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A. Durán-Viseras, A.-Ş. Andrei, B. Vera-Gargallo, R. Ghai, C. Sánchez-Porro and 
A. Ventosa

3435 Transcriptomic analysis of polyaromatic hydrocarbon degradation by the halophilic 
fungus Aspergillus sydowii at hypersaline conditions
H. Peidro-Guzmán, Y. Pérez-Llano, D. González-Abradelo, 
M. G. Fernández-López, S. Dávila-Ramos, E. Aranda, D. R. O. Hernández, 
A. O. Garcí a, V. Lira-Ruan, O. R. Pliego, M. A. Santana, D. Schnabel, 
I. Jiménez-Gómez, R. R. Mouriño-Pérez, E. T. Aréchiga-Carvajal, 
M. del Rayo Sánchez-Carbente, J. L. Folch-Mallol, A. Sánchez-Reyes, 
V. K. Vaidyanathan, H. Cabana, N. Gunde-Cimerman and R. A. Batista-Garcí a

3460 Natranaerofaba carboxydovora gen. nov., sp. nov., an extremely haloalkaliphilic 
CO-utilizing acetogen from a hypersaline soda lake representing a novel deep 
phylogenetic lineage in the class ʻNatranaerobiia’
D. Y. Sorokin, M. Diender, A. Y. Merkel, M. Koenen, N. J. Bale, M. Pabst, 
J. S. Sinninghe Damsté and D. Z. Sousa

3477 Ancient saltern metagenomics: tracking changes in microbes and their viruses 
from the underground to the surface
M. D. Ramos-Barbero, T. Viver, A. Zabaleta, E. Senel, M. Gomariz, 
I. Antigüedad, F. Santos, M. Martinez-Garcia, R. Rosselló-Móra and J. Antón

3499 Integrated genomic and transcriptomic analysis reveals unique mechanisms for 
high osmotolerance and halotolerance in Hyphopichia yeast
D. W. Lee, C. P. Hong, E. J. Thak, S.-G. Park, C. H. Lee, J. Y. Lim, J.-A. Seo and 
H. A. Kang

3523 Spatio-temporal insights into microbiology of the freshwater-to-hypersaline, 
oxic-hypoxic-euxinic waters of Ursu Lake
A. Baricz, C. M. Chiriac, A. Ștefan Andrei, P.-A. Bulzu, E. A. Levei, O. Cadar, 
K. P. Battes, M. Cîmpean, M. Șenilă, A. Cristea, V. Muntean, M. Alexe, C. Coman, 
E. K. Szekeres, C. I. Sicora, A. Ionescu, D. Blain, W. K. O’Neill, J. Edwards, 
J. E. Hallsworth and H. L. Banciu

3541 Calcium protects bacteria against cadmium stress via reducing nitric oxide 
production and increasing iron acquisition
Z. Wu, R. Zheng, G. Liu, R. Liu, S. Wu and C. Sun

3554 Spatial and temporal distribution of aerobic anoxygenic phototrophic bacteria: key 
functional groups in biological soil crusts
K. Tang, B. Yuan, L. Jia, X. Pan, F. Feng and K. Jin

3568 Life in hot acid: a genome-based reassessment of the archaeal order Sulfolobales
J. A. Counts, D. J. Willard and R. M. Kelly

3585 Targeted isolation based on metagenome-assembled genomes reveals a 
phylogenetically distinct group of thermophilic spirochetes from deep biosphere
O. V. Karnachuk, A. P. Lukina, V. V. Kadnikov, V. A. Sherbakova, A. V. Beletsky, 
A. V. Mardanov and N. V. Ravin

3599 Pan-genome study of Thermococcales reveals extensive genetic diversity and 
genetic evidence of thermophilic adaption
C. Zhong, L. Wang and K. Ning

3614 The fi rst head-tailed virus, MFTV1, infecting hyperthermophilic methanogenic 
deep-sea archaea
S. Thiroux, S. Dupont, C. L. Nesbø, N. Bienvenu, M. Krupovic, S. L’Haridon, 
D. Marie, P. Forterre, A. Godfroy and C. Geslin

3627 Adaptive evolution of a melanized fungus reveals robust augmentation of radiation 
resistance by abrogating non-homologous end-joining
J. Romsdahl, Z. Schultzhaus, A. Chen, J. Liu, A. Ewing, J. Hervey and Z. Wang

3646 Antarctic desert soil bacteria exhibit high novel natural product potential, evaluated 
through long-read genome sequencing and comparative genomics
N. Benaud, R. J. Edwards, T. G. Amos, P. M. D’Agostino, C. Gutiérrez-Chávez, 
K. Montgomery, I. Nicetic and B. C. Ferrari

3665 Molecular insights into the ecology of a psychrotolerant Pseudomonas syringae
T. L. Pavankumar, P. Mittal and J. E. Hallsworth

3682 Functional redundancy imparts process stability to acidic Fe(II)-oxidizing microbial 
reactors
D. Ayala-Muñoz, R. L. Simister, S. A. Crowe, J. L. Macalady and W. D. Burgos

3695 Metagenomic insights into the metabolism and evolution of a new 
Thermoplasmata order (Candidatus Gimiplasmatales)
W. Hu, J. Pan, B. Wang, J. Guo, M. Li and M. Xu

3710 Time series metagenomic sampling of the Thermopyles, Greece, geothermal 
springs reveals stable microbial communities dominated by novel sulfur-oxidizing 
chemoautotrophs
A. Meziti, E. Nikouli, J. K. Hatt, K. T. Konstantinidis and K. A. Kormas

3727 Shotgun metagenomic analysis of kombucha mutualistic community exposed to 
Mars-like environment outside the International Space Station
A. Góes-Neto, O. Kukharenko, I. Orlovska, O. Podolich, M. Imchen, 
R. Kumavath, R. B. Kato, D. S. de Carvalho, S. Tiwari, B. Brenig, V. Azevedo, 
O. Reva, J.-P. P. de Vera, N. Kozyrovska and D. Barh

3743 The genomic content and context of auxiliary metabolic genes in roseophages
X. Huang, N. Jiao and R. Zhang

3758 A novel bacterial phylum that participates in carbon and osmolyte cycling in the 
Challenger Deep sediments
G. Cui, Y. Zhou, W. Li, Z. Gao, J. Huang and Y. Wang

3773 Post-transcriptional regulation is involved in the cold-active methanol-based 
methanogenic pathway of a psychrophilic methanogen
J. Jia, J. Li, L. Qi, L. Li, L. Yue and X. Dong

3789 Carbohydrate-dependent sulfur respiration in halo(alkali)philic archaea
D. Y. Sorokin, E. Messina, F. Smedile, V. La Cono, J. E. Hallsworth and 
M. M. Yakimov

3809 Revealing environmentally driven population dynamics of an Arctic diatom using a 
novel microsatellite PoolSeq barcoding approach
K. K. E. Wolf, C. J. M. Hoppe, F. Leese, M. Weiss, B. Rost, S. Neuhaus, 
T. Gross, N. Kühne and U. John

3825 Microbial diversity and activity in Southern California salterns and bitterns: 
analogues for remnant ocean worlds
B. Klempay, N. Arandia-Gorostidi, A. E. Dekas, D. H. Bartlett, C. E. Carr, 
P. T. Doran, A. Dutta, N. Erazo, L. A. Fisher, J. B. Glass, A. Pontefract, 
S. M. Som, J. M. Wilson, B. E. Schmidt and J. S. Bowman

3840 Subzero, saline incubations of Colwellia psychrerythraea reveal strategies and 
biomarkers for sustained life in extreme icy environments
M. C. Mudge, B. L. Nunn, E. Firth, M. Ewert, K. Hales, W. E. Fondrie, 
W. S. Noble, J. Toner, B. Light and K. A. Junge

3867 Sub-lithic photosynthesis in hot desert habitats
M. Gwizdala, P. H. Lebre, G. Maggs-Kölling, E. Marais, D. A. Cowan and  T. P. J. Krüge

3881 Microbiology of a NaCl stalactite ‘salticle’ in Triassic halite
T. P. Thompson, S. A. Kelly, T. Skvortsov, G. Plunkett, A. Ruffell, J. E. Hallsworth, 
J. Hopps and B. F. Gilmore

3896 Mobile genetic elements mediate the mixotrophic evolution of novel 
Alicyclobacillus species for acid mine drainage adaptation
Z. Liu, Z. Liang, Z. Zhou, L. Li, D. Meng, X. Li, J. Tao, Z. Jiang, Y. Gu, Y. Huang, 
X. Liu, Z. Yang, L. Drewniak, T. Liu, Y. Liu, S. Liu, J. Wang, C. Jiang and H. Yin

3913 Biological production of H2, CH4 and CO2 in the deep subsurface of the Iberian 
Pyrite Belt
J. L. Sanz, N. Rodriguez, C. Escudero, D. Carrizo and R. Amils

3923 Microbe-mineral biogeography from multi-year incubations in oceanic crust at 
North Pond, Mid-Atlantic Ridge
B. N. Orcutt, T. D’Angelo, C. G. Wheat and E. Trembath-Reichert

3937 Rock structure drives the taxonomic and functional diversity of endolithic microbial 
communities in extreme environments
E. Ertekin, V. Meslier, A. Browning, J. Treadgold and J. DiRuggiero

