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Abstract. Anthropogenic activities increase the contribu-
tions of inland waters to global greenhouse gas (GHG;
CO2, CH4, and N2O) budgets, yet the mechanisms driv-
ing these increases are still not well constrained. In this
study, we quantified year-long GHG concentrations, fluxes,
and water physico-chemical variables from 28 sites con-
trasted by land use across five headwater catchments in Ger-
many. Based on linear mixed-effects models, we showed
that land use was more significant than seasonality in con-
trolling the intra-annual variability of the GHGs. Streams
in agriculture-dominated catchments or with wastewater in-
flows had up to 10 times higher daily CO2, CH4, and
N2O emissions and were also more temporally variable
(CV > 55 %) than forested streams. Our findings also sug-
gested that nutrient, labile carbon, and dissolved GHG in-
puts from the agricultural and settlement areas may have
supported these hotspots and hot-moments of fluvial GHG
emissions. Overall, the annual emission from anthropogenic-
influenced streams in CO2 equivalents was up to 20 times
higher (∼ 71 kg CO2 m−2 yr−1) than from natural streams
(∼ 3 kg CO2 m−2 yr−1), with CO2 accounting for up to 81 %

of these annual emissions, while N2O and CH4 accounted
for up to 18 % and 7 %, respectively. The positive influence
of anthropogenic activities on fluvial GHG emissions also
resulted in a breakdown of the expected declining trends of
fluvial GHG emissions with stream size. Therefore, future
studies should focus on anthropogenically perturbed streams,
as their GHG emissions are much more variable in space and
time and can potentially introduce the largest uncertainties to
fluvial GHG estimates.

1 Introduction

Streams and rivers cover only a small fraction of the earth’s
land surface (0.4 %; Allen and Pavelsky, 2018), yet they
are significant contributors to global greenhouse (CO2, CH4,
and N2O) budgets, emitting approximately 7.6 (6.1–9.1) Pg-
CO2 equivalent into the atmosphere per year (Li et al., 2021).
Headwater streams are hotspots for greenhouse gas (GHG)
emissions within fluvial ecosystems due to their large sur-
face area to volume ratio compared to larger rivers, allowing
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for close connectivity with GHG sources (Hotchkiss et al.,
2015; Turner et al., 2015). Several biogeochemical processes
are responsible for GHG production and consumption within
headwater ecosystems. Biogenic CO2 production is mainly
attributed to the respiration of organic matter (Battin et al.,
2008). Production of CH4 occurs through methanogenesis,
with carbon dioxide and acetic acid as substrates under anaer-
obic conditions (Stanley et al., 2016). Methane consump-
tion is also possible through methanotrophy in oxygen-rich
stream waters, producing CO2 (Shelley et al., 2014). N2O is
mainly a byproduct in nitrification (under aerobic conditions)
or an intermediate product in denitrification (under anaero-
bic conditions), but it can also be reduced to N2 in organic-
rich and nitrate-poor ecosystems (Quick et al., 2019). Apart
from instream biogeochemical production, GHG concentra-
tions in headwater streams may also come from external
sources such as groundwater and terrestrial soils (e.g., Borges
et al., 2015; Hotchkiss et al., 2015). These external sources
are generally dominant during periods of heavy precipitation
when the hydrological connectivity between the streams and
their surrounding terrestrial landscape and groundwater is ac-
tivated. Yet, partitioning the sources of these GHGs between
in situ production and external sources remains a challenge
to aquatic scientists, as their contributions are mainly com-
pounded and also vary widely depending on discharge condi-
tions and the surrounding land use (e.g., Aho and Raymond,
2019; Borges et al., 2019; Mwanake et al., 2022).

Within headwaters, anthropogenic practices such as fertil-
izer application and construction of drainage ditches to al-
low agricultural use of former wetlands alter the rates of in-
stream GHG production and their external sources, thereby
influencing their spatial-temporal dynamics (Peacock et al.,
2021a; Wallin et al., 2020; Mwanake et al., 2019). Elevated
hydrological inputs of dissolved GHGs, nutrients, and labile
carbon to streams from fertilized croplands have been shown
to increase their N2O (e.g., Beaulieu et al., 2009; Mwanake
et al., 2019), CO2 (e.g., Bodmer et al., 2016; Borges et
al., 2018), and CH4 fluxes (e.g., Deirmendjian et al., 2019;
Mwanake et al., 2022) by favoring instream GHG produc-
tion processes and also ensuring steady supplies in periods of
low in situ biogeochemical production. While such trends in
agricultural streams show similarities across different catch-
ment locations, GHG emissions from streams in predomi-
nantly forested catchments with minor influences from crop-
lands and wetlands show more diverse patterns. Some stud-
ies indicated that forest streams are hotspots for GHG fluxes
(e.g., Wallin et al ., 2018; Audet et al., 2019; Herreid et al.,
2021), while others found the opposite, with much lower
fluxes in forests as compared to other land uses (e.g., Bodmer
et al., 2016; Mwanake et al., 2022). Besides draining CH4-
and CO2-rich terrestrial soils, drainage ditches are character-
ized by short water residence times, high organic loads, and
highly variable O2 levels, which can simultaneously support
vigorous CH4 and CO2 production and, subsequently, higher
fluxes. For example, in a recent meta-analysis, ditches and

canals accounted for up to 3 % of the global anthropogenic
CH4 emissions (Peacock et al., 2021b). Yet, studies on them
are scarce, and thus the main factors making them hotspots
of carbon fluxes are still not well constrained.

In fluvial ecosystems within settlement areas, point-source
inflows of wastewater effluents have also been reported to
alter natural GHG trends along the river continuum (Park
et al., 2018). The wastewater effluent is either substrate-
rich, favoring in situ GHG production, or GHG-rich, result-
ing in high riverine GHG emissions downstream of the in-
flow point (e.g., Marescaux et al., 2018; Begum et al., 2021;
Zhang et al., 2021; Wang et al., 2022). For example, in a
study of urban-impacted rivers in the Seine basin in France,
Marescaux et al. (2018) found elevated CO2, CH4, and N2O
concentrations and fluxes downstream of wastewater inflows,
which disproportionately contributed up to 52 % of the basin-
wide annual GHG fluxes. Similar findings were also found
in urban-impacted rivers in China, where their GHG emis-
sions were up to 14 times higher than those in other land
uses (Zhang et al., 2021). Yet, studies on GHG emissions
from urban-impacted fluvial ecosystems are still scarce, and
therefore their contributions to riverine annual GHG budgets
are not well constrained. Moreover, little is known about the
cumulative effects of diffuse and point pollution sources on
the magnitude of riverine GHG fluxes and whether the dif-
fuse pollution sources exert longer-lasting controls on their
fluxes than the point sources.

Under temperate climatic conditions, pronounced season-
ality regulates the availability of nutrients and, to some ex-
tent, the O2 in lotic ecosystems, which are both key factors
driving instream GHG production and gas exchange rates
(Borges et al., 2018; Rocher-Ros et al., 2019; Herreid et al.,
2021; Aho et al., 2022). Cold winter periods are generally
characterized by low instream carbon and nitrogen process-
ing, which results in nutrient accumulation (e.g., Herreid et
al., 2021). In contrast, high instream C and N processing
are characteristic of warm summer periods (e.g., Borges et
al., 2018; Aho et al., 2021, 2022). Seasonality in precipita-
tion regulates discharge, whereby heavy precipitation events
or snowmelt during spring result in high discharge events.
At the same time, dry summers and winter periods are of-
ten characterized by lower discharge (e.g., Aho et al., 2022).
Discharge determines the water residence times in streams,
which control the rates of instream C and N processing. Pre-
vious studies have shown that low discharge periods with
longer water residence times favor instream GHG production
processes (e.g., Borges et al., 2018; Mwanake et al., 2022). In
comparison, high discharge periods with shorter water resi-
dence times are unfavorable to instream C and N cycling, re-
sulting in the dominance of externally sourced GHGs from
upstream terrestrial sources depending on the surrounding
land use. For example, studies have found that during high
discharge periods, streams draining wetlands show peak CO2
and CH4 concentrations (e.g., Aho et al., 2019; Borges et
al., 2019), and pronounced N2O concentrations are found in
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streams of cropland-dominated catchments (e.g., Mwanake
et al., 2022).

The dynamic interactions between seasonality and land
use discussed above indicate that less frequent measurements
of riverine GHG concentrations and fluxes may fail to cap-
ture periods of elevated fluvial emissions at spatial hotspot
areas, resulting in an underestimation of the annual emis-
sions. Yet, only a handful of studies in temperate streams
have assessed the seasonal dynamics of GHG fluxes at sam-
pling points with contrasting land uses (e.g., Marescaux et
al., 2018; Borges et al., 2018; Herreid et al., 2021; Galantini
et al., 2021), resulting in uncertainties in the mechanisms that
drive either hot periods or hotspots of fluvial GHG fluxes.
As climate change causes more extreme discharge conditions
and as agricultural intensification and settlement areas con-
tinue to increase (Winkler et al., 2021), more studies that
cover a wide array of land uses, discharge, and temperature
conditions are needed to allow for developing a better mech-
anistic understanding of their effects on fluvial GHG dynam-
ics by unraveling synergistic or antagonistic relationships
amongst them. This increased process understanding will
form the basis of future mechanistic modeling approaches,
which are essential to better predict how fluvial GHG emis-
sions will respond to future climate and land use changes
(Battin et al., 2023).

The main objective of this study was to assess
the seasonality–land-use relationships of water physico-
chemical variables and GHG concentration and fluxes by
comparing temperate lotic ecosystems of forests and wet-
lands with those from more human-influenced agricultural
and settlement catchments. To do so, we conducted at least
tri-weekly measurements covering a full year of observations
and mainly focused on headwater streams (stream orders 1–
6), which, despite being hotspots of fluvial emissions, remain
currently underrepresented in global GHG datasets (Drake et
al., 2018; Li et al., 2021). We hypothesize that catchment
land use is the most critical control for stream GHG concen-
tration and fluxes, with higher seasonal variability in human-
influenced ecosystems than in natural ones. Moreover, we
hypothesized that drainage ditches and headwater streams
with wastewater inflow within agricultural and settlement ar-
eas are hotspots for GHG emissions, driven by direct dis-
solved GHG inputs or substrate inputs that favor in situ GHG
production.

