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Abstract
The northern Chilean Atacama Desert is among those regions on Earth where life exists at its dry limits. There is almost 
zero rainfall in its core zone, and the only source of water is a spatio-temporally complex fog system along the Pacific coast, 
which is reaching far into the hyperarid mainland. Hardly any vascular plants grow in these areas, and, thus, it is intriguing to 
be faced with a vegetation-type build-up by one single and highly specialized bromeliad species, Tillandsia landbeckii Phil., 
forming regular linear structures in a sloped landscape. We studied the genetic make-up of a population system extending an 
area of approximately 1500  km2 and demonstrated a fine-scale correlation of genetic diversity with spatial population struc-
ture and following an elevational gradient of approximately 150 m. Increase in genetic diversity is correlated with increased 
fitness as measured by flowering frequency, and evidence is provided that outbreeding is linked with a large-distance flying 
pollinator feeding occasionally as generalist on its flowers, but not using the plant as source for larvae feeding. Our data 
demonstrate that establishment of linear vegetation structure is in principle a process driven by clonal growth and propaga-
tion of ramets over short distances. However, optimal conditions (slope, elevation, fog occurrence) for linear growth pattern 
formation also increase sexual plant reproductive fitness, thus providing the reservoir for newly combined genetic variation 
and counteracting genetic uniformity. Our study highlights the Tillandsia vegetation, also called Tillandsia lomas, as unique 
and genetically diverse system, which is highly threatened by global climate change and disturbance of the coastal fog system.
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Introduction

The coastal zone of northern Chile and southern Peru rang-
ing from approximately 18°S–30°S is home to unique eco-
systems which depend on coastal fog. Here, marine low 
stratocumulus clouds are reaching far towards the elevated 
inland and act as the main source of water in an otherwise 
arid or even hyperarid environment. This region, the Ata-
cama Desert, runs over 1300 km at elevations from sea level 
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up to 3000 m altitude, and consists of very unique vegeta-
tion types (Luebert and Pliscoff 2006). The origin of the 
arid climate dates back to the mid-Miocene and was induced 
by the Andean uplift which blocked westward movement 
of humidity from the Amazon Basin (Houston and Hart-
ley 2003; Rech et al. 2010). Hyperarid conditions were 
formed in the Atacama Deserts not earlier than during the 
Pleistocene (Hartley et al. 2005) and were intensified by 
an expansion of coastal upwelling in the southeast Pacific, 
the abrupt cooling of surface water temperatures along the 
coast of Ecuador and a global cooling trend (Ibaraki 1997; 
Zachos et al. 2001). Vegetation today occurs in disjunct 
patches, the so-called fog oases or lomas assumed to be the 
remnants of a continuous vegetation belt during the Pleisto-
cene (Cereceda et al. 1999; Rauh 1958). These are made up 
of at least 300–400 vascular plant species in Chile (Schulz 
2009)—many of them endemic and/or threatened (Schulz 
2009)—and c. 850 species in Peruvian loma formations 
(Dillon et al. 2011). The fog oases constitute hot spots of 
biodiversity and important conservation areas (Zizka et al. 
2009). In particular, phylogenetic diversity (PD) is high, 
because there are often only few species from a given genus 
or family (Heibl and Renner 2012). This may be consid-
ered as a signature for deep impact of evolutionary history 
(Scherson et al. 2017); and it has been shown, for instance, 
for genus Oxalis that there is no evidence for rapid adaptive 
radiation (Heibl and Renner 2012). However, little is known 
about spatio-temporal patterns of plant species (Heibl and 
Renner 2012), and vegetation dynamics throughout Pleisto-
cene climate cycles (Luebert and Wen 2008).

In recent decades, the Chilean–Peruvian fog ecosystems 
have shown increasing signs of decline, which might be 
linked to abrupt mesoscale climate shifts since the mid-
1970s (Schulz et al. 2010). However, the magnitude of the 
decline and the underlying causal ecologic-atmospheric 
relationships are yet to be investigated (Latorre et al. 2011). 
Reports are alarming and indicate high mortality within the 
coastal lomas, but currently the extent and quality of the 
dieback as well as the effects of changes in the fog dynamics 
on the degradation of the lomas are not understood (Muñoz-
Schick et al. 2001; Pinto et al. 2006; Schulz et al. 2010). 
Similarly, topographic features, such as saddlebacks, depres-
sions, fog-corridors, aspect, and elevation above sea level, 
may play an important role by affecting the local geographic 
distribution, frequency and water content of fog (Osses et al. 
2007), with direct effect on the distribution of coastal eco-
systems (Cereceda et al. 2008; Larraín et al. 2002; Latorre 
et al. 2011; Pinto et al. 2006; Westbeld et al. 2009).

The northern Chilean Atacama Desert in particular is 
among those regions where life exists at its dry limits. In 
major areas, there is hardly any vascular plant growing, and, 
thus, it is intriguing to be faced with a vegetation-type build-
up by one single and highly specialized bromeliad species, 

Tillandsia landbeckii Phil., forming regular linear structures 
in a sloped desert landscape. In Chile, there are few terres-
trial Tillandsia species growing on bare sand (T. landbeckii, 
T. marconae Till & Vitek, rarely T. virescens Ruiz & Pavon). 
Since they are lacking a typical root system, they depend 
on sloped dunes (coppice dunes) to stabilize plant growth. 
Moreover, lacking a system of water uptake via root, these 
“grey tillandsias” harvest water with highly specialized tri-
chomes utilizing incoming fog during the night. This adap-
tation to extreme water uptake efficiency is accompanied 
by obligate CAM (Crassulacean Acid Metabolism) photo-
synthesis representing another efficient way to cope with 
extreme environments and open stomata during the night 
only (Haslam et al. 2003).

