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Summary: Along the hypet-atid Chilean coastal desert between 30°S and 18°S the Loma vegetation undergoes a gradual
transition from open shrubland to small isolated areas of a scarce plant cover. Floristic and physiognomic features allow
a differentiation of five Loma formations, each of them characterized by a distinctive spectrum of plant communities.
However, particularly in the northern section of the investigation area, numerous indications point to a strong vegetation
decline including a deterioration of plant cover, reduction of the vitality of various taxa, probably also a local loss of some
perennial species, and even a dieback of specific populations. These signs of a retrogression, which coincide with a regional
disappearance of Guanaco herds in the coastal area between 20°S and 23°30°S, became apparent in the second half of the
past century and were most likely provoked by recent climate change in the arid coastal region. Especially the decrease of
rainfall frequency might have negative implications for the regeneration and preservation of plants. In addition, a strong
reduction of cloudiness in the northernmost section affects plant growth due to further limitations in the water disposability.
A projected sustained decline of rainfall is expected to continue endangering the surprisingly high floristic diversity of the
sensitive ecosystem complexes in the coastal desert.

Zusammenfassung: Entlang der perariden chilenischen Kiistenwiiste von 30°S bis 18°S verdndert sich die Loma-Ve-
getation von offenen Strauchbestinden hin zu isolierten Pflanzenvorkommen geringer Deckung. Floristische und physi-
ognomische Kriterien erlauben eine Untergliederung in fiinf Abschnitte, die sich jeweils durch ein eigenes Spektrum an
Pflanzengesellschaften auszeichnen. Allerdings belegen im Norden des Untersuchungsgebietes zahlreiche Merkmale eine
Verminderung der Vitalitit einzelner Sippen, den lokalen Verlust einiger perenner Taxa und sogar den Niedergang ganzer
Populationen einzelner Arten. Dieser Vegetationsriickgang, der mit den Verlust von Guanaco-Herden aus der Kiistenregion
zwischen 20°S und 23°30°S einhergeht, zeichnet sich vor allem seit der zweiten Hilfte des letzten Jahrhunderts ab und ist mit
grofler Wahrscheinlichkeit auf Verinderungen im Klima der ariden Region zurtckzufithren. Insbesondere die Abnahme der
ohnehin bescheidenen Regenhiufigkeit dirfte sich negativ auf die Regeneration und den Erhalt der Pflanzen auswirken. Zu-
dem beeinflusst ein Rickgang der Bewdlkung im Norden der chilenischen Kiistenwiiste die Lebensbedingungen der Vegeta-
tion aufgrund weiterer Beschrinkungen im Wasserhaushalt negativ. Die absehbare weitere Abnahme der Niederschlige wird
die iiberraschend groBe Pflanzendiversitit des hochst sensiblen Loma-Okosystem-Komplexes auch in Zukunft bedrohen
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1 Introduction

For some 15 years, reports on a regionally dra-
matic plant dieback have called attention to a dam-
age of the unique ecosystems in the northern part
of the coastal Atacama Desert (18°S-30°S), known
as one of the world’s driest regions. Although char-
acterized by hyper-arid conditions, it locally sus-
tains exuberant Loma vegetation, which harbours
a surprisingly high amount of endemic vascular
plant species. Despite rain scarcity and harsh envi-
ronmental conditions, it succeeds in subsisting on
the windward escarpment of the coastal cordillera,
benefiting from frequent fogs.

Meanwhile, an increasing number of indica-
tions point to a decline of the LLoma vegetation in
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the northern part of the desert, probably associated
with the loss of some species (e.g., FOLLMANN 1995;
RicaTER 1995; RUNDEL et al. 1997; DiLLoN and
HorrMaNN 1997; GraU 2000; MUNOZ-SCHICK et al.
2001; PinTO et al. 2001; PintO and KirRBERG 2005;
PinTo 2007). Although some aspects of the vegeta-
tion decline has already been approached in a few
studies on the current conservation status of some
cactus species (BELMONTE et al. 1998; PinTO and
KirBERG 2005; PintO 2007), the actual dimensions
and origins of the deterioration processes remain
so far unknown. Some authors have postulated
increasing aridity in recent decades as a probable
cause of the vegetation decline (e.g., RIcHTER 1995;
RuNDEL et al. 1997; PiNnto and KirBErRG 2005).
However, the lack of studies on recent climate evo-
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lution in this region, particularly on precipitation,
cloudiness and fog development, has made the cor-
roboration of this assumption difficult so far.

More detailed research on driving forces of the
vegetation decline constitutes an important task,
particularly considering the singularity and high
sensibility of the Loma ecosystems. In this context,
the objective of our study is to assess vegetation
changes in the arid coastal region in the recent past.
Furthermore, detailed analyses of climate develop-
ment during the past century may provide evidence
for possible climate effects on vegetation retro-
gression. This paper focuses on spatial patterns
of vegetation in order to elaborate a comparative
framework of the plant formations and commu-
nities based on detailed previous and own studies
of Chilean Lomas (i); on indices and evidence of
recent vegetation changes compiled from various
sources (ii); and finally on analyses of climate varia-
tions in the recent past (iii), which are expected to
contribute to the discussion on possible triggers of
this vegetation decline.

2 Data and methods

Vegetation sampling was carried outin 15 Loma
localities between 20°S and 30°S (2005, 2006, and
2009). In each area, plant cover was studied along
one to three transects situated mostly on southern,
south-western or western sea-facing slopes, which
usually receive moisture by stratocumulus clouds
(detailed information in ScHurz 2009). Floristic
lists were compiled for each one of the studied
Loma localities and additionally for 14 further lo-
calities using information from different sources
(for localities see Fig.1). They include data from
own field trips and those recorded in former veg-
etation studies and botanical collections (the latter
from databases of three important Chilean her-
baria: Santiago (SGO), Concepcién (CONC), and
La Serena (HULS). Floristic data from 29 Loma
localities were used for cluster analyses in order to
differentiate the LLoma vegetation. A hierarchical
agglomerative clustering was done as presence-ab-
sence analysis of the total number of registered per-
ennial native plants. The Serensen index was used
as an algorithm for the calculation of similarity and
average group linkage as distance between the clus-
ters. The species nomenclature follows HOFFMANN
and WALTER (2004) for Cactaceae and SQUEO et al.
(2008), MARTICORENA et al. (1998 and 2001) for fur-
ther families.

With regard to difficulties in the application of
quantitative methods to analyse vegetation changes
within the investigation areas, we opted for a quali-
tative approach, since no vegetation releveés prior to
1972 wete available. Due to insufficient spatial resolu-
tion and temporal coverage, satellite and areal images
are inappropriate for detecting changes in the desert
vegetation considered here. Hence, previous floristic
publications and further sources were revised to assess
indications on the previous floristic composition and
state of plant cover. Since botanical research in some of
the areas has been conducted continuously throughout
the past nine decades, comparisons of floristic lists al-
low a detection of general tendencies during the recent
vegetation history.

Trend analyses were performed for precipitation
and total cloud cover. Analyses of tendencies in fog, a
further important ecological factor in the study area,
could not be included due to a seties of difficulties as-
sociated with trend analyses of fog. Firstly, there are
no suitable observational fog data series, since meteo-
rological stations in the study area are situated mostly
in the proximity of airports, at lower, widely fog-free
sites. Secondly, reliable continuous fog data derivable
from fog precipitation measurements or satellite images
cover a relatively short period since 1997 and 1980 re-
spectively. For the purposes of this study it is, however,
crucial to assess longer trends from at least the mid-20™
century or longer. And finally, tendencies identified for
specific sites are not easily transferable to larger coast-
al zones, as fog characteristics vary highly along the
northern Chilean coast depending on the ocean prox-
imity, altitude, local relief, exposure of the coastal rang-
es (LARRAIN et al. 2002), as well as orographic fog influ-
ence and other factors not studied so far. Nevertheless,
some general conclusions about advection fog tenden-
cies can be derived from stratocumulus trends, given
the fact that the formation and persistence of advection
fog are highly influenced by the presence of this type of
clouds (CERECEDA et al. 2002; GARREAUD et al. 2008).

