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Summary 

Dissolved organic carbon (DOC) constitutes an important link between the terrestrial and 

the aquatic carbon cycle, as terrestrial systems release DOC into aquatic systems. In this 

context, inland waters play an important role by transporting substantial amounts of DOC 

from headwater streams towards rivers and finally the oceans. Besides being an important 

energy source for aquatic organisms, DOC in aquatic systems is partly transformed to 

carbon dioxide or methane and, therefore, important with regard to climate change. 

Although not being toxic per se, DOC can transport pollutants and act as a precursor for 

carcinogenic compounds and, consequently, is important for drinking w ater quality . Since 

the 1980s, DOC concentrations have been observed to increase in many freshwater systems 

of the northern hemisphere. Possible explanations for this increase are a matter of current 

debate and include temperature increase as well as changes in precipitation patterns and  

atmospheric nitrogen and sulphur deposition. The majority of DOC export from a 

catchment occurs during precipitation events. However, event size is not the only factor 

influencing DOC mobilization and DOC export quantity. A ntecedent wetness conditions 

and catchment topography play an important role as they influence hydrological 

connectivity between DOC source areas and streams.  

This thesis includes four studies  investigat ing the link between hydrological connectivity 

and topography and how this influences DOC quality, mobilization and export  in a small, 

forested headwater catchment located in the Bavarian Forest National Park (Germany). 

The focus lies on the analysis of high-frequency in-stream DOC data, which have been 

collected at three topographically different subcatchments from 2018 until 2021 using 

ultraviolet -visible spectrometry. In addition to that, shallow and deep groundwater 

samples as well as soil samples were taken in the catchment. Complementary to DO C 

concentrations, cation concentrations were analyzed. Moreover, DOC quality  was 

investigated using absorbance and fluorescence spectrometry as well as Fourier transform 

ion cyclot ron resonance mass spectrometry. 

Study 1 focused on DOC mobilization processes and DOC export from topographically 

different subcatchments during four precipitation events, which were characterized by 

different antecedent wetness conditions and different amounts of precipitation . Generally, 

DOC load during the events increased wit h total catchment wetness, which highlight ed 

the importance of antecedent wetness conditions and event size for DOC mobilization. 

The contribution of the investigated subcatchments to total DOC export from the entire 

catchment varied between the events. Surprisingly, DOC export of the upper catchment 
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was disproportionally high following drought periods. This observation could be 

attributed to the low hydrological connectivity in the flat, lower catchment, which 

inhibited DOC mobilization , rather than an increased DOC export from the upper 

catchment. This study showed a clear link between antecedent wetness conditions, 

hydrological connectivity and topography .  

Study 2 took up the issue of hydrological connectivity in the flat, lower subcatchment and 

investigated the influence of microtopographical depressions in the riparian zone for DOC 

export during events. The shallow groundwater below the microtopographical 

depressions was characterized by higher DOC concentrations and a higher aromaticity 

than the shallow groundwater below the typical forest soil. These differences were used 

to show that water accumulating below and in the microtopographical depressions was 

exported to the stream during events, thereby altering in -stream DOC quality.  

Study 3 shed light on seasonal differences in DOC export from the entire catchment and 

between the three subcatchments. DOC export was largely influenced by hydrological 

conditi ons throughout the one-year investigation period leading to a high DOC export 

during snowmelt and spring and a low DOC export during summer and winter. The 

contribution to DOC export from the subcatchments varied seasonally. As seen in Study 1 

on an event-scale, the flat, lower subcatchment contributed less than expected in terms of 

area during and after dry periods due to the low hydrological connectivity. This led to a 

disproportionally higher contribution of the upper subcatchments  on a seasonal scale. The 

contribution to DOC export was closely linked to the contribution to runoff, which was 

generally higher in the steep, upper catchments than in the flat, lower catchment. 

Study 4 investigated differences in DOC quality along the stream and compared them to 

potential DOC sources in the riparian zone . DOC quality in the lower stream sections 

indicated DOC originating from shallow soil layers, whereas DOC quality in the upper 

stream sections indicated DOC originating from deeper soil layers. These results 

confirmed the differences in DOC mobilization processes observed in Study 1 and Study 

3 and confirmed the importance of upper soil layers in the riparian zone found in Study 2.  

