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ARTICLE INFO ABSTRACT
Keywords: The hyperarid core of the Atacama Desert represents one of the most intense environments on Earth, often being
Astrobiology used as an analog for Mars regolith. The area is characterized by extremes in climate (e.g., temperature, hu-

Biological hotspot
Nutrient cycling
Desert microbiology
Moisture availability
Yungay region

midity, UV irradiation) and edaphic factors (e.g., hyper-salinity, high pH, compaction, high perchlorates, and low
moisture, phosphorus and organic matter). However, the halophytic C4 plant Distichlis spicata appears to be one
of the few species on the planet that can thrive in this environment. Within this habitat it captures windblown
sand leading to the formation of unique structures and the generation of above-ground phyllosphere soil. Using a
combination of approaches (e.g., X-ray Computed Tomography, TXRF, 5'3C/8'°N isotope profiling, microbial
PLFAs, '*C turnover, phosphate sorption isotherms) we examined the factors regulating the biogeochemical
cycling of nitrogen (N), phosphorus (P) and carbon (C) in both vegetated and unvegetated areas. Our results
showed that D. spicata rhizomes with large aerenchyma were able to break through the highly cemented topsoil
layer leading to root proliferation in the underlying soil. The presence of roots increased soil water content, P
availability and induced a change in microbial community structure and promoted microbial growth and ac-
tivity. In contrast, soil in the phyllosphere exhibited almost no biological activity. Organic C stocks and recent Cy4
plant derived input increased as follows: phyllosphere (1941 g C m~2; 85% recent) > soils under plants
(575-748 g C m’z; 55-60%) > bare soils (491-642 g C m’z; 9-17%). Due to the high levels of nitrate in soil (>2
tha™1) and high rates of P sorption/precipitation, our data suggest that the microbial activity is both C and P, but
not N limited. Root-mediated salt uptake combined with foliar excretion and dispersal of NaCl into the sur-
rounding area indicated that D. spicata was responsible for actively removing ca. 55% of the salt from the
rhizosphere. We also demonstrate that NH3 emissions may represent a major N loss pathway from these soil
ecosystems during the processing of organic N. We attribute this to NH3 volatilization to the high pH of the soil
and slow rates of nitrification. In conclusion, we demonstrate that the extremophile D. spicata physically,
chemically and biologically reengineers the soil to create a highly bioactive hotspot within the climate-extreme
of the Atacama Desert.

1. Introduction and an overall aridity index of <0.05 (UNEP 1997). Hyper-aridity not
only severely limits the development of vegetation but also leads to soils

Hyper-arid environments are defined by an extremely low rainfall that are significantly affected by salts (e.g. NaCl, KNOs, NaClO4; Wang
(annual precipitation of less than 60-100 mm), high evapotranspiration et al., 2017). As salt accumulates in the superficial horizons due to high
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evapotranspiration and lack of precipitation, no leaching to deeper
layers of the soil occurs leading to highly stratified soil profiles (Fuentes
et al., 2022a). Despite the inhospitable conditions prevailing in
hyper-arid environments, life exists, indicative that the biogeochemical
recycling of key nutrients (C, N and P) can take place (Knief et al., 2020;
Fuentes et al., 2022b). However, biogeochemical cycling is extremely
heterogenous, being concentrated in discrete spatial and temporal hot-
spots of activity. For example, Ewing et al. (2008) showed that in arid
and hyper-arid soils, rapid cycling of C occurs in spatially segregated
patches at the soil surface with plants exerting strong control on the
supply of organic C. In addition, several studies have reported plants and
associated microbial communities in hyper-arid environments both
participate in soil nutrient cycling and in the rapid turnover of carbon
(C) and nitrogen (N), particularly in response to ephemeral inputs of
moisture (Jones et al., 2018a,b; Santander et al., 2021; Wu et al., 2021).

The hyper-arid zone of the Atacama Desert is widely studied due its
unique aridity and the presence of microbial and plant extremophiles
(Uritskiy et al., 2019; Morales-Tapia et al., 2021). Among its other at-
tributes, its soil properties are often used as a proxy for the exploration
of Mars and the search for life on other planets (Ewing et al., 2006;
Azta-Bustos et al., 2012; Fletcher et al., 2012). Within the hyper-arid
core of the Atacama Desert, the southern margin, known as Yungay, is
frequently studied due to its extreme climate (Warren-Rhodes et al.,
2006) with this region generally devoid of vegetation and considered
absolute desert (Caceres et al., 2007). Within Yungay, however, very
small patches of halophytic vegetation do exist on a desert alluvial fan
within the Quebrada del Profeta which have become colonized by
shrubs, predominantly Distichlis spicata (L.) Greene (Ingendesa, 1997).
The plant and edaphic factors that enable D. spicata to survive in one of
the most extreme environments on Earth, however, are lacking. Unlike
many ecosystems, plants in the Atacama Desert are rarely N limited due
to the presence of extensive potassium and sodium nitrate deposits at the
soil surface (Sutter et al., 2007; Voigt et al., 2020).

Plants that survive in the Atacama desert contribute to the emer-
gence of highly heterogeneous landscapes, along with generating
fertility islands and biodiversity hotspots (Castillo et al., 2017). Such
areas are typically characterized by soils with higher moisture and
nutrient content, as well as, enhanced microbial activities compared
with the surrounding bare soils (Garner and Steinberger, 1989; Kidron,
2009; Gao et al., 2022). The plants themselves provide niches for mi-
crobial communities to thrive including bacteria, fungi, protists, nem-
atodes and viruses (Trivedi et al., 2020). These above-ground niches
include the phyllosphere and leaf endosphere, while below ground they
include the endo- and ecto-rhizosphere (Araya et al., 2020; Arndt et al.,
2020). In the case of D. spicata, its above-ground stems and foliage also
captures a large amount of wind-blown soil, leading to the formation of a
unique plant structure and the formation of large amounts of phyllo-
sphere soil suspended above the traditional soil surface. Although not
yet demonstrated in the Atacama desert, other niches promoted by the
presence of plants may include endolithic microbial communities and
biocrusts due to the provision of shade, enhanced humidity and the
buffering of climate extremes (She et al., 2022).

In hyper-arid regions, the above-ground habitat for microorganisms
are directly influenced by plant metabolism, however, abiotic factors are
thought to dominate colonization potential (e.g., temperature, relative
humidity, solar radiation, dust input) (Compant et al., 2019; Liu et al.,
2023). In comparison, microbial communities below-ground in
hyper-arid soils are likely to be more shaped by biotic factors (i.e., plant
litter inputs, root exudation, symbiotic associations) as well as abiotic
factors (i.e., soil type, moisture, temperature pH, salinity, nutrient
availability)(Alfaro et al., 2021).

Given the paucity of information on extremophile plant-soil in-
teractions in hyper-arid ecosystems, the objective of this study was to (i)
evaluate microbial activity and biogeochemical cycling in the presence
and absence of D. spicata plants, (ii) compare the properties of topsoil
and subsoils in comparison to soil accumulated above-ground in the
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phyllosphere.
2. Materials and methods
2.1. Site description

The study site was located within the Yungay area, in the hyper-arid
core of the Atacama Desert at Oficina Yugoslavia, Antofagasta, Chile
(24°3'28"S, 69°49'33"W; 948 m above sea level) (Figs. S1-52). It receives
<2 mm rain per year and has a mean annual temperature of 14-16 °C
with a maximum of 37.9 °C and minimum of —5.7 °C (Warren-Rhodes
et al.,, 2006; McKay et al., 2003). The extremely infrequent rainfall
events can leave free water in the surface soil for ca. 3 d while it takes 10
d for the soil water content to revert back to pre-rainfall conditions
(McKay et al., 2003). The relative humidity of the air at the site can vary
from 1 to 95% depending on the presence of atmospheric fogs (Caceres
et al., 2007; Aztia-Bustos et al., 2011). The site experiences some of the
most extreme potential evapotranspiration rates (ca. 1-2 mm d~%; Mintz
and Walker 1993), surface UV radiation and total solar irradiances
measured on Earth (Cordero et al., 2018; Rondanelli et al., 2015).
Geomorphic studies suggest that the field site has experienced a
near-continuous hyperarid climate since the late Pliocene (3 Mya;
Amundson et al., 2012).

The zone of study is in a low-lying position and experiences sporadic
drainage from torrential but very infrequent rainfall events which has
led to the creation of an alluvial fan composed of gravels and lenses of
unconsolidated coarse sand (Ferrando and Espinoza, 2013; Pfeiffer
et al.,, 2021). The site is located over a desert alluvial fan cut by the
Quebrada del Profeta in which a series of dry stream beds have become
colonized by higher plants, predominantly D. spicata (L.) Greene (Poa-
ceae; common name: Grama salada or Desert saltgrass)(Figs. S3-54).
Away from the streambed, no plant colonization occurred suggesting
that this was an ephemeral moisture hotspot within the landscape
(Fig. S3). Although the site is located within the hyper-arid core of the
Atacama Desert, we established that groundwater is located 6 m below
the ground surface (at location 24°03'12”S, 69°49'18”W). Plants were
present in two distinct growth forms: (i) plants low to the ground (mean
shoot height 12 + 3 ecm, n = 20), or (ii) plants in dense upright columns
(mean height 112 + 6 cm, mean width 78 + 8 cm; n = 5; Fig. S3). These
columns consist of dense clumps of stems that facilitate the accretion of
windblown dust (i.e., phyllosphere soil), however, some soil may also
have been eroded from the base of the plants during past torrential rain
events (Fig. S4). This study only focused on the column forms of
D. spicata.

