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Abstract 26 

The hyperarid soils of the Atacama Desert, Chile, contain the largest known nitrate 27 

deposits in the world. They also represent one of the most hostile environments for 28 

microbial life anywhere in the terrestrial biosphere. Despite known for its extreme 29 

dryness, several heavy rainfall events causing localised flash flooding have struck 30 

Atacama Desert core regions during the last five years. It remains unclear, however, 31 

whether these soils can support microbial denitrification. To answer this, we sampled 32 

soils along a hyperaridity gradient in the Atacama Desert and conducted incubation 33 

experiments using a robotized continuous flow system under a He/O2 atmosphere. 34 

The impacts of four successive extreme weather events on soil-borne N2O and N2 35 

emissions were investigated, i) water addition, ii) NO3
- addition, iii) labile carbon (C) 36 

addition, and iv) oxygen depletion. The 15N-N2O site-preference (SP) approach was 37 

further used to examine the source of N2O produced. Extremely low N2O fluxes were 38 

detected shortly after water and NO3
- addition, whereas pronounced N2O and N2 39 

emissions were recorded after labile-C (glucose) amendment in all soils. Under anoxia, 40 

N2 emissions increased drastically while N2O emissions decreased concomitantly, 41 

indicating the potential for complete denitrification at all sites. Although increasing 42 

aridity significantly reduced soil bacterial richness, microbial potential for 43 

denitrification and associated gene abundance (i.e., napA, narG, nirS, nirK, cnorB, 44 

qnorB and nosZ) was not affected. The N2O 15N site preference values based on two 45 

end-member model suggested that fungal and bacterial denitrification co-contributed 46 

to N2O production in less arid sites, whereas bacterial denitrification dominated with 47 

increasing aridity. We conclude that soil denitrification functionality is preserved 48 

even with lowered microbial richness in the extreme hyperarid Atacama Desert. 49 

Future changes in land-use or extreme climate events therefore have a potential to 50 
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destabilize the immense reserves of nitrate and induce significant N2O losses in the 51 

region. 52 

Keywords: Denitification; Greenhouse gases; Nitrogen cycling; Moisture status; 53 

Xerophile 54 

 55 

1. Introduction  56 

The Atacama Desert represents one of the most hostile environments for microbial 57 

life on Earth due to its hyperarid moisture regime, thermal extremes, high 58 

concentrations of salt in the soil, and intense UV radiation at the soil surface 59 

(Armando Azua-Bustos et al., 2012; Calderón et al., 2014). This makes the Atacama 60 

Desert an ideal location to study the potential for life to exist on other planets, e.g. 61 

Mars, which are thought to possess similar soil properties (McKay et al., 2003; 62 

Valdivia-Silva et al., 2012). Nevertheless, the Atacama Desert is not totally devoid of 63 

life. Short term water inputs caused by fog or rare rainfall events may provide 64 

temporary favourable conditions for microorganisms and plants (i.e. “desert blooms”; 65 

Orlando et al., 2010). Recent studies have shown that microbial communities in these 66 

soils respond rapidly to the addition of available carbon (C) when moisture limitation 67 

is removed (Jones et al., 2018). Conversely, the addition of water has also been shown 68 

to compromise organisms adapted to a xerophilic lifestyle (Azua-Bustos et al., 2018).  69 

Biological denitrification, which is the major nitrogen (N) loss mechanism in 70 

terrestrial ecosystems, occurs via the sequential reduction of NO3
− to NO2

−, NO, N2O 71 

and N2 (Firestone, 1982). Denitrification was generally considered to be a prokaryotic 72 

process for a century, while it becomes clear nowadays that both bacteria and fungi 73 

possess the ability to produce N2O during denitrification (Philippot et al., 2007; 74 

Laughlin and Stevens, 2002). Nevertheless, the relative contribution of fungi to soil 75 
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N2O production remains poorly understood, especially in natural ecosystems 76 

(Senbayram et al., 2018; Xu et al., 2019). Although the occurrence of denitrification is 77 

widespread in moist soils, its functional significance in hyperarid ecosystem remains 78 

unknown. In the last five years, several extreme rainfall events occurred in the 79 

Atacama Desert, causing localised flash flooding (Wilcox et al., 2016; Azua-Bustos et 80 

al., 2018; Schulze-Makuch et al., 2018). Since the Atacama Desert contains the 81 

largest known nitrate deposits in the world, the susceptibility of these reserves to 82 

denitrification after land-use change or extreme climate events remains unclear 83 

(Michalski et al., 2004; Walvoord et al., 2003). Despite the fact that microbial 84 

communities in the Atacama Desert are of low abundance and low diversity, recently 85 

denitrification–related genes were detected (Knief et al., 2020; Orlando et al., 2012). 86 

Nevertheless, it is still not clear whether the environmental conditions in the Atacama 87 