2 Materials and methods

2.1 Study areas and sampling design

Five headwater catchments in central (Schwingbach), south-
east (Loisach), and southwest (Ammer, Goldersbach, and
Steinlach) Germany were investigated in this study. The
catchments covered a wide range of fluvial ecosystems with
different stream orders and land use characteristics (Table 1;

Fig. 1). The catchment boundaries for each site were de-
termined based on the most downstream sampling location
within each catchment (Fig. 1). Elevation of the Schwing-
bach catchment (54 km2), located in the central-German state
of Hessen, ranges from 176–480 m above sea level (a.s.l.).
The catchment has a mixed land use of∼ 41 % mixed forests,
46 % croplands, 8 % settlement areas, and 5 % pasturelands
(Wangari et al., 2022) (Fig. 1a). The climate is warm and
temperate (Cfb, Köppen climate classification), with an an-
nual rainfall of 742 mm (monthly mean min: 51 mm, monthly
mean max: 72 mm) (1999–2019) and a mean annual tem-
perature of 9.8 ◦C (monthly mean min: 1.3 ◦C, monthly
mean max: 18.8 ◦C) (1991–2021) (Climate-data.org, https://
en.climate-data.org/europe/germany/hesse/giessen-151/, last
access: 1 August 2022).

The Upper Loisach catchment (467 km2, outlet Eschen-
lohe town) is located in the mountainous region of the
Bavarian Alps, Germany. The catchment is characterized
by a pronounced relief and steep slopes, with elevations
ranging from 616–2963 m a.s.l. Land use in the catchment
comprises coniferous and deciduous forests interspersed
with natural grasslands and rocky surfaces on the moun-
tain slopes (78 %). At the valley bottom, the land use is
mainly settlement areas (9 %), managed grasslands (8 %),
and wetlands (5 %) (Fig. 1b). The climate is cold and
temperate (Dfb, Köppen climate classification), with annual
precipitation of 1693 mm (monthly mean min: 87 mm,
monthly mean max: 207 mm) (1999–2019) and mean
annual temperature of 3.8 ◦C (monthly mean min: −6.6 ◦C,
monthly mean max: 13.1 ◦C) (1991–2021) (Climate-
data.org, https://en.climate-data.org/europe/germany/
free-state-of-bavaria/garmisch-partenkirchen-8762/, last
access: 1 August 2022).

The other three catchments are sub-catchments of the
Neckar river (Fig. 1c). The Goldersbach (116 km2), a
tributary of the main Ammer stream, is a forested catchment
(95 %), with elevations ranging from 366–583 m a.s.l.
The Steinlach catchment (513 km2) is also dominated
by forests (74 %), with agricultural lands (croplands and
grasslands) and settlement areas occupying 21 % and 5 %
of the landscape, respectively. The elevation range of
the hilly area is 321–878 m a.s.l. (Fig. 1c). The Ammer
catchment (304 km2, outlet Pfäffingen) is dominated by
agricultural lands (80 %), with 11 % forests and 9 % set-
tlement areas (Fig. 1c). It has moderate slopes with an
elevation ranging from 319–610 m a.s.l. The Ammer stream
is a gaining stream fed by an extensive groundwater karst
system and has significant discharge levels even during
the driest periods of the year (Glaser et al., 2020). The
climate is warm and temperate (Cfb, Köppen climate
classification), with a mean annual rainfall of 923 mm
(monthly mean min: 63 mm, monthly mean max: 98 mm)
(1999–2019) and a mean annual temperature of 9.3 ◦C
(monthly mean min: 0.2 ◦C, monthly mean max: 18.6 ◦C)
(1991–2021) (Climate-data.org, https://en.climate-data.org/
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Figure 1. Land cover maps of the (a) Schwingbach, (b) Loisach,
and (c) Neckar sub-catchments (Goldersbach, Ammer, and Stein-
lach) derived from the CORINE Land Cover 2018 inventory with
a 25 ha spatial resolution (https://land.copernicus.eu/pan-european/
corine-land-cover/clc2018?tab=mapview). The black dots with la-
bels (abbreviations explained in Table 1) represent sampled head-
water streams and drainage ditch sampling points. Wastewater in-
flows sampled are indicated by blue arrows on the maps. Drainage
ditches in the Loisach catchment were dug in the 1930s to 1960s
in order to lower water levels to improve grassland productivity in
areas formerly occupied by wetlands.

europe/germany/baden-wuerttemberg/tuebingen-22712/,
last access: 1 August 2022).

Across the five catchments, a total of 28 sites at headwater
streams (N = 23, orders 1–6, defined after Strahler, 1952),
drainage ditches (N = 3), and wastewater outflows (N = 2,
Text A1) were sampled every 2–3 weeks for an entire year
(Table 1, Fig. 1). The Schwingbach and Loisach catchments
were sampled from June 2020 to June 2021, while the Gold-
ersbach, Ammer, and Steinlach catchments were sampled
from April 2021 to April 2022.

2.2 Sub-catchment delineation and land use
classification

Sub-catchments for each sampling point in the Loisach,
Goldersbach, Steinlach, Ammer, and Schwingbach catch-
ments were delineated in QGIS (Quantum Geographic Infor-

mation System) from a digital elevation model (DEM) (EU-
DEM v1.1) with a 25 m resolution (European Copernicus
mission, https://land.copernicus.eu/imagery-in-situ/eu-dem/
eu-dem-v1.1, last access: 1 August 2021). Land use/land
cover percentages of all the delineated sub-catchments were
calculated from the CORINE Land Cover 2018 survey
with a 25 ha spatial resolution (https://land.copernicus.eu/
pan-european/corine-land-cover/clc2018?tab=mapview, last
access: 1 August 2021). For data analysis, we classified sub-
catchments according to their dominant land cover (> 50 %
of the total area) into forest (FOR), cropland (CRP), grass-
land (GRA), and wetland (WET) and further differentiated
sub-catchments with the influence of settlement areas (S) and
wastewater inflows (W) (Table 1). As drainage ditches (DDs)
in the Loisach catchment were added as an extra land use cat-
egory, this classification resulted in nine land use classes (for
details, see Table 1).

2.3 Hydrological and water physico-chemical
characteristics

In the Loisach and Schwingbach catchments, discharge
was calculated (Gore, 2007) from stream depth and ve-
locity measurements using an electromagnetic sensor (OTT
MF Pro, Hydromet, Germany). For streams in the Neckar
sub-catchments, velocity was measured using the electro-
magnetic sensor (OTT MF Pro, Hydromet, Germany), and
depth and discharge was obtained directly from gauging
stations maintained by the water authority of the state of
Baden-Württemberg (https://udo.lubw.baden-wuerttemberg.
de/public/index.xhtml, last access: 1 August 2022). The
slope of a ∼ 5 m reach at each sampling point was measured
using a laser rangefinder with a slope function (Nikon Model:
8381, Japan). The slopes and velocities were used to model
the site-specific gas transfer velocities (k in m d−1) for the
quantification of daily GHG fluxes per unit stream surface
area (mass m−2 d−1) (see details in the flux calculation sec-
tion).

Discharge measurements at each sampling location and
every sampling event were complemented by in situ mea-
surements of water temperature (◦C), electrical conductiv-
ity (µS cm−1), dissolved oxygen (DO) (mg L−1), and pH us-
ing the ProDSS multiprobe (YSI Inc., USA). Water samples
for nutrient and organic carbon analyses were also collected
and filtered on-site through polyethersulfone (PES) filters
(0.45 µm pore size, pre-leached with 60 mL of Milli-Q wa-
ter). The samples were stored in 30 mL acid-washed high-
density polyethylene (HDPE) sample bottles in triplicates
and transported within 24 h to the laboratories at Karlsruhe
Institute of Technology, Campus Alpin, Justus Liebig Uni-
versity Giessen, or the University of Tübingen. On arrival,
all samples were immediately frozen for later analysis.

After unfreezing the samples overnight in a 4 ◦C refrig-
erator, the samples were directly analyzed for dissolved or-
ganic carbon (DOC), total dissolved nitrogen (TDN), ni-
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trate (NO3-N), and ammonium (NH4-N) concentrations. Dis-
solved organic nitrogen (DON) concentrations were esti-
mated as the difference between the TDN and dissolved inor-
ganic nitrogen DIN (NO3-N+NH4-N) concentrations. DIN
concentrations were determined using colorimetric methods,
and the absorbance of the samples was measured using a
microplate spectrophotometer (model: Epoch, BioTek Inc.,
USA). NO3-N concentrations were analyzed based on reac-
tions with the Griess reagent (Patton and Kryskalla, 2011),
and NH4-N concentrations were analyzed using the indophe-
nol method (Bolleter et al., 1961). The DOC concentrations
were measured as non-purgeable organic carbon (NPOC) us-
ing a TOC/TN analyzer (Analytik Jena, multi N/C 3100, Ger-
many) after pre-treating the sample with 25 % HCl acid to
remove the dissolved inorganic carbon (DIC). The TDN con-
centrations were analyzed simultaneously with the same in-
strument (Analytik Jena, multi N/C 3100, Germany).

2.4 Gas sampling, analysis, and calculations of annual
areal fluxes

GHG stream, ditch, and wastewater samples were collected
in triplicates simultaneously with the water physico-chemical
samples using the headspace equilibration technique (Ray-
mond et al., 1997). In brief, 80 mL of background water
was equilibrated with 20 mL of atmospheric air in a sy-
ringe at in situ water temperatures. The headspace gas sam-
ple was transferred into 10 mL glass vials for GHG concen-
tration analysis in the laboratory of the Karlsruhe Institute
of Technology, Campus Alpin (see full sampling details in
Mwanake et al., 2022). Atmospheric air samples were taken
twice (morning and afternoon) on each sampling day to cor-
rect for background atmospheric GHG concentrations. GHG
concentrations from the headspace were analyzed using a gas
chromatograph (GC) (SRI 8610C, Germany) with an elec-
tron capture detector (ECD) for N2O and a flame ionization
detector (FID) with an upstream methanizer for simultane-
ous measurements of CH4 and CO2 concentrations. The stan-
dards used for the GC calibration were 450, 800, 1000, 1500,
2000, and 3000 ppm for CO2; 1, 2, 3, 4, 5, and 6 ppm for
CH4; and 0.4, 0.8, 1, 1.5, 2, and 3 ppm for N2O. Dissolved
GHG concentrations in the stream water were calculated
from post-equilibration gas concentrations in the headspace
after correcting for atmospheric (ambient) GHG concentra-
tions (e.g., Aho et al., 2019; Mwanake et al., 2022).

