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Sediment Properties Drive Spatial Variability of Potential
Methane Production and Oxidation in Small Streams
P. Bodmer?', J. Wilkinson?, and A. Lorke!

!Institute for Environmental Sciences, University of Koblenz-Landau, Landau, Germany

Abstract Emissions of the potent greenhouse gas methane (CH,) from streams and rivers are a
significant component of global freshwater methane emissions. The distribution of CH, production and
oxidation within stream sections and in vertical sediment profiles is not well understood, and the
environmental controls on CH, production and emission in such systems create a significant challenge for
assessing larger-scale dynamics. Here we investigate factors driving the spatial variability of sediment
potential methane production (PMP) and potential methane oxidation (PMO) in a temperate stream
network in Germany. PMP was highly variable, ranging from 5 x 10™* to 28.58 g CH, gDW ™ d~* and PMO
ranged from 0.43 ug CH, gDW ' d™" to 14.41 ug CH, gDW ' d™*. Important drivers of spatial variability
of PMP and PMO in the sediments of the stream main-stem were related to fine sediment fraction and
organic carbon content. At smaller spatial scale, that is, in a sub-catchment stream section, the drivers were
more complex and included sediment nitrogen and organic carbon content, as well as porewater dissolved
organic carbon, dissolved organic matter quality, and metal concentrations. As with reservoirs and
impounded rivers, fine sediment deposition and organic carbon content were found to be key controls on the
spatial variability of CH,4 production and oxidation. These findings enhance our understanding of CH,
dynamics, improve the potential for identifying CH, production hotspots in small streams, and provide a
potential means for upscaling emission rates in larger-scale assessments.

Plain Language Summary Globally, streams and rivers emit a significant amount of the highly
potent greenhouse gas methane. The methane emitted from streams is mainly produced in sediments.
The distribution of production and consumption in stream sections and sediment profiles is not well
understood, which creates a significant challenge for estimating, for example, regional methane emissions
from streams and rivers. We investigated possible factors controlling the variability from site to site and
different depths of methane production and consumption in sediments of a stream network in south-west
Germany. Sediment properties, the amount of fine sediment and organic carbon content, were key drivers
of this variability in the main stream. In a smaller side arm of the main stream, the drivers were more
complex, including nitrogen and organic carbon content of the sediment, but also porewater dissolved
organic carbon, dissolved organic matter quality, and metals. As for reservoirs and dammed rivers, the
accumulation of fine sediments and organic carbon content was found to be key controls of sediment
methane production and consumption. These findings enhance our understanding of methane dynamics,
improve the potential for identifying methane production hotspots in small streams, and provide a potential
means for upscaling emission rates in larger-scale assessments.

1. Introduction

Natural sources, including freshwaters, account for about 35-50% of the global CH, emissions (Ciais et al.,
2013). Freshwater CH, emissions are sensitive to climate change and expected to increase in the future
(Campeau & Del Giorgio, 2014; Hamdan & Wickland, 2016). Moreover, estimates of freshwater CH4 emis-
sions from lentic and lotic systems represent an important source of uncertainty in the global CH,4 budget
due to high spatial and temporal variability of fluxes and very uncertain surface areas (Saunois et al., 2016).

Measurements of CH, emissions from lotic freshwaters are less common compared to those from wetlands
and lakes (but see e.g., Kling et al., 1992; Reeburgh et al., 1998; Crawford et al., 2013; Crawford et al., 2014).
However, a recent review of Stanley et al. (2016) demonstrated the potential importance of streams and
rivers in the global CH, budget, suggesting annual global stream emissions are equivalent to 15% of wetland
and 40% of lake emissions.
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Methanogenesis in freshwaters mainly occurs in the sediment, where anoxic conditions prevail (Bastviken,
2009). Besides production by methanogenesis, CH, in freshwater systems is subject to microbial aerobic or
anaerobic methane oxidation, although the latter appears less important in freshwaters (Bastviken, 2009;
Cadieux et al., 2016; Oswald et al., 2015). Sawakuchi et al. (2016), for example, found that methane oxidation
reduced the diffusive CH, flux by approximately 28-96% in the Amazon River mainstream and in its five
largest tributaries. Hence, microbial CH,4 oxidation can be an important process moderating CH, emissions
from aquatic systems.

Controls of CH,4 production in running waters can be categorized as proximal and distal (Stanley et al.,
2016). Proximal controls on in situ methanogenesis, include sediment quantity, temperature, organic matter
composition, macro-nutrients (nitrogen and phosphorus), and alternative electron acceptors. Sediment
composition and properties seem to play an important role in CH, production in streams (Comer-Warner
et al., 2018; Romeijn et al., 2019). Distal controls such as land utilization, hydrology, and geomorphology
determine the supply of fine, organic-rich material and its spatial deposition patterns (see detailed discussion
in Stanley et al., 2016). The combination of these multiple controls on CH, production, oxidation, and eva-
sion rates all contribute to the poorly understood spatial and temporal variability of CH4 concentrations and
fluxes in lotic systems (Stanley et al., 2016).

The spatial variability of biogeochemical transformation rates is known to depend on spatial scale
(Bernhardt et al., 2017; Palmer et al., 1997), that is, the larger the scale investigated, the greater will be the
variability within that area. This may be complicated when comparing channels with different riparian land
use and connectivity or with different levels of channel modification by transverse structures. Local changes
in hydraulic geometry with lower flow velocity and enhanced sediment deposition have been found to coin-
cide with hot spots of CH,4 emissions from impounded rivers (Maeck et al., 2013).

