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Abstract
The interplay between plants and soil drives the structure and function of soil microbial communities. In water-limited envi-
ronments where vascular plants are often absent and only specialized groups of rootless plants grow, this interaction could be 
mainly asymmetric, with plants supporting nutrients and resources via litter deposition. In this study, we use observational 
approaches to evaluate the impact of local distribution of Tillandsia landbeckii across elevation on soil bacterial community 
structure and composition in the Atacama Fog Desert. Tillandsia landbeckii is a plant without functional roots that develops 
on meter-scale sand dunes and depends mainly on marine fog that transports resources (water and nutrients) from the Pacific 
Ocean. Our data show that soil bacterial abundance, richness, and diversity were significantly higher beneath T. landbeckii 
plants relative to bare soils. However, these differences were not significant across T. landbeckii located at different elevations 
and with different input of marine fog. On the other hand, bacterial community composition was significantly different with 
T. landbeckii plants across elevations. Further, samples beneath T. landbeckii and bare soils showed significant differences in 
bacterial community composition. Around 99% of all operational taxonomic units (OTUs) were recorded exclusively beneath 
T. landbeckii, and only 1% of OTUs were observed in bare soils. These findings suggest that the presence of T. landbeckii 
promotes significant increases in bacterial abundance and diversity compared with bare soils, although we fail to demon-
strate that local-scale changes in elevation can affect patterns of soil bacterial diversity and abundance beneath T. landbeckii.

Keywords Desert · Marine fog · Plant/soil feedback · Rootless

Introduction

The interplay between plants and soils is a canonical phe-
nomenon for terrestrial ecosystem ecology (Wardle et al. 
2004; Bardgett et al. 2005; De Deyn and Van der Putten 
2005; Wardle 2006). The plant/soil feedback (hereafter PSF) 
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describes the interplay wherein plants alter soil features 
(biotic and abiotic), which in turn generates feedbacks that 
affect plant performance (Klironomos 2002; Mangan et al. 
2010; Bauer et al. 2015; Smith‐Ramesh 2018). The PSF is a 
generalized phenomenon in ecology that links aboveground 
and belowground systems through direct and indirect inter-
actions, ultimately driving ecosystem functions (Bennett and 
Klironomos 2019; Crawford et al. 2019). A critical ecologi-
cal and evolutionary feature of PSF is the plastic nature of 
interactions between aboveground and belowground com-
ponents (Klironomos 2002; De Long et al. 2019), which 
depending on environmental conditions (e.g., aridity) and 
ecological interactions (e.g., competition and facilitation), 
and that can oscillate between negative and positive PSF 
(Bukowski et al. 2018; De Long et al. 2019; Lekberg et al. 
2018). For example, for rootless terrestrial plants, these 
interactions are expected to be asymmetric because the plant 
controls the input of resources via photosynthesis and litter 
deposition, whereas physicochemical and microbial features 
of soils (if these are present) are in turn expected to have a 
minimal impact on plant fitness (e.g., plant pathogens con-
trol). However, how asymmetric interactions can shape soil 
microbial communities still poorly understood.

Fog-dependent plant systems are unique and constitute 
a natural laboratory to study the development of strategies 
that are key for survival and growth in extreme environments 
(Westbeld et al. 2009; Latorre et al. 2011; Raux et al. 2020) 
where advective coastal fog is the most important source of 
resources and nutrients (i.e., water, carbon, nitrogen, phos-
phorus) (Weathers 1999; González et al. 2011a; Templer 
et al. 2015; Weathers et al. 2020). Several species of Tilland-
sia (a rootless plant genus) occur along the coastal cordillera 
of the Atacama Desert (Rundel et al. 1997; Cereceda et al. 
1999; Koch et al. 2019, 2020), often forming monospecific 
patches that depend on water and, organic and inorganic 
compounds supplied by fog (González et al. 2011a; Latorre 
et al. 2011). Often, only specific hillsides on the landscape 
are covered by Tillandsia plants, forming extended fields 
“Tillandsia fields” of orthogonal bands to SW wind direc-
tion and distributed along a vertical gradient to intercept 
fog (Rundel et al. 1997; Westbeld et al. 2009; Latorre et al. 
2011). Water and nutrients (e.g., N and P) are supplied from 
the ocean by fog (Gonzalez et al. 2011; Latorre et al. 2011). 
However, this input is heterogeneous and varies in response 
to physiography, slope, elevation, and wind dynamics (Wolf 
et al. 2016; del Río et al. 2018).

Tillandsia plants have leaves with specialized traits (e.g., 
large umbrella-shaped trichomes) to collect and absorb fog 
droplets (Rundel et al. 1997; Raux et al. 2020) which also 
supplies nutrients and other resources required for these 
highly specialized plants that use the Crassulacean acid 

metabolism (CAM) for assimilation of carbon (Rundel et al. 
1997). As a typical plant surviving in a water-limited envi-
ronment, Tillandsia has pubescent and perennial leaves, with 
high leaf mass per area (LMA) and very low rates of decom-
position. However, this creates a low-quality litter (i.e., high 
C/N ratios) which is the primary source of C and nutrients 
for soil microbial communities. Plant nutrient content of T. 
landbeckii is associated with the supply of N and P in fog, 
notably N (Gonzalez et al. 2011); therefore, spatial variation 
in leaf and litter nutrient content is expected along the fog-
input gradient, which ultimately could drive change in the 
structure and composition of local bacterial communities.

Here, we evaluated the relative importance of the geo-
graphic location of Tillandsia landbeckii dune ecosystems 
on soil bacterial community structure and composition. 
Specifically, we hypothesized that the T. landbeckii position 
across the elevation gradient (~ 100 m) within the Tillandsia 
field will be associated with changes in the structure (i.e., 
diversity) and composition of soil bacterial communities 
beneath T. landbeckii, as the amount of fog exposure and 
associated input of nutrients is positively correlated with 
elevation. Furthermore, we hypothesized that T. landbeckii 
will promote the development of soil microbial communi-
ties; thus, differences in community structure and composi-
tion will be expected between microhabitats (i.e., beneath 
T. landbeckii and open soils). To test these hypotheses, we 
evaluated soils from a large patch ecosystem of T. landbeckii 
plants located in the Atacama Desert known to be affected 
by advective coastal fog.

