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Summary. Despite the extrame aridity of the coastal Atacama
Desert in nhorthern Chile, sparse communitics of leaf succulent
shrubs and small cacti are regularly present. While most shrub
species have small succulent leaves and accumulate high concentra-
tions of salls in their tissues, the variable rooting patterns and
mixed dominance of CAM and C5 species indicates a signilicant
divergence in adaptive strategies. All dominant shrubs are readily
surviving cxtended drought, but some species are much better
able than others to maintain active growth and flowering. Regular
flowering may not be a prerequisite for shrub population mainte-
nance since large piles of viable sceds are present under the cano-
pies of many specics,

While the water relations of desert plants has been the subjecl
of an extensive body of literature, few data are available on the
adaptations of plants to extreme aridity in desert areas with a
mean of less than 25 mm yr— ' precipitation. Only two desert
regions of the world have such conditions. One such region of
the world, the central Sahara and Arabian Deserts, lack perennial
plants altogether and support only annual plants alter rare events
of significant rainfall (Stocker 1976). In the other region forming
much of the central Atacama Desert, however, perennial vegata-
tion may be locally abundant (Fig, 1),

The Atacama Desert of northern Chile is the driest desert
region in the world. At Chanaral (lat. 26° 30" 8) the mean annual
precipitation drops below 25 mm yr ' with frequent droughts
extending [rom 2 up to 10 years without measurable precipitation.
In Arica (18° 28" S) near the Peruvian border the mean precipita-
tion for a 44 year record is only 0.6 mm yr . Inland valleys from
the arca of Chanaral north are completely free ol vegetation of
any type with the exception of a few small arcas with ground
water. Between Chanaral and Antofagasta (239 29 S) however, @
sparse zone of vegetation is present extending as a broken band
along the seaward slopes of the coast ranges. Where the escarp-
ment of the coast ranges is abrupt and high, a well-developed
vegetation zone develops at 300 800 m elevations, associated with
the limits of a characteristic fog zone (Reiche 1911 Rundel and
Mahu 1976: Rundel 1978). Along the coast at lower elevations
where ground fog and associated moisture condensation are
virtually absent. however, perennial vegetation development is still
locally present. In this paper we report on the habitat distribution
and water relations of the dominant vegetation in this arid coast
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belt between Chanaral and Antofagasta, with emphasis on patlerns
al Pan de Azucar, a coaslal valley at latitude 26° 15 8.

Materials and Methods

Field measurements were carried out in northern Chile in Sep-
tember and October. 1978. The coastal study site at Pan de Azucar
is approximately 15 km inland at an clevation of 100 m. Shrub
communily structure of four stands at Pan de Azucar, including
both bajada and wash communities. were sampled to determine
the relative composition of mature individuals of each species,
the percentage of shrubs of each species in good or excellent
vigor, and the mean vigor class of living shrubs. Dawn and
midday water potentials were measured using a pressure bomb,
while osmotic potentials and water potentials ol cactus tissue were
determined with thermocouple psychrometer measurements.

Leal” absorptances of dominant shrubs to solar radiation in
the 400-700 mm band were measured with an Ulbricht integrating
sphere (23 em dia.) in a manner similar to that described by Ehler-
inger and Bjérkman (1978). Rooting profiles of dominant shrub
species were determined by field geotome excavation. Soil conduc-
tivity profiles were measured with a conductivity probe on samples
of 2 g soil mixed with 3 g of distilled water, Leal elemental analyses
were carricd out using neutron activation analysis, and ash con-
tents of fresh leal tissue were determined from samples heated
in a muffle furnace for 3 hr at 500° C.

Taxonomy lollows Johnston (1929, 1936) with the exception
of the Cactaccae which follows Backeberg (1976).

Results

The coastal vegetation north of Chanaral is extremely sparse and
variable in pattern. but is well represented by its distribution at
Pan de Azucar. Here scattered vegetation occurs from the coast
to nearly 20 kmi inland near the crest of the [irst coastal range
at an elevation of approximately 300 m. East of this crest vegeta-
tion is totally lacking.