Methane production in sediments has been quantified by measuring rates of potential methane production
(from here on referred as PMP) under optimal (i.e., anaerobic) conditions in laboratory incubations
(Wilkinson et al., 2015; Bednaiik et al., 2017; Crawford et al., 2017; Wilkinson, Bodmer, et al., 2019). In con-
trast to atmospheric emission rates, which exhibit strong temporal variation at timescales of minutes to days
(Campeau & Del Giorgio, 2014; McGinnis et al., 2016), sediment PMP (controlled by slowly-varying sedi-
ment temperature) has been demonstrated to be equivalent to highly dynamic methane ebullition from river
impoundments over annual cycles (Wilkinson et al., 2015; Wilkinson et al., 2019). The latter studies found a
consistent decrease in PMP with increasing sediment depth, suggesting that the uppermost ca. 20 cm dom-
inates CH, production in such sediments. It is unclear if such relationships exist in small streams, where the
hydrodynamic conditions controlling sediment transport and accumulation are very different to those in
river impoundments. In small streams, the rate of potential aerobic methane oxidation (from here on
referred as PMO) may play a more important role in the sediment methane budget than in the strictly anae-
robic sediments of river impoundments (e.g., Bednatik et al., 2017; Shelley et al., 2014; Shelley et al., 2017).
The investigation of drivers of PMP and PMO spatial variability at specific depth layers is facilitated by
laboratory sediment incubations, which additionally standardize their strong temperature-dependence
(Aben et al., 2017; Yvon-Durocher et al., 2014).

To broaden the understanding of CH, emissions from stream and river networks, PMP and PMO, and their
causal sediment and porewater characteristics in a small stream system (Strahler stream order 2-4), were
investigated. To investigate spatial variability, sampling was evenly distributed along a 70-km stream
main-stem, as well as a smaller (ca. 5 km) sub-catchment stream section to test whether controls on PMP
and PMO differed from those at the larger scale. The findings are discussed in relation to potential up-scaling
of CH, dynamics in fluvial networks in the context of global change.

2. Materials and Methods

2.1. Study Site

Sediments were collected from two reaches of the 271-km? Queich river catchment in Rhineland-Palatinate
State, Germany (Figure 1). The streams are classified as fine-substrate dominated, siliceous highland streams

(Dahm et al., 2014). The relatively pristine headwaters are located in the Palatinate forest (49°10'06"N
7°50'48.4"E), while the lower reaches pass through the intensively cultivated upper Rhine valley and enter
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Figure 1. The study site with catchment location (inset top right) and sediment sampling sites in the main-stem (green
spots) and sub-catchment stream (red spots) with core ID numbers (inset background: TM_WORLD_BORDERS-0.3;
main map: 25-m digital elevation map, ©GeoBasis-DE/LVermGeoRP(2017)).

the Rhine River at 49°13'39"N 8°23'4"E. The main-stem was sampled at regular intervals over a 70-km stretch
(spanning Strahler stream orders 2-4; Figure 1; hereafter referred to as main-stem). The second reach
spanned ca. 5 km of the Wellbach stream sub-catchment (catchment area: 59 km?, Strahler stream order
3; hereafter referred to as sub-catchment stream). Water depth ranged from 30 to 60 cm and stream
wetted width from 2 to 9 m in the main-stem sampling sites, and water depth ranged from 20 to 50 cm
and stream wetted width from 3 to 6 m in the sub-catchment stream.

2.2. Sampling Design

By spacing the sampling sites along the study stream from the headwaters to the lower part of the river, we
aimed to capture all sediment types ranging from fine-grained sediment to coarse gravel. Ease of access was a
contributing factor in sample site choice and, consequently, distance intervals. Multiple cores were taken
from 13 sites between 2 and 22 August 2016. To minimize systematic sampling bias, one site in the sub-
catchment stream and various sites in the main-stem were sampled on each sampling day. To minimize dis-
turbance of the depth profile, coring tubes (inner diameter 59 mm; plexiglas) were pushed into the sediment
by hand. In total, 17 cores from the main-stem and 9 from the sub-catchment stream were taken, with aver-
age core length (+ standard deviation [SD]), 23 (+ 8) cm (Bodmer et al., 2019). Cores were stored at 4-6 °C
and processed in our laboratory within 1 week. At each site, we measured stream water temperature with a
portable multimeter (3430 IDS, WTW GmbH, Germany). A further 1 L of stream water was collected at each
site, for use in determination of PMO in surface water and in sediments (see below).

2.3. Porewater Extraction, Sediment Processing, and Calculations of PMP and PMO

Sediment porewater was extracted in the laboratory from 1-, 3-, 5-, and 10-cm depth below the sediment-
water interface (SWI). Where pronounced changes in sediment structure were observed below 10-cm depth,
these specific layers were also sampled (n = 4). Overlaying water was siphoned off to within a few centi-
meters of the SWI, and 13 + 3.6 ml (average + SD of all samples) of porewater was sampled. Extraction
was performed from core side-wall holes using rhizon tubes (pore size: 0.15 pum; Rhizosphere Research
Products B.V., Netherlands) connected by canule and septum sealed (nitrogen-flushed and evacuated) vials
(21-ml volume) (Shotbolt, 2010). This porewater extraction approach can result in cross sampling from
layers beyond the intended sampling depth. However, distinct differences in the characteristics of neighbor-
ing porewater samples suggest that cross sampling was minimal (for further information see supporting
information, Figure S1). Filled vials were equilibrated to atmospheric pressure using a nitrogen-filled gas-
bag connected by canule and septum, prior to vigorous shaking for 2 min to equilibrate porewater and head-
space gases. The partial pressure of CH, and CO, in the vials was measured in a closed loop with an
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Ultraportable Greenhouse Gas Analyzer (UGGA, model 915-0011, Los Gatos Research Inc., Mountain View
Calif., USA) according to Wilkinson, Bors, et al. (2018, 2019). The equilibration temperature (i.e., water tem-
perature) was measured in the first and last vial of the sample batch, and the final dissolved concentration
was calculated according to Bossard et al. (1981) while using the solubility equation for CH, and CO, pro-
vided by Goldenfum (2010).

