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Precipitation fuels dissolved
greenhouse gas (CO,, CHg, N>O)
dynamics in a
peatland-dominated headwater
stream: results from a continuous
monitoring setup

David R. Piatka*, Raphaela L. Nanasi', Ricky M. Mwanake,
Florian Engelsberger, Georg Willibald, Frank Neidl and Ralf Kiese

Karlsruhe Institute of Technology, Institute for Meteorology and Climate Research, Atmospheric
Environmental Research (IMK-IFU), Garmisch-Partenkirchen, Germany

Stream ecosystems are actively involved in the biogeochemical cycling of carbon
(C) and nitrogen (N) from terrestrial and aquatic sources. Streams hydrologically
connected to peatland soils are suggested to receive significant quantities of
particulate, dissolved, and gaseous C and N species, which directly enhance losses
of greenhouse gases (GHGs), i.e., carbon dioxide (CO5), methane (CHy), and
nitrous oxide (N»O), and fuel in-stream GHG production. However, riverine GHG
concentrations and emissions are highly dynamic due to temporally and spatially
variable hydrological, meteorological, and biogeochemical conditions. In this
study, we present a complete GHG monitoring system in a peatland stream, which
can continuously measure dissolved GHG concentrations and allows to infer
gaseous fluxes between the stream and the atmosphere and discuss the results
from March 31 to August 25 at variable hydrological conditions during a cool
spring and warm summer period. Stream water was continuously pumped into a
water-air equilibration chamber, with the equilibrated and actively dried gas phase
being measured with two GHG analyzers for CO, and N,O and CH,4 based on
Off-Axis Integrated Cavity Output Spectroscopy (OA-ICOS) and Non-Dispersive
Infra-Red (NDIR) spectroscopy, respectively. GHG measurements were performed
continuously with only shorter measurement interruptions, mostly following a
regular maintenance program. The results showed strong dynamics of GHGs with
hourly mean concentrations up to 9959.1, 1478.6, and 9.9 parts per million (ppm)
and emissions up to 313.89, 1.17, and 0.40mg C or N m~?h~! for CO,, CHy
and N>O, respectively. Significantly higher GHG concentrations and emissions
were observed shortly after intense precipitation events at increasing stream water
levels, contributing 59% to the total GHG budget of 762.2 g m—2 CO,-equivalents
(COy-eq). The GHG data indicated a constantly strong terrestrial signal from
peatland pore waters, with high concentrations of dissolved GHGs being flushed
into the stream water after precipitation. During drier periods, CO, and CHy
dynamics were strongly influenced by in-stream metabolism. Continuous and
high-frequency GHG data are needed to assess short- and long-term dynamics
in stream ecosystems and for improved source partitioning between in-situ and
ex-situ production.
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1 Introduction

Streams and rivers receive and transport large amounts of
terrestrial and riverine dissolved and particulate carbon (C)
and nitrogen (N) and are hotspots for biogeochemical turnover
processes (Downing et al.,, 2012; Raymond et al., 2013; Piatka,
20225 Battin et al., 2023). Due to their close connectivity to the
surrounding environment, including other subsurface and surface
water bodies such as ponds, lakes, reservoirs, estuaries, hyporheic
zones (HZs; mixing zones of stream water and groundwater),
and groundwaters, lotic ecosystems act as integrators of entire
catchments (Allan, 2004; Webb et al., 2019; Piatka et al., 2021).
Therefore, their C and N cycles react sensitively to pollution,
hydrology, climate, and land use changes (Song et al., 2018; Piatka
et al., 2022a; Mwanake et al., 2023; Upadhyay et al., 2023). Recent
estimations have highlighted the significance of lotic ecosystems as
emitters of the most important greenhouse gases (GHGs): carbon
dioxide (CO;), methane (CHy), and nitrous oxide (N,O) (Battin
et al., 2009; Raymond et al., 2013; Hotchkiss et al., 2015; Marzadri
et al, 2021; Mwanake et al., 2022). Despite lower daily fluxes
compared to CO;, CHy, and N, O can significantly contribute to
overall GHG balances from fluvial ecosystems due to their higher
global warming potentials (GWPs) of 27.2 (non-fossil origin) and
273, respectively, referenced to CO; on a 100-year time scale
(Intergovernmental Panel on Climate Change, 2021).

According to the Paris Agreement in 2015, substantial efforts
should be taken to limit global warming to 1.5°C above pre-
industrial levels (Tollefson and Weiss, 2015; Intergovernmental
Panel on Climate, 2022). A critical component of this goal might
include conservation activities of pristine and restoration efforts
of degraded and drained peatlands with their functions as large C
pools and net GHG sinks (Drosler et al., 2008; Hoper et al., 2008;
Harenda et al., 2018; Alexandrov et al., 2020). Here, availabilities
of oxygen (O,) or other terminal electron acceptors (e.g., SO,
NOj, Mn**, and Fe**) in peatland soils act as essential drivers of
produced GHGs (Blodau, 2011; Bridgham et al.,, 2013; Lyu et al,,
2018). Well-aerated and oxygenated peatland soils (e.g., drained
and managed peatlands) are significant sources of CO, by aerobic
respiration, whereas N,O is mainly produced by nitrification
and denitrification processes at variable oxygen levels (Kasimir-
Klemedtsson et al., 1997; Maljanen et al., 2010; Frolking et al., 2011;
Butterbach-Bahl et al., 2013; Liu et al., 2020). Under water-logged
and anoxic conditions (e.g., pristine and re-wetted peatlands), CHy
is mainly produced by methanogens if other terminal electron
acceptors are depleted, and oxygenated carbon compounds (e.g.,
COy) are available (Lyu et al., 2018; Gao et al,, 2019). At anoxic
to oxic interfaces, methanotrophic microbes can oxygenize CHy to
produce energy and CO; (Hanson and Hanson, 1996; Hornibrook
etal.,, 2009). These basic concepts of GHG production are also valid
in aquatic ecosystems.

In recent decades, increasing attention has been attributed
to lateral losses of dissolved, particulate, and gaseous C and
N species from peatland soils to hydrologically connected ditch
and headwater stream systems in peatland-dominated catchments
(Hope et al., 2001; Julian et al., 2004; Dinsmore et al., 2010;
Billett and Harvey, 2013; Evans et al, 2015; Campeau et al,
2017; Taillardat et al., 2022). Peatland streams have been found
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to be highly supersaturated with dissolved CO, CHy, and N,O
and rich in dissolved and particulate organic C (DOC, POC)
and N (DON, PON) as a result of ex-situ sources, e.g., surface
water run-off and pore water seepage from the surrounding
environment, or in-situ production (Hope et al., 2001; Billett and
Moore, 2008; Dinsmore et al., 2010; Taillardat et al., 2022). Mainly
during and after intense precipitation events (flushing effects), large
quantities of peatland soil GHGs can be mobilized to the stream
network, whereas washed-in organic matter can further fuel in-
stream GHG production (Billett et al., 2004; Dinsmore and Billett,
2008; Raymond et al., 2016; Jennings et al., 2020). Magnitudes of
respective riverine GHG evasions to the atmosphere can show a
high temporal and spatial variability on diel to seasonal scales with
gas-specific solubilities, partial gas pressure differences between the
atmosphere and stream water, and gas exchange velocities (k) as the
most critical drivers (Bade, 2009; Raymond et al., 2012; Hall Jr and
Ulseth, 2020; Attermeyer et al., 2021). Different experimental and
modeling approaches were performed to measure and asses variable
k values of varying stream systems as a significant parameter for
GHG emissions, however, with their own temporal and spatial
limitations and uncertainties (Raymond et al., 2012; Berg and Pace,
2017; Appling et al., 2018; Hall Jr and Ulseth, 2020).