In summary, the results of this thesis highlight the importance of topography  for 

hydrological connectivity and its influence on DOC mobilization. As climate change is 

likely to affect t emporal and spatial patterns of  hydrological connectivity in the future, 

changing DOC export patterns and changing DOC quality could have consequences for 

aquatic organisms, greenhouse gas formation and the management of drinking water 

reservoirs.  
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Zusammenfassung 

Gelöster organischer Kohlenstoff (DOC) ist ein wichtiges Bindeglied zwischen dem 

terrestrischen und dem aquatischen Kohlenstoffkreislauf, da terrestrische Systeme DOC 

in aquatische Systeme abgeben. In diesem Zusammenhang spielen die Binnengewässer 

eine wichtige Rolle, da sie erhebliche Mengen an DOC aus den Oberläufen in die Flüsse 

und schließlich in die Ozeane transportieren. DOC ist in aquatischen Systemen nicht nur 

eine wichtige Energiequelle für Mikroorganismen, sondern wird teilweise auch in 

Kohlendiox id oder Methan umgewandelt und ist daher im Hinblick auf den Klimawandel 

von Bedeutung. Obwohl DOC an sich nicht toxisch ist, kann DOC Schadstoffe 

transportieren und in krebserregende Verbindungen umgewandelt werden. Daher ist 

DOC für die Trinkwasserqualit ät von Bedeutung. Seit den 1980er Jahren ist in vielen 

Binnengewässern der nördlichen Hemisphäre ein Anstieg der DOC -Konzentrationen zu 

beobachten. Mögliche Erklärungen für diesen Anstieg werden derzeit diskutiert und 

umfassen den Temperaturanstieg sowie Veränderungen der Niederschlagsverteilung und 

der atmosphärischen Stickstoff- und Schwefeldeposition. Der größte Teil des DOC-

Exports aus einem Einzugsgebiet findet während Niederschlagsereignissen statt. Die 

Größe des Ereignisses ist jedoch nicht der einzige Faktor, der die DOC-Mobilisierung und 

die DOC-Exportmenge beeinflusst. Die Vorfeuchte und die Topographie des 

Einzugsgebiets spielen eine wichtige Rolle, da sie die hydrologische Konnektivität  

zwischen DOC-Quellgebieten und Fl ießgewässern beeinflussen.  

Diese Arbeit umfasst vier Studien, die den Zusammenhang zwischen hydrologischer 

Konnektivität und Topographie und deren Einfluss auf die DOC -Qualität, -Mobilisierung 

und -Export in einem kleinen, bewaldeten Einzugsgebiet im Nationalpark Bayerischer 

Wald (Deutschland) untersuchen. Der Fokus liegt auf der Analyse von hochaufgelösten 

DOC-Daten, die von 2018 bis 2021 in drei topographisch unterschiedlichen 

Teileinzugsgebieten im Bach mittels UV-Vis-Spektrometrie (ultraviolet -visible)  erhoben 

wurden. Darüber hi naus wurden im Einzugsgebiet Proben vom flachen und tiefen 

Grundwasser sowie Bodenproben entnommen. Ergänzend zu den DOC-Konzentrationen 

wurden auch die Kationenkonzentrationen analysiert. Außerdem wurde die DOC -

Qualität mit Hilfe von Absorptions - und Fluo reszenzspektrometrie sowie von Fourier-

Transformations-Ionenzyklotronresonanz -Massenspektrometrie untersucht.  

Studie 1 konzentrierte sich auf die DOC-Mobilisierungsprozesse und den DOC -Export aus 

topographisch unterschiedlichen Teileinzugsgebieten während  vier 

Niederschlagsereignissen, die durch unterschiedliche vorangehende Vorfeuchte-
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Bedingungen und unterschiedliche Niederschlagsmengen gekennzeichnet waren. Im 

Allgemeinen nahm die DOC -Fracht während der Ereignisse mit der Gesamtfeuchte des 

Einzugsgebiets zu, was die Bedeutung der Vorfeuchte und der Größe des Ereignisses für 

die DOC-Mobilisierung hervorhebt . Der Beitrag der untersuchten Teileinzugsgebiete zum 

gesamten DOC-Export variierte zwischen den Ereignissen. Überraschenderweise war der 

DOC-Export des oberen Einzugsgebiets nach Trockenperioden überproportional hoch. 