2.2. Sample collection

Individual similar-sized columns of Distichlis spicata (n = 5) were
randomly selected within a 100 x 100 m study area. The columns were
located in different braids of the dry stream bed system. In addition,
adjacent areas at least 5 m distant from the columns but containing no
plants were used as reference controls (n = 5; Fig. S5). At each sampling
location, 10 green shoots (12.3 + 0.8 cm long), 10 senescent brown
shoots (11.1 £+ 1.0 cm long), short sections of stem (ca. 5 cm in length;
diameter 3.18 & 0.14 mm, n = 10) and roots were recovered from each
plant column. Root samples composed a composite of rhizomes (diam-
eter 2.45 + 0.26 mm, n = 10), primary roots (diameter 0.54 + 0.03 mm,
n = 10) and secondary roots (diameter 0.28 4+ 0.01 mm, n = 10) relative
to their abundance in the field. In addition, samples of the Atacama
endemic shrubs Atriplex atacamensis Phil. (Amaranthaceae) (n = 4),
Adesmia atacamensis Phil. (Fabaceae) (n = 2) and the tree Prosopis
tamarugo Phil. (Fabaceae) (n = 1) growing at the study site were
collected as reference controls for isotopic end-member analysis and
nutrient comparisons.

The soil at the site is classified as a hyperaridic Typic Haplosalid
(Finstad et al., 2014). Soil samples were collected at depth of 5-20 cm
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and 20-40 cm below the soil surface (with and without and D. spicata
present). Unlike the top 0-5 cm, soil in these layers was not cemented
and showed an abundance of roots in the D. spicata samples. No roots
were observed in the bare soil controls. Additionally, soil samples of
phyllosphere soil were taken from inside each of the D. spicata plant
columns at a height of ca. 70 cm above the soil surface (Figs. S4-S6;
Table S1). Intact soil samples containing roots were also collected from
the cemented layer (ca. 0-5 cm) at base of the D. spicata plants. This
sampling regime is shown schematically in Figs. S6-S7.

2.3. Soil and canopy temperature and humidity

To monitor diurnal patterns in soil temperature and relative hu-
midity (RH), DS1923-F5 Hygrochron temperature and humidity data
loggers (iButtonLink LLC, Whitewater, WI) were placed in the soil at two
depths (1 cm, 10 cm) and within the vegetation canopy (phyllosphere
soil). Data was recorded hourly from October 2018 to March 2019 (6
months). The accuracy of the thermal measurements is £0.5 °C and the
RH measurements +3.5%.

2.4. Plant analysis

Root and stem diameters were determined by image analysis. Plant
moisture content was determined by oven-drying (80 °C, 48 h) and then
ground to a fine powder using a MM200 ball mill (Retsch GmbH, Haan,
Germany). Subsequently, their elemental composition was determined
using a non-destructive S2 Picofox TXRF spectrometer (Bruker Inc.,
Billerica, MA) using Ga as an internal standard and validated using a
range of certified plant standards (WEPAL-QUASIMEME, Wageningen,
The Netherlands). The C, N, 5'3C and 8!°N contents of the milled plant
samples were determined using a Vario Isotope cube connected with a
BioVision Element continuous flow Isotope Ratio Mass Spectrometer
(Elementar GmbH, Langselbold, Germany). Total C and N content were
determined by peak integration as well as calibration against elemental
standards. At least two calibrated laboratory standards were used to
ensure the quality of analyses and to scale normalize the raw values to
the international isotopic reference VPDB (*3C) and AIR (*°N). The
standards were run before, in between and after the samples. Within the
instrument software they were evaluated and used to calibrate the in-
strument on each run, do linearity checks and correction (as per de
Groot, 2004) and required drift corrections. Standards included: lithium
carbonate (13C), IAEA-NBS18, calcite (13C), TIAEA-600, caffeine (13C),
IAEA-CH6, sucrose (13C), IAEA-N2, ammonium sulfate 5N) or
TIAEA-USGS-25, ammonium sulfate (15N). The general precision of
replicate analyses is estimated to be better than 5% (rel.) for C and N
content and <0.1%o for §'3C and 5'°N content.

2.5. Soil characterisation

Samples were shipped to the UK under the UK Department for
Environment, Food & Rural Affair plant health import licence number
52025/198560-6 in plastic containers. Upon arrival, moisture content
was determined gravimetrically by oven drying (105 °C, 48 h). The
chemical characteristics of the soils was determined by firstly shaking
(200 rev min’l, 30 min) 10 g of field-moist soil with 25 ml of distilled
water. The pH and electrical conductivity (EC) of the extracts was then
determined using standard electrodes. The extracts were then centri-
fuged (24,000 g, 5 min) and the supernatant recovered. These were
subsequently used for the analysis of soluble salts (Na, K, Ca) using a
Sherwood 410 flame photometer (SciMed Ltd, Stockport, UK), P using
the molybdate blue colorimetric procedure of Murphy and Riley (1962),
NO3 using the vanadate colorimetric procedure of Miranda et al. (2001),
NHj using the salicylate-based colorimetric method of Mulvaney
(1996), total phenolics using the Folin-Ciocalteu procedure of Swain and
Hillis (1959), and dissolved organic C (DOC) and N (DON) using an
Multi N/C 2100S analyzer (Analytik Jena GmbH, Jena, Germany).

Soil Biology and Biochemistry 184 (2023) 109128

CaCOj3 content was determined with a FOGL Benchtop Soil Calcimeter
(BD Inventions, Thessaloniki, Greece). P sorption isotherms were
determined by shaking different concentrations of K,H>*PO,4 (5 ml,
5-280 mg P 17,26 kBq) with 1 g of field-moist soil at 200 rev min~* for
24 h. The suspensions were then centrifuged (18,000 g, 5 min) and the
equilibrium P concentration determined by liquid scintillation counting
using Optiphase HiSafe 3 scintillation fluid and a Wallac 1404 scintil-
lation counter with automated quench correction (PerkinElmer Inc.,
Waltham, MA). The P buffer power (Bp) was calculated according to
Barber (1995; see Supp Info). Available P was determined using 2
methods: (i) Olsen P method (0.5 M NaHCOs3 pH 8.5, 1:5 w/v extract;
FAO, 2021), and (ii) acetic acid method (0.5 M CH3COOH pH 2.5, 1:5
w/v extract (McCray et al., 2012). The sand, clay and silt particle size
distribution was determined through textural analysis using a Micro-
meritics particle size analyser.

Comparable to plant samples analysis, soils were ground to a fine
powder using a MM200 ball mill and then decalcified using 4 M HCl by
adding enough acid until the samples finished bubbling. To get rid of the
excess acid and moisture, the samples were freeze dried after which each
sample was homogenized before weighing in for the subsequent EA-
IRMS analysis as described above for the plant samples.

The percentage of new (here C4-derived) carbon in the soil (F) was
calculated as:

F = ((8"Cyoi1 - 8" Ccsoin) / (6" Ceasoit *Cesoin) x 100

with §'3Cg; = 8'3C value of the actual soil or phyllosphere sample,
13Ceg60i1 = the 813C value of Cj soil endmember (set at —26%o) and
813CC45011 = 8'3C value of C4 soil endmember (set at —12%o). For more
details see Balesdent et al. (1987). Plants with Cz photosynthesis have
513C values ranging from approximately —32 to —22%o (mean ca.
—27%o), while those with C4 photosynthesis have values ranging from
about —17 to —9%o (mean ca. —13%o) (Boutton et al., 1998). Studies by
Diefendorf et al. (2010) and Kohn (2010) highlight that desert Cg plants
are expected to have 5'3C values above the global mean.

2.6. X-ray Computed Tomography (CT)

Samples were extracted from the soil as intact blocks of soil using a
spade and placed in plastic boxes with packaging material to preserve
the soil structure. These were then transported to the UK. Representative
specimens of intact soil from the hard cemented soil surface layer (0-5
cm) were scanned on a Phoenix VltomelX M 240 high resolution X-ray
CT system (Waygate Technologies, Wunstorf, Germany) at the Houns-
field Facility, University of Nottingham, UK. The scanning parameters
were optimized to allow balance between a large field of view and a high
resolution. Each sample was imaged using a voltage and current of 170
kV and 160 pA respectively at a voxel size resolution of 58 pm. The
specimen stage was rotated through 360° at a step increment of 0.143°
over 36 min thus a total of 2520 projection images were obtained by
averaging 3 frames (with 1 skip) with an exposure of 200 ms each, at
every rotation step. Each scan was then reconstructed using DatosRec
software (Waygate Technologies, Wunstorf, Germany). Radiographs
were visually assessed for sample movement before being reconstructed
in 16-bit depth volumes with a beam hardening correction of 6.
Reconstructed volumes were then submitted for visualization in VG
Studio MAX (version 2.2.0; Volume Graphics GmbH, Heidelberg,
Germany).