Desert can support denitrifier activity, or whether those denitrification–related genes 88 

were introduced by atmospheric long-distance transport and deposition of bacterial 89 

cells (Mayol et al., 2017). In this study, we hypothesized that i) soils along a 90 

hyperarid gradient in the Atacama region will differ in microbial community 91 

composition, driven by differences in moisture availability; (ii) the capacity for 92 

complete denitrification will be preserved in the Atacama Desert soils but will decline 93 

with increasing aridity; ii) the response of denitrification-derived N2O and N2 94 

emissions to highly ephemeral weather events (i.e. rainfall) will be slow and that this 95 

response will be bacterially driven.  96 

The combination of a δ18O and site preference (δ15Nsp) approach has been widely 97 

used during the last decade to distinguish the different sources of N2O production 98 

pathways [+34‰ to +40‰ for nitrification (Ni) and fungal denitrification (fD), -9‰ 99 

to +9‰ for bacterial denitrification (bD)] (Decock and Six, 2013; Toyoda et al., 100 
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2017). In this study we combined this isotopic mapping approach with qPCR and 101 

high-throughput 16S rRNA gene sequencing to (i) quantify rates of denitrification in a 102 

contrasting range of hyperarid soils, (ii) measure the abundance of functional genes 103 

involved in denitrification, (iii) determine whether denitrification could be attributed 104 

to fungi or bacteria, (iv) identify key abiotic factors that may limit denitrification, and 105 

(v) evaluate the theoretical potential for microbial-mediated loss of nitrate reserves in 106 

the Atacama region. 107 

  108 

2. Materials and methods 109 

2.1. Soil  110 

Field sampling was undertaken in the Paposo transect of the Atacama Desert, Chile, 111 

in October, 2016 (Jones et al., 2018). The transect crosses a fog-nourished zone 112 

(Loma) at the coast before expanding into the hyperarid core of the desert at higher 113 

altitudes. Soil samples (0-10 cm) were collected from five sites under different levels 114 

of hyperaridity along an altitudinal transect near Paposo, Chile (Table 1). Mean 115 

annual temperature (MAT) ranges from 16.7 to 18.1 °C and mean annual precipitation 116 

(MAP) from 0 to 6.7 mm (Quade et al., 2007). The samples from all sites had a low 117 

intrinsic moisture content at the time of collection (20.4 ± 4.1 mg g-1). Considering 118 

the spatial heterogeneity of the individual sites, soils were sampled from three 119 

independent spots located at least 20 m apart. All samples were homogenised by 120 

sieving (<2 mm) and stored in sealed sterile tubes to avoid contamination prior to use. 121 

Based on their moisture regime, the sites were divided into three levels of aridity, 122 

namely, semi-arid/arid (A1042), arid (A1243 and A1700) and hyperarid (A2029 and 123 

A2116). 124 

 125 
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2.2. Automated soil incubation experiment and trace gas measurements 126 

The incubation experiment was carried out at Thünen Institute Braunschweig, 127 

Germany, in a ROFLOW system using a He/O2 atmosphere. The system and setup 128 

have been described previously (Senbayram et al., 2018) and thus only a brief 129 

overview will be given here. For each sample, 460 g of dry soil was packed into an 130 

acrylic glass vessel (140 mm diameter and 150 mm height). All the vessels and 131 

operational tools were ethanol-sterilized. Four successive events were simulated: i) 132 

water addition, which can be induced by occasional fog and/or rare rainfall events 133 

(Uritskiy et al., 2019); ii) NO3
- addition, which can be induced by atmospheric 134 

deposition (Reich and Bao, 2018); iii) available carbon (C) addition, which can be 135 

induced by the wind-blown deposition of plant residues and the in-situ death of 136 

microbial cells (Jones et al., 2018); iv) oxygen depletion, which may occur shortly 137 

after extreme rainfall events.  138 

The repacked soil core was submerged from the bottom of the vessel with sterile 139 

water and drained to ca 23.0% gravimetric water content by applying a vacuum to the 140 

ceramic plate (pore size 0.16 µm) at the base of the core. The incubation vessels were 141 

then sealed and the atmospheric air in the vessels was replaced by pure He (≥99.999% 142 

He) via applying vacuum from the top and filling with He in three cycles. 143 

Subsequently, the vessel headspace was continuously flushed with a He and O2 (80:20 144 

v/v) mixture at a flow rate of ca. 25 mL min–1. At day 34 and day 37, 20 mL of KNO3 145 

solution (equivalent to 6 mg N kg-1 dry soil) and 5 mL of glucose solution (equivalent 146 

to 500 mg C kg-1 dry soil) was added, respectively, from the bottom of the vessel to 147 

simulate N and C addition scenarios. At day 54, the atmospheric O2 concentration was 148 

adjusted to zero to create anoxic incubation conditions. The temperature of the 149 

incubation room was set at 20 °C. The gas concentrations (N2O, N2, CO2 and O2) in 150 
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each vessel were analysed online via directing the outlet of each vessel sequentially to 151 

a gas chromatograph by two multi-positional valves (VICI, Houston, USA).  152 

2.3. Soil sample collection and mineral N analyses  153 

Soil samples of about 15 g were collected from each vessel at the beginning and the 154 

end of the incubation period. The soil samples were immediately frozen in liquid 155 

nitrogen and stored at -80°C. For mineral N analyses, the soil samples were extracted 156 

with 2 M KCl (1:5 w/v) by shaking for 1 h. The extracts were then filtered through 157 

