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Zusammenfassung 
 
 
In diesem Projekt haben wir unterschiedliche methodische Ansätze zur Abschätzung von Emissionsraten 
von CO2 und CH4 aus dem Gewässernetz des Landes Rheinland-Pfalz mit einer Fläche von 22 000 km2 
angewendet und miteinander verglichen. Die Ergebnisse zeigen, dass die Bäche in dieser Region eine 
Nettoquelle für beide atmosphärischen Treibhausgase darstellen, die in ihrer Größenordnung mit 
Messungen in anderen klimatischen und geographischen Regionen vergleichbar ist. Die Emissionsraten 
variieren sowohl räumlich als auch zeitlich, aber am auffälligsten an unseren Ergebnissen war, dass auch 
unterschiedliche methodische Ansätze zu unterschiedlichen Ergebnissen führen. Indirekte 
Abschätzungen der Emissionsraten, die auf verfügbaren Monitoringdaten der Landesämter basieren, 
ermöglichen eine langfristige Abschätzung von mittleren Emissionsraten auf großen räumlichen Skalen. 
Ein Vergleich mit direkten Messung ergab jedoch eine potentielle Überschätzung der Gasflüsse durch 
diese Methode. Dieses Ergebnis ist von hoher Bedeutung, da die meisten der derzeit verfügbaren 
regionalen und globalen Abschätzungen von CO2 and CH4 Emissionsraten aus Binnengewässern auf 
diesem indirekten Ansatz basieren. 
Längerfristige direkte Gasflussmessungen gestalten sich kompliziert, da die Messung der Partialdrücke 
von gelösten CO2 und CH4 nur mittels Headspace-Methode in der Gasphase möglich ist. Der Einsatz von 
kontinuierlichen und autonom arbeitenden Äquilibrierungs-Vorrichtungen unter Freilandbedingungen 
stellt eine technische Herausforderung dar. Unsere Messungen zeigen jedoch, dass starke zeitlichen 
Variationen der Emissionsraten insbesondere in Gewässern höherer Ordnung auftreten. Diese grösseren 
Gewässer tragen unseren Ergebnissen zufolge  aber auch weniger zu den Gesamtemissionen aus der 
Region bei. In dieser Bächen und Flüssen können ausgeprägte tagesperiodische Schwankungen der 
Gaspartialdrucks, welche durch Primärproduktion im Gewässer verursacht werden, zu einer potenziellen 
Unterschätzung der Gesamtemissionen führen, falls die Messungen nur bei Tageslicht durchgeführt 
werden. Nichterfasste tagesperiodische Schwankungen können daher zu einer Unterschätzung der  
indirekt aus Monitoringdaten abgeschätzten Emissionen führen, da die Beprobung der Gewässer in der 
Regel während des Tages durchgeführt wird. 
Die hohen Konzentrationen an gelöstem anorganischen Kohlenstoff im Grundwasser, welches aus 
Quellen in das untersuchte Gewässernetz einströmt, führen zu Hotspots von CO2-Emissions. Die hohe 
Variabilität der Gaspartialdrücke zwischen den unterschiedlichen Quellen macht eine Abschätzung der 
Gesamtemissionen aus diesen Punktquellen auf regionaler Ebene schwierig. Die vergleichsweise geringe 
zeitliche Variabilität der Gaspartialdrücke in diesen Gewässern lässt allerdings erwarten, dass 
Messkampagnen mit einer maximalen räumlichen Abdeckung die robustesten Schätzungen liefern.  
Die in diesem Projekt gewonnenen Ergebnisse wurden auf mehreren wissenschaftlichen Konferenzen 
vorgestellt und bildeten die Grundlage für einen erfolgreichen Förderantrag bei der Deutschen 
Forschungsgemeinschaft. In diesem jetzt laufenden Projekt werden mehrere Aspekte der hier 
vorgestellten Forschung detaillierter untersucht. 
 
 
 
(An English summary is provided at the end of this report.)   
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1. Introduction 

1.1. Importance of the topic 

Inland waters have been identified as a significant component of regional and global 

carbon cycling (Battin et al., 2009; Tranvik et al., 2009). While lakes and reservoirs are 

well-known sources of the atmospheric greenhouse gases (GHG) carbon dioxide (CO2) 

and methane (CH4) (Tranvik et al., 2009), recent studies have shown that also rivers 

and streams emit significant amounts of both gases into the atmosphere (Bastviken et 

al., 2011; Battin et al., 2009; Cole et al., 2007). Global estimates suggest that less than 

half of the carbon (C) that enters freshwater ecosystems from terrestrial ecosystems 

ultimately reaches the ocean (Cole et al., 2007; Tranvik et al., 2009). Quantifying the 

role of freshwater systems in terms of carbon sinks and sources and their connection to 

the terrestrial ecosystems and landscapes are fundamental for improving the balance 

approach of regional and global carbon budgets. 

1.2. Why do streams matter? 

While recent research efforts focused mainly on lakes and reservoirs as GHG sources, 

major research gaps exist with respect to the emissions from small streams and 

headwater systems, as well as with respect to the contribution of CH4 to the total GHG 

potential of the emitted gases (Hope et al., 2001). However, studies have found that 

first-order streams receive most of the terrestrial organic carbon (Battin et al., 2008), 

have the highest CO2 partial pressure (pCO2) (Koprivnjak et al., 2010) and the highest 

gas exchange velocities (Aufdenkampe et al., 2011) and cover the largest fractional 

surface area within fluvial networks (Butman and Raymond, 2011a), in comparison to 

higher stream orders. 