To evaluate long-term changes of precipitation
and cloudiness regimes, series of annual and month-
ly means from four coastal stations (Arica, Iquique,
Antofagasta, I.a Serena) and one station nearby the
coast (Copiapd, s. Fig.1) were compiled from meteoro-
logical annals published by the Chilean Meteorological
Service (DMC). Also, daily precipitation values were
provided by the DMC. Few data gaps in the rainfall
series are completed by information obtained from
ALMEYDA (1948), who extracted the missing data from
original reports of the respective sites. All climatic sta-
tions considered here are located below the zone of di-
rect fog influence.
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Fig. 1: Study area. Monthly precipitation and temperature means on the basis of data from 1971-2000 (note two scales for
precipitation). Localities considered by the floristic analysis (data from own collections and/or other studies) are indi-
cated in and at the right of the map

Apart from Arica, which does not show any cor- ity test according to ALEXANDERSSON (1986). Despite
relation with precipitation series of other stations, all  the fact that all stations were relocated at least once
rainfall series were submitted to a relative homogene- — during the last century, this test did not reveal any
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significant inhomogeneity. Data of total cloud cover
observations are compiled for the period 1950-2008.
Since the interannual variability of cloudiness at all
verified stations is widely coherent and the observa-
tion methodology has not changed during the past
decades, no homogeneity tests were performed. The
annual and seasonal frequency of cloudy days (mean
daily cloud cover in oktas = 6/8) and cloudless days
(mean daily cloud cover < 2/8) were derived from the
meteorological annals of the DMC.

3 Geo-ecological resources of the study area

Along its entire length, the narrow coastal strip of
northern Chile is bordered by a mostly steep moun-
tain escarpment of up to 3000 m a.s.l. elevation, which
rises like a wall from the seaside in its northern sec-
tion, while it is dissected by numerous dry valleys in
the southern part of the research area. Usually, the
slopes bottom out gently into sedimentary fans of flu-
vial deposits and debris flows on a narrow shoreline
(marine terraces) of some hundred meters up to few
kilometres wide (Fig. 2).

The coastal desert of northern Chile is part of
the stretched extremely arid zone extending along
the western rim of South America, primarily influ-
enced by steady subsidence processes in the domain
of the Southeast Pacific subtropical anticyclone (e.g.,
GARREAUD 2009). The climate is characterized by a
moderate temperature regime, high atmospheric hu-
midity (annual average: 65 - 80%) and rare rainfalls
(Fig.1). Annual precipitation ranges from approx. 1 mm
in the northernmost part (Iquique, Arica) to about 80
mm in the south of the arid section. Occasional rain-

fall episodes occur mainly during austral winter (May
to September) and are mostly associated with north-
eastward moving extratropical low-pressure systems
(RicHTER et al. 1993; GARREAUD and RuTTLANT 1996;
FUENZALIDA et al. 2005). In the northernmost part of
the area around Arica (18°S) episodic summer rains
also occur.

A quasi-persistent climatic feature of the arid
coastal region is the presence of high fog (camanchaca).
It develops best during the cold season, resulting
mostly from an adjacent stratocumulus cloud deck in
the upper part of the marine boundary layer below a
pronounced temperature inversion (Fig. 2 left). Apart
from advection fog, locally orographic (upslope) fog
can develop as well (CERECEDA et al. 2002). A sharp
temperature increase within the inversion layer inhibits
the vertical development of stratocumuli. Depending
on the season and latitude, they are confined to a
belt between 300-600 m a.s.l. and 800-1200 m a.s.l.
(GARREAUD et al. 2008). The steep coastal mountain
chain largely impedes cloud movement inland.

The high frequency and strong intensity of fogs
represent a decisive ecological factor, since they en-
sure the existence and survival of the Loma vegetation
along the hyperarid Peruvian and northern Chilean
coast (RicHTER 1981). Dense fog deck protects plant
cover from direct solar radiation and desiccation and
along with relatively low temperatures and high at-
mospheric humidity it also reduces evapotranspiration
rates. Since many plants can strip moisture from fog
(Fig. 3), it further acts as an important water resource
for certain taxa, particularly in the northern part of
the coastal desert. At night, dew forms frequently
on the ground and may also represent an important
source of water, however its role for Loma ecosystems

Fig. 2: The orographical fog-belt along the coastal mountains of Pan de Azucar (26°02’S; left) and scattered cacti of mostly
dead Eulychnia iquiguensis near Cobija (22°33’S; right). Note the sedimentary fans below the steep escarpment, a typical
landform for most of the study area
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is not studied yet. On the other hand, even the rare
rain episodes play a significant role for the long-term
subsistence of the vegetation. They facilitate the re-
production, dispersal and establishment of annuals
and perennials being of crucial importance for the re-
plenishment of their seed banks (D1LLON and RUNDEL
1990). The importance of rains as main water resource
increases towards higher latitudes.

4 Results of a comparative floristic survey on
the Chilean coastal desert

4.1 Characteristics of the Chilean [.oma vegeta-
tion

Systematic investigation of the northern Chilean
coastal vegetation started in the mid 19" century
with the first and one of the most extensive works on

the flora of the Chilean Loma by RUDOLPH PHILIPPI
(1860). It was continued during the 20™ century by
several researchers such as REICHE (1907), JOHNSTON
(1929), WERDERMANN (1931), Ricarpr (1957), RUNDEL
et al. (1991), MuNoz-Schick et al. (2001), and DiLLoN
(2005), among others. The results of these botanical
efforts reveal that more than 700 species of vascu-
lar plants ate native to the coastal area between 18°S
and 29°30’S, which according to RUNDEL et al. (1991
and 2007) corresponds to the distribution area of
the Chilean Loma vegetation. About two-thirds of
them consist of perennials, which in contrast to the
Peruvian Loma vegetation atre usually the predomi-
nant life-forms of the Chilean Lomas. Furthermore,
the flora is characterized by a high number of endem-
ics with a total of around 40% of the vascular plants
being restricted to the coastal desert of Chile.

From its southern part at around 30°S, the Loma
vegetation stretches as a relatively closed formation

y 2

Fig. 3: Droplet-catching lichens (upper left) and spines (upper right) of a Eulychnia cactus in Pan de Azucar, where cacti
are covered by thick lichen-curtains (lower left). Fog dripping from cacti facilitates the formation of small “gardens” in
their surroundings with Euphorbia lactifina at Pan de Azucar (lower left) and Lycium leiostennm at Cerro Moreno (lower right)
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alongside the windward escarpment of the coastal
mountain range towards the equator (RUNDEL et al.
2007). North of 26°S it shows a rather scattered pat-
tern, and north of 21°30’S it concentrates on small
vegetation patches on few sites with most abundant
fog, usually on southern to western slopes. At north-
ern and eastern hillsides with marginal fog impact
and more intense insolation plant cover is normally
spatse or absent. The same is true for areas situated
above the stratus layer from 1000 - 1200 m a.s.l. up-
wards. However, on the floor of dry valleys or small-
er creeks contracted but dense vegetation is usually
present, profiting from the confluence of the slope
runoff and hence, better hydrological conditions.

In most cases, the Lomas show a vertical differ-
entiation of various plant communities. This results
primarily from varying fog frequencies (intensities)
along the altitudinal gradient (RUNDEL and MAHU
1976; RicHTER 1995), though further climatic forces
may play an additional role (e.g., temperature, in-
tensity of drizzle from stratocumulus clouds). The
middle zone of the fog-influenced belt usually sus-
tains a relatively dense plant cover formed by colum-
nar cacti and diverse, mostly high-growing shrubs.
Frequently they are densely covered by epiphytes
(mainly by beard lichens, rarely by Ti/landsia geissei).
The dominance of nano- and micro-phanerophytes
in this altitudinal belt reflects higher water inputs
and consequently higher phytomass production.
Greater moisture supply results primarily from
higher fog frequency and intensity in the middle and
upper fog zone (see CERECEDA et al. 2008; CORREA
1990). Particularly high-growing plants are capable
of effective stripping of fog water due to their size
and larger total surface (ELLENBERG 1959) and thus
create their own favourable microclimate with tiny
“gardens” of a benefiting “micro-ecosystem” (Fig 3).
The lower and upper boundary fog zone, marked
by sharply decreasing fog frequency, as well as areas
below the fog layer, are usually populated, if at all,
by open xerophytic communities composed mostly
of dwarf shrubs and low-growing spherical cacti.
However, such a simple relationship between hydro-
logical characteristics of fog as, e.g., water content
and vegetation properties does not exist when seen
at a larger horizontal scale. Closer and species-richer
vegetation can be found in zones with relative little
measurable horizontal fog precipitation (e.g., Paposo,
Cerro Perales, Fig. 1) while sparser, species-poorer
vegetation inhabit sites where the highest values of
horizontal precipitation were measured (e.g., Cerro
Moreno, Iquique). These patterns suggest that oth-
er factors besides fog play a significant role for the

large-scale vegetation differentiation. Here, the lat-
itudinal precipitation (and temperature) gradient is
probably of decisive importance.