Images of the soil specimens was undertaken using Image J (FiJI 64-
bit). An assessment of each sample was undertaken by first creating a
region of interest (ROI) for comparison between samples. Within each
region, the separate segmentation of plant material was undertaken to
ensure accurate characterization of soil morphological properties which
was performed by creating a ‘mask’ in VG Studio MAX of the plant
material i.e., roots/stems contained within the region of interest. This
segmentation process was undertaken via manual application of a region
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growing algorithm. Once the ROI was created the Otsu algorithm in
Image J was used to binarize the sample (i.e., discriminate the solid and
pore space). The sample was then assessed as the entire sample/volume
referred to as the bulk soil based on the largest rectangular region that fit
within the irregular shaped sample. The samples were then separated
visually into low density soil (i.e., high porosity) and high-density soil (i.
e. low porosity) regions (considerably smaller than the bulk soil region,
for further analysis). The separate regions were then assessed for the
following morphological properties; porosity, pore size, pore size dis-
tribution and coefficient of uniformity (a ratio of the pore size distri-
bution expressed by dgo:di)-

2.7. Microbial activity and C use efficiency

To evaluate soil microbial activity, field-moist soil (5 g) from each
site (topsoil, subsoil, phyllosphere soil) was placed in individual sterile
50 cm® polypropylene tubes. *C-glucose was then added to each sample
(100 pl, 3.86 kBq) at either a low (10 pM; 14 ng C g~1) or high rate (10
mM; 14 pg C g~ 1) of C relative to the size of the microbial biomass. To
capture the 1*CO, released, a NaOH trap (1 ml) was suspended above the
soil and the tubes hermetically sealed and incubated at 20 °C. The NaOH
trap was replaced periodically over 48 d. The NaH!*COs in the NaOH
traps was determined by liquid scintillation counting as described
above. At the end of the incubation period the soils were extracted with
1 M NaCl (1:5 w/v; 200 rev min~%, 15 min), centrifuged (18,000 g, 10
min) and the amount of *C present in the supernatant determined by
liquid scintillation counting. NaCl was used in place of KCI to minimise
the background associated with 4K. Microbial C use efficiency (CUE) for
the added substrates was calculated according to Jones et al. (2018a,b),
where

CUE = ("Cyr - €O, MCrnac/(MCior = “Crvac) (Eqn. 1)

and where 14C, is the total amount of 14C-glucose added to the soil,
140, is the amount of 14C—glucose respired and 14Cnaci is the amount of
4G recovered in the NaCl extract at the end of the experiment (i.e.
unused substrate).

We also measured the microbial turnover of complex, plant-derived
C across the different soil depths according to Glanville et al. (2012).
Briefly, high molecular weight (MW) plant material was prepared by
heating 2.5 g of 1*C-labelled Lolium perenne L. shoots (Hill et al., 2007) in
distilled water (25 ml, 80 °C) for 2 h. The extract was then centrifuged
(1118 g, 5 min) and the soluble fraction removed. The pellet was then
re-suspended in distilled water and the heating and washing procedure
repeated twice more until >95% of the water-soluble fraction had been
removed. The pellet remaining was dried overnight at 80 °C and ground
to a fine powder. The heating ensured that the intrinsic microbial
community in the plant material was minimized Jones et al. (2018a,b).
The mineralization dynamics of the high MW plant material was
determined by mixing 50 mg of 1*C-labelled plant material (42 kBq g 1)
with 5 g of field-moist soil. The production of 1*CO, was monitored over
48 d as described above for '*C-labelled glucose.

2.8. Soil microbial nitrogen dynamics

Potential net N mineralization was determined by anaerobic incu-
bation according to Waring and Bremner (1964) and Kresovic et al.
(2005). Briefly, 2 g of field-moist soil was placed in 20 cm? poly-
propylene tubes and anaerobic conditions imposed by filling the tubes
with distilled water and then sealing the tubes. Soil samples were then
incubated for 10 d in the dark at 40 °C. Subsequently, the incubated
samples were transferred to 50 cm® polypropylene tunes and solid KCl
was added to achieve a final concentration of 1 M KCl. The samples were
then extracted by shaking for 30 min (200 rev min_l), centrifuged
(18000 g, 10 min) and NHJ in the supernatant determined colorimet-
rically as described previously. Net ammonification was calculated as
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the amount of NHJ present after 7 d minus that present at the start of the
incubation.

To determine the rate of arginine mineralization, 0.2 ml of a '*C-
labelled L-arginine solution (50 mM; C:N ratio 6:4; 2.17 kBq rnl’l; 10
pmol g~1; 0.56 mg N g~!; Amersham Biosciences UK Ltd, Chalfont St
Giles, Bucks, UK) was added to 1 g of field-moist soil in a sterile 50 cm®
polypropylene tube (Kemmitt et al., 2006). A 1 M NaOH trap was sus-
pended above the soil to catch any 1*CO, evolved and the traps peri-
odically changed over a 96 h as described above. In addition, a 2.1 cm
diameter Whatman GF/C glass fibre filter paper (GE Healthcare
Bio-Sciences, Pittsburgh, PA) impregnated with 0.15 M H3PO4 was
suspended above the soil to capture any NHjz emitted from the soil
(Jones et al., 2012). At the end of the incubation period the NaOH and
H3PO, traps were removed. Subsequently, the NH} produced derived
from the mineralization of arginine was determined by extracting the
soil with 1 M KCl (1:5 w/v) as described previously. The H3PO4
impregnated filter papers in the NH3 traps were vortexed with 0.9 ml of
distilled water, centrifuged (18,000 g, 10 min) and their NHj content
determined colorimetrically as above.

2.9. Microbial community structure

Microbial community structure was measured by phospholipid fatty
acid (PLFA) analysis following the method of Buyer and Sasser (2012).
Briefly, samples (2 g) were freeze-dried and Bligh-Dyer extractant (4.0
ml) containing an internal standard added. Tubes were sonicated in an
ultrasonic bath for 10 min at room temperature before rotating
end-over-end for 2 h. After centrifuging (10 min) the liquid phase was
transferred to clean 13 mm x 100 mm screw-cap test tubes and 1.0 ml
each of chloroform and water added. The upper phase was removed by
aspiration and discarded while the lower phase, containing the extracted
lipids, was evaporated at 30 °C. Lipid classes were separated by solid
phase extraction (SPE) using a 96-well SPE plate containing 50 mg of
silica per well (Phenomenex, Torrance, CA). Phospholipids were eluted
with 0.5 ml of 5:5:1 methanol:chloroform:H;O (Findlay, 2004) into
glass vials, the solution evaporated (70 °C, 30 min). Transesterification
reagent (0.2 ml) was added to each vial, the vials sealed and incubated
(37 °C, 15 min). Acetic acid (0.075 M) and chloroform (0.4 ml each)
were added. The chloroform was evaporated just to dryness and the
samples dissolved in hexane. The samples were analyzed with a 6890
gas chromatograph (Agilent Technologies, Wilmington, DE) equipped
with autosampler, split-splitless inlet, and flame ionization detector.
Fatty acid methyl esters were separated on an Agilent Ultra 2 column,
25 m long x 0.2 mm internal diameter x 0.33 pm film thickness.
Standard nomenclature was followed for fatty acids (Frostegard et al.,
1993) with affiliation of individual fatty acids to taxonomic groups
undertaken as described in Table S3.

2.10. Statistical analysis

Differences in major plant and soil characteristics were determined
by a One-way or two-way ANOVA, as appropriate, using Minitab v18.0
(Minitab Inc., State College, PA). P < 0.05 was used as the cut-off for
statistical significance. Differences in soil microbial community struc-
ture were evaluated with principal component analysis in Minitab
v18.0. Linear regression was used to evaluate relationships between
variables in Minitab v18.0. Values in the text represent means + SEM
unless otherwise stated.

3. Results
3.1. Temperature and relative humidity of the plant canopy and the soil
As expected, distinct diurnal patterns were apparent in the climate

data (Fig. 1). Overall, daytime mean temperatures values were similar
over the 6-month period being 21.6 °C in the plant canopy, 25.1 °Cin the
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Fig. 1. Temperature and relative humidity of the air in the above-ground plant
canopy, soil surface (0-1 cm) and subsurface (10 cm) layers at the field site in
the Atacama Desert.

surface soil and 24.8 °C in the subsurface soil. The mean daily oscillation
in temperature, however, was largest in the surface soil (26.8 °C), fol-
lowed by the plant canopy (21.7 °C), with much less temperature vari-
ation seen in the subsurface soil (10.9 °C). The highest average
temperatures in the plant canopy, surface soil and subsurface soil were
recorded between 13:00 and 15:00 h and reached 36.6 °C, 45.0 °C and
36.1 °C, respectively (Fig. 1A). The minimum temperatures were seen
between 05:00-06:00 h reaching a low of 3.6 °C, 6.5 °C, and 11.1 °C in
the plant canopy, surface soil and subsurface soil, respectively (Table S2,
Fig. S9).