1.3. Why are continuous measurements important? 

Most studies on aquatic GHG emissions are based on discrete point measurements 

collected only once. Eventually these values are used to estimate the total emissions of 

the region. However, studies have reported large variation in pCO2 at different temporal 

scales, including diurnal (Guasch et al., 1998), seasonal (Waldron et al., 2007), and 

inter-annual (Dawson et al., 2002). Smaller streams and headwater systems have 

greater variability in pCO2 as compared with intermediate and larger rivers (Teodoru et 

al., 2009), which result from the greater dynamics in discharge, disturbance and 

increased connectivity to the terrestrial ecosystem. 
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2. Aims and Research Questions 
The aim of this project is to improve existing knowledge on the dynamics of GHG 

emissions from lower order streams and springs. The project is divided into three work 

packages (WP1-WP3), which are briefly described below. 

2.1. WP1 – Continuous measurements 

 What are the main factors that determine the temporal variability of GHG emissions 

and their composition (CO2 / CH4)? 

To answer the first research question we developed approaches for measuring GHG 

concentrations with high temporal resolution at two selected sites for an entire seasonal 

cycle. In addition to the GHG concentrations, also discharge, water temperature, 

dissolved oxygen (O2) and dissolved organic carbon (DOC) were measured 

continuously. 

2.2. WP2 – CO2 emissions from springs 

 What is the contribution of CO2 emissions from springs to the total emissions from 

the catchment area? 

Since our preliminary studies have shown that springs have extremely high 
concentrations of CO2, in contrast to their low concentrations of CH4, over 20 springs 
were sampled for CO2, CH4 and additional measurement parameters during a field 
campaign in January 2014. 

2.3. WP3 – Dynamic modeling of CO2 

 Is it possible to estimate CO2 emissions at the catchment scale using continuous 

point measurements in combination with simple process-based gas exchange and 

discharge models? 

Instead of focusing on the local temporal dynamics, we have put major efforts on 
resolving the more pronounced spatial dynamics using. Using regular water quality 
monitoring data and thematic maps, we have estimated the spatial variability of CO2 
emissions from streams and rivers within the State of Rhineland Palatinate, Germany. 
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3. Study area 

3.1. Extended study area 

The extended study area is the State of Rhineland-Palatinate (RLP), Germany (Fig. 1). 

The Palatinate Forest is a low-mountain region; together with the northern part of the 

Vosges Mountains in France it forms the UNESCO-designated Palatinate Forest- North 

Vosges Biosphere Reserve, one of the largest contiguous forests in Europe. The 

vegetation is a stable mixed forest with more than 50 indigenous tree species (e.g. 

beech, oak). A large part of RLP is used for agriculture, mainly for winegrowing and 

cultivating vegetables. The average temperature of the region is 10°C. The average 

altitude is 100 m and the annual precipitation varies between 500 and 1000 mm (Wahl 

and Bushart, 2014). 

 
Figure 1: Extended study area (light grey area demarked by the red line) including a 16*103 km long stream 
network, and the core study area (dark grey filling and black line). The markers indicate the of locations regular 
water quality monitoring of the Ministry of Environment, Agriculture, Food, Viticulture and Forestry of 
Rhineland Palatinate (Ministerium für Umwelt, Landwirtschaft, Ernährung, Weinbau und Forsten MULEWF). 
These measurements were used for modelling the diffusive CO2 fluxes from the entire catchment area. During a 
field campaign between March and April 2014 in collaboration with MULEWF, we sampled 39 tributaries of the 
River Rhine, marked by different colors according to the different tours. 
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3.2. Core study area 

Our core study area is the catchment area of the River Queich (Fig. 2). The River 

Queich is a typical river of the region, originating from the Palatinate Forest and flowing 

through agriculturally used areas in the Rhine valley before it drains into the River 

Rhine. The total catchment area is 271 km2 with a total stream length of 228 km. 

 

Figure 2: Stream network within the core study area. The sampling sites for long-term monitoring (MS1 and 
MS2) and the springs sampled during a campaign are marked by symbols. 

3.2.1. MS1 – Monitoring Station 1 

Monitoring Station 1 (MS1, Fig. 2) is located at the Kleiner Fischbach, which is one of 

the tributaries of the Wellbach in Annweiler am Triefels (49°15’18’’ N, 7°54’26’’ E). The 

upstream located catchment area is 1.26 km2 with an average discharge of 8 l s-1.The 

stream is fed by two springs that are located less than 500 m upstream from the MS1. 

The site was selected because previously the University Kaiserslautern installed a 

gauging station with a Thomson weir. The gauging station is currently out of order; 

however, we were able to use the Thomson weir in a combination with pressure loggers 

to measure the discharge continuously. 

3.2.2. MS2 – Monitoring Station 2 

Originally, we planned to operate the second monitoring station (MS2, Fig. 2) at the 

gauging station in Siebeldingen (49°12’35’’ N, 8°02’57’’ E), which is operated by the 

Ministry of Environment, Agriculture, Food, Viticulture and Forestry of Rhineland 

Palatinate ( Ministerium für Umwelt, Landwirtschaft, Ernährung, Weinbau und Forsten, 

MULEWF mulewf.rlp.de). At first MS2 was located approximately 200 m upstream from 

the gauge at the Kügler Mill. From the mill we changed the location to approximately 

200 m downstream of the gauging station. The catchment area upstream of MS2 is 196 

km2 with an average discharge of 1.8 m3·s-1. 
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4. Methods 

4.1. Continuous and discrete measurements at Monitoring Stations 

4.1.1. Continuous pCO2 measurements 

Because accurate measurements of gas concentrations are limited to gas samples, 

dissolved gases must be extracted from the water phase prior to the measurement. This 

gas extraction or continuous head space equilibration is a major methodological 

challenge in our long-term measurements. To get a robust and autonomously working 

instrument we used five different designs of extraction units. For each design, a portable 

infrared gas analyzer (IRGA EGM-4, PPSystems) was used to detect the partial 

pressure of dissolved CO2. Tygon 6360 tubes, which have a low CO2 permeability, 

connected the IRGA and the extraction units. 