3957 Active microbial ecosystem in Iron-Age tombs of the Etruscan civilization
A. Cirigliano, F. Mura, A. Cecchini, M. C. Tomassetti, D. F. Maras, M. Di Paola, 
N. Meriggi, D. Cavalieri, R. Negri, A. Quagliariello, J. E. Hallsworth and T. Rinaldi

3970 Colonization and bioweathering of monazite by Aspergillus niger: solubilization 
and precipitation of rare earth elements
X. Kang, L. Csetenyi and G. M. Gadd

3987 Subsurface and surface halophile communities of the chaotropic Salar de Uyuni
J. M. Martínez, C. Escudero, N. Rodríguez, S. Rubin and R. Amils

4002 Endolithic microbial composition in Helliwell Hills, a newly investigated Mars-like 
area in Antarctica
C. Coleine, F. Biagioli, J. P. de Vera, S. Onofri and L. Selbmann

4017 A novel methoxydotrophic metabolism discovered in the hyperthermophilic 
archaeon Archaeoglobus fulgidus
C. U. Welte, R. de Graaf, P. Dalcin Martins, R. S. Jansen, M. S. M. Jetten and 
J. M. Kurth

4034 Seasonal hydrologic and geologic forcing drive hot spring geochemistry and 
microbial biodiversity
D. R. Colman, M. R. Lindsay, A. Harnish, E. M. Bilbrey, M. J. Amenabar, 
M. J. Selensky, K. M. Fecteau, R. V. Debes II, M. B. Stott, E. L. Shock and 
E. S. Boyd

4054 Metabolic potential and survival strategies of microbial communities across 
extreme temperature gradients on Deception Island volcano, Antarctica
A. G. Bendia, L. N. Lemos, L. W. Mendes, C. N. Signori, B. J. M. Bohannan and 
V. H. Pellizari

4074 Web Alert

VOLUME 23  NUMBER 7 JULY 2021 www.env-micro.com  ISSN 1462-2912

environmental 
microbiology

 
environm

ental m
icrobiology 

V
O

LU
M

E
  23  N

U
M

B
E

R
 7

  PA
G

E
S

 3335–4076  JU
LY 2021 

Special Issue on Ecophysiology of Extremophiles

Guest Editors: John E. Hallsworth Ricardo Amils, Kathleen C. Benison, Barbara Cavalazzi, Alfonso F. Davila, 

Michael T. Madigan, Laura Selbmann, Frances Westall

Mars’ surface is not universally biocidal

Life in hot acid

Sub-lithic photosynthesis in hot desert habitats

Microbiology of a salticle

Solubilization and precipitation of rare earth elements by A. niger

Total-pages: Spine-width: Paper-type: G-Print Matt/70 gsmprevious Total-pages: 626 Spine-width: 22.1mm Paper-type: G-Print Matt/70 gsmCurrent



Seasonal hydrologic and geologic forcing drive hot
spring geochemistry and microbial biodiversity

Daniel R. Colman ,1 Melody R. Lindsay,1

Annette Harnish,1 Evan M. Bilbrey,1

Maximiliano J. Amenabar,1 Matthew J. Selensky,1

Kristopher M. Fecteau,2 Randall V. Debes II,2

Matthew B. Stott ,3 Everett L. Shock2,4 and
Eric S. Boyd1*
1Department of Microbiology and Immunology, Montana
State University, Bozeman, MT, 59717.
2School of Molecular Sciences, Arizona State University,
Tempe, AZ, 85287.
3School of Biological Sciences, University of Canterbury,
Christchurch, 8140, New Zealand.
4School of Earth and Space Exploration, Arizona State
University, Tempe, AZ, 85287.

Summary

Hot springs integrate hydrologic and geologic pro-
cesses that vary over short- and long-term time
scales. However, the influence of temporal hydro-
logic and geologic change on hot spring biodiversity
is unknown. Here, we coordinated near-weekly,
cross-seasonal (�140 days) geochemical and micro-
bial community analyses of three widely studied hot
springs with local precipitation data in Yellowstone
National Park. One spring (‘HFS’) exhibited statisti-
cally significant, coupled microbial and geochemical
variation across seasons that was associated with
recent precipitation patterns. Two other spring com-
munities, ‘CP’ and ‘DS’, exhibited minimal to no vari-
ation across seasons. Variability in the seasonal
response of springs is attributed to differences in the
timing and extent of aquifer recharge with oxidized
near-surface water from precipitation. This influx of
oxidized water is associated with changes in commu-
nity composition, and in particular, the abundances
of aerobic sulfide-/sulfur-oxidizers that can acidify
waters. During sampling, a new spring formed after a
period of heavy precipitation and its successional
dynamics were also influenced by surface water

recharge. Collectively, these results indicate that
changes in short-term hydrology associated with pre-
cipitation can impact hot spring geochemistry and
microbial biodiversity. These results point to poten-
tial susceptibility of certain hot springs and their
biodiversity to sustained, longer-term hydrologic
changes.

Introduction

Terrestrial hydrothermal systems integrate surface atmo-
spheric processes with subsurface hydrologic and geo-
logic processes yielding hot springs with an incredible
array of geochemical compositions (Fournier, 1989;
Nordstrom et al., 2009; Shock et al., 2010; Lowenstern
et al., 2012; Colman et al., 2017) that support immense
microbial biodiversity (Barns et al., 1994; Hugenholtz
et al., 1998; Colman et al., 2019). Hot springs can be
dynamic, and their geochemical compositions can vary
on time scales that range from seconds, days, seasons,
or even longer periods (Heasler et al., 2009; Hurwitz and
Lowenstern, 2014). Variation in the geochemical compo-
sition of hot springs over these timescales is related to
fluctuations in one or more of a thermal feature’s three
main components: water, heat and the subsurface flow
path(s) that deliver fluids to springs (Hutchinson, 1978).
Consequently, changes in any one of these components
due to changes in heat flux from the volcanic system,
seismic activity, ground deformation, or short- or long-
term precipitation patterns would be expected to result in
substantial fluctuations in the geochemistry and the
microbiology of hot springs. Indeed, numerous studies,
particularly those conducted in Yellowstone National Park
(YNP), have documented temporal changes in the geo-
chemistry of hot springs (Allen and Day, 1935; White
et al., 1988; Fournier et al., 2002; Shock et al., 2005;
Nordstrom et al., 2009; Shock et al., 2010), with short-
and long-term changes in hot spring chemistry some-
times linked to seismic activity (Marler and White, 1977;
Payne et al., 2019).

Isotopic analyses of water (δ2H, δ3H, and δ18O) in hot
springs indicate that recharge of deep hydrothermal aqui-
fers sourcing YNP hot springs, at least in the northwest-
ern region of YNP, is primarily driven by meteoric
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precipitation (Pearson and Truesdell, 1978; Kharaka
et al., 2002; Gardner et al., 2011). This is largely in the
form of winter snow melt from surrounding mountain
ranges, with estimates of recharge of the deep hydrother-
mal aquifers by infiltrating meteoric fluid taking place over
time scales that span hundreds of years (Pearson and
Truesdell, 1978; Gardner et al., 2011). Other studies sug-
gest that waters in the deep hydrothermal aquifer of YNP
originate from the melting and retreat of glaciers that cov-
ered much of the region during the late Pleistocene,
suggesting even longer time scales of recharge
(e.g. >�10 000 years ago) (Sturchio et al., 1987; Rye
and Truesdell, 2007). Recharge of shallow aquifers that
can mix with deep hydrothermal fluids in individual gey-
ser basins is driven by localized snow-melt and/or precip-
itation that can lead to water table fluctuations (White
et al., 1988; Fournier et al., 2002). Despite a relatively
detailed understanding of how hot spring geochemistry
can change over time, very little is known of how such
changes influence or are influenced by temporal dynam-
ics in hot spring microbial biodiversity.

The Norris Geyser Basin (NGB) within the northwest-
ern region of YNP is one of the most dynamic geyser
basins in YNP and hosts >400 thermal features with
highly variable geochemical compositions (White
et al., 1988). The groundwater at NGB is thought to com-
prise two distinct water types, including a shallow, cool
water aquifer system formed from recent meteoric
(e.g. snow melt, rainwater) recharge and a deep, high-
temperature hydrothermal water system formed from
older, more deeply sourced waters (White et al., 1988;
Fournier et al., 2002; Gardner et al., 2011). Extensive
changes in the geochemistry of hot springs have been
documented in NGB at spatial scales that range from
individual springs to groups of springs and at temporal
scales ranging from days to decades or longer (White
et al., 1988, Fournier et al., 2002). For example, predict-
able, nearly synchronous changes in the discharge and
geochemical characteristics of several springs in the
NGB have been documented in the late summer in what
has been referred to as an annual disturbance (White
et al., 1988, Fournier et al., 2002). The exact causes of
this disturbance remain unknown but are thought to be
related to fluctuations in the local water table due to sea-
sonal recharge of aquifers sourcing these springs (White
et al., 1988, Fournier et al., 2002).

