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Biogeochemical processes capable of altering global carbon systems occur frequently in
Earth’s Critical Zone–the area spanning from vegetation canopy to saturated bedrock–
yet many of these phenomena are difficult to detect. Observation of these processes
is limited by the seasonal inaccessibility of remote ecosystems, such as those in
mountainous, snow- and ice-dominated areas. This isolation leads to a distinct gap
in biogeochemical knowledge that ultimately affects the accuracy and confidence
with which these ecosystems can be computationally modeled for the purpose
of projecting change under different climate scenarios. To examine a high-altitude,
headwater ecosystem’s role in methanogenesis, sulfate reduction, and groundwater-
surface water exchange, water samples were continuously collected from the river and
hyporheic zones (HZ) during winter isolation in the East River (ER), CO watershed.
Measurements of continuously collected ER surface water revealed up to 50 µM levels
of dissolved methane in July through September, while samples from 12 cm deep
in the hyporheic zone at the same location showed a spring to early summer peak
in methane with a strong biogenic signature (<65 µM, δ13C-CH4, −60.76h) before
declining. Continuously collected δ18O-H2O and δ2H-H2O isotopes from the water
column exhibited similar patterns to discrete measurements, while samples 12 cm
deep in the hyporheic zone experienced distinct fluctuations in δ18O-H2O, alluding to
significant groundwater interactions. Continuously collected microbial communities in
the river in the late fall and early winter revealed diverse populations that reflect the
taxonomic composition of ecologically similar river systems, including taxa indicative of
methane cycling in this system. These measurements captured several biogeochemical
components of the high-altitude watershed in response to seasonality, strengthening
our understanding of these systems during the winter months.

Keywords: biogeochemistry, autonomous sampler, microbiome, methane, spring-melt, high-altitude watershed,
hyporheic zone
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INTRODUCTION

Headwater streams, the primary entity in the hierarchy of
watersheds (Lowe and Likens, 2005), are estimated to account for
nearly three quarters of stream channel length in U.S. watersheds
(Leopold et al., 1992). Implicit to the concept of headwater
streams is a tight terrestrial-aquatic coupling and accordingly,
an outsized sensitivity to natural and human disturbances (Lowe
and Likens, 2005). Many headwater streams occur at high
elevation and these locations may be vulnerable to factors such
as warming which can impact hydrologic and carbon cycles
(Pepin et al., 2015). Presently, our ability to project changes
to the biogeochemistry of these systems is limited (Hubbard
et al., 2018), despite their known importance as players in
carbon cycling (Saunois et al., 2016, 2020). Understanding
the biogeochemistry of watersheds subject to change will be
critical for stewardship of water supplies and ecosystems as
microbial communities respond to factors associated with
dynamic ecosystems (c.f., Cavicchioli et al., 2019).

Spatial and temporal variability in microbially-mediated
ecosystem function are, in part, driven by the physical and
chemical properties of the landscape and watershed with
direct implications for carbon cycling (Küsel et al., 2016;
Stegen et al., 2016; Hubbard et al., 2018; Jankowski and
Schindler, 2019). Studies including hydrology, geomorphology,
and biogeochemistry of watersheds have demonstrated carbon
and methane emissions originated as terrestrial organic carbon
input which is processed along the aquatic continuum (Vannote
et al., 1980; Crawford et al., 2013). High altitude streams represent
only 5% of the global surface area of rivers yet contribute
up to 30% of the total carbon flux as CO2 (Horgby et al.,
2019). Additionally, headwater basins have significant methane
fluxes and unexpected dynamics (Schade et al., 2016; Flury and
Ulseth, 2019). These include degassing events in peatland (Billett
and Harvey, 2013) and Arctic (Street et al., 2016) headwater
streams, lending much uncertainty to predictive modeling
efforts (Saunois et al., 2020) and underestimations of methane
release in extant models (Wallin et al., 2014). While these
studies have identified the interplay between headwater stream
dynamics and methane emission, these dynamics remain largely
unknown where temporal variability coincides with remote and
inaccessible locations.

Our understanding of biogeochemical processes including
surface-subsurface flux between the hyporheic zone and
overlying water column is reduced where sample acquisition
is difficult or impossible. Potentially deterministic changes to
ecosystem function occur during such intervals, such as the
onset of a seasonal change, over an extended quiescent period,
or when extreme events (e.g., storms or rapid thaws) punctuate
a temporal record. High-altitude locations, such as where
headwater streams are often located, are archetypical in this
regard as they may be difficult to reach under the best conditions
and are nearly impossible to reach when events that are linked to
seasonal inclemency restrict access or defy our ability to time data
collection with episodic events. In these cases, our understanding
of ecosystem function can come through approaches that employ
continuous measurements.

Despite the challenges in acquiring information on ecosystems
in remote locations or during periods of inaccessibility,
startling and pertinent discoveries have been made in many
environmental settings that present extreme conditions.
Examples include the detection of wintertime subsurface
biogeochemical production of methane in Arctic permafrost
(Xu et al., 2016; Zona et al., 2016), arctic lakes that freeze over
(Marcek et al., 2021), methane emissions from anoxic bottom
waters liberated by storms (Gelesh et al., 2016), biogeochemical
dynamics occurring in karst aquifers linked to the ocean
(Brankovits et al., 2018), and the discovery of a vast subsurface
ecosystem in seafloor basalts (Cowen et al., 2003). In the case of
the subseafloor basalts, recognition of this ecosystem provoked
a series of new questions related to the significance of these
deep-sea aquifers (Edwards et al., 2005). These studies support
the importance of gathering data during periods of isolation, or
in places that are practically inaccessible in order to complete our
view of biogeochemical processes, notably carbon cycling.