Whatman 602 filter papers and stored at -20°C until analysis. The concentrations of 158 

NH4
+ and NO3

− in the soil extracts were measured using a continuous flow analyser 159 

(Smartchem 200S/N1104238, Westco, France).  160 

 161 

2.4. Isotope analysis and N2O source partitioning 162 

Additional gas samples for isotopic analyses were taken from each incubation 163 

vessel by attaching 120-mL serum bottles to the outlet’s inflow-through mode for 164 

around 2 h (Wu et al., 2017). The N2O δ15Nbulk, δ15Nα, and δ18O isotope signatures 165 

were then determined by analysing m/z 44, 45, and 46 of intact N2O
+ molecular ions, 166 

and m/z 30 and 31 of NO+ fragment ions (Toyoda and Yoshida, 1999) on an isotope 167 

ratio mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) at Thünen 168 

Institute Braunschweig, Germany (Köster et al., 2015). The initial substrate (SP0) was 169 

calculated using a Rayleigh-type mode for samples in which both N2O and N2 170 

concentrations were determined, assuming that isotope dynamics followed 171 

closed-system behaviour (Lewicka-Szczebak et al., 2014). For samples where the 172 

N2O/(N2O+N2) product ratio could not be determined (when N2 concentrations were 173 

lower than detection limit (ca. 5 ppm)), a δ15Nsp/δ18O mapping model was used to 174 

calculate the SP0 (Wu et al., 2019). Distinguishing the N2O produced by nitrification 175 
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and fungal denitrification based on SP values is impossible because of the overlapping 176 

SP signature from those pathways (Frame and Casciotti, 2010; Toyoda et al., 2017). 177 

Therefore, for source partitioning the endmember model was defined as 37‰ for 178 

nitrification/fungal denitrification, and –5‰ for bacterial denitrification (Toyoda et al., 179 

2017) (see Supplementary material for further details of the calculation).  180 

 181 

2.5. High-throughput sequencing of 16S rRNA gene amplicons  182 

Genomic DNA was extracted from 0.5 g of soil using a FastDNA SPIN Kit for soil 183 

(MP Biomedicals, Santa Ana, CA). Negative controls were conducted by replacing 184 

soil samples with 0.5 g of water. The extracted DNA was dissolved in 50 µL TE 185 

buffer, evaluated using a NanoDrop 2000 (ThermoFisher, USA) and stored at -20°C 186 

until further use. 187 

High-throughput sequencing of 16S rRNA genes was performed to analyse the 188 

bacterial community composition. PCR amplification was conducted for bacteria with 189 

primer set 519F/907R. The 5-bp barcoded oligonucleotides were fused to the forward 190 

primer. PCR was carried out in a 50-μL reaction mixture, containing deoxynucleoside 191 

triphosphates at a concentration of 1.25 μM, 2 μL (15 μM) forward and reverse 192 

primers, 2 U of Taq DNA polymerase (TaKaRa, Japan), and each reaction mixture 193 

received 2 μL of genomic DNA as a template. PCR reactions were performed 194 

according to the following program: 94 °C for 5 min, 30 cycles (94 °C for 30 s, 55 °C 195 

for 30 s, 72 °C for 45 s), and a final extension at 72 °C for 10 min. Reaction products 196 

for each soil sample were purified using the QIAquick PCR Purification kit (Qiagen, 197 

Hilden, Germany), and quantified using a NanoDrop ND-2000. The bar-coded PCR 198 

products from all samples were pooled at equimolar concentrations before 199 

sequencing. 200 
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High-throughput sequencing was performed using the Illumina Miseq sequencing 201 

platform (Illumina Inc., San Diego, CA) (Feng et al., 2018). After sequencing, 16S 202 

rRNA gene sequence data were processed using the Quantitative Insights Into 203 

Microbial Ecology (QIIME) data pipeline (Caporaso et al., 2010). Sequences with a 204 

quality score below 25 and the length fewer than 200 bp were trimmed and then 205 

assigned to soil samples based on the unique barcodes. Sequences were binned into 206 

OTUs using a 97% identity threshold, and the most abundant sequence from each 207 

OTU was selected as a representative sequence. Taxonomy was then assigned to 208 

OTUs with reference to a subset of the SILVA 119 database 209 

(http://www.arb-silva.de/download/archive/qiime/). All samples were then rarefied to 210 

150,000 sequences per sample to evaluate bacterial diversity, which allowed us to 211 

compare general diversity patterns among treatments. 212 

 213 

2.6. High-throughput quantitative PCR 214 

The abundance of functional genes involved in the N cycle were estimated by 215 

high-throughput quantitative PCR (HT-qPCR, SmartChip Real-time PCR system, 216 

WaferGen Biosystems Inc., Fremont, USA), adapted from Zhu et al. (2017) and 217 

Zheng et al. (2018). A total of 36 primer sets were used including the 16S rRNA gene 218 

