03,

Po0.0001), being higher during spring 2004 and winter

2005 and lower in the summer (Fig. 1b). We found

no significant effects of water treatments (rmANOVA,

F5,29 = 0.59, P = 0.7090) or time�water interaction treat-

ments (rmANOVA, F30,174 = 1.24, P = 0.2629) on soil moist-

ure at depths of 40 cm.

Seedling growth and survival

Seedling survival differed among species and water treat-

ments (Table 2). During the first experimental months, in

winter and spring (July–October 2004), three distinctive

groups of species were evident (Fig. 2a): (1) high survival

(Centaurea chilensis, Senna cumingii), (2) intermediate

survival (Encelia canescens, Flourensia thurifera, Balbisia

peduncularis, Proustia cuneifolia), and (3) low survival

(Pleocarphus revolutus, Haplopappus parvifolius, Bridgesia

incisifolia). From late October 2004 until the end of the

experiment in September 2005, the survival of S. cumingii

was distinctly (5–35 times) higher than for the other

species. When considering the entire experimental peri-

od, we found significant differences in seedling survival

between the control treatment and the experimentally

watered plots (rmANOVA, F5,424 = 7.95, Po0.001;

Fig. 2b) but no differences were found among the differ-

ent irrigation levels. Note that irrigation was applied in

the winter during the natural rainfall season in this

system. This means that a minimum threshold is probably

around 206 mm of rainfall (natural rainfall during the

experimental months in 2004 and 2005 plus the lowest

50 mm irrigation treatment). This means that adding

more water above this threshold in winter does not

increases seedling survival rates in summer. We found

no interaction effect between species and water treat-

ments, indicating that all species responded similarly to

the water treatments.

Irrigation had a significant effect on root biomass (two-

way ANOVA, F5,301 = 2.97, P = 0.0124) and root length

(two-way ANOVA, F5,301 = 4.54, 4 P = 0.0005; Table 2).

Roots were significantly longer in the irrigated treatments

compared to the control, and root biomass peaked

with 50 mm of irrigation. We found no effects of the water

treatments on shoot biomass, root:shoot ratio or SRL.

Shoot and root biomass, as well as root length and SRL,

Table 2. Root length, specific root length (SRL) and plant biomass allocated to roots and shoots of 7-month-old shrub seedlings growing under different

irrigation treatments (mm). Data show means� 1 SE (n = 3 experimental plots). Same letters within a column indicate no significant different (P4 0.05).

Water level (mm) Root length (cm) Root biomass (g) Root:Shoot Shoot biomass (g) SRL (mm mg�1)

0 13.37a� 1.84 0.031a� 0.006 1.01a� 0.16 0.031a� 0.005 48.42a� 21.78

50 24.53b� 2.47 0.076b� 0.016 1.53a� 0.22 0.040a� 0.004 15.03a� 3.21

100 25.44b� 2.02 0.053a� 0.007 1.40a� 0.13 0.042a� 0.004 11.13a� 1.98

200 22.09b� 1.58 0.060a� 0.011 1.36a� 0.20 0.035a� 0.004 12.47a� 3.04

400 24.60b� 2.78 0.045a� 0.007 1.16a� 0.13 0.035a� 0.003 12.96a� 1.83

600 22.35b� 1.83 0.053a� 0.008 1.72a� 0.28 0.040a� 0.004 12.65a� 4.32
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Fig. 2. Survival of experimental seedlings across (a) species and (b)

water treatments between July 2004 and September 2005 at Quebrada El

Romeral, north-central Chile.
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differed among species (two-way ANOVA F8,301 = 13.65,

28.34, 21.23, 16.94 as, Po0.0001; Table 3) but all species

had similar root:shoot biomass allocation (two-way ANO-

VA, F8,139 = 1.42, P = 0.1933).

Early seedling survival before the summer drought

was best explained by three plant traits: leaf habit

(Po0.0001), root length (Po 0.0001) and seedling initi-

al size (Po0.0071) (Table 4). Seedlings of evergreen

species, with longer roots and larger initial sizes, had a

higher probability of surviving through the first months.