4.2 Loma formations

Based on floristic features derived from an analysis
of all perennial species from 29 selected Loma locali-
ties (Fig. 4) and on physiognomic differences in plant
covet, a classification of the Chilean LLoma vegetation
is suggested. At least five different plant formations
can be distinguished along the Chilean Loma region
(Fig. 5), each of them with its respective spectrum of
plant communities. This differentiation reflects in
part classifications mentioned in the literature (e.g,,
RuNDEL et al. 1991; GajarRDO 1994). General charac-
teristics of these formations are briefly described in
the following subchapters (details in ScHurz 2009).

a) The formation of isolated fog oases
(18°30°S-21°30°S, group 1)

The vegetation in this part of the desert is re-
stricted to few relatively small areas mostly on south-
ern to western slopes of larger headlands, recognized
as zones of intense coldwater upwelling and frequent
formation of dense orographic fog (BAHARONA and
GALLEGOS 2000; CERECEDA et al. 2002). In total, nine
isolated fog oases have been identified until now
(PiNntO and LueserT 2009, additionally Pabellon de
Pica, 20°53°S). Towatds the lower latitudes, they be-
come species-poorer and decrease in size while bare
sections between the oases increase (SIELFELD et al.
1995). Nevertheless, up to 70 species have been re-
corded in some of these areas up to now (PINTO and
LueBerT 2009).

Plant-covered areas (at least those formed by pet-
ennials) range from the 350-600 m a.s.l. level up to
the cliff edge with their lower limit rising generally
towards north. Vegetation is mostly dominated by
shrubs and dwarf shrubs, smaller cacti and at some
places by the columnar cactus Eulychnia iquiquensis.
The latter forms extensive stands with up to several
hundred individuals as for example at Cerro Camaraca
(18°38°S), Pabellon de Pica (20°53°S) and Alto Chipana
(21°16S) (see also Pixro 2007). In the few years that
have abundant rain, a multiplicity of annual plants
and geophytes also appear, totally altering the aspect
of vegetation for several months (MUNOZ-SCHICK et
al. 2001). Generally, the plant cover is characterized
by a differentiation in species-poor communities at
lower elevations and denser as well as species-richer
communities within the zone of intense fog (example
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Fig. 4: Dendrogram of floristic similarity for selected Loma-localities (distance: Sgrensen’s coefficient, cluster algorithm:
unweighted group average; only native perennial species wete considered). The decoupling of group III and the displace-
ment of Cifuncho to group V are probably explained by a relative small number of species at these sites and thus a smaller
percentage of common species with other localities of the same plant formation

in Fig. 6a). Within the marginal upper fog zone, also
monospecific stands of Tillandsia (mainly I landbecki)
were found further away from the coast, forming ex-
tended fields at elevations between 900 and 1200 m
a.s.l. (RUNDEL et al. 1997; PiNTO et al. 2000).

b) Eulychnia iquiguensis — succulent formation
(21°30°S-24°30°S, groups 11 and III)

The southward adjacent Eulychnia iquiguensis—for-
mation is represented by a relatively continuous, but
widely scattered plant cover stretching alongside the
seaward slopes at elevations between approx. 300 m
a.s.l. and around 1100 m a.s.]. Characteristic for this
region are relatively species-rich communities on up-
per hillsides, formed by Ewulychnia iquiquensis and a vari-
ety of (dwarf) shrubs (Fig. 6b). At the end of relatively
wet years, many annual and perennial herbs enrich

these habitats. During dry periods the herb vegetation
is rather sparse, mostly restricted to valley bottoms
and gullies or forming micro-sites around columnar
cacti (Fig. 3) and larger rocks, benefiting from favour-
able microclimatic conditions.

The density of plant cover and species richness
declines gradually towards the drier foot area, where
xerophytic shrubs prevail. In the southern part of this
section, the lower as well as the upper boundary area
of the fog zone is frequently dominated by relatively
dense populations of spherical Copiapoa cacti, some-
times forming monospecific stands.

A quite conspicuous exception in this formation
is constituted by the vegetation of Cerro Moreno,
northwest of Antofagasta (23°30’S). Apart from be-
ing species-richer and considerably more vigorous
due to specific climatic conditions (RiCHTER 1995;
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Fig. 5: Latitudinal position of the Loma formations with respective approximate altitude of the vegetation belt.

Espgjo et al. 2001), it includes patches of relict veg-
etation preserved at very steep and foggy precipices
on western and south-western sites of the massif.
Surprisingly, taxa such as Collignaja odorifera and even
the ferns Polystichum sp. and Elaphoglossum gayanum oc-
cur here as disjunct populations, far away from their
principal distribution areas in central and southern
Chile.

©) Northern Euphorbia lactiflua-Enlychnia spp. — suc-
culent shrub formation (24°30°S-26°20’S, group 1V)

This formation occupies the central part of the
coastal desert. Without any doubt the vegetation of
this section, especially its northern part (vicinity of
Paposo, 25°00°S), is considered an archetype of the
Chilean Lomas. Distinguished by remarkable spe-
cies richness for such an arid region, it harbours a
high percentage of the Chilean Loma endemics. This
said, it seems reasonable to regard its formations as
a core area of the Chilean Lomas. Concerning the
vegetation, this part of the coast is dominated by
two characteristic elements, the high-growing shrub
Euphorbia lactiflua and the columnar cactus Eulychnia
(E. iquiguensis north of approx. 25°30’S and E. brevi-
flora south of it). The most vegetated areas of the fog
zone are comprised of numerous shrubs, herbs and
various species of cacti. In areas of most intense fog
moistening, which becomes obvious by dense cov-
ers of lichens on twigs and stones, also the epiphyte
Tillandsia geissei grows on branches of Eulychnia, taller
shrubs, and sometimes even on the ground and on
rocky faces of foggy steeps.

Above and below the fog belt, the plant cover
passes through series of communities compounded

by more xerophytic shrubs and dwarf shrubs, fre-
quently accompanied by the bromeliad Deuterocobnia
chrysantha and smaller cacti (Eriosyce and Copiapoa,
the latter showing its diversification centre here; Fig.
6¢). However, higher inflow of slope runoff during
rain events allows the development of surprisingly
vigorous and species-rich azonal vegetation with
abundant Euphorbia and Eulychnia on alluvial fans
and older mudflow cones at the foot of the mountain
escarpment.

d) Southern Euphorbia lactiflua-Eulychnia spp. — suc-
culent shrub formation (26°20°S~27°30’S, group V)

This formation occupies only a relatively
small section of the coast. Although Ewuphorbia and
Eulychnia are still the dominant elements, species
richness declines considerably in comparison with
the northerly adjacent region. Due to more regu-
lar and abundant rainfalls, the vegetation cover is
more homogenous. The community of Euphorbia
and Eulychnia is widely spread through all elevation
levels (except at the foot of the mountain) and expo-
sures. Here, it is less dependent of a spatially vari-
able fog moisture distribution, and thus no fog in-
duced floristic differentiation of plant cover can be
distinguished in this section (Fig. 6d). Nevertheless,
the high abundance of epiphytic beard lichens indi-
cates a continued important influence of fog. Most
of the shoreline and the flat area below about 150
m a.s.l. are populated by dune and gravel commu-
nities (detailed information in Konrer 1970) with
abundant annuals forming the famous “desierto
florido” (flowering desert) during extraordinarily
moist periods.
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cacti; shrubs: Echinopsis deserticola, Eulychnia breviflora; Bahia ambrosioides,
Balbisia peduncularis, Fuchsia lycioides, Haplopappus foliosus,

Heliotropium stenophyllum, Mycrianthes coquimbensis, Oxalis virgosa,
Senecio glabratus, Senna cumingii

herbs: Jarava plumosa, Nassella sp.

cacti; shrubs: Eulychnia acida; Bahia ambrosioides, Balbisia peduncularis,
Frankenia chilensis, Heliotropium stenophyllum, Nolana coelestis,
Ophryosporus triangularis, Pleocarphus revolutus

herbs: Bromus berteroanus, Helenium urmenetae, Loasa tricolor,
Triptilion gibossum, Cristaria aspera

Fig. 6: Vertical distribution of plant communities within the Loma-belt at selected localities. a) Alto Patache; b) Cerro
Moreno (only SW- and W-slopes); c) Pan de Azucar; d) Flamenco; e) and f) El Tofo (different slope orientation). Most
abundant species are indicated below the respective sketches. Letters in grey indicate that most of the characteristic com-

munity members are dead
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e) Various shrub formations of the southern
Loma region (27°30°S-29°30’S, group VI)

Towards the south, the coastal desert harbours
an increasing number of plant communities, de-
scribed in detail among others by LAILHACAR (19806).
A common feature of this section is an increased
abundance of tall shrubs, mostly still accompanied
by succulents. The higher percentage of species
from central Chile suggests a stronger floristic affin-
ity to the vegetation of the semiarid and semihumid
coast. The community of Haplopappus angustifolium
distributed in the strongly fog-influenced summit
area of Cerro Negro (28°10°S) is a good example for
this fact since it includes several floristic elements
of the vegetation south of 30°S (e.g., Gochnatia fo-
liolosa, Baccharis vernalis, Senecio coquimbensis). Similar
to the flora of the famous National Park Fray Jorge
(30°30%), the southern floral elements subsist here at
climatically favoured sites as relicts of a supposed
former vegetation community that extended fur-
ther northward from moister parts of the country.
Despite the considerably increased importance of
relatively regular winter rains, the role of fog for
microclimate regulation and as an additional water
resource (ARAVENA et al. 1989) is still significant.

