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• A better understanding of methane and
nitrous oxide emissions from rivers is
needed.

• Porewater concentrations and fluxes
weremeasured at three different hydro-
logical stages.

• We used co-located peepers and static
chambers at a beach transect in three el-
evations.

• River stage forced different gas dynam-
ics in vertical and horizontal planes.

• Small-scale hydro-biogeochemical ex-
changes are crucial for better
predictions.
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Greenhouse gas (GHG) emissions from rivers are a critical missing component of current global GHG models.
Their exclusion is mainly due to a lack of in-situ measurements and a poor understanding of the spatiotemporal
dynamics of GHG production and emissions, which prevents optimal model parametrization. We combined si-
multaneous observations of porewater concentrations along different beach positions and depths, and surface
fluxes ofmethane and nitrous oxide at a plot scale in a large regulated river during threewater stages: rising, fall-
ing, and low. Our goal was to gain insights into the interactions between hydrological exchanges and GHG emis-
sions and elucidate possible hypotheses that could guide future research on themechanisms of GHG production,
consumption, and transport in the hyporheic zone (HZ). Results indicate that the site functioned as a net source
of methane. Surface fluxes of methane during river water stages at three beach positions (shallow, intermediate
and deep) correlated with porewater concentrations of methane. However, fluxes were significantly higher in
the intermediate position during the low water stage, suggesting that low residence time increased methane
emissions. Vertical profiles of methane peaked at different depths, indicating an influence of the magnitude
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and direction of the hyporheic mixing during the different river water stages on methane production and con-
sumption. The site acted as either a sink or a source of nitrous oxide depending on the elevation of thewater col-
umn. Nitrous oxide porewater concentrations peaked at the upper layers of the sediment throughout the
different water stages. River hydrological stages significantly influenced porewater concentrations and fluxes
of GHG, probably by influencing heterotrophic respiration (production and consumption processes) and trans-
port to and from the HZ. Our results highlight the importance of including dynamic hydrological exchanges
when studying and modeling GHG production and consumption in the HZ of large rivers.

© 2020 Published by Elsevier B.V.
1. Introduction

Rivers and streams cover a relatively small area of the planet's ter-
restrial phase (0.47%). Nonetheless, they play a pivotal role in green-
house gas (GHG) emissions (Raymond et al., 2013). It is estimated
that they emit annually 6.6 Pg of carbon dioxide (CO2) (Raymond
et al., 2013), 26.8 Tg of methane (CH4) (Stanley et al., 2016) and 1.1
Tg of nitrous oxide (N2O) (Beaulieu et al., 2011). In other words, this
is the equivalent to ~12% of CO2 emissions from fossil fuels and industry
(Jackson et al., 2017), and ~5% and ~10% of global methane and N2O
emissions, respectively (Beaulieu et al., 2011; Saunois et al., 2016).
The disproportionate contributions from rivers to GHG budgets have
challenged the early assumption of rivers as “passive” or “neutral”
pipes in global and regional GHG budgets (Cole et al., 2007;
Aufdenkampe et al., 2011), placing them as active hotspots for GHG
exchange.

Whereas the biogeochemical processes that lead to CO2 emissions
from rivers have traditionally received more attention (Raymond
et al., 2013; Hotchkiss et al., 2015) and are relatively better represented
in currentmodels (e.g., E3SM, Golaz et al., 2019), the processes that lead
to methane and N2O emissions remain poorly constrained in space and
time (Bridgham et al., 2013; Quick et al., 2019). Methane andN2O emis-
sions are low compared with those of CO2, yet on an equal mass basis,
they have 45 and 270 times the potential of CO2 to warm the atmo-
sphere over a 100-year horizon, respectively (Neubauer and
Megonigal, 2015). Most of the biogeochemical activity that leads to
methane and N2O production and consequent emission in rivers occurs
within the hyporheic zone (HZ), a transition zone in the saturated sed-
iments adjacent to the streamflow where surface water and subsurface
waters are permanently mixing (McClain et al., 2003; Krause et al.,
2011). The mixing of downwelling oxidized surface water, and upwell-
ing of reduced subsurface water provides a unique environment of en-
hanced nutrient and light availability, gradients of temperature and
redox potentials, pH, organic matter content, and microbial numbers
and activity (Woessner, 2017). This environment represent biogeo-
chemical hotspots for microbial activity where aerobic and anaerobic
microbial metabolisms co-occur (Boulton et al., 1998). In general, the
HZ is a net source of methane and N2O (Reeder et al., 2018).

Hydrologic exchange strongly affects the flow of organic dissolved
carbon, an essential microbial substrate for GHG production processes,
as well as the transport of GHG themselves. Methane can be produced
in the anaerobic environment within the HZ from CO2 and H2 or acetate
during the degradation of organic matter (Lyu et al., 2018). Methane
may also be transported from the surrounding upland areas dissolved
in groundwater (Jones andMulholland, 1998). Once in the HZ,methane
can be oxidized and transformed back into CO2 with sufficient electron
acceptors, particularly oxygen, by methanotrophic microorganisms
(Chistoserdova et al., 2009). The remaining portion of methane that is
not oxidized can be emitted via diffusion, ebullition, or plant-
mediated transport (Bridgham et al., 2013).

N2O production in the HZ is mainly the result of four distinct pro-
cesses: (1) denitrification or reduction of nitrate or nitrite to dinitrogen
with nitrous oxide as an intermediate, (2) by-products of oxidation of
ammonia to nitrate or nitrite, (3) dissimilatory reduction of nitrate to
ammonia, and (4) chemo-denitrification involving the abiotic reaction
of nitrite with iron(II) (Quick et al., 2019), of which denitrification is
thought as the main production pathway in lotic systems (Baulch
et al., 2011a; Beaulieu et al., 2011). N2O transport from the HZ to the at-
mosphere occurs primarily via diffusion (Baulch et al., 2011a).