Hot springs within the NGB host diverse microbial com-
munities that are discretely distributed along spatial geo-
chemical gradients (Langner et al., 2001; Donahoe-
Christiansen et al., 2004; Macur et al., 2004; Spear et al.,
2005; Boyd et al., 2007; Kozubal et al., 2012; Inskeep
et al., 2013a; Inskeep et al., 2013b; Colman et al., 2016).
At temperatures exceeding the upper limit of photosyn-
thesis (�73�C), members of these communities are

supported by chemical energy in the form of disequilibria
in electron donor and acceptor pairs that result from
mixing of reduced deep hydrothermal fluids with more
oxidized surface fluids (Shock et al., 2010; Colman
et al., 2019). As such, seasonal differences in the relative
input of deep reduced waters and near-surface oxidized
waters would be expected to drive variation in the avail-
ability of electron donors and acceptors capable of
supporting chemosynthetic microbial communities. Yet,
only a few studies with limited (e.g. once per season)
sampling scales have ever evaluated temporal hot spring
community dynamics in YNP or elsewhere (Macur
et al., 2004; Wang et al., 2014; Ward et al., 2017) and
none have examined the link between geochemical and
microbial community compositional changes as they
relate to seasonal differences in the sources of fluids in
hot springs. Consequently, little is known of the variation
in hot spring community biodiversity over time scales that
may be relevant for microbial population turnover and
how it may be related to spring geochemical characteris-
tics that vary with seasonal hydrologic changes.

Here, we coordinated near-weekly sampling of three
widely studied hot springs in the NGB over a seasonal
(�140 day) period. A fourth hot spring in the vicinity of
these three springs formed over this sampling interval and
was included in the study to investigate successional geo-
chemical and microbial dynamics and whether these were
also associated with seasonal hydrologic changes. Data
from aqueous geochemical and isotopic analyses were
paired with local precipitation data to begin to constrain the
source of fluids in each spring and the extent that they
may be influenced by localized meteoric water recharge or
other hydrologic changes. Concomitantly, deep sequencing
of 16S rRNA genes was used to uncover feedbacks
between seasonal variation in geochemical composition
and microbial community composition. 16S rRNA gene
data were used to identify metagenomic assembled
genomes (MAGs) for use in predicting the functional poten-
tial of responsive populations and to predict the mecha-
nisms underpinning their positive or negative responses to
geochemical change. The results are discussed in terms of
differences in the responsiveness of the aquifers sourcing
hot springs to recharge with oxidized meteoric water, the
extent that this influences the composition and functions of
the microbial communities in these springs, and the poten-
tial longer-term consequences of altered aquifer recharge
that may accompany changes in the hydrology of NGB.

Results and discussion

Sample site description

Three springs in YNP were sampled between 23 June,
2016 and 9 November, 2016 and are all located within

© 2021 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 23, 4034–4053
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�500 m of each other in the One Hundred Springs Plain
(OHSP) of the NGB (Supplementary Fig. S1). Briefly,
‘HF’ Spring (HFS) is a moderately sized (�3 m in diame-
ter) pool that occasionally exhibits elemental S0 deposi-
tion at its margins, does not have an outflow channel
(Supplementary Fig. S1; Supplementary Fig. S2) and has
been studied since at least 2009 (Hamilton et al., 2011).
‘Dragon’ Spring (DS) emanates from within a small shelf,
forming a runoff channel that joins other spring channels
that flow into Tantalus Creek. DS is characterized by the
deposition of solid-phase S0 near the spring source and
along the primary spring runoff channel, with iron (hydr)
oxides also deposited adjacent to the elemental S0 and
at lower temperature (Supplementary Fig. S1; Supple-
mentary Fig. S3). This spring has been the subject of
detailed geochemical and microbiological study since at
least 1998 (Langner et al., 2001). Cinder Pool (CP) is a
large (�9 m diameter) pool without an outlet that har-
bours a pool of molten S0 at �18 m depth (Allen and
Day, 1935; White et al., 1988). The molten S0 at depth
gives rise to centimetre-sized black spherules that are
comprised of S0 (�99.5%) with dispersed FeS2 (�0.5%)
and that coalesce at the water surface (Supplementary
Fig. S1; Supplementary Fig. S4). The earliest scientific
accounts of CP are from 1927 (Allen and Day, 1935) and
subsequent geochemical and microbiological investiga-
tions (White et al., 1988; Xu et al., 2000; Spear et al.,
2005; Kamyshny Jr. et al., 2014; Urschel et al., 2015;
Colman et al., 2016) suggest a relatively stable geochem-
ical composition prior to this study. DS is present on the
western end of the OHSP across a small surface hydro-
logic divide from CP and HFS (Supplementary Fig. S1).
The fourth spring of the study, hereafter referred to as

‘New’ Spring (NS), has to the authors’ knowledge not been
previously investigated in microbiological or geochemical
studies of NGB. The only scientific description of this
spring comes from the observations of Allen and
Day, 1935 (Supplementary Fig. S5), wherein a spring
located in approximately the same location as NS
(Supplementary Fig. S5) is referred to as a ‘perpetual

spouter’ (Allen and Day, 1935). NS has not been observed
in previous yearly sampling of this area over a 25 year
period by the authors, including even ephemeral activity.
However, notes taken in 1984 by citizen scientists who
monitor geysers in YNP describe an unnamed feature
�35 ft (�12 m) NNE of CP (consistent with the location of
NS) that was also observed in Allen and Day (1935), with
last known ‘spouter’ activity taking place in 1974–1975
(M.A. Bellingham, personal communication). During the
sampling campaign described herein, NS began flowing
from a fissure that had been covered with geyserite gravels
at some time between sampling events on 16 September
and 23 September (Supplementary Fig. S6). NS remained
active until at least September 2019, but the spring had
gone dormant based on several observations between
April 2020 and May 2021. The minerals that precipitated
as this spring developed were visually identified as S0 and,
later in the sampling period, iron (hydr)oxides, both of
which appeared to accumulate over time (Supplementary
File 1).

Daily precipitation records indicate that the early and
later summer/autumn periods in NGB were characterized
by increased precipitation compared to mid-summer
(Fig. 1). These differences were used to empirically
divide the sampling period into three seasonal precipita-
tion regimes (Fig. 1). The early summer sampling period
encompassed 25 days between 23 June (the first sam-
pling day; Julian day, J.D., 175) and 18 July (J.D. 200)
and was associated with a total of 73 mm of precipitation
(Fig. 1). The late summer/autumn sampling period
(5 September to 4 November; J.D. 249–309) comprised
61 days and was associated with 474 mm of precipita-
tion. In contrast, the mid-summer period encompassed
48 days between 19 July and 4 September (J.D. 201–
248), with a total of 34.5 mm of precipitation recorded.

Summary of fluid sources to NGB hot springs

Infiltration of the crust by meteoric water to depths of up
to 5 km and interaction of this water with partially molten
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Fig. 1. Precipitation data in the local
Norris Geyser Basin (NGB) area dur-
ing the sampling period. Total daily
rainfall observed in the NGB, as mea-
sured at the UNAVCO NGB borehole
weather station. The sampling period
between 23 June, 2016 (Julian day
175) and 9 November, 2016 (Julian
day 314) was empirically separated
into three periods corresponding to
differences in early, mid, and late
summer precipitation, as indicated by
grey shading. [Color figure can be
viewed at wileyonlinelibrary.com]
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ductile rock results in subsurface water temperatures
estimated to be >350�C that drive the YNP hydrothermal
system (Craig et al., 1956; Fournier, 1989). The current
model for the formation of hot springs in YNP begins with
the injection of deep hydrothermal waters with volcanic
gases including CO2 and SO2, the latter of which can dis-
proportionate in aqueous fluids at high temperature to
form SO4

2� and H2S (Nordstrom et al., 2009). These
waters can ascend to the surface and undergo
decompressional boiling leading to their separation as a
circumneutral liquid phase enriched in solutes
(e.g. chloride, Cl�, and to a much lesser extent, SO4

2�

resulting from disproportionation) and a vapour phase
enriched in gases including H2S (Fournier, 1989;
Nordstrom et al., 2005; Nordstrom et al., 2009). Conden-
sation of gas-rich vapour with near-surface-oxidized
meteoric waters is thought to result in their enrichment
with H2S that can then be oxidized, resulting in the pro-
duction of sulfate (SO4

2�) and protons/acidity (Nordstrom
et al., 2005, Nordstrom et al., 2009). Importantly, H2S oxi-
dation at low pH (e.g. pH < 4) is kinetically inhibited
(Zhang and Millero, 1993; Boyd, unpublished data), an
observation consistent with the stability of H2S in DS
source waters in the absence of live cells (D’imperio
et al., 2008). Furthermore, abiotic S0 oxidation does not
occur at temperatures <100�C (Nordstrom et al., 2005).
Together, these data, at least partially implicate microbial
H2S/S

0 oxidation activities in the production of SO4
2�

and protons/acidity in hot springs, as has been
suggested previously (Brock and Mosser, 1975; White
et al., 1988; Colman et al., 2018) (see Supplementary
Materials for additional discussion).

Based on the above framework, the source of fluids in
hot springs can generally be identified by comparing the
concentrations of Cl� and SO4

2� (White et al., 1988;
Fournier, 1989; Nordstrom et al., 2009). Specifically, hydro-
thermal waters can be classified as meteoric waters with
low concentrations of Cl� and SO4

2� (i.e. meteoric only
waters; MO) and hydrothermal waters that have high con-
centrations of Cl� (�330 mg L�1) and moderate concentra-
tions of SO4

2� (70–100 mg L�1; i.e. hydrothermal only;
HO). Boiling and evaporation of waters can concentrate
Cl� and SO4

2� (e.g. hydrothermal water + boiling; HB).
Furthermore, input of H2S-containing vapour into these two
water types can result in increased SO4

2� concentrations
(e.g. meteoric water + gas (MG) or HB + gas (HBG)).

