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A B S T R A C T

Catchment land use intensity can influence C and N cycling within streams, with implications for fluvial 
greenhouse gas (GHG) fluxes (CO2, CH4, N2O). This study analyzed annual datasets of hydrological, water 
physico-chemical parameters, GHGs saturations (%), and their fluxes from 78 stream sites in tropical and 
temperate catchments with contrasting agricultural fertilization intensities. In both climatic regions, instream 
GHG saturations correlated negatively with dissolved oxygen and mainly positively with dissolved inorganic 
nitrogen (DIN) (p < 0.05, r2 = 0.30–0.49), suggesting nitrogen-driven biogenic GHG production. In contrast to 
these similarities, agricultural intensity shaped how fluvial GHG fluxes scaled with distal drivers such as stream 
size, land use, and discharge. In tropical catchments with mainly extensive agriculture, CO2, and N2O fluxes 
decreased with stream size (p < 0.05, R2 = 0.77–0.82). However, in temperate catchments with intensive 
agriculture, land use was more important than stream size, with DIN concentrations and GHG fluxes increasing 
with agricultural land use (p < 0.05, R2 = 0.46–0.53). Agricultural fertilization intensity also seemed to influence 
CO2 sources during high-discharge events across the two study regions. Based on inferences from the respiratory 
quotient (range; 0.5–2.8), peak CO2 fluxes in the tropical catchments were linked to external CO2 inputs, while 
those in the temperate catchments linked to instream respiration under elevated nitrogen conditions. The 
findings of this study show that it is essential to consider gradients of agricultural fertilizer intensity to scale 
fluvial GHG emissions with their distal drivers, information critical for upscaling reach-scale GHG emissions.

1. Introduction

Prior to the 21st century, fluvial ecosystems were considered passive 
conduits for dissolved and particulate organic carbon and nitrogen 
moving from terrestrial environments to the oceans (Hynes, 1975). 
However, by the first decade of the 21st century, ecologists had 
demonstrated that these ecosystems are active pipes that process 
terrestrially derived carbon and nitrogen, releasing significant amounts 
of greenhouse gases (GHGs: CO2, CH4, and N2O) into the atmosphere 
(Raymond et al., 2013; Rocher-Ros et al., 2023; Yao et al., 2020). It is 
estimated that these GHG emissions from fluvial ecosystems are sub
stantial, contributing approximately 14 % (7.6, range; 6.1–9.1 Pg-CO2- 
eq yr− 1) of the global anthropogenic CO2-equivalent emissions (Jones 

et al., 2023; Li et al., 2021). Yet, despite the importance of fluvial eco
systems as net sources of GHGs, the critical factors controlling the 
magnitude of emissions are still marred with uncertainties due to the 
paucity of detailed field measurements in space and time that allow for 
such in-depth analysis (Lauerwald et al., 2023).

Several studies have demonstrated that GHG fluxes from streams are 
influenced by in-stream water quality parameters such as labile forms of 
organic matter (OM) and nitrogen (Borges et al., 2015; DelVecchia et al., 
2023; Lauerwald et al., 2023; Mwanake et al., 2025a). For example, 
higher OM levels tend to support increased microbial respiration and 
methanogenesis, leading to higher CO2 and CH4 fluxes (e.g., Borges 
et al., 2015; Stanley et al., 2016), while also affecting N2O fluxes 
depending on NO3 availability (e.g., Mwanake et al., 2019; Mwanake 
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et al., 2025a). On the other hand, elevated nitrogen concentrations can 
further promote N2O and CO2 production through processes like nitri
fication, respiration, and denitrification (e.g., Andrews et al., 2021; 
Bodmer et al., 2016; DelVecchia et al., 2023).

Landscape characteristics such as stream size, slope, catchment 
topography, and land use have also been shown to influence GHG 
emissions either indirectly by affecting the input of OM and nitrogen to 
streams, or directly through the inputs of dissolved GHGs (e.g., Herreid 
et al., 2021; Mwanake et al., 2023a; Park et al., 2023; Rocher-Ros et al., 
2023). For instance, smaller streams often exhibit higher GHG emissions 
due to increased surface connectivity with surrounding landscapes, 
which serve as external GHG sources and supply both OM and nitrogen 
for internal GHG production (Li et al., 2021). However, the extent of 
these inputs largely depends on the surrounding land use and its in
tensity, with some studies showing that streams draining intensive 
agricultural areas with significant fertilization rates receive more dis
solved GHG and nitrogen inputs, resulting in higher fluvial GHG fluxes 
(Borges et al., 2018; Mwanake et al., 2023a; Upadhyay et al., 2023). Yet, 
due to the few comparative studies on stream size and land use effects on 
fluvial GHG concentrations or fluxes (e.g., Borges et al., 2018; DelV
ecchia et al., 2023; Mwanake et al., 2022), it remains unclear what 
environmental conditions one of them dominates when it comes to 
predicting their spatio-temporal variability. Such information is vital for 
scaling up fluvial GHG fluxes from reach scales to broader spatial scales, 
which has been previously shown to mainly depend on both stream size 
and catchment land use (Mwanake et al., 2022; Wallin et al., 2018).

Similar to catchment land use and stream size effects, seasonal var
iations in precipitation and temperature can cause variations in fluvial 
GHG concentrations and fluxes by affecting stream air-water gas ex
change rates and the rates of biogeochemical reactions involved in GHG 
production and consumption (Aho et al., 2021, 2022; Mwanake et al., 
2023a; Raymond et al., 2012). While intrannual temperature changes 
may play a more significant role in controlling instream biogeochemical 
GHG production within temperate climates, precipitation events can 
affect both the physical and biogeochemical drivers of fluvial GHG 
emissions irrespective of climatic region, thereby exerting greater con
trol over their annual emissions. For example, heavy precipitation 
events result in high discharge periods, which can increase the supply of 
dissolved GHGs from external sources and offset the reduced contribu
tion of internal GHG production due to shorter water residence times (e. 
g., Liu et al., 2023; Liu et al., 2022; Piatka et al., 2024). In contrast, 
periods of minimal precipitation, which are often characterized by lower 
stream discharge with significant groundwater inputs and longer water 
residence times, are hot moments for in-situ C and N cycling and asso
ciated GHG production (e.g., Borges et al., 2018; Mwanake et al., 
2023b).