Most studies directly investigating aquatic GHG losses from
peatland-dominated streams have focused on selected GHGs in the
C cydle, i.e., CO, and CHy (Hope et al.,, 2001; Billett and Moore,
2008; Dinsmore and Billett, 2008; Wallin et al., 2010; Vermaat
et al., 2011; Evans et al.,, 2015; Campeau et al.,, 2017; Taillardat
et al., 2022). Only a few studies have simultaneously measured
CO;, CHy, and N, O to enable a complete GHG balance; however,
all measurements were performed as discrete samples (Dinsmore,
2008; Dinsmore et al., 2010, 2013; Aho and Raymond, 2019). Based
on our current knowledge, no study has carried out continuous and
simultaneous measurements of all GHGs. However, considering
the possible importance of short-term GHG emission peaks, e.g.,
during rainfall events, for the overall net GHG balance of peatlands
and peatland-associated streams and their potential relevance to
counteract climate change, only continuous data can provide
sufficient resolution. Ongoing advancements in laser spectroscopy
coupled to air-water equilibration systems can be used to measure
selected or even all three GHGs with high temporal resolution and
accuracy (Giilzow et al., 2011; Santos et al., 2012; Gonzalez-Valencia
et al., 2014; Webb et al., 2016).

This work describes a system for continuous and long-term
GHG concentration measurements and relevant environmental
parameters in a peatland-dominated headwater stream, including
details on all devices, performed maintenance works, measurement
stability, and possible limitations. With this setup, we aimed to

1) Adapt and test technical and personnel efforts as well as
the long-term stability of continuous GHG concentration
measurements using laser spectroscopy coupled to an air-water
equilibration unit.

2) Share technical details and experiences with the aquatic
research community.

3) Demonstrate the potential of continuous multi-species

measurements for improved understanding of variable GHG

(i.e., CO,, CHy, N,O) concentrations, inferred emissions and
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budgets, and interactions with environmental controls and
changes in stream water levels.

After describing the study site, overall setup, and measurement
performance, an almost 5-month dataset from March 31 to August
25,2023, is presented and briefly discussed.

2 Study location and measurement
setup

2.1 Observation site

The observation site Haselbach (HAS) (latitude, longitude,
altitude above sea level (asl): 47.794806, 11.4267, 591.3m), a
headwater stream originating at the confluence of the headwater
streams Holmbach and Auer Bach further south, is located on
the property of the foundation “Kunst und Natur” in the pre-
alpine region approximately 50 km south of the city Munich in
Bavaria, Germany (see Figure 1A). The stream channel has an
average depth of 0.96 m and width of 2.20 m with low flow velocities
due to a generally low downward slope of the stream channel
(0.1546%) (Planungsbiiro U-Plan, 2016). The stream is located at
the lower part of the Haselbach catchment with a total size of
7.84 km? (Figure 1B) and drains a peatland-dominated landscape
with partly re-wetted areas (Figure 2). The selected study location
lies approximately 500 m downstream of an adjacent re-wetted
peatland and an extensively grazed grassland.

In general, the climate in this region can be classified as humid
and temperate based on the closest (~10km distance) weather
station, Attenkam (47.877428, 11.364282, 670 m), from the German
Weather Service (DWD), with an annual mean precipitation and
air temperature of 1,140.6mm and 8.6°C, respectively, for the
period 1991 and 2020. Most precipitation occurs as rainfall in the
warmer months between May and September (58.5%) (Deutscher
Wetterdienst, 2023).

The landscape and geology (Figure?2) in the area of the
observation site were primarily influenced by the former ice age
of Wiirm, which lasted until ~10,000 years ago. After the ice age,
a former meltwater lake in the so-called Wolfratshausener basin
deposited lake sediments with high proportions of clay minerals
associated with low water permeability characteristics (Jerz, 1979).
The combination of the geological and hydrological settings with
high amounts of meltwater from the retreating glaciers and a
generally humid and temperate climate in this region have favored
the formation of multiple fens, bogs, and transitional bogs (Kaule
and Peringer, 2015). Peat soils (55.3%) are the most dominant
soil type within the catchment, which can be differentiated by bog
(26.8%), fen (17.8%), and transitional bog peat (10.7%) (Figure 2)
(Bayerisches Landesamt fiir Umwelt, 2023). To sustain increasing
energy and food demands, peatlands, as in the study region, have
been intensively used for peat mining and drained for grassland and
forest land use since the 19th century? (Bernrieder, 2003). Today, a

1 https://kunst-und-natur.de/ (accessed August 21, 2023).
2 https://kunst-und-natur.de/nantesbuch/gelaende (accessed August 22,
2023)
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significant fraction of these peatland systems can be considered as
degraded (>95% in Germany) (Joosten et al., 2017).

2.2 General setup

2.2.1 Energy trailer and technical setup

An energy trailer was positioned ~5m next to the HAS
stream to provide a permanent energy supply and remote control
(Figure 3A) for long-term and continuous stream measurements
(Figures 3B-E). Energy is supplied by two LiFePOy batteries (25.6
V—200 Ah, Victron Energy BV, the Netherlands) connected to
an inverter (MultiPlus 24/5000/120-100, Victron Energy BV, the
Netherlands). During the daytime, four solar panels charge the
batteries (360 W, 24V, peak total output of 1,440 W). In cases of
increased power consumption or insufficient solar energy input, a
diesel generator (AGT-DC 600-24 PVMV-N, Fischer Panda GmbH,
Germany) with a maximum output of 6 kW charges the batteries
when the charge level reaches 30% or less. The energy trailer
provides plugs for 12 and 24 DC and 230 V AC output. Measuring
devices were connected to the board grid with 12 and 24 V without
losses via the inverter. Additional electrical appliances can be
operated by installing multiple sockets. An air conditioner (5 kW,
AC-M5W, Dantherm Group A/S, Denmark) was used to control
indoor air temperatures. The whole trailer was made by GME
Systems GmbH in cooperation with Hecka GmbH (both Germany).

A field laptop was installed for data storage and visualization.
An industrial router provided Internet access with 4G LTE
connectivity (TK815L-EXW, Welotec GmbH, Germany) for
remote access to the laptop. Near real-time data transfer was
performed via a synchronization software (NextCloud private,
on premise).® A network camera (AXIS P5655-E PTZ, AXIS
Communications GmbH, Germany) was also installed outside
the energy trailer for surveillance and maintenance purposes
(Figure 3A).