Two plant communities can be recognized at Pan de Azucar
and adjacent coastal arcas, a low cactus “garden™ community
and a leal succulent shrub community. The cactus “gardens™
consist ol virtual monospecific stands of low globular stems of
Copiapoa on dry bajada slopes. Al Pan de Azucar the dominant

is C. cinerea var. colmma-alba (= C. columna-abla Ritter) which
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Fig. 1. Location of Pan de Azucar and adjacent sites in the Atacama
Desert in northern Chile

forms dense local stands with an average of two plants per square
meter. Individual mature plants reach 40 em or more in height
and 20 em in diameter. Between Taltal and Paposo (Fig. 1) Copia-
poat haseltoniana (= C. einerea ssp. haseltoniana) forms very exten-
sive stands over the broad coastal plain (see Rundel and Mahu
1976 Mooney el al. 1977). Copiapoa stands at both Pan de Azucar
and Paposo reach their greatest density at about 100 m elevation
and virtually or completely drop out along the immediate coast.

Slightly less xerie bajada slopes and washes along the coast
where some sheet llow would be present from upslope arroyos
during rare precipitation events support an open shrub community
stongly dominated by low, semi-woody species with succulent
leaves. Five shrub species are particularly important at Pan de
Azucar: Nolana mollis (Nolanaccae), Gypothamniwm pinifolium
(Compositae), Heliotropium pyenophvihun (Boraginaceac), Terra-
gonia maritima (Aizoaceae) and Eremocharis fruticosa (Umbellife-
rac). While a variety of other species may be present, overall diver-
sity is low and total plant coverage rarvely exceeds 1-2%.

All of the above dominant shrubs at Pan de Azucar are leal
succulents. The small succulent leaves of these species are typically
ovale to linear in shape with little leaves 1.5-3.0 mm in width
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Fig. 2. Rooting patterns of dominant shrub species at Pan de Azucar.
Stippled areas indicate relative densities of very fine roots. See text
for discussion

(Table 1). The oval leaves of Tetragonia maritima and long pinna-
tely dissected leaves of Polvachrus fiseus are broader and [Mattened,
but still succulent. Heliotropium and Gypothanmium are somewhat
less succulent than other species, The leaves are whorled in most
species so that leal angles are somewhat variable. Mean leaf angle
varies from 23-79° (Table 1). Leaves of most species have leal
absorptances ranging from 74-84%. Two notable exceptions are
Nolana neana which has a value of 68% and Encelia canescens
which has a value ol 46%. Leaves ol both species are covered
by thick white pubescence.

Considering the extreme aridity at Pan de Azucar, midday
wiler potentials of the four dominant leal succulent shrubs were
not extraordinarily low. The water potentials of the most actively
growing individuals of all four species were greater than — 3.0 MPa
(Table 2). Water potentials decreased steadily as shrub condition
became poorer in four vigor classes ranging [rom excellent 1o
dormant (see Table 2), The extreme water potential measured was
=599 MPa in a virtually lealless Heliotropium. Dawn water po-
tentials were — L8 to —2.2 MPa. Copiapoa had a midday water
potential of —1.24 MPa as determined by thermocouple psychro-
metry.

Tissue osmotic potentials of the dominant shrub species were
relatively high, ranging from —2.3 MPa in Gypethamnivm 1o —
3.3 MPa in Tetragonia. The osmolic polential of Copiapoa was
— 1.3 MPa (Table 2).

A differential tolerance of drought stress among shrubs can
be seen by comparing the relative density ol all living shrubs
with that of shrubs in good or excellent vigor during the period of

Table 1. Leal Characteristics of dominant perennial plants at Pan de Azucar

Species [ramily Leal lype Leal width Leal angle Leaf
(mm) (*y absorptance

Notana mollis Naolanaceae suceulent 2.0 S8.8 0,779
Gypothamniun pinifoliien Compositae semi-succulent 1.5 64,1 0.827
Heliotropivm pyenophyllin Boraginaceae semi-suceulent 3.0 0.841
Tetragonia maritin Alzonccac succulent 6.9 228 0.768
Eremocharis fruticosa Umbelli 'cr:qi- suceulent 2.0 36.0 —
Polvachyvrus fuscus *PIN RS succulent, dissected 6.8 79.2 0.743
Seneeto almediae Compositae semi-succulent, dissected 2.3 S48 (.750
Noduna fncana Nolanaceae succulent 1.8 0.679
Ophyosporus triangularis Compositae semi-succulent 2.9 380