Here we quantify seasonal variability of geochemical fluxes
and microbiome structure in a high-altitude watershed during
winter, as defined by snow and ice cover, and ascertain whether
prominent biological and chemical features changed during this
period. We aimed to address how do key elemental cycles and
microbial communities vary in temporally inaccessible high-
altitude watersheds? To answer this question and advance our
understanding of watershed dynamics, we measured continuous
seasonal riverine biogeochemistry including solute exchange
and transformation between the hyporheic zone and water
column inclusive of geochemistry and biological responses.
Through analyzing novel geochemical datasets, we advance our
knowledge on biogeochemical processes across a spatial aspect of
a headwater basin, including identification of unexpected carbon
cycling that result in methane release in the well-characterized
high mountain watershed known as East River (ER).

MATERIALS AND METHODS

Study Area and Sampling Approach
In this study we aim to understand solute exchange between
groundwater and surface water processes at the U.S. Department
of Energy’s Biological and Environmental Research (DOE
BER) station located at East River (ER) in Crested Butte, CO,
United States (Figure 1A). As a focus area for the DOE, ER
serves to explore a system-of-systems perspective on watershed
dynamics over seasonal and decadal timescales (Hubbard et al.,
2018). Here, we deployed continuous water samplers called
OsmoSamplers within ER at 38.922◦N 106.951◦W, elevation
2760.4 m, near to the DOE’s Teledyne ISCO automatic sampler
(Model 3700; Teledyne ISCO, NE, United States; Varadharajan
et al., 2020; Figure 1B). The OsmoSampler samples were
interrogated for continuous dissolved methane, sulfate, and
chloride concentrations, while the ISCO samples used in this
study measured dissolved sulfate and chloride concentrations.
River discharge data was obtained from Rosemary and
Williams (2019), collected using instantaneous stream discharge
measurements with a SonTek Flow Tracker R© acoustic Doppler
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velocimeter. Corrections of flow were made using USGS’s stream
gauge East River at Almont (ID 09112500). Precipitation data
was accessed from the United States Department of Agriculture
Natural Resource Conservation Service (USDA NRCS) snow
telemetry (SNOTEL) Site 380.

OsmoSamplers continuously collect water using an
OsmoPump that works by diffusion across a semipermeable
membrane separating a saturated salt reservoir from a freshwater
reservoir (Jannasch et al., 2004). Pumping rates are relatively
slow, typically around 0.5 mL d−1. The OsmoPumps are
then attached to long coils of small-bore tubing (outer
diameter = 1.59 mm; inner diameter = 0.82 mm) which
collects water at the tubing intake and stores the collected
water (Figure 2A). Water collected and preserved along the
tubing retains its authentic chemistry because diffusion is
minimal in the small inner diameter tubing and filters at the
inlet restrict microbial alteration (Jannasch et al., 2004). The
whole apparatus (OsmoPump and tubing coil) is referred to
as an OsmoSampler and can remain in aquatic environments
for up to a year, depending on tubing length and pumping
rates. Upon recovery, the tubing is cut into increments and
liquid contents collected to give a time-integrated sample.
The time stamp can then be determined because the pumping
rate, tubing diameter, external temperature, and strength of
osmotic gradient are known (Jannasch et al., 2004). Because the
pumping rates are dependent upon temperature (higher rates
associated with warmer temperatures) and the temperature in
the river system varies, a temperature correction is applied as
done in Gelesh et al. (2016).

For the river sampling, four OsmoSamplers were placed in
the river, with tubing inlets sampling the river water (RW)
column, sediment water interface (SWI), 4 cm into the hyporheic
zone, and 12 cm into the hyporheic zone (Figures 2B,C). All
OsmoSamplers contained copper small-bore tubing excluding
the OsmoSampler inlet placed in the water column which
contained Teflon tubing. The hyporheic sampling ports were
supported along a PVC tube (sensu Wilson et al., 2015). It was
difficult to insert the tube into the riverbed substrate, so the inlet
was inserted as far as possible into the sediment and then further
buried with river sand and gravel until flush with the sediment
surface. The sample inlets were fitted with 0.2 µm rhizon filters
to exclude detritus or microbes that may alter the chemistry
during long-term storage within the sample tubing. The spatial
distribution of these samplers aimed to gather a cohesive picture
of surface water and hyporheic water dynamics over a year-long
deployment. The entire sampler array was placed in crates (33
cm × 33 cm × 27 cm), hereby identified as the OsmoSampler
package, and deployed from November 2017 to September 2018.
Upon collection of the geochemical OsmoSamplers, bubbles
flowed out of the sediment. These bubbles (∼8 mL gas volume)
were collected into a glass vial (13.5 mL volume) to bring back
to the lab for analysis of methane concentrations and stable
carbon isotopes. Continuous water temperature was measured
using a HOBO Data Logger (Oneset, Bourne, MA) anchored to
the OsmoSampler package.

Sample collection by DOE’s Teledyne ISCO automatic sampler
used automated sampler bottles containing mineral oil to

mitigate evaporation during sampling. All samples were filtered
through a 0.45 µm filter following sample retrieval into sealed
vials and refrigerated until analysis. ISCO surface water samples
are part of a long-term study; however, the research described
herein used only samples acquired during dates that overlap
with the OsmoSampler deployment. Stable water isotope data
was collected according to the described methods and sampling
in Williams et al. (2020a). Cation samples were collected as
reported by Williams et al. (2020b).

Along with the samplers collecting water for geochemical
measurements, another OsmoSampler deployment from
September 2018 to December 2018 was configured for
microbial sampling (sensu Robidart et al., 2013). The Biological
OsmoSampler System (BOSS) used two OsmoSamplers,
connected in series, with one sampler collecting a sample and the
second adding a preservative to the sample in situ immediately to
preserve microbes present in the water for microbial community
characterization. One OsmoSampler was used to collect the water
sample in the same manner as described above, while a slower
(0.25 mL day−1) OsmoSampler introduced 2x concentrated
preservative (RNA/DNA Shield, Zymo Research, Irvine, CA,
United States) into the sample stream at the inlet. The BOSS
was deployed at the same DOE BER station location at ER in
the manner described above for RW sampling, where the inlet
port sampled microbes from the water column (Figure 2B).
In addition to the BOSS samples, we collected microbiological
samples from the water column (referred to as “discrete
samples”) during BOSS deployment and retrieval. During BOSS
deployment in late September 2018, four discrete samples were
collected by filtering 120 mL RW onto a 0.22 µm Sterivex
filter unit (Millipore Sigma, Darmstadt, Germany). Upon BOSS
retrieval in December 2018, two discrete samples were collected
by filtering 120 and 60 mL RW onto a Sterivex Filter Unit. These
samples are hereby referred to as the “discrete” samples. Smaller
volumes (60 mL) and fewer replicates were collected because the
sample water repeatedly froze during filtration with the Sterivex
filter unit. This sample complication highlights the difficulties
of, and challenges associated with, wintertime sampling in high
altitude environments (Figure 1C). All discrete samples were
placed on ice, filters were removed from the filter holder and
placed in a DNA/RNA shield within a few hours of collection
prior to being shipped to Oregon State University, where they
were stored at −80◦C upon arrival until DNA extraction.