Using a small aquarium pump, stream water was pumped through a commercial 

membrane gas contactor (LiquiCel® MiniModule), and discharged downstream from the 

measurement location (Fig. 3). With a closed loop the gas was circulated through the 

IRGA resulting in continuous pCO2 measurements. We used different types of filters, 

but there were major problems with clogging of the pump with fine sediments after only 

a few hours of operation. 

 

 

 

Figure 3: Continuous pCO2 measurement setup - Design 1. The stream water (blue line) was pumped through a 
membrane gas contactor (Liqui-Cel®) and discharged downstream using a small water pump. The water pump 
was covered with different filters. The gas (green line) was circulated in a closed loop between the membrane 
gas contactor and the IRGA (EGM-4). A moisture trap (MT) was installed to prevent humidity in the IRGA. Two 
car batteries (12 V) powered the water pump and IRGA. 

Period Location 

September-October 2012 MS1 
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Pump clogging could be prevented in further experiments (Design 2, Fig. 4) by using a 

stronger pump. Because this pump could not be powered by battery, we were changing 

the location of the sampling site to have access to electricity. As a result, however, the 

measurement duration was still limited to a few days due to clogging of the membrane 

in the gas contactor by fine sediments. 

Period Location 

November 2012 MS2 

 

Figure 4: Continuous pCO2 measurement setup - Design 2. The stream water (blue line) was pumped through a 
membrane gas contactor (Liqui-Cel®) and discharged downstream using a stronger water pump. The gas (green 
line) was circulated in a closed loop between the membrane gas contactor and the IRGA (EGM-4). A moisture 
trap (MT) was installed to prevent humidity in the IRGA. Two car batteries (12 V) powered to the water pump 
and IRGA. 

For design 3, we used an equilibrator chamber (d=8.2 cm, h=11 cm, VHS=580 mL, 

VW=1300 mL), which was placed on the bank (Fig. 5). Stream water was pumped to the 

chamber on the side and was released at the bottom. From the headspace at the top of 

the chamber, the gas in- and outlet connected the extraction unit with the IRGA. With 

this setup, our main problem was a biofilm developing on the chamber wall. 
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Period Location 

April - June 2013 MS2 

 

Figure 5: Continuous pCO2 measurement setup - Design 3. The stream water (blue line) was pumped to a gas 
equilibrator chamber standing on the bank and it was discharged downstream. The gas (green line) was 
circulated in a closed loop between the headspace of the equilibrator chamber and the IRGA (EGM-4). A 
moisture trap (MT) was installed to prevent humidity in the IRGA.  The water pump and the IRGA were powered 
by domestic electricity. 

For design 4 the top of the chamber from design 3 was deployed floating on the water 

surface (Fig. 6). The chamber was submerged in the water, creating a headspace only 

3 cm high. This headspace was connected to the IRGA. The chamber design needed 

improvement, since it was too deeply submerged in the water and the time needed for 

the water to be renewed was too long. 

Period Location 

June - November 2013 MS2 

 

Figure 6: Continuous pCO2 measurement setup - Design 4. The gas equilibrator chamber from design 3 was 
deployed floating on the water surface creating a headspace only 3 cm high. The gas (green line) was circulated 
in a closed loop between the headspace of the equilibrator chamber and the IRGA (EGM-4). A moisture trap 
(MT) was installed to prevent humidity in the IRGA. The IRGA was powered by domestic electricity. 
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In the final design a small inverted funnel was placed on the water surface (h=9.5 cm, 

d=10 cm) with floats attached to its perimeter (Design 5, Fig. 7). At the top and the side 

of the funnel two Tygon tubes were attached and connected to the IRGA forming a 

closed gas loop. The funnel was able to float freely on the water surface with a tube 

length of 500 cm. 

 

Period Location 

November 2013 –  

April 2014 

MS1 

MS2 

 

Figure 7: Continuous pCO2 measurement setup - Design 5. A small inverted funnel was placed on the water 
surface. The gas (green line) was circulated in a closed loop between the headspace of the inverted funnel and 
the IRGA (EGM-4). A moisture trap (MT) was installed to prevent humidity in the IRGA. The IRGA was powered 
by domestic electricity. 

 

4.1.2. Discrete pCO2 measurements 

In addition to the continuous measurements, discrete samples of pCO2 were measured 

using the headspace equilibrium method (Teodoru et al., 2009). Polypropylene syringes 

of 100 mL were used to collect 80 mL of stream water from approximately 5 cm below 

the surface and water surplus was removed remaining 20 mL of bubble free stream 

water. To create a 1:1 ratio of ambient air and stream water, 20 mL of ambient air were 

added. For pCO2, triplicate syringes were vigorously shaken for 2 minutes in order to 

equilibrate the gases in the water and air. The resulting headspace was directly injected 

into an infrared gas analyzer (PP Systems, EGM-4). The original surface water pCO2 

was then calculated based on the headspace ratio and the in situ measured ambient air 

pCO2 using the equation below (Goldmenfum, 2010). 
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𝐩𝐂𝐎𝟐 =

(𝐩𝐂𝐎𝟐𝐅𝐢𝐧𝐚𝐥
∙ 𝐊𝟎 𝐄𝐪𝐮𝐢𝐥𝐢𝐛𝐫𝐢𝐮𝐦) + ((

𝐇𝐒
𝐒

) ∙
(𝐩𝐂𝐎𝟐𝐅𝐢𝐧𝐚𝐥𝐞

− 𝐩𝐂𝐎𝟐𝐈𝐧𝐢𝐭𝐢𝐚𝐥
)

𝐕𝐦
) 

𝐊𝟎 𝐒𝐚𝐦𝐩𝐥𝐞
 

 