2.2.2 Continuous greenhouse gas (GHG)
measurements

In the HAS stream, a bilge pump (Rule 24DA, Xylem Inc.,
USA) was installed about 10 cm above the stream bed to ensure
permanent water coverage even at lower discharge conditions
(Figure 3C). To avoid direct pumping of large particulate organic
matter (POC), such as water plant remains, a perforated metal
plate was installed ~1 m upstream. The pump was placed inside
a perforated metal cage encased in a coarse plastic mesh grid,
followed by a larger perforated metal cage. This configuration
shielded the pump from direct large POC suction and served as
a course particle filter. Stream water was continuously pumped
through a hose (inner diameter of 12.7 mm) into a commercially
available water-air equilibration chamber (Rad Aqua, DURRIDGE
Company, Inc., USA) through two spay nozzles with a flow

rate of 4.1L min~! at 138 Pa water pressure (Figures 3D, 4). A
manufactured Plexiglas disc was placed on top to reduce the

gas exchanges of the collected water in the tray at the bottom

3 https://nextcloud.com/ (accessed October 6, 2023).
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|

FIGURE 1

(A) General overview of the study location in Germany (gray) and Bavaria (blue) and (B) close-up view of the observation site (white circle) including
coordinates (latitude, longitude) with the investigated stream Haselbach (light blue line), the up-stream tributaries Holmbach (gray line), and Auer
Bach (dark blue line) in the catchment (red line) (basemap: ©2015 Google).

Observation site
(47.794806,11.4267)

o

Holmbach

FIGURE 2

Overview of the investigated study site (white circle) in the stream Haselbach (light blue line) with further upstream tributaries Holmbach (white line)
and Auer Bach (dark blue line) with classifications of the present geology in the catchment (data source: Bayerisches Landesamt fur Umwelt, 2023).

=== catchment Haselbach-Holmbach
O  observation site
o= Haselbach
=== Auer Bach
& Holmbach
Geology
- basin silt to clay, late Warm period
- bog peat, partially degraded, Holocene
boulder clay, Wiirm period
fen peat, partially degraded, Holocene
- Kames deposit, Wirm period
lower variegated molasse
- meltwater gravelRiB period
- moraine (till), Wirm period
- mudflow, alluvial or stream deposit, Pleistocene to Holocene
- Penzberg-Liegend-Fl6z group
Promberg layers
Schwaig layers
- sintered limestone (calcareous tuff),Holocene
slope deposit,Pleistocene to Holocene
- transitional bog peat,Holocene
- upper Nonnenwald sand

[0 valley fill, polygenetic or fluviatile

with the atmosphere. A temperature sensor (Omega Temperature
Probe, Omega Engineering Inc., USA) and logger (Omega
OM-EL-USB-TC Temperature Logger, Omega Engineering Inc.,
USA) recorded chamber temperatures at 10-min intervals.

An active moisture exchanger with an internal pump and a
Nafion membrane (DRYSTIK, ADS-3R, DURRIDGE Company,

Frontiersin Water

Inc., USA) was used to dry the air sample stream, which was
continuously drawn and pumped back into the chamber headspace
of the water-air equilibrator in a closed loop (Figures 3E, 4). A
flow rate of 1.5L min~! was adjusted using the high airflow
output valve of the DRYSTICK. A 3m Teflon vent (inner

diameter of 1.6 mm) was installed before the gas inlet to balance

04 frontiersin.org
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|| Active moisture
exchanger

| Greenhouse gas
\  analyzers

FIGURE 3

Overview of the measurement setup at the Haselbach stream with (A) the energy trailer including an outdoor network camera and an air-water
equilibration system, (B) continuous water level measurements, (C) water pump and water chemistry probes, (D) a close-up view of air-water
equilibrator, and (E) greenhouse gas (GHG) analyzers, i.e., CO,, CHy4, and N, O, attached to an active moisture exchanger inside the energy trailer.

3m bleed DRYSTICK:
flow: 1.5 L/min | Nafion trap
+ air pump
.—3/2-wa
‘water switch [} 1 /solelnoi}é
. Flow meter valves
flow: 2.0 -3.0 L/ —
™ o P flow: 0.13 L/min:
S UGGA
| iRl CH,, N,0
¥ analyzer
stream T T I‘g‘ .
pump é . g
U\g & | LI-840A
5 o0
82 CO,
3+ analyzer
j=5
£
]
outflow
Rad Aqua:

water-air equilibrator

FIGURE 4

General overview of continuous dissolved greenhouse gas (GHG) measurements in the investigated Haselbach (HAS) stream. The setup includes
water pumped to an air-water equilibrator with the desiccated (DRYSTICK) sample air subsequently being measured for CO, and CHg4, and N,O
concentrations using an Ultraportable Greenhouse Gas Analyzer (UGGA) based on Off-Axis Integrated Cavity Output Spectroscopy (OA-ICOS) and a
LI-840A based on Non-Dispersive Infra-Red (NDIR) spectroscopy, respectively. The water switch and the 3/2-way solenoid valves prevented water
from entering the DRYSTICK and GHG analyzers.

possible atmospheric pressure differences and prevent rising water  a flow meter (Ellutia 7000 GC Flowmeter, Ellutia Ltd., UK) and
levels within the equilibration chamber as recommended by the  showed negligible airflow in the 4-5-mL min~! range. To prevent
manufacturer. Flow rates through the vent air were checked with ~ water suction into the DRYSTICK and GHG analyzers a water
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switch (DURRIDGE Company, Inc., USA) was preconnected to
the DRYSTIK as an emergency feature to cut the power supply,
which worked in combination with two 3/2-way solenoid valves
(Biirkert GmbH, Germany) between the DRYSTICK and the GHG
analyzers (Figure 4). In case of an activated water switch, the valves
opened to ambient air to maintain atmospheric pressure within the
GHG analyzers.

A GHG analyzer for N,O and CHy [Ultraportable Greenhouse
Gas Analyzer (UGGA), N20M1-919, Los Gatos Research (LGR),
USA] with Off-Axis Integrated Cavity Output Spectroscopy (OA-
ICOS) was put in sequence with a CO, gas analyzer (LI-840A,
LI-COR Biosciences, USA) based on Non-Dispersive Infra-Red
(NDIR). The internal pump of the UGGA pumped sample air in a
closed loop out of the closed loop of the DRYSTIK setup (Figure 4)
at an average flow rate of 0.13 L/min, which was measured with
a flowmeter (red-y compact meter GCM, Vogtlin Instruments
GmbH, Switzerland). GHG gas concentrations were measured per
second with a measurement range of 0-10 ppm (£0.4 ppb) and
0-100 ppm (%2 ppb) for N,O and CHy, respectively, and 20,000
(£1) ppm for CO;. Only dry air mole fractions of CO,, CHy, and
N,O are reported in this study. Measurement data of the UGGA
were stored on an instrument internal computer with data storage
capacities suitable for long-term measurements and visualized on
the field laptop via a VNC Viewer (RealVNC, version 7.6.0).* The
appropriate LI-COR software [LI-840A Instrument (Embedded)
Software, version 2.1.0]° was used to store and visualize the LI-840A
data on the field laptop.