Geochemical Measurements
Samples collected by the OsmoSamplers were measured for
dissolved methane, sulfate, chloride concentrations, and stable
isotope ratios including δ2H-H2O, δ18O-H2O, and δ13C-
CH4. The tubing from the OsmoSampler systems collected
in September 2018 from the respective RW, SWI, and HZ
samples was sectioned into 4.5 and 1.5 m lengths to obtain
∼5 day resolution as calculated from the rate of sampling
(c.f. Jannasch et al., 2004). The contents were expelled using a
jewelry roller (c.f., Gelesh et al., 2016), and the fluid from the
short section (∼1.5 mL) was stored in 2 mL microcentrifuge
tubes, with aliquots taken to measure for sulfate and chloride
concentrations via ion chromatography using AS40 analytical
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FIGURE 1 | (A) Map of ER depicting the OsmoSampler deployment location and ISCO sampler (yellow star). Photo of OsmoSamplers anchored to the streambed
using plastic crates taken during retrieval (September 2018). (B) View of the ISCO sampler (yellow arrow) from the location of the OsmoSampler package,
approximately 30 m downstream. (C) Photo of ER during the wintertime retrieval of the BOSS sampler (December 2018). The post protruding from the snow cover
marks the location of the OsmoSampler package.
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FIGURE 2 | (A) OsmoSampler schematic showing pump, sample coil, and sample inlet. (B) Illustration of Biological OsmoSampler function. (C) River cross-section
showing sampling schematic depicting OsmoSampler and BOSS packages and inlet ports (highlighted arrows). Star indicates location of close-up schematic of inlet
port locations within the hyporheic zone and water column. Schematics are not to scale.

column and a conductivity detector (Dionex ICS1000) with 2%
precision. Sulfate measurements from the RW samples were
below detection limit. All samples from the RW time-series were
analyzed, but only every other SWI and HZ sample was analyzed.
Fluids from the large section (∼2 mL) were injected into a
zero-air flushed, pre-combusted 10 mL glass serum vial, using
caution not to contaminate the sample with air (Gelesh et al.,
2016). Using a headspace equilibration technique, the sample
was injected with ∼8 mL of brine solution, and an aliquot of
the remaining headspace was extracted and injected into a gas
chromatograph with a flame ionization detector (SRI 8610C
Multi Gas, 4 mL loop injection, MolSieve 13X column). Final
dissolved methane concentrations were calculated by correcting
for dilutions and using Henry’s Law, as detailed in Magen et al.
(2014). Precision was 2%. Methane dissolved in river water
samples was below detection limit (<100 ppm). Every-other
sample from SWI, 12 cm HZ, and 4 cm HZ were analyzed in
this manner. For samples with ample CH4 concentrations (>100
ppm in headspace), a headspace aliquot was then injected into a
cavity ring down spectrometer (Picarro 2201i) for stable carbon
isotope ratio of methane determination (Marcek et al., 2021). Two
certified gas standards were used (Isometrics, 2,500 ppm, −66.5
and −38.3h), and precision was 0.5h. Additionally, stable
carbon isotope ratios were also measured on a bubble sample
collected in December 2020. The sample was diluted 20x with
zero-air and injected into the cavity ring down spectrometer. The
sample was stored in the fridge and analyzed in December 2020.
Water isotopes (δ18O-H2O and δ2H-H2O) were also analyzed for
every other OsmoSampler sample from SWI, 4 cm, and 12 cm
using a GasBench R© peripheral interfaced to an isotope ratio mass

spectrometer (Thermo Delta V, precision of 0.1 and 1h for
δ18O-H2O and δ2H-H2O, respectively) at University of Maryland
Center for Environmental Science (Cooper et al., 2016).

The samples collected by DOE’s Teledyne ISCO automatic
sampler were measured for fluoride, phosphate, nitrate, sulfate,
and chloride, yet in this study we only assessed sulfate and
chloride concentrations. Anions from the ISCO sampler were
measured using a Dionex AS-40 autosampler and Dionex ICS-
2100 anion chromatograph containing AS11 analytical and AG11
guard columns (Williams et al., 2020b). Stable water isotopes
from the ISCO sampler were measured using either a Picarro
L2130-i or Los Gatos Research Liquid Water Isotope Analyzer,
both using laser absorbance spectroscopy using a cavity ringdown
detector (precision of 0.025 and 0.1h for δ18O and δ2H,
respectively, Williams et al., 2020a).

Microbiological Measurements
The BOSS Teflon collection tubing was partitioned into
two sections, both approximately 7 m in length, to obtain
approximately 1-month resolution of the microbial communities
(c.f. Jannasch et al., 2004). The sample liquid of both tubing
sections was extracted from the Teflon by using a syringe to
force the liquid into autoclaved and acid washed Falcon tubes
(Thermo Fisher Scientific, Waltham, MA, United States), yielding
12 mL of sample for the first length, and 7 mL of sample for
the second length, roughly representing October 2018 (BOSS1)
and November 2018 (BOSS2) sampling periods, respectively. The
extracted samples were filtered onto a 0.2 µm polyethersulfone
(PES) filter (Sterlitech, Kent, WA, United States) using a vacuum
filter tower, and the PES filter was subsequently dissolved

Frontiers in Earth Science | www.frontiersin.org 5 May 2021 | Volume 9 | Article 666819

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-09-666819 May 24, 2021 Time: 15:46 # 6

Buser-Young et al. Biogeochemistry During Seasonal Isolation

using phenol chloroform. Additionally, the discrete Sterivex
filter samples were removed from the filter unit as described
by Doherty et al. (2017), and immediately dissolved using
phenol chloroform.

