
1.  Introduction
The hyper-arid Atacama Desert in northern Chile is one of the oldest and driest deserts on Earth, challenging 
the activity of microbial life due to extremely limited water availability, oxidizing conditions, high ultraviolet 
radiation, and high soil salinity (Houston & Hartley, 2003; Navarro-González et al., 2003). These harsh condi-
tions result from the extreme aridity caused by the rain shadow effect of the pre-Cordillera and Andean moun-
tains in eastern Chile and the cold Humboldt current along the Chilean coast, which creates an inversion layer 
largely preventing the formation of clouds (Houston & Hartley, 2003). Further, the Atacama Desert is bound by a 
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Plain Language Summary  The limited water availability in the Atacama Desert challenges 
microbes which often occupy habitats that provide more water or more protected conditions than their 
surroundings. The extreme dryness led to fracture networks in the soils consisting of salt-poor sand wedges 
outlining salt-rich polygons representing major patterns of soil heterogeneity, and thus potential microbial 
habitats. A 20 mm rain was simulated to investigate their habitability (ability of the soil to support microbial 
activity), based on the content of phospholipid fatty acids (PLFAs). Mineral composition, pH, electrical 
and thermal conductivity, water activity and content were analyzed for their relevance to habitability. After 
moistening, continuously increasing PLFA abundances were monitored exclusively in the polygon subsurface, 
indicating enhanced habitability. We conclude that habitability is mainly controlled by water availability, which 
remained high for at least 6 weeks in the subsurface compared to the rapidly desiccating surface. Furthermore, 
habitability appears to be controlled by soil characteristics (i.e., soil heterogeneities), such as soil texture, 
type and content of salts which might explain low PLFA values in the sand wedge subsurface despite a high 
water availability. Our results emphasize the relevance of polygonal networks as microbial habitats in extreme 
environments, which could have implications for the Martian habitability.
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Key Points:
•	 �After simulating 20 mm rain on 

polygon and sand wedge, surface 
desiccated rapidly but in 10–15 cm 
depth soil was wet for at least 6 weeks

•	 �Increased habitability was observed 
in the subsurface, which was more 
pronounced in the polygon compared 
to the sand wedge

•	 �In addition to water availability, 
microbial abundance appears to be 
controlled by soil heterogeneities, that 
is, mineralogy and soil texture
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Coastal Cordillera in the west, largely blocking moist air from the Pacific Ocean. However, moisture can partially 
migrate further inland through topographic corridors as fog. The position of the Atacama Desert in the subtropi-
cal high-pressure belt further intensifies the hyper-arid climate that has persisted for about 12 million years, inter-
rupted by shorter and wetter periods (Jordan et al., 2014). The resulting low mean annual precipitation of less than 
1 mm/yr in the hyper-arid core reduces erosion and leaching rates, which led to the massive accumulation of salts, 
particularly sulfates, nitrates and chlorides (Ewing et al., 2006; Houston, 2006). These unique environmental 
conditions in the Atacama Desert motivated extensive geological, climatological, and biological research, which 
is ongoing for more than 20 years, in which the Atacama Desert was established as a suitable Martian analog 
(Azua-Bustos et al., 2022; Navarro-González et al., 2003). Although initially described as lifeless and devoid of 
plants, highly adapted microbial life in the hyper-arid core region (e.g., Yungay) of the Atacama Desert thrives in 
particular habitats, some of which provide more moisture or more protected conditions than their surroundings, 
such as the pores of salt aggregates, below translucent rocks or sheltered beneath boulders (Davila et al., 2013; 
A. F. Davila & Schulze-Makuch, 2016; Hwang et al., 2021; Warren-Rhodes et al., 2006; Wierzchos et al., 2006). 
In addition to water availability, the habitability of certain microenvironments was hypothesized to be related to 
soil heterogeneities such as mineralogy or nutrient availability (Crits-Christoph et al., 2013; Kusch et al., 2020; 
Schulze-Makuch et al., 2021). In the Atacama Desert, environmental heterogeneities exist on a regional scale 
such as moisture gradients from the coast to inland, or North-South aridity gradients along which microbial diver-
sity and abundance are reduced (Boy et al., 2022; Knief et al., 2020; Schulze-Makuch et al., 2018). In contrast, 
polygonal networks are a characteristic landscape-scale feature on alluvial surfaces in the Yungay region and 
display a particular form of more local soil heterogeneities. These fracture networks are characterized by salt-
poor sand wedges outlining salt-rich polygons of several meters in diameter, forming extensive hexagonal and 
orthogonal patterns that have been proposed as environmental proxies for saline soils and hyper-arid conditions 
(Sager et al., 2021, 2022). In general, the upper meters of alluvial soils in the Yungay region are classified into 
locally termed soil horizons that can vary in depth, degree, and type of salt cementation (Ericksen, 1981): The 
uppermost horizon is the chusca, a non-indurated gypsic horizon, underlain by the costra, an indurated gypsic 
horizon. The caliche located below the costra is a petrosalic horizon and is cemented by highly soluble salts such 
as nitrates and chlorides. The detailed formation of polygonal networks in these soils remains under debate but 
processes such as thermal contraction and/or de-/hydration of calcium sulfates were suggested to be involved 
(Ewing et al., 2006; Pfeiffer et al., 2021; Sager et al., 2021). Nevertheless, infrequent rain events play presumably 
an important role in the development of polygonal networks by transporting salts further down the soil profile, 
resulting in alluvial soil cementation and the observed salt sequences (Arens et al., 2021). To investigate the 
effects of heterogeneities in polygonal soil on habitability, following significant moisture input, we simulated a 
∼20 mm rain event on a polygon and its sand wedge in the Yungay region (24°04′33.7″S; 69°59′43.6″W), and 
characterized the physicochemical parameters and phospholipid fatty acid (PLFA) content of its surface and 
subsurface (Figure 1). PLFAs are a major component of bacterial membranes and are used as biomarkers indic-
ative of viable bacterial communities. Hence, PLFAs can also be used as a proxy for soil habitability since their 
analysis can provide crucial information regarding the viability, abundance and diversity of bacterial communi-
ties and allows for a broad taxonomic evaluation (Connon et al., 2007; Harvey et al., 1986; Logemann et al., 2011; 
Mangelsdorf et al., 2019; White et al., 1979; Z. Zhang et al., 2017).