Material and methods

Study site

Our study site is a large T. landbeckii field called 
Cerro Oyarbide (20° 25′ 08.81 S; 70° 04′ 47.05  W) at 
1140–1210 m a. s. l. (Fig. 1a). Mean annual precipitation 
(MAP) is ~ 2 mm, and the mean annual temperature (MAT) 
is 16.5 °C. Along the slopes of Cerro Oyarbide, plants spa-
tially arrange, forming distinctive banding patterns, which 
are typically perpendicular to the main axis of fog entrance 
and wind direction (Koch et al. 2019, 2020). Bands are sepa-
rated by approximately 8–10 m of bare soil between them 
(Fig. 1b). Water and elements (i.e., C, N, and P) are obtained 
from coastal fog throughout the year (Gonzalez et al. 2011; 
Latorre et al. 2011), reaching a peak of fog activity between 
June and October (del Río et al. 2018). Fog-input seems 
to increase with elevation in the Oyarbide field (Zanetta 
et al, 2016) from 0,25 L*m−2*Month−1 in low-side to 1,75 
L*m−2*Month−1 in high elevations, a feature that is typical 
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of most Tillandsia fields in northern Chile (Latorre et al., 
2011; Jaeschke et al. 2019). Correlated with increased eleva-
tion and slope, Tillandsia vegetation density is increasing, 

and also increasing plant fitness has been recorded along 
these elevational gradients (Koch et al. 2019, 2020).

Fig. 1  Study site. a Map of the study site, b Oyarbide field (view 
from the top), c photography of a typical band of T. landbeckii on 
dunes, and d scheme of the linear arrangement of T. landbeckii across 
the elevation gradient in the Oyarbide field [colored lines and letters 
indicate the three groups of bands located at different elevations (Red 

A-E: corresponds to the five bands of the topside in the Oyarbide 
field; Blue F-J: corresponds to the five bands at intermediate eleva-
tions of the Oyarbide field; Green K–O: corresponds to the five bands 
at the downside of the Oyarbide field. Black circles show the sites 
(inter-bands) from which soil samples of bare soil were collected]
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Sampling design

We selected the 15 bands of T. landbeckii previously used 
for Koch et al. (2019) for T. landbeckii genetic characteri-
zation. We used this design because it facilitates evalu-
ating the effects of resource inputs (via fog transport) 
across the elevational gradient, which ultimately may 
drive changes in soil microbial patterns. Based on eleva-
tion, we grouped these 15 bands into three height catego-
ries (each with five bands): high (topside of field) with 
higher fog supply; middle (central dunes); and low (down-
side of field) with lower fog supply (Fig. 1). The bands 
in the high segment are between ~ 1180 and 1230 m, the 
middle segment is between ~ 1140 and 1180 m, and the 
low segment is between ~ 1120 and 1140 m (Table S1). 
Across each band, a total of 10 subsamples of 50 g of soil 
beneath T. landbeckii were collected every 50 m linear 
distance, using sterilized spatulas, and were pooled and 
homogenized into a single sample. We selected undis-
turbed individuals of T. landbeckii with similar size, 
cover (%), and exposition in all three segments of the 
Cerro Oyarbide field for sampling. On the other hand, to 
assess the bacterial community structure and composi-
tion in soils without plants, ten subsamples of 50 g of 
bare soils were collected every 50 m linear distance from 
five inter-band segments across the elevation gradient 
(Fig. 1d). These 10 subsamples of bare soils were col-
lected following the same procedure for samples beneath 
T. landbeckii plant and were pooled into a single sample. 
All subsamples were collected using a core sampling tool 
from the 0–10 cm layer beneath T. landbeckii.

All materials used during sample collection, preserva-
tion, and transport to the laboratory were sterilized previ-
ously. Larger gravel and organic material were removed 
through a 2-mm mesh, then bulked, and stored in plastic 
bags and kept in cold storage for transport to the labora-
tory before DNA extraction.

Soil analysis and DNA extraction

Soil samples were used for the determination of total car-
bon (TC) and total nitrogen (TN) content, and isotopic 
composition (δ13C and δ15N) in soils were determined 
using a Thermo Delta V Advantage IRMS, coupled with 
a Flash2000 Elemental Analyzer at the Biogeochemistry 
Lab (LABASI), Pontificia Universidad Católica de Chile, 
Santiago, Chile.

DNA was extracted from 500  mg soil, using the 
FastDNA Spin Kit for Soil Kit (BIO101, MP Biomedical, 
Solon, OH, USA), according to the manufacturer´s instruc-
tions. The soils samples were lysed in FastPrep Instru-
ment, a single 40 s run at a speed setting of 6.0. DNA 

concentration was estimated using a Nanodrop ND-2000c 
(Thermo Scientific, Wilmington, USA), and DNA integrity 
was evaluated on an agarose gel. After extraction, purified 
DNAs were stored at − 80 °C.

Targeted library preparation

Samples were processed and analyzed with the ZymoBI-
OMICS® Targeted Metagenomic Sequencing Service for 
Microbiome Analysis (Zymo Research, Irvine, CA). Bacte-
rial 16S ribosomal RNA gene-targeted sequencing was per-
formed using the Quick-16S™ NGS Library Prep Kit (Zymo 
Research, Irvine, CA). Primers from the V3-V4 region have 
been custom-designed by Zymo Research to provide the best 
coverage of the 16S gene for archaea and bacteria while main-
taining high sensitivity. The final PCR products were quan-
tified with qPCR fluorescence readings and pooled together 
based on equal molarity.

Sequencing and bioinformatics analysis

The final library was sequenced on Illumina® MiSeq™ with 
a v3 reagent kit (600 cycles). The sequencing was performed 
with > 10% PhiX spike-in. Unique amplicon sequences were 
inferred from raw reads using the DADA2 pipeline (Callahan 
et al. 2016). Chimeric sequences were also removed with the 
DADA2 pipeline. Taxonomy assignment was performed using 
Uclust from Qiime v.1.9.1 with the Zymo Research Database, 
a 16S database that is internally designed and curated, as refer-
ence (Caporaso et al. 2010).