In this southernmost section, differentiation in
the horizontal vegetation structure between N- and
S-slopes is more pronounced than a vertical differ-
entiation. Widely spread is the Oxalis spp.- Balbisia
peduncularis community with a high abundance of
various shrubby and herbaceous species. This plant

ensemble is found on more sun-exposed hillsides.
Instead, the succulent-poor Haplopappus foliosus com-
munity prefers S- and SW-slopes in the southern
part of the region (El Tofo, 29°27°S; Fig. 6e and 6f).
Once again, the foot zone of the escarpment is pop-
ulated by communities of dunes and marine terraces
containing numerous annual plants.

5 Vegetation change

Concerning the apparent vegetation decline
in the northern part of the area, the dieback of
Eulychnia iquiquensis is most frequently mentioned
(Kraus 1994; ForrMmann 1995; RicHTER 1995;
RuNDEL et al. 1997; Pinto et al. 2001; MuNoz-
Schick et al. 2001; Pinto 2007; PiNnTO and KIRBERG
2009). An overwhelming part of these high-grow-
ing columnar cacti, which reach impressive sizes
of up to seven meters, are in extremely poor condi-
tion along their northern distribution zone between
Blanco Encalada (24°21’S) and Arica (18°S). Most
of them are desiccated and collapsed, and retain
only the skeleton of the inner tissue of stems and
larger branches (Fig. 7). The occurrence of still vi-
tal individuals is mostly constrained to higher el-
evations that are strongly influenced by fogs. The
reproduction rate in affected populations is low or
none, at least in the northern part of this region, and
the vegetative activity is restricted to the few years
with abundant rainfall (PinTo 2007).

Fig. 7: Collapsing individuals of Eulychnia iquiquensis in the lower belt of columnar cacti at around 500 m a.s.1. on the south-

ern escarpment of Cerro Moreno (left) and extensive dieback of the same species on the escarpment above Cobija (right).
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A considerable number of further cacti appar-
ently suffer in a similar way, such as various species
of the genera Copiapoa (C. humilis ssp. tocopillana, C.
solaris) and Eriosyce, (E. iquiquensis, . islayensis, I.
pancostata ssp. echinus) as well as Cylindropuntia tuni-
cata, Haageocerens australis and Cummulopuntia sphaerica
(BELMONTE et al. 1998; PinTO and KIRBERG 2005;
personal observations). The loss of vitality of these
taxa seems to be a recent process, since at least
some of them showed noticeably better conditions
around the middle of the last century. This is true
for example, for populations of Eriosyce islayensis at
Poconchile (hinterland of Arica), which were still
composed of vigorous, prospering individuals in
the 1950s, but meanwhile all of them are desic-
cated or dead (compare RiTTER 1980 versus PINTO
and KIrBERG 2005). RiTTER (1980) noted with me-
ticulous precision in his detailed book on cacti of
northern Chile (field work in the 1950s and 60s)
each remarkable peculiarity of the studied species
(e.g., endangerment by diseases, drought damages)
without, however, mentioning the conspicuous
poor condition of the same species affected nowa-
days. Recent dieback processes are also confirmed
by various older inhabitants of the coastal zone.

Many shrubs and perennial herbs show cor-
responding signs of decline along the region be-
tween Iquique and Antofagasta. Plants with ac-
tive vegetative organs within affected populations
occur only sporadically and are mostly restricted
to higher elevations, dry valleys and gullies. This
situation stands in a striking contrast to vegetation
descriptions by researchers and travellers up to
the mid-20™ century. For example, ReicHE (1907),
WERDERMANN (1931) and JouNsTON (1929) mention
rather rich plant formations consisting of annual
and perennial herbs and cacti above Iquique dur-
ing the first decades of the previous century, while
it is nearly bare of vegetation today (PiNnTO and
LueBERT 2009).

Furthermore, JarrueL (1936), ReicHe (1907),
JounsTON (1929) and Barros (1941) registered a
relatively species-rich shrub and herb vegetation in
the vicinity of Tocopilla (22°05°S) apparently ap-
pearing in an almost annual rhythm. According to
various historical travel reports from the 18* and
19" centuty, an abundant hetb and shrub vegeta-
tion also prospered in Cobija (22°36°S) during the
winter and spring periods and provided sufficient
fodder for limited animal husbandry (FREZIER
1713; FrutLLe 1714; CANETE 1787; O’CoNNOR 1825
all cited in Brrrmann 1977). Today, an overwhelm-
ing part of shrubs and cacti around Tocopilla and

Cobija is desiccated or dead. Despite intensive bo-
tanical field research, many shrub and herb species
collected at Tocopilla and Cobija until the mid-
20" century were not registered during the past
few decades (see also LUEBERT et al. 2007). Among
them _Adiantum chilense, Alstroemeria violacea, Bahia
ambrosioides, Calceolaria paposana, Centanrea cachinalen-
sis, Chetlanthes mollis, Chuguiraga ulicina, Cylindropuntia
tunicata, Nolana cf. deflexa, and Ophryosporus anomalus
are to be mentioned for Tocopilla. Further south at
Cobija, Conanthera campanulata, Copiapoa humilis ssp.
tocopillana, Ephedra chilensis, Frankenia chilensis, Nolana
diffusa, N. ct. deflexa, N. sedifolia, Senna brongniartiz,
Alstroemeria violacea, Ophryosporus anomalus, Polyachyrus
Suscus, and Puya boliviensis seem to have been lost,
although the occurrence of many of these species
was registered as “frequent” in collections of W.
Biesk in 1949 (herbarium SGO). Even if the recent
absence of the aforementioned and further species
does not automatically prove their definite disap-
pearance from the area, differences in the former
and recent floristic composition are obvious.

The local lack of formerly abundant taxa goes
along with a recent reduction of the distribution
area of some species. PHiLipPI (1860), JOHNSTON
(1929) and ForLLMANN (1967) registered for exam-
ple the occurrence of Oxualis gigantea for the north-
ern areas from Miguel Diaz (24°33’S) up to Cerro
Moreno (23°29°S). According to HeisL (2005) its
present distribution limit is located far further
south around Quebrada El Medano (24°50°S).
Puivieer  (1860) and Rrtrter (1980) mentioned
the cactus Cylindropuntia tunicata for the zone be-
tween El Cobre (24°13’S) and Arica (18°20°S).
Interestingly, the second author noted that many
of its individuals around Tocopilla and Arica did
not survive the period of a severe drought around
the mid-20" century (RiTTER 1980). Currently, the
northern distribution limit of this coastal species
seems to be reduced to Miguel Diaz (24°32%), about
700 km further south.

According to some researchers, lichen vegeta-
tion has also impoverished along the coastal region.
Between 1965 and the early 1990s, repeated floristic
samplings by FOLLMANN (1995) document a drastic
reduction of species richness of up to 39-46% at
selected study sites. However, this phenomenon is
not only restricted to the north, but was also not-
ed in the central coastal region of Chile (32°30°S).
Likewise, a decline of epiphytic lichens as well as
of the vascular epiphyte T#llandsia geissei has been
reported for the past few decades (RUNDEL et al.
1991; RunDEL and DiLLoN 1998).
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Changes in vegetation are apparently associ-
ated with losses in the regional fauna. Various au-
thors mentioned the occurrence of Guanaco popu-
lations (Lama gunanicoe) for the coastal mountains
between Iquique and Antofagasta up to the recent
past (BAUVER 1707 and FEUILLEE 1714 in BrrrvMann
1977, MANN et al. 1953; NuNEz and VARELA 1967).
Well preserved traces of their past presence can still
be detected along the entire northern coastal zone
(RicHTER 1995; LARRAIN et al. 2001). In the south-
wards adjacent area, at places where a denser and
more vigorous vegetation provides sufficient feed
and the decimation by man is minimal, Guanacos
sustain their existence until today (e.g., north of
Paposo, Pan de Azucar etc.). While this suggests that
at least until the middle of the past century sufficient
resources in form of lichens, cactus fruits and more
abundant herbs and shrubs ensured the long-term
survival of former populations around and north of
Antofagasta, these preconditions are not given any
longer.