Diese Beobachtung ist eher auf die geringe hydrologische Konnektivität  im flachen, 

unteren Einzugsgebiet zurückzuführen sein, die die DOC -Mobilisierung hemmt, anstatt 

auf einen erhöhten DOC-Export aus dem oberen Einzugsgebiet. Diese Studie zeigte einen 

eindeutigen Zusammenhang zwischen der Vorfeuchte, der hydrologischen Konnektivität 

und der Topographie.  

In Studie 2 wurde die Frage der hydrologischen Konnektivität im flachen, unteren 

Teileinzugsgebiet aufgegriffen und der Einfluss mikrotopographischer Vertiefungen in 

der Uferzone auf den DOC-Export während Niederschlagsereignissen untersucht. Das 

flache Grundwasser unterhalb der mikrotopographischen Vertiefungen war durch höhere 

DOC-Konzentrationen und eine höhere Aromatizität gekennzeichnet als das flache 

Grundwasser unterhalb des typischen Waldbodens. Diese Unterschiede wurden genutzt, 

um zu zeigen, dass das Wasser, das sich unter und in den mikrotopographischen Senken 

ansammelt, bei Ereignissen in den Fluss transportiert  wurde , wodurch sich die DOC -

Qualität im Fluss verändert e.  

Studie 3 beleuchtete die saisonalen Unterschiede des DOC-Exports aus dem gesamten 

Einzugsgebiet und zwischen den drei Teileinzugsgebieten. Der DOC-Export wurde 

währ end des einjährigen Untersuchungszeitraums weitgehend von den hydrologischen 

Bedingungen beeinflusst, was zu einem hohen DOC-Export während der Schneeschmelze 

und im Frühjahr und einem niedrigen DOC -Export im Sommer und Winter führte. Der 

Beitrag zum DOC-Export aus den Teileinzugsgebieten variierte saisonal. Wie in Studie 1 

auf der Ereignis-Ebene zu sehen war, trug das flache, untere Teileinzugsgebiet während 

und nach Trockenperioden aufgrund der geringen hydrologischen Konnektivität  weniger 

bei als flächenmäßig erwartet. Dies führte zu einem überproportional höheren  Beitrag der 

oberen Teileinzugsgebiete auf der saisonalen Skala. Der Beitrag zum DOC-Export stand 

in engem Zusammenhang mit dem Beitrag zum Abfluss, der in den steilen, oberen 

Einzugsgebieten im Allgemeinen höher war als im flachen, unteren Einzugsgebiet. 

Studie 4 untersuchte Unterschiede in der DOC-Qualität entlang des Baches und verglich 

sie mit potenziellen DOC -Quellen in der Uferzone. Die DOC-Qualität in den unteren 
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Bachabschnitten deutete auf DOC aus flachen Bodenschichten hin, während die DOC-

Qualität in den oberen Bachabschnitten auf DOC aus tieferen Bodenschichten hindeutete. 

Diese Ergebnisse bestätigten die in Studie 1 und Studie 3 beobachteten Unterschiede bei 

den DOC-Mobilisierungsprozes sen und bestätigten die in Studie 2 festgestellte Bedeutung 

der oberen Bodenschichten in der Uferzone. 

Zusammenfassend lässt sich sagen, dass die Ergebnisse dieser Arbeit die Bedeutung der 

Topographie für die hydrologische Konnektivität  und ihren Einfluss auf die DOC -

Mobilisierung hervorheben. Da sich der Klimawandel in Zukunft wahrscheinlich auf die 

zeitli chen und räumlichen Muster der hydrologischen Konnektivität auswirken wird, 

könnten veränderte DOC-Exportmuster und eine veränderte DOC -Qualität 

Konsequenzen für aquatische Organismen, die Bildung von Treibhausgasen und das 

Management von Trinkwasserspeichern haben. 
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1. Introduction 

1.1. Dissolved organic carbon ς an important link between the terrestrial 

and the aquatic carbon cycle  

Dissolved organic carbon (DOC) is the result of the breakdown of plant and animal tissue 

and comprises different classes of organic compounds ranging in size from simple amino 

acids to complex high-molecular-weight  DOC (Leenheer & Croué, 2003; Nebbioso & 

Piccolo, 2013; Neff & Asner, 2001). It is operationally  defined as the portion of organic 

carbon that passes through a 0.45 µm filter in contrast to particular organic carbon (POC), 

which is defined as the portion not passing a 0.45 µm filter . In forested systems, a large 

part of the occurring DOC in freshwater systems consists of humic acids, which leads to a 

typical brown color of the waters in case of high concentrations (Leenheer & Croué, 2003; 

Roulet & Moore, 2006). Usually, DOC concentrations in freshwater systems vary from 1 to 

10 mg L-1 but can reach up to 60 mg L-1 in swamps and bogs (Thurman, 1985). 