Statistical analysis

To assess the effect of the geographic location of dunes on 
soil features and soil bacterial community structure (i.e., 
abundance and diversity), we used a one-way ANOVA fol-
lowed by the assessment of pairwise differences with Tukey’s 
HSD (honestly significant difference) post hoc test. All data 
were tested and standardized, if necessary, to meet ANOVA 
assumptions. The diversity of bacterial communities was 
estimated by using the Shannon diversity index (H′). Differ-
ences in bacterial composition between dunes were evalu-
ated by redundancy analysis (RDA) and one-way PerManova 
test. Network analysis with a circular algorithm based on the 
Bray–Curtis similarity index and 50% of Edge Cutoff was used 
to graphically analyze bacterial community composition along 
with the band system. In addition, to evaluate the potential 
effect of the geographic distance between dunes on bacterial 
community composition patterns, we used the Bray–Curtis 
Similarity Index and the Euclidean distance between dunes. 
All statistical procedures were performed using R software 
version 4.0.0 (R Development Core Team, 2020).
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Results

Differences in soil TC and TN soils along different 
elevations in the Oyarbide field

Soil TC was similar in all three elevation categories in 
the Oyarbide field; however, significant differences were 
observed between soil samples from the middle elevations 
and bare soils (Fig. 2a). We were able to compare soil 
properties between plants (beneath T. landbeckii) in all 
categories of elevation and bare soils because we did not 
observe any relationship between changes in elevation and 
bare soil properties (Table S2). In turn, soil TN beneath 
T. landbeckii increased with elevation, with higher values 
observed at higher elevations (Fig. 2b, Table S2). Sam-
ples from bare soils showed TN values like those observed 
at high and middle elevations and higher than soils from 
low elevations (Fig. 2b). Significant changes in soil TN 
beneath T. landbeckii across elevation gradient affected the 
C:N ratio; thus, it was observed that this ratio increased 
with elevation, although no significant changes in soil CT 
were observed (Table S2). On the other hand, values of 
δ13C underneath T. landbeckii plants were similar in all 

elevations, and these values were significantly lower (c. 
1.5 ‰) than δ13C values measured on samples collected 
on bare surfaces (Fig. 2c). Soil δ15N values underneath 
plants along multiple elevations in the Oyarbide field were 
similar; although, samples from the middle elevations were 
significantly higher than samples from bare soils (Fig. 2d).

Changes in soil bacterial diversity 
along the Oyarbide field

A total of 633 OTUs were recorded in both microhabitats 
(i.e., beneath T. landbeckii and bare soils), of which 626 
OTUs corresponded to samples of soils beneath T. land-
beckii and only seven OTUs to samples from bare soils 
(supplementary material). These significant differences in 
OTUs between microhabitats were corroborated by rar-
efaction analysis, in which the rarefaction curves for bare 
soil samples, bacteria saturated at very low OTUs number, 
whereas samples from soils beneath T. landbeckii saturated 
at 350 OTUs (Fig. S1). In soils beneath T. landbeckii, were 
identified 12 phyla, of which the most abundant were Act-
inobacteria (70.5%), Bacteroidetes (10.3%), Firmicutes 
(13.0%), and Proteobacteria (5.1%), whereas, in bare soils, 

Fig. 2  Changes in soil 
elemental composition across 
the elevation gradient in the 
Oyarbide field. Color code 
follows Fig. 1d. a Changes in 
soil Total Carbon (TC), b Total 
Nitrogen (TN), c δ13C, and d 
δ15N (F and P value for one-
way ANOVA)
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the dominant phyla were Actinobacteria (20.0%) and Pro-
teobacteria (75.3%).

The OTUs number and bacterial diversity beneath 
T. landbeckii were similar at all elevations (Fig. 3a), and 
these patterns were consistent even in the dominant phyla 
(Table S3). However, Proteobacteria diversity decreased 
with increasing elevation (Table S3). The number of OTUs 
and diversity beneath T. landbeckii were significantly higher 
than for bare soils (Fig. 3a, b). Around 99% of OTUs were 
exclusively found beneath T. landbeckii, whereas only 
around 1% of OTUs were observed in bare soils. Relative 
abundance of dominant phyla beneath T. landbeckii was 
similar along elevations; however, significant differences 
were observed between samples beneath T. landbeckii and 
bare soils (Fig. 3c, Fig. S2). However, these changes were 
not related to the change in any soil variable.

Changes in soil bacterial community composition 
along the Oyarbide field

Significant differences were observed in bacterial compo-
sitions beneath T. landbeckii plants between high and low 
elevations and high and middle elevations, although these 
differences were not significant between middle and low 
elevations (PerManova test, Table 1). In turn, bacterial com-
munity similarity decreased with geographic distance under-
neath T. landbeckii plants (Fig. 4a, Table S4). These dif-
ferences in bacterial composition underneath T. landbeckii 
plants were associated with changes in soil TN and δ15N 
across elevation gradient (RDA, Fig. 4b), whereas no differ-
ences in composition were observed for bacterial communi-
ties of bare soil along the elevation gradient. The differences 
in bacterial composition between bare soils and underneath 
T. landbeckii plants were associated with changes in soil 
TC and δ13C values (RDA, Fig. 4b). Around 26% of bacte-
rial OTUs occurred at all elevations of the Oyarbide field, 
whereas ~ 46% of OTUs were recorded only at one of the 
three elevations within the Oyarbide field (Fig. 4c). Network 
analysis based on co-occurrence patterns summarizes these 
results, where bacterial community composition underneath 
T. landbeckii plants showed high similarity within each ele-
vation category along the Oyarbide field (Fig. 4d).

Discussion

Effect of microhabitat on soil bacterial community 
structure and composition

We found that soil TC beneath T. landbeckii at intermediate 
elevations was significantly lower than bare soils (Fig. 2a). 
Unlike soil TC, soil TN increased significantly with eleva-
tion (Fig. 2b, Table 1). These patterns are consistent with 

studies indicating that in these Tillandsia systems, TN con-
tent in soils is directly related to fog-input, while TC con-
tent would be more associated with dry deposition from the 
atmosphere (Gonzalez et al. 2011; Latorre et al. 2011). In 
turn, no significant association was found between elevation 

Fig. 3  Changes in soil bacterial community structure across the 
elevation gradient in the Oyarbide field. a Changes in soil bacterial 
OTUs, b diversity, and c relative abundance (F and P value for one-
way ANOVA). Color codes follow Fig. 1d for elevation classes
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gradient and any soil feature of bare soils (Table S2). On the 
other hand, high values of soil δ13C reflect the hyperarid 
conditions of the study system. Soil δ15N beneath T. land-
beckii and bare soils (Fig. 2c) showed low values compared 
with other studies in the Atacama Desert (Díaz et al. 2016), 
which may be associated with low organic matter in these 
soils.