A better understanding of the dynamics and interactions of different
processes throughout theHZ is needed in order to resolve the role of riv-
ers in global GHG emissions correctly. There is a need for an improved
mechanistic understanding of the biogeochemical processes involved
in the production, consumption, and transformation of carbon and ni-
trogen species leading to riverine GHG emissions. However, river sys-
tems are spatially complex and temporally dynamic, making
predictions of GHG emissions, especially challenging. The lack of obser-
vations for evaluating specific parameters that describe each process
often leads to simplistic representation in models, and consequently,
high sensitivity and uncertainty in the model results. The inclusion of
sub-models that can resolve transient hydrological exchanges in land-
surface models is paramount to more robustly represent biogeochemi-
cal processes in the terrestrial-aquatic interphases (Buchkowski et al.,
2017; Graham et al., 2019). With very few exceptions (e.g., Rulík et al.,
2000; Bednařík et al., 2015; Comer-Warner et al., 2018), field studies
of GHG fluxes in rivers rarely address small-scale spatial variability
across the bank, and temporal variation in relation to the hydrological
dynamics between the groundwater and river. In addition, very few
have considered simultaneously methane and N2O and how they may
be linked at the site scale.

Here we present results from methane and N2O porewater concen-
trations and chamber flux measurements conducted at different river
stages at a plot of the Columbia River, a large regulated river. Our goal
was to assess the spatio-temporal variability in porewater concentra-
tions and surface fluxes. We further utilize the results to identify the re-
lationships between HZ hydrological processes and the sources or sinks
of methane and N2O.
2. Methods

2.1. Study site and sampling approach

This study was conducted in the experimental ‘Genome to Green-
house Gas (3G) observatory’ at the Columbia River on the Hanford
Reach (Hanford 300 Area),Washington State, USA (Fig. 1). The observa-
tory consists of an array of 3 triplicate porewater samplers (peepers) de-
ployed at a sandy beach on bank-to-river transects (6 m long) along a
microtopographic gradient representing three nominal beach positions:
shallow, intermediate and deep (Fig. 1B). The sampling array encom-
passes a small, 11 m-long plot. The plot is located in a small cove that
isolates the site from the flow influences of themain river channel. Con-
current measurements of methane, CO2 and N2O porewater concentra-
tions and surface fluxes of methane and N2O were conducted during
three distinct river stages representing the main phases of a typical hy-
drological year at the study site, ~80 km downstream of the Priest
Rapids Dam at the Hanford Reach. We sampled on three occasions be-
tween 25th April and 25th August in 2018 consisting of (1) a rising
water stage during spring snowmelt, (2) a falling water stage during
summer after the annual peak in early June, and (3) a highly regulated



Fig. 1. Experimental design. (A) Peeper array at the 3G observatory and river and groundwater monitoring at the 300 Area, Hanford reach, Washington State. (B) Diagram depicting the
general sampling design and (C) the conventions used throughout themanuscript. The transect marked in red in (A) denotes the transect where sediment temperatures were measured.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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lowwater stage starting late in the summer that typically extends to the
onset of the next spring snowmelt.

2.2. River levels and hydraulic gradient

River water and groundwater levels were recorded using pressure
transducers. We conducted river water measurements at the 3G obser-
vatory during August 2018 (5 min resolution) and river water and
groundwater measurements in a transect perpendicular to the river,
410 m downstream of the 3G observatory during 2018 (15 min resolu-
tion) (Fig. 1A).Wegenerated a time series for the 3Gobservatory during
2018 using water levels from the point of measurement downstream
(r2 = 0.99, p b 0,001, 27 days in August), and a known discrete level
at the 3G site. We used as a zero-reference location for the water level
the sediment surface of the shallow position (Fig. 1C).

To determine the strength of groundwater flow toward the river, we
calculated the hydraulic gradient (HG, mm−1) between the river water
and groundwater-well level as:

HG ¼ Δh L−1 ð1Þ

where Δh is the head difference between the river water level (m) and
the groundwater level of the well (m) at a given time, and L is the dis-
tance between their two points of measurement (114 m). Sediment
temperatures (at 10 cm sediment depth) were measured at each posi-
tion along one transect during the study period using thermistors
(marked in red in Fig. 1A).

2.3. Porewater sampling and processing

Vertical profiles of methane, N2O, and CO2 concentration of sedi-
ment porewater were determined at each gradient's position using
the peepers described byMacDonald et al. (2013). The peepers allowed
for non-destructive consecutive sampling of the sediment profile at the
same depth and beach positions. The peepers feature 20 stacked cells
(61.4ml) at a 2.8 cmvertical resolution. Each cell has 22.5 cm2windows
covered with a 0.22-μm pore size polyethersulfon membrane that al-
lows water inside the cell to equilibrate with dissolved gas concentra-
tions in the sediments. Cells were fitted with two sampling ports
consisting of plastic tubing that allowed water extraction and refill.
We used standard 4-in. PCV conduit anchored to the river sediments
above the peeper location with rebar to house the peeper tubing,
allowing for easy sampling even when water levels were high, and
marking the peeper location. Peepers were deployed two months be-
fore our first sampling to ensure equilibration, which usually could
take between 4 days and up to three weeks (MacDonald et al., 2013).

We sampled ten cells, starting at the top cell (at zero sediment
depth) and every other after that, until reaching the bottom-most cell
at 50-cm sediment depth. The sampling consisted of extracting 10-ml
of water from the cells through one of the cell tubings while keeping
the other connected to a container filled with N2 to avoid oxygen intru-
sion that could disturb the anaerobic environment within and around
the cells. After the extraction, the cell was refilled with deionized
water degassed with N2. Samples were placed in 10-ml containers
pre-acidified with 0.2 ml HCl 2 M to ensure pH levels below 2.0,
which prevent the post-sampling biological transformation of the
gases dissolved in the sample. Then, samples were refrigerated and
transported to the laboratory for further processing.
2.4. Porewater concentrations