Based on changes in instream discharge, it may be possible to infer 
the dominance of internal or external sources of fluvial GHG emissions, 
which is information that may be key to informing future mitigation 
strategies, especially as extreme discharge events are projected to in
crease with climate change (Battin et al., 2023). Yet, studies of seasonal 
GHG variations in streams in the context of intra-annual discharge 
variability are still limited (Lauerwald et al., 2023), making it chal
lenging to use discharge as a proxy to partition these two primary GHG 
sources in fluvial ecosystems and how land use and land use intensity 
may affect them.

The main objective of this study was to use year-long tropical and 
temperate field datasets developed with similar methodological ap
proaches to compare the intra-annual drivers of fluvial GHG fluxes be
tween two contrasting regions. The first was a European temperate 
region, characterized mainly by intensive agriculture, and the second 
was in the African tropics, characterized by mostly extensive agricul
ture. Unlike other studies that only examined land use and stream order 
effects on regional scales (e.g., Borges et al., 2018; DelVecchia et al., 
2023), our study aimed to compare the dominance of these two factors 
across climatic zones that differed mainly in their agricultural 

fertilization intensities. Specifically, we aimed to determine 1.) the 
relative roles of stream discharge and biogeochemical parameters in 
controlling fluvial GHG saturation, 2.) the relative roles of stream size 
and catchment land use as drivers of the fluvial GHG fluxes along 
agricultural fertilization intensity gradients, and 3.) the potential of 
stream discharge as a proxy for partitioning internal vs. external sources 
of fluvial GHG fluxes.

We hypothesized that the drivers of fluvial GHG saturations and 
fluxes across the two study regions would be mainly similar, driven by 
similarities in the physical and biogeochemical processes that charac
terize headwater streams. However, the magnitude of the effects of both 
instream water quality parameters and landscape characteristics on 
fluvial GHG dynamics would depend on the fertilization intensity. 
Specifically, streams in intensively fertilized agricultural areas charac
terized by increased N inputs would contribute disproportionately high 
GHG emissions than those within extensive fertilized agricultural areas. 
We also hypothesized that the main sources of fluvial GHGs can be 
identified by combining changes in in-stream discharge conditions with 
quantitative measures of autochthonous GHG production processes 
versus allochthonous inputs, such as the respiratory quotient.

2. Materials and methods

2.1. Datasets

For this comparative study, we used previously published datasets 
from 78 stream sites that included water quality variables, GHG con
centrations, and estimated GHG fluxes from 23 temperate sites in Ger
many and 55 tropical sites in Kenya (Table 1; Mwanake, 2023a, 2023b). 
The compiled dataset was unique as it was developed using similar 
quantitative methods and covered annual temporal trends of GHG 
emissions from different land uses/land covers (forests, croplands, 
urban regions, grasslands, and wetlands), stream sizes (Stream orders 
1–6), and regions (tropical and temperate). In brief, the tropical sites 
were located in the Kenyan portion of the Mara River basin (~8400 
km2). Two main tributaries form the upper part of the basin, the 
Nyangores and Amala streams, with an additional tributary, Talek, 
joining the Mara River before it crosses the border in the Maasai Mara 
National Park, which is an important tourist destination in the region. 
The Mara region experiences bimodal rainfall, with the first season from 
March to June (long rains) and the second season from October to 
December (short rains). The other months are mostly dry with little or no 
rainfall (Mwanake et al., 2022). The temperate sites were located from 
southern to central Germany, covering a wide range of elevations, 
similar to the Kenyan sites. The southernmost sites were located in the 
mountainous region within the Loisach catchment, while the other sites 
were located in the Neckar and Schwingbach catchments with moderate 
to low elevations. Precipitation as rainfall within the catchments mainly 
occurs during the summer months, particularly June and July, and re
duces in late summer and autumn months from August to October. 
Winter months are mostly drier, with rainfall mainly falling as snow 
(Mwanake et al., 2023a).

Upstream catchment areas and stream orders across the 78 sites were 
delineated in QGIS from digital elevation models (DEM: resolution 
25–30m). The upstream land uses % (also used from here on to describe 
land covers) of all the delineated catchments were calculated from the 
Corine land cover and land use 2018 survey (https://land.copernicus. 
eu/pan-european/corine-land-cover/clc2018?tab=mapview) for the 
temperate sites and the Sentinel 2 prototype land cover and land use 
map for Africa (ESA CCI LAND COVER – S2 prototype Land Cover 20m 
map of Africa, 2016) for the tropical sites. The rationale for using region- 
specific land use products was that both datasets incorporated regionally 
tailored classification schemes and training data, which resulted in more 
accurate and thematically detailed representations of their diverse in
dividual landscapes that also matched our field observations. For the 
land use estimations for each catchment, land-use polygons from both 
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datasets were clipped to match the catchment boundaries delineated for 
each site using the digital elevation model (DEM). The area of each land- 
use class within a catchment was then calculated and expressed as a 
percentage of the total catchment area. Finally, all land-use classes 
associated with agricultural activities (e.g., croplands and fertilized 
grasslands) within each site were aggregated into a single category 
representing total agricultural land use. Generally, the percentage of 
agricultural land use ranged from 0 to 100 across both regions. The 
number of sampled lower-order streams (stream order 1–3) was higher 
than that of higher-order streams in both study regions, following the 
natural order of their abundance in distribution (Table S1).