Bacterial diversity and OTUs richness were notoriously 
higher in soils beneath T. landbeckii, a pattern that becomes 
evident even at short distances between the protecting zone 

beneath plants and the surrounding bare soils. Accordingly, 
around 99% of OTUs were recorded beneath T. landbeckii 
and only 1% in bare soils. Bare soils of the Atacama Desert 
have low bacteria diversity and abundance relative to other 
hot deserts (Warren-Rhodes et al. 2006; Makhalanyane et al. 
2015), often are dominated by Actinobacteria species (Con-
non et al, 2007; Crits-Christoph et al. 2013). These large dif-
ferences in bacterial community structure and composition 
between microhabitats (bare soils vs. beneath T. landbeckii) 
highlight the critical role played by Tillandsia plants on 
microbial diversity patterns in the Atacama Desert, similar 
to other plant species with functional roots that increases in 
abundance after sporadic and infrequent rainfall events in the 
Atacama Desert (Araya et al. 2020; Astorga-Eló et al. 2020). 
These soils are exposed to extreme water limitation most 
of the year (Latorre et al, 2011), high ultraviolet irradiance 
(Cordero et al. 2018), and alkaline conditions (Crits-Chris-
toph et al. 2013; Wang et al. 2015) that restricts microbial 
activity and growth, ultimately constraining abundance and 
diversity patterns in soils.

As is the case for the nurse effect (sensu: Niering 
et al. 1963) shown by shrubs and cushion plants in dry 

Table 1  One-way PerManova test for soil bacterial community com-
position (P values for Sequential Bonferroni Significance) across dif-
ferent elevations in the Oyarbide field

Values in bold indicate statistical significance at P < 0.05

Factor High Middle Low Bare soil

High – 0.031 0.047 0.008
Middle – 0.067 0.008
Low – 0.009
Bare soil –

Fig. 4  Changes in soil bacterial 
community composition across 
the elevation gradient in the 
Oyarbide field. a Relationship 
between geographic distance 
and bacterial similarity, b 
Redundancy Analysis (RDA) 
of bacterial composition and 
soil features (TC: total carbon; 
TN: total nitrogen; δ13C: delta 
13 carbon; and δ15N: delta 15 
nitrogen) c Venn diagram and 
one-way PerManova (F and P 
values at 9999 permutations) 
based on Bray–Curtis similarity 
index of bacterial composition 
across the elevation gradient 
in the Oyarbide field, and d 
Network analysis based on 
Bray–Curtis similarity index 
(Edge cutoff 50%), Tillandsia 
bands are indicated as A-O and 
bare soil as BS. Color codes 
follow Fig. 1d for elevation 
classes (thickness of each line 
indicates the taxonomic similar-
ity between bands, thicker lines 
indicate greater similarity)
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environments, our results suggest that Tillandsia plants 
also play a role in facilitating the growth and development 
of microbial communities that otherwise could not occur 
in these extreme soils. Tillandsia fields represent an oasis 
for the development of soil microbial communities, which 
increases the environmental heterogeneity and promotes 
biodiversity, ultimately increasing the functional soil diver-
sity of the hyperarid Atacama Desert. Therefore, changes in 
Tillandsia growth and cover due to human activities and cli-
mate change could have a dramatic negative impact on soil 
microbial species occurrence and abundance in this extreme 
environment. Vice versa, T. landbeckii fitness values (growth 
performance, flowering frequency) correlate with elevation 
(and fog occurrence) along altitudinal gradients (Koch et al. 
2019, 2020), which may allow a tentative conclusion that 
bacterial community composition has only a minor direct 
positive effect on Tillandsia fitness. The bacterial communi-
ties had a very low representation of free-living Cyanobacte-
ria, which may have served as major local nitrogen-fixating 
 (N2) source (~ 0.01 of abundance), and also among Act-
inobacteria we found that putatively nitrogen-fixating taxa 
only represented around 3% of abundance. These patterns 
of Cyanobacteria, however, are relatively common in soils 
of the Atacama Desert (Astorga-Eló et al. 2020), although 
recent evidence from other arid systems subsidized by fog 
suggests that Cyanobacteria may be transported from the 
ocean to desert soils (Evans et al. 2019).

Across the elevation gradient, six Actinobacteria OTUs 
were dominant, accounting for approximately 46% of micro-
bial abundance. This small set of OTUs occurred in all sam-
ples and was consistently dominant. The two more abundant 
OTUs were Modestobacter marinus and Blastococcus sax-
obsidens, both members of the Geodermatophilaceae family 
(Sghaier et al. 2016). These two OTUs are highly specialized 
to growth under extreme conditions of aridity, UV radiation, 
and metal-contaminated environments (Sghaier et al. 2016); 
however, these OTUs were only recorded in soils beneath T. 
landbeckii and not found in bare soils. Kocuria polaris (Mic-
rococcaceae) was another dominant OTU in soils beneath T. 
landbeckii. The genus Kocuria can grow in extreme environ-
ments, reminiscent of Mars-like conditions (Cheptsov et al. 
2018). The presence of this kind of microbial groups sug-
gests that the harsh conditions in bare soils of the Atacama 
Desert could be even more adverse than expected for the 
growth and development of bacterial groups.