(F519/R907) as a reference gene. According to the manufacturer’s instructions 219 

(SmartChipTM MyDesign Kit User Manual; Takara Bio USA Inc., Mountain View, 220 

CA), PCR primers and DNA samples were loaded into two subarrays with 221 

corresponding reagents, respectively. The thermal program consisted of an initial 222 

denaturation at 95 °C for 10 min, followed by 42 cycles of denaturation at 95 °C for 223 

34 s and annealing at 55 °C for 1 min. Absolute gene copy numbers were determined 224 

by the standard curve of 16S rRNA gene copy numbers. A single clone containing the 225 
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correct insert was grown in LB media and plasmid DNA was then extracted, purified 226 

and quantified. A 10-fold series of dilution of the plasmid DNA was then carried out 227 

to generate a standard curve covering six orders of magnitude from 103 to 108 copies 228 

of the template in the assay (Jing et al., 2017). All qPCRs were performed in technical 229 

duplicates. Blanks were always run with water instead of DNA extract. The final gene 230 

copy numbers were obtained by calibrating against total DNA content extracted from 231 

the soil. Seven genes involved in the denitrification process (napA, narG, nirS, nirK, 232 

cnorB, qnorB and nosZ) are included in this study (Table S1). 233 

 234 

2.7. Calculations and statistical analysis 235 

The cumulative gas emissions were calculated by linear interpolation between 236 

measured fluxes. Emission rates were expressed as arithmetic means of three 237 

replicates. Significance statistics were performed by Tukey's HSD test, following the 238 

homogeneity of variance, the tests of assumptions of normal distribution and one-way 239 

ANOVA. Statistical analyses were done using R (version 3.6.1), with P < 0.05 used 240 

as the criterion for statistical significance. 241 

 242 

2.8. Data availability  243 

All sequencing data associated with this study have been deposited at the NCBI 244 

Sequence Read Archive (SRA) under project accession number SRR12394466. 245 

 246 

3. Results  247 

3.1. Emissions of N2O and N2 248 

General properties of the soils and sampling information is provided in Table 1. 249 

The initial soil nitrate concentrations ranged from 1.3 to 55.8 mg kg-1, while at sites 250 
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A1042 (arid/semi-arid) and A2029 (hyperarid) the concentrations of nitrate were 251 

significantly higher than at the other sites (Table 1). In comparison, the initial 252 

ammonium concentrations were extremely low at all sites (0.04-0.5 mg kg-1 soil). At 253 

the end of the incubation cycle, the NO3
- concentrations in soil had decreased, while 254 

the NH4
+ concentrations showed an increase at all sites, with no significant difference 255 

observed among the sites (P > 0.05; Table 2). 256 

The gas concentrations of all treatments were continuously monitored during the 60 257 

days incubation experiment and the cumulative N2O and N2 emissions are shown in 258 

Fig. S1. The daily average N2O and N2 flux rates were characterized by four phases 259 

based on the different amendments (Fig. 1), i.e. water addition phase (day 0-34), 260 

nitrate addition phase (day 34-37), glucose addition phase (day 37-54) and anoxic 261 

phase (day 54-60). During the water addition phase, the N2O fluxes ranged from 3.3 262 

to 15.3 μg N2O-N kg-1 d-1 in soils from all sites, with the highest flux rate seen in soils 263 

from site A1700, and the lowest from A2029. The N2O fluxes remained low 264 

throughout the nitrate addition period (1.2-4.2 μg N2O-N kg-1 d-1), with no significant 265 

differences observed among the different locations. Pronounced N2O emissions were 266 

observed after glucose addition in all locations (Fig. 1a), with significantly higher 267 

N2O fluxes observed in soils from the A2029 site compared to those from the other 268 

sites. During the anoxic phase, the N2O fluxes declined again in soils from all sites 269 

and ranged from 0.15 to 7.5 μg N2O-N kg-1 d-1.  270 

N2 emissions were below the detection limit during the water addition and nitrate 271 

addition phases, while pronounced N2 emissions were detected in soils from all sites 272 

during the glucose addition phase (Fig. 1b). During the anoxic phase, N2 emissions 273 

sharply increased to about 1500 µg N2-N kg-1 d-1 and remained high until the end of 274 

the incubation. These emissions were ca. 5 times higher than the highest N2O losses 275 
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seen after glucose addition. Similar N2 responses were observed in samples from all 276 

sites.  277 

 278 

3.2. N2O SP0 values and source partitioning 279 

The SP0 values for each of the measured points are provided in Table S3. The 280 

measured δ15Nsp and δ18O values of N2O are presented in Figure 2a. The values for 281 

mixing endmembers between nitrification/fungal denitrification and bacterial 282 

denitrification yield the δ15Nsp/δ18O slope for the mixing line, while the values for 283 

reduction isotope effects yield the δ15Nsp/δ18O slope for the reduction line (Yu et al., 284 