Sediment cores were processed in a nitrogen-flushed glove box, that is, with low oxygen environment, ca. 4%
of atmospheric oxygen content. Cores were installed vertically through a clamped and O-ring-sealed port in
the base of the box. Sediment was pushed upward within the core tube and sampled at layers coinciding with
porewater extraction depths as described above. At each depth, a 5-ml sub-sample was taken with cut-off syr-
inge and weighed, prior to wet bulk density determination according to Sekellick et al. (2013).

Sediment was sliced at + 1 cm (for the first cm + 0.5 cm) around each desired depth, homogenized, and sub-
samples were transferred into two pre-weighed nitrogen-flushed incubation vials. Smaller 20-ml vials were
used for sandy sediments (expecting low PMP) and 125-ml vials for finer sediments (anticipating higher
PMP). Large woody debris, leaves, and invertebrates were removed to minimize their potential to bias
PMP away from that of the general sediment mass. Between 2.7 and 16.3 g of wet sediment (less for high pro-
ducing silty sediment and more for sandy sediment) were transferred into each incubation vial. The dupli-
cate vials were crimp-sealed with butyl rubber stoppers, weighed, and stored in darkness at 16 °C. This
approached the in situ stream water temperature (average 14.5 °C) at sampling. PMP vial headspace gas
methane and CO, was determined weekly, for 4 weeks, by withdrawing 100 ul samples using a gas-tight syr-
inge (1710RN, 100 ul, Hamilton, Switzerland). Analysis followed the procedure for porewater gases
described above (Wilkinson et al., 2018; Wilkinson et al., 2019). PMP for all cores, depths, and duplicate vials
was calculated from the linear increase in headspace CH, partial pressure over time as described in
Wilkinson et al. (2015; supporting information, Figure S2). PMP experiments proceed under anaerobic con-
ditions; although some methane consumption in the test vials by anaerobic methane oxidization is possible,
it was not quantified.

PMO was estimated for duplicate sediment subsamples from 1, 3, and 5 cm below the SWI, respectively. We
transferred 0.2-1.7 g of wet sediment depending on expected PMO intensity (as for PMP, less silty sediment
and more sandy sediment) into pre-weighed 10-ml incubation vials and added ca. 5-ml oxygenated stream
water from the corresponding sampling location. The vials were sealed as for PMP. Vial headspaces were
enriched by adding 10-ul pure methane gas (Methane 4.5, purity 99.998 %, Messer Schweiz AG,
Switzerland), using a gas-tight glass syringe (1710RN, 100 pl, Hamilton, Switzerland), and giving an initial
concentration of 2,317 nmol 17! + 14% SD in the sediment-water slurry (Shelley et al., 2014). Although
PMO is concentration dependent (Shelley et al., 2015), to compare the capacity for methane oxidation in dif-
ferent sediments, we used a standardized initial injection rather than the measured porewater concentra-
tion. There was no significant correlation between initial methane concentration and PMO (R2 =-0.01,p
= 0.89; supporting information, Figure S3), and since the main aim of this study was to find links to envir-
onmental parameters, this uncertainty was considered acceptable. The prepared vials were re-weighed, and
the 5-day PMO incubation experiment was carried-out on a shaker, at 16 °C in darkness. The first measure-
ment of headspace CH, partial pressure was made after 30 min of shaking, as described for PMP, and the
vials were measured daily. The rate of PMO was calculated from the linear decrease in total CH, content
(headspace and sediment-water slurry; Shelley et al., 2014) over the first 3 days of measurement combining
both respective replicates (supporting information, Figure S4). Surface water PMO at each site was deter-
mined in triplicates following the procedure described above.

On completion of PMP and PMO measurements, the sediment from each incubation vial was oven dried at
100 °C for ca. 30 hr, and calculated PMP and PMO rates were normalized to the respective sediment sample
dry weight (DW; i.e., ug CH, gDW ™ d™h).

2.4. Porewater Characterization

Sediment porewater samples were processed on the day of extraction. A 1-ml aliquot, diluted 10 times with
MilliQ, preserved with 100-ul HNO3, was stored at 4 °C prior to analysis of cation and metal concentrations
(Na, Mg, K, Mn, Fe, Cu, and Zn expressed in ug 1™") by inductively coupled plasma optical emission spectro-
metry (ICP-OES 720, Agilent, United States, column: 6.1006.630 Metrosep A Supp 7 — 250).
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Table 1
Variables Used for Partial Least Square (PLS) Analysis in the Main-Stem and Sub-Catchment Stream (Indicated as Yes
or No)