Effect of elevation on soil bacterial community 
structure and composition beneath Tillandsia 
landbeckii

The absence of significant differences in bacterial diversity 
beneath T. landbeckii along the elevation gradient suggests 

that changes in fog input do not affect the structure of soil 
bacterial communities. These patterns are consistent with 
recent studies in the Atacama Desert, which indicate that the 
diversity of soil bacteria changes are not related to any soil 
feature (Araya et al. 2020). On the other hand, significant 
changes in species composition, even over the small spa-
tial scale, suggest that distinct communities coexist beneath 
T. landbeckii along the elevation gradient. We suggest two 
explanations for the observed changes in bacterial structure 
and composition beneath T. landbeckii, (1) in environments 
of the Atacama Desert, diversity could be strongly limited 
by adverse conditions, such as limited resources (water 
and nutrients) and high UV radiation (Cordero et al. 2018; 
Orellana et al. 2018). In particular, alpha-diversity is low 
in soils of the Atacama Desert (Neilson et al. 2012; Araya 
et al. 2020; Reverdy et al. 2020). Thus, the species pool from 
which local communities receive new species is scarce, and 
this could determine that a high beta-diversity is present in 
soil bacterial communities, which would be associated with 
the compositional changes we observed in our study system; 
and (2) in addition to nutrients transported by the fog (nota-
bly N), plants may show variations in leaf and litter quality 
and chemistry along gradients of resource availability (e.g., 
water and nutrients). For example, González et al. (2011a) 
found that the supply of nutrients transported in fog could 
affect plant stoichiometry, particularly the N content; which 
can ultimately control availability for consumers (González 
et al. 2011b), including some heterotrophic soil groups. 
These changes in plant stoichiometry could affect the chem-
istry of litter that reaches the soil, affecting soil bacterial 
community patterns. However, these changes in litter quality 
are expected to mainly affect bacteria composition through 
soil features changes, notably soil pH (Lauber et al. 2008).

The PSB in the hyperarid Atacama Desert

We found that plants promote a significant increase in 
bacterial abundance and diversity and large differences 
in community composition between bare soils and soils 
beneath plants. The positive effect of Tillandsia plants on 
microbes is evident; however, the specific mechanisms 
that promote the growth and development of bacteria are 
unclear. We suggest that plants promote the accumulation 
of soil microbial groups by modifying soil biogeochemical 
features and increasing soil heterogeneity. On the other 
hand, the potential effect of soil microbial communities on 
plant fitness is completely unknown in this environment 
and poses a new avenue to understand how soil microbial 
organisms supply key nutrients to plants.
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Conclusions and perspectives

The findings of this observational study provide for first 
time evidence of the effect of T. landbeckii on soil bac-
terial community structure and composition in the Ata-
cama Desert. Soil bacterial diversity and species turnover 
increased significantly in the presence of T. landbeckii, 
highlighting the importance of Tillandsia plants as pro-
moters of soil biodiversity and biotic heterogeneity in this 
arid ecosystem. No effect of elevation on bacterial diver-
sity beneath T. landbeckii was observed, whereas differ-
ences in bacterial composition increased significantly with 
elevation. The presence of Tillandsia drives increases in 
soil TN content with elevation, although these changes in 
soil N were not associated with increases in soil bacte-
rial diversity but were associated with changes in bacte-
rial species composition. In turn, these patterns of high 
turnover in bacterial composition (even the narrow spatial 
range considered in this study) strongly suggests that at 
each elevation, site-specific microbial communities can 
be found beneath T. landbeckii, with a specific set of spe-
cies, not shared with other T. landbeckii plants along the 
elevation gradient.

These uncommon and highly asymmetric PSF should 
be further investigated in-depth to understand the relative 
contribution of plant and soil microbial communities to eco-
system functioning in extreme and limited environments. 
Future research directions should aim to determine the 
relative importance of fog and overall marine moisture on 
plants and microbial interaction in the soil and to establish 
and quantify the effect of soil microbial communities on the 
growth and development of Tillandsia plants.

Information on Electronic Supplementary Mate-
rial

Online Resource 1. Elevational distribution of Tillandsia landbeckii 
bands along the Oyarbide field.
Online Resource 2. Ordinary least squares (OLS) regression for as-
sessing the effect of change in band and inter-band elevation on soil 
features and bacterial diversity beneath Tillandsia landbeckii and bare 
soils across the elevation gradient in the Oyarbide field.
Online Resource 3. Rarefaction curves of observed OTUs of soil bacte-
rial communities beneath  Tillandsia landbeckii and bare soils across 
the elevation gradient in the Oyarbide field.
Online Resource 4. Ordinary least squares (OLS) regression for assess 
the effect of change in elevation on soil bacterial diversity (at phylum 
level) beneath Tillandsia landbeckii and bare soils across the elevation 
gradient in the Oyarbide field.
Online Resource 5. Phyla relative abundance in soils beneath Tillandsia 
landbeckii across the elevation gradient in the Oyarbide field.
Online Resource 6. Mantel and Partial Mantel test of bacterial commu-
nity composition and geographic distance corrected by changes in soil 
TC across different elevations in the Oyarbide field.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00606- 021- 01781-0.

Acknowledgements This study was supported by FONDECYT 
11180538, Agencia Nacional de Investigación y Desarrollo (ANID), 
Chile and the Start-Up grants of the Vicerrectoría de Investigación 
(VRI), Universidad Mayor, Chile. F.D.A and S.A. were supported by 
FONDECYT 1170995. We thank Centro UC Desierto de Atacama for 
logistic and technical support.

Authors’ contribution FDA conceived the project and the experiments. 
FDA and CV conducted the sampling, MM and CA analyzed soil sam-
ples, JLG, PO, CDR, CL, and MAK assisted with data analysis and 
site information, and FDA and SA drafted the manuscript. All authors 
contributed to the final manuscript draft.

Declarations 

Conflict of interest The authors declare that they do have no conflict 
of interest.

References

Araya JP, González M, Cardinale M, Schnell S, Stoll A (2020) Micro-
biome dynamics associated with the Atacama flowering desert. 
Frontiers Microbiol 10:3160. https:// doi. org/ 10. 3389/ fmicb. 2019. 
03160

Astorga-Eló M, Zhang Q, Larama G, Stoll A, Sadowsky MJ, Jorquera 
MA (2020) Composition, predicted functions and co-occurrence 
networks of rhizobacterial communities impacting flowering 
desert events in the Atacama Desert, Chile. Frontiers Microbiol 
11:571. https:// doi. org/ 10. 3389/ fmicb. 2020. 00571

Bardgett RD, Bowman WD, Kaufmann R, Schmidt SK (2005) A tem-
poral approach to linking aboveground and belowground ecology. 
Trends Ecol Evol 20:634–641. https:// doi. org/ 10. 1016/j. tree. 2005. 
08. 005

Bauer JT, Mack KM, Bever JD (2015) Plant-soil feedbacks as drivers of 
succession: evidence from remnant and restored tallgrass prairies. 
Ecosphere 6:1–12. https:// doi. org/ 10. 1890/ ES14- 00480.1