2020). The proportions of N2O derived from bacterial denitrification were shown 285 

based on the two end-member model of the SP0 value (Fig. 2b). In soils from the less 286 

arid sites (A1042 and A1700), a much lower contribution of bacterial denitrification 287 

was observed compared to the more arid sites (A2029 and A2116). Glucose addition 288 

appears to cause a significant N2O reduction to N2 effect in soils from all sites (Fig. 289 

2a). Due to the extremely low N2O concentrations (<200 ppb) measured for the 290 

hyperarid samples (A2029 and A2116), the SP0 values could not be determined prior 291 

to glucose addition. Upon glucose addition, bacterial denitrification contributed more 292 

than 90% of the N2O emission in soils from these two sites. Interestingly, in soils 293 

from the A1700 site, a clear increase of bacterial denitrification-derived N2O (from ca. 294 

50% to ca. 80%) was observed after glucose addition.  295 

 296 

3.3. Microbial community composition and denitrification gene abundance  297 

The DNA contents of soils before incubation were extremely low and ranged from 298 

4.5 to 12.7 ng μL-1 (Table S2). These low DNA yields prevented the generation of 299 

high-quality PCR products. In contrast, at the end of the incubation, the DNA contents 300 
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of the soils had increased by 3~6 times and ranged from 18.4 to 36.5 ng μL-1 (Table 301 

S2). Rarefaction curves of assigned OTUs as a function of sequenced reads 302 

approached a plateau for most samples (Fig. S2), indicating that sufficient reads were 303 

obtained to cover most of diversity in the incubated soils. This is confirmed by 304 

Good’s coverage values (at 97% similarity level), which were greater than 0.983 for 305 

all samples.  306 

A diverse array of bacteria was observed in the incubated soils across the aridity 307 

gradient, categorized into 11 dominant phyla (Fig. 3). They were Proteobacteria 308 

(28.1-79.5%), Actinobacteria (6.1-26.8%), Firmicutes (4.2-27.5%), Bacteroidetes 309 

(4.8-9.1%), Acidobacteria (0.57-3.57%), Armatimonadetes (0.03-1.37%), 310 

Planctomycetes (0.25-1.03%), Verrucomicrobia (0.13-0.93%), Chloroflexi 311 

(0.09-0.54%), Nitrospirae (0.02-0.17%) and Cyanobacteria (0.03-0.13%), 312 

contributing to more than 96% of all OTUs. 313 

Bacterial richness in the incubated soils clearly decreased with increasing aridity, 314 

as all three richness indices (PD, Chao1 and OTUs) decreased with increasing 315 

elevation along the transect (Table 3). The Shannon index also showed this decreasing 316 

trend with increasing aridity, but differences were not statistically significant (Table 3). 317 

Similarly, soils from a higher elevation had a lower number of taxa at class, order, 318 

family and OTU level resolution than soils from a lower elevation, while phylum and 319 

genus level data did not show differences. More specifically, the number of classes, 320 

orders and families at A2029 and A2116 were observed to be ca. 20% lower than 321 

those at A1042 and A1243 (Table 3).  322 

 Genes involved in the entire denitrification process were detected by qPCR in all 323 

incubated soils at the end of the incubation period, including napA, narG, nirS, nirK, 324 

cnorB, qnorB and nosZ (Fig. 4). Location along the aridity gradient had no impact on 325 
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the abundance of these genes.  326 

 327 

4. Discussion 328 

4.1. Denitrification potential in soils from the Atacama Desert 329 

Overall, there is a paucity of research on the distribution of denitrifying organisms 330 

and their contribution to denitrification in desert ecosystems. This is surprising given 331 

the estimate that up to 30% of N2 lost from terrestrial ecosystems originates from 332 

deserts (Bowden, 1986). These losses have been primarily attributed to denitrification 333 

(Orlando et al., 2012). Although denitrification is commonly believed to occur in 334 

moist soil, denitrifying organisms are able to thrive even in extreme environments 335 

(Glass and Silverstein, 1999). In soils of the Atacama Desert, denitrification-related 336 

genes have been detected, however, measurements of substrate-induced denitrification 337 

activity remained below the limit of detection (Orlando et al., 2012). Therefore, it has 338 

remained an unresolved question as to whether microorganisms recovered from most 339 

arid environments on Earth actually thrive under such extreme conditions or whether 340 

they are just dead or dying vestiges of viable cells fortuitously deposited by 341 

atmospheric processes. In our study, the DNA content of the unamended soils was too 342 

low to be amplified; however, after incubation of the soils with water, nitrate and 343 

glucose-C, DNA recovery was much greater indicating a relatively rapid growth of 344 

the microorganisms. In addition, a full complement of denitrification-related genes 345 

capable of transforming NO3
- all the way to N2 were detected in all our incubated 346 

soils (Fig. 4). Their functional significance is also confirmed by the observed 347 

measurements of N2O and N2 production. These facts indicated that the Atacama 348 