¥ Encelia canescens Conmpositae entire, pubescent 18.5 54.2 (0.457
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Table 2. Water relations ol dominant shrub species at Pan de Azucar,
14 September to 2 October 1978, All values are in MPa, with shrub
sample sizes in parentheses. Vigor classes are as lollows:

4 = Excellent condition, with little dead Toliage and current or probable
future lTowering.

3= Good condition, with some dead lolinge but current or probable
future Mowering.

2=Poor condition, with considerable dead and dying loliage and hitle
probability ol lowering,

| = Virtually dormant, with little green foliage.

Mid-day
v gxylem

Mid-day
Range
of fxylem

s Dawn
& xylem

Nolana mollis

Class 4 2,31 (1) 2.60 (4)  1.83 (4)
Gypothamium
pintfolinn
Class 4 246 (3 2.38.2.52
Class 3 3.05 (O 2,72--3.23 232(H  2.18(2)
Class 2 3.43 (8) 3.30-3.81
Class | 4,05 (1) 3.74-432
Heliotropnam
pyenophvilum
Class 4 2.91 (2) 2.89.2.93
Class 3 348 (3 343 354 305 (3)
Class 2 380 (% 3.74 387
Class | 5.01 (5) 4.08 5,99
Tetragonia maritima
Class 4 293 (10y 272306 330 (4 2.09 (3)
Class 3 331 (6) 3.12-3.54
Class 2 3.77 (6) 1.47-4.15
Copiapoa cinereq 1.24 (4) 1.34 (4

vl colimna-albea

our [eld work (Table 3). Although Gypothanuiivm was the dominant
species with over 40% of all plants sampled, it comprised only 11%
of the vigorous shrubs, Nelana mollis was sulfering less from
drought conditions with 25% of the 1otal shurbs but two-thirds
ol the vigorous individuals. Heliotropium, like Grvpothannivm,
showed indications ol drought stress. Shrubs in poor condition
didd not appear to be dying, however, but instead were dropping
their foliage and becoming dormant.

The four dominant shrub species in our study arca at Pan
de Azucar show quite divergent palterns ol rooting (Fig. 2). In
Nolana mollis there is a single main tap root, 20 mm in diameter
at the soil surface which extends downwind lor approximately
50 em with no major branching. An extensive network of fine
rootlets passes through the entire soil profile for a radius of 100 em
from the center of the shrub and o a depth of 40 ¢cm. These
fine rootlets average 0.35 mm in diameter, At the time ol our
sampling, all of these line rootlets were dead below the upper
2cem of soil but above this level live root hairs were present
(verified by SEM examination of field-fixed tissues).

In Gypothammium pinifolivn the root system is much more mas-
sive and variable in structure, The root biomass ol the small
shrub excavated was greater than the above-ground biomass. bul
since this species readily resprouts [rom its root crown, it is difficult
to know if this pattern is typical. Multiple major roots curl both
laterally and downward from the root crown, branching repeatedly
into secondary roots. Most line roots were found in the upper
10 cm of soil. While the depth of rooting is very shallow, individual
roots may extend laterally 5-10 m or more from the root crown.
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Table 3. Community structure of perennial plants (excluding cacti) in
four sampled stands at Pan de Azucar, including 487 individuals, Vigor-
ous shrubs are considered those in Vigor Class 3 and 4. Vigor classes
are as lollows:

4= Excellent condition, with little dead foliage and current or probable
future Nowering.

3= Good condition. with some dead foliage. but current or future prob-
able Nowering.

2= Poor condition. with considerable dead or dying loliage and little
probability of Nowering.

I = Virtually dormant, with little green foliage.