Gas concentrations in porewater were determined using the gas
chromatograph headspace equilibration technique described by
(Kampbell et al., 1989). We used a 5-ml subsample of each vial to
equilibrate with a 15-ml N2 headspace. Upon equilibration, we
injected 10 ml of headspace into 10-ml pre-evacuated vials and ana-
lyzed them in a gas chromatograph equipped with a flame ionization
detector fitted with a 1.8 Poropack Q column and an electron capture
Ni-63 detector (Shimadzu GC-2014, Shimadzu Scientific Instru-
ments, Kyoto, Japan). Helium (25 ml min−1) was used as the carrier
gas for methane and CO2 analysis and ultra-pure N2 (10 ml min−1)
was used as the carrier gas for N2O analysis. We included methane,
CO2, and N2O check standards every 20 samples to ensure that the
chromatograph maintained the calibration throughout the analysis.
If the deviation between the measured value and the value of the
check standard was N10%, we recalibrated the chromatograph and
re-ran the samples.
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Molar concentrations of methane, CO2, and N2O (Cmolar_pore) were
calculated from the measured gas concentrations as:

Cmolar pore ¼
pi
RT

Vhþ
pi
Hcp Vl

Vl
ð2Þ

where pi is the partial pressure of methane, CO2 or N2O, R is the univer-
sal gas constant (m3 Pamol−1 K−1), T is the room temperature (K), Vh is
the volume of the headspace (ml),Hcp is Henry's volatility constant (m3

Pamol−1) formethane, CO2, andN2O, respectively, and Vl the volume of
the liquid subsample used to create the headspace (ml).

2.5. Surface flux measurements

Flux measurements were conducted using non-steady-state cham-
bers. At each sampling,we conducted triplicate chambermeasurements
at the water surface right above the peepers when they were sub-
merged or around it when the water table was below the sediments,
and the peepers were surfacing. We used transparent polypropylene
dome-shaped chambers (7.3 × 10−2m2 surface area, 7.7 × 10−3m3 vol-
ume), equipped with a digital thermometer to record inner tempera-
tures and a 12v fan to mix air within the chamber and polyethylene
foam in the bottom rim for flotation. For methane flux measurements,
we used a single chamber connected to a cavity ring-down spectroscopy
methane analyzer (Gas Scouter G4301, Picarro, Santa Clara, CA) that
recirculated the air at a rate of 1 l min−1. The analyzer recorded meth-
ane concentrations in the chamber at a 1-Hz frequency. Each chamber
deployment lasted for 3 min, and measurements were consecutive at
each peeper location.

For N2O flux measurements, the chambers included a 30-cm long,
1.6 mm ID tube for pressure relief and a gray butyl rubber stopper as a
sampling port as well. At each sampling, we deployed three chambers
simultaneously for 24-minute periods at each peeper location. Six 10-
ml sampleswere collected at 4-min frequency during each deployment,
placed in pre-evacuated vials and transported for chromatography anal-
ysis in the laboratory. The concentrations of the gas samples were ana-
lyzed in the same chromatograph, and under the same quality control
used to measure N2O concentrations in porewater.

Methane and N2O chambers positioning during sampling followed
an equilateral triangular arrangement with two chambers positioned
parallel to the shore. For methane sampling, we ensured the position
of the single manually during the sampling period. For the N2O sam-
pling, we attached the cambers with polyethylene foam and then the
chamber array was anchored above the peeper location by surrounding
the PVC conduit used to house the peeper tubbing.

2.6. Surface flux calculations

For each methane chamber measurement, we fitted a 2 min, 1-Hz
time series of methane concentrations, CHM (μmol mol −1), to the non-
linear Hutchinson and Moiser one-dimension diffusion model
(Hutchinson and Mosier, 1981; Kutzbach et al., 2007; Pedersen et al.,
2010):

CHM ¼ Cs þ C0−Csð Þ e−kt ð3Þ

where C0 is the pre-deployment concentration of methane
(μmol mol−1), Cs is the constant source or sink concentration
(μmol mol−1), and k is a curve shape parameter (h−1). C0, Cs, and k
are parameters determined by fitting the observed gas concentrations
in the chamber over time, t (h). We then calculated the flux of methane
(F_CH4, μmol m−2 h−1) at the water or sediment surface as:

F CH4 ¼ k C0−Csð Þ P V
R T A

ð4Þ
where P (Pa) is the atmospheric pressure, measured with a digital ba-
rometer at the site; V the volume of the chamber (m3), R the universal
gas constant (m3 Pa mol−1 K−1), T the temperature inside the chamber
(K), and A the surface area of the chamber (m2).

For N2O chamber measurements, we calculated the molar concen-
trations of N2O (Cmolar_Ch, μmol m−3), in each sample using a modified
gas law, following the procedure described by (Holland et al., 1999):

Cmolar Ch ¼ Cv P
R T

ð5Þ

where Cv is the concentration (nmol mol−1) of N2O in the sample, P is
atmospheric pressure (Pa), R is the universal gas constant (m3 Pa
mol−1 K−1), and T is the air temperature (K) of the chamber. Then,
the accumulation rate, Crate (nmol m−3 h−1), was determined using
the slope of the linear regression fitted to the time points (t,
h) collected for each chamber after rejecting outliers in the regressions
following the procedure described by (Rey-Sanchez et al., 2018):

Cmolar Ch tð Þ ¼ Cmolar Ch 0ð Þ þ Crate � t ð6Þ

and with the Crate, we calculated the flux rate (F_N2O, nmol m−2 h−1)
as:

F N2O ¼ V Crate

A
ð7Þ

where V is the volume of the chamber (m3), and A the area of thewater/
sediment surface covered by the chamber (m2).

We used the coefficient of determination (r2) of the fit between
the model (linear in the case of N2O or non-linear in the case of
CH4) and concentration observations in the chamber and a quality
control criterion. Flux measurements with r2 b 0.8 were considered
of poor quality and were discarded from our analyses to avoid
error. Out of the 81 flux measurements for methane and N2O, 28
for methane and 29 for N2O, were discarded due to this criterion of
poor observation quality.