Linear or banded pattern formation of vegetation in arid 
climates has been analysed in the past, but is still lacking a 
deeper understanding (Deblauwe et al. 2012). Studies from 
various arid regions all over the world developed models and 
elaborated on parameters to describe the observed patterns, 
such as wavelength of banding patterns, slope or precipita-
tion (Deblauwe et al. 2012; Tlidi et al. 2018). Such descrip-
tive models have also been generated for T. landbeckii 
(Borthagaray et al. 2010) and Tillandsia latifolia Meyen in 
Peru (Aponte and Flores 2013; Hesse 2012, 2014).

However, these models do not allow to draw conclusions 
about important population characteristics such as the rela-
tive contributions of vegetative or generative reproduction 
and dispersal to population dynamics, either as seeds or 
ramets, which may have severe consequences on popula-
tion fitness often positively correlated with genetic diversity 
(Takahashi et al. 2018). In principal substantial genetic vari-
ation in T. landbeckii populations, which may be essential to 
survive in a hyperarid environment for thousands of years 
(Latorre et al. 2011), can be maintained by both strategies: 
either a large number of genotypes is propagated clonally, or 
geneflow via pollen and subsequent seed dispersal is main-
taining and continuously creating genetic diversity. The for-
mation of regular linear banding patterns might favour the 
hypothesis of clonal population growth, whereas the extreme 
habitats within the entire distribution range may require con-
tinuous local adaptation, which is dependent on geneflow 
and sexual reproduction.

Therefore, elaborating on a comprehensive understand-
ing of tillandsia lomas and their contemporary population 
dynamics needs to consider genetic information, which also 
reflects the species evolutionary history. We screened genetic 
variation in Tillandsia landbeckii within the centre of its dis-
tribution in the northern Chilean Atacama Desert covering a 
metapopulation system that spans approximately 1500  km2. 
Within this area, we selected a representative population 
(Cerro Oyarbide) with optimal linear growth patterning to 
study the fine-scale distribution of genetic diversity in the 
context of the entire metapopulation system. Using this data, 
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we aim to test the two competing hypotheses—whether pop-
ulation structure in tillandsia lomas is dominated by clonal 
growth indicated by genetically identical individuals leading 
to linear vegetation patterns or by geneflow and seed disper-
sal indicated by a spatial distribution of genetic variation.

We (1) study genetic connectivity among populations in 
the best-developed metapopulation system, (2) characterize 
fine-scaled genetic diversity at a representative study site 
(Oyarbide) to unravel modes and spatial structure of repro-
duction and dispersal, (3) and provide first evidence for fitness 
parameters important for long-term plant population survival 
within a (possibly) rapidly changing and fragile environment, 
and thereby (4) contribute to our understanding of linear veg-
etation pattern formation in this unique vegetation type.

Materials and methods

Study sites and plant material

Satellite-based remote-sensing detection of Tilland-
sia landbeckii populations was performed (Wolf et al. 
2016). The entire study area is part of the hyperarid Ata-
cama Desert in the Tarapacá region in northern Chile 
near Iquique (Fig. 1). The analysed area extends over a 
90 × 30 km coastal stripe at approximately 20°S (Wolf 
et al. 2016), and vegetation cover analyses were based 
on 30 × 30 m grids (Wolf et al. 2016). These data were 
used to navigate through the desert and sample individu-
als along a transect from North to South grouped into 
populations no. 1–7. In the centre of this population sys-
tem, a large Tillandsia loma field (Oyarbide, pop. 7) was 
identified with a perfectly linear vegetation banding pat-
ters running orthogonally to the sloped terrain (Fig. 2). 
This study field has a total size of approximately 6  km2 
and is our focal population in this study. In order to place 
the population in a genetic context, randomly selected 
individuals from additional six populations over the entire 
region were collected. These individuals (65 in total) 
served as a reference for subsequent genetic analysis 
(genepools and genetic parameters). To collect samples 
within this study field, we first overlaid the region with a 
georeferenced grid of 100 × 100 m. This grid was aligned 
to the linear arrangement of the vegetation. Coordinates 
were extracted for all grid centres and used as way-points 
to navigate and collect samples. Samples were ideally 
collected with the exact coordinates (centre of the grid). 
If this was not possible (either no Tillandsia at all present 
at coordinates or only dead plants), the nearest neigh-
bouring Tillandsia was collected and the coordinates for 
the new respective sampling site within the given grid 
cell were adjusted accordingly before moving to the next 

way-point/sampling point. The Oyarbide sampling field 
(grid system) was structured with rows (A-O, from inland 
to coast; following linear vegetation) and 23 grids each 
resulting in a final coverage of 3.5  km2. In total, we col-
lected 264 individuals, with 199 individuals from the 
described Oyarbide grid field. Collection of plant mate-
rial was conducted in November 2016 under optimal field 
growing conditions.