Relative density

All Healthy Mean shrub

shrubs shrubs vigor class

(%o} (%) (1-4 scale)
Gypothamninm pinifolivm 40,5 1.0 1)
Nolana mollis 25.3 66.3 3.2
Helionapivne pyenophytlom 21.1 4.3 1.3
Tetragonia maritine 6.8 0.1 2.1
Nalana incana 1.6 24 2.6
Eremocharts fitticose 1.6 4.3 2.8
Polvachyrus fuscis 1.0 24 28
Ophyosporus triangularis 0.8 12 2.2
Dewteracoluia crysantha 0.6 0.0 1.3
Encelia canescens 0.4 0.6 2.0
Senecio almediae 0.2 0.6 3.0
Croanchiom vivide 0.2 0.0 2.0
Euphorbia lactifiua 0.2 0.6 3.0

The root system of Heliotropiwn pycnophyllun is intermediate
in many ways between Nolana and Gypothamniun. A short thick
tap root in Heliotropiunt branches into numerous secondary roots
which extend laterally to short distance beyond the canopy. These
laterals in turn give rise to an open network of fine roots 1-2 mm
in diameter which in turn produce very line feeder roots from
6-60 cm depth in the profile and extending laterally up 1o 400 ecm
from the center of the canopy. The density of these feeder roots,
all dead during our excavation, was much less than that of the
fine rootlets ol Nolana.

The rooting pattern of Tetragonic maritini is phreatophytic
in structure, A branched tap root extends straight downward to
depths beyond the range of our excavation. At 60 cm depth the
tap root was still one cm in diameter. Few lateral roots are present
and none of these extend beyond the canopy. Fine feeder roots
are present 1o a depth of 40 em, but the density of these is very
low except in the 1020 em level.

Characteristic white to gray ash piles are present under the
canopies of all of the dominant shrubs at Pan de Azucar. These
salts build up as a result ol gradual decomposition ol old leaves
and organic debris beneath the canopies. Accumulated ash piles
under dead shrubs may be 50 mm or more in depth and remain
for years.

Although the soils are non-saline, all of these succulent-leaved
shrubs concentrate salts in ash piles. A typical conductivity profile
from the center of the canopy outward from Nelana mollis indi-
cates a coneentration decrcase of 60 times for the upper 2 cm
ol soil (Table 4). At a depth of 10-12 ¢cm in the soil profile. the
concentration gradient is much less steep. In a sample ol eleven
canopics of Nolana the range ol conductivity values [or the 0-2 em
soil horizon under the canopy ranged from 0.142 0.665 meq
(NaCl) g~ ' soil. No correlation of shrub size and conductivity
level was present: high conductivity was related to the presence



Table 4. Conductivity profiles under canopies of dominant shrubs at Pan de Azucar. All values are in m-equiv. g

fresh weight. Mean moisture content of soil is approximately 5%

Center of Canopy

Lidge of Canopy

Outside Canopy

02 10-12 0-2 10-12 02 10-12
Nolana mollis 0.300 0.057 0.262 0.074 0.005 0.012
Gypothamnium pinifolium 0118 0133 0.094 0.024 0.004 0.004
Heltotropitm pyenophyvllon 0.068 0.044 0.062 0.015 0.006
Tetragonia maritima 0.022 0.011 0.045 0.024 0.008 0.010
Eremocharis fruticosa 0.109

Table 5. Leal content of mineral jons and ash content (or dominant

deviations shown in parentheses

shrubs at Pan de Azucar. All values in % dry weight. with standard

Chlorine Sodium Calcium Magnesium Potassium Ash content
%) () (") (") (o) (%)
Nolana mollis 12.25 (0.50) 6.17 (0.30) 2.03 (0.22) 1.80 (0.45) 0.91 (1.03) 34.0
Gypothamninns pinifoliwi 1,36 (0,06) 1.04 (0,06) 1.28 (0,08) 0,20 (0,08) 2.22 (0,59 9.8
Heliotropium pyenophytlon 4.23 (0.180) 4,26 (0.22) 6.14 (0,39) 1.07 (0.27) 1.40 (0.89) 44.8
Tetragonia maritima 6.09 (0.25) 8.90 (0.44) 1.53 (0,17 2.82 (0.63) (0.98) 342
Eremocharis fruticosa 3.79 (0.106) 131 (0.07) 7.03 (0,37) 0.64 (0.16) 115 (0.63) 23.2

ol a buildup ol a significant litter laver of organic matter, Samples
ol pure white ash from decomposed shrubs gave values of 0,514
0.665 meq (NaCl) g ! soil.