The relative humidity (RH) was relatively constant in the soil and
was always higher in the subsurface soil, with average values in the
range of 47 and 49%; while lower values in the range of 21-29% were
found in the surface soil (Fig. 1). The RH in the plant canopy reached its
highest values at night until 06:00 h with values around 50%, then
decreased sharply during daylight hours. The mean daily oscillation in
RH was largest in the plant canopy (39.2%), while the daily variation in
the surface and subsurface soil was much lower being 8.1% and 2.0%,
respectively. The minimum and maximum RH recorded in the plant
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canopy was 3.6% and 77.7%, respectively (Table S2, Fig. S9).
3.2. Plant analyses

The macro- and micronutrient content of the different plant parts of
D. spicata were significantly different for all analyzed elements, except S
(fresh leaves, senescent leaves, stems and roots; Table 1). Analysis also
confirmed that the fresh leaves contained high levels of NaCl with an
abundance of salt crystals on the leaf surface (Fig. S10), with the highest
levels seen in the photosynthetic leaves. The C/N ratio of the D. spicata
leaves was higher than of the leaves of the other 3 species. The 5'°N
content of D. spicata plant parts (12.0-21.7%o) was higher than leaves of
the other 3 species (5.8-11.9%0) (Table 1; Figs. S10-11). Above and
below ground plant 13C values reflected their Cs, Adesmia atacamensis
(-25.2%0) and Prosopis tamarugo (-23.5%o) or C4 photosynthetic pathway,
D. spicata and (-13.2 to —15.3%0) and Atriplex atacamensis (-15.0%o)
(Table 1; Fig. S10).

3.3. Soil analysis

3.3.1. Soil elemental and nutrient content

There was no significant difference in soil textural properties (i.e.
clay, silt or sand content), in areas with and without D. spicata plants
(Table 2). However, there were significant differences for most of the
other measured parameters, excepting NO3, between the two sampled
areas (with plants and without plants) in the desert oasis (Table 2). The
most significant difference generally occurred between phyllosphere
and other soil locations (top or subsoil, independent of being with or
without plants) (Table 2) with amounts in the phyllosphere generally
being double to up to two hundred times (for total phenol content) of the
rest of soil. Analysis confirmed the high Na™ and NO3 content of the soil,
particularly the soil trapped in the plant canopy (Fig. S9). Overall, the
soils were very low in plant-available P (Table 2). The Olsen-P values
(mean 1.8 mg P kg™!) were much lower than those recovered with an
acetic acid extract (mean 30.3 mg P kg~ '; P < 0.001). Further, the results
showed that acetic acid extractable P was much greater in the soil with
plants in comparison to the unvegetated areas.

P sorption isotherms revealed that the soils under D. spicata and in
the corresponding unvegetated areas had an extremely high capacity to
bind P (Fig. S17). In contrast, the phyllosphere soil had a much lower
capacity to bind P. This is exemplified in the average P buffer power (B},)
in the aerial phyllosphere soil which was 11.5 + 1.7 while it was 519 +
93 in the soil under the plants. Rates of ammonification assessed using
the anaerobic incubation assay showed no difference between planted
and unplanted soils, however, large rates of net NH4 production were
seen in the phyllosphere soil (Table 2).

3.3.2. Pore morphology results from X-ray CT

X-ray CT imaging revealed that the highly cemented (0-5 cm) layer
at the base of the plant pedestal had significant amounts of plant
rhizome material passing through it (Fig. 2). The presence of the
cemented layer under the plants strongly suggested that it has formed
prior to plant establishment. Whilst the plant material was consistently
orientated in the same vertical direction, there was a clear structural
discontinuity with respect to soil pore space. The pore space of the
specimens as a whole were generally quite porous (c. 20%) with an
average pore size of around 1 mm? and a relatively homogeneous pore
size distribution (Fig. S10). However, when assessed as high- and low-
density regions, clear differences were observed. At the resolution
used in this study (58 pm), the porosity in the high-density region
(directly at the soil surface) was <1% compared to 16% in the under-
lying low-density areas (Table S3). While the average pore sizes for the
different regions are similar (0.13 and 0.20 mm? respectively for high-
and low-density regions), clear differences in the pore size distribution
(and coefficient of uniformity, PSD,,) did occur with many more of the
smaller sized pores in the low-density region (Fig. S10, Table S3). Root
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Table 1

Chemical composition of the different tissues in Distichlis spicata.
Element Distichlis spicata Adesmia atacamensis Prosopis tamarugo Atriplex atacamensis P value

Fresh leaves Senesced leaves Stems Roots Fresh leaves Fresh leaves Fresh leaves

Macronutrients (mg g’l)
C 37.5 + 0.8° 37.6 + 0.6° 43.7 £0.2% 41.7 + 2.4 44.2 +£1.3* 44,5 + 0.5° 36.4 + 0.6°
N 1.11 + 0.07° 0.50 + 0.02° 0.67 + 0.034% 0.93 + 0.05% 2.06 + 0.20° 2.87 +0.19* 2.20 +0.13"
Na 37.6 +7.0° 20.3 + 4.0° 10.5 + 1.9 3.4 +1.0° 1.4 +£0.2° 1.6 +£0.3° 42.0 £ 0.9° o
K 10.2 +0.7° 6.1 £ 0.6° 6.0 + 0.7 5.0 + 0.7 3.9 +0.4° 7.1 £ 1.9% 17.7 + 3.7° o
Mg 1.4 +0.12 1.4 + 0.1 1.3+0.1? 1.2 4012 1.0 + 0.0° 1.3+0.2° 1.2+ 0.0
Ca 5.0 + 0.6° 6.1 £+ 0.5" 5.2 + 0.8° 8.5 + 3.6" 5.6 + 0.6" 20.6 + 9.1 5.4 + 0.4 *
P 0.39 + 0.04° 0.11 + 0.01°¢ 0.27 + 0.06" 0.34 + 0.05" 0.33 + 0.04" 0.47 +0.21° 0.93 + 0.27%
S 2.72+0.25 4.60 + 0.16 4.35 + 0.56 5.44 + 2,12 3.37 + 0.34 6.34 + 3.87 2.95 + 0.22 NS
cal 104.3 + 19.6° 50.8 + 8.7° 34.9 + 8.8™ 11.6 + 0.9¢ 11.8 + 0.8° 11.2 + 1.6° 58.6 + 0.3" ol
Micronutrients (ug g~%)
Fe 1200 + 184° 2770 + 310% 2225 + 449 3103 + 1875° 1311 + 170° 1353 + 159 490 + 23°
Mn 135 + 10° 119 +9% 85 + 17 72 + 28" 38 +4° 103 + 43¢ 131 + 19
Ni 23 +5% 25 +204 55 +6° 35 7" 50 +£3%° 19 +5° 13 +4¢
Cu 38 +4° 62 +4° 20 + 10° 15 +2¢ 13 +2°¢ 34 + 14> 10 +1¢
Zn 21 £2b¢ 37 +4%° 38 +1? 49 +92 49 + 10%°¢ 46 +12° 17 +2° *
Nutrient ratio
C/N 34 +3% 77 £9° 66 +5° 45 +5° 22 +2°¢ 16 +1¢ 17 +2¢
Stable Isotopes (°/o0)
5% ~15.3 + 0.2¢ —~14.9 + 0.2 -13.2 4 0.8° —14.1 + 0.2°° —25.340.8° —-23.5 + 0.5¢ —~15.0 + 0.4 s
5'°N 21.7 £ 7.7% 13.6 + 0.5% 13.7 + 2.8 12.0 + 2.8° 5.8 +1.1° 11.9 + 0.1%° 11.2+0.7° o

The nutrient composition of three other plants found at the site is provided for comparison. Values represent means &+ SEM, n = 5 for D. spicata and n = 3 for the other
species. Different letters indicate significant differences between groups at the P < 0.05 level. The P value ANOVA symbols *, ** and *** indicate significant differences
at the P < 0.05, P < 0.01 and P < 0.001 level respectively, while NS indicates no significant difference (P > 0.05).

Table 2

Chemical composition of soils under Distichlis spicata and in adjacent areas with no plants present.