All biological samples were extracted using Zymo Research
DNA Extraction kit (Zymo Research, Irvine, CA, United States).
All tools and glassware were sterilized using UV wavelength, 10%
HCl bath, and autoclaved before and after each sample. Forceps
were additionally ethanol and flame sterilized between each
sample. After BOSS extraction and subsequent tool sterilization,
an autoclaved Millipore water sample was flushed through a
PES filter using the vacuum filter tower and carried through
subsequent extractions as a negative control.

Microbial community structure was characterized by DNA
amplification in triplicate of the V4 region of the 16S rRNA
gene using universal 515 forward and 806 reverse primers
(Apprill et al., 2015). PCR protocols followed those used by
the Earth Microbiome Project (Caporaso et al., 2011), without
modifications. Due to low DNA yield, as quantified by Qubit
(Thermo Fisher Scientific, Waltham, MA, United States) using
the dsDNA High Sensitivity Assay Kit, a second round of
amplification was carried out using the PCR product as template.
Gel electrophoresis was used to identify potential amplification
problems. Acceptably low concentrations (<9.94 ng/µL) of
nucleic acid in all negative controls were obtained. Triplicate
samples were purified with QIAquick PCR purification kit
(Qiagen, Hilden, Germany) and pooled in equimolar amounts.
Sample and negative control amplicons were sequenced at OSU’s
Center for Genome Research and Biocomputing using Illumina
MiSeq paired end 250 bp sequencing.

Amplicon sequence variants (ASVs) were used to compare
the samples from both within this study and with other
high mountain streams. The sequenced samples (forward
reads only) were trimmed using Qiime2 (version 2019.4)
DADA2 plug-in at 200-sequence base to capture a quality
score ranging between 30 and 35; the quality of the reverse
reads was low enough that we omitted them from this
study (Callahan et al., 2016; Bolyen et al., 2019). DADA2
ASV tables were annotated using version 132 of the SILVA
database (Quast et al., 2013). Additional sequences used for
this research were accessed from the National Center for
Biotechnology Information’s Sequence Read Archive (NCBI
SRA). The sequences originated from two individual datasets
that describe microbial taxa collected in the summer of 2015
from: (1) snowmelt-fed alpine streams located within the Rocky
Mountains in Glacier National Park and Grand Teton National
Park (GenBank NCBI SRA BioProject PRJNA480048; Hotaling
et al., 2019); and (2) sediment-water-interface communities
from Meander A within East River, CO, located approximately
91.5 m downstream from our BOSS deployment (GenBank
NCBI SRA PRJNA515362; Saup et al., 2019). Sequences
were downloaded from NCBI database November 30, 2019
(Supplementary Table 1).

Statistical analyses were conducted using R vegan version
2.5-6 to obtain alpha Shannon and Simpson’s diversity metrics.
To explore beta diversity, R v3.6.0 “metaMDS” function was
used to create non-metric multidimensional scaling plots based

on Bray-Curtis dissimilarity. Significant differences between
samples were determined using permutational analysis of
variance (PERMANOVA), analysis of similarities (ANOSIM),
and similarity percentage (SIMPER) analysis was used to detect
potential drivers of variance on the community structure based
on ASVs (adonis, anosim, simper; vegan package v2.5-6).
Entropy analyses and initial oligotyping of select sequences
were conducted as described by Eren et al. (2013). Finally,
we used PICRUSt, an algorithm that uses microbial taxonomic
identification to predict microbial metabolic function, to identify
functional differences between samples (Langille et al., 2013).
These analyses are based on using Kyoto Encyclopedia of
Genes and Genomes (KEGG) annotations (Kanehisa and
Goto, 2000), and were visualized using STAMP (Parks et al.,
2014) and R v3.6.0.

RESULTS

Seasonal Solute Exchange Between the
Hyporheic Zone and Water Column
ER discharge and HOBO temperature values, corroborated with
station observations, reported peak spring melt flow during the
month of May and continued through mid-June, with initial
thaw occurring the first week of April (Figure 3A). The riverine
OsmoSamplers deployed to sample the HZ and SWI captured
an unexpected methane exchange between the subsurface and
surface after peak spring melt (Figure 3B). At the SWI, there was
a peak concentration of 52.4 µM methane during late September
after being relatively low (<2 µM) during the previous months.
Methane concentrations 4 cm within the HZ remained relatively
constant around 2.8 µM, with a slight increase to 10.2 µM
during April with an δ13C-CH4 value ranging from −56.4 to
−60.9 ± 0.2h. Conversely, 12 cm within the HZ experienced a
large increase in methane concentrations beginning in December
continuing to August, with a maximum concentration of 63.5
µM with an δ13C-CH4 value of −60.8 ± 0.2h in mid-June. All
12 cm samples measured for δ13C-CH4 values ranged from −55.1
to −60.8 ± 0.2h. The bubble sample contained ∼8% methane
with an δ13C-CH4 value of −54.2 ± 0.2h.

Sulfate concentrations within the hyporheic zone and water
column ranged from 30.5 to 658.8 µM, showing a collective sharp
decrease in May and subsequent build up from June to the end
of our sampling effort (Figure 3C). This trend is annually well-
defined with the ISCO data and was similarly captured by the
OsmoSamplers at the SWI into the HZ.