Daily diffusive fluxes (F ) (mol m−2 d−1) of the GHGs
were estimated using Fick’s Law of gas diffusion, where F is
the product of the gas exchange velocity (k) (m d−1) and the
difference between the stream water (Caq) (mol m−3) and the
ambient atmospheric gas concentration in water assuming
equilibrium with the atmosphere (Csat) (mol m−3) (Eq. 1).
GHG concentrations and fluxes were expressed in mass units
by multiplying by the respective molar masses.

F = k
(
Caq−Csat

)
(1)

The temperature-specific gas transfer velocities (k) for each
of the gases were calculated from normalized gas transfer
velocities (k600) (m d−1) (corresponding to the k of CO2
at 20 ◦C with a Schmidt number of 600) and temperature-
dependent Schmidt numbers (Sc) (unitless) of the respective
gases (Eq. 2).

k = k600× (600/Sc)0.5 (2)

The k600 was modeled using Eq. (3) (drawn from Eq. 4 in
Table 2 of Raymond et al., 2012), which was calibrated from
headwater streams of similar characteristics as our study
sites, where V is stream velocity (m s−1), and S is the slope
(m m−1).

k600 = V S0.76
× 951.5 (3)

Before choosing the equation above for modeling the k600
values, we compared the k600 values calculated from all
seven empirical models by Raymond et al. (2012). The pre-
dicted k600 values from models 3, 4, 5, and 6 in Table 2 of
Raymond et al. (2012), which all use velocity and slope as
input parameters, were mainly similar for the three discharge
periods and across all stream orders 1–6 (ANOVA; p> 0.05).
In contrast, the calculated k600 values from equations 1, 2,
and 7, which use a stream depth parameter, were higher
(ANOVA; p<0.05), particularly from the higher stream or-
ders (5–6). This finding is inconsistent with the energy dis-
sipation model of turbulent streams, where k600 is predicted
to decrease with stream order. We, therefore, interpreted this
to indicate a breakdown of these models for higher stream
orders. This also agrees with Raymond et al. (2012) recom-
mendations, and we, therefore, choose not to use models 1,
2, and 7 for this study. Out of the remaining Eqs. (3), (4),
(5), and (6), we used Eq. (4), which calculated k600 based on
the slope and velocity parameters and was also in line with
several previous studies spanning a wide range of stream or-
ders similar to our study (see Aho et al., 2019; Borges et al.,
2019; Mwanake et al., 2019; Hall and Ulseth, 2020; Aho et
al., 2021; Mwanake et al., 2022). The uncertainties in the
modeled gas transfer velocities were reduced in this study by
parametrizing the velocities and slopes based on actual field
measurements of both variables. Equation (3) also estimated
the gas transfer velocities in the drainage ditches with a mea-
surable flow velocity and slope.

Water-to-atmosphere fluxes for all three GHGs across all
land use classes in each sub-catchment were calculated from
the mean daily CO2, CH4, and N2O fluxes during different
discharge conditions. Total GHG fluxes were expressed as
CO2 equivalent emissions (mg CO2 eq m−2 d−1) computed
from global warming potentials (GWP100) using 28 for CH4
and 298 for N2O (IPCC, 2014). We followed the proce-
dure developed in Mwanake et al. (2022) to scale tri-weekly
measurements to annual flux estimates. Briefly, we classified
each sampling date of every location into low, medium, or
high discharge conditions according to whether normalized
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discharge fell in the 0 %–33 % (low), 34 %–66 % (medium),
or 67 %–100 % (high) percentile days. Normalized discharge
for each site was determined by dividing each absolute dis-
charge measurement for every site visit during the year by the
maximum measured discharge. The number of days in each
discharge period was estimated as the ratio of observations
in each discharge period to the total number of flux observa-
tions in individual land use classes in each catchment. CO2
equivalents fluxes were then calculated for the three differ-
ent discharge periods in each land use class by multiplying
the daily mean CO2 equivalents flux measured during each
period and the number of days within each period. Annual
fluxes were finally estimated by summing up the emissions
of the low, medium, and high discharge periods for the indi-
vidual land use classes in each catchment.

2.5 Statistical analysis

Linear mixed-effects models were used to investigate the ef-
fect of seasonality and land use on water physico-chemical
variables, GHG concentrations, and fluxes (“lme4” package
in R version 4.1.1). Fixed effects in the models consisted
of land use classes in each catchment (Table 1) and season:
summer 1 June–31 August, autumn 1 September–30 Novem-
ber, winter 1 December–28 February, and spring 1 March–
31 May. Random effects accounting for repeated measures
were also included in the models. Model performance was
assessed based on the distribution of residuals (i.e., residu-
als should be normally distributed with a mean close to zero)
and conditional r2 values calculated from significant models
(p value < 0.05) (“MuMln” package in R). A Tukey post hoc
test (p value < 0.05) of least-square means was used on the
mixed models to identify individual differences within each
categorical fixed effect. GHG concentration and flux data and
other water physico-chemical variables were transformed us-
ing the natural logarithm to meet the assumption of normal-
ity. Because we quantified occasional negative fluxes in some
of our sites, constant flux values of 50 mg m−2 d−1 for CO2-
C, 0.5 mg m−2 d−1 for CH4-C, and 10 µg m−2 d−1 for N2O-
N were added to the fluxes to enable the natural logarithm
transformations.

Path analysis from structural equation models (SEMs,
“lavaan” package in R version 4.1.1) was used to determine
how environmental factors linked to seasonality and land
use directly or indirectly influenced instream GHG produc-
tion and consumption processes as well as external GHG
sources, i.e., dissolved GHG inputs to the streams originat-
ing from either wastewater inflows or terrestrial landscapes
which were not produced in situ. In brief, these SEMs were
constructed based on causal relationships between environ-
mental variables (interpreted as ultimate drivers of GHG
concentrations) and substrate variables, which are affected
by the environmental variables and also act as immediate
drivers that affect GHG concentrations. Substrate variables
in the models, which are known to influence in situ biogeo-

chemical GHG production and consumption processes di-
rectly, included dissolved oxygen (DO) (% saturation), DOC
(mg L−1), NH4-N (mg L−1), and NO3-N (mg L−1) concen-
trations (Battin et al., 2008; Stanley et al., 2016; Quick et
al., 2019). The environmental variables in the models, which
influence in situ GHG concentrations either directly by fa-
cilitating dissolved GHG inputs or indirectly by controlling
the substrate variables, were water temperature (◦C) (a proxy
for different seasons), stream velocity (V ) (m s−1), percent-
age of upstream agricultural area for each sampling point
(AGR: grassland+ cropland area), and wastewater inflows
(WW: Boolean numbers, i.e., 1 for the presence of wastewa-
ter inflow and 0 for absence).

The hypothesized relationships between the substrate and
environmental drivers of instream GHG concentrations were
assessed in the overall theoretical SEM, which comprises
several multivariate regression equations shown in Eqs. (4)–
(8). To get the best-fit SEM, the removal of parts of the
theoretical SEM was done manually until the model with
the highest parsimony fit index (PNFI) and a root mean
squared error of approximation (RMSEA) of < 0.05 was
found (Schumacker and Lomax, 2015). Graphical represen-
tations of the significant relationship pathways from the best-
fit model, including standardized slope parameter estimates,
were done using the “semPlot” package in R software.

Loge GHGconcentration= DO + DOC

+ streamvelocity
+water temperature + Loge NO3

+Loge NH4 + wastewater inflow

+ agricultural area (4)
Loge NO3 = DO + Loge NH4 + DOC

+ wastewater inflow + agricultural area
+ streamvelocity (5)

Loge NH4 = DO + DOC + wastewater inflow

+ agricultural area + streamvelocity (6)
DOC= wastewater inflow + agricultural area

+ streamvelocity (7)
DO= DOC+ wastewater inflow + agricultural area

+ streamvelocity (8)

3 Results

3.1 Hydrological variables

Across all sampling points and seasons, tri-weekly sam-
pled stream velocity measurements (annual mean±SE)
were 2-fold higher for streams (0.19± 0.009 m s−1, range:
0.01–1.17) than ditches (0.05± 0.06 m s−1, range: 0.01–
0.23) (Fig. A1). Seasonality had an overall significant ef-
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fect (p value < 0.05) on stream velocities across all sam-
pling points, with higher stream velocities observed in spring
(0.24± 0.02 m s−1) than in autumn (0.12± 0.01 m s−1) (Ta-
bles 2, B2). Discharge in streams (3.9–18 500 L s−1) and in
ditches (0.1–37 L s−1) was highly variable, reflecting dif-
fering stream sizes and seasonal variability (Fig. A1). The
Neckar sub-catchments, dominated by streams (orders 5–6),
had an order of magnitude higher mean annual discharge
(874.7± 178 L s−1) than the streams in the other catchments
(Loisach: 50.5± 6 L s−1, and Schwingbach: 26.7± 4 L s−1).
The average discharge at the stream and ditch sampling
points in all our study catchments were 3- to 5-fold higher in
spring and summer (384.1± 96 and 526.4± 171 L s−1, re-
spectively) than in autumn and winter (86.25± 13.07 and
157.3± 31.58, respectively; p value < 0.01; Tables 2, B2).

3.2 Water physico-chemical variables

3.2.1 Seasonal variation

Water temperature, DO, and pH ranged from 0.9–24 ◦C, 1.1–
15.7 mg O2 L−1, and 6.7–9.0, respectively. Streams in the
mountainous Loisach catchment had a mean annual (±SE)
water temperature of 9.0± 0.2 ◦C, which was ∼ 1 ◦C colder
than streams of the Schwingbach catchment (10.0± 0.4 ◦C)
and 3◦ colder than streams in the Neckar sub-catchments
(12.0± 0.3 ◦C). The annual ranges of NH4-N, NO3-N,
DON, TDN, and DOC concentrations across all catchments
were 0.05–1.0, 0.5–14.8, 0.05–10.9, 0.6–17.0, and 0.9–
16.0 mg C L−1, respectively. DO, NO3, and TDN concentra-
tions showed significant seasonal variability (Tables 2, B2).
DO was higher in winter and spring than in summer and
autumn (p value < 0.001). NO3-N and TDN concentrations
were highest in winter and lowest in autumn and summer
(p value < 0.01), while NH4-N, DOC, and DON showed no
significant seasonal variation (p value > 0.05; Tables 2, B2).
We additionally calculated DOC : DIN and DOC : DON mo-
lar ratios, which had interquartile ranges from 0.9–4.9 and
4.1–29.0, respectively. DOC : DIN ratios showed significant
seasonal variability, with higher values in summer and spring
than in winter (p value < 0.05), while no seasonal variability
was found for DOC : DON ratios (p value > 0.05; Tables 2,
B2).