2.2.3 Additional stream and water quality
parameters

Continuous water level measurements (April 6 to May 26
hourly, then in 10-min intervals) were performed to capture the
variability of discharge conditions of the HAS stream. A slotted
groundwater pipe (2 inches, PVC-U, DN50, DIN 4925) with a
length of 1 m and a slit width of 0.5 mm was partially inserted into
the stream bed at the deepest part of the water profile with lowered
flow velocities. A data logger (OTT ecoLog 1000, OTT HydroMet
GmbH, Germany) for atmospheric pressure-corrected water levels
and temperatures was inserted into a second solid pipe attached on
top. Communication and data access were enabled via a password-
protected Bluetooth Low Energy (BLE) interface and a modem (HL
7800-M Global) for long-distance data transfer based on Internet
of Things (IoT) LTE-M (CAT M1) technology. A weatherproof
and lockable top cap (OTT ecoCap, OTT HydroMet GmbH,
Germany) protected the data logger and antenna, maintaining
communication functionalities.

A magnetic-inductive flow meter (OTT MFpro, OTT
HydroMet GmbH, Germany) was used for discrete mean water
flow velocity measurements at different hydrologic conditions.
Correlations with sporadic measured water levels covering low
to high stream water levels allowed continuous flow velocity
estimations. A detailed overview of respective measurement

4 https://www.realvnc.com/de/ (accessed August 29, 2023).
5 https://www.licor.com/env/support/LI-840A/software.ntml  (accessed

August 29, 2023).
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FIGURE 5

Linear correlation (y = 0.8005x—0.3191) between measured stream
velocities and respective water levels.

TABLE 1 Measurements of flow velocities and mean water depths at
variable water levels.

Date Velocity Mean Water
[ms—1] depth[m] level [m]
2023-04-06 0.085 0.347 0.508
2023-04-13 0.426 0.715 0.926
2023-04-14 0.24 0.539 0.78
2023-04-17 0.199 0.483 0.662
2023-04-20 0.368 0.56 0.78
2023-04-21 0.16 0.422 0.595
2023-04-24 0.156 0.393 0.588
2023-04-25 0.135 0.389 0.56

results and corresponding water levels is presented in Table 1.
Discrete water levels and Vs ranged between 0.508 and 0.926 m and
0.085 and 0.426 m s~ !, respectively. A significant positive linear
relationship (coefficient of determination (R?) = 0.91, p < 0.05)
between these parameters could be observed (Figure 5), which was
used to estimate Vs from continuous water level data.

Most crucial chemical and physical water parameters were
recorded in 10-min temporal (hourly before May 26) resolution
with a Pro DSS multiprobe (YSI Inc., USA) and Spectrometer
Probe V3 (spectro:lyser V3, s::can GmbH, Austria) approximately
10 cm above the stream bed to ensure continuous monitoring even
at lower water levels. A summary of applied devices for stream
and water quality parameters, including measurement ranges and
precisions, is shown in Table 2.

2.3 Data processing and greenhouse gas
(GHQ) flux and balance calculations

Data from GHG analyzers, water level loggers, and water

chemistry probes were collected weekly on a USB flash drive.
Incorrect measurement data during and shortly after maintenance
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TABLE 2 Overview of all site parameters and used devices for stream and water quality parameter measurements with measurement ranges and

precisions.
Water parameter, abbreviation  Unit Measurement range Accuracy
Pro DSS multiprobe temperature, T °C —5-70 +0.2
pH - 0-14 +0.2
Dissolved oxygen, DO mgL™' % 0-200 +2%
Specific conductance, SPC wScm™! 0-100 +2%
Spectro:lyser V3 (OPL = 5 mm) dissolved organic carbon, DOC mgL~! 0-180 +4%
Total organic carbon, TOC mg Lt 0-210 +4%
Total suspended solids, TSS mg L! 0-1,200 n.a.
Turbidity FTU/NTU 0-1,400 n.a
Nitrate, NO; mgL~! 0-460 +2.2%
OTT ecoLog 1,000 Temperature, T °C —25-70 +0.05%
Level m 0-10 +0.001
OTT MFpro Flow velocity ms™! 0-3.04 +2%
Water depth m 0-3.05 +2%

The spectro:lyser with an optical path length (OPL) of 5 mm was used. Missing information was indicated as not available (n.a.).

works were filtered out, marked by rapid concentration shifts
toward atmospheric values until equilibrium was reestablished.
The quality-checked GHG, stream and water quality data were
aggregated into hourly resolution, which also smoothed minor
variabilities due to measurement uncertainties.

Because chamber headspace temperature data were partly
unavailable, continuous stream water measurements were used as
a proxy, which showed an overall good fit (R? = 0.99) with an
approximate offset of 2°C.

The measured GHG concentrations in [ppm] were used to
infer dissolved GHG concentrations in the stream water based on
Henry’s law solubility constant (H®) in [mol m~3 Pa~!] (Sander,
2015; Sander et al., 2022)

cy=HP xp (1)

with aqueous gas concentration in water ¢, in [mol m~3]

and the partial pressure p in [Pa] of the respective gas in the

gas phase in equilibrium. The van’t Hoft equation was applied to

calculate temperature-dependent Henry’s law constants (H®(T))
after Sander (2015)

—AH 1 1
HO(T) = HO x exp(—2tf (L - L 2
(T) x exp( R (T Te)) (2
with H® in [mol m™3 Pa~!) as the Henry’s law solubility
constant at standard temperature T in [K], the expression Ag,H
as the molar enthalpy of dissolution in [J mol~!] of the respective
gas, and R as the ideal gas constant in [J mol~! K~!].
Hourly air-water GHG fluxes F in [mol m~2 h~!] were
estimated after
F=1(c,—cq) Xk 3)
using the gas concentration difference in water (c,) and
ambient air (c,) in [mol m—3] and the gas exchange velocity (k) in
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[m h™!] (Wanninkhof et al., 2009; Raymond et al., 2012). Molar
masses of CO,, CHy, and N,O were used to transform fluxes
to[gm~2h7!].

Estimations of k for each GHG were calculated according to

k = keoo(——)

Sc @

with standardized k values to the dimensionless and
temperature-dependent Schmidt number (Sc) of 600 (keoo)
divided by 24 for hourly resolution using an empirical equation
after Raymond et al. (2012) with flow velocities (V) in [m s~!] and

the slope (S) in [m m~!]:
keoo = V x 876 x 951.5 (5)

full GHG balance over
measurement gaps were interpolated linearly. Hourly averaged

For the observation period,
fluxes of CHy and N>O were multiplied by the respective GWPs
of 27.2 and 273 and added to the CO, fluxes to obtain a GHG
balance in CO;-equivalents. Moreover, to investigate the effects of
lower sampling frequencies on the total GHG balance, the dataset
was also randomly sampled once a day and three times (Monday,
Wednesday, Friday) or once (Wednesday) per week during the
daytime between 9 AM and 5 PM, with linear interpolation
between the sampled data.