Desert can indeed provide a temporary, time-constrained habitat for denitrifying 349 

bacteria to thrive, possibly after transient fogs or rare rainfall events (Schulze-Makuch 350 
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et al., 2018; Meseguer-Ruiz et al., 2020). The denitrification potential in the Atacama 351 

soils (1420-1748 μg N kg-1 d-1) was lower than reported denitrification potential rates 352 

for cropland and grassland ecosystems (4800-9600 μg N kg-1 d-1) (Attard et al., 2011), 353 

but higher than in other desert ecosystems (0-521 μg N kg-1 d−1) (Billings et al., 2002; 354 

McKeon et al., 2005; Orlando et al., 2012). It should be noted that most of the 355 

previous studies employed the acetylene inhibition technique for measuring the rate of 356 

soil denitrification potential, which may underestimate total soil denitrification 357 

(Nadeem et al., 2013). No clear trend was observed in terms of increasing aridity vs 358 

N2O emission rates, possibly due to large difference in soil properties among the 359 

different sites. This indicates that other soil forming factors (e.g. parent material) 360 

rather that moisture may be driving denitrifier abundance in soil.  361 

 362 

4.2. Relative contribution of fungal denitrification and bacterial denitrification  363 

The contribution of fungi to N2O emissions can vary widely from 17 to 89% (Xu et 364 

al., 2019). Using SP values and the two end-member approach enabled us to estimate 365 

the relative contributions of fungal and bacterial denitrification to N2O emissions. 366 

However, this relies on the assumptions that i) the N2O reduction fractionation effect 367 

on SP values can be corrected, and ii) N2O derived from nitrification and nitrifier 368 

denitrification is negligible (Senbayram et al., 2018). With respect to the first point, 369 

we calculated the SP0 using either a direct measurement of N2 production or a 370 

δ
15Nsp/δ18O mapping model by considering the N2O reduction fractionation effect 371 

(Lewicka-Szczebak et al., 2017). With regard to the second assumption, the extremely 372 

low NH4
+ concentrations in our soils are unlikely to support large amounts of 373 

nitrification. We attribute these low concentrations not to biotic conversion of NH4
+ to 374 

NO3
- by nitrifiers but to abiotic losses of NH4

+ as NH3 due to the alkaline nature of 375 
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the soils (Jones et al., 2018). This suggests that N2O emissions via nitrification are 376 

likely to be negligible, especially during the glucose addition phase. Thirdly, as 377 

shown in Figure 2a, most of the pre-glucose addition samples plotted near the 378 

bacterial denitrification-fungal denitrification mixing line. Therefore, based on our 379 

N2O isotopomer data we estimate that about half of the N2O production originated 380 

from fungal denitrification at the less arid sites (A1042 and A1700) before glucose 381 

addition, while bacterial denitrification dominated at the more arid sites (also for 382 

A1700 after glucose addition). Many fungal species are known to have denitrifying 383 

systems, of which Cylindrocarpon tonkinense, Trichoderma spp. and Fusarium 384 

oxysporum are deemed to be globally important (Shoun et al., 2012; Maeda et al., 385 

2015). The latter has recently been detected in the rhizosphere and Llamara mats of 386 

the Atacama Desert (Gonzalez-Teuber et al., 2017; Santiago et al., 2018). The 387 

contribution of bacterial denitrification to N2O emission appears to increase with 388 

increasing aridity, contributing up to 90% of total N2O production at the most 389 

hyperarid sites. This is possibly due to greater competition from xerophilic fungi, 390 

which do not possess denitrification genes (Ochoa-Hueso et al., 2018). It has been 391 

shown that fungal communities show a stronger resistance to aridity than bacteria, 392 

while bacterial communities often display more resilience upon rewetting than fungal 393 

communities (Barnard et al., 2013). Furthermore, soil bacterial networks may link 394 

more strongly to soil functioning during recovery than fungal communities (de Vries 395 

et al., 2018). The dominance of bacterial denitrification-derived N2O revealed that 396 

bacterial communities dominate N2O production upon rewetting of arid soils. Our 397 

results support the view that bacteria may play a more important role in soil 398 

functioning resilience than the fungal community in an extreme environment, at least 399 

for N cycling. 400 
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 401 

4.3. Soil microbial diversity and functionality in desert soils  402 

A loss of microbial biomass, reduction in biodiversity and simplification of soil 403 

food webs can impair multiple ecosystem functions, including plant diversity, 404 

decomposition, nutrient retention, and nutrient cycling (Wagg et al., 2014). Our 405 

results show that increasing aridity reduces microbial diversity, consistent with 406 

previous studies (Knief et al., 2020; Maestre et al., 2015). Further, the bacterial 407 

richness and diversity in our soils was much lower than seen in other desert systems 408 

(Zhang et al., 2019), croplands (Yao et al., 2020) and grassland (Raut et al., 2018) 409 