Main- Sub-catchment

Variable Description (unit) stem stream
Y variables in PLS
PMP Potential methane production rate (ug CHy gDW_1 D) Yes® Yes®
PMO Potential methane oxidation rate (ug CHy gDW_1 d Yes® Yes®
Sediment X variables in PLS
D Depth below sediment-water interface (cm) Yes® Yes?
Bis Wet bulk density (g cm_3) Yes Yes®
GS_clay Grain size class clay, <2 um (vol%) Yes® Yes®
GS_silt Grain size class silt, 2-63 pum (vol%) Yes® Yes*
GS_sand Grain size class sand, 63-2,000 pm (vol%) Yes Yes
GS_gravel Grain size class >2,000 pm Yes? Yes?
Corg Organic carbon content (mass%) Yes® Yes?
N Nitrogen content (mass%) No Yes
Porewater X variables in PLS
CH4_conc CH,4 concentration (uM) Yes® Yes®
CO2_conc CO; concentration (M) Yes Yes®
DOC Dissolved organic carbon (mg ™ Yes” Yes?
cl Chloride (mg 1Y) No Yes®
SO4 Sulfate (mg 1_1) Yes® Yes®
K Potassium (ug ™ Yes® Yes
Mg Magnesium (ug ) Yes® Yes
Mn Manganese (H% 1_1) Yes® Yes
Na Sodium (ug1 ) Yes® Yes
Zn Zinc (ug ) Yes? Yes
Fe Iron (ug 1_1) Yes® Yes®
SUVA254  Specific UV absorption at 254 nm Yes® Yes®
E4:E6 E4:E6, a proxy for DOM aromaticity Yes” Yes”
a440 a440, a proxy for the amount of humic substances in DOM Yes® Yes®
a254:a365 a254:a365, proxy for DOM molecular weight Yes Yes
Sr Slope ratio, a proxy for DOM molecular weight Yes” Yes”
E2:E3 E2:E3, a proxy for molecule size Yes Yes
HIX Humification index, a proxy for the extent of humification Yes Yes
FI Fluorescence index, a proxy for DOM source (i.e., terrestrial versus Yes Yes

microbially derived DOM)
b:a Freshness index, a proxy for fresh microbially produced DOM Yes Yes

Note. Category in PLS indicates dependent (Y) and independent (X) variables. The concentration of copper, fluoride,
acetate, nitrite, nitrate, and phosphate in the porewater had to be excluded from both PLS analyses because of too
few measurements above the detection limit.

Abbreviations: DOM = dissolved organic matter, PLS = partial least square, UV = ultraviolet.

*Data were arcsin-transformed prior to PLS analysis. ~Data were log-transformed prior to PLS analysis.

A 3-ml aliquot was diluted three times and stored frozen prior to analysis for dissolved organic carbon (DOC
in mg 17") using a multi N/C analyzer (21008, Analytik Jena, Germany).

A further 8-ml aliquot was diluted two times and stored at 4 °C for absorbance and fluorescence measure-
ments and analyzed within 5 days of extraction. These metrics provide proxies for the composition, intrinsic
properties, source, or biological availability of dissolved organic matter (DOM; hereafter referred as DOM
quality; see Table 1 for meaning of the calculated indices below; Jaffé et al., 2008; Fellman et al., 2010).
Absorbance was measured at room temperature with a 1-cm cuvette at a ultraviolet (UV)/visible spectro-
photometer (SPECORD 50, Analytik Jena, Germany) from 200 to 900 nm (1-nm increments). Samples with
a higher absorption than 0.3 at 254 nm were additionally diluted (Kothawala et al., 2013). The data were cor-
rected for blanks (MilliQ). Fluorescence was measured subsequently to absorbance measurements with a
fluorescence spectrometer (LS 55, PerkinElmer, Inc., United States). We measured the excitation (244-380
nm, 0.5-nm steps) and the emission (290-510 nm, 5-nm steps) with a slit width of 5 nm for both excitation
and emission to produce excitation-emission-matrices. The excitation-emission-matrices were corrected for
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blanks (MilliQ) as well as for the inner filter effect with the absorbance based approach (Kothawala et al.,
2013). A series of metrics were derived from the absorbance data: ratios E2:E3 and E4:E6 (Helms et al.,
2008), absorption coefficient a440 (Cuthbert & Del Giorgio, 1992), specific UV absorption (SUVA;s,)
(Weishaar et al., 2003), absorption coefficients ratio a254:a365 (Dahlen et al., 1996; Dehaan, 1993),
and the slope ratio (Sr; Helms et al.,, 2008). From fluorescence data, indices for freshness (b: a;
Parlanti et al., 2000), fluorescence (FI; McKnight et al., 2001), and humification (HIX) (Ohno, 2002) were
calculated (see Table 1).

Following absorbance and fluorescence analysis, residual samples were stored frozen awaiting anion analy-
sis (for fluoride, acetate, chloride, nitrite, nitrate, phosphate, and sulfate concentration expressed in mg 1_1)
by ion chromatography (881 Compact IC pro, Metrohm, Switzerland).

2.5. Sediment Characterization

Residual sediment, not used for PMP, PMO, or bulk density measurements, was frozen then freeze-dried. To
characterize sediment organic carbon and nitrogen content (% DW), 15-20 mg of sediment was weighted
into silver boats (11 X 4 X 4 mm), exposed to HCI (37%, 12 M) vapor for 6 hr to remove carbonates (Harris
et al., 2001), and re-dried for 4 hr at 60 °C. Prior to analysis by dry combustion (Vario MICRO Cube,
Elementar Analysensysteme GmbH, Germany), each silver boat was packed in larger tin boats with 20- to
30-mg tungsten trioxide (WO3) to ensure complete combustion.