Application of this classification scheme to the springs
sampled here suggests that DS and NS are sourced pri-
marily by HO waters, while HFS hosts HO waters that
have a greater MG component (Fig. 2A). The high Cl�

contents of all three spring waters, combined with their
relatively high levels of sulfide and low pH
(Supplementary Table S1), are consistent with previous
interpretations of a shallow, Cl�- and SO4

2�-rich aquifer

in the NGB that is infused with vapour phase gases
enriched with sulfide and that is variably mixed with HO
waters (White et al., 1988; Fournier et al., 2002). In con-
trast to waters from the other three springs, CP waters
are more reflective of HO waters that have undergone
boiling and evaporation, as indicated by high Cl�
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2�) and chloride (Cl�) concentrations. Data are
shown for ‘HF’ Spring (HFS) in red, ’Dragon’ Spring (DS) in dark
orange, Cinder Pool (CP) in black, and ’New’ Spring (NS) in blue cir-
cles, with additional data for 488 Yellowstone National Park (YNP)
springs shown for comparison as grey circles. Previously described
hot spring water type compositions (Nordstrom et al., 2009) are indi-
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(GMWL; defined as δ2H = 8 � (δ18O) + 10; following Craig (1961))
is plotted in black and the trend for typical evaporating hydrothermal
waters in YNP is plotted in light grey with a slope of �3, following
Nordstrom et al. (2009). The plot is drawn with the intercept of the
GMWL and the inferred evaporative trend for YNP waters at the δ2H
and δ18O values for estimated recharge waters for the YNP hydro-
thermal system, as estimated in Kharaka et al. (2002). [Color figure
can be viewed at wileyonlinelibrary.com]
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concentrations (Fig. 2A) (Nordstrom et al., 2009). This
observation may be consistent with the near-boiling sur-
face temperature of CP and the absence of a surface
outlet for spring waters.
To examine if precipitation potentially influences hot

spring water compositions through dilution of the near-
surface aquifers sourcing these springs, water isotope
(δ2H and δ18O) values were examined. Variation in water
isotope values can reflect whether the hydrothermal
waters sourcing a spring are potentially diluted by recent
meteoric water input, as noted by isotopic values that plot
closer to those of the global meteoric water line (GMWL;
Fig. 2B). The GMWL represents the average annual rela-
tionship between hydrogen and oxygen isotope (δ18O
and δ2H) ratios in natural meteoric waters. Water iso-
topes can also be substantially influenced by water–rock
interactions; the reader is referred to (Rye, 1993) for such
discussions. Estimates suggest that the waters
recharging the deep hydrothermal aquifer in YNP have
δ2H and δ18O values of �149‰ and �19.9‰ respec-
tively (Kharaka et al., 2002) that can trend to isotopically
more heavy values due to evaporation of lighter isotopes
(Truesdell et al., 1977; Nordstrom et al., 2009), as shown
in Fig. 2B. The δ2H and δ18O values measured for the
four NGB waters sampled herein plot along a continuum
of boiling/evaporation, with CP waters exhibiting consid-
erably heavier isotope values compared to the other
three springs. This is consistent with SO4

2�/Cl� mea-
surements indicating that CP waters have likely been
subjected to comparatively more boiling and evapora-
tion. In contrast, DS, HFS, and NS water isotopic
values are far less depleted and plot closer to the
values for a hypothesized source water recharge for
the YNP hydrothermal system (Fig. 2B). Details of the
seasonal geochemical trends for each spring are pres-
ented below.

Summary of the taxonomic composition and functional
potential of communities

To begin to characterize seasonal trends in the composi-
tion of microbial communities of the four springs, we
sequenced 16S rRNA genes from planktonic biomass. A
total of �6.9 million quality-filtered 16S rRNA gene
sequence reads were generated for 54 water samples
from the four springs, with a few samples from each
spring not yielding amplifiable 16S rRNA genes (Fig. 3).
The communities were dominated by one or a few phy-
lotypes, consistent with previous analyses of these hot
spring communities (Langner et al., 2001; Donahoe-
Christiansen et al., 2004; Macur et al., 2004; Spear
et al., 2005; Boyd et al., 2007; Boyd et al., 2009; Kozubal
et al., 2012; Inskeep et al., 2013a; Inskeep et al., 2013b;
Colman et al., 2016; Colman et al., 2018) and acidic hot

springs elsewhere (Ward et al., 2017). Specifically, three
OTUs corresponding to an uncultured Sulfolobales sp., a
Hydrogenobaculum sp. and an Acidilobus sp. comprise
�88% of the total quality-filtered sequences, with only six
other archaeal OTUs contributing to ≥1% of the total
dataset (Supplementary Table S2). Nevertheless, other
less dominant OTUs contribute to variation among indi-
vidual samples. For example, 11 OTUs contribute to >5%
of several individual communities at varying sampling
times and comprise the aforementioned three taxa in
addition to OTUs related to the archaeal genera Metal-
losphaera, Sulfolobus, Vulcanisaeta, Acidianus and two
uncultured Thaumarchaeota phylotypes phylogenetically
distant from characterized taxa (Supplementary
Table S2). Thus, these communities were primarily
archaeal-dominated and taxonomically simple, as
expected for high-temperature acidic springs (Ward
et al., 2017; Colman et al., 2018).

The uncultured Sulfolobales OTU was prevalent in
HFS (Fig. 3A) and dominant in CP communities
(Fig. 3C), along with the Acidilobus OTU (Fig. 3A and C).
Hydrogenobaculum, the only abundant bacterial genus,
was particularly prevalent among certain spring commu-
nities including those of DS (Fig. 3B) and NS (Fig. 3D).
Overall, community compositions were distinct among
springs (Fig. 3E), although significant variability as a
function of season was only observed for HFS
(PERMANOVA; R2 = 0.51, p < 0.01) and CP communi-
ties (PERMANOVA; R2 = 0.29, p = 0.05). In contrast,
variation in DS communities was not associated with sea-
son (PERMANOVA; R2 = 0.21, p = 0.189). Lastly, the
NS communities reflected successional patterns,
transitioning from archaeal-dominated to bacterial-domi-
nated, followed by an abrupt transition to archaeal domi-
nance across its nearly 6 weeks of sampling (Fig. 3D).

The 11 most abundant OTUs across the dataset corre-
spond to taxa whose energy metabolisms are predicted
to rely on dissimilatory sulfur metabolisms, based on high
16S rRNA gene identity (>98%) to previously character-
ized isolates or MAGs (Supplementary Table S2). To
evaluate inferred changes in the predicted functional
capacity of the microbial populations that could be asso-
ciated with seasonal changes, a database was generated
comprising functional annotations for genomes or MAGs
that are closely related (>98%), or identical, at the 16S
rRNA gene level to the 11 abundant taxa across the com-
munities. Functional profiles for each community were
constructed based on the presence of protein-coding
gene complements within the reference genomes (with a
particular focus on dissimilatory sulfur metabolism) and
were weighted by the 16S rRNA gene relative abundance
of the corresponding population. The genomes were also
surveyed for the presence of biochemical pathways
involved in denitrification or nitrification (Supplementary

© 2021 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 23, 4034–4053

4038 D. R. Colman et al.



20

40

60

80

100
Uncultured Sulfolobales
Hydrogenobaculum
Acidilobus
Metallosphaera
Thaumarchaea-1
Sulfolobus-1
Thaumarchaea-2
Sulfolobus-2
Acidianus
Vulcanisaeta
Sulfolobus-3

1
7
5

1
8
3

1
9
0

1
9
4

2
0
1

2
1
0

2
1
7

2
2
5

2
3
0

2
3
7

2
4
4

2
5
4

2
6
0

2
6
7

2
7
3

2
8
1

2
8
8

2
9
5

3
0
2

3
0
9Day of

Year:

R
e
la

ti
v
e
 A

b
u
n
d
a
n
c
e
 (

%
)

R
e
la

ti
v
e
 A

b
u
n
d
a
n
c
e
 (

%
)

20

40

60

80

100

1
7
5

1
8
3

1
9
0

1
9
4

2
0
1

2
1
0

2
1
7

2
2
5

2
3
0

2
3
7

2
4
4

2
5
4

2
6
0

2
6
7

2
7
3

2
8
1

2
8
8

2
9
5

3
0
2

3
0
9

Early Mid Late

Day of

Year:1
7
5

1
8
3

1
9
0

1
9
4

2
0
1

2
1
0

2
1
7

2
2
5

2
3
0

2
3
7

2
4
4

2
5
4

2
6
0

2
6
7

2
7
3

2
8
1

2
8
8

2
9
5

3
0
2

3
0
9

Early Mid Late

Day of

Year:

R
e
la

ti
v
e
 A

b
u
n
d
a
n
c
e
 (

%
)

20

40

60

80

100

0

20

40

60

80

100

R
e

la
ti

v
e

 A
b

u
n

d
a

n
c
e

 (
%

)
A

B C

D

-0.4 -0.2 0 0.2 0.4 0.6 0.8

PCO Axis 1 (78.7%)

-0.4

-0.2

0

0.2

0.4

0.6

0.8

P
C

O
 A

x
is

 2
 (

1
0
.0

%
)

CP
DS
HFS
NS

E

2
6
7

2
7
3

2
8
1

2
8
8

2
9
5

3
0
2

3
0
9

3
1
4Day of

Year:

Early Mid Late

Fig. 3. Legend on next page.