(Table 3). The reduced bacterial richness in the Atacama soils, however, had no 410 

impact on the capacity of the community to undertake full denitrification or on 411 

potential denitrification rates (Fig. 1). There are at least two implications of this 412 

finding. First, soil microbial function can be rapidly awakened even in extreme hostile 413 

environments (Jones et al., 2018). Generally, the active microbial biomass only 414 

constitutes about 0.1-2% of the total microbial biomass in soils where microbial 415 

growth is constrained by a lack of water or available-C (Blagodatskaya and Kuzyakov, 416 

2013). This ratio is expected to be much lower in the Atacama Desert where extreme 417 

temperatures and low levels of available C and water constrain metabolic activity. 418 

Most microbes exist in a dormant state and can rapidly recover with response to 419 

substrate and moisture input (Jones and Murphy, 2007). Secondly, a fundamental 420 

question of soil microbiology is to disentangle compositional versus environmental 421 

effects on ecosystem function (Graham et al., 2016). One main message is that for 422 

nutrient cycling, diversity effects are of most importance at the low end of the 423 

diversity spectrum (Bardgett and van der Putten, 2014). Since common bacteria phyla, 424 

Proteobacteria, Actinobacteria, Firmicutes, Bacteroidetes, Acidobacteria, 425 
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Verrucomicrobia etc. appeared in our soils after substrate incubation (Fig. 3), our 426 

results further support the tenet that microbial composition is not the factor regulating 427 

function, rather it is the prevailing environmental conditions, more exactly the 428 

presence of substrate. Therefore, functional redundancy of microbial communities 429 

could be even larger than originally thought for these types of extreme environments 430 

(Wall and Virginia, 1999). This view is consistent with hyper-cold desert 431 

environments (Wei et al., 2016). A meta-analysis of 111 experiments suggests that the 432 

most species-rich polyculture tends to be no different functionally from that of the 433 

single most productive species (Cardinale et al., 2006), which suggests that ecosystem 434 

function may ultimately just be determined by certain (single) productive species.  435 

 436 

4.4. Implications for significant N2O losses in the Atacama Desert 437 

The Atacama Desert currently holds about 250 Mt of nitrate deposits, hosted by a 438 

complex mineral layer of 0.2-3 m thick (Reich and Bao, 2018). This is about twice the 439 

global amount of N used annually for fertiliser application (Oyarzun and Oyarzun, 440 

2007). Based on new evidence from mass-independent oxygen isotopic compositions, 441 

the huge nitrate deposit in some parts of the Atacama Desert is found to be the result 442 

of the absence of N loss processes and atmospheric deposition of particles produced 443 

by gas to particle conversion, with minor but varying amounts from sea spray and 444 

local terrestrial sources, while the major nitrate deposits could have accumulated from 445 

atmospheric deposition in a period of 200,000 to 2.0 M years (Bull et al., 2016; 446 

Michalski et al., 2004). Despite Atacama’s extreme dryness, several extreme 447 

precipitation events have struck regions of the Atacama Desert core during the last 448 

five years, causing local flash flooding events (Wilcox et al., 2016; Azua-Bustos et al., 449 

2018; Schulze-Makuch et al., 2018). Since the soil denitrification functionality in the 450 
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Atacama Desert soil is able to recover shortly after water and C addition, the large 451 

reserves of nitrate stored in this desert ecosystem could potentially lead to significant 452 

N2O emissions, resulting in a positive feedback to climate warming under those 453 

extreme meteorological events or land-use change scenario, while N2 dominance is 454 

unlikely to occur due to the high nitrate content and low C status of the soil (Firestone 455 

and Davidson, 1989; Senbayram et al., 2018).  456 

 457 
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Table 1. Properties of the soils along the elevational aridity gradient in the Atacama Desert.  698 

Site name A1042 A1243 A1700 A2029 A2116 

Longitude 70°23'37.78"W 70°22'11.65"W 70°18'47.65"W 70°18'45.46"W 70°15'18.02"W 

Latitude 25°00'46.67"S 25°01'19.23"S 24°59'18.32"S 24°56'59.45"S 25°02'38.01"S 

Sand (%) 70.2 81.4 69 69.1 72.7 

Silt (%) 24.3 15.6 25.4 10.1 19.5 

Clay (%) 4.7 5.0 4.8 19.7 5.0 

Distance to coast (km) 7.6 10.1 16.2 20.3 22.9 

Elevation (m) 1042 1243 1703 2029 2116 

pH 7.91 7.85 7.28 7.23 7.29 

MAP (mm) 2 0 0 0 0 

MAT (‐) 18.0 17.6 16.7 16.7 16.7 

TOC (%) 0.07±0.01 0.07±0.01 0.04±0.00 0.04±0.00 0.04±0.00 

Total C (%) 0.85±0.39 0.66±0.27 0.06±0.00 0.06±0.00 0.11±0.02 

NO3
- (mg kg-1) 17.9±3.7 4.2±0.8 1.3±0.6 55.8±20.4 3.9±0.7 

NH4
+ (mg kg-1) 0.3±0.0 0.1±0.0 0.04±0.0 0.5±0.0 0.2±0.0 
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MAP, mean annual precipitation; MAT, mean annual temperature; TOC, total organic C. The soil texture, soil pH and distance to coast (km) is from 699 
(Mörchen et al., 2019); MAP and MAT is from Quade et al. (2007) and Hoffmeister (2018). Data of TOC, total C, NO3