Grain size distribution was determined on a further portion of freeze-dried and pre-sieved (<2 mm) sedi-
ment, by laser-diffraction (particle size analyzer, CILAS 1190). Particles were maintained in suspension by
stirring in deionized water. Aggregates were broken-down by ultrasonic agitation. Propanol was added to
reduce water surface-tension and ensure mixing of floating organic matter. The analysis provided 20 grain
size classes (0.04 and 2,500 um, expressed as % volume), which were aggregated into four bulk classes: clay
(<2 pm), silt (2-63 pm), sand (63-2,000 um), and gravel sediment (>2,000 um).

2.6. Comparison of PMP With Literature Data

Because methane production varies exponentially with temperature (Aben et al., 2017; Wilkinson et al.,
2015; Wilkinson, Bodmer, & Lorke, 2019; Yvon-Durocher et al., 2014), direct comparison of quoted literature
PMP values is often not possible due to the respective incubation temperatures used. For example, PMP from
incubation at 10 °C cannot be compared to that incubated at 20 °C. Therefore, to compare our data with
existing incubation studies, it was necessary to convert our PMP values to the temperatures. and units used
in the literature (supporting information, Table S1). Wilkinson et al. (Wilkinson, Bodmer, & Lorke, 2019)
demonstrated a consistent PMP thermal response coefficient 6, based on their own experiments and wide-
ranging literature data. We applied this mean 6 (0.041, SD + 0.016), to convert our PMP rate to the tempera-
ture used in each other literature study, such that PMPy; = PMPT16106AT, where AT = Tyic — T1e Thi¢ is the
target study incubation temperature, and T4 is 16 °C. PMP1;¢ and PMPry; are our PMP values incubated at
16 °C and PMP at Ty, respectively.

2.7. Statistical Analysis

The analysis of drivers of PMP and PMO spatial variability for the main-stem and sub-catchment stream data
was done separately in order to avoid a bias caused by the number of sampled sediment cores (17 from the
main-stem and 9 from the sub-catchment stream).

Multivariate linear regression by means of partial least-squares (PLS) projections to latent structures
(Eriksson et al., 2001; see Table 1) was used to identify the strongest predictors of PMP and PMO spatial
variability (dependent Y variables) from measured environmental parameters (independent X variables).
For PMP as well as PMO, all depths were included as single data points. PLS suits data sets with a large num-
ber of variables, can account for their collinearity, and deviation from normality, and is very tolerant of miss-
ing values (Sobek et al., 2007). Despite this, for the main-stem PLS analysis, porewater chloride
concentration and sediment nitrogen content were excluded due to insufficient data above the detection
limit. In order to improve model performance, highly skewed variables (skewness >2.0 and min/max ratio
> 0.1) were either log- (continuous variables), or arcsin-transformed (discrete variables, i.e., grain size
classes expressed as % volume). Data were scaled to unit variance and mean centered before running the
PLS. The former was done to normalize the range of variables, while the latter reduces the influence of
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multicollinearity (Iacobucci et al., 2016). Model validation was carried out using a permutation test. Y values
were permutated 100 times and for each of the 100 new models, R?Y and Q2 were assessed. Moreover, X
variables were grouped according to their relevance in explaining Y variables (variable importance in the
projection [VIP]) according to Eriksson et al. (2001). VIP larger than 1.0 are highly influential, VIP between
1.0 and 0.8 are moderately influential, and VIP smaller than 0.8 are less influential. The results of the PLS
are purely empirical and require careful interpretation for causal relationships. PLS and model validation
were done in SIMCA 15.0.2 (Umetrics, Umed, Sweden), for further information on these techniques see
supporting information.

We performed linear regressions to investigate relationships between PMP and PMO. The reported R values
are adjusted for the number of data points. The significance of the regression slope was tested by analysis of
variance (ANOVA) using a significance level (p) of 0.05.

3. Results

Median PMP rates in sediment cores from the main-stem and sub-catchment stream varied over five orders
of magnitude, from 5 x 10~ to 28.58 ug CH, gDW " d~* (Figure 2a). Similar variability (5 x 10™*t0 15.27 ug
CH,4 gDW_1 d™') was observed among cores from the main-stem (excluding sub-catchment stream data),
while in the sub-catchment stream, median PMP values varied over four orders of magnitude from 4.5 X
107 to 28.58 ug CHy gDW_1 d™'. PMO rates were less variable than PMP (Figure 2b). For PMO, median
values for all sediment cores and for cores from the main-stem varied over two orders of magnitude, from
0.43 to 14.41 ug CH, gDW~" d™*. In the sub-catchment stream median, PMO rates per core varied over
one order of magnitude, from 0.73 t0 9.01 ug CH, gDW " d™*. The surface water PMO was one to two orders
of magnitude lower than the lowest PMO in the sediment.

Samples with high PMP tended to have high PMO (R* = 0.43, p = 2 x 10'% Figure 3). Although PMO
depends on CH, concentration, the relative magnitude of the measured PMO in ug CH, gDW ™' d™! can
nonetheless be compared to PMP. Our findings show that CH, production potential of the sediments
exceeded their oxidation potential on average by 15%.

PMP and PMO variation at each sampled sediment depth was as great as that for all the data, varying over
five and three orders of magnitude (supporting information, Figures S5a and S5b). Hence, there was no con-
sistent pattern of vertical gradient in PMP, PMO, or any other measured variable (see examples in supporting
information, Figures S6a-S6d).