Stable water isotopes from the ISCO sampler and
OsmoSampler SWI and 4 cm remained steady around δ18O-H2O
values of ranging from −15.3 to −17.2h, trending toward lighter
isotopes beginning July 2018 (Figure 3D). OsmoSampler samples
from 12 cm within the HZ showed two major peaks of δ18O-H2O
values in December 2017 (−13.2h) and July 2018 (−12.5h),
while otherwise remaining steady around −16h. δ2H-H2O
values for ISCO and all OsmoSampler samples remained steady
around −121.1h, with only minor deviations toward an increase
in isotopic weight beginning July 2018 (Figure 3E).
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FIGURE 3 | Time-series data from ER OsmoSamplers and ISCO sampler. Gray shaded areas represent the time of year ER experienced ice cover. (A) Rosemary
and Williams (2019) reported discharge in cubic meters per second (cms) in dark blue bars for ER, near Crested Butte, CO. Precipitation increments shown in light
blue bars, from NRCS SNOTEL site 380. Water temperature data from HOBO anchored next to OsmoSamplers indicated by black data line. (B) Continuous,
integrated methane concentration measured by the OsmoSamplers. Label boxes indicate δ13C-CH4 values for individual CH4 measurements 12 cm into the HZ and
at the SWI. (C) Sulfate discrete (ISCO sampler) and continuous (OsmoSampler) solute concentration. δ18O-H2O (D) and δ2H-H2O (E) isotopes. Data from the ISCO
sampler are from the water column (blue circle). OsmoSampler samples from 12 cm (blue triangle) and 4 cm (green triangle) are from within the hyporheic zone;
samples from the sediment water interface are represented by orange diamond. Please note the difference in scales on the y-axes.

Autumnal and Winter Microbial
Communities in the Water Column
The BOSS captured a microbial community present in the
wintertime water column that resembles communities
identified by previous summertime studies in the same
or similar watershed systems. The microbial community
composition identified using the BOSS, discrete water

collected in ER, another ER study (Saup et al., 2019), and
other similar high-altitude sites (Hotaling et al., 2019) reveals
the most frequently occurring taxa are Gammaproteobacteria,
Bacteroidia, Oxyphotobacteria, Alphaproteobacteria, and
Deltaproteobacteria (Figure 4A). The most abundant taxa
present in the BOSS samples being Methanomicrobia and
Gammaproteobacteria which made up approximately 68 and
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FIGURE 4 | Relative abundance of 15 most abundant Bacterial and Archaeal Classes (A) and top ASV from each class (B) from BOSS deployed in the ER along
with other samples for comparison. Size of the circle represents relative abundance. Clements Creek (CC) and Lunch Creek (LC) are located in Glacier National Park
(Hotaling et al., 2019), South Fork Teton Creek (SFTC) and North Fork Teton Creek (NFTC) are located in Grand Teton National Park (Hotaling et al., 2019). Saup1
and Saup2 are located at the sediment water interface (SWI) of Meander-A in ER, Saup3, and Saup4 are from the SWI of Meander-B in ER, and Saup5 and Saup6
are from the SWI of Meander-C in ER (Saup et al., 2019). Discrete sample replicates from this study taken during deployment (D) and retrieval (R) of the BOSS.
(C) Non-metric multidimensional scaling (NMDS; NMDS stress = 0.081) based on Bray-Curtis dissimilarities between 16S rRNA gene sequences from BOSS
(Hotaling et al., 2019; Saup et al., 2019).

7.7% percent of the community, respectively. The top ASVs
from class Gammaproteobacteria matched most closely to
Rhizobacter, Pseudomonas, Burkholderiaceae, Polaromonas,
and Rhodoferax, while top ASVs from class Methanomicrobia
matched the Archaeon Methanolobus (Figure 4B). The majority
of these Gammaproteobacteria ASVs were identified in the
summertime samples (Hotaling et al., 2019; Saup et al., 2019),
while wintertime samples (BOSS, this study) hosted a higher
percentage of the ASVs identified as Methanomicrobia. Two
summertime samples from Saup et al. (2019) had trace relative
abundance (<0.02%) of the same ASVs of Methanomicrobia.
Additionally, ASVs identified as Escherichia/Shigella were
removed from all analyses given their high relative abundance
in negative controls. However, it should be noted that the same
ASV was identified in trace abundances in three samples from
Saup et al. (2019), and therefore may represent a native taxa.

Season was a key factor in differentiating the microbial
community present in the ER and while comparable samples
presented similar microbial community structures, dominant
taxa were still divergent between different data sets. Within
the ER data sets generated by this project (BOSS and
discrete samples), mid-summer samples were different from
those samples collected in winter (PERMANOVA, p = 0.006)
(Figure 4C). The main drivers of these differences were

Methanolobus, Chloroplast, Burkholderiaceae, Flavobacterium,
and Oxyphotobacteria identified as Synedra hyperborea (SIMPER
average dissimilarity = 0.88). Overall taxa that were abundant in
the summer (Hotaling et al., 2019; Saup et al., 2019 samples) were
less common in the winter (BOSS and discrete samples), however,
the overall ASV level community composition was not different
between all studies included.

Differences arise in regard to the relatively low diversity
and richness of the BOSS samples compared to the high
diversity and richness of the comparative systems. The BOSS-
collected and discretely sampled microbial community had
lower diversity than previously published samples from
similar rivers (ANOVA, p = 0.002, F-value = 12.5); Shannon
diversity of the BOSS was 1.57 (BOSS1) and 0.86 (BOSS2)
compared to mean values of 3.97 in Hotaling et al. (2019)
and 5.26 in Saup et al. (2019), a pattern likely driven by low
richness within the community sampled here (Supplementary
Figure 1). This pattern was mirrored in community evenness,
with Simpson’s evenness metrics within both BOSS samples
(BOSS1 = 0.59, BOSS2 = 0.46) and discrete samples
(average = 0.80) significantly lower than mean evenness
within Hotaling et al. (2019) and Saup et al. (2019), which were
0.92 and 0.97, respectively (ANOVA, p = 0.005, F-value = 10.4;
Supplementary Figure 2).
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To gain further insight into captured community diversity, we
assessed the predicted functionality of the riverine wintertime
microbial communities compared to the summertime. After
comparing the predicted Kegg Orthologies (KO) using SIMPER
to identify key differences, we found the dominant microbial
functions between our BOSS and discrete samples to be
similar (SIMPER average dissimilarity = 0.54). The most
abundant predicted biological functions are largely related to cell
replication and DNA repair and RNA transcription mechanisms,
most of which were constant across seasons (Table 1). Differences
between seasons arise in KOs related to denitrification, anaerobic
biosynthesis of unsaturated fatty acids, glucosamine biosynthesis,
assimilatory nitrate reduction, and chlorophyll synthesis, all of
which are increased in the summertime samples except for
glucosamine biosynthesis (Supplementary Figure 4). We found
several predicted KOs significantly increased in the wintertime
samples including methanogenesis, acetoclastic methanogenesis,
and degradation of amines, nucleosides, and carbohydrates
(Supplementary Figure 3). Thiamine metabolism, DNA repair,
and unsaturated fatty acids biosynthesis in addition to a diversity
of other metabolic processes are constant among all samples.