3.2.2 Land use variation

Catchment land use was more significant than seasonality
in explaining the variability of most water physico-chemical
variables (p value < 0.001; Table 2). In the Loisach catch-
ment, ditches had up to 2.6 times lower DO and 8 times
lower NO3-N concentrations than the streams across all land
use types (Fig. 2; Table B3). In contrast, NH4-N and DOC
concentrations, as well as the DOC : DIN ratio, were 6–10
times higher in the ditches than in the streams (Fig. 2; Ta-
ble B3). In the Neckar sub-catchments, forested streams had

1–2 times higher DO and DOC concentrations than cropland,
settlement, and wastewater-influenced streams. The opposite
was true for NO3-N and DON concentrations, which were
an order of magnitude higher in the cropland-, settlement-
, and wastewater-influenced streams than in the forested
streams (Fig. 2; Table B3). As a result, DOC : DIN and
DOC : DON ratios in the Neckar sub-catchments were, there-
fore, higher in forested streams than in cropland, settlement,
and wastewater-influenced streams (Table B3).

In addition, cropland streams directly receiving wastewa-
ter inflows also had significantly lower DO and higher DOC
than cropland streams without wastewater inflows (Fig. 2;
Table B3). While NO3-N and DON concentrations were
not significantly different in cropland streams with or with-
out wastewater inflows, the concentrations of both variables
were slightly higher in cropland streams with wastewater in-
flows (Table B3). In streams of the Schwingbach catchment,
surrounding croplands and settlement areas also influenced
NO3-N concentrations, which were up to 3-fold higher than
in the forested streams. Across all the three catchments, DO
concentrations, DOC : DIN ratios, and DOC : DON ratios
were higher in the forested streams and decreased in streams
of sub-catchments with predominant agricultural land uses
or settlement areas, while the opposite was found for NO3-N
and DON concentrations (Table B3). Additionally, forested
streams in the Loisach catchment had an order of magnitude
higher DOC : DON ratios than forested streams in the Neckar
and Schwingbach catchments (Table B3).

3.3 GHG concentrations and fluxes

3.3.1 Seasonal variation

In all headwater streams, CH4 and N2O concentrations
varied greatly, spanning 3 orders of magnitude, i.e.,
from 0.03–58 µg-C L−1 (pCH4 1.3–2145 µatm) for CH4
and from 20–18 717 ng-N L−1 (pN2O 21–15 813 natm) for
N2O. In contrast, CO2 concentrations varied less, span-
ning only 1 order of magnitude from 219–4868 µg-C L−1

(pCO2 369–7979 µatm). GHG concentrations in ditches
also varied widely, with CH4, N2O, and CO2 concen-
trations spanning 1–2 orders of magnitude, ranging from
27–831 µg-C L−1 (pCH4 1469–34 482 µatm), 56–1540 ng-
N L−1 (pN2O 35–1512 natm), and 1722–9746 µg-C L−1

(pCO2 2888–13 400 µatm), respectively (Figs. A2, A3).
Streams and drainage ditches across all seasons were

predominantly sources of atmospheric CH4, N2O, and CO2,
as indicated by concentrations mostly above the atmo-
spheric background and the positive flux values displayed
in Fig. 3. CO2 fluxes from streams ranged from −0.05–
179 g C m−2 d−1 (mean 19 g C m−2 d−1), CH4 fluxes ranged
from −0.40–325 mg C m−2 d−1 (mean 30 mg C m−2 d−1),
and N2O fluxes ranged from −9.2–199.5 mg N m−2 d−1

(mean 12 mg N m−2 d−1). CO2 and CH4 fluxes from
the ditches varied between 2–63 g C m−2 d−1 (mean

Biogeosciences, 20, 3395–3422, 2023 https://doi.org/10.5194/bg-20-3395-2023
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Table 2. Results of multiple linear mixed-effects models predicting the effect of seasonality (summer, autumn, winter, and spring) and sub-
catchment land use (Table 1) on stream velocity, discharge, water physico-chemical variables, GHG concentration, gas-transfer velocity, and
GHG flux. The model performance was assessed based on conditional r2 and the distribution of residuals, including the variances explained
by fixed effects and repeated measures’ random effects.

Type 2 ANOVA table

Season (df = 3) Land use (df = 11)

Dependent variables Conditional F -statistic/ F -statistic/
r2 significance significance

Water physico-chemical and hydrological variables

Temperature (◦C) 0.87 66.3∗∗∗ 9.1∗∗∗

pH 0.80 3.1∗ 97.8∗∗∗

DO (mg L−1) 0.83 20.1∗∗∗ 143.7∗∗∗

Electrical conductivity (µs cm−1) 0.83 4.9∗∗ 86.1∗∗∗

NO3-N (mg L−1)a 0.80 4.9∗∗ 141∗∗∗

NH4-N (mg L−1)a 0.60 ns 32.3∗∗∗

TDN (mg L−1)a 0.79 5.6∗∗ 93.8∗∗∗

DON (mg L−1)a 0.55 ns 13.9∗∗∗

DOC (mg L−1)a 0.59 ns 47.3∗∗∗

DOC : DIN 0.84 3.2∗ 133.2∗∗∗

DOC : DON 0.63 ns 15.1∗∗∗

Velocitya 0.59 3.7∗ 34.5∗∗∗

Dischargea 0.86 4.6∗∗ 96.9∗∗∗

k600, gas concentration, and flux

CO2-C concentration (µg L−1)a 0.86 25.6∗∗∗ 219.3∗∗∗

CH4-C concentration (µg L−1)a 0.89 ns 273.1∗∗∗

N2O-N concentration (ng L−1)a 0.75 3.3∗ 69∗∗∗

k600 (m d−1)a 0.57 ns 31.2∗∗∗

CO2-C flux (mg m−2 d−1)a 0.57 ns 50.2∗∗∗

CH4-C flux (mg m−2 d−1)a 0.79 ns 113∗∗∗

N2O-N flux (µg m−2 d−1)a 0.70 3.9∗ 75.6∗∗∗

Total fluxes CO2 eq (g m−2 d−1)a 0.67 ns 67∗∗∗

Level of significance (p value): ∗ < 0.05, ∗∗ < 0.01, ∗∗∗ < 0.001, ns > 0.05. a Natural logarithm transformation. Conditional r2 is variance,
explained by fixed and random effects of sampling date. df is degrees of freedom.

13.7 g C m−2 d−1) and from 117–7933 mg C m−2 d−1 (mean
1532 mg C m−2 d−1), respectively, while N2O fluxes ranged
from −0.8–7.1 mg N m−2 d−1 (mean 1.2 mg N m−2 d−1).

Seasonal variations in GHG concentrations and fluxes
were GHG-dependent and varied across the land uses within
each catchment (Figs. 3, A2). In the Loisach catchment, there
was a decline in instream CO2 concentrations in the sum-
mer, followed by a subsequent increase in autumn, particu-
larly at non-forested sampling points (Fig. A2). Similar in-
stream CO2 concentration trends, with lower values in the
summer season and increasing values in autumn, were also
found for non-forested streams of the Neckar sub-catchments
(Fig. A2). However, non-forested streams of the Schwing-
bach catchments showed slightly different trends, with a de-
cline in CO2 concentrations in spring and an increase in
CO2 concentrations in the late summer (Fig. A2). Consid-
ering all data over all catchments, seasonality had an over-

all significant effect on CO2 (p value < 0.001), with sum-
mer concentrations being 1.6 times lower than in autumn,
while CO2 fluxes showed no significant seasonal variability
(p value> 0.05; Tables 2, B2).

In contrast to CO2, N2O concentrations in the Loisach
and Schwingbach catchments decreased from summer to
autumn but increased again towards the beginning of win-
ter (Fig. A2). In autumn, N2O concentrations at first- and
second-order forested streams in the Loisach and Schwing-
bach catchments were often below atmospheric concentra-
tions (Fig. A2), characterizing these sites as N2O sinks
(Fig. 3). A similar autumn decline in N2O concentrations was
not observed in the streams of the Neckar sub-catchments,
but rather, N2O concentrations increased from autumn to
winter (Fig. A2). Across all catchments and sampling points,
N2O concentrations were 2.4 times higher in winter than in
the other seasons (p value < 0.05; Table B2). N2O fluxes
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Figure 2. Boxplots of DO, NH4-N, NO3-N, and DOC concentrations in stream and ditch waters in the three catchments grouped by domi-
nating land uses (see Table 1 methods). The letters on top of the boxplots represent significant differences (p<0.05) among land use classes
across the three catchments based on Tukey post hoc analyses from the linear mixed-effects model results (Table 2).

were up to 1.6 times higher in summer and winter than in
autumn and spring (p value < 0.05; Fig. 3; Table B2), which
represented periods of either high N2O concentrations and
moderate gas transfer velocities (winter) or moderate N2O
concentrations and high gas transfer velocities (summer) (Ta-
ble B2).

CH4 concentrations showed a seasonal pattern only in
the Schwingbach catchment (Fig. A2), which showed a de-
cline from summer through autumn and winter. This trend
was not observed for the other catchments (Fig. A2) and

resulted in a non-significant seasonal effect on both con-
centrations and fluxes when all data from all catchments
were considered together (p value > 0.05; Tables 2, B2).
Overall, GHG fluxes from streams within human-influenced
land use classes (grasslands, croplands, and settlement ar-
eas) were more temporally variable (annual coefficient of
variation > 55 %) than those in sub-catchments dominated by
forests or wetlands (Fig. 3).

Biogeosciences, 20, 3395–3422, 2023 https://doi.org/10.5194/bg-20-3395-2023
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Figure 3. Monthly mean±SE of CO2, CH4, and N2O fluxes across all 26 sampled streams and ditches in the Loisach, Neckar, and Schwing-
bach catchments (see Table 1 methods). The colors of the lines and labels on the graph indicate the nine dominant land use classes.