The PLS model for spatial variability of PMP and PMO in the main-stem revealed two significant compo-
nents that explained in total 72.1% of the variance (R*Yoym = 0.721; Figure 4a; Table 1). The model's predic-
tive power was high (Qum = 0.678), while the background correlation assessed via model validation for
PMP and PMO was low (R*Y = 0.138 and 0.136, respectively). The loading plot (Figure 4a) shows that depen-
dent (Y) variables, PMP and PMO, were strongly correlated to each other. The grain size class silt (GS_silt)
was the most important predictor of PMP and PMO variability in the main-stem (Figures 5b and 5d). VIP
values indicate other highly influential predictors of PMP and PMO variability. These include grain size class
clay (GS_clay; Figures 5a and 5c¢) and sediment organic carbon content (C,y,). In addition, porewater man-
ganese concentration (Mn) was positively correlated (Figure 4a), whereas Mn had a distinctly lower VIP
value compared to GS_silt, GS_clay, and C,. Moreover, wet bulk density, (pwp) as a highly influential pre-
dictor, was actually negatively correlated with PMP and PMO.

The loading plot derived from PLS also illustrates the correlation structure of the independent (X) variables.
Sediment characteristics reflecting fine material and consequently high organic carbon content of sediment
(GS_silt, GS_clay, and C,,) were strongly (positively) correlated as indicated by their position close to each
other (Figure 4a). Characteristics for larger sediment grain size and density (GS_gravel and py) and indices
of porewater DOM—proxies of molecular weight or molecule size (a254:a365, E2:E3, Sr)—were (negatively)
correlated. Moderately influential parameters for PMP and PMO included proxies of molecular weight and
size of DOM (a254:a365, E2:E3, Sr), grain size larger 2 mm (GS_gravel), depth below SWI (D), porewater sul-
fate concentration (SO4; negatively correlated), proxies of humic substances and aromaticity (a440 and
SUVA254), as well as porewater CH, concentration (CH4_conc, positively correlated). PMP and PMO
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were little influenced by porewater DOC, Zn, K, Na, Fe, Mg, or
dissolved CO, (CO2_conc), grain size class sand (GS_sand), proxies
for freshness of DOM (b:a), humification (HIX), source of the DOM
(FI), as well as another proxy for aromaticity (E4:E6).

The PLS analyzing the drivers of spatial variability of PMP and PMO
in the sub-catchment stream resulted in a relatively high background
correlation for both PMP (R?Y = 0.262) and PMO (R*Y = 0.286). This
can be explained by the large number of independent variables (n =
28) compared to the number of observations (n = 39) as well as many
missing data (i.e., measurements below the detection limit).
However, the PLS analysis extracted two significant components
which explained 70.4% of the variance (R*Yeym = 0.704) with a mod-
erate predictive power (Q%um = 0.549) relative to R?Y (Figure 4b;
Table 1). Compared to the main-stem, the dependent variables PMP
and PMO had an even stronger correlation. Based on the VIP scores,
organic carbon content (C,) in the sediment was by far the most
important predictor for spatial variability of PMP and PMO in the
sub-catchment stream. Further highly influential predictors were
sediment nitrogen content (N), porewater DOC, K, Na and Mg (posi-
tively correlated), as well as wet bulk density (pyp), and the proxies
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Figure 4. Partial least square (PLS) loading plot of potential methane pro-
duction (PMP) and oxidation (PMO) in the main-stem (a) and in the sub-
catchment stream (b) showing the correlation structure of dependent vari-
ables (asterisks) and independent variables (circles). Percentage values in
axis labels are the proportion of PMP and PMO variability explained.
Independent variables furthest from the plot origin (positive or negative) are
the most influential predictors, and independent variables closest to the
origin least influential. Independent variables close to the dependent vari-
ables are positively correlated; those on the opposite side of the origin are
negatively correlated. See explanation of abbreviations in Table 1.

for humification (HIX), source (FI), and aromaticity (SUVA254) of DOM
(negatively correlated). Moderately influential parameters are the grain
size class silt (GS_silt) and CO, concentration (CO2_conc) in the pore-
water (positively correlated), as well as grain size fraction sand
(GS_sand; negatively correlated). Less influential parameters for PMP
and PMO in the sub-catchment stream were porewater CH, concentra-
tion (CH4_conc), the concentration of Fe, SO4, Zn, Mn, and Cl in the
porewater, the grain size classes clay and larger than 2 mm (GS_clay,
GS_gravel), depth below SWI (D), as well as the proxies for the freshness
(b:a), the molecular size (E2:E3), the molecular weight (a254:a365, Sr),
and aromaticity (E4:E6) of the DOM in the porewater, as well as for humic
substances in the DOM (a440).

4. Discussion
4.1. Drivers of Spatial Variability of PMP and PMO

The linear correlation (Figure 3), as well as close proximity in the PLS
loading plot (Figure 4) of PMP and PMO, show a strong connection, indi-
cating that both processes might be directly or indirectly controlled by
similar drivers in the sediment, or dependent on each other. In the
main-stem and sub-catchment stream, the key drivers of PMP and PMO
spatial variability were related to sediment properties. For the main-stem,
the strongest predictors of PMP and PMO were volume fractions of silt,
clay, and organic carbon. The strongest predictors for the sub-catchment
stream were nitrogen and organic carbon content (although the former
could not be included in the PLS of the main-stem). Jones et al. (1995) stu-
died five streams (Strahler stream order 1) in central and southern
Arizona and reported far greater methane production in hydrologically
isolated river bank sediments, compared to parafluvial sediments interact-
ing with the core flow. This reflects the connection with hydrology, geo-
morphology, and organic matter distribution in relation to CH,
production in streams and is elaborated in the recent review of Stanley
et al. (2016).