𝐩𝐂𝐎𝟐𝐅𝐢𝐧𝐚𝐥
 measured partial pressure of CO2 in headspace in ppm 

𝐊𝟎 𝐄𝐪𝐮𝐢𝐥𝐢𝐛𝐫𝐢𝐮𝐦 solubility of CO2 at the equilibrium temperature in mol L-1 atm-1 

HS volume of the headspace in L 

S volume of the water in L 

𝐩𝐂𝐎𝟐𝐈𝐧𝐢𝐭𝐢𝐚𝐥
 measured atmospheric partial pressure CO2 in ppm 

Vm molar volume of CO2 at given temperature and pressure mol m-3 

K0 Sample solubility of CO2 at the sampling temperature in mol L-1 atm-1 

 

4.1.3. Discharge 

At MS1, a V-shape weir had been previously installed by the University of 

Kaiserslautern. Two pressure loggers were deployed, with one measuring the 

atmospheric pressure and the other measuring the pressure in the water. From the 

pressure difference we estimated the water level behind the weir and the discharge 

using (Horton, 1906): 

𝐐 = 𝟏. 𝟑𝟓𝟐 ∗ 𝐡𝟐.𝟒𝟖𝟑 
Q discharge in m3 s-1 

h water level  in m 

At MS2, discharge was measured continuously by the MUEWFL, here we use daily 

average values. 

4.1.4. Discrete pCH4 measurements 

Dissolved CH4 concentrations were measured using the headspace method and a gas 

analyzer (Los Gatos research) with water samples, which were taken each time the 

monitoring stations were visited. 

4.1.5. Oxygen 

Dissolved oxygen concentration in water were measured at both monitoring stations 

using miniDO2T oxygen and temperature logger (PME). The logging interval was 1 

minute. 
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4.1.6. Temperature, pH and conductivity 

Temperature, pH and conductivity of the stream water were measured in situ with a 

WTW Multi 340i/SET (Wissenschaftlich Werkstätten GmbH, Weilheim, Germany). 

4.1.7. Alkalinity 

For alkalinity measurements 100 mL of stream water were collected. After adding a few 

drops of Mortimer indicator (pH 4.4-5.8), the water sample was titrated with a 0.1 mol 

HCL solution on-site. 

4.2. Sampling of springs 

In January 2014 over 20 springs were sampled in order to estimate the contribution of 

the springs to the total CO2 emissions from the core study area (Fig. 2). In addition to 

pCO2, water temperature, pH, conductivity, dissolved oxygen and alkalinity were 

measured. 

4.3. Modelling diffusive CO2 emissions 

In WP3 we applied an established methodology (Butman and Raymond, 2011a) to 

model the areal diffusive flux of CO2 from the extended area using governmental water 

quality measurements and digitalized stream networks. 

Three main components are necessary to estimate CO2 emissions from water bodies: 

(1) the concentration difference between the water and the atmospheric equilibrium 

concentration, cw-ceq [mol m-3]; (2) the gas transfer velocity across the water-air 

interface, k [m d-1]; and (3) the water surface area, A [m2]. 

𝐅𝐃 =  𝐤𝐂𝐎𝟐
∗ (𝐜𝐰𝐚𝐭𝐞𝐫 − 𝐜𝐞𝐪) ∗ 𝐀 

𝐅𝐃 areal diffusive flux, in g C year -1 

𝐤𝐂𝐎𝟐
 gas exchange velocity, in m d -1 

𝐜𝐰𝐚𝐭𝐞𝐫 dissolved gas concentration, in mg C L -1 

𝐜𝐞𝐪 atmospheric equilibrium concentration, in mg C L -1 

𝐀 water surface area, in km2 

4.3.1. Dissolved CO2 concentration 

The concentration gradient between the water surface and the atmosphere can be 

determined using water temperature, alkalinity and pH data. All data were provided by 

governmental water quality monitoring authorities (1974-2011). The governmental 

database was filtered to select measurement occasions when the three parameters 

were measured simultaneously (N=19548). The PHREEQC software package 

(http://wwwbrr.cr.usgs.gov/projects/GWC_coupled/phreeqc/) was used to calculate cwater 

from chemical equilibrium. The equilibrium CO2 concentration was estimated as the 

product of a mean atmospheric partial pressure of 390 ppm and the temperature 

dependent solubility. 
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For 1780 stream segments, median concentration gradients were estimated. These 

estimates were interpolated along the stream network (7890 segments) using 

discharge-weighted median concentration (Fig. 8). 

4.3.2. Gas exchange velocity and water surface area 

 

Figure 8: Three different digitalized maps were combined to estimate the gas exchanfe velocity and water 
surface area; (a digitalized map of the catchment areas with estimated mean discharge, (b high resolution digital 
elevation model, (c digital stream network map. 

For each segment (Fig. 8), stream width, depth and flow velocity were estimated as a 

function of discharge using the following equation (Leopold and Maddock, 1953): 

𝐰 = 𝐚 ∗ 𝐐𝐛   𝐝 = 𝐜 ∗ 𝐐𝐝  𝐯 = 𝐞 ∗ 𝐐𝐟 

w width, in m 

d depth, in m 

𝐯 flow velocity, m s -1 

Q discharge, in m3 s-1 

a, b, c, d, e, f empirical coefficients 

Recent publications (Raymond et al., 2012) has found that slope and stream velocity 

are the best at predictors for the gas exchange velocity. Using a digitalized elevation 

map we estimated the slope for each stream segment. The gas exchange velocity at a 

standardized temperature (Schmidt number Sc=600) was calculated as a function of 

flow velocity and surface slope as (Raymond et al., 2012): 

𝒌𝟔𝟎𝟎 = 𝒔 ∗ 𝒗 ∗ 𝟐𝟖𝟒𝟏. 𝟔 + 𝟐. 𝟎𝟑 

𝐤𝟔𝟎𝟎 gas exchange velocity, in m d -1 

𝐬 slope, in m m -1 

𝐯 flow velocity, m s -1 
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The water surface area was calculated by multiplying stream width with stream length. 