Area with D. spicata plants Area with no plants P value
Phyllosphere soil Topsoil Subsoil Topsoil Subsoil
Sand (g kg1 539 +25 432 +51 435 +99 385 +105 298 +58 NS
Silt (g kg™ 1) 211 +18 316 +23 349 +79 422 +76 420 +46 NS
Clay (g kg™ 1) 174 +17 220 +28 203 +23 151 +30 230 +23 NS
Soluble salts (g kg~ )" 77 +15° 32 +10° 13 +2¢ 43 +8P° 52 +16%° o
CaCO; (g kg™ 31 +1%° 29 +3P 32 +5% 49 +4° 39 +7°°
Moisture content (g kg™ 1) 29 +2° 157 +72 184 +212 64 +18° 67 +17° ik
pH 7.73 +0.20¢ 8.75 +0.13%° 8.43 +0.08° 8.70 +0.16% 9.01 +0.03? ik
EC (mS cm ™) 45.9 +7.5% 14.9 +5.2b¢ 6.2 +0.6° 21.9 +5.2b¢ 24.8 +7.8° o
NHf (mg Nkg ™} 1.81 +0.59° 0.90 +0.36% 0.29 +0.09° 0.76 +0.22° 0.33 +0.07°
NO; (gNkg™h) 1.51 +0.68 0.69 +0.23 0.22 +0.07 1.08 +0.17 1.06 +0.38 NS
Total phenols (mg kg™) 282 +49° 12.4 +6.9° 1.44 +0.41° 3.07 +0.81° 1.71 +0.36° o
Extractable Na (g kg ™1) 25.5 +5.4° 10.4 +3.7%¢ 3.4 +0.7¢ 14.3 +3,28¢ 18.6 +6.0%
Extractable K (g kg ™) 1.26 +0.26° 0.51 +0.17° 0.25 +0.03° 0.31 +0.12° 0.34 +0.06°
Extractable Ca (g kg™) 2.67 +0.30° 1.30 +0.14° 1.07 +0.04° 1.66 +0.13° 1.35 +0.11°
Olsen available-P (mg kg™ %) 3.58 +1.37° 0.91 +0.42° 0.97 +0.44° 1.78 +0.35%° 1.87 +0.53%°
Acetic acid available P (mg kg™") 23.4 +3.2" 44.4 +6.4° 48.3 +8.2% 15.2 +2.7° 20.0 +7.2°
Dissolved organic C (mg kg™ 7086 +1250° 85 +43° 13 +5° 33 +7° 20 +4°
Total C (g kg™ %) 1.07 +0.11° 0.21 +0.04° 0.16 +0.03° 0.14 +0.03° 0.18 +0.03°
Total N (mg kg™ 1) 137 +33° 64 +6P 55 +11° 101 +14% 97 +15%
Total soil C:N ratio 9.6 +2.12 3.3 +0.7° 3.2 +0.6° 1.4 +0.2° 2.0 +0.4° i
Soil solution C:N ratio 7.51 +2.56° 0.16 +0.12° 0.07 +0.04° 0.03 +0.01° 0.03 +0.01° o
Ammonification rate (mg N kg~' d™) 6.41 +2.12° 0.58 +0.24° 0.36 +0.07° 0.59 +0.20° 0.34 +0.09° el

Values represent means + SEM, n = 5. Different letters indicate significant differences between treatments ate the P < 0.05 level. Where appropriate, all values are
expressed on a dry weight basis. The P value ANOVA symbols *, ** and *** indicate significant differences at the P < 0.05, P < 0.01 and P < 0.001 level respectively,

while NS indicates no significant difference (P > 0.05).

material was clearly visible in both low- and high-density regions and
showed large amounts of aerenchyma present within the tissue (Hansen
et al., 1976; See Supplementary Movie S1 and Movie S2).

3.3.3. Origin and amounts of soil C and N stocks

Soil trapped in the D. spicata phyllosphere contained ca. 5 times
higher levels of organic C than the underlying soil which were generally
very low in C (0.17 + 0.01 g kg~ %; Table 2). This trend was also reflected
in the levels of dissolved organic C and extractable phenolics which were
also much higher in the phyllosphere soil. Soils in areas with and
without plants contained comparable amounts of organic C in the top-

and underlying subsoil (Table 3). However, in the unvegetated area only
9-17% of the C was present as C4-C and thus from recent plant C inputs.
In contrast, in the areas with Distichlis spicata plants the values were
much higher ranging from 57 to 60% (Table 3). On an area basis, most of
the organic C present in the planted soils was found in the phyllosphere
(1941 + 866 g C m~2). It contained double the amount of C, although
being only half the depth (10 cm) of the other sampled soil compart-
ments (Fig. S7). Furthermore, in the phyllosphere soil the organic C
stocks consisted of >85% of more recent C4-C plant derived inputs, with
the remainder being non-recent Cs (Table 3; Fig. S12).
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3.4. Soil microbial communities

Overall, the size of the microbial biomass was 11-fold higher under
the D. spicata plants in comparison to areas where no plants were present
(Table 4). All other microbial parameters (i.e. Gram-negative and Gram-
positive bacteria, fungi, putative arbuscular mycorrhizal fungi, actino-
mycetes) were also up to twenty-five times higher in the vegetated area
(Table 4). With respect to soil depth, no differences were seen in either
the size or structure of the microbial community in either the planted or
unplanted areas. Based on the fatty acid profile, Gram-positive bacteria
were present at much higher levels than Gram-negative bacteria (ca. 2-
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Fig. 2. X-ray scans of soil at the base (0-5 cm depth)
of the D. spicata plant columns (i) showing the highly
cemented (high density) region at the soil surface
(sample area in red) and the underlying low-density
matrix towards the top half (sample area in green)
and the plant material (aerenchymous rhizomes)
running through the soil. Bulk soil porosity analysis
was performed on the largest possible sample area
that could be accommodated due to the shape of the
sample (highlighted in blue). (ii) Selected plant ma-
terial highlighted in purple used as mask for analysis.
(iii) 3D bulk volume representative image. (iv) 3D
cross-sectional bulk volume showing the ingress of
roots/organic matter into the sample.

High
density

fold higher; P < 0.001), while fungal-specific or putative arbuscular
mycorrhizal fungal fatty acid markers could only be detected under
D. spicata. The soil trapped in the phyllosphere had a much lower mi-
crobial biomass, being comparable to that present in the unplanted areas
(Table 4). In contrast to the unplanted top- and subsoils, the phyllo-
sphere soil had a higher abundance of fungi (Table 4). While the fungal
PLFA marker used here (18:2w6c) has previously been shown to be a
reliable marker of fungal biomass (Frostegard and Baath, 1996; Olsson,
1999; Kaiser et al., 2010), we cannot discount that some may also have
originated from plant litter (Willers et al., 2015; Napier et al., 2014).
Further qPCR, metabarcoding and metagenomic approaches should
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Table 3

The carbon stocks of total soil organic C (SOC), recent (C4-C) and older (C3-C) in the soil compartment under Distichlis spicata or without plants (unvegetated).
Sample type Soil'>C Amount of C4-C SOC C stocks Recent C4-C Older C3-C

(/00) (% of total) (gCkg™) (gCm?) (gCm?) (gCm™?

Phyllosphere —13.93 £ 1.02 86 +7 10.8 + 2.41 1941 + 866 1674 267
Topsoil (vegetated) —17.58 + 1.60 60 + 11 2.08 £ 0.92 748 + 330 450 298
Subsoil (vegetated) —18.05 +£1.27 57+9 1.60 + 0.62 575 + 223 327 249
Topsoil (unvegetated) —24.78 + 0.50 9+4 1.36 + 0.56 491 + 201 43 448
Subsoil (unvegetated) —23.67 £ 1.65 17 £ 12 1.78 + 0.56 642 + 202 107 536

Values represent means + SD or means only (n = 5). The soil bulk density was assumed to be 1.8 g cm . Sampled soil depth interval were topsoil (0-20 cm) and subsoil
(20-40 cm), except the phyllosphere soil for which only 10 cm was sampled from the plant column. The 3C endmember plant C4 plant (100%) were set to —12°/,, and

C3 (100%) set to —26°/ 0.

Table 4

Microbial biomass and the relative abundance of different microbial groups within the topsoil, subsoil and phyllosphere soil of Distichlis spicata in comparison to areas

of bare ground where no plants are present.

Area with Distichlis spicata Area with no plants P value
Phyllosphere soil Topsoil Subsoil Topsoil Subsoil
Microbial biomass (nmol g ) 2.33 + 1.03" 10.7 + 3.60% 12.3 + 3.44° 1.37 + 0.41° 0.62 + 0.29"
Gram- bacteria (nmol g ) 0.74 + 0.38" 2.48 + 1.20° 3.34 + 1.08% 0.49 + 0.16" 0.16 + 0.11°
Gram + bacteria (nmol g~ ) 1.38 + 0.69° 7.05 + 2.19* 8.03 + 2.24% 0.80 + 0.23" 0.43 + 0.16"
Putative AMF (nmol g ) <0.05 0.15 + 0.01% 0.19 + 0.02? <0.05 <0.05 NS
Fungi (nmol g~ !) 0.21 + 0.08% 0.48 +0.12* 0.24 + 0.06% <0.05 <0.05 NS
Actinomycetes (nmol g~ 1) <0.05 0.52 + 0.19° 0.69 + 0.19° 0.08 + 0.05" 0.03 + 0.02° wx

Values represent means + SEM, n = 5. Different superscript letters indicate significant differences between treatments ate the P < 0.05 level. The P value ANOVA

symbols *, ** and *** indicate significant differences at the P < 0.05, P < 0.01 and P < 0.001 level respectively, while NS indicates no significant difference (P > 0.05).

therefore be used to confirm this result.