Bennett JA, Klironomos J (2019) Mechanisms of plant–soil feedback: 
interactions among biotic and abiotic drivers. New Phytol 222:91–
96. https:// doi. org/ 10. 1111/ nph. 15603

Bukowski AR, Schittko C, Petermann JS (2018) The strength of nega-
tive plant–soil feedback increases from the intraspecific to the 
interspecific and the functional group level. Ecol Evol 8:2280–
2289. https:// doi. org/ 10. 1002/ ece3. 3755

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Hol-
mes SP (2016) DADA2: high-resolution sample inference from 
Illumina amplicon data. Nature Meth 13:581–583. https:// doi. org/ 
10. 1038/ nmeth. 3869

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, 
Costello EK, Fierer N, Peña AG, Goodrich JK, Gordon JI, Huttley 
GA, Kelley ST, Knights D, Koenig JE, Ley RE, Lozupone CA, 
McDonald D, Muegge BD, Pirrung P, Reeder J, Sevinsky JR, 
Turnbaugh PJ, Walters WA, Widmann J, Yatsunenko T, Zaneveld 
J, Knight R (2010) QIIME allows analysis of high-throughput 
community sequencing data. Nature Meth 7:335–336. https:// doi. 
org/ 10. 1038/ nmeth.f. 303

Cereceda P, Larrain H, Lázaro P, Osses P, Schemenauer RS, Fuentes L 
(1999) Campos de tillandsias y niebla en el desierto de Tarapacá. 
Revista Geogra Norte Grande 26:3–13

https://doi.org/10.1007/s00606-021-01781-0
https://doi.org/10.3389/fmicb.2019.03160
https://doi.org/10.3389/fmicb.2019.03160
https://doi.org/10.3389/fmicb.2020.00571
https://doi.org/10.1016/j.tree.2005.08.005
https://doi.org/10.1016/j.tree.2005.08.005
https://doi.org/10.1890/ES14-00480.1
https://doi.org/10.1111/nph.15603
https://doi.org/10.1002/ece3.3755
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303


 F. D. Alfaro et al.

1 3

56 Page 10 of 11

Cheptsov V, Vorobyova E, Belov A, Pavlov A, Tsurkov D, Lomasov 
V, Bulat S (2018) Survivability of soil and permafrost microbial 
communities after irradiation with accelerated electrons under 
simulated Martian and open space conditions. Geosciences 8:298. 
https:// doi. org/ 10. 3390/ geosc ience s8080 298

Connon SA, Lester ED, Shafaat HS, Obenhuber DC, Ponce A (2007) 
Bacterial diversity in hyperarid Atacama Desert soils. J Geophys 
Res-Biogeo 112:G04S17. https:// doi. org/ 10. 1029/ 2006J G0003 11

Cordero RR, Damiani A, Jorquera J, Sepúlveda E, Caballero M, Fer-
nandez S, Feron S, Llanillo PJ, Carrasco J, Laroze D, Labbe F 
(2018) Ultraviolet radiation in the Atacama Desert. Antonie 
van Leeuwenhoek 111:1301–1313. https:// doi. org/ 10. 1007/ 
s10482- 018- 1075-z

Crawford KM, Bauer JT, Comita LS, Eppinga MB, Johnson DJ, Man-
gan SA, Queenborough SA, Strand AE, Suding KN, Umbanhowar 
J, Bever JD (2019) When and where plant-soil feedback may pro-
mote plant coexistence: a meta-analysis. Ecol Lett 22:1274–1284. 
https:// doi. org/ 10. 1111/ ele. 13278

Crits-Christoph A, Robinson CK, Barnum T, Fricke WF, Davila AF, 
Jedynak B, McKay CP, DiRuggiero J (2013) Colonization patterns 
of soil microbial communities in the Atacama Desert. Microbiome 
1:1–13. https:// doi. org/ 10. 1186/ 2049- 2618-1- 28

De Deyn GB, Van der Putten WH (2005) Linking above-ground and 
belowground diversity. Trends Ecol Evol 20:625–633. https:// doi. 
org/ 10. 1016/j. tree. 2005. 08. 009

De Long JR, Fry EL, Veen GF, Kardol P (2019) Why are plant–soil 
feedbacks so unpredictable, and what to do about it? Funct Ecol 
33:118–128. https:// doi. org/ 10. 1111/ 1365- 2435. 13232

del Río C, Garcia JL, Osses P, Zanetta N, Lambert F, Rivera D, Sieg-
mund A, Wolf N, Cereceda P, Larrain H, Lobos F (2018) ENSO 
influence on coastal fog-water yield in the Atacama Desert, Chile. 
Aerosol Air Qual Res 18:127–144. https:// doi. org/ 10. 4209/ aaqr. 
2017. 01. 0022

Díaz FP, Frugone M, Gutiérrez RA, Latorre C (2016) Nitrogen cycling 
in an extreme hyperarid environment inferred from δ 15 N analy-
ses of plants, soils and herbivore diet. Sci Rep 6:1–11. https:// doi. 
org/ 10. 1038/ srep2 2226

Evans SE, Dueker ME, Logan JR, Weathers KC (2019) The biology of 
fog: results from coastal Maine and Namib Desert reveal common 
drivers of fog microbial composition. Sci Tot Environ 647:1547–
1556. https:// doi. org/ 10. 1016/j. scito tenv. 2018. 08. 045

González AL, Fariña JM, Pinto R, Pérez C, Weathers KC, Armesto 
JJ, Marquet PA (2011a) Bromeliad growth and stoichiometry: 
responses to atmospheric nutrient supply in fog-dependent eco-
systems of the hyper-arid Atacama Desert, Chile. Oecologia 
167:835–845. https:// doi. org/ 10. 1007/ s00442- 011- 2032-y

González AL, Fariña JM, Kay AD, Pinto R, Marquet PA (2011b) 
Exploring patterns and mechanisms of interspecific and intraspe-
cific variation in body elemental composition of desert consum-
ers. Oikos 120:1247–1255. https:// doi. org/ 10. 1111/j. 1600- 0706. 
2010. 19151.x

Jaeschke A, Böhm C, Merklinger FF, Bernasconi SM, Reyers M, 
Kusch S, Rethemeyer J (2019) Variation in δ15Nof fog-depend-
ent Tillandsia ecosystems reflect water availability across climate 
gradients in the hyperarid AtacamaDesert. Global and Planetary 
Change 183: https:// doi. org/ 10. 1016/j. glopl acha. 2019. 103029