2.7. Methane conductance and conductivity

Weused the following general expression to solve for the bulk trans-
fer velocity of methane, or methane conductance (K), at the different
beach positions and river water stages assuming that methane is not
being produced in the water column:

F CH4d ¼ K Csed−Cair P Hcp� �
; for FN0 ð8Þ

where F_CH4d is methane the fluxmeasured at each flux chamber but in
units of μmol m−2 d−1 to correspond with the unit convention of con-
ductance. Csed (μmol m−3) is the concentration of methane in the sedi-
ments porewater at a given depth and Cair (μmol m−3) is the aqueous
equivalent of the concentration of methane in the air, calculated as the
product of the initial concentration in the chamber (μmol mol−1), P
the atmospheric pressure at the moment of sampling (Pa), and Hcp the
Henry's solubility constant for methane (mol Pa−1 m−3). The initial
concentration in the chamber, representing the concentration before
enclosure, was calculated as the average of the first five measurements
of each chamber run.

We assume that the overall conductance, K, is the combined re-
sult of two transport processes – Kw, the conductance to methane
transport in the water from the soil surface to the air, and Ks, the con-
ductance for methane diffusion/transport in the soil from the peak
concentration depth to the soil surface. Adding the resistance to
methane flux in a sequential process, we obtain the term for the
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combined conductance K:

K ¼ Kw Ks

Kw þ Ks
ð9Þ

We followed the approach by Bastviken et al. (2004) to indepen-
dently determine the conductance to methane in the water column
Kw for each flux chamber, by solving the equation:

F CH4 ¼ Kw Css−Cairð Þ ð10Þ

where Css (μmol m−3) is the concentration of methane at the surface of
the sediments assumed as the concentration in the first peeper cell.

Substituting Eq. (9) into Eq. (8), and using the porewater concentra-
tion at the depth of peak concentration in the soil, Cps we obtain an
equation for Ks:

F CH4d ¼ Kw Ks

Kw þ Ks
Cps−Cair
� � ð11Þ

Eq. (11) can be solved using the value we obtained for Kw, from
Eq. (10).

Then we calculated the conductivity (i.e., conductance per unit
length) to methane transport/diffusion in the soil (ks) as:

ks ¼ Ks

Dp
ð12Þ

whereDp (m) is thedepth atwhich concentration peaks in the sediment
profile.
Fig. 2.Hydrological conditions during the study period (4/24 to 8/252018). (A) River water leve
different colors). (B–D) River water levels (dark blue) and hydraulic gradient (light blue) du
horizontal dashed line indicates the reference elevation (sediment surface at the shallow p
horizontal line represent water above the sediment surface. Hydraulic gradients above that
upwelling. At each river stage sampling, we sampled peepers first (2 days), then methane (few
by vertical gray bars (which are labeled in (B) for clarification). (For interpretation of the refere
2.8. Data analysis

We processed data, fit models for flux calculations, and conducted
regression tests of porewater concentrations using MATLAB ® 2018b.
We used JMP Pro 14.0.0 for all other statistical tests. All the statistical
tests were conducted at a 0.05 significance level.

We used Spearman rank correlation to infer the significance of the
relationship between average porewater concentrations in the sedi-
ment profile and fluxes. We tested the significance of the difference of
fluxes and porewater concentrations between water stages for each
beach position using paired nonparametric comparisons with the
Wilcoxon method. For testing the significance of the differences of
water and sediment conductance and sediment conductivity between
water stages and within beach positions, we used an ordinal logistic
model with the conductances or the conductivity as the response vari-
able, position as a fixed effect and water stage nested by position.

2.9. Data availability

All porewater concentrations and fluxes data will be made available
through ESS-DiVE (https://ess-dive.lbl.gov/, https://doi.org/10.15485/
1595105). Additional ancillary data for the Hanford site is available
through the Phoenix – PNNL Environmental Information Exchange
(https://www.hanford.gov/page.cfm/PHOENIX).

3. Results and discussion

3.1. Water level and sediment temperature

The water level at the shallow bank position was low (near the sed-
iment surface) during the first part of the year until April when water
levels started rising after the spring thaw (Fig. 2A). The maximum
water levels (N 3 m above the reference elevation, set at the shallow
ls (dark blue), sediment temperature (red lines), and sampling periods (vertical bars with
ring each river stage sampling, including the five preceding days of each sampling. The
osition – left axis) and the zero hydraulic gradient (right axis). Water levels above the
line represent river dowelling, whereas values below the line represent groundwater
hours during the next day) and N2O (few hours during the following day), as indicated

nces to color in this figure legend, the reader is referred to the web version of this article.)

https://ess-dive.lbl.gov/
https://doi.org/10.15485/1595105
https://doi.org/10.15485/1595105
https://www.hanford.gov/page.cfm/PHOENIX


0

200

400

600

800

1000

C
H

4

Raising water stage
Falling water stage
Low water stage

Shallow Intermediate Deep

0

10

20

30

C
H

4
-2

 h
-1

]

B

b

b

b

b

a aa

a a a a

c

c

b

b
b

b b

A

Porewater

Surface flux
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considered an outlier. Letters represent statistical differences calculated with non-
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Table 1
Meanwater levels (m) / sediment tempreature (°C) at 10-cm depth along three beach po-
sitions at the Columbia River during samplings of porewater concentrations and fluxes of
methane (CH4) and N2O under three different river water stages. 'NA' indicates that data
was not measured during that specific sampling.

Sampling Position

Shallow Intermediate Deep

Rising water stage (porewater & fluxes) 0.46 / NA 1.00 / NA 1.44 / NA
CH4 fluxes 0.50 / NA 1.04 / NA 1.48 / NA
N2O fluxes 0.61 / NA 1.15 / NA 1.60 / NA
Falling water stage (porewater & fluxes) 0.78 / 17.5 1.32 / 17.5 1.76 / 17.4
CH4 fluxes 0.83 / 17.4 1.37 / 17.4 1.82 / 17.2
N2O fluxes 0.50 / 17.4 1.04 / 17.3 1.49 / 17.2
Low water stage (porewater & fluxes) −0.28 / 20.9 0.26 / 21.0 0.70 / 20.1
CH4 fluxes 0.83 / 22.4 1.37 / 21.0 1.82 / 20.1
N2O fluxes −0.81 / 17.4 −0.27 / 17.3 0.18 / 17.2

6 J.A. Villa et al. / Science of the Total Environment 715 (2020) 136920
peeper position) were observed in mid-May and were followed by a
steadily falling water stage until the beginning of July and remained
low during the rest of the year. A brief rising limb in the second half of
Junewas driven by damwater release during the falling stage and coin-
cidedwith themomentwe conducted our sampling.Water levels below
the reference elevation were observed during the low stages before the
rising stage and after the falling stage. The water level during the low
water stage was more variable than during previous stages. The opera-
tion of the dam upstream can cause up to 0.5 m variations in water
levels within a daily period (Zhou et al., 2018).