© 2021 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 23, 4034–4053

Seasonal dynamics of hot springs 4039



Table S3), although only the Vulcanisaeta (overall rela-
tive abundance of �2%) and Metallosphaera (�0.6%)
genomes exhibited the potential capacity for denitrification
(both via NarGHJI complements). Given the lack of
inferred capacity for nitrogen-based metabolisms and the
descriptions of closely related isolates (or MAGs) to
the populations described here as being solely involved in
sulfur-based metabolisms (Supplementary Table S2), we
restrict the rest of the functional genomic discussion to
pathways involved in sulfur biogeochemical cycling.
Inferred community-wide, sulfur-based functional differ-
ences were highly significant among the four spring com-
munities examined (PERMANOVA; R2 = 0.67, p ≤ 0.001),
consistent with overall differences in their taxonomic com-
positions (Fig. 3E). In particular, the HFS and CP func-
tional profiles were distinct from those of DS and NS
(Fig. 4), with the potential exception of the NS samples
from 23 September (J.D. 267) and 09 November (J.D.
314). These differences coincide with archaeal dominance
in the HFS, CP, and the two aforementioned NS samples,
in contrast to bacterial dominance in the DS and the
remaining NS samples (Fig. 3).
Among these inferred functional differences, several

components of Sulfolobales-based H2S/S
0 oxidation path-

ways were inferred to be prevalent in HFS and CP com-
munities, including terminal oxidase components
(cytochrome b558/566, Cbs; Sulfolobus oxidase, SoxLN,
and Desulfurolobus oxidase, Dox), thiosulphate-quinone
oxidoreductase subunits (Tqo) and heterodisulfide reduc-
tase subunits (Hdr) (Zeldes et al., 2019) (Fig. 4). In con-
trast, bacterial-based H2S/S

0 oxidation pathways are
predicted to be prevalent in DS and NS communities,
including the sulfur-oxidizing protein (SoxYZBD) system,
although many of the aforementioned Sulfolobales path-
ways are also predicted to also be moderately abundant in
these samples. Furthermore, the capacity for S0 reduction
(e.g. via sulfur reductase, Sre; and a NAD(P)H sulfur oxi-
doreductase [Nsr]/ferredoxin:NAD(P)+ oxidoreductase
[FNOR] systems) was predicted to be more prevalent in
the HFS and CP communities relative to the DS and NS
communities. Lastly, the capacity to reduce SO4

2�/HSO3
�

(via dissimilatory sulfite reductase, DsrAB; adenylylsulfate
reductase, Apr; and sulfate adenylyltransferase, Sat) was
predicted to be moderately abundant only in the DS and
NS communities. These inferences were broadly

consistent with the dominant taxa within each spring
and their characterized (or inferred) metabolisms
(Supplementary Table S2). Like analyses of the taxonomic
composition of communities, inferred functional differences
also exhibit broad seasonal differences, although to vary-
ing extents. Specifically, HFS exhibited significant differ-
ences in inferred functional profiles across seasons
(R2 = 0.53, p < 0.01), DS communities exhibited weakly
significant differences in inferred functional profiles across
seasons (R2 = 0.38, p = 0.04), and CP exhibited func-
tional differences that were not associated with season
(R2 = 0.09; p = 0.76). A more detailed discussion of the
temporal variation in hot spring geochemistry, the aquifers
sourcing them and their associated microbial communities
over the sampling time frame follows for each of the four
springs individually.

Seasonal variation in HFS geochemical and microbial
community composition

The δ2H and δ18O values for HFS waters generally
exhibited trends towards heavier values from early to
mid-summer. Subsequently, the δ2H values of HFS
waters trended towards the GMWL in the later season
samples, while δ18O returned to values similar to those of
the early season samples and also towards the GMWL
(Fig. 5A). These observations point to increasing evapo-
ration during the mid-summer (or decreased input from a
more meteoric-influenced aquifer) followed by a shift
back towards sourcing of waters that have been more
diluted with meteoric waters towards late summer/
autumn.

Consistently, HFS waters exhibited the highest con-
ductivity and pH in the early to mid-summer, followed by
decreases in the late summer/autumn (Fig. 5B). Most
dramatically, SO4

2� and Cl� concentrations both
remained relatively unchanged throughout the early and
mid-seasons, followed by a notable increase in SO4

2�

concentration and a decrease in Cl� concentration in late
summer/autumn (Fig. 5B; Supplementary Fig. S7). These
observations are consistent with increased meteoric
water input into the local near-surface aquifer sourcing
HFS during the late summer/early autumn that coincides
with decreasing conductivity and decreasing Cl� concen-
trations (Fig. 5B). At the same time, increased recharge

Fig. 3. Microbial community composition for hot springs sampled in this study. The relative abundances of 11 OTUs that contributed >5% relative
abundance in at least one community from any individual sample are shown for (A) ‘HF’ Spring, (B) ‘Dragon’ Spring, (C) Cinder Pool, and ‘New’
Spring (D). The Julian date of the sample is shown at the bottom of each panel, along with the periods corresponding to early-, mid-, and late-
season samples for each spring. NS only appeared during the late-season period and thus only eight samples are shown for it. The taxonomy of
each OTU to the lowest identified taxonomic rank is indicated in the legend at the upper right, with abundances following the ordering from bot-
tom to top. Samples that did not yield amplifiable 16S rRNA genes are indicated by white bars. A principal coordinates analysis (PCoA) of the
samples from the four springs is shown in (E), with samples coloured according to the legend in the upper left. The percent of variation explained
by the first two axes (as a function of relative eigenvector contributions) is shown on each axis. [Color figure can be viewed at
wileyonlinelibrary.com]
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with oxidized meteoric water may promote the oxidation
of sulfide or S0, potentially explaining the decrease in pH
and increase in SO4

2� concentrations (Nordstrom
et al., 2005).

HFS waters were dominated by the uncultured Sul-
folobales OTU, with the highest relative abundances in the
mid-summer and lower relative abundances in the early
and late summer/autumn periods (Fig. 3A). The represen-
tative 16S rRNA gene of the uncultured Sulfolobales OTU
is nearly identical (99% nt identity; Supplementary
Table S2) to those of MAGs previously recovered from
YNP springs (Podar et al., 2013; Inskeep et al., 2013a;
Inskeep et al., 2013b). A formal physiological characteriza-
tion of these uncultivated organisms is lacking, but geno-
mic inference suggests that they are likely supported by
aerobic S0 and/or H2S oxidation (Podar et al., 2013;

Inskeep et al., 2013a; Inskeep et al., 2013b), as is typical
of most other Sulfolobales (Huber and Prangishvaili, 2006).
The relative abundances of 16S rRNA gene sequences
related to characterized aerobic S0-oxidizing Sulfolobus
spp. (Supplementary Table S2) were also prevalent in
early season samples but nearly absent in the later season
(Fig. 3A). In contrast, the relative abundances of 16S rRNA
gene sequences affiliated with aerobic H2- and H2S/S

0-
oxidizing Hydrogenobaculum sp. isolates were nearly
absent in early and mid-summer but increased in the late
summer/autumn (Fig. 3A; Supplementary Table S2). This
variable abundance points to changes in ecological niches
within HFS that are occupied by H2S/S

0-oxidizing taxa over
the seasonal sampling period. This is consistent with turn-
over in putative H2S/S

0-oxidizing functional gene comple-
ments across seasons (Fig. 4) and with turnover in the
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chemical parameters only. Geochemical parameters that do not exhibit correlations to OTU abundances are not shown in these sub-networks.
Geochemical parameter nodes are shown in red and OTU nodes are shown in blue. [Color figure can be viewed at wileyonlinelibrary.com]
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taxonomic composition being significantly associated with
season (p ≤ 0.001; described above).

The prevalence of different putatively aerobic S-
oxidizing taxa, albeit one a bacterium and the other an
archaeon, in the early and late summer/autumn waters of
HFS could be associated with differences in the availabil-
ity of O2 within spring waters across seasons. Increased
oxygen availability could occur due to increased meteoric
water input, which is generally more oxygen-rich, and that
is inferred to contribute to HFS geochemical variation.
Interestingly, although the inferred gene complements
involved in H2S/S

0 oxidation changed across seasons in
HFS communities, these largely involved inferred changes
in terminal oxidase proteins used by various Archaea
(e.g. SoxABCM, CbsAB, SoxLN, and DoxABCE) and Bac-
teria (SoxYZ, SoxB, and SoxD) (Fig. 4). Differences in ter-
minal oxidase complements among Sulfolobales have been
suggested to be involved in adaptations to variable oxygen
tensions, as demonstrated by cultivar growth experiments
(Simon et al., 2009; Zeldes et al., 2019). Consequently, the
turnover of populations harbouring different terminal oxi-
dase complements may reflect taxonomic-level adaptations
to varying oxygen availability within springs and warrants
further investigation. Nevertheless, these changes likely
contribute to variation in spring acidification via biotic aero-
bic H2S and S0 oxidation (Colman et al., 2018).