In the main-stem, porewater characteristics were generally less important
drivers of PMP and PMO spatial variability than sediment indices. A posi-
tive relationship between Mn and methane production was also found by
Qiao et al. (2015) in anaerobic batch experiments with wastewater. Mn
may serve as an alternative electron donor for the process of methanogen-
esis from CO,. The drivers of spatial variability for the sub-catchment
stream, however, were more diverse than for the main-stem. We identi-
fied porewater DOM quality characteristics as highly influential drivers

of PMP spatial variability (Figure 4b), which was, to our knowledge, observed for the first time. For example,
the extent of humification, indicated by HIX, as well as aromaticity (SUVA254) were negatively correlated to
PMP and PMO (Figure 4b), indicating that more degraded DOM produces less methane (Sobek et al., 2009).

Ultimately, the key drivers of PMP and PMO spatial variability in the main-stem were fine sediments, rich in
organic matter (this study; Comer-Warner et al., 2018; Romeijn et al., 2019). These sediment properties are
likely proxies for high microbial abundance, microbial diversity, and anoxia (Bushaw-Newton et al., 2012;
Mendoza-Lera & Datry, 2017; Perkins et al., 2014). Moreover, fine sediments as a key driver for spatial varia-
bility of PMP and PMO is in accordance with Maeck et al. (2013) who found that sedimentation rate of fine
sediment in river impoundments was the main control on their methane emissions. Small streams represent
the largest water surface area of the global fluvial network (Downing et al., 2012), highlighting the impor-
tance of characterizing their emissions as part of the global methane budget. Our findings confirm, similar
to reservoirs and impounded rivers, that sediment deposition and sediment composition are key controlling
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factors of their CH, emissions. The studies of Sanders et al. (2007) and Crawford and Stanley (2016) support
this conclusion. Sanders et al. (2007) showed in the agricultural (76% of land use) River Frome in Dorset,
England, a marked increase of silt/clay fraction in the sediment in spring and summer, this coincided
with enhanced plant-mediated CH, emissions, and resulted in an increase in surface water CHy,
concentrations (and up to 100-fold increase in sediment CH, concentrations). Furthermore, Crawford and
Stanley (2016) found strong evidence that increased sedimentation and enhanced organic matter content
lead to higher methane emissions from streams draining human-impacted landscapes relative to pristine
streams in northern Wisconsin (USA). Consequently, increasing deposition of fine sediments due to
anthropogenic land disturbance, water abstraction, and flow regulation (Foley et al., 2005; Vorosmarty
et al., 2000; Yuan et al., 2015) may have an amplifying effect on methane production in, and consequently
methane emissions from, lotic systems (Comer-Warner et al., 2018). Conversely, extended droughts and
irregular rainfall patterns could lead to increased drying-out of small streams in Europe due to the latitudinal
amplification and periodic stalling of the gulf-stream (Francis & Vavrus, 2012, 2015; Martineau et al., 2017),
thereby potentially off-setting increases.

Knowledge of the spatial distribution of preferential sediment deposition zones in stream networks can pro-
vide the basis for process-based models for methane emissions, such as those for wetlands and lakes
(Sabrekov et al., 2017; Tang et al., 2010). Such models must be coupled with hydrological/hydraulic models,
these may, in combination, facilitate regional to global scale CH, emission estimates, as already exist for CO,
(Raymond et al., 2013). In headwater stream networks, the geomorphology gives rise to a patchy system over
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scales of tens of meters (Noss & Lorke, 2016). The occurrence of elevated methane production patches will be
dependent on hydraulic conditions that favor sediment settlement (Naden et al., 2016), and a supply of fine
sediment, which is in-part related to the degree of catchment disturbance (Allan et al., 1997; Croke &
Hairsine, 2006; Houser et al., 2006). In larger, higher-order rivers with lower slopes, an increase in the poten-
tial for fine sediment patches as a proportion of the river bed area is likely since overall hydraulic conditions
favor a more general accumulation of fine sediment (Leitner et al., 2015; Wood & Armitage, 1997). The
degree of catchment disturbance, for example, intensive agricultural land use with associated soil erosion
and wash-off will control the supply of fine sediment (Naden et al., 2016) and hence the potential for
enhanced methane production. Thus, hydraulically comparable river reaches with differing land use in their
catchments may have very different CH, emission rates. Wilkinson, Bodmer, et al. (2019), for example,
found impounded river reaches with minimal sediment and very low emissions. So although the presence
of transverse structures, such as weirs, culverts, barrages, locks, and dams may provide conditions suited
to hot-spot methane production (Maeck et al., 2013; Ollivier et al., 2019; Wilkinson, Bodmer, et al., 2019),
sediment supply (i.e., lack of it) may limit this. Potentially, a mapping of hydraulic conditions, based-on
slope, riverbed morphometry, and by inference stream power (sediment carrying capacity-siltation capacity)
combined with land utilization intensity and a probabilistic estimate of methane production based-on
observed data for different systems would be a significant step towards upscaling methane production from
lotic systems.

To estimate CH, emissions at the landscape scale, it would be necessary to assess fine sediment spatial
deposition patterns in flowing waters, based-on localized hydraulic conditions, as well as catchment sedi-
ment input. In addition, a broader range of data on the magnitude and drivers of PMP and PMO in smaller
stream networks would help better constrain such estimates. Furthermore, a wider characterization of PMP
and PMO across freshwater systems (e.g., lakes and reservoirs) would assist in the goal of upscaling
emission estimates.