The stream length we derived from digitalized stream network map using the QGIS 

Software (Quantum GIS Development Team, 2014). 

𝚺𝐀 = 𝚺(𝐰 ∗ 𝐥) 

A water surface area, e.g. in km2 

w width, e.g.in m 

l length, e.g. in m 

4.4. Comparison of calculated and measured pCO2 concentrations 

The sampling of the 39 tributaries of the River Rhine took place between March and 

April 2014 in collaboration with MUWELF (Fig. 1). The following parameters were 

measured by MULEWF; pH, conductivity, alkalinity, Na+, K+, Ca2+, Mg2+, SO4
2- ,Cl-, 

dissolved oxygen, and TOC. 

Discrete measurements of pCO2 were conducted in the same way as explained above 

with only one exception: the ratio of ambient air and stream water was changed at some 

sites to 5:1 because the high concentrations were over the calibration limit of the IRGA. 

  



 

16 

 

5. Results and Discussion 

5.1. Measurements at Monitoring Stations 

5.1.1. Continuous pCO2 and discrete measurements 

Due to the methodological problems described above, we did not obtain reasonable 

continuous measurements with sampling design 1 and 2. The remaining time series of 

observed pCO2 at both monitoring sites are shown in Fig. 9 and 10, while a comparison 

between continuous and discrete samples is provided in Table 1. Apparently, the 

continuous measurements tend to underestimate the pCO2 values in comparison to the 

discrete measurements, although it should be noted that the underlying statistics and 

temporal resolution differs greatly among the two methods. We believe that this 

mismatch can be attributed to the automatic zero checking of the IRGA, where the 

instrument removes all CO2 from the sampled gas stream every 40 minutes. Between 

two zero checking pCO2 did not reach an equilibrium value. We therefore consider the 

continuous measurements as a lower bound for the actual pCO2 in the stream water. 

Table 1 Comparison of the continuous and discrete pCO2 measurements at the two monitoring stations MS1 and 
MS2. 

 MS1 MS2 

 Continuous Discrete Continuous Discrete 

Mean pCO2 457 ppm 679 ppm 916 ppm 1300 ppm 

Minimum pCO2 316 ppm 636 ppm 414 ppm 631 ppm 

Maximum pCO2 775 ppm 706 ppm 1764 ppm 1866 ppm 

At MS1, which is located in the forest less than 500 meters from two springs, the 

observed pCO2 was significantly smaller and less variable throughout the seasons in 

comparison to the more downstream located site MS2. We did not observe significant 

diurnal variations of pCO2, due to primary production at MS1. In contrast, MS2 which 

has a much larger catchment area and collects water from more than 50 springs, 

including agricultural drainage and effluents from wastewater treatment, the presence 

diurnal variation of the pCO2 indicate significant contributions of in-stream primary 

production. 
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Figure 9: Continuous and discrete pCO2 measurements at MS1. The black circles denote discrete measurements 
with the standard deviation of triplicate samples. Light blue symbols show the continuous hourly 
measurements. The horizontal dashed line represents the average atmospheric pCO2 of 388 ppm. 

 

Figure 10: Continuous and discrete pCO2 measurements at MS2. The black circles are the discrete measurements 
with the standard deviation of triplicate samples. Blue dots show the continuous measurements with different 
designs highlighted with different colors (design 3 pink, design 4 blue, design 5 green). The horizontal dashed 
line represents the average atmospheric concentration of 388 ppm. 
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5.1.2. Discharge 

In contrast to field studies in other regions (Crawford et al., 2013; Teodoru et al., 2009), 

we did not observe a significant correlation between pCO2 and discharge (Fig. 11 & 12), 

which varied by five orders of magnitude at MS1 and by less than a factor of six at MS2 

(Table 2). It should be noted, however, that our measurements did not include the major 

discharge events at both monitoring sites.  

Table 2 Overview on discharge measurements at the monitoring stations 

 MS1 MS2 

Mean Discharge 0.003 m3 s-1 1.763 m3 s-1 

Minimum Discharge 3*10-7 m3 s-1 0.901 m3 s-1 

Maximum Discharge 0.019 m3 s-1 5.759 m3 s-1 

 

Figure 11: Hourly continuous pCO2 (blue) and discharge (black) measurelemts at MS1 
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Figure 12: Daily continuous pCO2 (blue) and discharge (black) measurelemts at MS2 

 

5.1.3. Oxygen 

We could not find any significant correlation between pCO2 and O2 at both sampling 

sites. Similar to pCO2, dissolved oxygen concentration at MS1 was lower and showed 

smaller variation than at MS2 (Table 3, Fig. 13 & 14).  

Table 3 Overview on O2 measurements at the monitoring stations 

 MS1 MS2 

Mean Dissolved Oxygen 11.24 mg L-1 10.42 mg L-1 

Minimum Dissolved Oxygen 10.00 mg L-1 8.23 mg L-1 

Maximum Dissolved Oxygen 12.09 mg L-1 12.22 mg L-1 
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Figure 13: Hourly continuous pCO2 (blue) and dissolved O2 (black) measurements at MS1 

 

Figure 14: Hourly continuous pCO2 (blue) and dissolved O2 (black) measurements at MS2 

 

5.1.4. Discrete measurements of pCO2 and pCH4, water temperature, alkalinity, pH, 

DO, and conductivity 

In addition to the continuous measurements we collected discrete samples of pCO2 

(N=73) and pCH4 (N=34), water temperature (N=73), alkalinity (N=30), pH (N=21), DO 
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(N=20), and conductivity (N=22). One of the main objects of this project was to compare 

2 different streams; one is in the middle of the Palatinate Forest and the other one at the 

edge of the forest, where the catchment is more affected by human development and 

agriculture. Table 4 and Fig. 15 provide an overview of all measurements. 