Klironomos JN (2002) Feedback with soil biota contributes to plant 
rarity and invasiveness in communities. Nature 417:67–70. https:// 
doi. org/ 10. 1038/ 41706 7a

Koch MA, Kleinpeter D, Auer E, Siegmund A, del Rio C, Osses P, 
Garcia JL, Marzol MV, Zizka G, Kiefer C (2019) Living at the dry 
limits: ecological genetics of Tillandsia landbeckii lomas in the 
Chilean Atacama Desert. Pl Syst  Evol  305:1041–1053. https:// 
doi. org/ 10. 1007/ s00606- 019- 01623-0

Koch MA, Stock C, Kleinpeter D, Del Rio C, Osses P, Merklinger FF, 
Quandt D, Siegmund A (2020) Vegetation growth and landscape 

genetics of Tillandsia lomas at their dry limits in the Atacama 
Desert show fine-scale response to environmental parameters. 
Ecol Evol 10:13260–13274. https:// doi. org/ 10. 1002/ ece3. 6924

Latorre C, González AL, Quade J, Fariña JM, Pinto R, Marquet PA 
(2011) Establishment and formation of fog-dependent Tillandsia 
landbeckii dunes in the Atacama Desert: Evidence from radio-
carbon and stable isotopes. J Geophys Res Biogeosci 116:1–12. 
https:// doi. org/ 10. 1029/ 2010J G0015 21

Lauber CL, Strickland MS, Bradford MA, Fierer N (2008) The 
influence of soil properties on the structure of bacterial and 
fungal communities across land-use types. Soil Biol Biochem 
40:2407–2415. https:// doi. org/ 10. 1016/j. soilb io. 2008. 05. 021

Lekberg Y, Bever JD, Bunn RA, Callaway RM, Hart MM, Kivlin SN, 
Klironomos J, Larkin BG, Maron JL, Reinhart KO, Remke M, 
van der Putten WH (2018) Relative importance of competition 
and plant–soil feedback, their synergy, context dependency and 
implications for coexistence. Ecol Lett 21:1268–1281. https:// doi. 
org/ 10. 1111/ ele. 13093

Makhalanyane TP, Valverde A, Gunnigle E, Frossard A, Ramond JB, 
Cowan DA (2015) Microbial ecology of hot desert edaphic sys-
tems. FEMS Microbiol Rev 39:203–221. https:// doi. org/ 10. 1093/ 
femsre/ fuu011

Mangan S, Schnitzer S, Herre EA, Mack KML, Valencia MC, Sanchez 
EI, Bever JD (2010) Negative plant–soil feedback predicts tree-
species relative abundance in a tropical forest. Nature 466:752–
755. https:// doi. org/ 10. 1038/ natur e09273

Neilson JW, Quade J, Ortiz M, Nelson WM, Legatzki A, Tian F, 
LaComb M, Betancourt JL, Wing RA, Soderlund CA, Maier RM 
(2012) Life at the hyperarid margin: novel bacterial diversity in 
arid soils of the Atacama Desert, Chile. Extremophiles. 16:553–
566. https:// doi. org/ 10. 1007/ s00792- 012- 0454-z

Niering WA, Whittaker RH, Lowe CH (1963) The Saguaro: A popula-
tion in relation to environment. Science 142:15–23. https:// doi. 
org/ 10. 1126/ scien ce. 142. 3588. 15

Orellana R, Macaya C, Bravo G, Dorochesi F, Cumsille A, Valencia R, 
Rojas C, Seeger M (2018) Living at the frontiers of life: extremo-
philes in Chile and their potential for bioremediation. Frontiers 
Microbiol 9:2309. https:// doi. org/ 10. 3389/ fmicb. 2018. 02309

Raux PS, Gravelle S, Dumais J (2020) Design of a unidirectional water 
valve in Tillandsia. Nature Commun 11:1–7. https:// doi. org/ 10. 
1038/ s41467- 019- 14236-5

Reverdy A, Hathaway D, Jha J, Sullivan J, Michaels G, Mac-Adoo 
DD, Riquelme C, Chai Y, Godoy VG (2020) Insights into the 
diversity and survival strategies of soil bacterial isolates from the 
Atacama Desert. bioRxiv 2020:09.24.312199. https:// doi. org/ 10. 
1101/ 2020. 09. 24. 312199

Rundel PW, Palma B, Dillon MO, Sharifi MR, Nilsen ET, Boonpragob 
K (1997) Tillandsia landbeckii in the coastal Atacama Desert of 
northern Chile. Revista Chilena Hist Nat 70:341–349

Sghaier H, Hezbri K, Ghodhbane-Gtari F, Pujic P, Sen A, Daffonchio 
D, Boudabous A, Tisa LS, Klenk HP, Armengaud J, Normand 
P, Gtari M (2016) Stone-dwelling Actinobacteria Blastococcus 
saxobsidens, Modestobacter marinus  and Geodermatophilus 
obscurus  proteogenomes. ISME J 10:21–29. https:// doi. org/ 10. 
1038/ ismej. 2015. 108

Smith-Ramesh LM (2018) Predators in the plant–soil feedback loop: 
aboveground plant-associated predators may alter the outcome of 
plant–soil interactions. Ecol Letters 21:646–654. https:// doi. org/ 
10. 1111/ ele. 12931

Templer PH, Weathers KC, Ewing HA, Dawson TE, Mambelli S, 
Lindsey AM, Webb J, Boukili VK, Firestone MK (2015) Fog as 
a source of nitrogen for redwood trees: evidence from fluxes and 
stable isotopes. J Ecol 103:1397–1407. https:// doi. org/ 10. 1111/ 
1365- 2745. 12462