Genetic diversity and nuclear AFLP analysis

AFLP profiles (Meudt and Clarke 2007; Vos et al. 1995) 
were generated for the entire data set with 264 individuals 
from all seven population areas (Online Resource 1). Leaf 
material was taken in the field and immediately stored in 
silica gel for fast drying. In the laboratory, material was 
homogenized by grinding with a pistil on liquid nitrogen. 
The Invisorb Spin Plant Mini kit was used following the 
manufacturer’s instructions, including the optional step of 
RNA digestion. The following modifications were applied 
to the CTAB protocol (Doyle and Doyle 1987): DNA pellets 
were washed twice with 70% ethanol and then dissolved in 
100 μl TE-buffer (10 mM Tris–HCl, 1 mM EDTA, pH 7.5). 
Quality (high molecular weight) and quantity of DNA were 
checked prior to subsequent analytical steps. DNA quality 
and fragment length were visually checked on 1% agarose 
gels, and concentration was assessed via fluorescence spec-
troscopy using a high-sensitivity, double-stranded DNA-
specific dye with the  Qubit® dsDNA HS Assay (Thermo 
Fisher Scientific, Waltham, Massachusetts, USA). Digestion 
of diluted genomic DNA and ligation of dsDNA adaptors 
was performed simultaneously by endonucleases EcoRI 
HF and MseI and T4 DNA Ligase (New England Biolabs 
GmbH, Frankfurt am Main, Germany). PCRs were carried 
out with AmpliTaq DNA Polymerase in AmpliTag buffer 
II for PCR step 1 and with AmpliTaq Gold and AmpliTaq 
Gold Buffer (Abi/Life Technologies, Darmstadt, Germany) 
for PCR step 2 (selective PCR). Oligonucleotides and 
fluorescent-labelled oligonucleotides (with fluorophores 
FAM, Hex and Atto550) were obtained from biomers.net 
GmbH Ulm, Germany. During an initial screening for vari-
ability, a set of six combinations of selective primers was 
chosen for the study: (A) EcoRI + ACA(FAM)/MseI + CAT, 
(B) EcoRI + AAC(Hex)/MseI + CAT, (C) EcoRI + AGC 
(Atto550)/MseI + CAT), (D) EcoRI + ACA(FAM)/
MseI + CTC, (E) EcoRI + AAC(Hex)/MseI + CTC and (F) 
EcoRI + AGC (Atto550)/MseI + CAT). A detailed protocol 
of the laboratory routines including reagent concentrations 
and thermocycling conditions is described in Tewes et al. 
(2017). Prior to fragment detection, amplicons were pool-
plexed and purified by ultrafiltration (NucleoFast 96 PCR 
plate ultrafiltration kit, Macherery-Nagel, Düren, Germany). 
Fragment detection was performed by GATC Biotech AG 
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(Konstanz, Germany). Size calling and manual genotype 
calling were performed with GeneMarker 1.95 (SoftGenet-
ics LLC, State College, USA). Scored data were exported as 
a binary data table for further analysis. To assess the geno-
typing error, we included replicate samples from duplicated 
DNA extractions in our setup. In total, we generated 20 
replicate genotypes for 10 individuals plus several negative 

(water) controls. Samples were assigned randomly to an 
experimental block (96-well reaction plate). Experimental 
and genotyping errors were further analysed using a vari-
ance criterion testing plate-specific effect. For that, asso-
ciations of all pairs of samples were expressed by a dis-
similarity coefficient with Euclidean properties (Legendre 
and Legendre 2012) using Jaccard’s dissimilarity coefficient 

Fig. 1  Distribution of analysed populations and genetic results. a 
Study area in northern Chile (Map data: Google Earth, Landsat/
Copernicus; accessed 20 February 2019). b Output from Barrier 
analysis. Numbers indicate populations. Barriers to geneflow are 

drawn as red lines. c Zoom into the Oyarbide study field (pop. 7) and 
the respective output from Barrier analysis with rows A–O indicated. 
d Genetic assignment revealed by Structure analysis based on opti-
mal K = 2. Population numbers and rows (pop. 7) are indicated
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(Jaccard 1901). Principle coordinate analysis (PCoA) 
(Anderson and Willis 2003) and Eigen decomposition of 
the resulting association matrix were performed with the 
function pcoa R package “ape” (Paradis et al. 2004). The 
variance of the occurrence of any marker among plates was 
calculated, and all markers showing a variance bigger than 

0.025 were removed. The final rate of genotyping error was 
determined over all pairs of replicates (Bonin et al. 2004).

Genetic assignment of accessions was inferred under the 
non-admixture model implemented in STRU CTU RE 2.3.4. 
(Pritchard et al. 2000) using the correlated allele frequencies 
and the recessive alleles options (Falush et al. 2007). Burn-in 

Fig. 2  Illustration of the 
Oyarbide study field. a Linear 
arrangement of Tillandsia land-
beckii vegetation and flowering 
plant. b Putative pollinator 
Hyles annei. c Sampling grid 
for T. landbeckii at Oyarbide 
and details of the sloped terrain. 
Images were taken by M.A.K. 
(a) and D.K. (b)
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period was set to 150,000 MCMC steps, and data collection 
was carried out over another 250,000 steps. Thirty replicate 
simulations were run for each value of K (the number of 
ancestral clusters assumed by STRU CTU RE) ranging from 
1 to 10. Individual ancestry was averaged across all replicate 
simulations for each value of K using CLUMPP Version 
1.1.2 (Jakobsson and Rosenberg 2007). A formal deter-
mination of the optimal value of K was carried out using 
Evanno’s Mean Delta K (Evanno et al. 2005). Analysis of 
molecular variance (AMOVA) and estimation of molecular 
diversity indices were performed with Arlequin v. 3.5.2.2 
(Excoffier and Lischer 2010).