Table 4 Overview on discrete measurements 

 MS1 MS2 

 Mean Minimum Maximum Mean Minimum Maximum 

pCO2 (ppm) 636 579 706 1316 783 1866 

pCH4 (ppm) 76 53 102 118 43 203 

Temperature (°C) 8.6 6.7 11.5 12.9 8.0 19.0 

Alkalinity (mmol L-1) 0.18 0.1 0.25 1.49 0.6 1.85 

pH (-) 6.49 6.04 6.88 7.88 7.59 8.10 

O2 (mg L-1) 11.07 10.59 11.94 10.72 9.50 12.2 

EC (μS cm-1) 84 72 150 271 236 334 

Except for O2 concentration, all parameters were higher at MS2 than at MS1. 

Particularly CO2 and CH4 had higher temporal variation at MS2 than MS1. This findings 

suggests that streams with higher stream order demand more sampling effort to capture 

the temporal variations than streams with lower stream order. In future field campaigns 

we also plan to have continuous monitoring stations on streams with stream orders 

between 1 and 4. 

Alkalinity is a measure of the capacity of water to neutralize acids. With rainfall and 

waste water, alkaline compounds can enter the streams. Without this capacity, any acid 

added to stream water would cause an immediate change in pH. Alkalinity of natural 

water is determined by the soil and bedrock through which it passes, containing 

carbonate, bicarbonate and hydroxide compounds. We can explain the higher alkalinity 

at MS2 with the larger catchment area. Water is collected from different areas with 

different soil types and is more exposed to runoff and artificial discharges. The higher 

electrical conductivity can be explained also by the larger catchment area and different 

bedrocks and additional discharges to the water. 
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Figure 15: Temporal variation of discrete measurements (electrical conductivity (EC), O2, pH value, total 
alkalinity (TA), temperature (T), pCH4 and pCO2) at the monitoring stations (MS1 black, MS2 blue) during the 
years 2013 and 2014. The errors bars of pCO2 and pCH4 represent the standard deviations from triplicate 
samples. 
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5.2. Sampling of springs 

During a field campaign we sampled 25 springs in the core study area in order to 

compare measurements of the springs to the monitoring stations and to estimate the 

contribution of springs to the inorganic carbon load and emissions. Partial pressure of 

CO2 varied widely among the springs, but was generally higher than the partial 

pressures observed at our monitoring sites (Table 5). More detailed observations 

showed, however, that the shallow depth and high gas exchange velocity leads to rapid 

degassing within several 100 of meters from the springs. This explains the rather low 

pCO2 observed at monitoring site MS2. Given the high degassing at the springs, 

diffusive flux can be 8 times higher than the catchment-mean flux (15899 gC m-2 y-1, see 

below), their contribution to the total emission from the catchment cannot be neglected. 

Table 5:Overview on measurements at the springs 

 Mean Minimum Maximum 

pCO2 (ppm) 4143 1190 12301 

EC (μS cm-1) 156 53 423 

pH (-) 6.38 5.04 7.44 

Temperature (°C) 11.2 9.6 12.2 

Alkalinity (mmol L-1) 1.2 0.2 3.1 

 

5.3. Modelling diffusive CO2 fluxes 

99% of the stream segments in the extended study area were supersaturated with CO2 

in respect to the atmosphere, i.e. constituted sources for the atmospheric. In contrast to 

our hypothesis and observations in the boreal zone (Humborg et al., 2010) the highest 

median concentrations were found in streams with Strahler stream order of 6 and 7 (Fig. 

16, Table 6), although first order streams had the largest variability in pCO2, with partial 

pressures of up to 30000 ppm. The gas exchange velocity, in contrast, gradually 

decreased with increasing stream order. Low-order streams have higher inconstancy 

than streams with order number higher than 3. The diffusive flux of CO2 followed the 

pattern of the gas exchange velocity k600, and decreased with increasing stream order, 

at least for the low-order streams. 
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Table 6: Mean values of pCO2, gas exchange 
velocity k600 and CO2 flux as a function of stream 
order. 

 

 

Figure 16: Box plots of pCO2, gas exchange velocity k600 and CO2 flux as a function of stream orders 

 

In accordance with observations in climatic and geographic regions, the streams and 
rivers in the study area in South-Western Germany emit significant amounts of CO2, and 
to a minor extend are CH4 into the atmosphere. The mean observed CO2 flux of 1576 g 

C m⁻²y⁻¹ is in the range of those observed in Sweden, the United States, and for the 
Amazon and Mississippi River basins (Humborg et al. 2010, Teodoru et al. 2009, 
Butman et al. 2011). They are, however, at the lower limit of global-scale estimates 
(Raymond et al. 2013).  

  

Stream 

order 

pCO2 

 

(ppm) 

k600 

(m d-1) 

Flux  

(gCm-2y-1) 

1 2087 8.8  2600 

2 2104 6.7 2043 

3 1987 6.0 1711 

4 2088 4.7 1440 

5 1654 4.3 1153 

6 2719 4.1 1434 

7 2788 3.0 1267 
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5.4. Comparison of calculated and measured pCO2 

To compare the directly measured pCO2 and calculated pCO2 based on pH, alkalinity 

and temperature, we have joint four sampling campaigns where the water quality data, 

which we use in our modeling study, were routinely sampled by MULEWF. During these 

campaigns, the chemical sampling with accompanied by simultaneous direct 

measurements of pCO2. A comparison between measured and modeled estimates of 

pCO2 is provided in Table 7 and in Fig. 17.  