The predicted dominant functional processes related to
energy acquisition between BOSS and discrete wintertime
samples compared to summertime samples yielded derivations
of predicted gene counts (PERMANOVA, p = 0.082). These
differences in functionality were driven by predicted nitrogen
metabolic pathways and oxidative phosphorylation pathways

TABLE 1 | (A) PICRUSt SIMPER analysis of cellular processes. (B) PICRUSt
SIMPER analysis of overall metabolism and associated genes or gene clusters.

Abundance Contribution Cumulative

(%) (%)

(A) Overall metabolism

Winter vs. Summer

Transcription machinery 77928.1 0.007 0.013

Lipid metabolism 54403.7 0.005 0.022

Glutathione metabolism 42972.9 0.004 0.030

Transcription factors 39975.6 0.003 0.037

Lipid metabolism 30101.4 0.002 0.042

(B) Energy acquisition

Winter vs. Summer

Methane metabolism:
serA

24749.4 0.010 0.018

Nitrogen metabolism:
cynT

20236.9 0.009 0.034

Sulfur metabolism:
cysK

18078.6 0.008 0.048

Oxidative
phosphorylation: ndh
genes

14332.7 0.008 0.062

Sulfur metabolism:
cysE

18171.2 0.008 0.076

Abundance column represents the average predicted counts of Kegg orthologies,
contribution (%) represents average contribution to overall dissimilarity between
winter and summer samples, and cumulative (%) represents cumulative
contributions of each KO to total dissimilarity.

in summertime, while wintertime samples were dominated
by methane metabolism, followed closely by nitrogen
metabolism (Table 1).

DISCUSSION

Surface and Subsurface Geochemical
Transactions
The goal of our research was to understand the seasonal
variability and biogeochemistry of a high-altitude, snow-
dominated headwater basin during the wintertime to directly
address gaps in pre-existing datasets. We sought to determine the
degree to which wintertime elemental cycles vary and identify
seasonal deviations to inform our understanding of overall
ecosystem function. More specifically, we aimed to identify the
seasonal variability of methane biogeochemistry and sulfate and
chloride prevalence in inaccessible high-altitude watersheds, and
how microbial community and geochemical deviations from
spring to summer to fall conditions may alter our understanding
of these systems. Our hypothesis was that microbial community
structure and local biogeochemical processes will fluctuate from
the values pre- and post-wintertime months, while still reflecting
the geochemistry and microbiology of previously reported
community structures in other high-altitude systems.

The hyporheic zone (HZ) serves as a transitional environment
for vertical and horizontal solute transfer, representing the
ecotone of groundwater and surface water chemistry (Hou
et al., 2017). The East River (ER) watershed experiences distinct
seasonal shifts in biogeochemistry of the surface water, which
may be propagated by solute exchange between groundwater and
surface water processes (Danczak et al., 2016; Hubbard et al.,
2018; Saup et al., 2019). We captured a seasonal anomaly of
methane concentrations within ER, observed as two separate
peaks in mid-spring 12 cm within the HZ, and again at the SWI in
late summer. The continued increase in methane concentration
observed in mid-spring within the HZ correlates with peak flow
of spring runoff. Additionally, δ13C-CH4 values for the HZ were
all strongly biogenic in source. We hypothesize seasonal mid-
spring runoff and subsequent increase in discharge leads to
mixing within the HZ as the net fluid flow shifts to surface water
inundation of the HZ, vertically expanding hyporheic mixing
and impacting biogeochemical processes (Saup et al., 2019).
In spite of seasonal mixing, the continual buildup of methane
during spring melt through peak flow may represent shallow
(<10 cm) subsurface permeation from downwelling during high
and snowmelt-dominated discharge, and the retention of oxygen-
poor, organic matter-rich sediments. As peak discharge subsides,
there is most likely a greater influence of upwelling and the
vertical area of hyporheic mixing declines, causing a flush of HZ
solutes into the surface water, as described by Danczak et al.
(2016), and observed in this study as the shift of biogenic methane
concentrations from the HZ to the SWI during late-August.

These mechanistic and bidirectional mixing events host
dynamic biogeochemistry and increased rates of solute exchange,
compared to wintertime groundwater to surface water flow,
and are evidenced in methane accumulation or production
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(Boano et al., 2014). Given the presence of methanogens
identified using the BOSS samplers in the water column, and the
δ13C-CH4 values for the HZ for the prior year, it is likely that
at least part of the methane detected was from production at or
near the site. Substantial HZ methane production began prior to
peak discharge, possibly stimulated by solute flushing (Winnick
et al., 2017), yet quickly diminished, presumably as peak spring
melt inundated and oxygenated the HZ. We hypothesize that
a correlating increase in methane at the SWI occurs as peak
discharge subsides, and groundwater begins to flush through
the HZ displacing oxygenated surface water leading to methane
accumulation or creation of a niche capable of sustaining
methane production (Figure 5).