3.3.2 Land use variation

Like water physico-chemical variables, the variability in
GHG concentrations and fluxes was more strongly linked to
catchment land use than seasonality (p value < 0.001; Ta-
ble 2). In the Loisach catchment, CO2 concentrations and
fluxes were an order of magnitude higher for the ditch and
stream sites dominated by grassland land uses than forested-
dominated sites (Figs. 3, 4; Table B3). N2O concentra-
tions and fluxes in streams were also an order of magni-
tude higher in the grassland streams compared to the wet-
land and forested ones, with the latter functioning as occa-
sional sinks for atmospheric N2O (Figs. 3, 4; Table B3). Wet-
land streams had higher CH4 fluxes than the other streams
(Figs. 3, 4; Table B3). Overall, ditches showed up to 14 times
more elevated CO2 and up to 850-fold higher CH4 concen-
trations than the streams of the Loisach catchment (Fig. A3;

Table B3). In contrast, N2O concentrations in the ditches
were highly variable, with higher and lower than atmospheric
concentrations over the sampling year (Figs. A2, A3). CH4
fluxes were 2 orders of magnitude higher in ditches than in
streams (Figs. 3, 4; Table B3). Interestingly, the ditches were
even more often N2O sinks than forests, which resulted in the
overall lowest N2O fluxes, e.g., 10 times lower than the ones
of grassland-dominated streams (Fig. 3; Table B3)

In the Neckar sub-catchments, CO2, CH4, and N2O con-
centrations and fluxes were 1–10 times higher in the streams
located in cropland and settlement areas compared to streams
in forested areas (Figs. 3, 4, A3; Table B3). Generally, GHG
concentrations and fluxes of streams in cropland and settle-
ment areas further increased if wastewater inflows affected
sampling points (Figs. 3, 4, A3; Table B3). For the latter, it is
noteworthy that pronounced differences in wastewater char-
acteristics existed in our study, even though the treatment

https://doi.org/10.5194/bg-20-3395-2023 Biogeosciences, 20, 3395–3422, 2023
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procedures and the number of served households (80 000)
were comparable for the two wastewater treatment plants.
Overall, the wastewater outflow in the Ammer catchment
had higher TDN, DOC, CH4, and N2O concentrations than
the Steinlach catchment (Table B1). In contrast to the other
two catchments, forested streams in the Schwingbach catch-
ment had CO2 and CH4 concentrations and fluxes compara-
ble to cropland- and settlement-influenced streams within the
catchment (Figs. 3, 4, A3; Table B3). However, N2O concen-
trations and fluxes were higher in streams with cropland and
settlement influences than in forested streams (Figs. 3, 4, A3;
Table B3).

In addition to land use effects, we also examined spa-
tial variability in the GHG concentrations and fluxes linked
to stream order differences. We found tendencies of higher
CO2, CH4, and N2O concentrations and fluxes with increas-
ing stream orders in the Schwingbach and Neckar catchments
dominated by croplands and settlement areas. In contrast
to the Neckar and Schwingbach catchments, GHG concen-
trations and fluxes in the more natural Loisach catchment
decreased with stream order (Fig. A4). Comparing across
catchments, higher stream orders (5 and 6) in the human-
influenced Neckar catchment had higher or comparable GHG
concentrations and fluxes than lower stream orders (1–3) in
the Schwingbach and Loisach catchments (Fig. A4).

3.4 Direct and indirect drivers of greenhouse gas
concentrations

We used path analyses from best-fit SEMs based on all our
datasets to explain how environmental factors such as up-
stream agricultural area, wastewater inflow, and stream ve-
locity controlled the spatial-temporal dynamics of GHG con-
centrations that drove the fluxes. The slope parameter esti-
mates from the SEMs revealed significant (p value < 0.05)
interactions between the environmental variables and DO (%
saturation), DOC mg L−1, and NO3-N mg L−1, i.e., substrate
variables that directly control in situ GHG concentrations
(Fig. 5, Table B4). In contrast to all other variables, water
temperature and NH4-N mg L−1 did not contribute signifi-
cantly (p value > 0.05) to the variance explained by the best-
fit SEMs and were removed from the final path analyses (Ta-
ble B4). That said, an increase in the upstream agricultural
area resulted in a ∼ 46 % increase in in situ NO3-N concen-
trations. Wastewater inputs resulted in a∼ 23 % increase in in
situ NO3 concentrations, while DOC concentrations were not
significantly affected. DO decreased with increasing DOC
concentrations, while NO3-N concentrations followed an op-
posite pattern and increased with increasing DO concentra-
tions (Fig. 5).

CO2 and CH4 concentrations had a negative relationship
with DO (Fig. 5a–b), but N2O concentrations were not sig-
nificantly related to DO (Fig. 5c). Besides DO, CO2 concen-
trations decreased by 17 % with stream velocity, increased
by 18 % with wastewater inflows, and increased by 23 % with

upstream agricultural area (Fig. 5a). CH4 concentrations also
decreased by 16 % with increasing stream velocity. However,
the effect of the increased share of agricultural areas (+11 %)
on CH4 concentrations was lower than for CO2. Additionally,
CH4 concentrations also decreased by 29 % with increasing
NO3-N concentrations (Fig. 5b). In contrast to CO2 and CH4,
N2O concentrations increased by 43 % with increasing NO3-
N concentrations, while the effect of stream velocity was
of minor importance (−8 %). Compared to CH4 and CO2,
N2O concentrations in stream and river waters showed sim-
ilar or stronger relationships to wastewater inflows (+16 %)
and upstream agricultural area (+32 %) (Fig. 5c). Overall,
the best-fit SEMs explained 60 %, 66 %, and 47 % of the ob-
served variances in CO2, CH4, and N2O concentrations, re-
spectively (Table B4).

3.5 Annual areal fluxes

Based on global warming potential calculations, CO2 dom-
inated the annual GHG emissions across all headwater
catchments, with contributions ranging from 57 %–100 %.
The non-CO2 gas contributions were much lower and
ranged from 0 %–43 % for CH4 and 0 %–18 % for N2O
(Fig. 6). The highest contribution of CH4 (43 %) was found
at ditch sampling points in the Loisach, while the high-
est N2O contributions (up to 18 %) were observed at the
cropland-influenced streams fed by wastewater inflows in
the Neckar sub-catchments (Fig. 6). Overall, the annual CO2
equivalent emissions from anthropogenic-influenced streams
(∼ 71 kg CO2 m−2 yr−1) were up to 20 times higher than
from natural forested streams (∼ 3 kg CO2 m−2 yr−1; Fig. 6).
Its also noteworthy that the total annual GHG emission
from oligotrophic forested streams in the Loisach catchment
was significantly lower than other forested catchments in
the more human-influenced Schwingbach and Neckar sub-
catchments (Fig. 6).

Regarding different discharge periods, high and medium
discharge periods contributed up to 91 % to total GHG emis-
sions in anthropogenic-influenced streams but only 4 % in
forested streams (Fig. 6). Overall, the high and medium dis-
charge periods contributed the most to the annual fluxes
quantified in lower-order streams (Strahler 1–2) and ditch
sampling points, which were prevalent in the Loisach and
Schwingbach sub-catchments (Figs. 6b, c). The opposite was
true for larger forested and cropland streams in the Neckar
sub-catchment, where higher annual flux contributions oc-
curred primarily in the low discharge period (Fig. 6a). How-
ever, this pattern did not hold for cropland streams with the
wastewater inflows in the same catchment, with the sites
showing an 82 % increase in annual emissions during the
high and medium discharge periods (Figs. 6b, c).
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Figure 4. Boxplots of CO2, CH4, and N2O fluxes in stream and ditch waters in the three catchments grouped by land uses (see Table 1
methods). Letters on top of the boxplots represent significant differences (p<0.05) amongst the land use classes across the three catchments
based on Tukey post hoc analyses from the linear mixed-effects model results (Table 2).

4 Discussion

The GHG fluxes quantified from headwater streams and
ditches in this study add to the growing evidence that both
aquatic ecosystems are significant net emitters of GHGs to
the atmosphere. In agreement with previous studies, CO2 ac-
counted for most (> 81 %) of the annual fluvial GHG fluxes
in CO2 equivalents (e.g., Marescaux et al., 2018; Mwanake et
al., 2022; Li et al., 2021). However, the presence of upstream
agricultural and settlement areas seemed to alter these trends
by reducing the contribution of CO2 and increasing N2O and
CH4 contributions. The effects of the above anthropogenic

activities on aquatic GHG dynamics were twofold. Drainage
ditches were landscape hotspots for CH4 emissions, while
increasing upstream agricultural and settlement areas re-
sulted in fluvial N2O hotspots. The emissions from human-
influenced streams were further supplemented by wastewater
inflows, which provided year-long nutrients, labile carbon,
and GHG supplies, resulting in much higher CO2 and N2O
annual emissions. Besides influencing GHG hotspots, the
temporal dynamics of GHG fluxes from streams and ditches
in our study were further impacted by anthropogenic influ-
ences. While catchments dominated by wetlands or forested
areas exhibited low seasonal variabilities due to limitations in
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Figure 5. Regression pathways predicting (a) Loge CO2 concentration µg-C L−1, (b) Loge CH4 concentration µg-C L−1, and (c) Loge N2O
concentration ng-N L−1 across all sampling points and seasons from best-fit SEMs consisting of substrate (DO, DOC, and NO3-N) and en-
vironmental variables (stream velocity (V )), percentage agricultural area (AGR; grassland+ cropland areas), and wastewater inflows (WW).
The numbers on the lines represent standardized slope parameters, with significant (p value < 0.05) relationships indicated by ∗ and non-
significant (p value > 0.05) relationships indicated by ns. Solid lines represent fitted relationships, while dashed lines represent co-variances
in the environmental variables. Blue lines represent positive relationships, and red represents negative relationships, with width representing
the strength of the relationships.

conditions that favor peak emissions (increased gas transfer
velocities and sufficient GHG supplies), opposite trends were
found at catchments dominated by agricultural and settle-
ment areas or affected by wastewater inflow. These findings
suggested that the occasional peak GHG emissions in the
later catchments represented periods where external GHG
sources from supersaturated terrestrial soils or wastewater in-
flows outweighed supply constraints during peak discharge
periods with high gas transfer velocities. These findings sug-
gest that future land use changes from natural forests to agri-
cultural and settlement areas may increase the radiative forc-
ing of aquatic GHG emissions by increasing the magnitudes
of their annual fluxes, especially in a changing climate with
more extreme discharge conditions.