2.  Materials and Methods
2.1.  Field Work and Sampling

Sample collection and the simulated rain experiment took place during July and August 2019 in the Yungay region, 
75 km southeast of Antofagasta in northern Chile (Figure 1). To simulate a ∼20 mm rain event, 300 L of potable 
water was evenly distributed on a confined part of a polygon and its corresponding sand wedge (24°04′33.7″S, 
69°59′43.6″W) during sunset on 28 July 2019 (Figures 1, Figure 2). Samples were collected from the polygon 
and sand wedge in two depth ranges (surface 0–5 cm and subsurface 10–15 cm) using a sterile spoon while 
wearing gloves and masks yielding four samples per sampling time. Samples were collected at the following time 
points: one day prior to the simulated rain event (dry conditions), immediately following wetting (within 20 min, 
here referred to as “direct” or “directly after”), as well as 1, 7, 14, and 42 days thereafter. For the different days, 
samples were taken at adjacent soil positions. At each time point and soil unit, five sample aliquots (1 × plastic 
bag, 2 × 50 mL glass container, 2 × 50 mL polypropylene tubes) were collected from a 15 × 15 cm sampling area 
in which the sediment was homogenized with a sterile spoon to reduce the effects of soil heterogeneities within 
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the respective soil samples. Aliquots used for salt content and mineralogy analysis (∼300 g) were stored at room 
temperature, the aliquots for water activity and water content were stored at 4°C and for PLFA analysis (15–60 g) 
at −20°C. Water activity depends on the prevailing temperature that exhibits daily and seasonal variations in the 
study area. Here, samples were collected during the late afternoon when daily air temperatures were among the 
highest and water activity and content were among the lowest. Thermal conductivity and temperature of surface 

Figure 1.  Location maps of the study area. (a) The location of the study site (24°04′33.7″S, 69°59′43.6″W) is shown on a globe map and as a 10× vertically 
exaggerated 3D model on the eastern margin of the Coastal Cordillera, near the city of Antofagasta. (b) An orthophoto of the polygonal network, and (c) a close-up 
orthophoto of the polygon (P) and corresponding sand wedge (S) on which the rain experiment was conducted with the indicated wetting area (blue dashed triangle), 
sampling areas before (black rectangles) and after the simulated rain event (blue rectangles); modified from Sager et al. (2021).
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Figure 2.  Field photos showing the polygon and sand wedge (dashed lines represent wetted parts of the sand wedge) before 
(a), directly after (b), 1 day after (c), and 11 days after the simulated rain when a natural fog event re-wetted the surface 
(d). Moist and dry patches during a fog event in the vicinity of the study area presumably resemble polygons and their sand 
wedges (e). Removal of the sediment surface layer reveals soil heterogeneity: white sulfate aggregates, locally referred to 
as losas embedded in more clastic and salt-poor brown soil patches (f). Similarly, the vesicular polygon subsurface contains 
saline and more clastic soil patches, which were sampled separately on day 7 (g). After 7 days salt efflorescence appeared on 
the surface of the sand wedge (h).
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sediments were recorded for the polygon and sand wedge surface at a depth of about 5 cm before moistening as 
well as directly after (within 20 min), 1 day and 5 days after moistening using the thermal properties analyzer 
KD2Pro (Decagon Devices, Inc). Further, the soil temperature and relative humidity were recorded during the 
experiment using data loggers (Onset Hobo pro v2) at depths of 10, 35, and 50 cm for the polygon and sand wedge 
as previously reported by Sager et al. (2021).

2.2.  Analysis of Soil Characteristics

X-ray diffraction (XRD) was performed on all samples to identify the mineralogical composition using a Bruker 
D2 Phaser benchtop diffractometer with Cu radiation and a Ni filter at the Department of Applied Geochem-
istry at Technische Universität Berlin. A semi-quantitative XRD analysis (SQ-XRD) was carried out using the 
“Diffrac.eva” software and the “Powder Diffraction File Minerals 2019” (database of the international centre for 
diffraction data). Prior to analysis, the samples were dried at 40°C and crushed to a fine powder using a XRD 
McCrone mill. Samples were scanned between 3° (2θ = 2Theta) and 80° (2θ) at 30 kV and 10 mA using a step 
size of 0.1° (2θ) and a count time of 2 s. Scan time was about 70 min with a 1 mm divergence slit, and 1 mm air 
scattering screen. Additionally, the salt content of the samples, also referred to as the soil salinity, was determined 
by complete leaching with distilled water. Therefore, the powdered samples (3–5 g) from XRD analysis were 
weighed prior to and after leaching; the weight difference being equivalent to the salt content in weight percent 
(wt%). The water content of sediment samples was gravimetrically determined by drying samples at 40°C and 
using the difference in weight of samples before and after drying.