Sampling across the 78 sites was done on a triweekly-monthly basis 
between January 2019 and February 2020 in the Amala, Nyangores, and 
Talek catchments, between June 2020 and June 2021 in the Loisach and 
Schwingbach catchments, and between April 2021 and April 2022 in the 
Neckar catchment. For each site visit, discharge at most streams was 
calculated using the velocity area method based on stream width, depth, 
and velocity (OTT-MF-Pro, Hydromet, Germany) measurements. For 
large rivers that were not wadable (stream order 6) during high 
discharge, velocity was measured using floating oranges, depth was 
obtained directly from gauging stations, while discharge was either 
calculated using the velocity area method or obtained from water au
thorities. The stream slope at each sampling point over a ~5m reach was 
also measured using a laser rangefinder with a slope function (Nikon 
Model: 8381, Japan).

Water temperature (◦C), pH, and dissolved oxygen (DO) (% satura
tion) were quantified in situ using the Pro DSS multiprobe (YSI Inc., 
USA). Water samples for ammonium, nitrate, and dissolved organic 
carbon (DOC) analyses were collected and filtered on-site (poly
ethersulfone (PES) and glass fiber filters, pre-leached with 60 ml of miliq 
water). In the laboratory, these samples were analyzed for NH4-N and 
NO3-N concentrations using colorimetric methods by measuring the 
absorbance of the samples using a microplate spectrophotometer 
(Model: Epoch, BioTek Inc., USA). The DOC concentrations were 
measured as non-purgeable organic carbon (NPOC) using a TOC/TN 
analyzer (Analytica-Jena; multi N/C 3100, Germany and Shimadzu 
TOC-L, Japan).

CO2, CH4, and N2O concentrations in the streams were sampled in 
situ using the headspace equilibration technique and analyzed on a GC 
(8610C, Germany). Stream water CO2, CH4, and N2O concentrations 
(mass m− 3) were then calculated based on their Henry’s solubility 
constants. All the gas concentrations were then expressed as percent 
saturations relative to their equilibrium concentrations to correct for 
temperature effects on gas solubilities and allow for inter-climatic 
comparisons.

Daily diffusive fluxes (F) (mass m− 2 d− 1) of the three GHGs were 
estimated using Fick’s Law of gas diffusion, where the flux is the product 
of the gas exchange velocity (k) (m d− 1) and the difference between the 
stream water (Caq) and the ambient atmospheric gas concentration in 
water assuming equilibrium with the atmosphere (Csat) (Equation (1)). 
The temperature-specific gas transfer velocities (k) for each of the gases 
were calculated from an ensemble mean of three normalized gas transfer 
velocities (k600) (m d− 1) modeled from measured stream velocity (m 
s− 1) and the slope (m m− 1) values using equations (3)–(5) from Ray
mond et al. (2012) (Fig. S1). The rationale for using these three equa
tions is that they apply across a wide range of river sizes and align with 
the general theoretical expectation that, as stream order increases, 
watershed slope decreases and velocity increases predictably (Raymond 
et al., 2012). A detailed description of the study areas, analytical 
methods, and seasonal effects (dry and wet in the tropics and summer, 
autumn, winter, and spring in the temperate region) on the riverine GHG 
fluxes can be found in the respective individual publications (Mwanake 
et al., 2022, 2023a). 
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2.2. Statistical analysis

A one-way analysis of variance followed by a Tukey post-hoc test 
using linear mixed-effects models was conducted to identify significant 
differences (p < 0.05) in discharge, water-physicochemical variables, 
and GHG fluxes between the tropical and temperate catchments. To 
ensure that the assumption of normality was met for this analysis, 
several parameters with skewed distributions (discharge, NH4, DOC: 
NO3 ratio, and GHG saturation and fluxes) were transformed using the 
natural logarithm. The advantage of using mixed effects models is that 
they allow for the determination of the variance explained by both fixed 
and random effects, and they are less sensitive to unequal class obser
vations. Consequently, the overall model performance (indicated by the 
conditional r2 and the distribution of the residuals (normally distributed 
with a mean close to zero: Fig. S2)) was assessed based on the variance 
explained by both fixed effects (tropical vs temperate; indicated by the 
marginal r2) and random effects (site and sampling date).

Elastic net regression models were used in tropical and temperate 
catchments to determine the relative roles of discharge and biogeo
chemical variables in controlling riverine GHG concentrations. The 
advantage of using these models was that they performed lasso re
gressions, which automatically removed nonsignificant independent 
variables by assigning them a coefficient of zero, and also ridge re
gressions, which reduced the impact of the multicollinearity of the in
dependent variables by shrinking of coefficients (Zou and Hastie, 2005). 
In addition, the standardized slope coefficients provided by these 
models enabled the determination of the most important predictor 
variables. The independent variables in the elastic net regression models 
included discharge and water-physicochemical variables (DO satura
tion, NO3, NH4, DOC, and DOC: NO3 ratio) that have previously been 
shown to influence the magnitude of fluvial GHG production processes 
(Battin et al., 2023; Mwanake et al., 2025a; Quick et al., 2019; Stanley 
et al., 2016; Taylor and Townsend, 2010). To meet the normality 
assumption of the dependent variable for this analysis, we used the 
transformed GHG saturation data (natural logarithm).