Possible genetic barriers in a geographically defined land-
scape were analysed using a Monmonier’s maximum differ-
ence algorithm as implemented with the software BARRIER 
version 2.2 (Manni et al. 2004). This program calculates 
zones where abrupt changes in genetic variations occur and 
visualizes them on a geographic map presenting the sample’s 
locations. These abrupt changes occur when the IBD (isola-
tion–by–distance) model does not apply to a population due 
to barriers of gene flow. Basically, the IBD model states 
that genetic differentiation between individuals uniformly 
increases with a geographic distance due to a decline in gene 
flow at increasing distances (Manel et al. 2003). If isolating 
factors prevent gene flow, irregularities appear in the pat-
tern, represented as barriers in the map. Barrier analyses 
were conducted (i) with the total data set (264 individuals), 
and (ii) with a reduced set of samples from the grid field 
(Oyarbide) (199 individuals).

Screening of flowering phenotypes

Estimation of flower frequency at Oyarbide was performed 
on a 2  m2 plot scale with the respective georeferenced and 
sampled individual in its centre. Flowering categories were 
0 = 0–6 flowers per 100  cm2, 1 = 7–12 flowers per 100  cm2, 
and 2 =>12 flowers per 100  cm2. Final screening of flower-
ing frequency was performed during a field campaign in 
November 2018. In order to obtain a better idea about flow-
ering time and phenology, we selected 10 permanent plots 
(10x10 m) and marked 500 randomly chosen and non-flow-
ering shoots. All of them were visited during March, May, 
August and November 2018 to score transition to flowering.

Results

Genetic data obtained from AFLP analysis indicate 
little genetic structure and limited barriers 
to geneflow in the metapopulation system

The AFLP analysis of core (pop. 7, Oyarbide field) and 
peripheric populations (pops. 1–6) included 264 individuals. 

Of 287 semi-automatically scored loci, 131 loci were kept 
after rigorous quality control following a method introduced 
earlier (Koch et al. 2017); 106 of these 131 loci were found 
to be polymorphic. The combined experimental and geno-
typing error rate (Bonin et al. 2004) in the final data set 
was below 0.5%. AFLP data indicated little genetic struc-
ture within the entire study region of about 1500  km2. The 
optimal number of genetic clusters (K) was estimated to be 
2 (Fig. 1d) with highest DeltaK at K = 2 (Table 1).

Individuals assigned to both genetic clusters were also 
detected in the core population and study field at Oyarbide 
(Fig. 1c and Fig. 2a, c, population no. 7 with rows A–O, 
inland to coast direction). However, genetic clusters are par-
titioned geographically with cluster 1 (grey) confined mostly 
to upper rows A–E and cluster 2 (blue) confined to lower 
rows F–O. Neighbouring populations (1–6) largely follow 
this pattern, and AFLP data indicate genetic coherence.

Analysis of barriers to geneflow between core and periph-
eric populations was congruent (Fig. 1B, C), and no major 
barriers to geneflow between the different populations were 
detected. Within the entire distribution area, significant bar-
riers were found only between population 1 and 2 (Fig. 1B), 
which were also characterized by Structure with two differ-
ent genetic assignments (Fig. 1D). Within the core popula-
tion at Oyarbide (Fig. 1C), barriers to geneflow following 
linear vegetation were detected in most parts of the study 
site when analysing this population alone. Linear patterns 
are most pronounced in the upper rows compared to rows at 
lower elevation which are less sloped (see Fig. 2C). This is 
in agreement with Structure results indicating a transition 
zone from genepool 1 (grey) to genepool 2 (blue) at row 
E/F. Following Structure results, the Oyarbide field can 
be divided into row A–E and F–O and the mean number of 
fragments can be compared as an indicator of genetic diver-
sity. Data in both classes followed a normal distribution, and 
a two-tailed Mann–Whitney U test was applied. The mean 
number of AFLP fragments among individuals (n = 199) was 
significantly different at p < 0.001: mean A–E = 118.6 (SD 
16.3) compared to F–O = 104.3 (SD 10.0), with 13% more 
alleles in the upper part of the field.

Table 1  Identification of the most likely number of clusters from 
genetic data of 264 Tillandsia landbeckii individuals

The selection of the appropriate K was based as described in the main 
text. K number of clusters, mean LnP(K) ± SD, Ln′(K), Ln″ (K), and 
respective DeltaK are given over 30 independent runs. Results are 
shown for K ranging from 1 to 4

K Mean LnP (K) SD Ln′ (K) Ln″ (K) Delta K

1 − 27,582 60.8 NA NA NA
2 − 25,964 66.5 1618 805 121
3 − 23,151 646.6 812 303 4.7
4 − 24,642 1259.5 508 183 1.4
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Further genetic diversity statistics of all populations using 
Arlequin (Table 2) indicated that 32.4% of the genetic varia-
tion is distributed among populations, whereas the majority 
of variation (67.6%) is found within populations. The overall 
fixation index (FST) was 0.32. Within the Oyarbide popula-
tion, summary statistics also showed a strong difference of θ 
(S) and θ (π) between rows A–E and F–O and higher genetic 
diversity in rows A–E.