Correlational network analyses indicate that variation in
the geochemical composition of HFS waters was largely
associated with recent precipitation over a 7-day window
(Fig. 5C), coinciding with the variation in HFS geochemi-
cal composition observed during the sampling period,
and particularly later in the season after sustained heavy
precipitation (Fig. 5B). Consistently, the correlational net-
work analysis of OTU abundances in HFS communities
indicates widespread associations of individual OTU
abundances with variation in geochemical parameters
(Fig. 5D). In contrast, direct network associations among
OTUs of HFS are minimal (Supplementary Fig. S9), rela-
tive to the other springs examined (discussed below).
These results collectively suggest that the aquifers
sourcing HFS were responsive to meteoric recharge, and
subsequent geochemical variation resulted in turnover of
populations (e.g. Sulfolobus and Hydrogenobaculum)
within HFS during the sampling period.

Seasonal variation in DS geochemical and microbial
community composition

The DS isotopic values trended heavier during the mid-
summer, while both the late summer/autumn δ2H and
δ18O values for DS returned to similar values as
observed in the early season samples. These observa-
tions may point to increased evaporation of waters

sourcing DS in the summer (or less dilution from more
meteoric recharge) followed by increased input of waters
that have been diluted with meteoric water during the
late-summer and early autumn. Relatively minor variation
was observed for most geochemical parameters in DS
waters (Fig. 6B), indicating that it may be primarily sou-
rced by the deeper acid-sulfate-chloride reservoir theo-
rized to be present in the subsurface of NGB (Truesdell
et al., 1977; White et al., 1988; Fournier et al., 2002) and
is less sensitive to local precipitation on the time scales
measured herein.

In contrast to HFS, DS waters were largely dominated
by a single Hydrogenobaculum sp. OTU, as previously
reported for DS (Jackson et al., 2001; Boyd et al., 2009;
Romano et al., 2013), with lesser contributions from
uncultured Sulfolobales, Acidilobus sp., Thaumarchaeota
phylotypes, Sulfolobus spp. and other Crenarchaeota
(Fig. 3B). Although some seasonal variation in the abun-
dances of these taxa were observed (Fig. 3B), and analy-
sis of inferred functional variation across DS samples
suggested a weak correlation to sampling period (dis-
cussed above), the relative abundances of populations
generally did not differ markedly with seasons. Accord-
ingly, DS community compositional variation was not
associated with seasonal periods (PERMANOVA;
R2 = 0.21, p = 0.19). Unlike the correlational network
analysis for HFS, that of DS indicates relatively little over-
all connectedness of geochemical variables (Fig. 6C),
with recent precipitation only being correlated to a few
parameters including SO4

2� and Cl� (which themselves
were positively correlated; Fig. 6C). Thus, consistent with
the above interpretations, the geochemical and microbial
community composition of DS waters was minimally, if at
all, responsive to recent precipitation.

Correlational network analyses of the variation in rela-
tive abundances of OTUs in DS indicate very few con-
nections with variation in geochemical parameters, with
the exception of the abundance of the ‘Thaumarchaeota-
2’ OTU that was inversely correlated with temperature
and positively correlated with SO4

2� concentrations
(Fig. 6D). A representative sequence from the OTU
exhibits 99% nt identity with that attributed to a previously
characterized Thaumarchaeota MAG in the Evening
Primrose spring of YNP (Supplementary Table S2). The
Evening Primrose thaumarchaeote was inferred to con-
duct heterotrophic SO4

2� reduction in lower temperature,
acidic hot springs, based on its inferred metabolic capac-
ity and distribution across YNP springs (Payne
et al., 2019). Thus, the predicted metabolic activity of this
organism in DS, and its positive relationship to SO4

2�

and inverse relationship to temperature (Fig. 6D), poten-
tially implicate this organism in SO4

2� reduction in DS
when the spring was cooler in temperature.
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While correlational analysis indicates that population
abundances did not strongly vary with geochemical differ-
ences, they were more strongly associated with abun-
dances of other populations, as exhibited by low OTU
connectivity to geochemical parameters and much higher
among-OTU connectivity (Supplementary Fig. S9). Conse-
quently, the turnover of communities in springs like DS
may primarily be dictated by interactions among
populations in the absence of strong, acute hydrologic
forcing. If true, these interactions are likely occurring in the

subsurface of DS since the source waters of this spring
emit too rapidly (i.e. 0.2–0.5 m s�1; estimated in (Takacs-
Vesbach et al., 2013)) to allow these interactions to play
out in the spring source waters that were sampled.

Seasonal variation in CP geochemical and microbial
community composition

CP isotope values exhibited more nuanced trends rela-
tive to the other spring waters, wherein shifts towards
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heavier δ2H and δ18O values in the mid-summer samples
were reversed in three mid-season samples taken between
12 August and 25 August (J.D. 225–238; Fig. 7A; Supple-
mentary Table S1). The average δ18O value for these three
CP samples was �10.23 � 0.25‰, in contrast to the aver-
age for the other mid-season CP samples at
�8.88 � 0.49‰. It is not clear what caused this shift in the
δ18O value of waters during this sampling interval.

The temperature in CP was considerably lower in the
early and late summer/autumn than the near-boiling tem-
peratures measured mid-season, with fluctuations up to
10�C (Fig. 7B). Variation in temperature was significantly
and positively correlated with variation in conductivity
(Fig. 7C; Pearson’s r = 0.59, p < 0.01). Likewise, trends
in SO4

2� and Cl� concentrations in CP waters were also
positively correlated (Fig. 7C; Pearson’s r = 0.84,
p < 0.0001) and increased from early to mid-summer
followed by a return in late summer to values close to
those of the early summer waters (Supplementary
Fig. S7). In contrast, pH slightly decreased from early to
mid-summer and remained lower through late summer/
autumn. These observations are interpreted to reflect
dilution of the HO waters sourcing CP in early and later
summer/autumn by input of meteoric water. Decreased
dilution of these waters in the mid-summer, when local
precipitation was minimal, could explain the increased
Cl� concentrations, SO4

2� concentrations, temperature
and conductivity during this time. This interpretation is
generally supported by heavier water isotopes over this
time interval, not considering the three anomalously ligh-
ter mid-summer isotope values that appeared after the
only significant precipitation events of mid-summer.
The trends in pH are not readily explainable, unless the
hydrothermal-only (HO) type aquifer predominantly

sourcing this spring is itself acidic (i.e. with a pH < 3),
which would be consistent with a theorized acid-sulfate-
chloride reservoir underlying the NGB (Truesdell et al.,
1977, White et al., 1988, Fournier et al., 2002).

Like HFS communities, those of CP were dominated
by the same uncultured Sulfolobales OTU with a much
lower contribution from Acidilobus sp. and minor contri-
butions from other populations (Fig. 3C). As with HFS
waters, CP waters appeared to be responsive to dynam-
ics in short-term precipitation. The effects of short-term
precipitation may be primarily through dilution of the aqui-
fer sourcing CP, as discussed above and evinced by
negative correlations between 7-day precipitation and
temperature and Cl� concentrations in this spring
(Fig. 7C). The relative abundance of the uncultured Sul-
folobales OTU was negatively correlated with tempera-
ture in CP (Fig. 7D), while Acidilobus OTUs exhibited
positive correlations with temperature and negative corre-
lations with the uncultured Sulfolobales (Fig. 7D). Like-
wise, other OTUs were negatively correlated with the
relative abundances of the uncultured Sulfolobales OTU,
including those affiliated with Vulcanisaeta and
Hydrogenobaculum (Fig. 7D). Consequently, it is possi-
ble that these patterns represent the outcomes of com-
petitive interactions among these populations, where the
uncultured Sulfolobales can outcompete other taxa for S
compounds as electron donors (as inferred from genomic
reconstructions) under (micro)oxic conditions. This
includes Vulcanisaeta and Acidilobus that use S0 as an
electron acceptor under anoxic conditions (Itoh et al.,
2002; Boyd et al., 2007) and Hydrogenobaculum that
use S0 as an electron donor under oxic conditions, but at
lower temperatures than that of Sulfolobales (D’imperio
et al., 2008; Boyd et al., 2009; Reysenbach et al., 2009).