3.5. Soil microbial activity and carbon and nitrogen mineralization

The microbial turnover of a low dose of glucose added to the soil (10
pM) is shown in Fig. 3. Overall, the rate of glucose turnover was very
rapid in the soil under D. spicata relative to that in the bare soil devoid of
plants (P < 0.001). This is evidenced by the ca. 16-fold difference in
mineralization rate between the two treatments in the first 24 h after
substrate addition. In contrast to the soil trapped in the phyllosphere,
the bare soil showed evidence of a lag phase in 1*CO, evolution which
lasted for ca. 7 d after glucose addition. No significant difference in the
rate of 1*CO, evolution was observed between the topsoil and subsoil
under plants (P = 0.403) with the same response also observed in the
bare soil area (P = 0.841). In contrast to the soil under the plants, the
phyllosphere soil showed very little capacity to mineralize *C-glucose
and exhibited a significant lag phase in 1*CO, evolution. At the end of
the 48-d incubation period, only small amounts of C-glucose could be
recovered from the planted soil (2.1 + 0.6%) or from the bare soil areas
(8.5 + 0.2%) with a NaCl extract, indicating that a large proportion of
the 1C had been immobilized in the microbial biomass. Our estimates
suggest that the amount of glucose-C immobilized did not differ signif-
icantly in the below-ground treatments (48.5% of the total; P = 0.898).
In contrast, in the phyllosphere soil 80 + 16% of the *C glucose
remained in the soil after 48 d with only 12 + 9% immobilized in the
biomass.

The microbial response to the higher dose of glucose (10 mM) yiel-
ded similar patterns to that seen at the lower glucose dose, except that
the proportionate rates of mineralization were much lower, and the lag
phases were much longer (Fig. 4). In the rhizosphere soil the total
amount of 1CO, evolved was greater at the high glucose dose (64 =+ 6%)
in comparison to the low dose addition (48 + 3%; P < 0.001) and
consequently the amount immobilized in the microbial biomass was
lower (34 + 6% versus 49 + 3%, respectively; P < 0.001). This led to
significant differences in microbial C use efficiency (CUE) between the
two glucose treatments in the soil under plants (Fig. 5). In contrast, no
differences in CUE were seen in the soil without plants irrespective of
soil depth or substrate concentration (P > 0.05). No CUE values are

presented for the phyllosphere soil due to the large uncertainty associ-
ated with the data.

The mineralization of the *C-labelled plant litter is shown in Fig. 6.
Overall, almost no mineralization of the plant material occurred over the
48-d incubation period in the phyllosphere soil. In contrast, significant
breakdown was observed in the soil underlying the plants and to a lesser
extent in the bare soil. Ten days after applying the plant litter, its rate of
mineralization was 62-fold faster in the soils under plants relative to that
in the bare soil or phyllosphere (P < 0.001).

The turnover of 1*C-labelled arginine and the subsequent production
of NH4 and NHj3 is shown in Fig. 7. Following a similar pattern to
glucose, the greatest rate of turnover was seen in the soil underlying the
plants relative to the other treatments (P < 0.001). The rate of N
mineralization was closely coupled to the rate of C mineralization, being
greater in the vegetated top- and sub-soil (X = 0.84; P = 0.012;
Fig. S15). Large amounts of NH3 were emitted from the phyllosphere
and bare soil areas, relative to the amount of NHj recovered at the end
of the incubation period suggesting that most of the mineralized N was
lost in a gaseous form (Fig. 7C). This contrasts with the rhizosphere soil
where proportionally more of the arginine-derived N was retained as
NHJ relative to NHs (P < 0.023). Despite this, a significant relationship
was apparent between the rate of arginine-C mineralization and NHg
production I 0.86; Fig. S16).

4. Discussion
4.1. Plant survival at the hyperarid climate extreme

Consistent with previous reports, we show that the hyperarid core of
the Atacama Desert experiences large diurnal variations in air temper-
ature and relative humidity (Azta-Bustos et al., 2015). When combined
with low amounts of rainfall, soil moisture, soil surface compaction,
high salinity and nutrient imbalance it makes it a highly challenging
environment for plants to survive (Marquet et al., 1998). The dominant
plant, D. spicata, has a water efficient C4 metabolism, is hyper-salt
tolerant (i.e. survival at >0.5 M NaCl) and can withstand tempera-
tures of up to 57 °C (Golden et al., 1995; Warren and Brockelman, 1989;
Lazarus et al., 2011). This halophytic trait is reflected in the high
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Fig. 3. Mineralization of a low concentration of 14¢C-labelled glucose (10 pM)
after addition to either (A) the phyllosphere soil, topsoil (0-20 cm) or subsoil
(20-40 cm) associated with D. spicata plants or (B) in the corresponding areas of
soil containing no plants. Values represent means + SEM (n = 5).

contents of NaCl in the leaves, the abundance of salt crystals on the leaf
surface (Fig. S6b) and the presence of high amounts of salt in the
phyllosphere soil. A comparison of salt in the vegetated and unvegetated
soils suggests that D. spicata is effective at removing salt from the soil
and discharging it into the above-ground component. For example,
much lower levels of Na were seen in the roots relative to the shoots and
in the subsoil relative to the phyllosphere soil. Our observations are also
consistent with the excretion of Na via foliar salt glands in this plant
(Semenova et al., 2010; Hasanuzzaman et al., 2014). Similar to Morris
et al. (2019) we observed salt crystals on the leaf surface ranging in size
from 25 to 100 pm in diameter. We speculate that these crystals will be
blown off the leaf surface into the surrounding area (via the process of
haloconduction; Yun et al., 2019), while other crystals become trapped
within the phyllosphere soil. Based on the reduction of Na in soil under
the plants, we estimate that the plants have effectively removed ca. 55%
of the Na from the underlying soil, supporting the proposed use of
halophytic salt shedding plants for land remediation purposes (Litalien
et al., 2020).

As evidenced by the X-ray CT scans, the soil at the field site has an
extremely hard and cemented surface horizon underlain by a more

Soil Biology and Biochemistry 184 (2023) 109128

100

A. Soil with plants

—&— 0-20cm
—O— 20-40 cm
—w¥— Phyllopshere

Cumulative 14CO2
(% of total "C-substrate added)

—— 0-20 cm
—O— 20-40 cm

B. Soil without plants

80 -

60 -

Cumulative *CO,
(% of total "C-substrate added)

0 10 20 30 40 50
Time (days)

Fig. 4. Mineralization of a large concentration of 1*C-labelled glucose (10 mM)
after addition to either (A) the phyllosphere, topsoil (0-20 cm) or subsoil
(20-40 cm) associated with D. spicata plants or (B) in the corresponding areas of
soil containing no plants. Values represent means + SEM (n = 5).

porous subsoil. We observed aerenchymous rhizomes of D. spicata with
sharp points passing through this layer. After passage through this
cemented layer there was a proliferation of secondary and tertiary roots.
Our results are consistent with Hansen et al. (1976) who observed an
abundance of epidermal silica cells which are thought to facilitate pas-
sage through highly compacted soil. These rhizomes are also likely to
facilitate clonal growth and lateral plant establishment observed at the
field site (Brewer and Bertness, 1996). The highly cemented layer is
likely to restrict air movement into the soil (Weiler, 2005). Although we
did not test this directly, the presence of large amounts of aerenchyma
tissue in the vertical rhizomes passing through the cemented layer
would support this (Colmer and Flowers, 2008).

4.2. Soil moisture in the hyperarid core of the Atacama Desert

We observed that soil moisture was higher in the vegetated areas in
comparison to unvegetated areas, the latter being similar to those re-
ported previously (Fuentes et al., 2022a). Although the origin of this
water was not investigated, we speculate that D. spicata, which is known
to be deep rooting, employs hydraulic lift to bring up groundwater and
redistribute it into the upper soil layers to promote microbial activity,
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Fig. 5. Microbial carbon use efficiency (CUE) in either topsoil (0-20 cm) or
subsoil (20-40 cm) in the presence or absence of plants (D. spicata) after the
addition of a high (10 mM) or low (10 uM) dose of glucose to the soil. Values
represent means + SEM (n = 5). Different lowercase and uppercase letters
represent significant differences between soils for the low and high glucose dose
respectively (P < 0.05). NS and ** indicate differences of either P > 0.05 or P <
0.01 between the high and low glucose doses for individual soils.

nutrient uptake and Na detoxification (Dawson, 1993; Armas et al.,
2010). As the intrinsic moisture content in the phyllosphere soil was
extremely low, we conclude that there is no evidence for hydraulic lift in
this plant-soil compartment. Further work looking at the salinity and
isotopic signature of the groundwater and constraints to water, how-
ever, are still needed (Bazihizina et al., 2017). The columnar structure
growth form is uncommon for D. spicata, which typically grows low to
the ground (Hansen et al., 1976). We speculate that columnar growth
may confer some advantages for water conservation in the hyperarid
core including: (i) provision of a windbreak, (ii) offering a large surface
area for the condensation of fog water, (iii) lowering air and soil tem-
peratures, all of which would decrease evaporation, positively affecting
the soil moisture balance (Fuentes et al., 2022b; Sotomayor and Drezner,
2019). This is supported by previous studies showing that other plants in
the Atacama Desert actively manage their micro-environment and
moderate soil conditions, particularly on the driest and hottest days
(Sotomayor and Drezner, 2019).