Mantel tests of genetic and geographic distance 
indicate linear genetic population structure 
in distinct parts of a population

A Mantel test for distance classes over the entire Oyarbide 
field showed significant correlation between genetic distances 
(Jaccard index) and geographic distances (p < 0.01) for dis-
tance classes from 100 to 400 m only. A less significant nega-
tive correlation (p < 0.05) was observed for distance classes 
from 900 to 1200 m (Fig. 3). The positive correlation may 
coincide with local clusters of genetically descendent individ-
uals considering the grid size of 100 m. Negative Mantel’s r in 
distance classes below 700 m indicated the separation of the 
entire field in two genepools (upper rows A–E and lower rows 

F–O). Under the assumption that there is increased clonal 
dispersal along a given line, there should be no correlation of 
genetic and spatial distances. In order to test whether any cor-
relation from the total data set at Oyarbide is sub-structured 
within given rows, these Mantel tests were conducted for indi-
vidual rows A–O. None of the tests showed any correlation 
between genetic and geographic distances (Online Resource 
2), indicating that limited genetic variation is distributed 
within rows and that individuals are more similar to each 
other, possibly representing a more pronounced clonal struc-
ture. These results are consistent with BARRIER analyses that 
also demonstrated a linear arrangement of genetic diversity. 
Because of the rigorous filtering of potential genotyping error, 
we may not be able to distinguish between clonal variants 
(identical genotypes) and genetically very similar individuals. 
Therefore, we followed the above-described results to fur-
ther elaborate on the fine-scale structure and distribution of 
genetic variation. Using Arlequin, we first extracted geneti-
cally identical pairs and groups of individuals from the data 
matrix, and second, we identified individuals in direct prox-
imity (neighbouring 100 × 100 m grid), and finally, we tested 
whether identical and neighbouring individuals were spatially 
arranged following vegetation banding patterns (horizontally) 

Table 2  Summary statistics of 
AFLP data

N number of samples; S number of segregating sites; θ(S) Watterson’s estimator of the expected number 
of sites (standard deviation); θ(π) observed, average number of segregating sites (standard deviation); 
D Tajima’s D; p(D) p value for D obtained via simulations of 10,000 neutral genealogies; gene diversity 
(SD standard deviation); He expected heterozygosity for polymorphic loci (standard deviation)

Pop. N S θ (S) θ (π) D p(D) Gene diversity (SD) He (SD)

1 13 24 7.734 (3.241) 5.641 (3.253) − 1.17 0.126 0.043 (0.248) 0.235 (0.125)
2 12 40 13.245 (5.417) 10.394 (5.746) − 0.98 0.164 0.079 (0.043) 0.259 (0.124)
3 5 31 14.880 (8.552) 14.800 (9.365) − 0.04 0.541 0.113 (0.071) 0.477 (0.099)
4 7 45 15.337 (3.631) 17.809 (10.341) − 0.17 0.431 0.136 (0.079) 0.395 (0.123)
5 6 29 12.701 (6.300) 11.400 (6.974) − 0.65 0.334 0.087 (0.053) 0.393 (0.099)
6 17 35 10.353 (3.967) 5.911 (3.323) − 1.76 0.019 0.045 (0.025) 0.169 (0.112)
7 199 90 15.337 (3.3631) 6.739 (3.531) − 1.73 0.013 0.051 (0.027) 0.075 (0.082)
A–E 34 68 16.631 (5.298) 13.433 (6.884) − 0.71 0.250 0.102 (0.052) 0.198 (0.171)
F–O 165 73 12.852 (3.184) 4.629 (2.526) − 1.98 0.005 0.035 (0.019) 0.063 (0.069)

Fig. 3  Mantel test for correla-
tion of geographic and genetic 
distances at Oyarbide. a Fre-
quency of geographic distance 
over the entire study field. b 
Mantel’s r indicated for the 
various distance classes (100 m 
classes). Filled circles show sig-
nificant correlation at p = 0.05 
(*) and p = 0.01 (**)



 M. A. Koch et al.

1 3

or whether they were following an up/downward direction. 
Along rows A–E, only 3% of all individuals had AFLP hap-
lotypes identical to any other individual within these rows, in 
contrast to rows F–O with 36% of identical haplotypes. Those 
identical AFLP haplotypes along rows F–O were largely 
shared across rows (90%) and not within rows (10%) [total 
pairwise hits n = 782]. The number of identical AFLP types 
was gradually increasing from 13% in row F to a maximum 
of 67% in row K and decreasing from 47% in row L to 22% in 
row O. This might indicate more extensive dispersal of clonal 
variants within the lower part of the Oyarbide populations 
represented by rows F–O. A significantly negative Tajima’s 
D was found for the same area, signifying an excess of low-
frequency polymorphisms relative to expectation and thereby 
potentially indicating population size expansion.