Positive hydraulic gradients (downwelling) occurred through the
hydrological year, including the time during the rising and falling
water stages (Fig. 2B, C). However, reversals to the negative hydraulic
gradient (upwelling) were frequent during the low water stage. Hy-
draulic gradient reversal represents groundwater upwelling or mo-
ments when the river receives water from the aquifer. Reversals were
also frequent on the days preceding the low water stage sampling
(Fig. 2D).

Sediment temperature increased throughout the sampling period. In
general, mean positions' temperatures had a 10 °C increase between the
beginning of the study during the rising water stage in April and the
study end in August (Fig. 2, Table 1). Temperatures were similar
throughout the different beach positions during the rising and falling
stages but differed and were more variable at the low water stage
when the water level dropped below the soil surface at the reference
level.

3.2. Methane porewater concentration and fluxes respond similarly to river
stage variation

Methane flux to the atmosphere is the result of a balance between
methane production and consumption and is influenced by the relative
importance of the transport pathways, including diffusion, bubbling,
and plant transport (Bridgham et al., 2013). At our site, we regard diffu-
sion as the main transport pathway. We did not observe evidence of
bubbling in our peeper chamber measurements (i.e., sudden spikes in
methane concentration in the time series during chamber deploy-
ments). We also neglected the influence of plant transport because
macrophyte vegetationwas not present near the sampling locations, al-
though a negligible fraction could have been transported from the shal-
low bank position through the vascular system of some shrubs present
on the riverbank. Methane porewater concentrations and fluxes at the
3G sitewere negligible during the risingwater stagewhen the sediment
temperatures were low (~10 °C, Fig. 3A), which is not surprising given
the high sensitivity of methane production to temperature (Yvon-
Durocher et al., 2014). Methane flux was low at the shallow position
during the low water stage as well, when the water level was below
the sediment surface (Table 1). Despite relatively higher concentrations
in the sediment profile (Fig. 3B), the water level dropdown during the
low water stage may have resulted in unsaturated or oxygenated sedi-
ments and as a result, a predominantly aerobic environment that
would have increased methane oxidation above the water table in the
sediment column (Segers, 1998). Indeed, the porewater concentration
profile at the shallow position during the low water stage showed
very low concentrations throughout the sediment above the water
table (Fig. 4), consistent with increased methane oxidation coupled to
aerobic respiration (Conrad and Rothfuss, 1991) or low methane pro-
duction due to thermodynamic exclusion (Bethke et al., 2011).

Both methane production and consumption can co-occur in sedi-
ments (Le Mer and Roger, 2001) since methanogenic and
methanotrophic bacteria can be correlated in terms of population in
sediments subject to flooding (Joulian et al., 1997) and the ratio be-
tween methanogens to methanotrophs is correlated to methane trans-
fer velocity (Rey-Sanchez et al., 2019). Bednařík et al. (2015)
demonstrated that benthic methane fluxes are correlated with
porewater concentrations, suggesting that differences between
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porewater concentrations and surface methane fluxes might be due to
the activity of methane-oxidizing bacteria in the upper sediment layers
(Oremland and Culbertson, 1992) or the water column (Matoušů et al.,
2017). Althoughwe did not systematicallymeasure dissolved oxygen in
the sediment-water interface and the water column during our sam-
plings, we conducted a series of surveys for dissolved oxygen levels be-
fore sampling. These indicated that both the water column and the
porewater at the water-sediment interface were consistently supersat-
urated, offering optimal conditions for biological methane oxidation. In
deeper systems, such as estuaries and reservoirs, methane fluxes are
greater at low water levels because of reduced storage turnover times,
which is the timemethane remains in thewater column after beingpro-
duced in the sediments (Valentine et al., 2001; Zhu et al., 2010; Lei et al.,
2019). Lessened turnover times, reduce the time for potential oxidation
while methane diffuses through the water column. Methane oxidation
rate in the water column of rivers has been correlated with the concen-
tration of dissolved methane in the water and with water temperature
(Matoušů et al., 2018),which are proxies for the substrate and the enzy-
matic activity of methanotrophic microorganisms. Therefore, we hy-
pothesize that the effect of storage-turnover time on methane
oxidationwill be effective in rivers, including near-bank shallowwaters
as well. Future studies coupling methane fluxes, and oxidation rates
with simultaneous measurements of methane concentrations in the
sediment and water column could help test this hypothesis.

During the falling and low water stages when sediment tempera-
tures were more favorable for methane production, river level had a
dissimilar effect on porewater concentrations and fluxes across
Fig. 4.Methane porewater concentrations on the sediment profile at shallow (left), intermediat
during three river water stages. Data points (circles) represent themean concentration, and the
during the differentwater stages. Thick transparent color lines indicate an elevation gradient in t
stage (orange). The thick brown line represents the beach elevation along the gradient. (For int
version of this article.)
positions, although in general, methane fluxes were correlated
(Spearman's ρ=0.62, p b .001) and followed the dynamics of the in-
tegrated sediment-profile porewater concentrations. Methane
porewater concentration and fluxes decreased at the shallow posi-
tion after the water level transition from the falling to the low
water stage, while porewater concentration and fluxes remained
similar at the deep position. In contrast, at the intermediate position,
methane fluxes increased at the low stage, when the water levels
were also low, while the median porewater concentration increased
as well, though not at a significant level.