Fig. 6. Seasonal variation in ‘Dragon’ Spring (DS) geochemical parameters and network analysis of associations among measured geochemical
parameters and 16S rRNA gene operational taxonomic units (OTUs).
A. Water isotope values with each sample coloured according to the time scale next to the panel. Arrows are shown to indicate the general direc-
tions associated with water sources or processes (e.g. ‘Recharge’ representing the hypothesized recharge values for the YNP hydrothermal sys-
tem discussed in Fig. 2; GMWL indicating the relative position of the Global Mean Water line; and Evaporation indicating the inferred direction of
change upon hydrothermal boiling/evaporation.
B. Seasonal trends for geochemical parameters. The Julian calendar days corresponding to when measurements were made or when samples
were collected and preserved for measurement are shown. Geochemical data are overlaid on daily rainfall shown in the orange traces. The early
and late seasonal periods are shaded in grey boxes to help delineate seasonal periods, as defined in Fig. 1. The average value for a specified
measurement for each is indicated by a black line.
C. Network depicting significant correlations (p < 0.05) among geochemical parameters for DS samples. Node sizing reflects fraction of edges
related to geochemical parameters and is indicated by the scale to the bottom left of the network, with red edges indicating significant positive
correlations and blue edges indicating significant negative correlations. Thus, larger-sized nodes represent geochemical parameters that exhibit
more significant correlations to other geochemical parameters. Geochemical parameters without significant correlations to other parameters are
not shown.
D. Network analyses of OTUs based on significant (p < 0.05) associations of their abundances with those of other OTUs and/or geochemical
parameters. Node sizes are scaled to overall degree in the full network, as indicated in the bottom right of the figure, with edge colouring the
same as in (C). Note that only geochemical parameters directly relevant to microbial metabolism are shown in this sub-network. The geochemical
parameter nodes are all scaled to the same size, since the focus of the panel is to show the connectedness of OTUs to other OTUs and/or geo-
chemical parameters only. Geochemical parameters that do not exhibit correlations to OTU abundances are not shown in these sub-networks.
Geochemical parameter nodes are shown in red and OTU nodes are shown in blue. [Color figure can be viewed at wileyonlinelibrary.com]
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Fig. 7. Seasonal variation in Cinder Pool (CP) geochemical parameters and network analysis of associations among measured geochemical
parameters and 16S rRNA gene operational taxonomic units (OTUs).
A. Water isotope values with each sample coloured according to the time scale next to the panel. Arrows are shown to indicate the general direc-
tions associated with water sources or processes (e.g. ‘Recharge’ representing the hypothesized recharge values for the YNP hydrothermal sys-
tem discussed in Fig. 2; GMWL indicating the relative position of the Global Mean Water line; and Evaporation indicating the inferred direction of
change upon hydrothermal boiling/evaporation.
B. Seasonal trends for geochemical parameters. The Julian calendar days corresponding to when measurements were made or when samples
were collected and preserved for measurement are shown. Geochemical data are overlaid on daily rainfall shown in the orange traces. The early
and late seasonal periods are shaded in grey boxes to help delineate seasonal periods, as defined in Fig. 1. The average value for a specified
measurement for each is indicated by a black line.
C. Network depicting significant correlations (p < 0.05) among geochemical parameters for CP samples. Node sizing reflects fraction of edges
related to geochemical parameters and is indicated by the scale to the bottom left of the network, with red edges indicating significant positive corre-
lations and blue edges indicating significant negative correlations. Thus, larger-sized nodes represent geochemical parameters that exhibit more sig-
nificant correlations to other geochemical parameters. Geochemical parameters without significant correlations to other parameters are not shown.
D. Network analyses of OTUs based on significant (p < 0.05) associations of their abundances with those of other OTUs and/or geochemical
parameters. Node sizes are scaled to overall degree in the full network, as indicated in the bottom right of the figure, with edge colouring the
same as in (C). Note that only geochemical parameters directly relevant to microbial metabolism are shown in this sub-network. The geochemical
parameter nodes are all scaled to the same size, since the focus of the panel is to show the connectedness of OTUs to other OTUs and/or geo-
chemical parameters only. Geochemical parameters that do not exhibit correlations to OTU abundances are not shown in these sub-networks.
Geochemical parameter nodes are shown in red and OTU nodes are shown in blue. [Color figure can be viewed at wileyonlinelibrary.com]
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Successional geochemical and microbial community
dynamics in NS

The δ2H and δ18O values of NS generally trended lighter
across the sampling period, potentially reflecting
increased dilution of the aquifer sourcing the spring by
meteoric water with time (Fig. 8A). This is potentially con-
sistent with our visual observations that the OHSP gro-
und became inundated with water due to rainfall near to
the time that NS was first detected. These observations
point to heavy precipitation in late summer/autumn as
being at least partially responsible for the re-emergence
of this spring after nearly 30 years of presumed dor-
mancy, absent an alternative explanation for its
emergence.

The pH of NS waters decreased after the spring first
appeared and this was concomitant with an increase in
temperature. Conductivity, SO4

2� concentrations, and
Cl� concentrations were highly variable (Fig. 8B; Supple-
mentary Fig. S7). Water isotope data suggest a trend
towards increasing dilution of the aquifer sourcing this
spring by meteoric water, which could explain the
decrease in pH via enhanced aerobic sulfide or S0 oxida-
tion. However, these data are potentially inconsistent with
increased temperature during this time, which would not
necessarily be expected if the near-surface aquifer is
being diluted with cold meteoric water (Fig. 8B). A possi-
ble reconciliation of these observations is that the spring
also experienced increased input of high-temperature vol-
canic gas, which is supported by the higher dissolved sul-
fide concentrations in NS over time (Supplementary
Fig. S12). Thus, we suggest that the water sourcing NS
was progressively diluted by oxidized meteoric water
and/or subjected to an increased input of high-
temperature volcanic gas resulting in higher water tem-
peratures, that together allowed for increased abiotic or
biotic oxidation of S compounds leading to decreased pH
(Fig. 8B). This interpretation is consistent with the
appearance of this spring only after substantial rainfall
had taken place and with visual observations of increas-
ing S0 deposition, an intermediate in the oxidation of sul-
fide (Nordstrom et al., 2005), in the spring outflow
channel during the sampling period (Supplementary File
S1). In addition to the increased development of S0 depo-
sition zones around the NS source and outflow channel
with time, increasingly visible orange mineral depositions
likely attributable to iron (hydr)oxides were observed
immediately adjacent to the S0 deposition zones (Supple-
mentary File S1), suggesting the potential for biological
iron oxidation as observed in other acidic springs in the
OHSP (Macur et al., 2004).

The predominant OTU in NS immediately after the
spring formed was related to an anaerobic S0 reducing
Acidilobus sp. (Supplementary Table S2), with minor

contributions from the uncultured Sulfolobales phylotype
discussed above (Fig. 3D). Shortly thereafter, the com-
munity shifted to being dominated by a
Hydrogenobaculum sp. that then began to decline in rel-
ative abundance over the next month. During this period,
increased abundances of Metallosphaera, a Sulfolobus
sp. distinct from that discussed for HFS and CP, and
Thaumarchaeota-related OTUs were observed. On
9 November, NS was sampled again and sequencing
data indicated that the community shifted to near domi-
nance by a Metallosphaera sp. and Sulfolobus spp.
(Fig. 3D). These abrupt changes were consistent with
considerable variation in predicted functional potential of
NS communities over time, with sulfur reduction potential
being prominent in the earliest samples, followed by S0

oxidation (via primarily bacterial-type S0 oxidation path-
ways) and SO4

2�/SO3
2� reduction metabolisms, and all

followed by a final transition to dominance by archaeal-
type S0 oxidation (Sulfolobus or Metallosphaera) and
inferred ferrous iron oxidation (Metallosphaera).

The dominance of the NS community by a
Hydrogenobaculum OTU that is closely related to iso-
lates capable of H2S/S

0 oxidation after the spring formed
is potentially consistent with S0 deposition at NS begin-
ning on 9 September that qualitatively appeared to
increase in abundance with time (Supplementary File 1).
The abrupt increase in SO4

2� concentration (Fig. 8B) is
coincident with Hydrogenobaculum dominance on
29 September (Fig. 3D), followed by subsequent
decreased SO4

2� concentrations (Fig. 8D) and
decreased Hydrogenobaculum abundances (Fig. 3D).
This could again point to the role of Hydrogenobaculum
in mediating aerobic sulfur cycling in this spring. The S0

oxidation activities of Hydrogenobaculum in NS are likely
promoted by relatively lower water temperatures com-
pared with the other springs, consistent with the signifi-
cant negative correlation of temperature to SO4

2�

(Fig. 8C) and Hydrogenobaculum abundances (Fig. 3D),
while Hydrogenobaculum abundances were positively
correlated with SO4

2� concentrations (Fig. 8D).
Hydrogenobaculum isolates are known to optimally grow
at �55–65�C (Stohr et al., 2001; Donahoe-Christiansen
et al., 2004; Dopson, 2016), which may ultimately bound
their contribution to sulfur cycling in relatively lower tem-
perature niches. Lastly, the concentrations of NO3

� in NS
were significantly associated with the abundances of the
Metallosphaera OTU and those of one of the Sulfolobus
sp. OTUs (Fig. 8D). NO3

� concentrations were only
related to OTU abundances in one other spring, HFS. Lit-
tle is known about the source of NO3

� within hot springs,
although it is generally considered to be derived from the
input of meteoric waters or the input of surface runoff
(Bedinger et al., 1979), since there is little evidence for
biological nitrification in acidic hot springs. Thus, the
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Fig. 8. Seasonal variation in ‘New’ Spring (NS) geochemical parameters and network analysis of associations among measured geochemical
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chemical parameters only. Geochemical parameters that do not exhibit correlations to OTU abundances are not shown in these sub-networks.
Geochemical parameter nodes are shown in red and OTU nodes are shown in blue. [Color figure can be viewed at wileyonlinelibrary.com]
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correlations between OTU abundances in NS (and HFS)
with NO3

� concentrations likely reflect the strong associ-
ation among geochemical parameters and microbial com-
munity compositions to seasonally variable inputs of
meteoric waters to these springs.