Plant reproductive fitness correlates with genetic 
diversity

Mean flowering frequency was determined in the core popu-
lation at Oyarbide within plots from which samples screened 
for genetic variation were collected (n = 199 plots). Flower 
frequency grouped into ranks (0, 1, 2) did not violate an 
assumption of a normal distribution of data. Mean flowering 
frequency along rows A–E (rank = 1.03, SD 0.43) was sig-
nificantly higher (p < 0.05) than along rows F–O (rank = 0.86, 
SD 0.48) (Wilcoxon-Mann–Whitney U test). Thus, the dif-
ferences between “flowering frequency” phenotypes were not 
only associated with a distinction between genepool 1 (grey) 
and genepool 2 (blue) (Fig. 2D), but also coincided with mean 
number of AFLP fragments/gene diversity (Table 2) indicating 
most likely a higher level of heterozygosity in rows A–E. Dur-
ing flowering frequency inspection and other field campaigns 
(November 2016, January–February 2017, October 2017, 
March, May, August, November–December 2018), we also 
searched for putative pollinators. We identified adults of the 
seasonally occurring hawkmoth Hyles annei (= Sphinx annei 
Guérin-Méneville) on our field collection trip in October in the 
given region indicating the early start of seasonal flowering. 
Phenological data revealed a transition rate towards flowering 
of 9.5% (from November to March), 5% (from March to May), 
5% (from May to August), and 2.2% (from August to Novem-
ber) totalling to a yearly chance of 21.5% for any randomly 
chosen shoot (n = 500) to transition towards flowering.

Discussion

An important hypothesis to be tested was that whether 
Tillandsia landbeckii lomas in our study area represent 
a metapopulation system without significant barriers to 
geneflow, thus enabling us to make firm conclusions from 
genetic fine-scale analysis at core Oyarbide study site. The 

presented data reflect historical and contemporary popu-
lation dynamics. The historical dimension spanning the 
history of many generations and the sum of any dispersal 
event did not reveal any obvious and significant spatial 
pattern across the entire study area (peripheral and core 
population) (Fig. 1), indicating that the entire region can 
be considered a metapopulation system with substantial 
migration of genetic migrants over time. Our main study 
site at Oyarbide in the centre of the metapopulation is 
a genetically representative population allowing to pre-
sent conclusive results. The fine-scale analysis of the core 
population at Oyarbide mirrors substantial contemporary 
population dynamics and geneflow. Therefore, our genetic 
data provide a clue for the understanding of the estab-
lishment of the linear arranged tillandsia lomas in coastal 
fog systems. There are several approaches to explain the 
genesis of linear structures in T. landbeckii lomas. A very 
strict correlation between increasing total vegetation cover 
and increasing elevational occurrence has been described 
between 950 and 1025 m a.s.l. (Rundel et al. 1997), and it 
was suggested that a dynamic pattern of colonial develop-
ment of Tillandsia landbeckii starts from a single point 
of origin. The radiative growth of each lens-like clonal 
structure should then be accompanied by a dieback of 
original and older parts of the clonal patch. However, 
it is still unclear how this results in linear and regular 
patterns running orthogonally to the slope of the terrain 
(Rundel et al. 1997). Here, it should be considered that 
several of those expanding rings interfere with each other 
and are then forced to form a more continuous line (see 
Fig. 2). In our analysis at lower elevations (less-sloped 
terrain), spatial distances between rows are larger com-
pared to higher elevations at the same population. This 
has been modelled and explained by a correlated nonlinear 
function of decreasing fog shadow with increasing slope 
(Borthagaray et al. 2010). In a similar way, the model pre-
dicted an increase in regular patterning (linearity) with 
increased vegetation density (Borthagaray et al. 2010) and 
vice versa. The model, however, did not integrate two fac-
tors—sand movement and growth behaviour—which are 
both important for the system to be maintained. The root-
less tillandsias are only able to grow in a sympodial and 
strictly “forward manner”. Considering a sloped terrain 
and facing incoming fog from downhill, plants have to 
grow “downhill”. At the same time, plants lack their stabi-
lizing substrate. The wind system transporting fog during 
the night, however, also allows the transport of sand in an 
“uphill” direction, thereby stabilizing the growing plants 
which act as sand trap. The dynamics and speed of this 
process is neither understood nor modelled and is await-
ing detailed analyses (Fig. 4). Tillandsia landbeckii lomas 
are only distributed between approximately 18 and 21.5°S 
with a maximum of total vegetation cover between 20 and 
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20.5°S (Pinto et al. 2006), where the Oyarbide study field 
is located. A more detailed analysis of a geographically 
defined niche has divided topological constraints of T. 
landbeckii growth (Wolf et al. 2016) and provided respec-
tive optimal median values and range from lower to upper 
quartile (elevation: 1090 m a.s.l. [1000–1160 m], slope: 8° 
[5°–12°], aspect: 220°, facing the southwest [160°–270°], 
distance from coast: 15.5 km [11–21 km].