Here, we identified a previous unresolved subsurface-surface
transport phenomenon occurring during wintertime months,
providing valuable insight into fluvial processes. Methane
concentrations within the HZ exceeded 60 µM, which was much
greater than surface water within other mountainous systems
(e.g., temperate coniferous forested watersheds generally average
0.1 µM CH4; Stanley et al., 2016). During the increase in
methane concentration, there was a co-occurring depletion of
sulfate. The sudden decrease in sulfate concentrations are most
likely due to spring melt dilution, given the coinciding peak
of chloride concentrations. Pulses in chloride concentrations
in late April captured by the ISCO sampler may be indicative
of groundwater flow to the surface occurring during solute
flushing in the shallow subsurface just before peak river discharge
due to fluxes in concentration-discharge (C-Q) relationships
(Winnick et al., 2017). However, the pronounced peaks may
be indicative of an artifact as OsmoSamplers discharge sodium
chloride into the environment to generate the osmotic pull
(Supplementary Figure 4). Chloride specifically most likely
originates from chemical weathering reactions as snowmelt
moves through the shallow subsurface (Zhi et al., 2019) and shale
bedrock having elevated chloride concentrations in groundwater
(Williams et al., 2020b). While the decrease in sulfate may
have been due to dilution during increased spring flow, some
fraction of its removal may be tied to a more complex interaction
of the microbes present using sulfate as a terminal electron
acceptor tied to oxidation of organic carbon and/or anaerobic
oxidation of methane ANME-1, one of the groups capable of
the anaerobic oxidation of methane, were present within the
BOSS samples at low relative abundances (0.05%) (Takeuchi et al.,
2011). Additionally, we identified ASVs including Desulfogaleba
(0.51%) and Desulfosporosinus (0.069%) within two discrete
samples, both of which may contribute to the reduction of
sulfate (Pester et al., 2012). However, if fluid flow through
the HZ leads to the release of methane it may also flush a
subset of the microbial community from the sediment into the
water column. A more holistic analysis, including simultaneous
deployment of BOSS and geochemical OsmoSamplers during
spring thaw-out and peak melt, within the deep HZ as well
as sediment may further resolve how the HZ community
matches to local geochemistry. Nevertheless, we clearly showed
an active heretofore previously unappreciated methane cycle,
from biogeochemistry to microbial community composition,
within this well characterized watershed.

Stable water isotope analysis conducted previously by
Williams et al. (2020a) has developed a long-term record for
the ER watershed, from which extensive knowledge of seasonal
variation and source water contribution to stream flow has
been identified. Our addition of OsmoSampler stable water
isotopes to this record corroborates viability and usefulness of
autonomous sampling techniques, while providing novel insight
into HZ systems. Continuous sampling from the water column by
the OsmoSamplers yielded similar seasonal patterns previously
observed by Williams et al. (2020a). It is possible the fluctuations
of δ 18O observed in November and June represent groundwater
recharge events in response to precipitation events or springtime
snowmelt. However, the differences between surface water and
HZ reservoirs indicate a need for further research into the
spatial and temporal aspects of the exchange of these classic
conservative tracers.

Production of methane in fluvial systems is driven by
prolonged anoxic conditions, which may be scarce in fast-
flowing headwater streams. Approximately one third of all
global methane emissions are natural, yet emissions from natural
systems are increasing as the climate is warming (Nisbet et al.,
2014; Hamdan and Wickland, 2016; Rosentreter et al., 2021).
Unconstrained sources of methane are responsible for >5 ppb
yr−1 increases in the atmosphere, so the need to identify natural
and anthropogenic factors contributing to this rise in emissions
is urgent (Nisbet et al., 2019). Specifically in natural systems,
seasonal variations—particularly during the wintertime—may
contribute greatly to these methane emissions (Treat et al.,
2018). Studying methane in watersheds provides unique insight
into the local biogeochemistry, as methanogenesis is the
“energetic endpoint” of organic carbon degradation. A major
source of uncertainty in studying natural methane emissions
originates from wetland and inland water contributions (Saunois
et al., 2020). Methane production in these environments may
indicate an absence of other respiratory pathways or available
alternative electron acceptors. Fluvially-produced methane is a
significant contributor to atmospheric concentrations (DelSontro
et al., 2016) and our study suggests that a more complete
annual sampling, to include periods when samples are hard
to collect, will lend insight and better accountability for global
methane budgets.

Microbial Community Within East River
During Wintertime Isolation
By using the BOSS, we sampled the aquatic microbial community
residing at the SWI of ER over approximately two months
during late fall-early winter, 2017, and were able to show the
BOSS sampled microbial communities were similar to other
previously described high-altitude riverine communities, despite
the heterogeneity of these systems. While richness and evenness
were both low within the late fall-early winter BOSS samples
when compared to mid-summer samples, they were similar
to discrete samples taken during deployment and recovery. In
addition, the patterns in diversity of free-flowing microorganisms
in the water column samples were highly similar among two of
our discrete samples and the samples from Hotaling et al. (2019).
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FIGURE 5 | Conceptual model of biogeochemical processes within the ER study site.

What was also clear is that while visually (Figure 4C) there
was good agreement among some of the discrete samples
and the BOSS samples, one was quite different and two
clumped with summer samples, indicating heterogeneity in the
microbial community that was integrated by the BOSS sampler.
Samples from Saup et al. (2019) showed more evenness and
higher richness within communities, likely because of increased
summertime vertical mixing capable of stimulating a wide
range of aerobic microbial respiration. Discrete sampling efforts
mirrored the BOSS samples while also exhibiting a clumped
distribution in the water column, leading to variation in the
relative abundance of total taxa present in each sample between
replicates. Applications of BOSS (sensu Robidart et al., 2013)
are few and yet can provide novel insight into seasonality, for
example methanogenesis in their particular study region.