6 Recent climate trends

Regarding the spatial dimension of the vegeta-
tion decline and the number of affected taxa, large-
scale changes of environmental conditions are
supposed to be a likely cause of the deterioration
process. In particular, changes in precipitation, fog
and cloudiness as principal factors influencing the
Loma ecosystems have to be considered as poten-
tial triggers for dieback effects and thus are stud-
ied in detail. Owing to difficulties cited in chap-
ter 2, no trend analyses were performed for fog.
Nevertheless, it is to be expected that tendencies in
low-level cloudiness reflect to some degtree possible
general tendencies in fogs, since the predominant
advection fog is formed by coastward moving stra-
tocumulus clouds.

6.2 Precipitation

In spite of very low amounts, long-term rainfall
records reveal pronounced low-frequency changes
on the interdecadal time scale over the past century
(see Fig. 8), closely linked to the Interdecadal Pacific
Oscillation (IPO, i.e., large-scale multidecadal cli-
mate variability in the Pacific region, e.g., FOLLAND
et al. 1999). Two relatively “humid” and two drier
periods are distinguishable; a “humid” phase from
the 1920s to the mid-1940s and from the mid-1970s

until the end of the century, associated with positive
(warm) IPO-phases, as well as a “dry” phase from
the mid-1940s to the early 1970s and a short one
around 1910, related to negative (cold) IPO-phases.
A quite distinctive feature of the latter dry phase is
the occurrence of a prolonged extremely dry period
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Fig. 8: Annual rainfall at five northern climate stations for
1900-2008 (bars) and IPO-index (line) for the same period,
smoothed by an 11-yr low pass HadSST2 Chebyshev filter
(http://www.iges.org/c20c/IPO_v2.doc). Rainfall aver-
ages derived from annual precipitation for three periods
corresponding to distinct IPO-phases (1920-45, 1946-75,
1976-2001) are indicated at the top of each graph. Grey
bands indicate periods of missing data. Note the different
scaling for precipitation on the y-axis
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around 1950, when absolutely no rain was registered
along the coastal desert north of Antofagasta for
more than a decade (Fig. 8).

During the previous century, the interdec-
adal precipitation variability, however, was super-
imposed by further changes of longer time scale,
manifested in differences of mean annual rainfall
amounts between the two more “humid” phas-
es (Fig. 8), the latter being notably drier than the
previous one (exception: Arica). This variation in
multiannual rainfall means reveals a downward pre-
cipitation trend over the whole period 1900-2008
prevailing in most parts of the study area. Analyses
of daily rainfall events (=1 mm) indicate that the
difference resulted from a reduction of the mean
rainfall intensity and less frequent rainy days dur-
ing the latter “humid” period (Tab.1). The reduc-
tion of rain frequency is particularly pronounced
at Iquique, where the mean annual number of days
with rainfall 2 1 mm decreased from 1.2 during the
period 1920-1945, to just 0.3 during 1976—2001. At
least for the drier northern part of the desert, this
fact implies that there has been a sustained decrease
in the frequency of rainfall events since the mid-
century, probably as a result of a declining cyclonic
activity at lower latitudes (see ScHULZ et al. 2011).

Due to the lack of long rainfall records, it is
difficult to assess when this negative trend set in.
However, longer rainfall series of Copiapé and La
Serena in the central-southern portion of the desert
reveal a rather extended desiccation trend since at
least the late 19" century, though strongly modu-
lated by significant variability at the interdecadal
time scale (Fig. 9). The prevalence of more humid
conditions prior to 1900 seems to be also supported
by palacoclimatological studies indicating wetter
conditions in central(-northern) Chile during the
past three to four centuries, especially in the 19*
century (VALERO-GARCES et al. 2003; LE QUESNE et
al. 2008).

6.3 Cloudiness

Analyses of the total cloud cover reveal a rather
strong and significant decline of cloudiness since
the mid-1970s, particularly at Arica (Fig. 10). The
intensity of this trend decreases towards the higher
latitudes alongside the coastal desert. In Antofagasta,
after a phase of increasing total cloud cover from the
mid-1960s to the mid-1970s and an abrupt decrease
towards the end of the 1970s, a rather stable regime
seemed to establish itself. Notwithstanding, studies
on the stratocumulus deck show a slight but persist-
ent decrease in stratocumulus cloud cover since the
mid-1970s in Antofagasta and to a lesser degree in
La Serena since at least 1980 (QuINTANA and BERRIOS
2007; Berrios 2008). In Arica and Iquique, in con-
trast, no coherent tendencies were found in strato-
cumulus cover during the period of 1980-2005.
Furthermore, for the period 1960-2005, a notable,
statistically significant decline in the frequency of low
clouds occurrence was detected in Arica and a sta-
tistically significant increase in Antofagasta (data not
shown here). The frequency tendency in low clouds
likely implies a downward trend in advection fog
frequency in Arica, while the opposite tendencies in
stratocumulus cover and frequency in Antofagasta do
not permit any coherent conclusions about changes in
high fog in this part of the desert. As fog character-
istics are determined by a complex coaction of differ-
ent factors, further studies are required for the analy-
sis of fog evolution during the recent past decades.

The remarkable decrease of the total cloud cover
at Arica is consistent with changes in the mean sea-
sonal and annual frequency of cloudy and cloudless
days (all types of clouds), which experienced a notable
reduction of 45 days and a strong increase of 41 days,
respectively, between the periods 1957-1976 and
1977-2008 (Tab. 2). Changes of the same direction,
although of lower magnitude, were registered also in
Antofagasta.

Tab.1: Frequency of wet events (mean number of days with rainfall amounts = 1.0 mm) and median of daily rainfall at

selected stations calculated for various periods.

Period Iquique Antofagasta Copiapé La Serena
1920-1945 1.2 1.3 3.2 10.7
Mean number of days of rainfall 1946-1975 0.3 0.5 16 3.6
2 1.0mm
1976-2001 0.3 0.9 2.0 7.0
Median of daily rainfall > 1.0mm  1920-1945 1.8 3.9 7.5 5.5
(in mm) 19762001 1.6 1.7 4.4 4.1




182

ERDKUNDE

Vol. 65 - No. 2

25

——— La Serena
—— Copiap6

oA A

o[ 7 e

vy

| N
ol gl N
\ad

"w

-W&J\W
W

-0.5

-1.0 T
187

AR R R RN R R RN AR LR RS RN RS
1885 1895 1905 1915 1925 1935 1945 1955 1965 1975 1985 1995 2005

Fig. 9: Annual rainfall in La Serena (grey line) and Copiapé (black line), normalized and smoothed by an 11-yr moving

average.

7 Vegetation change driven by climate change?

Taking the desiccation symptoms of the plant
cover and the rainfall as well as cloudiness decline
into account, changes in climate during the past
decades must be considered as the decisive force for
the creeping dieback processes affecting the water
balance and reducing the regeneration capacity of
plants. Although an extreme scarcity of rainfalls
and the scantiness of their amounts are a specific
feature of the coastal desert in northern Chile, ex-
traordinary prolongations of dry periods such as
around the 1950s may complicate the establishment
of seedlings and a periodic revitalisation of the pet-
ennial vegetation. Taking Tocopilla as example, ta-
ble 3 manifests the connection between the recent
vegetation decline and decreasing rainfall events.
Although significant rain episodes occurred nearly
annually in the first half of the past century, rain-

fall was registered only once (2002: 16 mm) over the
course of the recent period 1994-2005. Likewise,
rainfall (> 1mm) occurred in Iquique in only one of
the 16 years during the period 1993-2008 (Fig. 8). In
the surroundings of both sites, rare rainfall events
provoke an exuberant sprout and bloom of annual
herbs as well as an increased vitality of the perennial
vegetation (MuNoz-Schick et al. 2001; Hoxey 2004;
H. LarrAIN, Universidad Bolivariana, Iquique, pers.
com.), still noticeable during the following years
(PiNTO et al. 2001). Whereas in the surroundings of
Tocopilla, researchers found excellent conditions to
compile extensive plant collections within few hours
during the wetter period at the beginning of the past
century, nowadays an analogous procedure requires
several days to get a relatively decent plant compila-
tion, pointing to a relation between the recent rain-
fall decline and the poor preservation status of the
present vegetation. In addition to the drought-pro-
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Fig. 10: Annual total cloud cover in Arica (black line) and Antofagasta (grey line).
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Tab.2: Long-term mean of the number of cloudy days (total cloud cover 26/8 oktas) and cloudless days (total cloud cover
<2/8 oktas) for the periods 1957-1976 and 1977-2008 in Arica and Antofagasta; (**) statistically significant at 1%-level; (*)

statistically significant at 5%-level.