The water activity is defined as the ratio of vapor pressure of water in a sample solution to pure water at similar 
conditions and expressed by the aw-value which ranges from zero to one (i.e., water activity of pure distilled 
water). It is a measure of available water for microbial growth and was measured with the Labmaster-aw Neo 
water activity probe (Novasina AG), using a stability observation time of 15 min, during which the aw-value did 
not change more than 0.001 units within 15 min. Samples that reached aw-values >1 (aw max = 1.0162), were 
interpreted to be 1, as aw > 1 is a result of measurement uncertainty. For soil pH measurements, 5 g of dried soil 
(<2 mm) was dispended in 12.5 mL distilled water and put on a vibrating table for 30 min and measured using 
the HQ40D Portables 2-Canal Multimeter (Hach Company). The electrical conductivity was measured using the 
GMH 3400 Series conductivity measuring device (GHM Messtechnik GmbH) after dispending 5 g of dried soil 
(<2 mm) in 25 mL distilled water and placing it on a shaking table for 60 min.

2.3.  Phospholipid Fatty Acid (PLFA)—Extraction and Column Separation

In total 20 samples of approximately 30–60 g of freeze-stored soil were collected for PLFA analysis from the 
two depth ranges of the polygon and sand wedge before moistening, and 1, 7, 14, and 42 days thereafter. These 
samples were dried in an oven at 35°C for a maximum of 2 hr before grinding using a rotating disc mill. Extrac-
tion from ground samples was performed using a flow bending system for 5 minutes with an extraction solvent 
mixture of methanol, dichloromethane (DCM), ammonium acetate buffer at a ratio of 2:1:0.8 (v/v) (Bligh & 
Dyer, 1959) and at a pH of 7.6. The solvent solution was centrifuged for 10 min at 2,500 rpm to separate the 
sediment from the extract. The soil material was re-extracted twice with DCM and all extracts were combined 
in a separation funnel. Afterward, an internal standard (PCD54, deuterated phosphatidyl choline) for compound 
quantification was added. The organic phase was separated from the water phase by changing the solvent mixture 
ratio to 1:1:0.9 (v/v). The organic phase was separated, and the water phase was re-extracted twice with DCM. 
All organic phases were combined and the solvent was evaporated to dryness using a TurboVap 500 and finally a 
gentle stream of nitrogen (Zink & Mangelsdorf, 2004). Subsequently, the organic extracts were separated by chro-
matographic column separation into a low-polar lipid, free fatty acid, glycolipid, and phospholipid fraction by 
using two columns in sequence: an upper column filled with 1g silica gel (63–200 μm) and 0.5 g sodium sulfate 
on top and a lower column filled with 1 g Florisil (150–250 μm). The low-polar lipids were eluted with 20 mL 
chloroform, the free fatty acids with 50 mL methyl-formate with 0.025% glacial acetic acid and the glycolipids 
with 20 mL acetone. The phospholipids were extracted only from the silica gel column with 25 mL methanol. To 
improve the phospholipid recovery the column material was re-extracted with a methanol-water mixture (1:0.6). 
For phase separation the above-mentioned ratio of 1:1:0.9 (dichloromethane, methanol, water) was adjusted in 
a separation funnel and the organic phase was combined with the phospholipid fraction. The collected fractions 
were concentrated to dryness in a TurboVap 500 and finally under a gentle stream of nitrogen.
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2.4.  Phospholipid Fatty Acid (PLFA)—Detection of PLFA

For the phospholipid fatty acid analysis, the phospholipid fraction was exposed to an ester cleavage procedure 
described by Müller et al. (1990) where the phospholipid linked fatty acid esters are directly transformed into 
their respective fatty acid methyl esters (PLFAs) using trimethylsulfonium hydroxide. Subsequently, the PLFAs 
were measured on a Trace Gas Chromatograph 1310 (Thermo Scientific) coupled to a TSQ 9000 mass spectrom-
eter (Thermo Scientific). The gas chromatograph was equipped with a cold injection system operating in the split-
less mode and a SGE BPX 5 fused-silica capillary column (50 m length, 0.22 mm ID, 0.25 μm film thickness) 
using the following temperature conditions: initial temperature 50°C (1 min isothermal), heating rate 3°C/minute 
to 310°C, held isothermally for 30 min. Helium was used as carrier gas with a constant flow of 1 mL/min. The 
injector temperature was programmed from 50° to 300°C at a rate of 10°C/s. The MS operated in the electron 
impact mode at 70 eV. Full-scan mass spectra were recorded from m/z 50 to 650 at a scan rate of 1.5 scans/s. The 
PLFA abundance is given as a weight fraction, that is, as nanogram PLFAs per gram sediment (ng/g).