Our genetic data are supporting several aspects of the 
above-described growth traits and support the hypothesis 
that linearity of vegetation patterns along an altitudinal 
gradient is correlated with spatial distribution of genetic 
variation. Genetic diversity is highest at the upper part of 
our focal population (Oyarbide field), where the terrain is 
steeper, rows are closer together and the overall “linear-
ity” of the entire system is maximized. This is exactly what 
BARRIER analyses indicate (Fig. 1). Furthermore, higher 
genetic diversity can be attributed to increased heterozygo-
sity of individual plants but also total genetic diversity is 
increased (Table 2), which may favour the idea that the lin-
ear system is the result of U-shaped and interfering growth 
of different individuals (Rundel et al. 1997). In contrast, at 
lower elevations (and less-sloped areas) vegetation is patchy 
and distance between rows is much larger accompanied by 
suboptimal growth conditions, which leaves ample space for 
vegetative (clonal) remnants acting as colonizers. Hence, 
we do not see horizontal dispersal as the preferred direc-
tion. Rather, plants migrate in any direction with downhill 
movement even preferred. The gradually changing disper-
sal and growth pattern along an altitudinal gradient result 

in decreased genetic variation and genetically less linearly 
arranged vegetation systems at lower elevations at our study 
field.

Accordingly, genetic data indicate local and effective 
outcrossing as suggested by pollinator visits. The various 
populations showed surprisingly high levels of genetic 
diversity and expected heterozygosity (Table 1). This is 
best explained by outbreeding and an effective pollination 
system. Although different mating systems ranging from 
SI (self-incompatible) to SC (self-compatible) and autono-
mous self-pollination have been described for more than 80 
species of Tillandsia (Orozco-Ibarrola et al. 2015), most 
relatives of T. landbeckii from subgenus Diaphoranthema 
have been classified as possessing polyembryonic seeds 
(rare in Bromeliaceae) and an autogamous breeding system 
with a few number of species having cleistogamous flowers 
(Bianchi and Vesprini 2013; Donadio et al. 2015; Gardner 
1986). In T. landbeckii, seeds are not polyembryonic, and 
endosperm is present in mature seeds (Donadio et al. 2015). 
In conclusion, we may have to consider a SC system acting 
in T. landbeckii, allowing self-pollination. However, nectar 
production is triggering insect-mediated pollination result-
ing in varying outcrossing rates. The dynamics of breed-
ing systems involving T. landbeckii are also reflected by 
hybridization between different species, and, thereby, also 
documenting the evolutionary consequences of outbreed-
ing even across species: the northern limit of T. landbeckii 
distribution building respective mono-specific coastal lomas 
in Chile is also the southern limit of lomas built up by T. 
purpurea Ruiz & Pavon, which are mostly found in Peru. 

Fig. 4  Factors and variables 
determining terrestrial growth 
of Tillandsia landbeckii. Wind 
brings in fog (water source 
from the Pacific) and transports 
sand as stabilizing substrate 
modulating Tillandsia growth 
down the sloped landscape. The 
plant itself serves as a sand trap, 
and over decades and centu-
ries plants will be over-sanded 
repeatedly leaving fossil carbon 
bands (Latorre et al. 2011). For 
further details, refer to the main 
text
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In the respective contact zone, T. marconae has been found 
(Zizka and Munoz-Schick 1993). There is some evidence 
that T. marconae is a hybrid between both species, T. land-
beckii and T. purpurea, with varying degrees of backcrossing 
in one or the other species (AFLP data and DNA sequence 
data from agt1, microanatomical studies; Koch M.A. et al., 
Zizka G. et al. unpublished). The presence of the putative 
pollinator Hyles annei in our study fields with a peak dur-
ing October considered as the end of the flowering season 
and which is feeding on Tillandsia flowers can be seen as 
an indicator for seasonal outbreeding, thereby maintaining 
substantial levels of heterozygosity within populations. The 
flowers have a narrow perianth tube considered as adaptation 
to the arid environment to insulate the nectar and thereby 
reduce evaporation. Long, narrow tubes in combination with 
yellowish, whitish flower colour combined with pleasant 
odours suggest shingophily (Leins and Erbar 2010). There 
are no other nectar feeding resources around across many 
kilometres, and therefore Tillandsia landbeckii serves as 
the only feeding source for the hawkmoth. Hyles annei is 
a widely distributed species from Chile, Bolivia, western 
Peru and Argentina and is thought to feed as larvae on many 
plant species and, therefore, is considered a generalist. The 
large insect with up to 60–70 mm in length can travel large 
distances, and the strong and inland-directed winds might 
support long-distance migration. We were not able to moni-
tor the species during the rest of the year. Details on natural 
feeding plants of larvae are largely unknown, but a polypha-
gous behaviour has been shown (Hundsdörfer et al. 2019); 
however, we did not observe feeding larvae on T. landbeckii 
nor damage on the leaves possibly caused by feeding larvae.

From an evolutionary perspective, it may make sense 
that an environmentally highly specialized plant species 
with high risk of local extinction but an ample capacity to 
distribute over larger distances by vegetative means (e.g. 
wind-mediated dispersal of plant fragments) is not depend-
ing on specialized pollinators. Such a pollinator would suffer 
even harder from stochasticity of population collapse in a 
landscape with no alternative feeding resources. The reason-
ing for higher number of flowers in the upper parts of the 
Oyarbide remains open. Higher flower number may either 
be directly linked to better environmental conditions, in par-
ticular due to fog occurrence supplying sufficient water and 
thereby increasing plant fitness (growth and thereby flower-
ing), or increased flowering frequency is genotype depend-
ent and increased heterozygosity counteracts negative fitness 
effects otherwise acting via inbreeding, which may result 
in increased drift and genetic depletion. Alternatively, both 
effects act hand in hand and affect each other in a feed-back 
loop. Thereby, the upper part of the population can operate 
as a long-term genetic source for successful colonization 
either downwards or towards different regions, which is an 
open question to be addressed in future.