Table 7: Overview on directly measured and calculated pCO2, water temperature, pH and alkalinity 

 Mean Minimum Maximum 

pCO2 measured (ppm) 1487 81 3941 

pCO2 calculated (ppm) 2371 156 7889 

Temperature (°C)  11.1 4.6 17.9 

pH (-) 7.9 7.1 8.5 

Alkalinity (mmol L-1) 3.2 0.6 6.9 
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Figure 17: See Fig. 1 for location of the four different sampling campaigns. The dashed lines represent the 1:1 
ratio of measured and calculated pCO2 values, all the symbols above the line represent measurements where 
the indirect, calculated pCO2 exceeds the direct measured values. 

Except for one sampling campaign (Suedpfalztour 1), measured and estimated 

concentration agreed reasonably well. The chemical equilibrium estimates, however, 

resulted in an overestimation of pCO2 during the one tour (Fig. 17). 

To identify the potential reason for this overestimation, we have analyzed the ratio 

between measured and calculated pCO2 as a function of the chemical composition of 

the stream water (Fig. 18). The correlation coefficients of this ratio with the 

concentration of the major cations were only weak. We found a weak correlation 

between total organic carbon (TOC) and calculated pCO2 (R2 = 0.0156) and between 

TOC and the measured pCO2 (R2 = 0.1573) as well. TOC values range between 1 mg 

L-1 and 16 mg L-1, whit a mean value of 3.94 mg L-1. 

Although the measured water chemistry variables could not explain the failure of the 

chemical equilibrium calculations, the location of the sampling sites at which the 

strongest deviations were observed (Suedpfalztour 1, Fig. 2) suggest a pronounced 

regional influence.  

The finding of a potential overestimation of pCO2 estimated from chemical equilibrium is 

in accordance with a recent study by Abril (Abril et al., 2014), suggesting a 

methodological bias of the indirect method.  
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Figure 18: Concentration of the major cations (Na, K, Ca and Mg) as a function of the ratio of calculated to 
directly measured pCO2. Linear regression (dashed lines) results in correlation coefficients of Na+ R2 = 0.0872, K+ 
R2 = 0.0123, Ca2+ R2 = 0.138, Mg2+ R2 = 0.1032. 
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6. Summary 
 

In this project we have applied and compared different methodological approaches to 
estimate the emission rates of CO2 and CH4 from the complete stream network of the 
state Rhineland-Palatinate (22 000 km2). The results show that the streams in this study 
area are a net source of both atmospheric greenhouse gases, which is comparable in 
magnitude to estimates from other climatic and geographic regions. The emission rates 
vary spatially and temporarily, but most strikingly, also different methodological 
approaches lead to different results. Indirect flux estimates, which are based on widely 
accessible water quality monitoring data, allow for long-term average flux estimates at 
large spatial scales. A comparison to direct measurements, however, revealed a 
potential overestimation of fluxes by the indirect approach. This finding is of particular 
concern because most of the currently available estimates of regional- und global-scale 
emission rates from inland waters are based on this indirect approach.  
Longer-term direct flux measurements are limited by the fact that the measurement of 
the partial pressures of dissolved gases rely on head-space equilibration. The 
maintenance of continuous equilibration devices has been proven to be challenging 
under field conditions. Our measurements, however, show that temporal variations are 
particularly pronounced at higher-order streams, which according to our results 
contribute less to the overall emissions from the region. In these streams, the diurnal 
variations of gas partial pressure associated with primary production can lead to a 
potential underestimation of the fluxes, if measurements are restricted to day-time 
sampling. Unresolved diurnal variations may thus off-set the potential overestimation of 
the indirect flux estimates, because water sampling is usually carried out during day 
time. 
The high dissolved inorganic carbon concentration in ground water which is entering the 
stream network from springs lead to significant CO2 emission hotspots. The strongly 
variable inorganic carbon content of spring water, however, makes regional-scale 
estimates of the contribution of these point sources to total emission rather difficult. 
Since the temporal variation of the corresponding gas partial pressures are much less 
pronounced at springs and low-order streams, sampling campaigns which aim at broad 
spatial coverage can be expected to provide the most robust estimates.     
The results obtained in this project have been presented at several scientific 
conferences and formed the basis for a successful grant application at the German 
Research Foundation, where several aspects of the research presented here will be 
studied at greater detail.  
 

 DFG Projekt LO 1150/9-1: Treibhausgasemissionen aus Flüssen und Bächen 
entlang eines steilen Gradienten von biogeochemischen Einflüssen und 
Landnutzung. Laufzeit: 2014-2017. 

 Lorke, A., R.B. Schäfer, C. Somlai, and Z. Alshboul: GHG measurements in 
streams and catchments. SUMMER WORKSHOP IN RESERVOIR 
MANAGEMENT, GHG EMISSIONS AND MEASUREMENT TECHNIQUES. 
Karlsruhe Institute of Technology, Germany, 15-16 July 2014. 
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 Somlai, C., R.B. Schaefer, and A. Lorke: Contribution of different land-cover 
types to CO2 emissions from streams and rivers, in South-Western Germany. 
EGU General Assembly 2014, held 27 April - 2 May, 2014 in Vienna, Austria. 

 Somlai, C., Lorke, A., and R. Schaefer: Estimating emissions of CO2 from small 
watersheds in Southern Rhineland-Palatinate, SIL XXXII Congress 4-9 August 
2013, Budapest, Hungary 

 Maeck, A. and Lorke, A.: Treibhausgasemissionen aus Gewässern, Wasserkraft-
Symposium des BUND, 22.10.2012 München, Deutschland 

 Somlai, C., Lorke, A., and R. Schaefer: Comparison two approaches used for 

estimating regional-scale emission rates of CO₂ and CH4  from small watersheds 
in Southern Rhineland-Palatinate, Conference of the German Limnological 
Society 2012, Koblenz  

  



 

30 

 

7. References 
Abril, G., Bouillon, S., Darchambeau, F., Teodoru, C.R., Marwick, T.R., Tamooh, F., Omengo, 

F.O., Geeraert, N., Deirmendjian, L., Polsenaere, P., others, 2014. Technical Note: 
Large overestimation of pCO 2 calculated from pH and alkalinity in acidic, organic-rich 
freshwaters. Biogeosciences Discuss. 11, 11701–11725. 