4.3. Size and structure of the microbial community in hyperarid soils

As expected, the size of the soil microbial community was greatly
enhanced in the presence of plants leading to the creation of biological
hotspots within the hyperarid core of the Atacama Desert. Due to the
cemented layer preventing leaf litter entering the soil, we ascribe this
stimulation of microbial biomass and activity entirely due to rhizode-
position (root exudation and root/mycorrhizal turnover), the plant-
mediated reduction in salt and the greater abundance of soil water
(Jones et al., 2009). Evidence for the presence of arbuscular mycorrhizal
fungi (AMF) is provided by the sole detection of the putative AMF PLFA
marker 16:1w5c in the soil under the plants, and its absence from soil
collected from the phyllosphere and unvegetated areas. It is also sup-
ported by previous reports describing the strong colonization of
D. spicata by AMF in saline soils (Allen and Cunningham, 1983; Eppley
et al., 2009). The origin, diversity of AMF spores and their functional
role in promoting plant growth in these hyperarid soils requires further
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investigation (i.e. nutrient and water uptake, stress tolerance), however,
we assume that they are involved in promoting P acquisition given the
low amounts and poor availability of P in our soils (Fig. S17). Interest-
ingly, the presence of AMF appears to be related to the dioecious nature
of D. spicata with differences in root colonization between male and
female plants and that this difference in AMF may be linked to greater
water use efficiency (Eppley et al., 2009; Reuss-Schmidt et al., 2015).
Whether this sex trait links to plant performance in hyperarid climates
and differences in growth forms is unknown and warrants further study.

In contrast to soils with no moisture limitation, all our samples
showed a greater Gram-positive-to-Gram-negative ratio reflecting the
adverse edaphic conditions and the prevalence of taxa viewed as being
more stress tolerant and slower growing (Fanin et al., 2019; Chen et al.,
2019). Of note, was the greater abundance of fungi in the phyllosphere
soil, while it remained below the limit of detection in soil devoid of
plants. The latter is in accordance with Kusch et al. (2020) and Shen
(2020) who showed no evidence for an indigenous active fungal com-
munity in non-vegetated soils in the hyperarid core. The abundance of
fungi in the phyllosphere soil, however, is supported by studies in
non-hyperarid climates where leaves of D. spicata have been shown to
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harbour a wide diversity of fungi involved in the turnover of senescent
leaf litter (Eliades et al., 2007; Calabon et al., 2021). Low levels of ac-
tinomycetes were detected in all samples, broadly in agreement with
Okoro et al. (2009) who were able to recover significant numbers and
diversity of these microorganisms in the Atacama Desert. Clearly,
further work is required to further investigate the diversity of the active
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microbial and mesofaunal communities within these environments. A
caveat in our study is associated with the preservation of relic DNA and
phospholipids in these soils (i.e., necromass) which may lead to an
overestimate of microbial biomass size (Wilhelm et al., 2017; Shen,
2020). It should be clarified, however, that studies on the rate of
phospholipid turnover in these soils is lacking and future work is needed
to investigate the turnover of biomarkers in hyper-arid soils. We note
that no mesofauna were visibly present in any of the soils investigated.

4.4. Soil organic carbon in the hyperarid core of the Atacama Desert

Hyperarid regions of the Atacama Desert generally have low
amounts of organic C (SOC), typically ranging from 100 to 500 mg C
kg’1 (Fuentes et al., 2022a; Lester et al., 2007) and very low levels of
labile organic C (0.2-73 mg C kg~ %; Fletcher et al., 2012; Morchen et al.,
2019). Our data is consistent with this showing similarly low levels of
organic C (140-210 mg C kg™!) in both vegetated and non-vegetated
areas. This suggests that either (i) rates of below-ground organic mat-
ter production are very low, (ii) that SOC turnover rates are very high
under D. spicata, or (iii) that the site has not been vegetated for a long
period of time, limiting the net accrual of SOC. It should be noted that
these factors are not mutually exclusive with evidence available to
support each of them. The biological hotspot studied here is associated
with a surface aquifer and on rare occasions ephemeral rivers. It is
possible that the older saltpetre or nitrate mines located in the study
region (operating between 1880 and 1920) may have altered the hy-
drological balance and groundwater level present making it recently
suited to plant establishment.

The 5'3C values in the phyllosphere (-13.9%o), other soils under
plants (-17.6 to —18.1%0) and bare soils devoid of plants (-24.8 to
—23.7%o) are significantly different, but without differences between the
top- and subsoils (Table 2). These results are in accordance with the
recent study of Knief et al. (2020) reporting §'3C values of SOC between
—22.7 and —28.0%o in a hyper-aridity gradient of the Atacama Desert
showing soil surface 8'3C values for Yungay of —26.2 to —26.9%. Ewing
et al. (2008) did show that soil SOC &'3C ranged from —22.7 and
—27.8%o between 1 and 216 cm depth. These authors also suggest that in
hyperarid soils, SOC is not a direct function of in situ photosynthesis but
rather a result of atmospheric deposition of organic C (i.e. that C may
therefore originate from outside the Atacama Desert region; see Are-
nas-Diaz et al., 2022).

If, we set the bare soil C4 contribution of 9-17% as control (Table 3)
and assume that the higher relative amount of C4-C in the vegetated soils
(57-60%) and phyllosphere (>85%) are derived from D. spicata post-
1920, we estimate an annual C turnover rate of 4.1, 2.2, and 159 g C
m 2 yr~! occurring in these top, surface and phyllosphere of the vege-
tated soils during the last 100 years. In terms of the turnover of C of the
current C stocks, we would be looking for a steady state at turnover
times of ~180, ~260-120 y for surface, subsurface and phyllosphere
soil with plants. Warren-Rhodes et al. (2003) reported values of >600 y
for active organic C cycling by hypolithic communities in wetter sites
within the Atacama Desert, increasing to > 3000 y in the driest parts.
Ziolkowski et al. (2013) suggested rate of C cycling for endolithic mi-
crobial communities in the hyperarid Core of the Atacama Desert to
range from decadal to a millennium, the latter at the driest sampled site
which was Yungay. Boutton et al. (1998) showed in semi-arid savanna
ecosystems, that the mean residence time of SOC increased from ca.
40-100 y in the 0-15 cm depth interval, to ca. 300-500 y in the 15-30
cm interval. The bare soils devoid of plants possessed an ‘older’ C
reservoir being mainly derived from C3 plants, which were present in the
past more humid times or originate from long-term atmospheric inputs
being conserved in the soil (Ewing et al., 2006, 2008).

Total and dissolved organic C alongside phenolic substances were
significantly higher in the phyllosphere soil relative to the other soil
samples. This was expected as phenolic compounds are frequently pro-
duced by plants in response to oxidative stress and high salinity (Lopes
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et al., 2021; Morales-Tapia et al., 2021; Zhang et al., 2022). In addition,
the low intrinsic levels of microbial activity and physical protection
against UV irradiation may have enhanced their persistence in this soil
component. The high levels of phenolics may also have suppressed
exoenzyme activity and thus microbial activity (Holik et al., 2017). This
is evidenced by near-intact plant litter being found in the phyllosphere
soil (Fig. S9). Our data on N availability in the phyllosphere soil also
suggest that decomposition is not N limited, despite the high C-to-N ratio
of the plant litter.