4.1 Seasonal variability in GHG concentrations and
fluxes

Seasonal trends in in situ GHG concentrations and fluxes
were mainly linked to substrate availability (C and N), dis-
charge, and temperature, similar to previous studies on other

streams in temperate climates (Dinsmore et al., 2013; Deir-
mendjian et al., 2019; Herreid et al., 2021). The low in
situ CO2 concentrations (< 100 % saturation) during summer
(Table B2) suggested elevated photosynthetic uptake within
the streams and ditches, which is in line with the results of
a recent meta-analysis on lotic ecosystems (Gómez-Gener et
al., 2021). The decline in CO2 concentrations in summer was
most apparent at the non-forested stream sampling points,
with higher canopy cover in the forested areas likely limiting
in situ stream photosynthesis due to shading effects. These
non-forested sites also had higher instream dissolved inor-
ganic nitrogen concentrations, nutrient conditions previously
shown to favor macrophyte photosynthetic uptake of CO2,
resulting in lower in situ stream CO2 concentrations (Deir-
mendjian et al., 2019). We also found that stream and ditch
waters were oversaturated with CO2 in autumn and winter.
These seasons are characterized on the one hand by low dis-
charge and low stream velocity, conditions which likely re-
duce degassing rates, and on the other hand by elevated in
situ C metabolism, as supported by low DO concentration in
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Figure 6. Areal CO2 equivalent fluxes (mean±SE) grouped by GHG type for each land use class during (a) low, (b) medium, and (c) high
discharge periods. Panel (d) represents the total annual fluxes by summing up contributions from the three discharge periods. Letters on the
bar graphs represent significant differences (p<0.05) in the annual areal emissions amongst the land use classes across the three catchments
based on Tukey post hoc analyses from the linear mixed-effects model results (Table 2).

autumn, which indicates respiratory O2 consumption (e.g.,
Borges et al., 2018). We attribute the lack of seasonality in
CO2 fluxes (Table B2) to the compensatory effects of sea-
sonally varying stream velocities and CO2 source strengths.
For example, high CO2 concentrations and low gas transfer
velocities in autumn and vice versa in spring resulted in com-
parable CO2 fluxes in the two seasons (Table B2).

N2O concentrations also varied significantly across sea-
sons, but the pattern differed from that of CO2. In autumn,
forested lower-order streams in the Loisach and Schwing-
bach catchments mainly showed N2O concentrations below
atmospheric background concentrations and were temporary
sinks of N2O (Fig. 3). This finding could be related to in-
creased inputs of organic matter in these headwater catch-
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ments due to leaf fall, providing additional organic carbon for
microbial metabolism in this period, which likely increased
the demand for terminal electron acceptors such as O2, NO3,
and N2O. This conclusion is also supported by the lowest DO
and NO3-N concentrations during autumn, which could sug-
gest the dominance of complete denitrification in the streams
(Quick et al., 2019). With decreasing temperatures towards
winter, lower productivity and N demand within the streams
resulted in the accumulation of NO3-N, which seemed to fa-
vor internal N2O production, as seen by the positive relation-
ship between the two variables (Fig. 5c). The high sensitivity
of the N2O reductase to low temperatures might have further
supported elevated N2O concentration and fluxes during win-
ter (e.g., Holtan-Hartwig et al., 2002). A similar finding of
high winter N2O concentrations and fluxes was also found in
other temperate streams, alluding to similar controls of tem-
perature and nutrient availability (Herreid et al., 2021; Galan-
tini et al., 2021). Thus, based on our results, winter periods
can significantly contribute to annual N2O emission budgets.
Yet, to the best of our knowledge, temperate studies covering
the winter period are still scarce. In contrast to CO2 and N2O,
neither CH4 concentrations nor fluxes showed any seasonal
trends. Such a finding is similar to what was found in a global
meta-analysis (Stanley et al., 2016), where multiple controls
related to substrate availability, geomorphology, and hydrol-
ogy were shown to result in a high spatial-temporal variance
of CH4, thus masking any seasonal emission patterns.

4.2 Effect of human impacts on GHG concentrations
and fluxes

Anthropogenic-influenced streams and ditches draining pre-
dominantly agricultural and settlement areas showed higher
CO2 equivalent GHG emissions than forested streams
(Fig. 6). Such a finding is similar to other studies in the tem-
perate region (e.g., Borges et al., 2018; Deirmendjian et al.,
2019; Galantini et al., 2021). The high GHG emissions of
streams and ditches in agricultural and settlement areas are
likely due to elevated hydrological inflow (e.g., via ground-
water and interflow) of nitrogen and labile carbon (e.g., Lam-
bert et al., 2017; Deirmendjian et al., 2019; Mwanake et
al., 2019) or terrestrially originating dissolved GHGs linked
to lower vegetation cover compared to forested catchments
(e.g., Deirmendjian et al., 2019; Mwanake et al., 2022). This
interpretation could be supported by the significant positive
relationships that we found between percentage agriculture
and stream CO2, CH4, and N2O, as well as nitrate concentra-
tion and a positive trend for DOC (Fig. 5).

Low DOC : DON ratios have previously been linked to
more labile and less aromatic forms of dissolved organic
matter (DOM) (Sebestyen et al., 2008; O’Donnell et al.,
2010). We found significantly lower DOC : DON ratios in
streams and ditches in agricultural and settlement areas than
in forested streams, suggesting that the more bioavailable
DOM in the human-influenced ecosystems favored elevated

GHG production through heterotrophic processes (e.g., Bod-
mer et al., 2016). Such differences in DOC : DON ratios
were also found amongst forested streams, with a decreasing
trend from the Loisach, Neckar, to Schwingbach catchments,
which may also explain the differences in their GHG emis-
sions (Fig. 6). The differences in the DOM bioavailability
of forested streams in the three catchments may suggest dif-
ferences in DOM flow paths during terrestrial–groundwater–
stream interactions. We contend that the moderately sloping
streams of the Neckar and Schwingbach catchments likely
had lower DOC : DON ratios due to longer water residence
times and higher contributions of groundwater inflow (e.g.,
Sebestyen et al., 2008) than those in the steeper forested
catchments of the Loisach (Table B3). The distinct differ-
ence in water stable isotope signatures, i.e., the shift of pre-
cipitation vs. stream water seasonality across the three catch-
ments (Mwanake et al., 2023), further supported the differ-
ence in water residence times and their relationships with
stream slope (e.g., Zhou et al., 2021).

In addition to land use influences, wastewater inflows into
streams in agricultural and settlement areas further increased
GHG concentrations and fluxes. The two sampled wastew-
ater effluents, which drained into the Steinlach and Ammer
streams of the Neckar sub-catchments, showed higher GHG
concentrations than the stream water upstream of the inflows
(Fig. A5, Table B1), which mainly led to increased GHG
concentration and fluxes also downstream of the wastew-
ater inflows. This finding is similar to what was found in
other temperate studies comparing stream GHG concentra-
tion upstream and downstream of wastewater inflows (e.g.,
Marescaux et al., 2018; Aho et al., 2022). However, due
to higher background GHG fluxes in the cropland than in
the forested sub-catchments (Fig. 4), differences in the to-
tal GHG emissions before and after wastewater inflow were
more pronounced in the forested sub-catchments (Fig. 6).
In addition to the pronounced differences in the quality of
the wastewater effluent (Table B1), this finding also shows
the importance of background GHG fluxes as influenced by
catchment land use in assessing how wastewater inflows af-
fect riverine GHG emissions.

Apart from land use influences, GHG fluxes from streams
have previously been shown to decrease with stream order,
as dissolved GHG inputs from groundwater and terrestrial
sources also reduce (e.g., Hotchkiss et al., 2015; Turner et
al., 2015; Mwanake et al., 2022). While our study design
was not meant to explicitly assess stream order influences
due to limited replication across a wide range of stream or-
ders, we did find an opposite trend with stream order, sim-
ilar to other studies in anthropogenic-influenced catchments
(e.g., Borges et al., 2018; Marescaux et al., 2018). For exam-
ple, higher-order streams (stream orders > 5) in the Neckar
sub-catchments dominated by croplands and with wastewa-
ter influences had either higher or comparable GHG fluxes
than lower-order streams (stream orders < 3) in the Loisach
and Schwingbach catchments. We, therefore, show a poten-

Biogeosciences, 20, 3395–3422, 2023 https://doi.org/10.5194/bg-20-3395-2023



R. M. Mwanake et al.: Anthropogenic effects on stream greenhouse gas fluxes. 3411
Ta

bl
e

3.
C

om
pi

la
tio

n
of

G
H

G
em

is
si

on
s

fr
om

te
m

pe
ra

te
st

re
am

s
an

d
di

tc
he

s
m

os
tly

w
ith

co
m

pa
ra

bl
e

la
nd

us
e,

cl
im

at
e,

an
d

al
tit

ud
e

ra
ng

es
.

N
um

be
ro

f
N

um
be

ro
f

C
O

2-
C

flu
x

(g
m
−

2
d−

1 )
C

H
4-

C
flu

x
(m

g
m
−

2
d−

1 )
N

2O
-N

flu
x

(m
g

m
−

2
d−

1 )

L
an

d
us

e/
la

nd
co

ve
r

C
lim

at
e

C
ou

nt
ry

G
eo

gr
ap

hi
ca

lc
oo

rd
in

at
es

A
lti

tu
de

(m
)

st
ud

y
re

ac
he

s
ob

se
rv

at
io

ns
D

ur
at

io
n

of
st

ud
y

R
an

ge
M

ea
n

R
an

ge
M

ea
n

R
an

ge
M

ea
n

R
ef

er
en

ce

Fo
re

st
/L

oi
sa

ch
st

re
am

s
Te

m
pe

ra
te

G
er

m
an

y
Ta

bl
e

1
61

6–
29

63
3

51
A

nn
ua

l,
20

22
−

0.
05

–1
7.

4
2.

4
−

0.
4–

16
4

10
.5

−
9.

2–
20

.3
1.

1
T

hi
s

st
ud

y
Fo

re
st

/S
ch

w
in

gb
ac

h
st

re
am

s
Te

m
pe

ra
te

G
er

m
an

y
Ta

bl
e

1
17

6–
48

0
5

27
A

nn
ua

l,
20

22
0.

08
–3

3.
4

9.
5
−

0.
02

–5
4.

6
9.

9
−

1.
6–

9.
6

2.
1

T
hi

s
st

ud
y

Fo
re

st
/N

ec
ka

rr
iv

er
s

Te
m

pe
ra

te
G

er
m

an
y

Ta
bl

e
1

31
9–

61
0

1
80

A
nn

ua
l,

20
22

0.
6–

14
.7

6.
6

0.
6–

28
.9

9.
1

−
6.