Lesser but still significant degrees of salt conventration are pre-
sent bencath the canopies of Gypothammivm, Heliotropium, Tetra-
gonia and Eremocharis. The variability of concentration beneath
canopies ol these species was not sampled. but we expect that it
is similarly variable in relation to soil organic matter accumulation.
Both Heliotropivm and Tetragonia accumulate significant ash piles,
while Gypothamnivm and Eremocharis do nol do so 1o the same
extent. With the low regional precipitation. the sites ol former
occurrence of ash-accumulating species are marked lor years after
all organic matter has disappeared by distinct white rings ol piles
of ash.

The observed buildup of salts in the soil profiles beneath cano-
pics of the dominant leal succulent shrubs results from the decom-
position of leal’ material rich in salts. The ash content of [resh
leaves of these species is remarkably high, even for halophytic
species. With the exception of Gypothammium, all of the dominant
leal” succulent species have ash contents above 20% dry weight,
with values of 45% lor Heliotropium (Table 5).

Neutron activation analyses of leaf tissue for the four dominant
species indicate that the most significant elemental constituents
of the leaf salts are chlorine, sodium and calcium, although both
magnesium and potassium are also in high concentrations
(Table 5). Sodium and chlorine together comprise over 18% of
the dry weight of Nelana mollis. Both Heliotropium and Eremo-
charis have signilicantly higher concentrations of calcium than
sodium, Only Gypothanmium, the least succulent species. has a
moderately low salt content.

Discussion

Despite the extremely low rainfall of the coastal Atacama Desert
and apparent lack of relative humidities above about 80% in the
coastal zone of Pan de Azucar (see Rundel etal. 1980), a variety
of shrub species are remarkably successful in surviving under these
stressful conditions. The dominant shrub species of Pan de Azucar
all share a common characteristic of small succulent leaves. but

their patterns ol adaptive response to drought are quite dilterent,
Nolana mollis, Tetragonia maritima and N incana have carbon
isotope ratios which indicate a possibility of flexible utilization
of crassulacean acid metabolism (CAM) (Mooney el al. 1974,
1980). All of the other important shrub species, with somewhat
less succulent leaves, appear to utilize Cy metabolism. A mixed
dominance of CAM and Cy species is paralleled in the coastal
fog belt of the Namib Desert of southwestern Africa (Mooney
et al. 1977) and in portions of the fog-influenced Vizeaino Desert
in central Baja California (Shreve, 1951),

The most successful species at Pan de Azucar, Nolana mollis,
is frequent both on rocky bajadas and in sandy washes. The de-
tailed water relations of this species, described in detail by Mooney
etal. (1980), is unique among all of these species in allowing
it to utilize water vapor from humid but unsaturated air to main-
tain favorable conditions for growth under extreme drought. The
extensively-branched fine root system under Nolena is adapted
to utilizing small amounts of water in the surface layers of soil
as well as soil moisture following rare precipitation.

Tetragonia maritima tolerates drought better than either Gy-
pothammivm or Heliotropium (Table 3). 1t is most characteristic
ol sandy washes where its deep tap root may aid in capluring
ephemeral ground water supplies.

Gypothamnium pinifolivm, the most abundant species at Pan
de Azucar. is dominant on rock bajadas but is much less frequent
in sandy washes. The broad, shallow branching of the root system
of this species provides a large arca of soil for water absorption.
Lven under the drought conditions we encountered in 1978,
healthy individuals of Gypothamnion were apparently finding
available water since their water potentials recovered considerably
at dawn from midday values (‘Table 2).