Aufdenkampe, A.K., Mayorga, E., Raymond, P.A., Melack, J.M., Doney, S.C., Alin, S.R., Aalto, 
R.E., Yoo, K., 2011. Riverine coupling of biogeochemical cycles between land, oceans, 
and atmosphere. Front. Ecol. Environ. 9, 53–60. 

Bastviken, D., Tranvik, L.J., Downing, J.A., Crill, P.M., Enrich-Prast, A., 2011. Freshwater 
methane emissions offset the continental carbon sink. Science 331, 50. 

Battin, T.J., Kaplan, L.A., Findlay, S., Hopkinson, C.S., Marti, E., Packman, A.I., Newbold, J.D., 
Sabater, F., 2008. Biophysical controls on organic carbon fluxes in fluvial networks. Nat. 
Geosci. 1, 95–100. 

Battin, T.J., Luyssaert, S., Kaplan, L.A., Aufdenkampe, A.K., Richter, A., Tranvik, L.J., 2009. 
The boundless carbon cycle. Nat. Geosci. 2, 598–600. 

Butman, D., Raymond, P.A., 2011a. Significant efflux of carbon dioxide from streams and rivers 
in the US_supplement. Nat. Geosci. 

Cole, J., Prairie, Y., Caraco, N., McDowell, W., Tranvik, L., Striegl, R., Duarte, C., Kortelainen, 
P., Downing, J., Middelburg, J., 2007. Plumbing the global carbon cycle: integrating 
inland waters into the terrestrial carbon budget. Ecosystems 10, 172–185. 

Crawford, J.T., Striegl, R.G., Wickland, K.P., Dornblaser, M.M., Stanley, E.H., 2013. Emissions 
of carbon dioxide and methane from a headwater stream network of interior Alaska. J. 
Geophys. Res. Biogeosciences. 

Dawson, J.J.C., Billett, M.F., Neal, C., Hill, S., 2002. A comparison of particulate, dissolved and 
gaseous carbon in two contrasting upland streams in the UK. J. Hydrol. 257, 226–246. 
doi:10.1016/S0022-1694(01)00545-5 

Goldmenfum, J.A., 2010. GHG Measurement Guidelines for Freshwater Reservoirs. 
Guasch, H., Armengol, J., Martı́, E., Sabater, S., 1998. Diurnal variation in dissolved oxygen 

and carbon dioxide in two low-order streams. Water Res. 32, 1067–1074. 
doi:10.1016/S0043-1354(97)00330-8 

Hope, D., Palmer, S.M., Billett, M.F., Dawson, J.J.C., 2001. Carbon dioxide and methane 
evasion from a temperate peatland stream. Limnol. Oceanogr. 847–857. 

Horton, R.E., 1906. Weir experiments, coefficients, and formulas. US Government Printing 
Office. 

Humborg, C., MÖRTH, C., Sundbom, M., Borg, H., Blenckner, T., Giesler, R., ITTEKKOT, V., 
2010. CO2 supersaturation along the aquatic conduit in Swedish watersheds as 
constrained by terrestrial respiration, aquatic respiration and weathering. Glob. Change 
Biol. 16, 1966–1978. 

Koprivnjak, J.F., Dillon, P., Molot, L., 2010. Importance of CO2 evasion from small boreal 
streams. Glob. Biogeochem. Cycles 24, GB4003. 

Leopold, L.B., Maddock, T., 1953. The hydraulic geometry of stream channels and some 
physiographic implications. 

Quantum GIS Development Team, 2014. Quantum GIS Geographic Information System. Open 
Source Geospatial Foundation Project. http://qgis.osgeo.org. 

Raymond, P.A., Hartmann, J., Lauerwald, R., Sobek, S., McDonald, C., Hoover, M., Butman, D., 
Striegl, R., Mayorga, E., Humborg, C., 2013. Global carbon dioxide emissions from 
inland waters. Nature 503, 355–359. 



 

31 

 

Raymond, P.A., Zappa, C.J., Butman, D., Bott, T.L., Potter, J., Mulholland, P., Laursen, A.E., 
McDowell, W.H., Newbold, D., 2012. Scaling the gas transfer velocity and hydraulic 
geometry in streams and small rivers. Limnol. Oceanogr. Fluids Environ. 2, 41–53. 

Teodoru, C.R., Del Giorgio, P.A., Prairie, Y.T., Camire, M., 2009. Patterns in pCO2 in boreal 
streams and rivers of northern Quebec, Canada. Glob. Biogeochem. Cycles 23, 
GB2012. 

Tranvik, L.J., Downing, J.A., Cotner, J.B., Loiselle, S.A., Striegl, R.G., Ballatore, T.J., Dillon, P., 
Finlay, K., Fortino, K., Knoll, L.B., 2009. Lakes and reservoirs as regulators of carbon 
cycling and climate. Limnol. Oceanogr. 54, 2298–2314. 

Wahl, P., Bushart, M., 2014. Vegetationskundliche Standortkarte Rheinland-Pfalz. 
Waldron, S., Scott, E.M., Soulsby, C., 2007. Stable Isotope Analysis Reveals Lower-Order River 

Dissolved Inorganic Carbon Pools Are Highly Dynamic. Environ. Sci. Technol. 41, 6156–
6162. doi:10.1021/es0706089 

 