9–
5.

9
0.

3
T

hi
s

st
ud

y
Fo

re
st
+

se
ttl

em
en

t/N
ec

ka
rr

iv
er

s
Te

m
pe

ra
te

G
er

m
an

y
Ta

bl
e

1
31

9–
61

0
1

27
A

nn
ua

l,
20

22
0.

6–
14

.9
4.

9
0.

4–
17

.3
3.

9
−

7.
7–

6.
0

2.
2

T
hi

s
st

ud
y

Fo
re

st
+

se
ttl

em
en

t+
w

as
te

w
at

er
/N

ec
ka

rr
iv

er
s

Te
m

pe
ra

te
G

er
m

an
y

Ta
bl

e
1

31
9–

61
0

1
27

A
nn

ua
l,

20
22

12
–7

1.
7

28
.3

1.
4–

15
.2

6.
5

−
2.

8–
17

.1
3.

9
T

hi
s

st
ud

y
W

et
la

nd
/L

oi
sa

ch
st

re
am

s
Te

m
pe

ra
te

G
er

m
an

y
Ta

bl
e

1
61

6–
29

63
2

34
A

nn
ua

l,
20

22
2.

8–
25

.2
13

.3
17

.2
–2

37
.5

10
1.

7
−

1.
6–

2.
9

0.
8

T
hi

s
st

ud
y

G
ra

ss
la

nd
/L

oi
sa

ch
st

re
am

s
Te

m
pe

ra
te

G
er

m
an

y
Ta

bl
e

1
61

6–
29

63
2

34
A

nn
ua

l,
20

22
6.

1–
11

5.
9

50
.7

1.
3–

32
4.

5
73

.2
-0

.8
–2

5.
5

12
.4

T
hi

s
st

ud
y

C
ro

pl
an

d/
Sc

hw
in

gb
ac

h
st

re
am

s
Te

m
pe

ra
te

G
er

m
an

y
Ta

bl
e

1
17

6–
48

0
3

48
A

nn
ua

l,
20

22
0.

3–
9.

0
2.

1
0.

07
–5

.6
0.

9
−

0.
8–

18
1.

9
T

hi
s

st
ud

y
C

ro
pl

an
d
+

se
ttl

em
en

t/S
ch

w
in

gb
ac

h
st

re
am

s
Te

m
pe

ra
te

G
er

m
an

y
Ta

bl
e

1
17

6–
48

0
2

32
A

nn
ua

l,
20

22
0.

6–
32

.0
8.

6
0.

6–
52

.6
14

.9
−

0.
8–

22
.4

6.
5

T
hi

s
st

ud
y

C
ro

pl
an

d
+

se
ttl

em
en

t/N
ec

ka
rr

iv
er

s
Te

m
pe

ra
te

G
er

m
an

y
Ta

bl
e

1
31

9–
61

0
2

54
A

nn
ua

l,
20

22
4.

5–
18

1.
3

39
.1

1.
6–

77
.5

21
8.

4–
16

5.
7

46
.9

T
hi

s
st

ud
y

C
ro

pl
an

d
+

se
ttl

em
en

t+
w

as
te

w
at

er
/N

ec
ka

rr
iv

er
s

Te
m

pe
ra

te
G

er
m

an
y

Ta
bl

e
1

31
9–

61
0

1
27

A
nn

ua
l,

20
22

1.
1–

12
9.

9
38

.8
0.

8–
30

1.
9

58
.2

6.
3–

19
8.

2
67

.6
T

hi
s

st
ud

y
Fo

re
st

st
re

am
s

Te
m

pe
ra

te
U

SA
43

.0
76

0◦
N

,1
07

.2
90

3◦
W

12
11

–3
31

1
1

25
3

Ju
n–

O
ct

20
14

1.
5–

6.
79

1.
3

14
.4

–5
76

28
.8

K
uh

n
et

al
.(

20
17

)
Fo

re
st

st
re

am
s

Te
m

pe
ra

te
U

SA
40

.2
14

0◦
N

,1
05

.4
33

2◦
W

27
80

–3
50

5
2

11
Ju

n–
Ju

l2
01

3
0.

2–
1.

6
0.

49
0.

3–
7.

8
2.

1
C

ra
w

fo
rd

et
al

.(
20

15
)

Fo
re

st
st

re
am

s
Te

m
pe

ra
te

U
SA

41
.6

03
2◦

N
,7

3.
08

77
◦

W
27

0–
81

0
7

60
8

4
ye

ar
s,

20
16

–2
01

9
−

0.
4–

29
A

ho
et

al
.,

20
22

Fo
re

st
st

re
am

s
Te

m
pe

ra
te

U
SA

41
.6

03
2◦

N
,7

3.
08

77
◦

W
27

0–
81

0
7

60
8

4
ye

ar
s,

20
16

–2
01

9
−

1.
2–

15
2

3.
4

0.
3–

28
70

28
.7

A
ho

et
al

.(
20

21
)

Fo
re

st
st

re
am

s
Te

m
pe

ra
te

C
an

ad
a

49
.2

70
◦

N
,1

22
.5

60
◦

W
12

00
–3

05
0

1
A

nn
ua

l,
20

17
8.

7–
19

80
55

.9
M

cd
ow

el
la

nd
Jo

hn
so

n
(2

01
8)

M
ix

ed
st

re
am

s
Te

m
pe

ra
te

U
SA

43
.1

23
◦

N
,7

1.
12

19
◦

W
16

5–
34

8
3

37
A

nn
ua

l,
20

12
0.

4–
1.

1
6–

43
.8

−
0.

6–
6.

0
Sc

ha
de

et
al

.(
20

16
)

M
ix

ed
st

re
am

s
Te

m
pe

ra
te

Sw
itz

er
la

nd
46

.1
51

2◦
N

,7
.0

63
4◦

E
11

90
–3

05
1

1
30

0
A

nn
ua

l,
20

16
13

.3
–4

94
.5

31
H

or
gb

y
et

al
.(

20
19

)
M

ix
ed

st
re

am
s

Te
m

pe
ra

te
E

ur
op

e
34

10
7

A
nn

ua
l,

20
17

−
0.

8–
5.

8
A

tte
rm

ey
er

et
al

.(
20

21
)

W
et

la
nd

st
re

am
s

Su
bt

ro
pi

ca
l

C
hi

na
33

.0
00

0◦
N

,8
8.

00
00
◦

E
16

59
–4

60
0

4
17

3
ye

ar
s,

20
16

–2
01

8
0.

5–
88

20
Z

ha
ng

et
al

.(
20

20
)

G
lo

ba
l

2.
9

10
0.

8
3.

1
L

ie
ta

l.
(2

02
1)

G
lo

ba
l

−
0.

6–
17

8.
6

H
u

et
al

.(
20

16
)

G
lo

ba
l

−
12

5–
51

90
99

St
an

le
y

et
al

.(
20

16
)

D
ra

in
ag

e
di

tc
he

s
G

lo
ba

l
64

0.
2–

79
3

13
0

Pe
ac

oc
k

et
al

.(
20

21
b)

G
ra

ss
la

nd
dr

ai
na

ge
di

tc
he

s
Te

m
pe

ra
te

Ta
bl

e
1

61
6–

29
63

3
50

A
nn

ua
l,

20
22

2–
63

.3
13

.7
11

6.
6–

79
33

15
32

−
0.

8–
7.

1
1.

2
T

hi
s

st
ud

y
Fo

re
st

dr
ai

na
ge

di
tc

he
s

H
em

ib
or

ea
l

Sw
ed

en
59

.5
12

9◦
N

17
.3

84
1◦

E
21

–6
5

10
9

10
9

Ju
n–

A
ug

20
20

0.
2–

3.
3

0.
2–

53
Pe

ac
oc

k
et

al
.(

20
21

a)
W

et
la

nd
dr

ai
na

ge
di

tc
he

s
Te

m
pe

ra
te

N
et

he
rl

an
ds

52
.2

20
0◦

N
,4

.5
30

0◦
E

1–
10

7
14

Ju
n–

Ju
l,

20
09

0.
8

60
6.

6
Sc

hr
ie

r-
U

ijl
et

al
.(

20
11

)
A

gr
ic

ul
tu

ra
ld

ra
in

ag
e

di
tc

he
s

Te
m

pe
ra

te
Sc

ot
la

nd
65

.5
00

0◦
N

,3
.2

40
0◦

W
58

–6
8

10
22

Ju
n–

N
ov

20
01

1.
5–

15
.3

2.
5

R
ea

y
et

al
.(

20
03

)

tial breakdown of stream order–GHG relationships in highly
human-impacted lotic ecosystems, with disproportionately
higher GHG emissions than in more natural ecosystems. We
also show that significant nutrient and labile carbon supplies
to higher-order streams, which create ideal conditions for
GHG production and emission, may outweigh the physical
disadvantages (e.g., lower surface area to volume ratio) of
higher-order streams relative to lower-order streams.

Drainage ditches, characterized by low flow velocities and
high DOC : DIN ratios, functioned as strong sources of CO2
and CH4 fluxes compared to streams. In addition to drain-
ing CO2- and CH4-rich wetland and grassland soils, we as-
sume that the low DO, high DOC, and low NO3-N concentra-
tions, along with high water retention times, supported high
in situ CH4 production rates in the ditch sediments, resulting
in their overall highest contribution of CH4 fluxes to total an-
nual GHG emission budgets than streams (Fig. 6). This inter-
pretation is further supported by a significant negative rela-
tionship between CH4 and DO, as well as NO3-N concentra-
tions, and a positive relationship with DOC concentrations,
associations which have also previously been linked to in situ
methane production in fluvial ecosystems (e.g., Baulch et al.,
2011a; Schade et al., 2016). High CH4 fluxes from drainage
ditches were also found in other studies from both forested
and wetland areas (e.g., Schrier-Uijl et al., 2011; Peacock et
al., 2021a). Contrastingly, ditches were only weak sources or
even sinks for atmospheric N2O. This finding suggests N2O
reduction to N2 via complete denitrification, an interpretation
already made in previous studies on lotic ecosystems (e.g.,
Baulch et al., 2011b; Mwanake et al., 2019).