2.5.  Statistical Analysis

A principal component analysis (PCA) was conducted to reduce the linear dimensionality of the used data set 
by singular value decomposition of the data using the Scikit-learn Python module (Pedregosa et al., 2011). The 
results were plotted in a scree plot showing the explained variance of the principal components (PC) including 
the loading scores for PC1 and PC2. Additionally, a two-dimensional PCA biplot shows the clustering of samples 
along PC1 and PC2. A two-sample unpaired t-test was conducted using the t-test function in Microsoft Excel to 
test if the number of different PLFAs between the surface and subsurface varies significantly between each other.

3.  Results
3.1.  Geological Characterization of the Sampling Site

The investigated polygon and surrounding sand wedge have an area of ∼30 m 2, a perimeter of ∼22 m and are 
located at an elevation of ∼1,000 m a.s.l. in the center of a polygonal network that developed in alluvial sediments 
(Figures 1, Figure 2). The mineralogical composition of the insoluble fraction of all four soil units (surface and 
subsurface of polygon and sand wedge) is dominated by feldspars and quartz with small amounts of amphiboles 
and occasionally phyllosilicates (Figure 3). Note that the salt content determined by weight loss after sample 
leaching (in weight percent, Figure S1 in Supporting Information S1) and by SQ-XRD (in percent, Figure 3) 
differs. However, trends between the two methods are similar and comparability between samples and soil units 
is maintained. The major difference between the polygon and the sand wedge is the salt content, which is low in 
the sand wedge and high in the sulfate-cemented polygon (Figure 3, Figure S1 in Supporting Information S1). 
In particular, the polygon surface (0–5 cm) with a mean salt content of 31 wt% (standard deviation = 2.3 wt%) 
contains palm-sized aggregates composed of CaSO4 in different hydration states that is, gypsum (CaSO4·2H2O), 
anhydrite (CaSO4) and bassanite (CaSO4·0.5H2O), which are common for the upper chusca horizon (Figure 2f, 
Figure 3, Figure S1 in Supporting Information S1) (Diaz, 1994; Ericksen, 1983). These calcium sulfate aggre-
gates are locally referred to as losas and submerged in loose clastic sediments. The wetting by the rain experiment 
did not lead to major changes in the salinity of the polygon surface (Figure S1 in Supporting Information S1). 
However, changes in mineralogy were observed, such as the detection of gypsum only after wetting, while after 
day 1 a mixture of varying amounts of gypsum and anhydrite were present. In contrast, the polygon subsurface 
lacks the losas but exhibits a vesicular texture of more clastic and saline soil patches, which is typical for the 
lower chusca horizon (Figure 2g). These soil patches contain locally varying amounts of gypsum (mean salt 
content of 50 wt%, standard deviation = 16.5 wt%) throughout the experiment, while no changes in mineralogy 
after the rain event were observed. This heterogeneity in the gypsum distribution is illustrated by two additional 
samples collected on day 7, including a clastic soil patch with a salt content of 16 wt% and a saline soil patch 
with 78 wt% (Figure 3c, Figure S1 in Supporting Information S1). The sand wedge surface initially contained 
minor amounts of highly soluble halite and nitratine, being absent directly after wetting and 1 day thereafter, 
indicating the downward leaching of these salts. Irregularly distributed salt efflorescence was observed in the 
field on the sand wedge surface 7–14 days after wetting and detected by XRD, suggesting an upward migration of 
brines and their subsequent evaporation (Figure 2h, Figure 3). However, at day 42, soluble salts were not detected 
with XRD analysis but with total salt content analysis using sample leaching (Figure 3, Figure S1 in Supporting 
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Information S1). The composition of the sand wedge subsurface is dominated by the aforementioned insoluble 
minerals but minor amounts of gypsum were detected directly after and 1 day after wetting, while halite was 
detected 1 and 14 days after wetting (Figure 3). The electrical conductivity decreases in all soil units after mois-
tening and increased at the sand wedge surface by day 7, further supporting the primary downward transport of 
soluble minerals, followed by upward migration of brines toward the sand wedge surface (Figure 2h, Figure S2 in 
Supporting Information S1). The largest differences in soil pH are between sand wedge units with a mean pH of 
8.6 and the slightly less alkaline polygon units with a mean pH of 7.8 (Figure S2 in Supporting Information S1). 
After wetting, no major pH shifts were observed, except for the sand wedge subsurface. There, the pH decreased 
slightly in the first 24 hr to ∼8, increased to 9.5 by day 14 and fell back to 8.7. Similarly, the conductivity varied 

Figure 3.  Mineralogical composition of the investigated soil units revealed by semi-quantitative X-ray diffraction (SQ-XRD) analysis of the surface and subsurface 
samples of the polygon (a,c) and the sand wedge (b,d) along the course of the experiment. On day 7, three samples were collected for the polygon unit in 10–15 cm 
depth including a pooled sample (A), clastic soil patch with a brown color (B) and saline soil patch of white color (C) to illustrate soil heterogeneity.
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between the sand wedge with a higher mean thermal conductivity (0.44 W/m × K) compared to the polygon 
(0.12 W/m × K) (Figure S3 in Supporting Information S1). The polygon had slightly higher surface temperatures 
compared to the sand wedge, while below the surface, from 10 cm depth on, the polygon remained colder (e.g., 
1.5°C on average at 10 cm) than the sand wedge (Figure S3 in Supporting Information S1).