4.2. Relationship of PMP and PMO to Depth

Our study and others (e.g. Mach et al., 2015; Sanders et al., 2007) show that sediment depth is not a reliable
predictor for PMP in small stream systems. The shallow water depth and predominantly energetic deposi-
tional environment, subject to rapid discharge variations, in our study catchment, is in sharp contrast to
river impoundments, where consistent decline in PMP with depth was observed (e.g., Wilkinson et al.,
2015; Wilkinson, Bodmer, et al., 2019). With the redistribution and mixing of materials, as well as re-
inclusion of fresh and old organic matter, that gets buried quickly, for example, after storm events, it is
not surprising that we found no consistent variations of PMP with sediment depth (Figure S5a). The most
important drivers of PMP and PMO spatial variability in the main-stem and sub-catchment stream (sedi-
ment organic carbon and nitrogen content, and silt and clay) also had no consistent vertical gradients
(Figures S6a-S6d). However, whether non-impounded streams with low flow velocity accompanied by
strong deposition of fine sediments (e.g., heavily modified agricultural streams) behave more like larger river
impoundments with a strong depth dependence of PMP (Maeck et al., 2013; Wilkinson et al., 2015;
Wilkinson, Bodmer, et al., 2019) remains to be answered.

We found no consistent vertical gradients in PMO (Figure S5b). This is not surprising given the correlation
with PMP and the influence of the fluvial environment as discussed above. Here we only measured PMO in
the top 5 cm of the sediment, whereas Shelley et al. (2014), studying the River Lambourn in southern
England, found methanotrophy (measured as PMO) to be active to at least 15 cm into the riverbed; the high-
est oxidation rates were in the upper 6 cm declining significantly with increasing depth. Buriankova et al.
(2012) found a similar pattern, with greater methanotrophic activity in the top 25 cm compared to the deeper
25-50 cm of Sitka stream sediments (Czech Republic). Given a possible correlation of PMP and PMO, as seen
here, those studies identifying strong PMP depth gradients may have had similar profiles for PMO.

4.3. Comparison of PMP and PMO With Literature Data and Explanatory Power of Our Data

Measuring protocols for PMP differ among studies presented in the literature, for example, incubation dura-
tions range from 24 hr (Crawford et al., 2017) to 4-6 weeks (this study; Bednafik et al., 2017), distilled water
was added to incubation vials in some studies (Bednaiik et al., 2017; Mach et al., 2015) and in others not (this
study; Sanders et al., 2007; Wilkinson, Bodmer, et al., 2019). Despite these differences, our PMP rates were
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within the range reported by Bednatfik et al. (2017) for a second-order tributary of the Danube and Crawford
et al. (2017) for a groundwater-dominated headwater stream. We measured the same order of magnitude as
Sanders et al. (2007) for an agricultural river, but with a very high variability (indicated by standard devia-
tions; Table S1) at the depths of 1 and 5 cm below the sediment-water interface (Figure S5a). We found
far greater variability than Mach et al. (2015) who studied two cores from an agricultural stream, as opposed
to the 26 cores studied here; they did not aim to sample a wide range of sediment; hence, the comparative
difference in variability is not surprising.

There are several studies in streams where PMO was investigated (e.g., Bednafik et al., 2017; Sanders et al.,
2007; Shelley et al., 2017). Shelley et al. (2015) demonstrated concentration dependent PMO at low CH, con-
centration; this highlighted the importance of initial CH, spiking concentration in incubations, and this con-
centration dependency also differed among sediment types. The corollary of this is that the potential for
meaningful comparison of PMO estimates between studies is limited, and this shortcoming reveals an
urgent need for standardized PMO measurement procedures.

We present data for idealized “potential” measurements of PMP and PMO, under in situ conditions, addi-
tional factors influence PMP and PMO. With hindsight, flow velocity measurements at each of our core sites
would have been beneficial. Flow velocity controls sedimentation rate of fine material (e.g., Naden et al.,
2016; e.g., clay and silt and associated organic carbon content), which was the key driver of PMP in our
main-stem. Since low velocities favor settlement of fine sediment, a negative correlation between flow velo-
city, PMP, and PMO might have been observed. In addition, flow velocity affects oxygen penetration depth in
sediment (Murniati et al., 2016) and consequently must influence the extent of PMO. This has relevance for
the patterns of PMP and PMO that might be expected in flowing waters.

Higher flow velocities, compared to lower velocities, limit the settlement of fine material, increase the pene-
tration depth of oxygen into the sediment, and accelerate gas exchange between the stream and the atmo-
sphere (Raymond et al., 2012). These factors combine to influence porewater oxygen and CHy levels and,
by inference, expected PMO rates. At low velocities, such as those found in river impoundments, conditions
favor settlement of fine sediment, strongly anaerobic conditions, and high methane production, with bub-
bles bypassing the sediment matrix (Maeck et al., 2013), such that measured PMP and ebullitive flux may
be in close agreement (e.g., Wilkinson et al., 2015), and PMO would be a small component of the methane
budget. Conversely, in lakes, it has been found that up to 80% of the CH, produced can be oxidized
(Bastviken et al., 2008), although this relates more to the relative supply of fine sediment than velocity. In
a large fast flowing river such as the Amazon, ecosystem methane oxidation in the mainstream and its five
largest tributaries has been reported to reduce CH, diffusive flux by 28-96% (Sawakuchi et al., 2016).

These varied findings indicate the importance of the supply of fine sediments and flow velocity with its rele-
vance to settlement, gas transfer in the sediment, and gas exchange with the atmosphere. Hence, in flowing
waters, where gas transfer and exchange are important, coupled PMO and PMP measurements are recom-
mended to estimate CH, emission more accurately.
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