4.3 Comparison of GHG flux magnitudes with regional
and global studies

This study’s daily CH4 and N2O diffusive flux ranges from
both streams and ditches are mostly within the same order
of magnitude as those previously reported in global synthesis
studies (Table 3: Hu et al., 2016; Stanley et al., 2016). In con-
trast, this study reported among the highest fluvial CO2 emis-
sions compared to other regional and global studies, with sig-
nificant mean fluxes of up to 51 g C m−2 d−1 (Table 3). We
attribute this finding to moderate–steep slopes such as those
quantified in the mountain streams of the Loisach catchment
or diffuse and point terrestrial dissolved CO2 inputs from
the more human-influenced Schwingbach and Neckar catch-
ments, translating to higher fluvial CO2 fluxes (Fig. 6). How-
ever, our high CO2 fluxes are comparable with those quanti-
fied from other temperate streams in Canada and Switzer-
land with similar moderate–steep slopes and considerable
dissolved CO2 inputs from terrestrial landscapes (e.g., Mc-
dowell and Johnson. 2018; Horgby et al., 2019). The CH4
fluxes from streams in this study are comparable with those
previously found in temperate sub-catchments with similar
land uses and altitudes but are lower than those reported from
permafrost streams in China (Table 3; Zhang et al., 2020).

https://doi.org/10.5194/bg-20-3395-2023 Biogeosciences, 20, 3395–3422, 2023
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Our N2O fluxes from cropland-, settlement-, and wastewater-
influenced streams are higher than those previously reported
in a mixed land use catchment (Schade et al., 2016). Still, our
forest N2O fluxes are in the same range as those of other tem-
perate forested streams (Aho et al., 2022). That said, these
comparisons may be hampered, particularly for fluvial N2O
fluxes, by the limited number of available studies (Table 3).

The average ditch CH4 fluxes in this study are higher than
those reported for forest and wetland draining ditches in bo-
real and temperate regions (Table 3: Schrier-Uijl et al., 2011;
Peacock et al., 2021a) and the global mean provided by Pea-
cock et al. (2021b), which includes estimates from large
canals. In contrast, N2O fluxes from ditches in this study
are lower than those quantified from NO3-N-rich agricultural
ditches in temperate regions (Table 3: Reay et al., 2003).

5 Conclusions

Streams and ditches in agricultural and settlement areas were
characterized by significantly higher GHG fluxes with more
significant intra-annual variabilities than forests and wet-
lands. A combination of wastewater inflows and agricultural
land use resulted in the highest fluvial CO2, CH4, and N2O
fluxes, particularly during high discharge periods with sub-
stantial external dissolved GHGs. In general, anthropogenic
activities resulted in a potential breakdown of the expected
decrease of the GHG source strengths with increasing stream
order, as higher-order streams in the Neckar sub-catchments
with cropland and settlement influences had either higher or
comparable concentrations and fluxes than small streams in
the Loisach and Schwingbach catchments. As most studies
use stream order to upscale local and regional riverine fluxes,
we show from our results that caution must be taken in apply-
ing the methodology, particularly across catchments differing
in land use intensity.

Our findings indicate that future work should focus more
on human-influenced headwater stream ecosystems, as they
contribute disproportionately large annual fluxes and are
more temporally variable than natural ones. Our study also
found higher winter N2O fluxes, emphasizing the need for
continuous sampling regimes covering full years to reduce
uncertainty in annual GHG emission estimates. Combining
continuous sampling regimes of all three biogenic GHGs
(CO2, N2O, and CH4) across catchments with contrasting
land uses will further constrict riverine emissions and aid in
developing targeted emission reduction mitigation strategies.

Biogeosciences, 20, 3395–3422, 2023 https://doi.org/10.5194/bg-20-3395-2023
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Appendix A

Figure A1. Monthly mean±SE velocity and discharge grouped by land use/land cover classes in the (a) Loisach, (b) Schwingbach,
and (c) Neckar catchments.

https://doi.org/10.5194/bg-20-3395-2023 Biogeosciences, 20, 3395–3422, 2023
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Figure A2. Monthly mean±SE CO2, CH4, and N2O concentrations at sites within the Loisach, Neckar, and Schwingbach catchments.

Biogeosciences, 20, 3395–3422, 2023 https://doi.org/10.5194/bg-20-3395-2023
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Figure A3. Boxplots of CO2, CH4, and N2O concentrations in stream and ditch waters in the three catchments grouped by dominating land
uses (see Table 1 methods). The letters on top of the boxplots represent significant differences (p<0.05) amongst the land use classes across
the three catchments based on Tukey post hoc analyses from the linear mixed-effects model results (Table 2).
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Figure A4. Boxplots of stream CO2, CH4, and N2O concentrations and fluxes in the three catchments grouped by stream order (see Table 1
methods).

Biogeosciences, 20, 3395–3422, 2023 https://doi.org/10.5194/bg-20-3395-2023
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Appendix B

Table B1. Annual means (+SE) of water chemistry variables and gas concentration measured in the effluents of the Ammer (WWA) and
Steinlach (WWS) wastewater treatment plants.

Wastewater effluent quality from inflow zones (annual mean±SE)

Water quality variables and discharge Ammer WWA Steinlach WWS

Temperature (◦C) 13.85± 0.61 13.72± 0.65
pH 7.58± 0.07 7.37± 0.09
DO (mg L−1) 6.01± 0.32 5.99± 0.34
Specific conductivity 1017.96± 63.08 776.68± 63.48
NO3-N (mg L−1) 7.57± 0.6 6.33± 0.47
NH4-N (mg L−1) 0.14± 0.02 0.09± 0.03
DOC (mg L−1) 6.8± 0.33 5.66± 0.58
TDN (mg L−1) 8.43± 0.88 7.58± 0.88
CO2-C concentration (µg L−1) 4020.08± 192.75 4529.3± 224.37
CH4-C concentration (µg L−1) 2.13± 0.3 0.73± 0.09
N2O-N concentration (ng L−1) 9255.11± 1563.23 483.23± 61.35

Table B2. Seasonal means (+SE) of water physico-chemical variables, gas concentration, and flux measured in the Loisach, Neckar, and
Schwingbach catchments. The letters beside the means represent significant differences (p<0.05) amongst the seasons across the three
catchments based on Tukey post hoc analyses from the linear mixed-effects model results (Table 2).

Summer Autumn Winter Spring

Temperature (◦C) 14.04± 0.2 d 9.83± 0.32 c 5.55± 0.21 a 8.38± 0.22 b
pH 7.85± 0.03 a 7.88± 0.04 ab 7.98± 0.04 b 7.96± 0.04 ab
DO (mg L−1) 8.71± 0.18 a 8.55± 0.29 a 9.63± 0.27 b 9.85± 0.22 b
Specific conductivity 612.03± 21.8 a 606.91± 28.44 b 600.86± 32.62 ab 555.63± 24.03 a
NO3-N (mg L−1) 2.54± 0.22 a 2.14± 0.29 a 2.86± 0.28 b 2.6± 0.22 ab
NH4-N (mg L−1) 0.11± 0.01 a 0.14± 0.02 a 0.13± 0.02 a 0.1± 0.01 a
TN (mg L−1) 2.9± 0.22 a 2.49± 0.3 a 3.01± 0.36 b 3± 0.29 ab
DON (mg L−1) 0.5± 0.07 a 0.75± 0.15 a 1.56± 0.26 a 1.3± 0.24 a
DOC (mg L−1) 4.37± 0.24 a 4.26± 0.36 a 4.1± 0.31 a 4.66± 0.26 a
DOC : DIN 11.45± 2.9 b 7.21± 1.37 ab 4.14± 0.75 a 7.21± 1.81 b
DOC : DON 103.91± 56.91 a 183.33± 140.18 a 13.19± 2.37 a 28.33± 7.31 a
Stream velocity (m s−1) 0.18± 0.01 ab 0.12± 0.01 a 0.16± 0.01 ab 0.24± 0.02 b
Discharge L s−1 526.41± 171.4 ab 86.25± 13.07 a 157.3± 31.58 ab 384.08± 96.29 b
CO2 concentration (µg-C L−1) 1198.93± 71.66 a 2222.22± 208.63 c 1869.06± 185.95 c 1666.03± 148.04 b
CH4 concentration (µg-C L−1) 20.94± 5.36 a 58.08± 17.8 a 46.98± 18 a 40.94± 13.03 a
N2O concentration (ng-N L−1) 816.06± 75.58 ab 796.45± 169.08 a 1691.19± 400.62 b 1021.38± 185.45 ab
k600 md−1 32.31± 3.09 ab 22.71± 2.8 a 24.54± 3.36 ab 33.92± 3.42 b
CO2 flux (mg-C m−2 d−1) 17008.98± 1876.63 a 22710.21± 3422.95 a 14836.51± 1835.54 a 20592.21± 2563.97 a
CH4 flux (mg-C m−2 d−1) 121.65± 30.93 a 233.99± 84.4 a 157.33± 73.04 a 262.87± 89.31 a
N2Oflux (mg-N m−2 d−1) 13.69± 2.22 b 9.63± 2.86 a 16.12± 4.05 b 10.64± 2.11 ab
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Table B4. Indices highlighting the performance of the best-fit SEMs, which indicate significant interaction pathways of both direct and
indirect drivers of in situ GHG concentrations in temperate streams, rivers, and drainage ditches. The goodness-of-fit index (GFI), compara-
tive fit index (CF1), Tucker–Lewis index, standardized root mean square residual (SRMR), and root means squared error of approximation
(RMSEA) are measures of model goodness of fit, while the parsimony fit index (PNFI) compares the best-fit model to the theoretical model.

Performance indices for the best-fit SEMs Model comparison PNFI

Greenhouse gas (GHG) GFI CFI TLI SRMR RMSEA r2 Theoretical SEM Best-fit SEM

CO2 concentration (µg-C L−1) 1.00 1.00 1.00 0.02 < 0.01 0.60 0.13 0.22
CH4 concentration (µg-C L−1) 1.00 1.00 1.00 0.02 < 0.01 0.66 0.13 0.22
N2O concentration (ng-N L−1) 0.99 1.00 0.98 0.03 0.04 0.47 0.13 0.22

Best-fit SEM structure

1. Log GHG=DO+DOC+Log NO3+ agricultural area+wastewater inflow+ stream velocity
2. Log NO3=DO+DOC+ agricultural area+wastewater inflow+ stream velocity
3. DOC= agricultural area
4. DO=DOC+ stream velocity

Goodness-of-fit assessment

GFI, CFI and TLI: 0.90–0.95; good fit and > 0.95 excellent fit.
SRMR and RMSEA: 0.05–0.08; good fit and < 0.05 excellent fit.
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