3.2.  Water Availability

The availability of water is critical for soil habitability and compared to the water content, the water activity is a 
more relevant factor as it is considered a measure of the freely available water for microbial life. The threshold of 
water activity required to support microbial growth varies between species, but higher water activities generally 
support the growth of more microorganisms. The lowest water activity under which cell division was observed 
is 0.585 for the fungal halophile/xerophile Aspergillus penicillioide (Stevenson et al., 2017). It was also reported 
that some deep-sea sulfate reducers may thrive down to a water activity of ∼0.4 (Steinle et al., 2018). Prior to 
the rain experiment, the water content in all soil units was low with values below 0.2 wt% (Figure 4). The water 
activities in the polygon ranged between 0.51 at the surface and 0.42 in the subsurface. In the sand wedge, water 
activity was even lower ranging from 0.19 at the surface to 0.40 in the subsurface. Directly after moistening, an 
increased water content and water activity of ∼1.0 were observed in all soil units. Water activities and contents 
remained relatively similar by day 1 but the surface units started to desiccate between days 1 and 7, reaching 
values similar to the dry conditions by the end of the experiment. One day after moistening, the first centimeters 
of the polygon surface already appeared dried out compared to the sand wedge (Figure 2c). However, below the 
first centimeters of sediment, the polygonal soil remained moist, resulting in an overall higher water content than 
in the sand wedge surface at day 1 (Figure 4). A fog event occurred 11 days after moistening at which the pristine 

Figure 4.  Water content and water activity measurements for the surface and subsurface samples of the polygon (a, c) and the sand wedge (b, d). Water activity is 
expressed by the aw-value, which is the quotient of the water vapor pressure of a sample and that of pure water under the same conditions.
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soil surfaces appeared re-wetted (Figure 2d). A similar observation was made in the vicinity of the experimental 
area, where moist polygonal patches were surrounded by linear dry patches, potentially representing polygons 
that contained hygroscopic salt and salt-poor sand wedges (Figure 2e). By day 14, the polygon surface had a lower 
water activity than the sand wedge surface, although it had a similar water content, which may result from hygro-
scopic salts such as anhydrite affecting the water activity (Davila et al., 2013; Lebron et al., 2009). In contrast to 
the surface, the subsurface of the polygon (aw = 0.64, water content = 0.2 wt%) and the sand wedge (aw = 0.93, 
water content = 0.6 wt%) desiccated less rapidly and had greater water activities and contents until the end of 
the experiment.

3.3.  Phospholipid Fatty Acid Analysis

PLFAs were found in all surface and subsurface samples of the polygon and sand wedge at concentrations rang-
ing from 4 to 122 ng/g (Figure 5). These are overall very low PLFA concentrations especially in the sand wedge 
subsurface at day 1 which is with 4 ng/g in the range of the blank values. At initial dry conditions, the polygon 
surface exhibited the highest PLFA abundance of all soil units. After wetting, PLFA abundance in the poly-
gon  surface initially remained almost constant at day 1 but decreased to lower levels between days 7 and 42. In 
contrast, the PLFA values in the subsurface of the polygon increased continuously throughout the entire exper-
iment reaching their highest value at day 42. The sand wedge exhibited similarly low PLFA abundances in the 
surface and subsurface at initial dry conditions. Wetting resulted in an initial large PLFA increase at the sand 
wedge surface to 122 ng/g on day 1 while in the subsurface the PLFA abundance remained low. In the further 
course of the experiment, the PLFA values of the sand wedge surface decreased to similar levels as during dry 
conditions. In contrast, the PLFA abundances in the sand wedge subsurface increased from day 1 to day 14 but 
decreased already at the end of the experiment to values similar to the initial dry conditions. The comparatively 
low PLFA diversity does not change significantly for each soil unit throughout the field experiment and ranges 
from 5 to 16 different PLFAs but is significantly higher (two-sample t-test, p-value = 0.0005) in the surface units 
(mean = 13) compared to the subsurface units (mean = 9). The PLFA inventories of all soil units are dominated 
by the taxonomically not specific normal saturated fatty acids in the range from C14 to C24 with an average relative 
abundance (RA) of 67%. They are followed by monoenoic fatty acids (RA = 26%) with 16, 17 and 18 carbon 
atoms being indicative for Proteobacteria and by polyenoic fatty acids (RA = 5%) which could either derive from 
eukaryotic and/or bacterial biomass. In contrast to these PLFA groups, which are found in all samples, terminally 
branched saturated iso- and/or anteiso-fatty acids with 15, 16, 17, and 18 C-atoms indicative of firmicutes, cyclo-
propyl fatty acids (RA = 0.8%) with 17 C-atoms and mid-chain branched 12-methyl palmitic acid (RA = 0.1%) 
indicative for Rubrobacter (Suzuki et al., 1988), are only present in minor RA and not in all samples (Figure S4 
in Supporting Information S1). For example, the mid-chain branched saturated fatty acids occur only in surface 
samples after day 14 (Figure S4 in Supporting Information S1). The predominance of saturated PLFAs can be an 
indication that the microbial communities are adapted to warm environmental conditions, since cell membranes 
with a high proportion of saturated FAs show higher phase transition temperatures (membrane melting tempera-
ture), which is favorable to keep the membrane in an adequate fluid stage at warm ambient temperature (Suutari 
& Laakso, 1994). Pure phospholipid ethers indicative of viable Halobacteria (haloarchaea) were surprisingly not 
detected in any sample. However, phospholipids combining ether and fatty acid side chains were found. Overall, 
due to the low diversity of PLFAs compared to normal soils the content of further taxonomic information is rather 
restricted.