Simple bivariate regression analyses were used to compare the role 
of catchment land use and stream size as drivers of water quality and 
fluvial GHG fluxes between the two study regions. Independent vari
ables in these analyses were stream order (represents stream size) and 
the upstream land use percent. In addition to analyzing the effects of 
stream order and catchment land use on instream water quality and 
GHG fluxes, we also looked into the role of agricultural land use in
tensity, which mainly varied between the tropical and temperate re
gions. To achieve this, we calculated an agricultural fertilization 
intensity index that included both the site-level percentage of agricul
tural land (cropland + pasture) and regional fertilizer input features. 
First, the site-level agricultural land use percentage was rescaled be
tween 0 and 1 to make comparisons easier across locations. Simulta
neously, we built a regional fertilization intensity index using five 
average indicators from Kenya, where the tropical sites are located, and 
Germany, where the temperate sites are situated. These country-level 
fertilization intensity indicators included the average synthetic fertil
izer use for 2022 in kg ha− 1 yr− 1(NPK: 35.06 for Kenya, 116.7 for 
Germany), excess nitrogen input in tonnes (111,723 for Kenya vs. 
807,424 for Germany), excess phosphorus input in tonnes (55,254 for 
Kenya vs. 58,212 for Germany), total nitrogen input in tonnes (164,353 
for Kenya vs. 1840000 for Germany), and total phosphorus input in 
tonnes (68,487 for Kenya vs. 294,231 for Germany) (Data source: 
https://ourworldindata.org/). Each variable was normalized to a zero 
value (lowest) or 1 (highest) value across the two regions, and the 
fertilization intensity index was calculated as the mean of the scaled 
values for each area. Finally, the agricultural fertilization intensity index 
was computed as the average of the scaled agricultural land use percent 
and the fertilization intensity index, giving equal weight (50 %) to local 
land use and regional fertilization rates and their pollution 

consequences. We then used a simple bivariate regression analysis to 
investigate the effects of agricultural fertilization intensity on key water 
quality parameters and fluvial GHG fluxes across the two study regions.

To determine how discharge regulates the contribution of internal 
GHG production vs. external sources, stream discharge was first classi
fied into three main categories (low, medium, and high). Briefly, each 
sampling date for each stream was classified according to whether the 
normalized discharge (calculated by dividing each absolute discharge 
for each site visit during the year by the maximum measured discharge) 
fell within the 0–33 % percentile (low), 34–66 % (medium), or 67–100 
% (high) days (e.g., Mwanake et al., 2022). For each of the three 
discharge categories, the stream respiratory quotient, which is estimated 
as the ratio of excess CO2 (CO2 dissolved in water – CO2 in equilibrium 
with the atmosphere) to apparent oxygen utilization during respiration 
(AOU: O2 dissolved in water – O2 in equilibrium with the atmosphere), 
was calculated to determine the dominance of in-situ production over 
external sources (Richey et al., 1988). CO2 was used for the analysis 
because of its dominance over N2O and CH4 in accounting for the total 
annual fluxes and the ease of interpreting its relationship with O2. A 
respiratory quotient of <1.2 indicates the strength of aerobic respiration 
in accounting for in-situ CO2 production, while an RQ > 1.2 indicates 
allochthonous inputs of dissolved CO2 or anaerobic respiration (Richey 
et al., 1988).

3. Results

3.1. General comparisons between the tropical and temperate catchments

Discharge within the two study regions ranged over seven orders of 
magnitude, with the mean annual discharge being one order of magni
tude higher in the tropical catchments than in the temperate catch
ments, although this difference was not significant (p-value >0.05) 
(Table 1, Table A1). In contrast to discharge, water temperature and pH 
differed significantly between the two study regions, with higher tem
peratures in the tropical catchments and higher pH in the temperate 
catchments (Table 1, Table A1). DO saturation varied by up to 2 orders 
of magnitude, with higher variability found in the tropical catchments 
than in the temperate catchments. No difference in DO saturation was 
found between the two study regions (Table 1, Table A1).

In the two study regions, NH4-N, NO3-N, and DOC concentrations 
varied by up to three orders of magnitude, with the latter two showing 
the highest spatio-temporal variability. NH4-N and DOC concentrations 
were 1–4.5 times higher in the tropical catchments than in the temperate 
ones (Table 1, Table A1). Contrastingly, NO3-N concentrations showed 
no significant differences between the two study regions but tended to 
be higher in the temperate catchments. DOC:NO3 ratios were highly 
variable, ranging up to 5 orders of magnitude, with the lowest mean 
value recorded for the temperate catchments as compared to the tropical 
catchments, although the difference was insignificant (Table 1, 
Table A1).

GHG saturations were also highly variable in space and time, with 
the highest variability of up to 4 orders of magnitude recorded for CH4 
values. Comparing the two study regions, CO2 saturation was 1.4 times 
higher in the temperate catchments than in the tropical catchments, but 
this difference was insignificant (p-value<0.05: Table 1). At the same 
time, opposite trends were found for CH4 saturation, which was 5.8 
times higher in the tropical catchments. N2O saturation was twice as 
high in the temperate catchments than in the tropical catchments.

Like the GHG saturations, the fluxes were also highly variable in 
space and time, with predominantly positive flux values in both study 
regions, indicating that the streams were significant sources of GHGs to 
the atmosphere (Table 1). CO2 and N2O fluxes were 4–10 times higher in 
the temperate catchments than in the tropical catchments, while CH4 
fluxes showed opposite trends and were higher in the tropical catch
ments than in the temperate catchments (Table 1).
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3.2. Effects of hydrology and water quality on fluvial GHG % saturations

The elastic regression models showed that both discharge and 
biogeochemical parameters were significantly (p < 0.05) related to GHG 
saturations, with r2 values ranging from 0.30 to 0.49 (Fig. 1). The GHG 
% saturations across the two study regions mostly showed similar re
lationships with these parameters, albeit with different magnitudes. 
Judging by the magnitude of the standardized slope estimates, DO 
saturation and discharge had the most substantial relationship with CO2 
saturation in tropical catchments, while in temperate catchments, DO 
saturation and NO3-N concentrations were the strongest predictors. 
Moreover, CO2 saturation in the temperate catchments was positively 
related to water temperature, NH4-N, and NO3-N concentrations and 
negatively related to discharge, DO saturation, and DOC concentration 
(Fig. 1). Similar relationships were also found in the tropical catch
ments, except for water temperature and NH4-N, which were 
insignificant.