DOC represents an important link between the terrestrial and aquatic carbon cycle as 

terrestrial systems release carbon into aquatic systems. DOC export from inland waters 

may  influence the global carbon cycle more than previously thought (Battin et al., 2009). 

The global DOC export reaching inland waters annually from the terrestrial environment 

is estimated at 5.1 Pg C, of which  a large part (3.9 Pg C) outgasses to the atmosphere in 

form of the greenhouse gases carbon dioxide (CO2) or methane (CH4) (Drake et al., 2018). 

Therefore, DOC plays an important role in the context of climate change. DOC is also an 

important energy source for microorganisms (Marschner & Kalbitz, 2003) and can 

influence the abundance of aquatic macroinvertebrates (Arzel et al., 2020; Feuchtmeyer et 

al., 2019). As DOC forms complexes with organic pollutants (Hope et al., 1994) and toxic 

metals such as mercury (Ravichandran, 2004) or lead (Dörr & Münnich, 1991) , it has the 

potential to influence drinking water quality. Moreover, elevated DOC concentrations can 

cause problems for drinking water treatment via chlorination as DOC acts as a precursor 

of trihalomethanes, which have potentially carcinogenic and mutagenic properties  

(Alarcon -Herrera et al., 1994; Regan et al., 2017; Sadiq & Rodriguez, 2004).  

Since the beginning of the  1980s, an increase in DOC concentrations has been observed in 

a large number of streams, rivers and lakes of the northern hemisphere, where the majority 

of studies on DOC were conducted (Evans et al., 2005; Monteith et al., 2007; Roulet & 

Moore, 2006). In addition to the implications of the DO C increase for climate change, 
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aquatic organisms, transport of pollutants and drinking water quality  as mentioned above, 

the increase in DOC concentrations could indicate an increased leaching from soils and 

peatlands and, therefore, influence terrestrial carbon storage. Rising DOC concentrations 

could have the potential to deplete the terrestrial carbon pools, which are of global 

importance for carbon storage (Batjes, 2014; Dixon et al., 1994; Kindler et al., 2011).  

Several hypotheses have been proposed in order to explain the increase of DOC in surface 

waters, including a decline in atmospheric nitrogen deposition  (Musolff et al., 2016), 

temperature increase (Weyhenmeyer & Karlsson, 2009), precipitation increase (Hongve et 

al., 2004) and a decline in atmospheric sulphur deposition  (Evans et al., 2005; Ledesma et 

al., 2016; Monteith et al., 2007). Roulet and Moore (2006) state that it is difficult to isolate a 

single factor as there are many different variables influencing DOC production and export. 

Clark et al. (2010) summarized the research published from 2001 to 2009 about long-term 

trends in DOC concentrations. The 21 included studies were conducted in North America 

and Europe and found a positive DOC trend at most study sites during the 1980s and 

1990s. The drivers that were most commonly tested were acid deposition, temperature and 

precipitation and all were found to be resp onsible for the DOC increase in about half of 

the studies in which they were tested. Other less frequently tested drivers were sea salt 

deposition, nitrogen enrichment, atmospheric CO 2 and land management. However, 

characteristics of the catchment area and sample frequency differed greatly between the 

different studies.  Eimers et al. (2008) also underlin e the importance of keeping in mind the 

differences in record lengths, sampling methods and data processing in the numerous 

studies regarding the topic of DOC increase. 

 

1.2. Influences on DOC production, mobilization and export 

Most of the DOC export occurs during precipitation events (Raymond & Saiers, 2010). 

High DOC export during events is not only a result of increasing discharge but also of 

increasing DOC concentrations during events, which have been observed in many 

catchments (Hobbie & Likens, 1973; Meyer & Tate, 1983; Moore, 1989). Large single events 

can contribute significantly to the annual DOC export in small catchments, whereby the 

event size is often more important than the event frequency (Raymond et al., 2016). In 

temperate and boreal catchments, snowmelt plays an important role in DOC mobilization 

and can substantially contribute to the annual DOC export (Hornberger et al., 1994; Jager 

et al., 2009; Pacific et al., 2010; Seybold et al., 2019; Wilson et al., 2013). Nevertheless, event 
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size is not the only factor influencing the amount of DOC that is exported during an event. 