3.4.  Statistical Analyses

A principal component analysis (PCA) was applied to display relationships between samples and to infer the 
influence of environmental and biological parameters that explain the largest variance in the data set. The PCA 
shows that the first two principal components explain a relatively low total variation of 40.3% (Figure 6). Yet, 
a clustering of four groups, each representing samples from one soil unit can be observed in the PCA biplot, 
indicating correlation between samples of each soil unit. Further, the PCA also differentiates pairs of soil units, 
that is, between the polygon units and the sand wedge units along PC1; and between the subsurface- versus the 
surface units along PC2. The separation of polygon and sand wedge samples along PC1 is best explained by high 
loadings in the salt (loading score = 0.37), gypsum (loading score = 0.34) and polyenoic PLFA content (loading 
score = 0.31). The separation of surface and subsurface cluster along PC2 is best explained by sampling depth, 
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Figure 5.  Results of phospholipid fatty acid (PLFA) analysis. (a) Absolute PLFA abundances in nanogram per gram sediment in the four soil units. (b) The relative 
abundance of PLFA structural groups displayed as color-coded bar columns and the number of PLFAs displayed as a black line.
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Figure 6.  Principal component analysis (PCA) of all samples and measured parameters. (a) Scree plot showing the 
explained variance of the principal components (PC) with the loading scores for PC1 and PC2. Loading scores are shown 
for sampling depth (depth), sampling time (time), water content, water activity, salt content, pH, minerals as well as for the 
total phospholipid fatty acid (PLFA) abundance, the PLFA diversity and structural fatty acid features including monoenoic 
(Monos), cyclopropyl (CyProp), mid-chain branched saturated (MidBrSats), terminally branched saturated (TerBrSats), 
normal saturated (Nsats) and polyenoic FAs. (b) The PCA biplot of color-coded samples with their sampling time and gray 
arrows representing the parameters with the highest loadings for PC1 (salt content), gypsum content (gypsum), polyenoic 
fatty acids, and PC2 (PLFA diversity, depth, and monoenoic fatty acids). The numbers next to the axis label are the 
percentage of explained variance of the respective PC.
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(loading score = 0.41) which is not surprising, and by the number of PLFAs further supporting the t-test results 
(loading score = 0.42) and monoenoic fatty acids (loading score = 0.38). Further, the water content and water 
activity explain the cluster separation between the surface and subsurface units with loadings of 0.12 and 0.23, 
respectively (Figure 6).

4.  Discussion
Our results, supported by statistical analyses, show that the four soil units vary from each other regarding 
composition, soil texture, pH, electrical conductivity, thermal conductivity, temperature, and water availability. 
Furthermore, the soil units responded differently to the simulated rain event, especially regarding water and brine 
migration and, more importantly, their habitable conditions based on PLFA abundances and trends.

Overall, the detection of PLFAs in all soil units prior to wetting, albeit in low amounts, indicates that microbial 
life is present in the polygon and adjacent sand wedge. The relatively low number of different PLFAs suggests a 
low diversity of the microbial community in all soil units, which might reflect the extreme environmental condi-
tions in the Atacama Desert close to the dry limit for life. The rain experiment led to an increase in water activity 
from values below 0.6 to ∼1.0 in all soil units by day 1, providing conditions suitable for microbial growth. Yet, at 
day 1, the PLFA content in the polygon surface remained at similar levels whereas at the sand wedge surface, the 
PLFA content was greatly increased, indicating a rapid but short stimulation of the microbial community in the 
sand wedge surface. However, a trend of decreasing PLFA abundances in both surface units to values below and 
similar to the initial dry conditions suggests an overall decrease in habitability following the first 24 hr (Figure 7). 
This trend is accompanied by a decreasing water activity in the surface units due to rapid surface desiccation after 
day 1. In contrast, the water activities in the subsurface units at a depth of 10–15 cm remained in the habitable 
regime, that is, >0.6, throughout the experiment. These moist conditions are associated with steadily increasing 
PLFA abundances in the polygon subsurface, which resulted in the highest PLFA value at day 42, suggesting 
improved habitability conditions due to high water availability. In the sand wedge subsurface, a similar but less 
clear and less significant trend of increasing PLFA abundances can be observed, which unexpectedly decreased 
again by day 42 despite a high water activity of >0.9. Thus, we assume that detected variations in the measured 
biological and physicochemical parameters partially reflect the heterogenous nature of these soils resulting from 
aridity-driven soil processes in the Atacama Desert. At the same time, certain variations in these parameters, 
such as the electrical conductivity, water content and water activity, can be interpreted, to be a direct result of the 
here  applied moisture input, while for example, variation in gypsum content in the polygon subsurface is likely 