Like CO2 saturation, DO saturation was the strongest predictor of 
CH4 saturation, with NO3-N and water temperature being the other 
important parameters in tropical and temperate catchments. CH4 satu
ration was positively related to NH4-N concentration, water tempera
ture, and the DOC:NO3 ratio and negatively related to discharge and DO 
saturation (Fig. 1). However, opposite trends were found for NO3-N 
concentration, which was positively related to CH4 saturation in the 

temperate catchments and negatively related in the tropical catchments.
Similar to CO2 and CH4, DO saturation strongly predicted N2O 

saturation across both catchments, with NO3-N and water temperature 
being the other two important predictors of N2O (Fig. 1). N2O saturation 
was positively related to water temperature, NH4-N, and NO3-N con
centrations in both study regions and negatively related to discharge and 
DO concentrations (Fig. 1).

3.3. Effects of stream size, agricultural land use, and fertilization intensity 
on fluvial GHG fluxes

Increases in stream discharge were related to increasing stream or
ders in the temperate and tropical catchments but had no significant 
relationship with catchment agricultural areas and the agricultural 
fertilization intensity (Fig. 2). Dissolved inorganic nitrogen (NH4-N +
NO3-N) concentration increased with stream order in temperate catch
ments but decreased in tropical ones (Fig. 2). DIN concentrations also 
increased with larger agricultural areas in both regions, and were 
positively correlated with the agricultural fertilization intensity, 
showing higher DIN at more intensively fertilized agricultural sites in 
the temperate region (Fig. 2). DO saturation was positively related to 
stream order in both catchments, albeit the relationship was only sig
nificant in the temperate catchments (Fig. 2). Stream order had no sig
nificant relationship with the DOC:NO3 ratio. However, decreases in the 

Fig. 1. Standardized slope plots of significant elastic net models predicting CO2, CH4, and N2O concentrations (% saturations) from discharge, water temperature, DO 
% saturation, NH4-N, NO3-N, DOC, DOC: NO3 ratio at the tropical and temperate catchments. Text on the graphs indicates the overall r2 of the models.
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DOC:NO3 ratio were related to increasing agricultural areas in the 
temperate catchments, and also the overall increasing agricultural 
fertilization intensity from the tropical to the temperate catchments 
(Fig. 2).

In terms of GHG fluxes, CO2 fluxes were negatively related to stream 
order in the tropical catchments, but there was no similar relationship in 
the temperate catchments. In contrast, CO2 fluxes were positively 
related to agricultural areas in both catchments, with the slope of the 
relationship being 2 times higher in temperate catchments than tropical 
ones (Fig. 3). CH4 fluxes had no significant relationships with stream 
order in either study area. However, increases in CH4 fluxes were related 
to increasing agricultural areas, but only in the temperate catchments 
(Fig. 3). Like DIN, N2O fluxes were positively related to stream order in 
the temperate catchments and negatively related to stream order in the 

tropical catchments (Fig. 3). An increase in agricultural area was related 
to increases in N2O fluxes in both catchments, similar to what was found 
for CO2 fluxes, but the slope of this relationship was 6.7 times higher in 
temperate catchments than tropical ones (Fig. 3). The stronger positive 
slopes linking agricultural areas to CO2 and N2O fluxes in the two cli
matic regions were explained by differences in agricultural fertilization 
intensity, which was significantly positively related to both fluxes across 
regions (Fig. 3).

3.4. Effect of seasonality in discharge on fluvial GHG fluxes

Total daily CO2-equivalent fluxes, which include contributions from 
CO2, CH4, and N2O fluxes, showed similar increasing responses to 
increased discharge in both study regions but with slightly different 

Fig. 2. Scatter plots of mean annual discharge and selected water quality variables against stream order, agricultural area and the agricultural fertilization intensity 
index in tropical catchments (in black) and temperate catchments (in blue). Points and error bars represent means ± SE of the respective parameters across the entire 
duration of sampling, and equations on the graphs indicate significant (p < 0.05) or marginally significant (p < 0.1) linear relationships.
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patterns (Fig. 4). The temperate catchments had overall higher CO2-eq 
emissions than the tropical catchments, mainly due to higher CO2 and 
N2O fluxes, which contributed >97 % of the total emissions (Fig. 4). 
While the response to increasing discharge conditions in the tropical 
catchments was mainly linear, with CO2-eq emissions almost doubling 
for each increment in discharge from low > medium > high, the increase 
in the emissions in the temperate catchments appeared to peak in the 
medium discharge period, before declining slightly in the high discharge 
period (Fig. 4).

3.5. Effect of stream discharge on the respiratory quotient

Significant positive relationships were found between excess CO2 
and AOU for all discharge conditions in the tropical and temperate 
catchments. However, the magnitude of the slope representing the res
piratory quotient varied with region and discharge conditions (Fig. 5). In 
the temperate catchments, the respiratory quotient ranged from 0.54 to 
0.61 and was primarily similar across the three discharge conditions, 
with only a slight decrease from low to high discharge conditions 

(Fig. 5). In contrast to the temperate catchments, the respiratory quo
tient was more variable across discharge conditions in the tropical 
catchments, ranging from 0.69 to 2.78, representing a 400 % increase in 
the respiratory quotient from low to high discharge conditions (Fig. 5).