4.5. Microbial processing of organic C in the hyperarid core of the
Atacama desert

The highest rates of substrate-C mineralization were observed in the
soil under plants, presumably due to the higher intrinsic microbial
biomass, moisture content and reduced salinity (Jones et al., 2018a,b). It
is also likely that a greater proportion of the microbial community was
active due to the recent addition of C via rhizodeposition (Pathak and
Rao, 1998). This is supported by the much higher mineralization rates in
the vegetated topsoil when expressed on a microbial biomass basis. The
mineralization data also indicated that small addition of substrate (10
pM glucose), designed to reflect natural concentrations in the rhizo-
sphere from root exudation (Jones et al., 2009), were rapidly utilized by
the microbial community. Using a double exponential kinetic modelling
approach to describe substrate turnover (Glanville et al., 2016), we es-
timate that the half-life of 1*C-glucose in soil under the vegetated plants
was short and ranged from 2 to 11 h (Table S5), albeit much slower than
in temperate soils (Glanville et al., 2016; Hill et al., 2008). A similar
calculation was not possible for the bare soils due to the poor model fit,
probably reflecting the lag phase in mineralization reflecting the acti-
vation and/or growth of the microbial community. As expected, higher
concentrations of glucose were mineralized much more slowly. This was
particularly apparent in the bare soils where the very long lag phase
suggested that the microbial community was too small to process the
available-C or that there were insufficient other resources (e.g., P) to
facilitate assimilation. Surprisingly, very low rates of microbial activity
were observed in the phyllosphere soil with some samples exhibiting
almost no measurable microbial activity. We ascribe this to the origin of
the soil material which we believe is predominantly windblown and
captured in the plant canopy. This process may be enhanced under high
humidity conditions (i.e. fogs) which dissolve the salt crystals and make
them conducive to soil binding (data not presented). While on the soil
surface prior to transportation, this windblown material is likely to have
experienced intense UV irradiation and temperature extremes, effec-
tively sterilizing the material. It should be noted, however, that radio-
resistant bacteria have been identified in desert sands from other regions
of the world suggesting that they may also be present in the Atacama
Desert (An et al., 2013; Liu et al., 2022). Our results also suggests that a
large proportion of the PLFAs observed in the phyllosphere soil may not
reflect an active microbial population but moreover preserved necro-
mass. Further studies using stable isotope probing or transcriptomics
should therefore be used to better elucidate the active microbial fraction
in these soils. Our studies with plant litter clearly indicate that complex
substrates are broken down much more slowly than simple C metabo-
lites such as glucose. This suggests that the presence of microbial
ectoenzymes and the subsequent breakdown of complex polymers (e.g.,
cellulose, protein) into readily assimilatable oligomer units represents
the rate limiting step in C turnover in these soils (Jones et al., 2018a,b).

Generally, the values for microbial CUE were relatively similar be-
tween the vegetated and unvegetated soils and for the low and high
doses of glucose (CUE = 0.30-0.55). However, the values were much
lower than reported for other parts of the world using the same glucose
concentration (CUE = 0.55-0.75; Jones et al., 2018a,b). This indicates
that the hyperarid microbial community is allocating less C towards cell
maintenance and the generation of new biomass, but rather partitioning
C into more energy intensive processes. We hypothesize that this will be
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associated with the creation of osmoprotectants, operation of efflux
pumps, the need to reduce NO3 to NHJ to acquire N, and processes
associated with acquiring P from soil (e.g., release of phosphatases,
organic acids)(Miller and Wood, 1996; Meng et al., 2018; Ameen et al.,
2019). This allocation to catabolic processes was greatest in the vege-
tated soil when supplied with a large amount of glucose-C indicating
that microbial growth appears to be inefficient in these hyperarid soils.

4.6. Nitrogen and phosphorus cycling in the hyperarid core of the
Atacama desert

Due to the extremely high NO3 concentrations in our soils (1.0 & 0.2
g kg™!; >2 t N ha™!) we assume that N availability is not limiting mi-
crobial activity, rather it is the availability of labile C to firstly reduce
NO3 to NH7 and the subsequent incorporation of this into organic N
compounds (Schaeffer et al., 2003). N cycling will also be limited by the
lack of available water and possibly P (Ewing et al., 2008; Jones et al.,
2018a,b; Wu et al., 2021). Our findings are consistent with the accu-
mulation of NO3 deposits on the soil surface under prolonged hyperarid
conditions (Bohlke et al., 1997; Liu et al., 2017). We speculate that the
higher amounts of NO3 present in the phyllosphere soil are a result of
windblown accumulation of NaNOs, as there is no evidence that
D. spicata or any other plant to our knowledge can actively excrete NO3
from its leaves. Our analysis of the salt crystals on the leaf surface also
showed no evidence for the presence of NO3 (data not shown). Com-
parison of the fresh and senesced leaves suggests a N, P and K
re-assimilation rate of 55, 40 and 72%, respectively, suggesting tight
nutrient cycling within the plant, especially for P which is low in the
soils examined here (Aerts, 1996). It should be noted that that the buffer
power (Bp) values for the non-phyllosphere soils are very high, sup-
porting our measurements of very low bioavailability of P in soil
(McDowell et al., 2023). We ascribe this to the strong association of P
with minerals such as CaSO4 and the formation of poorly soluble Ca-P
minerals, combined with the strongly alkaline soil pH (Guidry and
Mackenzie, 2003; Shen et al., 2020). However, our results also suggest
that the presence of plants is leading to a change in the size of the
bioavailable P pools as evidenced by a depletion of the Olsen-P pool and
a large net accumulation of P in the acid soluble pool. The latter P pool is
likely to be recoverable by plants via organic acid exudation (Jones
et al., 2009)

To our knowledge this is the first report of NH3 emissions occurring
during the microbial processing of organic-N in the Atacama Desert. This
represents another potential N loss pathway alongside denitrification
(Wu et al., 2021). We ascribe this response to the low C:N ratio of
arginine which drives microbial ammonification. After microbial up-
take, a significant proportion of the arginine-derived C is used in cata-
bolic processes with the excess NHj excreted back into the soil, where
the high pH subsequently promotes NHj3 volatilization. This production
of NHs3, however, may benefit other organisms with the capability to
scavenge NH3 from the soil atmosphere (Lynch et al., 2014).

The 8'°N in the phyllosphere was significantly higher (10.0%o) than
in the soil samples (7.0—7.7%o). Similar soil 5'°N values were reported by
Diaz et al. (2016), especially for their most hyperarid sites (9.8-10.2%o).
These authors suggested different mechanisms to explain these high
positive 5'°N values in these dry sites, including high N volatilization
during elevated diurnal temperatures associated with very alkaline soils
or formation of large pools of inorganic N as nitrate.

5. Conclusions

The Atacama Desert represents one of the most extreme places for
life to establish on the planet. Within this study, we highlight the
extreme climatic and edaphic conditions that exist in the hyperarid core
of the Atacama Desert and how these might constrain life within the
region. Despite these limitations, however, we demonstrate how the
plant D. spicata has overcome these to promote plant establishment
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within the region. Specifically, D. spicata appears to physically, chemi-
cally and biologically reengineer the system to relieve edaphic and
climate stresses. Further, we demonstrate that D. spicata accelerates
biogeochemical cycling. We also identify that the conversion of NH} to
NHj during organic N turnover may represent a major N loss pathway
within these desert ecosystems. In contrast to most ecosystems which are
N limited, we show that microbial activity is not constrained by N, but
rather by the availability of C and P. Despite the presence of plants, the
net gain of soil organic C appears very low, suggesting that C turnover in
these biological hotspots is high. In this context, further work is also
required to better understand the active component of the rhizosphere
microbial community and its functional role in promoting plant success.
For example, numerous plant and microbial strategies exist to make P
more bioavailable in soil (e.g. mycorrhizas, phosphatases, H" and
organic acid anion release, increased root hair density, transporter
upregulation; Lambers, 2022), however, the relative importance of these
and co-benefits for acquisition of water and other nutrients in hyperarid
soil remains unknown and should be the subject of future study. In this
study we used PLFAs to measure the size and structure of the soil mi-
crobial community, however, as noted above, this approach has its
drawbacks and provides no information on key microbial taxa which
may be influenced by D. spicata (e.g. mesofauna, archaea etc). It would
therefore be desirable to combine the use of C-labelled substrates and
compound-specific isotope ratio mass spectrometry (IRMS) to detect
which PLFA-taxa were most enriched and therefore of greatest func-
tional significance in carbon turnover (Broughton et al., 2015). Simi-
larly, metagenomic approaches, metabarcoding and 20 labelling may
provide insights at a much deeper taxonomic level (Morris et al., 2022).
The work undertaken here on NH3 emissions showed the potential for N
to be lost from soil, however, it would be desirable to measure this in the
field. Lastly, perchlorates (ClO4) and iodates (IO3) are often present in
high concentrations in soils from the Atacama Desert (Catling et al.,
2010; Calderon et al., 2014; Lybrand et al., 2016), however, their role in
regulating biological activity and biogeochemical cycling remains
largely unknown. Further work should therefore focus on potential plant
and microbial adaptive strategies to coping with these oxyanions and
their potential for abiotic catalysis of C turnover.

The hyperarid soils of the Atacama Desert are often used as an
analogue of the soils/regolith which might occur on Mars and exopla-
nets (Navarro-Gonzalez et al., 2003; Aztia-Bustos et al., 2022). However,
evidence suggests that the soils of Mars are composed largely of volcanic
basaltic rocks, fine dust, and a variety of mineral oxides and are rich in
Fe and Mg, while those of the Atacama Desert are primarily composed of
weathered rocks, sand, clay, and salts. In addition, the surface of Mars is
subject to greater extremes in temperature, higher levels of radiation
and low atmospheric pressure (Galletta et al., 2007, 2009). It would be
desirable to investigate how organisms present in our hyperarid Ata-
cama Desert soils respond to conditions which simulate the surface of
Mars. Similarly, D. spicata may be a good model higher plant to inves-
tigate the potential for establishing vegetation on Mars, potentially
using replica Martian soils (Kral et al., 2004).
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