Antecedent wetness conditions can inhibit  or enhance the mobilization of DOC during 

events because wetness conditions largely influence hydrological connectivity  of DOC 

sources to the stream (Detty & McGuire, 2010; McGuire & McDonnell, 2010; Penna et al., 

2015).  

,ÈÕàɯËÌÍÐÕÐÛÐÖÕÚɯÖÍɯɁÏàËÙÖÓÖÎÐÊÈÓɯÊÖÕÕÌÊÛÐÝÐÛàɂɯÏÈÝÌɯÉÌÌÕɯ×ÙÖ×ÖÚÌËɯÈÕËɯÛÏÌɯÛÌÙÔɯÐÚɯÖÍÛÌÕɯ

seen as ambiguous (Michaelides & Chappell, 2009). For instance, Blume and van Meerveld  

(2015) ËÌÍÐÕÌËɯÏàËÙÖÓÖÎÐÊÈÓɯÊÖÕÕÌÊÛÐÝÐÛàɯÈÚɯÛÏÌɯɁÓÐÕÒÈÎÌɯÖÍɯÚÌ×ÈÙÈÛÌɯÙÌÎÐÖÕÚɯÖÍɯÈɯÊÈÛÊÏÔÌÕÛɯ

ÝÐÈɯÞÈÛÌÙɯÍÓÖÞɂɯÈÕËɯBracken and Croke (2007) ËÌÍÐÕÌËɯÐÛɯÈÚɯɁÛÏÌɯ×ÈÚÚÈÎÌɯÖÍɯÞÈÛÌÙɯÍÙÖÔɯ

ÖÕÌɯ×ÈÙÛɯÖÍɯÛÏÌɯÓÈÕËÚÊÈ×ÌɯÛÖɯÈÕÖÛÏÌÙɂȭɯHydrological connectivity varies over temporal and 

spatial scales. Temporally, it varies on a large scale over seasons and on a short scale in 

response to precipitation events (Detty & McGuire, 2010; Zimmer & McGlynn, 2018) . It 

also occurs along many spatial dimensions, which may include hillslopes, the hyporheic 

zone, groundwater, riparian zones and streams (Covino, 2017). It  can vary on a large scale 

between landscape elements (Laudon et al., 2011) or on a small scale in the vertical soil 

profile (Ledesma et al., 2018). Numerous studies have shown that patterns and dynamics 

of hydrological connectivity influence not only discha rge but also solute concentrations 

(e.g. DOC) due to the (dis-) connection of source areas over varying temporal and spatial 

scales. Therefore, it influences event-based DOC export (Kiewiet et al., 2020; Tunaley et 

al., 2016) as well as seasonal DOC export (Zimmer & McGlynn, 2018) . 

However, mobilization is only one side of the coin when investigating DOC export. If a 

system is lacking DOC, even large precipitation events will not be able to mobilize and 

export DOC. Therefore, it is necessary to keep in mind DOC production. The predomin ant 

locations of DOC production in terrestrial ecosystems are the upper soil layers, from 

where only a small fraction reaches the stream (Kaiser & Kalbitz, 2012; Kalbitz et al., 2000; 

Michalzik et al., 2001). Nonetheless, in-stream DOC production can also contribute to DOC 

export from catchments (Bernal et al., 2019; Lupon et al., 2019) and DOC stored in-stream 

can contribute to DOC export during events (Wondzell & Ward, 2022). In general, DOC 

production is strongly influenced by seasonality, as it  is linked to temperature (Christ & 

David, 1996; Neff & Hooper, 2002). DOC production is happening mostly during spring, 

summer and autumn, when temperat ures are higher than during  winter (Kalbitz et al., 

2000; Tipping et al., 1999; Wen et al., 2020). However, DOC production can even occur in 

snow-covered soils (Brooks et al., 1999). Soil wetness is another factor influencing DOC 

production . Dry soils can inhibit  decomposition, which is why  dry summers can lead to a 
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limited DOC production in spite of warm temperatures (Kalbitz et al., 2000). Nevertheless, 

several studies have shown that autumnal events following a dry summer export large 

amounts of DOC due to the accumulation of DOC  in disconnected catchment parts during 

the summer months lacking precipitation events (Biron et al., 1999; van Verseveld et al., 

2009; Wen et al., 2020). In forested, temperate ecosystems, autumnal leaf litter constitutes 

an additio nal important DOC source (Hongve, 1999; McDowell & Fisher, 1976). The type 

of vegetation can also influenc e DOC export. Soil leachates beneath coniferous trees often 

contain more DOC than soil leachates beneath deciduous trees (Borken et al., 2011; Kalbitz 

et al., 2000; Schwarze & Beudert, 2009; Thieme et al., 2019).  