Figure 7.  Conceptual interpretation of the processes in the polygon and sand wedge system before, during, and after a rain event based on the measured environmental 
parameters and microbial membrane lipid analysis. The polygon and sand wedge display local soil heterogeneities, while losas and saline soil patches within more 
clastic sediment represent intra-polygon heterogeneities. Under dry conditions, a mixture of indigenous and airborne microbes introduced by wind reside in the surface 
layer of the polygon and sand wedge. The rain moistens the soil and transports salts and water down the soil profile, especially along the more permeable sand wedge. 
Ongoing moist conditions for at least 42 days in the subsurface allow for microbial growth, especially in the polygon and in part in the sand wedge. In contrast, the 
surface soil of the polygon and sand wedge desiccates rapidly leading to low or no microbial growth in the post-rain period.
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due to the saline and clastic soil patches. Thus, the question remains how much of the PLFA variation is due to the 
induced wetting of the soils and what is related to spatial soil heterogeneity. In the polygon subsurface, the stead-
ily increasing PLFA abundance provides good indication that the subsurface microbial community is indeed stim-
ulated by the wetting of the soil. In the sand wedge subsurface, such stimulation appears to be less pronounced 
and does not correlate well with the water activity (R 2 = 0.06), but does correlate well with for example, the pH 
value (R 2 = 0.89) suggesting that natural heterogeneities of the physical soil characteristics may play a greater 
role in causing higher variability of the PLFA signal. Such soil heterogeneities could explain the higher PLFA 
abundance despite a lower water activity in the polygon compared to the sand wedge at day 42. Alternatively, it is 
conceivable that the preferred migration of brines along the sand wedges due to a higher permeability than in the 
salt-cemented polygon creates more salt stress to the microbial community compared to the polygon. This is indi-
cated by the patchy formation of salt efflorescence on the wedge surface and a higher standard deviation of the 
electrical conductivity in the sand wedge (SD: 2.9 mS) than in the polygon (SD: 0.39 mS) suggesting less stable 
saline conditions within the two sand wedge units. Similarly, the patchy formation of salt efflorescence suggests 
that brine migration within the sand wedge is also not homogeneous. Given rare rain events, such brine migration 
would be cyclic over longer time periods and could explain the reported minimal cementation of sand wedges in 
the vicinity (Sager et al., 2021), but also contribute to the reported major cementation of sulfate wedges north of 
the study area (Zinelabedin et al., 2022). Both subsurface units remained moist throughout the experiment, and it 
remains unclear if either the soil column of the polygon or sand wedge dries out more quickly, but the presence 
of hygroscopic salts and cementing sulfates that reduce permeability in the polygons suggest, that ultimately the 
polygons have a higher water retention potential than the sand wedges. Furthermore, it can be speculated whether 
the higher content of crystal water contained in gypsum in the polygon might be advantageous for sustaining 
habitability over longer periods. The absence of anhydrite and bassanite in the polygon surface after wetting 
might indicate such hydration processes but it could similarly be a result of the natural variability in the soils, 
especially since anhydrite was detected in the samples collected between days 1 and 42. However, the relevance of 
crystal water for example, in gypsum as a water source for microbes remains highly debated (Huang et al., 2020; 
Wierzchos et al., 2020), and would here at most be relevant for prolonged dry conditions. Similarly, moisture 
provided by fog and dew events might be better adsorbed by the anhydrite- and bassanite-rich surface soils of 
the polygon compared to the sand wedge, lacking such hygroscopic minerals (Figures 2c and 2e, Figure 3), but 
it remains unclear whether this improves the habitability of the polygon surface during dry conditions, as the 
higher PLFA concentrations might suggest (Figure 5). Furthermore, the microporous nature of calcium-sulfate 
aggregates or crusts has been suggested to absorb moisture during periods of high relative humidity (Wierzchos 
et al., 2011). Thus, given the component of natural variability due to soil heterogeneities, we can only relate 
the increasing PLFA contents in the polygon subsurface to an overall increased habitability and stimulation of 
a local microbial community that is presumably adapted to the predominating dry and saline conditions under 
which it thrives. In contrast, the reduced PLFA contents and thus reduced microbial abundance at the surface 
after day 1 presumably do not relate to an extended period of increased habitability. However, the PLFA spike 
at the surface at day 1 after wetting stands out from the overall PLFA patterns. A rapid response of the surface 
microbial community might be plausible since survival strategies in extreme desert environments might include  a 
rapid response with respect to transient moisture input. However, such a spike is not observable in the polygon 
surface sample, which could indicate that the PLFA spike in the sand wedge sample might also be influenced 
by soil variabilities. Nevertheless, it is an interesting thought that the microbial community at the surface reacts 
differently than that of the subsurface as indicated by the slow and steady increase of microbial abundance in 
the polygon subsurface, where the microbial community is protected from direct desiccation and UV-radiation 
and where enhanced habitable conditions, therefore, might persist longer. Due to the restricted PLFA inventory, 
it remains difficult to identify small variations in the microbial communities against the background of natural 
soil heterogeneities (Figure S4 in Supporting Information S1). However, such variations might be indicated, for 
example, by the presence of mid-chain branched saturated fatty acids, which occur only in the surface units after 
day 14 (Figure S4f in Supporting Information S1). Additionally, it is also conceivable that variations in PLFA 
contents are partially influenced by the migration of bacterial populations following the water movement during 
the simulated rain or subsequent evaporation.