Number of days with total cloud cover >6/8 Number of days with total cloud cover <2/8

DJF MAM JJA SON Year DJF MAM JJA SON Year

1957—

1976 19.6 20.9 49.8 39.5 129.8 151 17.8 2.7 3.6 38.9
Arica 1977-

2008 10.0 10.8 40.2 24.2 85.0 32.1 35.5 3.9 8.3 79.8

diff. S0.6%F 1000 S 9.6%F - 15.3%F  _44.8%% 4+ 17.0%F + 17.70F + 1.2 +4.7FF +40.9%F

1957—

1976 11.5 14.1 27.5 29.1 82.5 28.3 241 9.4 5.3 66.4
Antofagasta 1977 —

2008 8.2 10.6 24.8 21.9 65.0 30.3 28.6 8.6 6.9 75.7

diff. -3.3% - 3.5% -27 -T2k Q75%k +2.0 +4.6%  -0.8 + 1.7% + 9.3*

voked effects, the reduced number of cloudy days
in the northern part of the coastal desert implies
a longer and more frequent exposure of the Loma
vegetation to intense solar radiation, which may
enhance and prolong hydric stress by elevated tran-
spiration rates. Trends in stratocumulus clouds also
suggest a decrease in fog frequency in the northern
area (Arica) that is expected to have similar effects
on the water balance of plants. Despite little being
known about the southern area, possible changes
in fog characteristics not necessarily directly linked
to stratocumulus cover and frequency are not ex-
cluded, and could be a further factor contributing to
changes in vegetation in the study area.

Apart from climate change, in few coastal sec-
tions the decline of plant cover and species richness
may suffer from enhanced vulnerability to further
stressors such as air pollution. Investigations of the
environmental conditions around copper deposits
at Paposo confirm negative effects of mining on
plants in this area since especially the emission of
dust particles occludes leaf stomata (RUELLE 1995).
Heavy metals also might affect plant growth, even
though some species indicate extraordinary toler-
ance against clevated concentrations (e.g., Nolana
divaricata, RUELLE 1995). One more negative effect
on vegetation must be expected from coal dust
emissions of a thermoelectric plant in Tocopilla,
which strongly contaminates air in the surround-
ings (DICTUC 2006). The effects of pollution are,
notwithstanding, limited to the proximity of pollu-
tion sources and do not explain the poor conserva-

tion status of plants in areas with little or no mining
activity such as e.g., the entire coastal area north of

Iquique.

8 Conclusions and outlook

The results of the study indicate a strong decline
of the LLoma vegetation in the area north of 24°30°S
in particular during the past five decades. It is mani-
fested by decreasing plant vitality, the disappearance
of various taxa from their northern distribution area
and a complete or partial dieback of individual plant
populations. Particularly cacti and epiphytes are af-
fected, and probably some perennial shrub and herb
species. These vegetation changes are further like-
ly responsible for the loss of Guanaco populations
from the arid coastal area between 20°S and 23°30°S.

Since different plant species are affected, large-
scale pathogenic effects as well as natural popula-
tion oscillations (e.g., cohort dieback) can be widely
excluded as crucial agents. Based on the current state
of knowledge, plant cover and species richness are
most likely affected by the recent changes in climate,
i.e., by reduced precipitation inputs and frequencies
as well as by prolonged insolation phases due to di-
minished cloudiness in the northernmost area. These
climatic effects are expected to have a negative im-
pact on the water balance, reproduction and preser-
vation of plants. At the local scale, other factors such
as environmental pollution might have additionally
contributed to a degradation of the vegetation.
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Tab.3: Annual rainfall in Tocopilla.

Year Rainfall Year Rainfall
(mm) (mm)
1925 9.1 195263 70 data
1926 0.5 1964 0.0
1927 5.8 1965 14.0
1928 6.0 1966 1.2
1929 0.0 1967 6.0
1930 15.0 1968 0.0
1931 0.0 1969 4.0
1932-39 no data 1970 0.0
1940 11.0 1971-93 no data
1941 5.0 1994 0.0
1942 9.0 1995 0.0
1943 0.0 1996 0.0
1944 0.0 1997 0.0
1945 0.0 1998 0.0
1946 0.0 1999 0.0
1947 0.0 2000 0.0
1948 0.0 2001 0.0
1949 0.0 2002 16.0
1950 0.0 2003 0.0
1951 0.0 2004 0.0
1952 1.0 2005 0.0

In the context of prospective projections, the
question about the resilience capacity of the affect-
ed vegetation arises. According to current regional
climate projections, the rainfall decline is expected
to continue at the arid coast of Chile towards the
end of the century (FUENZALIDA et al. 20006). Apart
from that, the TPO has shown predominantly nega-
tive values since the end of the 20" century, sug-
gesting that a shift towards a negative phase is un-
derway and drier conditions will predominate at the
arid coast of northern Chile during the next dec-
ades. Consequently, chances for an improvement of
growing conditions of the vegetation are limited in
the near future and a tendency towards further im-
poverishment of the northern LLoma formations is
to be expected, which would endanger the subsist-
ence of this floristically diverse and highly sensitive
ecosystem.

In the light of these projections, there is an in-
creasing need finding a way to preserve these endan-
gered endemic species. Irrigation at selected sites
using fog collectors is a potential in-situ technique
and has shown effective results (P1NTO and KIRBERG
2009), but requires considerable manpower and fi-
nancial input for a continuous maintenance of the
installations. Another possibility is offered by ex-situ
cultivation or the establishment of seedbanks. The

latter one is already practiced by the Royal Botanic
Gardens in collaboration with INIA (Chile) in parts
of the desert. Aside from focusing on northern
Lomas, also the southernmost parts of the desert
ecosystem need a more systematic incorporation
into these conservation strategies, since these areas
still host a variety of further endemic species that
are increasingly endangered by emerging land use
activities.

However, these strategies must be considered
only a drop in the bucket since climate change is (and
always has been) a worldwide phenomenon that can
hardly be countervailed by local actions.

Acknowledgements

The authors gratefully thank Gina Arancio,
Melica Mufioz-Schick, and Clodomiro Marticorena
from the herbaria CONC, HULS, and the National
Museum of Natural History SGO for providing ex-
tensive data on plant collections from the northern
Chilean coast. Gina Arancio and Helmut Walter
are thanked for identification of the collected ma-
terial. The Direccién Meteorolégica de Chile and
Juan Quintana were generous supporters of the data
on precipitation. Special thanks go to the German
National Merit Foundation (Studienstiftung des
Deutschen Volkes) for a full-time grant for N.
Schulz and to the Department of Geophysics of the
Universidad de Chile for the support of this work.

References

ALEXANDERSSON, H. (1986): A homogeneity test applied to
precipitation data. In: Journal of Climatology 6, 661—
675. DOI: 10.1002/j0c.3370060607

ALMEYDA, E. (1948): Pluvomettia de las zonas del desierto y las
estepas calidas de Chile. Editoral Universitatia. Santiago.

AravENA, R.; Suzuki, O. and Porrastri, A. (1989): Coastal
fog and its relation to groundwater in the IV region
of northern Chile. In: Chemical Geology (Isotope
Geoscience Section) 79, 83-91. DOIL: 10.1016/0168-
9622(89)90008-0

BanaroNA, M. and GarLecos, R. (2000): Surgencias en la
costa norte de Chile durante las temporadas Nifia 1996—
1997 y Niflo 1997-1998. In: Revista de Geografia Norte
Grande 27, 53-60.

Barros, E. (1941): Excursion botanica a la provincia de An-
tofagasta. In: Revista Universitaria 26 (2), 83—88.

BELMONTE, E.; FAUNDEZ, L.; FLORES, J.; HOFEMANN, A.; MU-
Noz, M. and TEILLIER, S. (1998): Categorias de conser-


http://dx.doi.org/10.1002/joc.3370060607
http://dx.doi.org/10.1016/0168-9622(89)90008-0
http://dx.doi.org/10.1016/0168-9622(89)90008-0

2011

N. Schulz et al.: Phytogeographic divisions, climate change and plant dieback along ...

185

vacion de cactaceas nativas de Chile. In: Boletin Museo
Nacional Historia Natural 47, 69—89.

Berrios, P. (2008): Estratocimulos en la costa norte de
Chile: variabilidad y tendencia. Tesis Universidad de Val-
paraiso. Valparaiso.

Brrrvann, B. (1977): Notas sobre la poblacion de la costa
del Norte Grande chileno. Universidad del Norte. An-
tofagasta.