- and NH4
+ are means of three 700 

replicates with standard error.701 
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Table 2. Soil nitrate (NO3
-) and ammonium (NH4

+) concentrations at the end of the incubation experiment.  702 

 Site 
NO3

-  
(mg kg-1 dry soil) 

NH4
+ 

(mg kg-1 dry soil) 

A1042 0.34±0.06 2.33±0.22 

A1243 0.31±0.06 0.66±0.04 

A1700 0.05±0.03 0.47±0.04 

A2029 2.68±2.64 1.29±0.82 

A2116 0.13±0.04 0.52±0.15 

Data are means of three replicates with standard error. 703 

 704 

 705 

 706 

 707 

 708 

 709 
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Table 3. Bacterial richness in soils from different elevations along the transect after incubation 710 

Site 
Diversity indices Observed number 

Rarefied to Ref. 
PD Chao1 OTUs Shannon Phylum Class Order Family Genus 

A1042 48.96 a 925.2 a 692.7 a 4.33 a 20.0 a 50.3 a 75.3 a 132.3 a 217.3 a 

15000 

 

A1243 45.52 ab 877.9 a 623.3 ab 3.96 a 19.0 a 48.7 ab 73.3 a 130.0 a 217.7 a  

A1700 38.21 ab 744.2 ab 508.7 bc 3.89 a 19.3 a 44.0 ab 65.3 ab 116.7 ab 185.3 a Current study 

A2029 35.12 b 733.8 ab 467.3 c 3.70 a 17.0 a 41.3 b 61.7 b 110.7 b 187.7 a  

A2116 35.25 b 682.7 b 452.7 c 3.62 a 19.3 a 44.3 ab 67.0 ab 120.0 ab 192.0 a  

Desert 147~91 / 3750~2000 / / / / / / 27000 Zhang et al. (2019)  

Cropland / 2954 / 4.94 / / / / / 10000 Yao et al. (2020) 

Grassland 190~285 / / 6.5~7.5 47 141 222 259 / 20000 Raut et al. (2018)  
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All samples were rarefied to 15000 sequences per sample to evaluate the diversity indices. PD, Phylogenetic diversity index; Chao 1, Chao1 richness index; 711 

OTUs, observed OTUs; Shannon, Shannon index. Observed numbers of taxonomic categories were counted according to the taxonomic assignment of OTUs. 712 

Different letters in the same column denote significant differences among samples from the five different elevations (p<0.05, ANOVA-Tukey's HSD).  713 
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Figure captions 714 

Fig. 1. Soil mean daily N2O (a) and N2 (b) emissions for 5 sites along a hyperaridity 715 

gradient in the Atacama Desert. The aridity gradient runs from left to right for the 5 sites 716 

(A1042 � A2116). Error bars show the standard error of each treatment (n = 3). 717 

 718 

Fig. 2. (a) N2O isotope data of incubation experiments in SP/O Map presented with 719 

literature endmember median values and theoretical mixing and reduction lines (Yu et 720 

al., 2020). δ18O values of mixing endmembers bacterial denitrification and fungal 721 

denitrification are presented in relation to the mean measured ambient water (δ
18O of 722 

-6.4‰). Ranges of endmember values (standard deviation of mean values) are shown as 723 

boxes; (b) The proportion of bacterial denitrification derived N2O based on N2O 15N site 724 

preference value in different phases. Note, part of the data is missing due to the 725 

extremely low N2O concentrations (<200 ppb) where the SP0 values could not be 726 

accurately determined. 727 

 728 

Fig. 3. Relative abundance of the dominant bacterial taxonomic groups for 5 sites along 729 

a hyperaridity gradient in the Atacama Desert. Community structure was analyzed at the 730 

end of the incubation study. The aridity gradient runs from left to right for the 5 sites 731 

(A1042 � A2116). Data are means of three replicates. 732 

 733 

Fig. 4. Abundance of genes involved in denitrification for 5 sites along a hyperaridity 734 

gradient in the Atacama Desert. Gene abundance was measured at the end of the 735 
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incubation study. The aridity gradient runs from left to right for the 5 sites (A1042 � 736 

A2116). Gene abundance data are means of three replicates with standard deviation. 737 
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Highlights 

i) Denitrification was shown to occur in the hyperarid Atacama Desert. 

ii) Denitrification potential and associated gene abundance was not affected by 

aridity. 

iii) Increasing aridity reduced soil bacterial richness. 

iv) Fungal and bacterial denitrification co-contributed to N2O production. 

v) Bacterial denitrification dominated N2O production with increasing hyperaridity.  
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