3 Results

3.1 Review of maintaining the measuring
setup

The GHG monitoring setup was continuously operated over

~5 months, from March 31 to August 25, 2023. Via the installed
network camera and remote laptop access, overall conditions (e.g.,
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FIGURE 6
Overview of hourly averaged water chemistry parameters including (A) dissolved oxygen (DO) concentration [mg L~*] and (B) saturation [%], (C)
specific conductance (SPC) [uS cm~11, (D) pH [-], (E) dissolved and total organic carbon (Corg) [mg L=, (F) nitrate (NOs) [mg L], and (G) total
suspended solids (TSS) [mg L1, and (H) turbidity (turb.) [NTU/FTU] between March 31 and August 25, 2023. In the subfigures (A—D), gaps indicate
measurement failures or filtered outliers. In (E-H), differences between hourly averaged and consecutive measurements were used to filter out
significant outliers (+3 standard deviations), with values of O shown as data gaps.

stream water level, pumping rates) at the measurement site and of
the measurements were controlled daily. The performance of the
energy trailer, including energy supply and fuel status, was checked
on a regular basis. Automated warning messages were sent in cases
of low battery charge, fuel status, or other errors. Next to remote
controls, on-site checkups and cleaning procedures were performed
two to three times per week (mainly on Monday, Wednesday,
and Friday).

Due to generally high DOC and POC concentrations in the
HAS stream, fine organic matter accumulated on the in-stream
probes and the plastic mesh grid of the pump, which were
gently cleaned with a brush. The deposition of fine sediments
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also in the garden hose and air-water equilibrator tubes caused
a gradual decrease in pumping rates. Low pumping pressure
directly influenced spraying behaviors through the spray nozzles
into the air-water equilibration chamber with fewer fine droplets
at lower flow rates. Therefore, once per week, the equilibration
chamber was disconnected, and the garden hose was flushed by
turning the water pump on and off several times. Additionally,
the tubes and the equilibration chamber were cleaned with a
brush. When pumping rates decreased to 2.0 L/min even after
cleaning, the garden hose was replaced, and initial pumping rates
could be re-established. Pumping rates could be kept relatively
stable between 2.0 and 3.0L min~'. Only once the pumping rate
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Overview of (A) measured water levels [m], including consecutive numbers of peaks (1-19), and water temperatures [°C] together with hourly
cumulative precipitation [mm h~!] data from the weather station Attenkam (data source: Deutscher Wetterdienst, 2023) in comparison with (B)
hourly averaged greenhouse gas (GHG) concentration measurements in parts per million (ppm) (black lines) and flux estimations [mg m—2 h—!] (gray
line) of CO;, (C) CH4 and (D) NO (D) [ppm] in dry air from March 31 to August 25, 2023. In (E), inferred gas exchange velocity (k) values [m h=!] of
CO; are presented, which are also representative of the other two GHGs.

dropped to 1.7L min~!, but could be increased to 2.6 L min~!

after cleaning.

Shorter GHG measurement disruptions mainly occurred due
to regularly performed maintenance works or measurement
stops in favor of other field experiments. Also temporally
rising water levels in the water-air equilibration chamber,
freezing sample air tubes at cool temperatures in April 2023,
power supply failures of the energy trailer, or malfunction of
the field laptop (for LI-840A data) caused occasional GHG
measurement data losses. Only 11 and 22% of CH4 and N,O,
and CO, concentration data were filtered out or not measured,
respectively. The water switch and the 3/2-way solenoid valves
were activated once water entered sample air tubes due to
high equilibration chamber water levels before the vent was
installed, which successfully prevented water suction into the
GHG analyzers.
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3.2 Environmental site parameters

An overview of measured site parameters and precipitation
events is shown in Figures 6A-H, 7A. Generally, cooler stream
water temperatures were observed in April with a minimum
of 1.4°C, which increased to a maximum of 27.2°C in June
and ranged between 11.4 and 23.7°C in July and August. The
water temperatures showed strong diurnal patterns with higher
temperatures during the day. Stream water levels were highly
variable and increased due to several rainfall events during the
observed period, which could be assigned to 19 distinct peaks
(Figure 7A). The lowest cumulative precipitation (23.3 mm) and
water level (0.44 m) were recorded in June. In the months May, July
and August, higher water levels of up to 1.02 m were observed as a
result of elevated cumulative precipitation with 105.4, 109.6, and
104 mm, respectively.
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The Pro DSS multiprobe experienced several measurement
failures, which resulted in data gaps for dissolved oxygen (DO),
pH, and specific conductance (SPC). During the observed time
period, DO concentrations and saturations varied between 1.5
and 15.1 (mean =std: 8.3 4+2.4) mg L', and 18.1 and 186.1
(86.2 £25.7) %, respectively. We observed pronounced day-night
cycles, particularly in the months of June and July (Figures 6A,
B). Measured pH values were constantly neutral to alkaline and
ranged from 7.1 to 8.5 (7.7 £0.2). Significant drops in pH occurred
after rainfall events at rising stream water levels and showed
similar diurnal patterns related to DO and CO, (Figures 6C, 7A,
B). Also, Similar to pH, SPC strongly dropped at hydrologic
events, ranging between 220.7 and 571.2 (407.7 +84.7) uS cm™!
(Figure 6D), with overall highest values at baseflow conditions.
Carbon concentrations varied between 14.1 and 67.3 (34.8 £12.4),
and 19.2 and 103.2 (48.1 £18.5) mg L~! for dissolved (DOC)
and total organic carbon (TOC) (Figure 6E) and continuously
increased from July to the end of August. As for DOC and TOC,
concentrations of nitrate (NO3') tended to increase with stream
water levels and ranged between 0.1 and 8.8 (1.4 £1.0) mg L™!
(Figure 6F) but did not show pronounced diurnal variations. Total
suspended solids (TSS) and turbidity varied between 0.9 and 289.2
(11.1416.2) mg L' and 0 and 438.5 (13.3 £24.0) in the Formazine
Turbidity Unit (FTU) or Nephelometric Turbidity Unit (NTU)
(Figures 6G, H).

3.3 Continuous GHG measurements in high
temporal resolution

To show the potential of the continuous GHG measurement
setup to resolve GHG (i.e., CO,, CHy, and N,O) dynamics in
high temporal resolution, the presented dataset covers different
hydrologic stream conditions during a cooler spring and warmer
summer period from March 31 to August 25, 2023, including
low, moderate, and also heavier thunderstorm-related rainfall
and resulting discharge events. Measured GHG concentrations
and estimated fluxes (Table 3) based on Equations (1-5) were
strongly influenced by the magnitude, frequency, and timing of
precipitation events and associated HAS water level dynamics.
Over the overserved period, CO, and CHjs concentrations
were constantly highly oversaturated, whereas N,O showed
generally lower levels of oversaturation and even atmospheric
equilibrium and undersaturation in situations with low stream
water levels (Figures 7A-D). Estimated k values for GHG flux
estimations ranged between 0.004 and 0.099 (0.023 £0.017) m h™!
(Figure 7E).