CERECEDA, P; Osses, P; LARRAIN, H.; Farias, M.; Pinto, R.
and SCHEMENAUER, R. S. (2002): Advective, orographic
and radiation fog in the Tarapaca region, Chile. In: At-
mospheric Research 64, 261-271. DOI: 10.1016/S0169-
8095(02)00097-2

CERECEDA, P; LARRAIN, H.; Ossks, P.; FArias, M. and EGANA,
1. (2008): The spatial and temporal variability of fog and
its relation to fog oases in the Atacama Desert, Chile.
In: Atmospheric Research 87, 312-323. DOI: 10.1016/j.
atmosres.2007.11.012

Correa, H. E (1990): Caractetizacion y evaluacion del
fenomeno de la camanchaca en la III Region de Ata-
cama. Memoria, Universidad de Chile, Facultad de Cien-
cias agrarias y forestales. Santiago.

DICTUC (20006): Analisis de la calidad del aire para MP-
10 en Tocopilla. Informe Final. Pontificia Universidad
Catdlica. Santiago.

Dirron, M. O. (2005): LOMAFLOR, Searchable Database.
Andean Botanical Information System. http://www.
sacha.org

Dirron, M. O. and Horrvann, A. E. (1997): Lomas forma-
tions of the Atacama Desert, Northern Chile. In: Davis,
S. D,; HeEywoon, V. H.; HERRERA-MACBRYDE, O.; VILLA-
LoBos, J. and HamirtoN, A. (eds.): Centres of plant di-
versity: a guide and strategy for their conservation. Vol.
3: The Americas. Cambridge, 528-535.

DiLLoN, M. O. and RuNDEL, P. W (1990): The botanical re-
sponse of the Atacama and Peruvian Desert flora to the
1982-83 El Nifio Event. In: GLynN, P. W (ed.): Glo-
bal ecological consequences of the 1982—-83 El Niflo-
Southern Oscillation. Elsevier Oceanography Series.
Amsterdam, 487-504.

BLLENBERG, H. (1959): Uber den Wasserhaushalt tropischer
Nebeloasen an der Kistenwiiste Perus. In: Berichte
Geobotanische Forschung des Institut Rubel fiir 1958.
Zarich, 47-74.

Espejo, R.; DEMERGASSO, C.; GALLEGUILLOS, P; PIANTELLI,
E. and Escuptro, L. (2001): Climatolgcal and microbio-
logical characteristics of the camanchaca phenomenon
at Cerro Moreno, Antofagasta, Chile. In: Proceedings of
the Conference on Fog and Fog Collection, St. John’s,
Canada, 463—4606.

Forranp, C. K.; PARKER, D. E.; CorMaN, A. and WASHING-
TON, R. (1999): Latrge scale modes of ocean surface tem-
perature since the late nineteenth century. In: NAVARRA,

A. (ed.): Beyond El Nifio: Decadal and Interdecadal Cli-
mate Variability. Berlin, 73—102.

ForrmanN, G. (1967): Die Flechenflora der nordchile-
nischen Nebeloase Cerro Moreno. In: Nowa Hedwigia
14, 215-281.

— (1995): On the impoverishment of the lichen flora and the
retrogression of the lichen vegetation in coastal central
and northern Chile during the last decades. In: Crypto-
gamic Botany 5, 224-231.

Fuenzanipa, H.; SancHEz, R. and GarreauD, R. (2005):
A climatology of cut off lows in the Southern Hemi-
sphere. In: Journal of Geophyical Research 110, D1801,
DOI: 10.1029/2005]D005934

Fuenzavnipa, H.; FALvey, M.; Rojas, M.; AcerruNo, P. and
GARREAUD, R. (20006): Estudio de la variabilidad climati-
ca en Chile para el siglo XXI. Informe final. DGF Uni-
versidad de Chile.

GAJARDO, R. (1994): La vegetacion natural de Chile. Clasifi-
cacién y distribucion geografica. Editoral Universitaria.
Santiago.

GARREAUD, R. (2009): The Andes climate and weather. In:
Advances in Geoscience 22, 3-11. DOI: 10.5194/adg-
€0-22-3-2009

GARREAUD, R. and RutrLLANT, J. (1996): Analisis meteorolog-
ico del los aluviones de Antofagasta y Santiago de Chile
en el periodo 1991-1993. In: Atmésfera 9, 251-271.

GARREAUD, R.; BARICHIVICH, ].; CHRisTIE, D. A. and MALDO-
NADO, A. (2008): Interannual variability of the coastal
fog at Fray Jorge relict forests in semiarid Chile. In:
Journal of Geophysical Research 113, G04011. DOI:
10.1029/2008]G000709

Grau, J. (2000): El Nifio — Leben fiir die untergehende
Pflanzenwelt der Atacama. In: Biologie in unserer Zeit
30, 4-13.

Hemr, C. (2005): Studies on the systematics, evolution, and
biogeography of Oxalis sections Caesiae, Carnosae, and Gi-
ganteae, endemic to the Atacama Desert of northern Chile.
Diploma thesis. Ludwig-Maximilian-Universitit Minchen.

HorrmanN, A. and WALTER, H. (2004): Cactaceas en la flora
silvestre de Chile. Fundacion Claudio Gay. Santiago.

Hoxey, P. (2004): Some notes on Copiapoa humilis and the
description of a new subspecies. In: British Cactus and
Succulent Journal 22, 29—42.

JarrueL, P E (1936): Excursiones botanicas a los alrededores
de Tocopilla. In: Revista Chilena de Historia Natural 40,
265-274.

Jonnston, I. M. (1929): Papers on the flora of north-
ern Chile. 1. The coastal flora of the departments of
Chanaral and Taltal; 2. The flora of the nitrate coast. In:
Contributions Gray Herbarium 85.

KOHLER, A. (1970): Geobotanische Untersuchungen in Kiis-
tendtunen Chiles zwischen 27 und 42 Grad sidl. Breite.
In: Botanische Jahrbiicher 90, 55-200.


http://dx.doi.org/10.1016/S0169-8095(02)00097-2
http://dx.doi.org/10.1016/S0169-8095(02)00097-2
http://dx.doi.org/10.1016/j.atmosres.2007.11.012
http://dx.doi.org/10.1016/j.atmosres.2007.11.012
http://dx.doi.org/10.1029/2005JD005934
http://dx.doi.org/10.5194/adgeo-22-3-2009
http://dx.doi.org/10.5194/adgeo-22-3-2009
http://dx.doi.org/10.1029/2008JG000709

186

ERDKUNDE

Vol. 65 - No. 2

Kraus, R. (1994): Die Bedeutung der Kustennebel in Chile
fir die Kakteenpopulation. In: Kakteen und andere Su-
kkulenten 45 (11), 242-247.

LAILHACAR, S. (19806): Las grandes formaciones vegetales
de la zona desértica y mediterranea prearida y arida de
Chile: con énfasis en sus aptitudes forrajeras. In: Boletin
Sociedad Chilena de la Ciencia del Suelo 5, 145-231.

LArRRAIN, H.; CERECEDA, P; PiNTO, R.; LLAZARO, P.; Ossks, P.
and SCHEMENAUER, R. S. (2001): Archaeological obser-
vations at a coastal fog-site in Alto Patache, South of
Iquique, Northern Chile. In: Proceedings of the Con-
ference on Fog and Fog Collection, St. John’s, Canada,
289-292.

LarrAIN, H.; ViLAsQuEz, P; Cerecepa, R.; Esppjo, R.;
Pinto, R.; Ossks, P and ScHEMNAUER, R. S. (2002):
Fog measurements at the site “Falda Verde” north of
Chafaral compared with other fog stations of Chile. DS.
In: Atmospheric Research 64, 273-284. DOI: 10.1016/
S0169-8095(02)00098-4

LE QuEsNE, C.; AcuNa, C.; BONINSEGNA, J. A.; RIVERA, A.
and BAricHIVICH, J. (2008): Long-term glacier variations
in the Central Andes of Argentina and Chile, inferred
from historical records and tree-ring reconstructed
precipitation. In: Palacogeography, Palacoclimatol-
ogy, Palacoecology 281, 334-344. DOL: 10.1016/j.pal-
2€0.2008.01.039

Luesert, E; Garcia, N. and Schurz, N. (2007): Observa-
ciones sobre la flora y vegetacién de los alrededores de
Tocopilla (22°S, Chile). In: Boletin Museo Nacional His-
toria Natural 56, 27-52.

ManN, G.; Zaprg, H.; MArTINEZ, R . and MELCHER, G.
(1953): Colonias de guanacos (Lama gnanicoe) en el desi-
erto septentrional de Chile. In: Investigaciones Zoologi-
cas de Chile 10, 11-13.