4. Discussion

In this study, the in-depth analysis of critical direct and indirect 
drivers of intra-annual fluvial GHG dynamics complements previous 
similar efforts (DelVecchia et al., 2023; Marx et al., 2017; Quick et al., 
2019; Stanley et al., 2016) by investigating how the dominance of the 
individual drivers on fluvial GHG fluxes changes depending on agri
cultural fertilization intensity (Fig. 2; Fig. 3). This analysis was made 
possible by using a unique GHG dataset previously collected with similar 
methodological approaches in two contrasting study regions, 
comprising tropical catchments in Kenya dominated by low agricultural 
fertilization intensity and temperate catchments in Germany with high 
agricultural fertilization intensity (Mwanake et al., 2022; Mwanake 
et al., 2023a; Václavík et al., 2013). In agreement with our hypothesis, 

Fig. 3. Scatter plots of mean annual GHG fluxes against stream order, agricultural (cropland + pasture) area, and the agricultural fertilization intensity index in 
tropical catchments (in black) and temperate catchments (in blue). Points and error bars represent site-scale means ± SE of the respective parameters across the 
entire duration of sampling, and equations on the graphs indicate significant (p < 0.05) or marginally substantial (p < 0.1) linear relationships.
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the role of instream water quality parameters, such as water tempera
ture, inorganic nitrogen, and organic carbon, was identical in the two 
study regions, potentially reflecting the similarity in the underlying 
biogeochemical processes (Fig. 1). However, the role of drivers, such as 
stream size, catchment land use, and discharge, which are mainly used 
in the spatial upscaling of fluvial GHG fluxes (e.g., Mwanake et al., 2022; 
Wallin et al., 2018), differed depending on catchment-specific condi
tions linked to the agricultural fertilization intensity (Figs. 2–5).

4.1. Agricultural fertilization intensity effects on fluvial GHG fluxes

Catchment land use resulted in differences in fluvial GHG emissions, 
similar to previous studies conducted along land use gradients (e.g., 
Herreid et al., 2021; Ho et al., 2022; Stanley et al., 2016). However, the 
magnitude of the effects of land use seemed to depend further on the 
intensity of agricultural fertilization (e.g., Mwanake et al., 2025b), 
which differed across the two study regions. For example, CO2 and N2O 
fluxes were up to 10 times higher in the temperate catchments than in 
the tropical catchments, suggesting that enhanced instream nutrient 
levels resulting from higher agricultural fertilization rates in the 

temperate catchments likely favored CO2 and N2O production from 
respiration, nitrification, and denitrification (e.g., Bodmer et al., 2016; 
Mwanake et al., 2024; Wang et al., 2024). This conclusion also agrees 
with the increase in in-stream DIN concentrations and decrease in DOC: 
NO3 ratios with increasing agricultural fertilization intensity across the 
two climatic regions (Fig. 2), indicating elevated nitrogen inputs in the 
temperate streams due to intensive fertilizer application (e.g., Wachholz 
et al., 2023). We also found direct positive relationships between CO2 
and N2O saturation with inorganic nitrogen (Fig. 1), further indicating 
the importance of elevated nitrogen in increasing fluvial GHG % satu
ration. DelVecchia et al. (2023), in their study of 27 streams and rivers 
across multiple ecoclimatic regions of the United States, found that all 
three GHG variabilities could be explained by in-stream TN concentra
tions, suggesting a similar control that increased N availability posi
tively influenced CO2 and N2O production processes. In contrast to CO2 
and N2O, DOC:NO3 ratios and CH4 fluxes were higher in the tropical 
catchments with less agricultural fertilization intensification than in the 
temperate catchments, indicating much more favorable environmental 
conditions in these catchments that supported elevated CH4 production 
through methanogenesis (Table 1). This conclusion is also consistent 

Fig. 4. Riverine CO2-equivalent fluxes (mean ± SE) grouped by GHG type for each discharge category in the temperate and tropical catchments.

Fig. 5. Scatter plot of excess CO2 (difference from equilibrium) produced against the apparent oxygen utilization (AOU) during respiration for the tropical and 
temperate catchments during the low, medium, and high discharge periods. Lines and equations on the graphs indicate significant (p < 0.05) linear relationships, 
with the slope value representing the respiratory quotient.
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with the negative relationship of CH4 with electron acceptors such as DO 
and NO3 in the tropics (Fig. 1), which are conditions previously asso
ciated with highly reduced redox conditions that drive in-stream 
methanogenesis (Baulch et al., 2011; Qin et al., 2020; Schade et al., 
2016). Despite similar negative relationships with DO in the tropical 
sites, N2O and CH4 showed contrasting associations with NO3, indicating 
that their production pathways operate under distinct redox regimes 
(Helton et al., 2015). The strongly reducing conditions, marked by both 
low DO and NO3 concentrations in tropical sites, may have favored both 
methanogenesis and N2O reduction to N2, ultimately resulting in lower 
N2O fluxes compared to the temperate sites.

4.2. Stream size vs. catchment land use along agricultural fertilization 
intensity gradients

Although instream nitrogen and riverine GHG fluxes are known to 
naturally decrease with stream size/order due to disproportionately 
higher benthic, groundwater, and terrestrial contributions in small 
streams compared to large streams (e.g., Hotchkiss et al., 2015; Marzadri 
et al., 2017), we found contrasting trends between the two study regions 
that differed in agricultural fertilization intensity (Figs. 2 and 3). In the 
tropical catchments, which were mainly dominated by extensive pas
tures and croplands with generally low N fertilizer application, DIN 
concentrations, CO2, and N2O fluxes decreased significantly with stream 
order, following the expected natural trends linked to the levels of 
stream-terrestrial-groundwater connections. In contrast to the tropical 
catchments, DIN concentrations, CO2, and N2O fluxes tended to increase 
with increases in stream order in the temperate catchments with 
intensive agricultural areas, indicating a potential breakdown of the 
expected stream order nutrient and GHG relationships in catchments 
dominated by intensive agricultural areas with higher fertilization rates 
(e.g., Borges et al., 2018; DelVecchia et al., 2023; Marescaux et al., 
2018). These results suggest that yearlong point (tile drainage pipes) or 
diffuse (surface and sub-surface) nutrient and labile carbon supply to 
large streams, which create ideal conditions for GHG production pro
cesses such as respiration for CO2 and nitrification-denitrification for 
N2O, may outweigh the geomorphological disadvantages of larger 
streams (e.g., lower surface area to volume ratio for external GHG 
supplies) compared to much smaller streams. This conclusion is sup
ported by the increases in instream DIN concentrations, CO2 and N2O 
fluxes with increases in agricultural fertilization intensities across the 
two climatic regions (Figs. 2 and 3).