At cooler weather conditions and prior to the prolonged
dry period in June, concentrations of CO;, CHy, and N,O
peaked shortly after rising water levels associated with rainfall
events with maximum values of 7,078.1, 580.6, and 2.0 ppm,
respectively, followed by a significant drop when water levels
were still increasing. Smaller rainfall events only showed minor
impacts on in-stream GHG concentrations. Diurnal CO; patterns
were particularly visible at lower water levels, with lower values
occurring during the day and higher at night. Overall, GHG
concentration and gas exchange velocity influenced the estimated
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temporal dynamics of GHG fluxes, which highly depend on stream
water level and associated stream velocity (Figures 5, 7B-E).

At low stream water levels, particularly in the dry period from
May 24 and June 19, CO, and CHy concentrations and fluxes
showed regular and pronounced day-night cycles (Figures 7A-C),
but such patterns were less visible for N,O concentrations and
fluxes. Overall, the magnitude of diurnal variation of GHG
concentration was higher than the variation of fluxes, following
generally limited gas exchange in periods of low water levels
indicated by low values of k (Figures 7A-E).

More frequent mainly thunder-storm related precipitation
events occurred in the warm period from the end of June to
the end of August, which positively affected the magnitude of
GHG concentrations and emissions mainly following an increase
in stream water levels. During the first precipitation event on June
22, with only a moderate increase in water level (peak 9), CO3,
CHy, and N, O concentrations strongly increased to 8,040.5, 1133.3,
and 2.9 ppm. A following significant water level rise on July 1
(peak 10) caused the highest concentrations of CHy (1,478.6 ppm)
and N,O (9.9 ppm) during the entire observation period, whereas
CO; only increased up to 6,948.9 ppm. In the period until mid-
July, following decreasing water levels, diurnal patterns of GHG
concentrations and emissions were most obvious. Toward the end
of the observation period (25 August onwards), the stream water
level impacts (peak 17-19) on corresponding GHG concentrations
and emissions were less pronounced than in previous events.

3.4 GHG hysteresis loops at selected water
level peaks

Water level peaks 6, 10, and 16 (see Figure 7A) with similar
heights were selected to show the development of hysteresis loops
of CO,, CHy, and N,O concentrations and SPC compared to
water level heights during a cool and wet (CW) period in May
(Figures 8A, D, G, J), warm conditions in June after a dry period
(WD) (Figures 8B, E, H, K), and warm and wet (WW) conditions
in August (Figures 8C, I, I), respectively.

During the event (peak 6) in the CW, CO, and CHy
concentrations were characterized by an initial rapid increase,
followed by a decrease to water levels around 0.7 m and a second
peak at rising water levels up to 0.8m (Figures 8A, D). The
second CO; peak was higher, whereas CH4 concentrations showed
similar values to the first peak and decreased with increasing water
levels. Simultaneously, SPC showed relatively constant values up
to a water level of 0.6m, with a subsequent decrease until the
water level peak was reached. CO; and CHy, as well as SPC, fell
sharply at the highest water levels, with concentrations approaching
pre-event concentrations as water levels fell. While the temporal
trends of CO,, CHy, and SPC followed a clockwise pattern, N,O
concentrations showed an anti-clockwise trend with a relatively
narrow hysteresis, with increasing and decreasing concentrations
following rising and falling water levels, respectively (Figures 8G, J).

During the rainfall event in warm June after a prolonged
dry period (peak 10), CO, and CH4 concentrations followed
a disproportionate increase in water levels, with the highest
peaks at 0.6 to 0.7 m (Figures 8B, E). Thereafter, values decreased
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TABLE 3 Overview of measured greenhouse gas (GHG) concentrations (hourly averaged) and estimated fluxes of CO;, CHg, and N;O, including the
mean, standard deviation (SD), minimum, and maximum between March 31 and August 25, 2023.

Parameter [unit] Standard deviation Minimum Maximum
Concentration [ppm] CO, 4,504.9 1,610.8 1,413.3 9,959.1
CH,4 3923 99.7 210.7 1,478.6
N,O 0.7 0.8 02 9.9
Flux [mgm~2 h™'] CO,-C 61.00 57.54 3.08 313.89
CH,-C 0.20 0.17 0.03 1.17
N,O-N 0.01 0.04 0.00 0.40
A Peak 6, CW B Peak 10, WD Cc Peak 16, WW
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FIGURE 8

Hysteresis loops of the greenhouse gases (GHG) CO,, CHy4, and N,O in [ppm], and specific conductivity (SPC) in [uS cm~!] of selected water level
peaks (6, 10, and 16; see Figure 7), that occurred during cool and wet conditions (CW) (A, D, G, J), a warm period after drier conditions (WD) (B, E, H,
K), and warm and wet conditions (WW) (C, F, I, L), respectively, in the observed time period between March 31 and August 25, 2023. In (D) and (F),
and (G) and (I), zoomed-in plots are depicted to show the patterns of CH4 and N,O concentrations more clearly, respectively. Arrows indicate the
temporal succession, and hourly averaged measurements are shown as an x.

significantly toward the water level maximum, including a second  timing but with a more significant second peak at high water
smaller peak between 0.7 and 0.8 m. CO; concentrations remained  levels (Figure 8H). In addition, the N, O returned to levels close to
relatively constant on the falling limb at higher concentration levels. ~ pre-event concentrations. The SPC values were characterized by a
In contrast, N;O peaks at rising water levels showed a similar  strong decrease up to a water level of about 0.6 m, followed by more
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constant values and a drop between 0.7 and 0.8 m. After reaching
the maximum water level, the SPC values remained relatively
constant at falling water levels, comparable to the trends observed
for CO; and CHy (Figures 8B, E, K), while the N,O concentration
decreased strongly.

During the event in the WW period (peak 16), CO, and
CHy4 concentration trends were similar to the CW conditions,
with maximum concentrations occurring close to the highest
water levels (Figures 8C, F). In contrast to CO, and CHjy, which
had larger hysteresis effects, N,O concentrations followed trends
of increasing and decreasing water levels with relatively narrow
hysteresis loops (Figure 8I). The trends of SPC values mostly
followed the GHG concentrations, although they showed opposing
trends to increasing and decreasing water levels (Figure 8L).

3.5 Greenhouse gas (GHG) balance

The cumulative GHG balance over the 140-day measurement
period yielded a value of 762.2 (CO,: 719.3, CHy: 24.5, N, O: 18.4)
g m~2 CO,-eq. GHG balances in context with rainfall events and
significant water level rises showed an increased GHG balance of
449.5 (CO;: 420.0, CH4:13.5, N,0: 16.0) g m~2 CO,-eq compared
to periods of reduced or no rainfall (total: 313.4, CO;: 300.0,
CHy: 11.0, N;O: 2.4 ¢ m™2) (Figure 9A). GHG budgets with lower
sampling frequencies showed lower (daily) or higher (three days a
week, weekly) values than the results from continuous monitoring,
with the overall highest cumulative GHG budget for the weekly
sampling (948.2¢g m~2 CO,-eq) (Figure 9B). Proportions of the
respective GHGs were variable, whereas CO, showed the largest
impact on the cumulative GHG balance.