Survival rate of S. cumingii seedlings was highest after the

summer drought (reaching 20% in March 2004) and at

the end of the experiment (reaching 7.1% in September

2005) (Fig. 3). The rest of the species did not survive the

first year. S. cumingii seedlings had the longest roots and

the largest root biomass, but one of the smallest root

elongation rates per unit root biomass (Table 3). Other

plant traits, such as type of root architecture, shoot

growth rate and root:shoot ratio did not explain differ-

ences in seedling survival.

Discussion

Our results demonstrate that shrub seedling recruitment

in arid ecosystems can be very difficult, even during high

water pulses. Only 2% of the 12 150 planted seedlings

survived after the first summer drought and a subsequent

relatively dry winter season. Comparably low first-year

survival has been found in the Sonoran (3.7%; Bowers

et al. 2004) and Mojave (3.3%; Ackerman 1979) deserts

of North America. Seedling establishment was possible

only with water levels above 206 mm, which is fairly

equivalent to a typical ENSO event in this region of the

Atacama Desert. High water requirements for seedling

establishment have been found for other semi-arid tree

species. For instance, Prosopis argentina and P. alpataco

need at least 350 mm of water to grow in the arid Chaco

region (Villagra & Cavagnaro 2006), and P. chilensis

seedlings may have a threshold above 450 mm of water

for growth in semi-arid Chile (Squeo et al. 2007). Never-

theless, our experimental results also show that one rainy

year may be insufficient to ensure seedling survival.

Extremely low soil water potentials led to high seedling

mortality in the dry season. Soil water availability was

especially low in the upper soil layers (0-20 cm), where

most seedling roots concentrate.

Early seedling survival before the summer drought was

mostly explained by root length, leaf habit and initial size.

The only species that survived the drought was Senna

cumingii, an evergreen species with the longest roots. In

our system, most species had roots within the first 20 cm,

where the soil water content was extremely low during

the summer. Root elongation in S. cumingii reached the

moister soil layers found below 40 cm. Deep-rooted ever-

greens with access to soil water during the dry season

have the advantage of maintaining carbon fixation and

growth (Harrison et al. 2010). This likely reinforced the

initial effect of seedling size at plantation time. Although

all species were of equal age at the start of the experiment,

S. cumingii plants were among the largest. Several studies

have shown a positive relationship between seedling size

at planting and field performance (Cortina et al. 1997;

Villar-Salvador et al. 2004; Luis et al. 2009).

For the species studied in this experiment, root depth

was more important in explaining seedling survival than

the rate of elongation per unit biomass invested in roots.

S. cumingii had the longest roots and also the largest root

Table 3. Root and shoot biomass allocation for 7-month-old experimental seedlings. Root length and SRL (specific root length) for the main root axis.

Data show means� 1 SE (n = 3 experimental plots). Same letters within a column indicate no significant different (P4 0.05).

Species Root length (cm) Root biomass (g) Root:Shoot Shoot biomass (g) SRL mm mg�1

Balbisia peduncularis 14.93a� 1.33 0.015a� 0.002 1.400a� 0.298 0.018a� 0.003 54.11c� 18.49

Bridgesia incisifolia 25.04b� 2.22 0.096b� 0.021 1.702a� 0.287 0.064d� 0.008 3.93a� 0.49

Centaurea chilensis 19.15ab� 2.18 0.057b� 0.014 0.892a� 0.075 0.056cd� 0.010 6.29a� 0.74

Encelia canescens 20.42ab� 1.90 0.030ab� 0.003 0.879a� 0.095 0.040cb� 0.004 9.62ab� 1.35

Flourensia thurifera 20.46ab� 2.44 0.031ab� 0.005 0.953a� 0.135 0.034ab� 0.003 13.00ab� 2.82

Haplopappus parvifolius 10.40a� 2.11 0.011a� 0.003 0.929a� 0.226 0.013a� 0.001 19.07ab� 4.74

Pleocarphus revolutus 15.39ab� 2.24 0.030ab� 0.008 1.773a� 0.495 0.019ab� 0.003 15.14ab� 2.95

Proustia cuneifolia 19.82ab� 2.15 0.018ab� 0.004 0.965a� 0.195 0.020ab� 0.002 22.54bc� 5.55

Senna cumingii 42.88c� 2.22 0.156c� 0.012 2.633a� 0.201 0.065d� 0.004 4.81a� 1.75

Table 4. Step-wise multiple regression results for survival (% per plot) of

7-month-old seedlings. Significant variables were: leaf habit (LH), root

length (RL) and seedling initial height (SIH).