The breakdown of stream order nutrient and GHG relationships in 
the temperate catchments of this study are also consistent with what was 
reported for multiple streams in the United States, which found that 
stream order was positively correlated with total nitrogen and showed 
no relationship with CO2 and N2O (DelVecchia et al., 2023). We argue 
that increases in agricultural fertilization intensity downstream of river 
networks may have accounted for these findings, considering that most 
of the USA, similar to the temperate catchments in this study, is mainly 
dominated by intensive agriculture in comparison to our tropical 
catchments (See Václavík et al., 2013).

In addition to agricultural intensification linked to fertilizer appli
cation rates, alterations to flow paths within river networks may also 
help explain the contrasting fluvial GHG fluxes and nutrient dynamics 
observed between our two study regions (e.g., Battin et al., 2023). For 
instance, a study of nutrient transport within the temperate U.S. Great 
Lakes basins found that overland flow and tile drainage systems 
accounted for the majority of total nitrogen (66 %) and phosphorus 
inputs (76 %) to streams (Wan et al., 2023). These engineered drainage 
networks, which are less common in tropical African regions like those 
in our study but more frequently found in our studied temperate 
catchments, may have reduced the travel time and distance for dissolved 
nutrients and dissolved GHGs through soils, ultimately increasing their 
loads to the streams.

4.3. Discharge as a proxy for internal vs. external GHG sources

In general, temperate catchments had more than double the total 
fluvial CO2 equivalent emissions from tropical catchments, irrespective 
of discharge conditions (Fig. 4). These findings suggest that due to the 
higher agricultural intensification in these catchments (Figs. 2 and 3), 
elevated instream production of GHGs is favored by a steady supply of 
nutrients and labile carbon throughout the year. However, total daily 
CO2 equivalent emissions in both study regions were 1–2 times higher in 
the medium and high discharge periods than in the low discharge 
period, indicating a positive effect of discharge on air-water gas ex
change rates and external GHG sources, agreeing with findings from 
multiple other studies (e.g., Duvert et al., 2020; Liu et al., 2023; Piatka 
et al., 2024; Raymond et al., 2012). These positive trends were primarily 
associated with CO2 fluxes, which accounted for more than 90 % of daily 
mean annual emissions, while N2O and CH4 were minor contributors 
(Fig. 4).

The positive response of GHG fluxes to discharge conditions in both 
study regions also suggested a lack of source limitation, likely due to 
either maintained levels of internal GHG production or sufficient 
external GHG sources combined with higher gas exchange rates. How
ever, the effects of discharge on GHG fluxes appeared to further depend 
on the intensity of agricultural fertilization. In the temperate catchments 
with intensively managed agricultural areas, increased discharge had a 
less diluting effect on in-stream GHG saturation than in the extensively 
managed tropical catchments (Fig. 1), suggesting a lack of GHG source 
limitation during periods of increasing discharge in these catchments. A 
similar “chemostatic” response of in-stream GHG concentrations to 
discharge has also been found in previous temperate studies, suggesting 
similar controls of more steady supplies of GHGs that balance out the 
high evasion rates (Aho et al., 2021; Zannella et al., 2023). That said, we 
found that under increasing discharge conditions, fluvial GHG fluxes in 
the temperate sites plateaued at high discharge, while in the tropical 
sites, the fluxes increased linearly across the three discharge categories 
(Fig. 4). Although it is difficult to pinpoint the exact drivers of these 
contrasting regional patterns, we hypothesize that they may be due to 
differences in the relative influence of gas exchange rates versus 
in-stream GHG concentrations on overall GHG fluxes. In the temperate 
sites, high GHG fluxes may have been primarily driven by elevated 
in-stream GHG concentrations, which likely responded non-linearly to 
discharge due to the balance between evasion and replenishment by 
their sources. In contrast, in the tropical sites, higher gas transfer ve
locities, which typically increase linearly with discharge (See Raymond 
et al., 2012), may have played a more dominant role.

To infer the primary sources of fluvial GHGs under elevated 
discharge conditions in the two study regions, we hypothesized that 
changes in the respiratory quotient (RQ) during these periods could 
indicate the relative dominance of internal production processes versus 
external inputs of CO2, which was also the most dominant GHG (Fig. 5). 
During low discharge, our results showed similar RQ values of ~0.7 in 
both study regions, which may indicate that aerobic respiration largely 
accounted for CO2 fluxes during this period due to longer water resi
dence times (e.g., Borges et al., 2018; Mwanake et al., 2023b). However, 
differences emerged between the two study regions with increasing 
discharge conditions. In temperate catchments dominated by intensively 
fertilized agricultural areas, increased discharge conditions had minimal 
effects on the RQ, which remained within the range of the 0.7 value. This 
finding may indicate that internal CO2 production from respiration 
dominates in maintaining peak fluxes even under increased discharge 
conditions. Mechanistically, higher fertilization rates in temperate 
agricultural sites may have led to improved instream nutrient condi
tions, which have been shown to enhance elevated CO2 production from 
microbial-mediated respiration (e.g., Dang et al., 2021; Kominoski et al., 
2018). This conclusion is further supported by the lower DOC:NO3 ratios 
observed at the temperate sites compared to the tropical sites (Table 1), 
which may reflect concurrent DOC losses due to enhanced respiration 
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under elevated NO3 inputs in these ecosystems due to fertilization. In 
contrast to the temperate catchments, the RQ values in tropical catch
ments, mainly dominated by extensively managed agricultural areas 
with low fertilization rates, doubled at elevated discharge conditions. 
Such elevated RQ values > 1.2 during the wetter periods of the year 
suggest that inputs of dissolved CO2 from the surrounding landscapes or 
enhanced instream weathering processes (e.g., Richey et al., 1988), may 
have maintained the elevated fluxes in the tropical catchments due to 
internal substrate limitation. While RQ values > 1.2 in the high 
discharge period may also imply anaerobic production of CO2, this 
process is improbable to occur due to shorter water residence times and 
higher oxygen reaeration rates during the high discharge events.