DOC availability  is not only dependent on temperature, soil moisture and vegetation  type, 

but also on the general land cover (Aitkenhead -Peterson et al., 2007; Li et al., 2015; 

Vaughan et al., 2017). For instance, wetlands are known to contain and export large 

numbers of DOC (Laudon et al., 2011; Li et al., 2015; Musolff et al., 2018; Zarnetske et al., 

2018). In forested catchments, so-called cryptic wetlands, which are hidden beneath the 

forest canopy, can contribute substantially to DOC export (Creed et al., 2003). Cryptic 

wetlands are located in topographic depressions, which are known to be an important 

source zone for DOC (Musolff et al., 2018). Besides antecedent wetness conditions, event 

size, DOC production and land cover,  topography is indeed a key factor for DOC 

mobilization.  

 

1.3. The role of topography for DOC mobilization and export 

Topographic characteristics of a catchment (e.g. slope, hillslope shape) control the 

occurrence and persistence of hydrological connectivity between different catchment 

compartments (Inamdar & Mitchell, 2006, 2007; Tetzlaff et al., 2014). This is due to the fact 

that topography controls soil saturation and the fluctuation of shallow  water tables and 

the formation of flow pathways  (Burt & Pinay, 2005; Detty & McGuire, 2010; Rinderer et 

al., 2014; Rinderer et al., 2016). 

By shaping the flow pathways, topography also exerts an influence on DOC mobilization. 

Flow pathways determine what possible DOC sources are connected to the stream and, 

therefore, how much and how fast DOC is transported to the stream. Large-scale studies 

have shown that topography is an important factor for  DOC export  in many catchments 

(Li et al., 2015; Zarnetske et al., 2018). In a virtual experiment, Weiler and McDonnell  (2006) 

found  that DOC mobilization processes differ with geometrical properties of hillslopes.  
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McGlynn and McDonnell  (2003) observed that hillslopes contributed to runoff at different 

tim es during precipitation events  in small headwater catchments than riparian zones 

leading to nonlinear concentration-discharge relationships. Still, topography do es not only 

influence mobilization processes and flow pathways to the stream.  For instance, 

Jankowski and Schindler (2019) have shown that DOC transport and storage in streams 

differ with catchment morphology, as  the temperature sensitivity of respiration depends 

on geomorphic features.  

Several studies have shown that DOC concentrations are correlated to the topographic 

wetness index (TWI), which represents the propensity of catchment parts for wetness  

(Andersson & Nyberg, 2009; Beven & Kirkby, 1979; Liu et al., 2014; Musolff et al., 2018; 

Ogawa et al., 2006). This is due to the abundance of wetlands and riparian zones in flat 

areas, which both are important DOC sources, especially in temperate catchments. 

Although not all riparian zones are wetlands, many riparian zones are similar to wetlands 

especially regarding the biogeochemistry of the saturated soils (Vidon, 2017). Riparian 

zones are important for DOC export because they are (1) an important DOC source 

(Blazejewski et al., 2009; Fiebig et al., 1990) and (2) often well connected to the stream 

(Inamdar & Mitchell, 2006) . The riparian zone is often very heterogeneous, varying in 

width (Ledesma et al., 2018), vegetation (Kuglerová et al., 2014; Park & Kim, 2020), carbon 

content (Blazejewski et al., 2009), soil composition (Grabs et al., 2012), permeability (Vidon 

& Hill, 2004)  and hydrological connecti vity (Ledesma et al., 2018; Ploum et al., 2020). 

Hydrological connectivity influences which parts of t he riparian zone contribute to 

discharge and DOC export. 

Not only topography on the catchment -scale influences flow pathways and DOC 

mobilization, but also small -scale topographical differences can have an impact on 

hydrological connectivity, DOC productio n and export. Surface microtopography can 

strongly influence hydrological connectivity , as microtopographical depressions fill up 

with water during precipitation events. The spilling following additional  precipitation 

input can lead to an additional surface water input to streams and can influence runoff 

generation (Antoine et al., 2009; Frei et al., 2010; Tromp-van Meerveld & McDonnell, 2006) . 