4 Discussion

4.1 Technical aspects

The basic principle of our continuous GHG measurement
setup, i.e., a water-air equilibrator connected to gas analyzers, was
previously described and tested in the literature; however, these
continuous measurement setups were optimized to perform with
other water-equilibrator types, measure only selected GHGs or
other gases, such as radon, or were operated in other aquatic
ecosystems, e.g., groundwaters or marine environments (Gilzow
et al.,, 2011; Santos et al., 2012; Gonzalez-Valencia et al., 2014;
Webb et al., 2016; Durejka et al., 2019; Lacroix et al., 2021). To our
knowledge, detailed descriptions of an automated measurement
system for continuous and simultaneous CO,, CHy, and N,O
concentration measurements in headwater streams are presented
for the first time. As shown in this study, we found the most
important determinant factor for continuous measurements to be a
permanent energy supply, which can be challenging without public
power access. The described energy trailer provided sufficient
energy for applying GHG measurements based on the spray
chamber equilibration method, water chemistry measurements,
and remote surveillance setup, which Durejka et al. (2019) saw as
a major limitation.
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The basic concept of a shower head water-air equilibration
chamber, as used in this measurement setup, has been frequently
applied in the past due to usually short equilibration response times,
i.e., durations until equilibrium between sample water and chamber
air is established, compared to other equilibration systems (Pierrot
et al., 2009; Santos et al., 2012; Webb et al., 2016). In contrast with
other air-water equilibrators, such as the marble and membrane
type, the shower head equilibrator also shows lower risks of
clogging, biofouling, or memory effects with possible influences on
measured GHG concentrations (Santos et al., 2012; Webb et al.,
2016). Based on our observations and other studies, sufficient
inflow into the spray chamber is essential for fast equilibration
times of dissolved gases (i.e., outgassing and dissolution of gases
from and into sample water, respectively), which depends on the
surface area of the sprayed water droplets as well as H®, k, and p
of the respective gases, and the ratio of water and air volumes in
the chamber (Schneider et al., 2007; Giilzow et al., 2011; Sander,
2015; Webb et al., 2016). Also, sufficient outflow is needed to
avoid increased atmospheric equilibration of collected water at the
bottom (Figure 4).

The primary efforts of this GHG measurement method were
regular maintenance works dedicated to the constant accumulation
of sediments and possible growth of microbial biofilms on inner
tube walls and the equilibration chamber over pumping time and
adverse effects on water inflow and outflow (Dinsmore et al.,
2013; Campeau et al., 2017; Prijac et al., 2023; Pschenyckyj et al.,
2023). However, the accumulation of fine particulate sediments
and microbial growth in C-rich streams can also be expected to
occur in other equilibration types, such as capillary membranes
characterized by even longer equilibration times (Webb et al,
2016; Durejka et al., 2019). Response times of the presented
system for continuous GHG monitoring with a shower head type
equilibrator can be assumed to be comparable to other studies
at similar pumping rates with CO; equilibration up to several
minutes and for CHy up to several hours, as shown in Webb
et al. (2016). In addition, water-air equilibrators lead to a water
vapor-saturated sample air, which should be pre-dried to avoid
possible condensation within the closed air loop and effects on the
measurement performance due to spectral interferences between
H, O and measured GHGs (Giilzow et al., 2011; Santos et al., 2012;
Webb et al.,, 2016). However, irregularly taken discrete samples
collected by the headspace equilibration method after Raymond
etal. (1997) showed comparable concentrations.

4.2 Scientific aspects

The presented high temporal variability of physicochemical
water parameters, GHG concentrations, and estimated fluxes
during a cooler spring and a warmer summer (April-August
2023), including a low precipitation period in June, indicate
the and high-resolution GHG
measurements in peatland headwater streams due to their

importance of continuous
strong dependence on rainfall events and connection to the

surrounding catchment area (Dinsmore et al,, 2013; Hotchkiss
et al.,, 2015; Piatka et al., 2021).
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Stacked bar plots for the greenhouse gases (GHGs) CO; (green), CH4 (blue), and N2O (orange), which represented the CO;-equivalent (CO;-eq)
fluxes in [g m~2], with (A) contributions to the GHG budget during the low and high rainfall, and entire observation period, and (B) effects of different
sampling frequencies [continuously and randomly daily, three-weekly (Monday, Wednesday, Friday), or weekly (Wednesday)] during the daytime
between 9 AM and 5 PM.

During periods of low or no precipitation associated with
low water levels, in-stream biogeochemical processes, and
environmental parameters, such as higher photosynthetically
active radiation (PAR) and water temperatures, were important
drivers of diurnal trends in CO, concentrations and fluxes, and
opposing trends in DO and pH (Figures 6A-C, 7A, B) (Song
et al,, 2018; Rocher-Ros et al,, 2020; Attermeyer et al., 2021).
During the day, when photosynthesis (P) (CO, sink and DO
source) and respiration (R) (CO, source and DO sink) were
active, CO, concentrations were lowest (but still above ambient
concentrations), whereas the highest values were observed at night
when only R is present (Hotchkiss et al., 2015; Piatka et al., 2021,
2022b). With successive rainfall events, these diurnal CO, cycles
were strongly dampened, likely by increased k values at higher
water levels and flow velocities and possibly by reduced PAR, hence
P under cloudy conditions (Figures 7A, B, E) (Raymond et al,
2012; Piatka et al., 2022b). Higher stream pH during the day may
also have shifted the dissolved inorganic carbon (DIC) equilibrium
from CO; to bicarbonate (HCO5 ) and carbonate (CO%‘) (Stumm
and Morgan, 2012; Piatka et al, 2021, 2022a). However, as
indicated by the consistently high CO, oversaturations, the
in-stream CO; level was primarily fueled by allochthonous (i.e.,
external) sources from the surrounding catchment, with the direct
input of CO;-rich waters from the surrounding soils or the HZ, via
the oxidation of CHy (Taillardat et al., 2022). Corresponding fluxes
at low water levels were mainly controlled by changes in diurnal
concentrations or increased k-values at slightly higher water levels
[see Equation (3), Figures 7B, E].
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Under low rainfall conditions, similar diurnal patterns with
higher concentrations at night were also visible for CHy, especially
during the warm and dry summer in June, with diurnal variations
up to more than 200 ppm and oversaturations constantly above
15,000%. Such large day-night cycles could be explained by
accelerated microbial methanotrophic oxidation of CHy to CO; at
higher photosynthetic O, concentrations and water temperatures
during the day, which could contribute to the observed decreases
in CH,4 concentrations (Taillardat et al., 2022). In addition, lower
dissolved O, concentrations and prolonged anoxic conditions in
the sediments at night could favor microbial CH4 production
(Bange et al.,, 2019; Piatka et al., 2021; Michaelis et al., 2022). As
shown by Taillardat et al. (2022) using a combination of CHy
concentration and C stable isotope analyses, and in other studies,
high proportions of CHy in peatland streams can originate from
anaerobic peatland soil pore water and methanogenic production,
even at lower water levels (Hope et al., 2001; Bange et al., 2019).
In contrast, the observed N,O concentrations showed minor
variations close to and even below the atmospheric equilibrium
under low-flow conditions. In such oxygen-depleted peatland soils,
N,O is usually completely denitrified to Nj, with NO; as an
important N source (Butterbach-Bahl et al., 2013). Overall, the
dynamics of the inferred CHy and N, O fluxes were mainly driven
by minor differences in k and concentration gradients between the
atmosphere and stream water (Figures 7C-E).