4.4. Limitations of our approaches

While our study provides valuable insights into fluvial GHG sources 
across diverse streams differing in land use, climate, and topography, 
several sources of uncertainty should be acknowledged to better inter
pret our findings. First, the fluvial GHG fluxes reported here were esti
mated based on measured concentration gradients and modeled gas 
transfer velocities derived from stream geomorphological parameters. 
Although this approach is commonly applied, especially in small, tur
bulent headwater streams or in large-scale studies where direct methods 
such as floating chambers are impractical (Aho et al., 2021, 2022; 
Borges et al., 2015; Piatka et al., 2024), model-derived gas transfer ve
locities can introduce substantial uncertainty in flux magnitudes, which 
may range from low to high depending on individual sites (Hall and 
Ulseth, 2020; Raymond et al., 2012). Future studies should aim to 
directly measure gas transfer velocities in the field using tracer gases to 
reduce these uncertainties (Hall and Ulseth, 2020).

Second, our comparisons were based on datasets collected over 
multiple years of sampling. This temporal variability may introduce bias 
if significant interannual differences occurred, such as severe droughts 
or flooding events, which are known seasonal drivers of fluvial GHG 
emissions (Borges et al., 2018; Woodrow et al., 2024). However, we 
believe this effect was minimal, as land use and stream size, the primary 
broader-scale drivers of site-scale variation in fluvial annual GHG fluxes 
in both the tropics and temperate regions, remained relatively constant 
throughout the study period.

Third, the agricultural fertilization index used in this study was 
derived from national-scale fertilization statistics, which may not fully 
capture farm-specific differences in fertilizer amounts, type, and appli
cation frequency. These local variations are crucial for understanding 
spatial heterogeneity in riverine GHG fluxes, as they influence the 
timing and magnitude of fertilizer-derived nutrient inputs entering 
rivers. Future efforts to develop similar indices should therefore focus on 
acquiring finer-scale fertilization data through close collaboration with 
local stakeholders, such as farmers, particularly in regions characterized 
by fragmented agricultural ownership and limited centralized record- 
keeping.

Lastly, although the RQ value provided a valuable proxy for differ
entiating dominant fluvial CO2 sources, threshold-based interpretations 
of this value (e.g., in this study and Richey et al., 1988) remain sim
plifications, as aerobic and anaerobic processes often co-occur within 
streams, and processes other than respiration (e.g., reaeration, weath
ering, and temperature changes) may also alter the value. Based on this, 
we acknowledge that the interpretations of the value in this study 
remain a working hypothesis that requires further studies to substanti
ate. For example, to better disentangle in situ production from externally 
sourced CO2 contributions, future research should incorporate paired 
measurements of ecosystem metabolism and CO2 to distinguish their 
roles in instream CO2 dynamics from external sources. Such approaches 
would provide a more mechanistic understanding of how internal and 
external processes jointly regulate fluvial GHG dynamics across space 
and time.

5. Conclusions

This study revealed important insights into how agricultural inten
sification controls fluvial greenhouse gas (GHG) dynamics across con
trasting climatic regions. We showed that fertilization intensity 
fundamentally alters the relative importance of stream size versus land 
use in controlling fluvial GHG fluxes. In tropical catchments with low- 
intensity agriculture, CO2 and N2O fluxes followed classical scaling 
patterns with stream size and discharge. However, in temperate catch
ments with high fertilization, nutrient enrichment became the dominant 
control, overriding the role of physical stream characteristics. We also 
found that the respiratory quotient (RQ) emerged as a promising proxy 
for identifying fluvial CO2 sources across differing discharge periods. 
Specifically, we hypothesized that the variability in the RQ may 
distinguish between in-situ biogeochemical production and external 
inputs, with the dominance of these sources linked to upstream agri
cultural fertilization intensities. Taken together, these findings highlight 
that fertilization intensity may not only amplify GHG fluxes but also 
restructure their underlying controls and sources. This new under
standing is critical as both agricultural intensification and extreme hy
drological events are expected to intensify under future climate 
scenarios. Therefore, to ensure accurate fluvial GHG emissions reporting 
and effective mitigation policies, it is essential that models and mitiga
tion strategies explicitly account for local-scale land use intensity and its 
distinct impact on fluvial GHG dynamics. This approach moves beyond 
one-size-fits-all solutions and tailors nutrient management to local 
agricultural contexts. For instance, promoting precision fertilization in 
both space and time, coupled with reducing nitrogen overuse in inten
sive agricultural regions, can substantially lower reactive nitrogen losses 
while enhancing yield efficiency and environmental sustainability. 
Furthermore, identifying regional emission hotspots through integrated 
monitoring and modeling frameworks enables the development of tar
geted mitigation strategies tailored to local soil–climate–management 
interactions. Building on the spatial variability revealed in this study, it 
is also crucial to refine IPCC emission factors and national greenhouse 
gas inventory methodologies, ensuring that global reporting systems 
more accurately capture spatial heterogeneity and region-specific 
management practices.
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