MarticOrRENA, C.; MartHEL O.; RODRIGUEZ, R.; ARROYO,
M. K.; Munoz, M.; SQueo, E and Arancio, G. (1998):
Catilogo de la flora vascular de la Segunda Regién
(Region de Antofagasta), Chile. In: Gayana Botanica
(Chile) 55, 23-83.

MARTICORENA, M.; SQUEO, E; ArANCIO, G. and MuNoz, M.
(2001): Catalogo de la flora vascular de la IV Regién de
Coquimbo. In: Squeo, F; Arancio, G. and GUTIERREZ,
J- R. (eds.): Libro rojo de la flora nativa y de los sitios
prioritarios para su conservacién: Region de Coquimbo.
La Serena.

MuNoz-Schick, M.; Pinto, R.; Mesa, A. and MOREIRA-
Muroz, A. (2001): Oasis de neblina en los cerros cos-
teros del sur de Iquique, region de Tarapacd, Chile, du-
rante el evento El Nifio 1997-1998. In: Revista Chilena
de Historia Natural 74, 323-339.

NuUREZ, L. and VARELA, J. (1967): Sobre los recursos de agua
y el poblamento prehispanico de la costa del Norte
Grande de Chile. In: Estudios Arqueologicos 3-4, 7—47.

PriLiepr, R. A, (1860): Reise durch die Wiiste Atacama auf
Befehl der chilenischen Regierung im Sommer 1853—54.
Halle.

Pinto, R. (2007): Estado de conservacion de Euwlychnia
iquiquensis (Schumann) Britton et Rose (Cactaceae) en
el extremo norte de Chile. In: Gayana Botanica 64 (1),
98-109.

Pinto, R. and KirBERG, A. (2005): Conservation status of
Erosyce (Cactaceae) in northernmost Chile. In: Bradleya
23, 7-16.

— (2009): Cactus del extremo norte de Chile. Santiago.

Pinto, R. and LueskgrT, E (2009): Datos sobre la flora vascu-
lar del desierto costero de Arica y Tarapaca, Chile, y sus
relaciones fitogeograficas con el sur de Pertd. In: Gayana
Botanica 66 (1), 28—49.

Pinto, R.; BaRrRria, 1. and MARQUET, P. A. (2006): Geographi-
cal distribution of Tillandsia lomas in the Atacama De-
sert, northern Chile. In: Journal of Arid Environments
65, 543-552. DOI: 10.1016/j.jaridenv.2005.08.015

PiNTO, R.; LARRAIN, H.; CERECEDA, P; L.AZARO, P; Ossks, P. and
ScHEMENAUER, R. S. (2001): Monitoring fog-vegetation
communities at a fog-site in Alto Patache, south of Iq-
uique, Northern Chile, during “El Nifio” and “La Nifia”
events (1997-2000). In: Proceedings of the Conference
on Fog and Fog Collection. St John’s, Canada, 297-300.

QUINTANA, . and Berrios, P. (2007): Study of the coastal
low cloud in the northern coast of Chile: variability and
tendency. 4th Int. Con. on Fog, Fog Collection and Dew.
La Serena, 189-192.

Reichg, K. (1907): Grundzige der Pflanzenverbreitung in
Chile. In: ENGLER, A. and DRUDE, O. (eds.): Die Vegeta-
tion der Erde. Leipzig,

Ricarpi, M. (1957): Fitogeografia de la costa del departami-
ento de Taltal. In: Boletin Sociedad Biologica de Con-
cepcion 32, 3-9.

RicHTER, M. (1981): Klimagegensitze in Siidperu und ihre
Auswirkungen auf die Vegetation. In: Erdkunde 35,
12-30. DOI: 10.3112/erdkunde.1981.01.02

— (1995): Klimadkologische Merkmale der Kiistenkordillere
in der Region Antofagasta (Nordchile). In: Geodkody-
namik 16 (3), 283-332.

Ricuter, M.; Scumipt, D. and Wike, H. G. (1993): Das
Unwetter von Antofagasta. In: Praxis Geographie 23,
44-47

Rrrrer, E (1980): Kakteen in Stiidamerika. Band 3. Chile.

RUELLE, S. (1995): Etude d impact de la pollution métallique
sur le site de Paposo (II Région, Chili). Travail de fin
d’études. Faculté Universitaire des Sciences Agrono-
miques de Cembloux.

RunpEL, P. W, and DirLon, M. O. (1998): Ecological pat-
terns in the Bromeliaceae of the lomas formation of
Coastal Chile and Peru. In: Plant Systematics and Evolu-
tion 212, 261-278. DOI: 10.1007/BF01089742


http://dx.doi.org/10.1016/S0169-8095(02)00098-4
http://dx.doi.org/10.1016/S0169-8095(02)00098-4
http://dx.doi.org/10.1016/j.palaeo.2008.01.039
http://dx.doi.org/10.1016/j.palaeo.2008.01.039
http://dx.doi.org/10.1016/j.jaridenv.2005.08.015
http://dx.doi.org/10.3112/erdkunde.1981.01.02
http://dx.doi.org/10.1007/BF01089742

2011

N. Schulz et al.: Phytogeographic divisions, climate change and plant dieback along ...

187

RuNDEL, P. W. and Manu, M. (1976): Community structure
and diversity in coastal fog desert in northern Chile. In:
Flora 165, 493-505.

RunbpeL, P W.; DinoN, M. O.; Parma, B.; MooNEy, H. A
GuLmoN, S. L. and EHLERINGER, J. R. (1991): The phy-
togeography and ecology of the Coastal Atacama and
Peruvian Deserts. In: Aliso 13 (1), 1-49.

Runper, P W,; Parma, By Ditron, M. O.; SHarir, M. R.
and BooneraGos, K. (1997): Tillandsia landbeckii in the
coastal Atacama Desert of northern Chile. In: Revista
Chilena de Historia Natural 70, 341-349.

Runper, P W,; Viracra, P E.; Dmron, M. O.; Roic-
JuxenT, S. and Desanp, G. (2007): Arid and semi-arid
ecosystems. In: VEBLEN, T. T.; YOUNG, K. R. and ORME,
A. R (eds): The physical geography of South America.
Oxford, 158-183.

Scruurz, N. (2009): Loma-Formationen der Kisten-At-
acama/Nordchile Berticksichti-
gung rezenter Vegetations- und Klimaverinderun-
gen.  http://www.opus.ub.uni-erlangen.de/opus/voll-
texte/2009/1289/

unter besonderer

ScHurz, N.; Bosier J. P and Acerruno, P (2011): Climate
change along the arid coast of northern Chile. Interna-
tional Journal of Climatology (accepted).

SIELFELD, W; MIRANDA, E. and TORRES, J. (1995): Informacion
preliminar sobre los oasis de niebla de la costa de la Primera
Region de Tarapaca. Programa de Recursos Hidricos y Na-
turales Renovables. Universidad de Tarapaca, Iquique, Chile.

SQUEO, E; ARROYO, M.; MARTICORENA, A; ARANCIO, G; MUNOZ-
Schick, M.; NEGRrITTO, M.; ROJAS, G.; Rosas, M.; RODRI-
GUEZ, R.; HuMANA, A.; BARRERA, E. and MARTICORENA, C.
(2008): Catalogo de la flora vascular de la Region de Ataca-
ma. In: SQuEo, E; Arancio, G. and GUTIERREZ, J. R. (eds.):
Libro rojo de la flora nativa y de los sitios prioritatios para
su conservacion: Region de Atacama. La Serena.

VALERO-GARCES, B. L.; DELGADO-HUERTAS, A.; Navas, A.; ED-
WARDS, L.; Schwars, A. and Rarro, N. (2003): Patterns of
regional hydrological variability in central-southern Alti-
plano (18°-26°S) lakes during the last 500 years. In: Paleo-
geography, Paleoclimatology, Paleoecology 194, 319-338.

WERDERMANN, E. (1931): Die Pflanzenwelt Nord- und Mit-
telchiles. In: Vegetationsbilder 21 (6/7), 31-42.

Authors

Dr. Natalie Schulz

Pontificia Universidad Catolica del Pert
Lima

Peru

nschulz@pucp.edu.pe

Prof. Dr. Patricio Aceituno
Department of Geophysics
FCFM

University of Chile
Santiago

Chile
aceituno@dgf.uchile.cl

Prof. Dr. Michael Richter
Department of Geography

University of Erlangen-Nirnberg
Kochstr. 4/4

91054 Erlangen
mrichter@geographie.uni-erlangen.de


http://www.opus.ub.uni-erlangen.de/opus/volltexte/2009/1289/
http://www.opus.ub.uni-erlangen.de/opus/volltexte/2009/1289/