Wang F, Michalski G, Seo JH, Granger DE, Lifton N, Caffee M 
(2015) Beryllium-10 concentrations in the hyper-arid soils in the 

https://doi.org/10.3390/geosciences8080298
https://doi.org/10.1029/2006JG000311
https://doi.org/10.1007/s10482-018-1075-z
https://doi.org/10.1007/s10482-018-1075-z
https://doi.org/10.1111/ele.13278
https://doi.org/10.1186/2049-2618-1-28
https://doi.org/10.1016/j.tree.2005.08.009
https://doi.org/10.1016/j.tree.2005.08.009
https://doi.org/10.1111/1365-2435.13232
https://doi.org/10.4209/aaqr.2017.01.0022
https://doi.org/10.4209/aaqr.2017.01.0022
https://doi.org/10.1038/srep22226
https://doi.org/10.1038/srep22226
https://doi.org/10.1016/j.scitotenv.2018.08.045
https://doi.org/10.1007/s00442-011-2032-y
https://doi.org/10.1111/j.1600-0706.2010.19151.x
https://doi.org/10.1111/j.1600-0706.2010.19151.x
https://doi.org/10.1016/j.gloplacha.2019.103029
https://doi.org/10.1038/417067a
https://doi.org/10.1038/417067a
https://doi.org/10.1007/s00606-019-01623-0
https://doi.org/10.1007/s00606-019-01623-0
https://doi.org/10.1002/ece3.6924
https://doi.org/10.1029/2010JG001521
https://doi.org/10.1016/j.soilbio.2008.05.021
https://doi.org/10.1111/ele.13093
https://doi.org/10.1111/ele.13093
https://doi.org/10.1093/femsre/fuu011
https://doi.org/10.1093/femsre/fuu011
https://doi.org/10.1038/nature09273
https://doi.org/10.1007/s00792-012-0454-z
https://doi.org/10.1126/science.142.3588.15
https://doi.org/10.1126/science.142.3588.15
https://doi.org/10.3389/fmicb.2018.02309
https://doi.org/10.1038/s41467-019-14236-5
https://doi.org/10.1038/s41467-019-14236-5
https://doi.org/10.1101/2020.09.24.312199
https://doi.org/10.1101/2020.09.24.312199
https://doi.org/10.1038/ismej.2015.108
https://doi.org/10.1038/ismej.2015.108
https://doi.org/10.1111/ele.12931
https://doi.org/10.1111/ele.12931
https://doi.org/10.1111/1365-2745.12462
https://doi.org/10.1111/1365-2745.12462


Plant-soil interactions in the hyperarid Atacama Desert

1 3

Page 11 of 11 56

Atacama Desert, Chile: Implications for arid soil formation rates 
and El Niño driven changes in Pliocene precipitation. Geochim 
Cosmochimi Acta 160:227–242. https:// doi. org/ 10. 1016/j. gca. 
2015. 03. 008

Wardle DA, Bardgett RD, Klironomos JN, Setälä H, Van Der Putten 
WH, Wall DH (2004) Ecological linkages between aboveground 
and belowground biota. Science 304:1629–1633. https:// doi. org/ 
10. 1126/ scien ce. 10948 75

Wardle DA (2006) The influence of biotic interactions on soil biodi-
versity. Ecol Lett 9:870–886. https:// doi. org/ 10. 1111/j. 1461- 0248. 
2006. 00931.x

Warren-Rhodes KA, Rhodes KL, Pointing SB, Ewing SA, Lacap DC, 
Gomez-Silva B, Amundson R, Friedmann EI, McKay CP (2006) 
Hypolithic cyanobacteria, dry limit of photosynthesis, and micro-
bial ecology in the hyperarid Atacama Desert. Microbial Ecol 
52:389–398. https:// doi. org/ 10. 1007/ s00248- 006- 9055-7

Weathers KC (1999) The importance of cloud and fog in the mainte-
nance of ecosystems. Trends Ecol Evol 6:214–215. https:// doi. org/ 
10. 1016/ S0169- 5347(99) 01635-3

Weathers KC, Ponette-González AG, Dawson TE (2020) Medium, Vec-
tor, and Connector: Fog and the Maintenance of Ecosystems. Eco-
systems 23:217–229. https:// doi. org/ 10. 1007/ s10021- 019- 00388-4

Westbeld A, Klemm O, Grießbaum F, Sträter E, Larrain H, Osses P, 
Cereceda P (2009) Fog deposition to a Tillandsia carpet in the 
Atacama Desert. Ann Geophys 27:3571–3576. https:// doi. org/ 10. 
5194/ angeo- 27- 3571- 2009

Wolf N, Siegmund A, Del Río C, Osses P, García JL (2016) Remote 
Sensing-Based Detection and Spatial Pattern Analysis for Geo-
Ecological Niche Modeling of Tillandsia SPP. In the Atacama, 
Chile. Int Arch Photogramm Remote Sensing Spatial Inform Sci 
2:251–256

Zanetta N; del Río C, Osses P, García JL, Luengo Y, Wolf N, Siegmund 
A (2016) Spatio-temporal variability of fog water and its mete-
orological conditions in the coastal Atacama Desert, Chile. In: 
M Błaś, M Sobik (eds) 7th International Conference on Fog, Fog 
Collection and Dew. Wroclaw, Poland, 24 – 29 July, Proceedings 
book. FFCD, Wroclaw, pp 122–125

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.gca.2015.03.008
https://doi.org/10.1016/j.gca.2015.03.008
https://doi.org/10.1126/science.1094875
https://doi.org/10.1126/science.1094875
https://doi.org/10.1111/j.1461-0248.2006.00931.x
https://doi.org/10.1111/j.1461-0248.2006.00931.x
https://doi.org/10.1007/s00248-006-9055-7
https://doi.org/10.1016/S0169-5347(99)01635-3
https://doi.org/10.1016/S0169-5347(99)01635-3
https://doi.org/10.1007/s10021-019-00388-4
https://doi.org/10.5194/angeo-27-3571-2009
https://doi.org/10.5194/angeo-27-3571-2009

	Soil bacterial community structure of fog‐dependent Tillandsia landbeckii dunes in the Atacama Desert
	Abstract
	Introduction
	Material and methods
	Study site
	Sampling design
	Soil analysis and DNA extraction
	Targeted library preparation
	Sequencing and bioinformatics analysis
	Statistical analysis

	Results
	Differences in soil TC and TN soils along different elevations in the Oyarbide field
	Changes in soil bacterial diversity along the Oyarbide field
	Changes in soil bacterial community composition along the Oyarbide field

	Discussion
	Effect of microhabitat on soil bacterial community structure and composition
	Effect of elevation on soil bacterial community structure and composition beneath Tillandsia landbeckii
	The PSB in the hyperarid Atacama Desert

	Conclusions and perspectives
	Acknowledgements 
	References