Conclusions

Data presented here indicate that recent precipitation
impacts the hydrologic properties of the near-surface
aquifer(s) in the NGB of YNP and that this, in turn, differ-
entially influences hot spring geochemistry and microbiol-
ogy. The springs in this study exhibited varying
responses to precipitation, with HFS exhibiting evidence
of highly significant geochemical and microbiological
changes in association with precipitation events, CP
exhibiting intermediate to weak changes, and DS
exhibiting minimal to no changes in response to precipita-
tion. Perhaps most dramatically, NS emerged during the
sampling period and this was at least partly attributed to
heavy late summer/autumn precipitation, with evidence of
geochemical and microbiological succession during the
remainder of the sampling period. To our knowledge, this
is the first coupled geochemical and microbiological
investigation of a newly formed spring and therefore pro-
vides novel insight into the natural succession of hydro-
thermal microbial communities and their geochemical
environment, both of which are influenced by the inter-
play between geology and hydrology. It should also be
noted that the OTU definition used here (>97% nucleo-
tide identity) may not sensitively capture more subtle
changes in microbial taxonomic and functional variation
that could accompany relatively subtle geochemical fluc-
tuations. Thus, future studies should evaluate the poten-
tial intra-species or -strain differences associated with hot
spring successional dynamics.

The observation that hot spring geochemistry and bio-
diversity are susceptible to changes in precipitation
raises the intriguing possibility that these components of
hot springs may be even more sensitive to sustained,
long-term changes in precipitation or the extent and dura-
tion of snowpack. Warmer temperature regimes in the
northern Rocky Mountains, including YNP, are expected
due to changing climate regimes (Joyce et al., 2017).
These changes can be expected to result in changes in
the extent of precipitation and the longevity of snowpack
that together may affect the magnitude and timing of
recharge of deep and near-surface aquifers that source
hot springs, with subsequent impacts on hot spring geo-
chemistry and microbiology. It should be noted that the
acidic springs analysed herein are likely more susceptible
to changes in short-term recharge of aquifers due to the
substantial input of meteoric waters to these spring types.
For example, acidic springs exhibit mean water residence

times estimated to be <200 years (Gardner et al., 2011)
when compared to circumneutral or alkaline springs that
are predominantly sourced by deeply sourced hydrother-
mal aquifers with much longer residence times, perhaps
on the order of thousands of years (Pearson and
Truesdell, 1978, Sturchio et al., 1987). Thus, acidic
springs and acidophile biodiversity may be acutely and
uniquely susceptible to changes in precipitation
and meteoric recharge of aquifers that could accompany
altered hydrologic cycles.

Although the effects of hydrologic forcing on the geo-
chemistry and biodiversity of hot springs may be subtle,
as observed for springs like DS and CP, they may also
be significant, as evinced by the turnover of putative S0-
oxidizing populations in HFS across seasons and the
emergence, establishment, and succession of NS and its
community. The biodiversity of acidic springs such as in
the NGB is relatively limited. However, weakly acidic
springs are likely to be much more sensitive to near-term
hydrologic forcing due to the stronger contribution of
meteoric waters that source them. Several studies
of moderately acidic springs reveal them to be biodiver-
sity hotspots (Barns et al., 1994; Hugenholtz et al., 1998;
Shock et al., 2005; Colman et al., 2019) and it is possible
that hydrologic changes are likely to also alter, perhaps
more significantly, their geochemical and microbiological
composition. Thus, the data presented here provide new
insights into the temporal dynamics of high-temperature
hot spring biodiversity and warrant additional targeted
studies to comprehensively understand the precise tem-
poral scales at which microbial diversity responds to envi-
ronmental fluctuations and whether these dynamics are
restricted to specific types of springs or springs within
specific geologic settings.

Experimental procedures

Sample collection

The four springs sampled in this study are in the OHSP of
the Norris Geyser Basin (NGB) of Yellowstone National
Park (YNP) (Supplementary Fig. 1). DS (44.731816 N,
110.710919 W; YNP Research Coordination Network
thermal inventory ID: NHSP042), CP (44.732444 N,
110.709779 W; NHSP103), HF Spring (HFS; 44.733245 N,
110.709712 W; NHSP101) and a spring that manifested
during sampling, NS (NS44.732611 N, �110.709750 W;
not present within the RCN) are all within �500 m of one
another (Supplementary Fig. 1). Planktonic communities
were sampled from each of the four springs at near-weekly
intervals between 23 June, 2016 and 4 November, 2016
using previously described methods (Colman et al., 2016),
with one additional sample taken only for NS on
9 November, 2016. Briefly, 2 L of water (�0.5 L from CP
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due to suspended solid content) was collected aseptically
from each spring at each sampling event (over the course
of �20–30 min) and filtered using 0.22 μm Sterivex® filters
(EMD Millipore, Billerica, MA, USA) that were frozen in the
field on dry ice and stored in a �80�C freezer in the labora-
tory. Water was also filtered with a 1.2 μm pre-filter
followed by 0.8/0.2 μm Supor® filters (Pall, Port
Washington, NY, USA) for use in geochemical analyses,
using previously described methods (Colman et al., 2016)
and in greater detail in the Supplementary Methods. All
waters were sampled from the same point, nearest to the
source that could be feasibly sampled and from the same
depth to ensure appropriate comparison of samples
across time.

Geochemical analyses

The pH, temperature and conductivity of hot spring
waters were determined in the field, as previously
described (Colman et al., 2016). Fe(II) and total sulfide
were determined colorimetrically using a portable field
spectrophotometer, as previously described (Lindsay
et al., 2018). Triplicate sulfide and Fe(II) measurements
were made and the averages are presented in Supple-
mentary Table S1, except where otherwise noted. Major
anions were determined via ion chromatography on a
Dionex DX-600 system as previously described (Lindsay
et al., 2018) (additional details in the Supplementary
Methods), while stable hydrogen and oxygen isotope
ratio (δ2H and δ18O) values of waters were determined
via cavity ring-down spectroscopy, as previously
described (Lindsay et al., 2018). Hourly rainfall measure-
ments were retrieved from the UNAVCO NGB borehole
B950 weather station (44.7128 N–110.6785 W; https://
www.unavco.org/data/strain-seismic/seismic-data/
seismic-data.html). The weather station is located
�3.3 km to the east of the springs on an outcrop of Lava
Creek Tuff at an elevation of 2338 m that is roughly 57 m
higher than the springs. Hourly rainfall measurements
were summed for each day and these were subjected to
calculation of a 7-day moving mean in precipitation (only
considering the previous 7 days’ values) with the ‘mov-
mean’ function in the MATLAB computing environment.
Additional geochemical data were compiled from previ-
ously published surveys of YNP springs (Ball et al., 2006;
McCleskey et al., 2014) to contextualize the geochemis-
try of the springs sampled here.

Microbial community compositional analyses

Sterivex filters were removed from their plastic casings
using a flame-sterilized coping saw and forceps, sub-
jected to DNA extraction, PCR amplification, and DNA
sequencing as previously described (Colman et al., 2016)

and in additional detail in the Supplementary Methods. A
total of 15 037 840 paired-end sequence reads were sub-
jected to quality filtering as previously described (Kozich
et al., 2013; Colman et al., 2016), removal of singleton
sequences, and comparison against an acidic YNP hot
spring metagenome-derived 16S rRNA gene database to
identify potential ‘contaminants’, as described in addi-
tional detail in the Supplementary Methods. The final
dataset comprised 54 samples and 6 881 160 non-
singleton sequences that were sub-sampled to 22 488
sequence reads per sample. The subsampled dataset
was used to evaluate among-community compositional dif-
ferences based on the Bray–Curtis distance metric, as
implemented in the ‘vegdist’ function of the vegan pack-
age (v.2.5-4) for the R computing environment (v.3.4.1;
https://cran.r-project.org/web/packages/vegan/index.html).
Samples were classified based on the time period in which
they were sampled in (i.e. early, mid, and late seasons)
and subjected to a permutational multivariate analysis of
variance (PERMANOVA) test using the adonis2 function
with vegan. The associations among abundant OTUs and
geochemical parameters in each spring were evaluated
with Pearson’s correlational analyses and visualized via
correlation networks (additional details in the Supplemen-
tary Methods).

To evaluate the functional potential of the spring com-
munities and their inferred temporal variance, a genomic
database was constructed to represent the 11 OTUs
that contributed to >5% of any given community
(Supplementary Table S2). A representative 16S rRNA
gene OTU was chosen for each of these OTUs and com-
pared to public genomic databases comprising hot spring
isolate genomes and MAGs. Genomes (or MAGs) were
then chosen when they matched representative OTUs at
>98% nt identity and also comprised a complete or nearly
complete genome. The Kyoto Encyclopedia of Genes
and Genomes (KEGG) orthologue (KO) annotations for
the genomes were then downloaded either from their
host database (e.g. the Joint Genome Institute Integrated
Microbial Genomes, JGI-IMG, server) or from the original
publishing study. In addition, a subset of proteins that are
poorly annotated within the KEGG database, but are inte-
gral components of dissimilatory sulfur metabolism path-
ways (Payne et al., 2019; Zeldes et al., 2019) were also
searched against the encoded proteins using BLASTp
searches with reference sequences (Payne et al., 2019,
Zeldes et al., 2019) (Supplementary Table S3). The KO
groups/BLAST homologues were then enumerated for
each genome and multiplied by the relative abundance of
the OTU for each sample to construct matrices for each
sample that reflected the ‘relative abundance’ of inferred
protein functions. Lastly, individual homologue annota-
tions were summed for a given community sample to rep-
resent relative enrichment values and log10-transformed
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to facilitate visualization. The overall differences in com-
munity functional profiles were also subject to statistical
analyses using PERMANOVA to evaluate changes
across springs or with seasonality, as described above
for 16S rRNA gene community matrices.
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the first day of observation through the sampling period of
this study in addition to images from beyond the present
study period.
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