In summary, our data demonstrate that establishment 
of linear vegetation structure is primarily a process driven 
by clonal growth and propagation of ramets over short dis-
tances. Optimal conditions (slope, elevation, fog occurrence) 
for linear growth pattern formation, however, also increase 
sexual plant reproductive fitness, thus providing the reservoir 
for newly combined genetic variation and thereby counter-
acting genetic uniformity. Under less favourable conditions 
with less dense vegetation and disturbed linear vegetation 
patterns, clonal propagation and spread is prevailing in any 
direction. Since sexual reproductive fitness is also highly 
reduced at lower elevation at Oyarbide, total genetic varia-
tion is lower compared to optimal sites at higher elevation 
with optimal growth conditions. It is remarkable to see that 
maintaining sexual reproductive fitness plays a key role in 
population dynamic processes while growing at the dry lim-
its, most likely also on long-term evolutionary time scales.

The herein described vegetation type is threatened by 
global climate change. The rapid decline of total size of 
the Tillandsia landbeckii lomas during the past 50 years 
is alarming. Unfortunately, we largely lack information 
on past evolutionary dynamics of distribution ranges for 
plants from the hyperarid Atacama Desert, where episodes 
of high aridity were interrupted by intervals of increased 
rainfall (Latorre et  al. 2005) to make any comparisons 
with past climate change. First evidence for an evolution-
ary north–south gradient of declining genetic diversity was 
detected in Nolana (Ossa et al. 2013). This supports that 
populations survived in northern arid sites during wetter 
and colder episodes of the glacial cycles, and present-day 
distribution is the result of the last southward expansion of 
the coastal desert vegetation. Accordingly, fossil evidence 
for T. landbeckii lomas in our study area can be traced back 
for 3290 years (study site pop. 12), 3500 years (study site 
pop. 15) or 3310 years (study site pop. 16) (Latorre et al. 
2011). This indicates long-term stable vegetation for thou-
sands of years after the Last Glaciation Maximum. Cur-
rently, many Tillandsia fields, which are easily accessible 
and close to main roads, largely consist of dead vegeta-
tion lines. However, aside general observations of plant 
dieback along the coastal desert of northern Chile during 
the second half of the past century (Schulz et al. 2010), 
there is only one systematically conducted survey focusing 
on T. landbeckii (Osses et al. 2007). This study compared 
the situation close to our Oyarbide study site from 1955 
with 1997 (Osses et al. 2007; Schulz et al. 2010) and pos-
tulated a total loss of living Tillandsia landbeckii lomas of 
about 35%. Generally, information about range contraction 
of Tillandsia lomas is scarce, because of the difficulties to 
access and monitor the landscape and because of gener-
ally missing documentation of biodiversity change in these 
areas. Distribution surveys and loma vegetation observation 
differed significantly among studies (Cereceda et al. 1999; 
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Pinto et al. 2006; Rundel et al. 1997; Wolf et al. 2016) with 
significant increases in reliability and accuracy following 
the establishment of remote sensing-based technologies 
(satellite- and drone-based imaging). Although there is a 
bias because of differing methods to estimate vegetation 
cover, the negative trend in coverage by Tillandsia lomas 
is obvious. The reason, however, is unclear, and direct 
human impact such as recreational activities (off-road 
motorcycling) may have an impact. The recent literature 
has reported high mortality within the coastal lomas, but 
at present we understand neither the regional extent nor 
how widespread such mortality is, nor the effect of topog-
raphy (aspect, elevation) and changes in fog dynamics on 
loma degradation (Muñoz-Schick et al. 2001; Schulz et al. 
2010). However, there is evidence that loma vegetation and 
its decline are mostly linked to changes in the intensity of 
fog fluxes (Pinto et al. 2006), and we know from isotope 
analysis from living and fossil plant material that there were 
past fog changes (Latorre et al. 2011). It has been shown 
that regional-wide El Niño Southern Oscillation (ENSO) 
has a potential causal link to fog along the Atacama (Del 
Rio et al. 2018). Since El Niño events are in the process 
of becoming more intense due to global warming and cli-
mate change (Cai et al. 2014), the fog system might change 
accordingly. Within our project, we have set up a long-term 
monitoring scheme (monitoring total vegetation and bio-
mass, screening individual and population growth, monitor-
ing relevant climate parameters and fog precipitation along 
various transects in the Atacama, collecting cloud cover 
data and fog occurrence) to develop a respective geoeco-
logical niche model which will help to predict the fate of 
Tillandsia lomas. It has been suggested (Rundel et al. 1997) 
that Tillandsia lomas should deserve special attention as 
bioindicators of climatic changes. Our analyses were con-
ducted in this light, and our monitoring system was set up to 
refine future analysis, thereby further strengthening the role 
of Tillandsia lomas as bioindicators in a changing world.
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