Low or near-zero fluxes accompanied by decreasing methane con-
centrations toward the surface of the sediments in the shallow position
strongly indicate the activity of methanotrophs actively reducingmeth-
ane emissions to the atmosphere in the upper region of the sediment
profile in the shallow position during the lowwater stage (Fig. 4). How-
ever, the activity of methanotrophs in the upper layers of the soil profile
was not evident at the intermediate or deep positions (that maintained
water above the sediment surface). Even during the low water stage of
the intermediate position, the peak inmethane concentrations occurred
well below the sediment elevation. It is possible that reduced
downwelling of electron acceptors and oxygen during lowwater stages
not only stimulated heterotrophic production of methanogenic sub-
strates but also limited dissolved oxygen that is toxic to methanogens
and reduced aerobic methanotrophic respiration. However, without
specific measurements of oxidation rates at our site, it is hard to pin-
point the specific cause of the variability of methane fluxes across the
different beach positions and river water stages.
e (middle), and deep (right) positions of a beach transect (plot scale) at the Columbia River
error bars the standard error (n=3). Horizontal blue areas indicate the water level range
hepeaks ofmethane concentrationsduring the risingwater stage (blue) and the lowwater
erpretation of the references to color in this figure legend, the reader is referred to the web



Fig. 5.Methane conductance in the water column and sediments (A and B), and methane
conductivity (i.e., conductance per depth) in the sediments (C) along a beach transect
(plot scale) at the Columbia River during falling and low riverwater stages (during the ris-
ingwater stagefluxes andporewater concentrationswere negligible). Boxes represent the
25th and 75th percentiles, the horizontal black line themedian and circles outliers defined
as observations that are 1.5 greater than the upper interquartile range.Whiskers extend to
the furthest observation not considered an outlier. Capital letters indicate differences be-
tween beach positions and lowercase letters, differences between river water stages
with positions.
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Different apparent conductance to methane transport through the
water columnbetween falling and lowwater stages suggests thatmeth-
ane oxidation may occur at different rates depending on the water
levels (Fig. 5A). Because we did not account for oxidation during trans-
port in the water column, our observations of higher apparent conduc-
tance to methane transport may be the outcome of lower oxidation.
Differences in conductance tomethane transport through thewater col-
umn were evident in the intermediate position, with larger conduc-
tance during the low water stage. In the sediment profile, conductance
to methane was not different between falling and low water stages.
Nonetheless, there were differences in the apparent conductance to
methane in the sediments among beach positions (Fig. 5B), suggesting
that there may be a significant spatial variation in oxidation rates at
the plot scale.

3.3. Methane concentrations in porewater peak along an elevation gradient

Similar to surface fluxes, methane concentrations in the sediment
profile are the result of a balance between methane production, con-
sumption, and transport to and from the sediment zone. Previous stud-
ies at the Hanford Reach in similar sites to ours have shown that
hydrological mixing stimulates heterotrophic respiration and organic
carbon turnover (Stegen et al., 2016). Under anaerobic conditions, het-
erotrophic respiration at the HZ of organic matter would stimulate
methane production by producing favored substrates and depleting
electron acceptors (Schindler, 1998; Romeijn et al., 2019), whereas
under aerobic conditions methane oxidation would be favored
(Conrad and Rothfuss, 1991). Complementarily, methane may be
imported in the upwelling groundwater as well. Inputs of methane dis-
solved in groundwater have been observed at low order streams in
peat-dominated watersheds (Hope et al. 2001), headwater streams
(Jones and Mulholland, 1998), streams in agricultural dominated land-
scapes (Comer-Warner et al., 2019) and other riverine settings includ-
ing the Willamette River, the main tributary of the Columbia River
(Anthony et al., 2012).

The observed methane porewater concentrations profile in the sed-
iment showed distinct peaks that varied among bank positions follow-
ing the sediment surface elevation gradient during the falling and low
water stages (Fig. 4). During the falling water stage, concentrations at
the shallow positions peaked at the lower sediment layers (relative sed-
iment depth – RSD: −25 to −40 cm), while at the intermediate posi-
tion, concentrations peaked at the upper sediment layers (top 20 cm
from the sediment surface, RSD: −50 to −70 cm). During the low
water stage, concentrations peaked at the lowest depths at the shallow
position (around RSD: −50 cm), mid-to-lower depths from the sedi-
ment surface at intermediate position (RSD: −80 to −105 cm), and
upper sediment layers at the deep position (RSD: −100 to −110 cm).
Overall the peaks in methane concentration were observed at upper
sediment layers during the falling water stage when the site remained
permanently inundated (thick blue line in Fig. 4), and at lower sediment
layers during the lowwater stage when the water level was fluctuating
around the reference elevation (thick orange line in Fig. 4).

The peaks may have resulted from a combination of heterotrophic
respiration and imports through groundwater into the HZ from the
nearby upland area. Methane and CO2 porewater concentrations were
significantly correlated (Fig. 6). Based on the low concentrations of ace-
tate measured in similar sites along the Handford Reach, with only 1/50
samples being above the detection limit (N78 μM), and uncertainty of
methyl compound identity and potential utilization (Hou et al., 2017),
we infer that the prevailing mode of methanogenesis was
hydrogenotrophic, requiring hydrogen and CO2. However, we acknowl-
edge that this correlation is a function of overall microbial activity,
rather than the result of the direct use of CO2 for methanogenesis
alone (Moore and Dalva, 1997; Comer-Warner et al., 2019). Interest-
ingly, we found that the slope of the regression between methane and
CO2 porewater concentrations varied during the three water stages
and was larger during the falling water stage when the river
downwelling was stronger than during the low water stage when
downwelling diminished and groundwater upwelling was more fre-
quent (Fig. 6). The difference in the strength of microbial activity be-
tween falling water and low water stages support findings by previous



Fig. 6. Correlations between methane and CO2 porewater concentrations on sediment
profiles of a beach transect (plot scale) at the Columbia River during three river water
stages. Dotted lines accompanying the regression lines represent the 95% confidence
intervals. The correlation is stronger during the falling water stage.
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studies at adjacent sites along the Hanford Reach that showed a shift in
microbial communities as labile organic carbon stimulates heterotro-
phic respiration during river downwelling periods (Stegen et al.,
2016). As water drops and the influence of groundwater upwelling in-
creases, heterotrophic processes of carbon cycling and decomposition
succumb to autotrophic processes (Graham et al., 2017).