In this study, we highlight that variations in PLFA abundances contain a component reflecting the heteroge-
nous distribution of microbial populations due to the here described soil heterogeneities. This corroborates the 
findings of previous studies conducted in the Atacama Desert (Crits-Christoph et al., 2013; Kusch et al., 2020) 
as well as locations in Europe and Australia that emphasized that variations in soil characteristics impact the 
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diversity or abundance of microbial life (Carson et  al.,  2009; Certini et  al.,  2004). We found in our study 
that physicochemical soil parameters not only vary with depths but also contain a significant lateral diversity, 
primarily displayed by polygons and sand wedges (Figure 7). Furthermore, soil heterogeneities exist within 
single soil units, for example, clastic and saline soil patches in the polygon subsurface, losas within clastic 
sediment in the polygon surface or patchy salt efflorescence on the sand wedge surface (Figure 7), while overall 
environmental conditions, such as elevation, air temperature and air relative humidity remain similar between 
neighbored polygons and sand wedges. Thus, we conclude that variations in soil habitability in the study area 
are mainly due to differences in water availability but are also controlled by soil heterogeneities, such as soil 
composition and soil texture. Based on this study we suggest that sampling strategies must be adapted to the 
degree of soil heterogeneity to distinguish biological signals due to the induced moisture input from signals due 
to the natural variability of the soil. To reduce the effect of natural variability on single data points, in future 
studies more replicates have to be collected in a spatially random manner instead of sampling just at adjacent 
soil positions. However, since underlying soil heterogeneities are often not detectable from the surface, this will 
be a difficult task.

Overall, the here measured PLFA contents (4–122 ng/g) are in a similar range to nearby collected soil samples 
from another study (Shen, 2020). Furthermore, the PLFA diversity is lower compared to, for example, more 
humid sites near the coast (diversity of about 60 different PLFAs), but is in the range of samples from the Yungay 
area, where the PLFA diversity was 11 at 0–5 cm depth and 12 in 20–30 cm depth (Schulze-Makuch et al., 2018). 
Similarly, Shen (2020) found a PLFA diversity ranging from 7 to 15 individual PLFAs, along a North-South 
transect (22.3°S–28.4°S) with the lowest PLFA diversity of 7 in the Yungay area (∼24°S). In this study, the PLFA 
diversity ranges from 5 to 16 different PLFAs highlighting that the local variability of samples only a few centim-
eters to <1 m apart is in the same range as the large-scale variability along a North-South transect (Shen, 2020). 
The slightly larger PLFA diversity in the surface units compared to the subsurface units might indicate an aeolian 
input of microorganisms to the surface (Figures 5, Figure 7), which is known for viable fungi and bacteria in the 
Atacama Desert (Azua-Bustos et al., 2019; Conley et al., 2006); whereas the subsurface should not directly be 
subject to airborne microorganisms. A decreasing microbial diversity with depth has also been observed for other 
alluvial deposits and playa sediments, which were associated with increasing salinity at deeper soil horizons 
(Fernández-Martínez et al., 2019; Warren-Rhodes et al., 2019).

In our study we show that polygonal networks represent habitable subsurface environments under transient moist 
conditions in the hyper-arid Atacama Desert. Hence, polygonal networks occurring in other hyper-arid envi-
ronments such as on Mars might be relevant features for astrobiology. On Mars, polygonal networks occur, 
among other locations, in saline mid-Noachian to early Hesperian terrains of the Southern Highlands (Osterloo 
et al., 2008). These saline polygonal networks are associated with, among other processes, the past presence of 
water on early Mars and its evaporation (Ye et al., 2019). They might have been a potential microbial habitat, in 
which the polygons provided a higher water availability. Given the current absence of rain on Mars, the presence 
of hygroscopic salts and salts which contain crystal water suggests that Martian saline polygonal terrain could 
still represent a subsurface refuge today. Additionally, salts can enhance the stability of liquid water on Mars (Nair 
& Unnikrishnan, 2020), further promoting these features as sites with a high priority for sample return missions 
and/or as landing sites of exploratory rover missions (Ye et al., 2019).

5.  Conclusion
A simulated rain event on a saline polygon and its adjacent salt-poor sand wedge in the Atacama Desert was 
conducted to investigate the effect of moistening on the local habitability conditions of the surface and near 
subsurface. Our study revealed the stimulation of microbial communities in the polygon subsurface sediments 
after soil wetting. Furthermore, it shows that in addition to moisture, also local soil heterogeneities, including 
polygon and sand wedge as well as heterogeneities at the intra-polygon and intra-sand wedge scale are likely to 
have a significant influence on the habitable conditions of these soils. Thus, the impact of such spatial soil heter-
ogeneities on the abundance of the microbial signal partly masked small responses of the microbial community 
with respect to simulated changes in the water availability making the differentiation of natural and induced 
variation challenging. A better understanding of such small-scale abiotic soil heterogeneities is not only relevant 
for large-scale gradient studies assessing the habitability along climatic or precipitation gradients, but it also 
contributes to a better understanding of microbial habitats in hyper-arid settings on Earth and beyond.
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Data Availability Statement
All raw data is now available at DepositOnce: https://doi.org/10.14279/depositonce-16571.
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