Heavier and more frequent precipitation events resulted in
significant water level increases, with distinct effects on the
respective GHG concentrations and SPC values depending on the
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environmental conditions, which varied between seasons, as shown
by the hysteresis loops at selected water level peaks (Figures 8A-L).
The hysteresis curves generally indicated complex relationships
between GHG concentrations and water levels as a proxy for
flow velocity and in-stream GHG concentrations resulting from
hydrological characteristics and C and N turnover processes in the
catchment area (Dinsmore and Billett, 2008; Feinson et al., 2016;
Mehdi et al,, 2021). All GHG concentrations were characterized
by a rapid increase shortly after rainfall events. These findings
could be due to CO;, N,O, and CHy leaching from peatland pore
water and surrounding landscape surfaces during and after rainfall
events with rising peatland water tables, as decreasing SPC values
indicate water input from rainfall triggered subsurface flow and
surface runoff (Dinsmore et al., 2010, 2013; Raymond et al., 2016;
Cano-Paoli et al.,, 2019; Taillardat et al., 2022). An allochthonous
GHGe-rich source from the catchment can also be inferred from
the clockwise and anticlockwise accretion-type hysteresis loops,
while the two peaks on the rising hydrograph could indicate either
two different GHG sources from the peatland-rich catchment,
watershed-specific hydrological flow patterns or altered in-stream
C and N cycling (Dinsmore and Billett, 2008; Raymond et al.,
2016; Mehdi et al,, 2021). However, a more pronounced effect
of precipitation on CH4 and N,O concentrations was observed
during the warm summer, especially after the prolonged dry
period (Figures 7A, C, D). Higher temperatures may have resulted
in an accelerated microbial CH4 production and subsequent
accumulation under mainly anoxic conditions in water-logged and
organic carbon-rich peatland pore waters, while more N,O may
have been produced during linked nitrification and denitrification
processes from dissolved inorganic nitrogen species in the stream
or peatland sediments (Drosler et al., 2008; Bouillon et al.,, 2012;
Bridgham et al., 2013; Quick et al., 2019; Zhang et al., 2022).
Relative to concentrations at lower water levels, in-stream CO,
was less affected by rainfall events than N,O and CHy4 due to
anaerobic conditions in the peatland pore water, limiting microbial
respiration (Drosler et al., 2008). However, the observed increase
in CO, concentrations could be due to the input and oxidation
of methane-rich peatland porewater, increasing DOC and TOC
contents in the stream leached from the surrounding landscape
as a C source for microbial turnover, and lower photosynthetic
activities at lower PAR as compared to clear sky conditions
(Figures 6E, 7B) (Dinsmore et al., 2013; Raymond et al., 2016;
Piatka et al., 2021, 2022b; Taillardat et al., 2022). After reaching
their maximum, significant decreases in GHG concentrations are
probably related to reduced input of peatland soil water into the
stream after the precipitation event or could be partially explained
by dilution effects with rainwater and depletion of GHGs in the
sediment pore waters (Hope et al., 2001; Billett et al., 2004; Wallin
et al., 20105 Taillardat et al., 2022). The latter could also explain
lower CH, and N, O peaks following precipitation events in close
temporal proximity, as observed mainly in the warmer summer
(Figures 7A-D).

Discrete water velocity measurements in this study were mainly
performed during the cooler spring. Growing macrophytes and
lower water levels in the warmer period could positively affect in-
stream turbulence and k rates (Tseng and Tinoco, 2020). Therefore,
estimated GHG fluxes and budgets based on the applied empirical
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k-determinations may contain prediction uncertainties and lead to
a substantial underestimation of inferred GHG fluxes and budgets
due to the low stream slope. However, increased gas exchange
fluxes could be derived for all GHGs at higher water flow velocities,
largely masking changes in GHG concentrations (Figures 7B-D)
(Raymond et al., 2012; Hall Jr and Ulseth, 2020).

The calculated budgets for all GHGs show that CO; caused
the largest contribution (94.4%), as also suggested in other studies
with lower sampling frequencies; however, with possible significant
underestimations of CHy losses via ebullition (Dinsmore et al.,
2010, 2013; Hendriks et al., 2023). Particularly GHG emissions
after rainfall events should be considered, as they contributed 59%
to the total budget, while covering only 31% of the observation
period. Moreover, the contribution of N,O to the GHG budget
became similar to the share of CH4 due to the high GWP of 273,
which highlights considering all three GHGs in budget calculations.
Notably, lower sampling intervals might lead to severe over-
or underestimations of GHG emissions and budgets, as already
suggested in terrestrial studies, which might especially become
relevant on landscape scales (Figure 9B) (Smith and Dobbie, 2001;
Parkin, 2008; Barton et al., 2015)

5 Conclusion

In this work, we present the technical setup for long-term
continuous measurements of CO,, N,O, and CH4 concentrations
in headwater stream ecosystems, including detailed descriptions
of the measurement devices and overall sampling design,
performance, and maintenance experiences, as well as the applied
mathematical formulae for GHG flux calculations. Based on the
presented dataset, we could also highlight the high potential of
simultaneous and high-resolution measurements of CO,, CHy,
and N,O concentration and respective flux and GHG budget
assessments in peatland-dominated stream ecosystems due to their
short-term variability, especially after heavy precipitation events.
In a next step, GHG calibration procedures and response time
characterization of the measurement system should be applied
to assess further the quality and uncertainty of the GHG flux
quantification from aquatic systems. Also, direct k determination
based on adding inert gases (e.g., argon) and conservative tracers
(e.g., NaCl) could improve inferred GHG flux estimations at
different hydrological conditions (Hall Jr and Madinger, 2018).
With our peatland stream water study, we could demonstrate the
importance of continuous and high temporal resolution GHG
datasets to improve our understanding of the processes, also in
relation to in-situ vs. ex-situ GHG production in combination with
water quality parameters. As aquatic ecosystems act as hotspots
of C and N cycling, it will be crucial to understand short-term
(daily, seasonal) and long-term (years and longer) GHG dynamics
under changing land management and climatic conditions.
Following the setup presented in this work, more continuous and
simultaneous concentration measurements of all three GHG and
flux estimations could be carried out in various aquatic ecosystems,
including ponds, ditches, and marine ecosystems. Combining
these measurements can contribute to a better understanding of
GHG sources and pathways. Complementary measurements of key
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meteorological (e.g., solar radiation, wind speed, air temperature,
atmospheric pressure) and aquatic environmental parameters (e.g.,
water temperature, pH, DOC, POC) can further improve our
understanding of C and N cycles and their impact on GHG
losses to the atmosphere. Incorporating continuous stable isotope
measurements of C and N could help to decipher turnover
processes and identify sources and sinks. More research is needed
in headwater streams and larger rivers to better constrain exchange
processes between terrestrial and aquatic ecosystems controlling
gaseous, dissolved, and particulate C and N transport and gaseous
fluxes at the landscape scale.
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