On the other hand, as groundwater upwelling becomes more fre-
quent during the low water stage and heterotrophic respiration recede
(and presumably the production of methane), imports of dissolved
methane in the groundwater increase, maintaining similar porewater
concentrations than during the falling water stage. This hypothesis is
supported by the increase in conductivity of methane in the sediments
we observed at the deep position (Fig. 5C), which indicates that during
groundwater upwelling, methane transport is faster. We hypothesize
that while microbial methane production is reduced when the water
level drops and groundwater upwelling is increased, methane concen-
trations and fluxes are maintained because allochthonous methane is
“pushed out” from the surrounding upland soils and river sediments.

We propose that the observed peaks in methane concentration
through the sediment profile during the falling water stage occurred
at predominantly anaerobic zones, where hydrological mixing of
downwelling surface water from the river and upwelling groundwater
from the aquifer is enhanced. The predominant zone of methane pro-
duction moved vertically downward within the HZ as the river
transitioned from falling to low water stage, coinciding with a shift
from river water dominated to groundwater-dominated mixing ratios.
Fig. 7. (A) Integrated sediment-profile methane porewater concentrations and (B) N2O
fluxes along a beach transect (plot scale) at the Columbia River during three river water
stages. Boxes represent the 25th and 75th percentiles, the horizontal black line the
median and circles outliers defined as observations that are 1.5 greater than the upper
interquartile range. Whiskers extend to the furthest observation not considered an
outlier. Letters represent statistical differences calculated with non-parametric Wilcoxon
paired tests for each position (α = 0.05).
3.4. Nitrous oxide porewater concentrations and fluxes have different dy-
namics across river water stages

Unlikemethane, N2O porewater concentrations in the sediment pro-
file and fluxes to the atmosphere did not follow similar patterns
throughout the river water stages (Spearman's ρ = 0.29, p = .14).
N2O porewater concentrations were higher during the rising water
stage than during the falling water stage in all the three beach positions
and during the low water stage at the intermediate position (Fig. 7A).
Instead, N2O fluxes increased from the rising to the low water stage at
the shallow position, while remained similar at the intermediate and
deep positions during the three water stages (Fig. 7B).

The decoupling between the observed N2O porewater concentra-
tions in the sediments and the fluxes is not surprising. N2O production
in large rivers might occur primarily at the water column in microsites
within suspended particles. There is significant evidence of substantial
N2O production via denitrification in pelagic zones of estuaries
(Barnes and Owens, 1999; de Wilde and de Bie, 2000). Beaulieu et al.
(2010) presented evidence of a similar pattern at a large river, with
N2O production rates in the water column doubling that of the sedi-
ments, which could help explain the lack of correlation between the
porewater concentrations and fluxes. Marzadri et al. (2014) and
Marzadri et al. (2017) explained that in lotic systems there is a shift in
the predominant zones of N2O production from the hyporheic-benthic
zone in streams to the benthic-water column zone in rivers as the sys-
tem gains size, due mainly to the increase in suspended particle loads.

Notably, we observed negative fluxes throughout the different river
water stages and in all positions, which is consistent with high rates of
N2O consumption at either the sediments or the water column. Our
plot acted primarily as a sink at the shallow position while the
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sediments were fully saturated, and the water level was above the sed-
iment surface and on the intermediate position during the low water
stage when the water level at this position was low as well (Fig. 7A).
N2O is often produced as an intermediate species of microbially medi-
ated denitrification, or a byproduct of nitrification or reduction of am-
monia to nitrate (Quick et al., 2019). Dissolved organic carbon in the
HZ plays a critical role in fueling nitrification under aerobic conditions
(Graham et al., 2016; Graham et al., 2017) and in addition, may lead
to low oxygen and nitrate conditions that ultimately favor N2O con-
sumption (Soued et al., 2015). Low oxygen conditions may result from
the lowflowaswell (Baulch et al., 2011b),whichprevailed in the 3G ob-
servatory, especially at lower water levels, explaining the dominant
sinking functioning of the shallow and intermediate positions partially.
It may also be possible that atmospheric nitrous oxide consumption oc-
curred in the water column in the absence of other denitrification pro-
cesses, which has been demonstrated only for a few model
microorganisms and ecosystems (Jones et al., 2014; Yoon et al., 2016).

A more robust understanding of the nexus (or lack thereof) of the
spatial heterogeneity and dynamics of N2O porewater concentrations
andfluxesmust build upon the synergistic effects of the seasonal hydro-
logical exchanges, inorganic nitrogen availability, and the activity of the
microbial community involved in cycling nitrous oxide at the HZ and
the water column. For instance, the nitrification and denitrification
functional potential of microbial communities in the HZ of the Hanford
Reach (and possibly many other lotic systems) are linked with the ratio
of groundwater to surface water, likely due to the input of N in the
Fig. 8.N2O porewater concentrations along the sediment profile at shallow (left), intermediate
during three river water stages. Data points (circles) represent themean concentration, and the
during the different water stages. The thick brown line represents the beach elevation along th
referred to the web version of this article.)
groundwater (Nelson et al., 2019). However, it is still not clear if or
how the dynamics of groundwater N or other environmental drivers
are affecting the N-cycling functional potential in the water column
and overall how N2O is produced and consumed in the sediment-
water column continuum.

3.5. Nitrous oxide concentrations peak at the sediment/water table
interface

Mathematical and conceptual models propose that N2O production
at theHZ ismaximized alongflowlines representing intermediate travel
times of downwelling surface water, which are usually few cm below
the sediment surface (Reeder et al., 2018; Quick et al., 2016). At
shallower depths, at the surface of the sediments (i.e., shortest travel
times), nitrate is not transformed, whereas at deeper depths
(i.e., longest travel times), denitrification is completed andN2 is the pre-
dominantly released gas. The N2O porewater concentrations we ob-
served at the 3G are consistent with the modeling predictions,
showing increased concentrations at the proximity of the sediment/
water table interface (~up to 15 cm) (Fig. 8).