Number of

variables

Variable

entered

Partial

R2

Model

R2

F

value

P4 F

1 LH 0.2482 0.2482 71.66 o 0.0001

2 RL 0.0973 0.3455 32.11 o 0.0001

3 SIH 0.0217 0.3673 7.38 0.0071
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biomass and, as a consequence, a lower SRL compared to

most other experimental species. We therefore did not

find evidence for the prediction that species with a large

SRL would have higher recruitment rates. Fast growth

with deep root elongation may be critical for early seed-

ling survival in these dry systems and may contribute to

explaining the dominance of S. cumingii in several arid

and semi-arid plant communities of the Atacama Desert

(Squeo et al. 2001, 2008). Deep-rooting growth has been

linked to higher woody seedling survival in semi-arid

shrublands (Donovan & Ehleringer 1994; Padilla & Pug-

naire 2007) and tropical dry forests (Markesteijn & Poor-

ter 2009), but seems to also confer drought tolerance to

grasses (Morecroft et al. 2004). In Mediterranean-type

ecosystems like this one, rainfall is concentrated in the

winter months when temperatures are too low for sig-

nificant plant growth. However, during the spring, when

soils are still moist and rain showers occur occasional,

rapid plant growth rates may be highly relevant to ensure

survival during the following dry summer months. Our

experimental results suggest that rapid and deep rooting

during favourable periods of higher water availability

may increase seedling survival rates. Seedlings reaching

the moister deep soil layers may be more likely to escape

the unavoidable drought that follows rain pulses in arid

and semi-arid ecosystems. Because water availability is a

key driver of change in most drylands, inter-specific

differences in the capacity of plants to overcome this

limiting factor during high rainfall pulses may have major

consequences for plant community composition. Clearly,

our experimental results are a first exploration of these

processes.

This region of the Atacama Desert has experienced a

decreasing trend in annual rainfall during the last cen-

tury, from approximately 170 mm at the beginning of the

twentieth century to 80 mm at present (Soto & Ulloa

1997). Climate change forecasts for this region predict

higher temperatures, lower average rainfall and increased

inter-annual rainfall variability (Christensen et al. 2007).

While the relationships between global warming, ENSO

and precipitation remain contentious (McPhaden et al.

2006), our results indicate that reductions in precipitation

may severely compromise seedling recruitment of most

native shrubs. Rain events could become increasingly

important for the regeneration of these plant commu-

nities but could potentially affect species composition by

favouring recruitment of species with rapidly expanding

and deep root systems.
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Rodrı́guez, A.M., Morales, D. & Jiménez, M.S. 2009.
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Squeo, F.A., Holmgren, M., Jiménez, M., Albán, L., Reyes, J. &

Gutiérrez, J.R. 2007. Tree establishment along an ENSO

experimental gradient in the Atacama Desert. Journal of

Vegetation Sciences 18: 195–202.

Squeo, F.A., Arancio, G. & Gutiérrez, J.R. 2008. Libro Rojo de la

Flora Nativa y de los Sitios Prioritarios para su Conservación:

Región de Atacama. Ediciones Universidad de La Serena, La

Serena, CL.

Turner, R.M. 1998. Long-term vegetation change at a fully

protected Sonoran Desert site. Ecology 71: 464–477.

Villagra, P.E. & Cavagnaro, J.B. 2006. Water stress effects on the

seedling growth of Prosopis argentina and Prosopis alpataco.

Journal of Arid Environments 64: 390–400.

Villar-Salvador, P., Planelles, R., Enrique, E. & Peñuela-Rubira, J.
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