Key differences in taxa and associated predicted functionality
hinges mainly around the ASVs Methanolobus, Chloroplast,
Burkholderiaceae, Flavobacterium, and Oxyphotobacteria
identified as Synedra hyperborea as identified by using SIMPER.
These ASVs most likely drive variations in predicted functionality
in the BOSS samples toward anaerobic metabolisms including
methanogenesis, indicated by the presence of Methanolobus,
during wintertime ice cover. Many taxa show shifted in relative
abundance between seasons; Flavobacteria, Chloroplast, and
Rhizobacteria ASVs all decreased in wintertime compared to
summertime samples, most likely due to their relationships
with actively growing macrophytes in the summer months
(Kolton et al., 2013; Srivastava et al., 2017). While Chloroplasts
are frequently removed from 16S rRNA gene analysis, their
decrease in winter mirrors a transition from photosynthetic to
heterotrophic metabolisms during winter when ice and snow
preclude photosynthesis. This observation is supported by the
major increase in the Oxyphotobacteria identified as Synedra

hyperborea within the summer time samples, citing a possible
shift to autotrophy from wintertime heterotrophy (Cornet
et al., 2018) Methanolobus is the only Archaeon with high
relative abundance and was apparent in the wintertime samples.
Methanolobus spp. are methanogens capable of participating in
Fe (III) and humic acid reduction and may actively contribute
to a seasonal spike in methane concentrations (Bond and
Lovley, 2002; Laskar et al., 2018). The BOSS continuous samples
captured a large relative increase in the Methanolobus ASV,
while the deployment and retrieval discrete samples showcase
a more clumped and variable distribution in water column
taxa. It is important to note that Methanolobus was present
in both our discrete and BOSS sampling approaches. The
seasonal relationship to taxa abundance may be representative of
geochemical changes within the water column, where we would
expect low alpha diversity in the wintertime due to decreased
concentrations of organic matter and more prevalent anoxic
conditions (Böckelmann et al., 2000).

Conversely, we identified that certain taxa remained in the
community across summertime and wintertime. Two of these,
Pseudomonas and Polaromonas, are globally distributed and
found primarily in polar or high-elevation freshwater ecosystems
(Darcy et al., 2011; Silby et al., 2011; Michaud et al., 2012).
Rhodoferax represents a metabolically diverse group of organisms
most well-known for iron reduction, specifically within high
altitude systems experiencing ice cover (Hullar et al., 2006; Risso
et al., 2009; Cruaud et al., 2020). These taxa were ubiquitous in
the samples from this watershed.

Riverine and HZ microbial communities play a key role in
biogeochemical cycling as they are capable of altering organic
carbon and solutes as they travel through the watershed, linking
terrestrial carbon inputs and aquatic biogeochemistry (Vannote
et al., 1980; Naegeli and Uehlinger, 1997; Graham et al., 2017).
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Seasonality of high-altitude systems alters exchange between
the surface and subsurface, subsequently driving the structure
of collective metabolism of the microbial community in the
water column and the hyporheic zone (Ågren et al., 2007).
Through analysis of the functional capabilities of the microbial
community, a more complete understanding of the geochemical
and biological dynamics was possible during winter (Langille
et al., 2013; Sun et al., 2020). Decreased rates of river
discharge and increased ice cover, both of which result in
variations in electron acceptor availability would contribute to
the biogenic production of methane, leading to the buildup
observed in the HZ. Predicted KOs revealed season-related
shifts in relative abundance, similar to the shifts observed
in the taxa prevalence. Most notably, the wintertime samples
had KOs indicating decreased prevalence of carbohydrate
substrates and increased competition between microorganisms.
KOs representing methanogenesis and corresponding predicted
gene counts were identified across the wintertime samples,
most prevalent in the BOSS samples. This correlated with
the significant increase in abundance of Methanolobus, and
in the previous year, the buildup of methane captured by
the OsmoSamplers. Alternatively, the summertime samples had
KOs that were less abundant than in the wintertime; thiamine
biosynthesis and DNA repair were present across both seasons yet
were heightened in the summer months. This supports that while
cell growth and division and essential vitamin production persist
year-round, activity may increase in the summer. Our findings
work to strengthen our knowledge of wintertime biogeochemical
relationships and can lead to a more complete description of
cryptic processes that ultimately will inform and improve the
reactive transport models that simulate these systems.

Future Wintertime Applications and
Modeling Potential
The unexpected transient release of methane in the East River
system that we detected by collecting samples through an entire
year adds key information related to seasonally dynamic carbon
cycling in this high-altitude location. Consistent with such
observations obtained in other inhospitable locations, our work
provides evidence of biogeochemical processes that are ongoing
during periods when access is highly constrained (Martens et al.,
2016; Lapham et al., 2017). Multi-component reaction transport
modeling (RTM) of watershed systems are one approach that
expands our knowledge of complex systems, and if such efforts
are parameterized by sampling approaches such as employed
here, it will be increasingly possible to understand how local,
regional, and global carbon cycles will change over time (Li
et al., 2017). Critical to this is including both water chemistry
and microbiological measurements during the time periods that
represent knowledge gaps so we can begin to identify regular
patterns in watershed biogeochemistry.

CONCLUSION

Hyporheic zones may serve as a biogeochemical “reservoir” in
times of low flow or nutrient unavailability during dry seasons

and potentially wintertime conditions (Harjung et al., 2019).
Solutes transported between the surface and subsurface along
groundwater flow paths undergo numerous transformations
that add to the complexity of the watershed system (Küsel
et al., 2016). Understanding the dynamics of the hyporheic
zone microbial communities and responses to seasonality sheds
light on the surface dynamics, as the hyporheic chemistry has
the capacity to control metabolic rates in the water column
(Stern et al., 2017).

We hypothesized that OsmoSamplers will provide a way to
address how key elemental cycles and microbial communities
vary in temporally inaccessible high-altitude watersheds. We
addressed biogeochemical variations during periods of system
inaccessibility in the wintertime, by identifying fluctuations in
methane production between the SWI and HZ. Additionally,
we obtained insight into how previous discrete measurements
of sulfate and chloride within the HZ relate to what we
captured through continuous sampling. Finally, we captured
a realistic microbial community within the water column
during the wintertime using the Biological OsmoSampler
System. Despite being independent datasets, this research
has begun to define how to address key data gaps in our
understanding of watershed biogeochemistry during periods
of inaccessibility. Future implementation of geochemical and
biological OsmoSamplers within riverine and groundwater
systems over prolonged periods of time provide the opportunity
to gain insight on hidden transfer processes between surface and
subsurface systems.
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