We found significant negative correlations between N2O and CO2

porewater concentrations for pooled data from the three water stages
and the shallow and intermediate beach positions (Fig. 9). We cannot
discern whether the correlation is the result of N2O production or con-
sumption. Partial denitrification, nitrate reduction to N2O, is coupled
to carbon oxidation to CO2 and therefore, we would expect a positive
(middle), and deep (right) positions of a beach transect (plot scale) at the Columbia River
error bars the standard error (n= 3). Horizontal blue areas indicate thewater level range
e gradient. (For interpretation of the references to color in this figure legend, the reader is
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correlation (Tsuruta et al., 1997). Therefore, N2O production appeared
decoupled from denitrification andmore closely tied to other processes.
The negative correlations could be explained by the release of N2O dur-
ing nitrification coupled to CO2 assimilation or heterotrophic microor-
ganisms utilizing N2O as a terminal electron acceptor (Hink et al.,
2017; Lycus et al., 2018). This may help explain the negative correlation
between N2O and CO2 porewater concentrations, which were also seen
in observations of other riverine settings (Richey et al., 1988; Teodoru
et al., 2015). However, we do not rule out that simultaneous processes
of production and consumption are co-occurring and that their relative
importance change as the river water level transitions and substrates,
environmental conditions, and the relative diversity and abundance of
N-Cycling populations vary (Nelson et al., 2019). The decoupling be-
tween N2O and CO2 may be explained as well at some degree by lateral
transport of N2O dissolved in groundwater (Clough et al., 2006).

It is noteworthy that the strength of the correlation between N2O
and CO2 porewater was dictated by beach positions, indicating that dif-
ferent processes are occurring between locations. Weaker negative cor-
relations at the shallow position may be explained by contributions of
both nitrification byproducts and denitrification, N2O consumption as
an electron acceptor in the absence of other denitrification processes,
and labile carbon oxidation, or the increased contributions from hetero-
trophic denitrifications. Coupling inorganic nitrogen concentrations and
organic carbon concentration measurements should help unveil the
prevalence of these processes and their influence in the observed vari-
ability between beach positions.

4. Conclusions and outlook

Hyporheic zones of rivers and streams are important hotspots of
greenhouse gas emissions. The interaction of river stage and biogeo-
chemical processes govern the production, consumption, and flux dy-
namics. This interaction of the governing factors results in high
heterogeneity at the small scale (m to cm) in horizontal and vertical
planes. At the plot scale, methane porewater concentrations have a
Fig. 9. Correlations between N2O and CO2 porewater concentrations along sediment
profiles of a beach transect (plot scale) at the Columbia River during three river water
stages. Dotted lines accompanying the regression lines represent the 95% confidence
intervals. Note that the correlation is not significant for the deep position (gray
markers). The overall correlation for data of all positions (not shown) is also significant
(slope = −2.97, r2 = 0.065, p b .01).
marked vertical temporal dynamic with concentrations peaking at dif-
ferent depths depending on the influence of the magnitude and direc-
tion of hyporheic mixing. Methane fluxes followed the dynamics of
porewater concentrations throughout the river water stages but
highlighted the potential influence of oxidation in the resulting fluxes.
Hence the need for sub-models capable of representing the potential ef-
fects of hydrological exchanges onmethane oxidation in the HZ. The ef-
fect was pronounced for the intermediate position where methane
fluxes increased (and the conductance tomethane in thewater column)
from the falling water stage to the low water stage. In turn, N2O
porewater concentrations rely more on the permanent mixing at the
HZ and occur at the upper layers just below the sediment surface. Con-
trary to methane, fluxes of N2O were not correlated to porewater con-
centrations and were reduced at low water elevations, possibly
because of the release of N2O as a byproduct of aerobic nitrification or
the use of N2O as an alternative terminal electron acceptor to oxygen
for microbial respiration at the sediment-water interface (Khalil et al.,
2004; Jones et al., 2014). Overall results indicated that the plot func-
tioned as a net source of methane and could function as either a sink
or source for N2O depending on both the season and position within
the riparian zone. Therefore, identifying the potential nexus between
N2O production and consumption and concurrency at theHZ represents
a critical challenge for better representation of the N2O dynamic in bio-
geochemical models.

Herewe presented snapshots of detailed vertical profiles and surface
fluxes of methane and N2O porewater concentrations through the dif-
ferent typical hydrological stages of a large-regulated river. As our re-
sults indicate, river stages and consequent groundwater mixing, drive
the dynamics of porewater concentrations and fluxes of methane and
N2O on a seasonal scale. However, coupling hydrological dynamics
withmethane andN2O concentrations and fluxes at small scales and pa-
rametrizing the governing processes will require longer-term andmore
frequent assessments, especially the inclusion of measurements at a
small temporal scale (days-hours). Such a scale is of particular interest
to assess the effects of large intra-daily water level oscillations, which
are characteristic of regulated rivers, on the GHG production and con-
sumption processes. This daily/sub-daily measurement scale could
help to elucidate the effects of preceding environmental conditions set
by previouswater levels (includingmicrobial populations, temperature,
nutrient availability and transformations, and redox conditions) on the
production and consumption of GHGs. In non-regulated rivers, we
would expect a similar control of seasonal groundwater mixing than
the one we observe here. However, in contrast to regulated rivers, the
shorter-term effects of preceding environmental conditions would
likely be less dramatic given the lower water intra-daily fluctuations.

Finally, as our results indicate, GHG concentration and fluxes can be
significantly different across small horizontal (6mW×11mL) and ver-
tical (0.5 m) spatial scales. Moreover, water level fluctuation has a sig-
nificant effect on the functioning of the HZ as a sink or source of
methane and N2O. The coupling of hydrology and GHGs emissions at
small scales will, therefore, be essential to help parametrize and cali-
brate predictive models in large rivers like the Columbia River and
other rivers and streams as well. More importantly, it is a necessary
task to test hypotheses discerning the microbial processes explaining
the spatiotemporal heterogeneity of methane and N2O at the HZ.
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