Heliotropium pycnopyllum is widespread in both bajada and
wish habitats. s root system appears to combine the extensively-
branched fine root system of Nolana with a broader extent to
tap more soil volume. Victually lealless individuals ol Heliotropium
had the lowest water potential of any species class sampled but
the water potentials of more healthy classes were comparable to
those ol other shrub species (Table 2).
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In contrast to the shrub species, Copigpoa and other Cactaceae
al Pan de Azucar and similar areas along the coust appear (o
utilize CAM throughout the year (Mooney etal., 1974), These
species, characteristic of more xeric bajada slopes than the shrub
communties. are local in distribution but occur in remarkably
dense stands. DifTiculty of establishment rather than competition
for water appears lo be the limiting factor in determining popula-
tion densities (Gulmon et al. 1979), The northern orientation of
the inclined heads of Copiapoa arc an important aspect of their
environmental adaptations (Mooney et al. 1977, Ehleringer et al.
1980).

While soils at Pan de Azucar are not saline, the extreme concen-
tration ol salts in tissues ol the dominant is remarkable. Although
the ash content of halophylic species is commonly extremely high,
reaching levels ol 15 30% dry weight (Walter and Stadelmann
1974), we know ol no higher values than those ol the coastal
shrub species in northern Chile. Three of the four dominant species
at Pan de Azucar have a leal ash content in excess of 30% dry
weight, and we measured 48% ash content in a Noluna species
rom Cerro Moreno near Antolagasta. The leal contents ol major
cations and anions at Pan de Azucar are comparable to those
reported Tor Spanish and Great Basin halophytes (Moore et al,
1972).

Despite these high concentration of leaf cations the osmotic
potentials of the Pan de Azucar shrubs are not as low as would
be expected for desert halophytes. Moore et al. (1972) found os-
motic potentials of Atriplex confertiflora during the growing season
to range from —4.0 to —7.4 MPa and Walter (1939) reported
osmotic potentials less than —5.0 MPa in halophytes from the
Karoo, South Africa. The midday osmotic potentials in shrubs
at Pan de Azucar range from —2.3 1o — 3.3 M Pa, values equivalent
to those reported for xeromorphic perennial shrubs in Arizona
(Walter and Stadelmann 1974). Copiapoct cinerea var. columna-alba
with an ash content ol 14% has a midday osmotic potential of
— 1.3 MPa. consistent with values of Cactaceac from Arizona
{Walter and Stadelmann 1974).

The establishment of shrub seedlings at Pan de Azucar must
be a rare event coinciding with several successive years of lavorable
precipitation, Limited flowering in many species in drought years
may not seriously influence their reproductive potential. Large
accumulations of seeds are present under the canopies o many
species. particularly Nelana mollis, Gypothamnivm, Heliotropium
and N. incang. Seed predators appear Lo be virturally absent [rom
this habitat, perhaps reflecting an unpalatibility in the abundant
seeds. Although rodents are present in Favorable sites in northern
Chile (Meserve and Glanz 1978). none were captured in 120 trap-
nights at Pan de Azucar and no evidence of their presence was
seen. Two species of ants are common, Conomrna goeisehi and
Campanoius morosus bul neither is granivorous. Only nectar-
feeding and foliage-gleaning birds were observed.

Drought conditions like those we studied in the spring o 1978
are not unusual in the coastal Atacama Desert ol northern Chile,
where periods ol up to 10 years may occur between rains, To
be successful in this area species must be able 1o efficiently utilize
the infrequent precipitation and tolerate long drought periods.
Nolana mollivis unique among the species studied in its maintenance
of vigorous shrub growth and llowering during extend drought.
However. all of the dominant species successlully survive extented
drought although shrubs become virtually leafless and dormant
on the driest sites. All shrubs are able to resprout successtully
from ground level, bul the length ol dormancy over which these
species may survive is not known. Dewterocohnia ervsantha, a
terrestrial bromedhiad, isthe only common species al Pan de Azucar
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which is surviving poorly. The basis [or extensive death of species
all along the coastal region from Chanaral north to Paposo is
not clear since more extensive drought periods have oceurred in
the last two decades than that present during our study.
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