Moreover, microtopographical features have the potential to influence the form ation of  

biogeochemical hot spots in wetland systems (Frei et al., 2012). Several studies found  

biogeochemical differences in relation to microtopographical heterogeneity  in wetlands 

(Diamond et al., 2021), e.g. regarding redox conditions (Courtwright & Findlay, 2011)  and 

greenhouse gas emissions (Cresto Aleina et al., 2015; Mazzola et al., 2021). Moreover, 
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microtopographical features can affect DOC export. Wet depressions in the riparian zone 

can strongly contribute to the DOC export from catchments, as shown for both a temperate 

(Werner et al., 2021) and a boreal catchment (Ploum et al., 2021).  

In conclusion, topography, hydrological connectivity and DOC mobilization and export 

are closely linked. This thesis aims at gaining further insights into the interplay of 

topography and hydrological connectivity and the influen ces on DOC mobilization and 

export.  
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2. Objectives and Structure  

The present thesis was conducted as part of a joint research project with the goal to 

investigate the influence of natural factors on concentration, quality and effect of dissolved 

organic carbon (DOC) in the Bavarian Forest National Park (BFNP). The four working 

packages focused on (1) the impact of topography on the creation of flow paths and the 

mobilization of DOC (University of Bayreuth), (2) the quality of DOC (Helmholtz Center 

for Enviro nmental Research Leipzig), (3) the modeling of export and mobilization 

processes of DOC (Technical University Dresden) and (4) the biological diversity of macro -

benthic organisms in relation to DOC  (Senckenberg Nature Research Society). The multi-

disciplinary project has been developed in close cooperation with the BFNP 

administration that strongly encourag es research in the National Park with the goal to 

gain further insight s into this unique ecosystem and to adjust its management accordingly.   

The overall goal of this thesis was to gain insights into DOC mobilization processes and 

how they are linked to different catchment parts and, therefore, topography.  This thesis 

focuses on the hydrological processes influencing DOC mobilization  on different spatial 

and temporal scales. It  also sheds light on chemical DOC composition and biogeochemical 

processes. This thesis comprises four studies: 

Study 1: Low hydrological connectivity after summer drought inhibits DOC exp ort in a 

forested headwater catchment 

Study 2: Microtopographical structures in the riparian zone influence event -based DOC 

mobilization and quality in a forested headwater catchment  

Study 3: High -resolution DOC measurements indicate seasonal differences in the 

contribution of three nested forested subcatchments to DOC export 

Study 4: Delineating Source Contributions to Stream Dissolved Organic Matter 

Composition Under Baseflow Conditions in Forested Headwater Catchments  

The presented ÚÛÜËÐÌÚɯ ÈËËÙÌÚÚɯ ÚÌÝÌÙÈÓɯ ÖÍɯ ÛÏÌɯ ɁÛÞÌÕÛà-three unsolved problems in 

ÏàËÙÖÓÖÎàɂȮɯÊÖÓÓÌÊÛÌËɯÉàɯBlöschl et al. (2019), regarding source variability and scaling (e.g. 

0ÜÌÚÛÐÖÕɯƙȯɯɁ6ÏÈÛɯÊÈÜÚÌÚɯÚ×ÈÛÐÈÓɯÏÌÛÌÙÖÎÌÕÌÐÛàɯÈÕËɯÏÖÔÖÎÌÕÌÐÛàɯÐÕɯÙÜÕÖÍÍȮɯÌÝÈ×ÖÙÈÛÐÖÕȮɯ

subsurface water and matÌÙÐÈÓɯÍÓÜßÌÚɯȻȱȼȳɂ), interfaces in hydrology (e.g. Question 11: 

Ɂ6ÏÈÛɯÈÙÌɯÛÏÌɯ×ÙÖÊÌÚÚÌÚɯÛÏÈÛɯÊÖÕÛÙÖÓɯÏÐÓÓÚÓÖ×Ì-riparian -stream-groundwater interactions 

ÈÕËɯÞÏÌÕɯËÖɯÛÏÌɯÊÖÔ×ÈÙÛÔÌÕÛÚɯÊÖÕÕÌÊÛȳɂ) and measurements and data (e.g. Question 16: 
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Ɂ'ÖÞɯÊÈÕɯÞÌɯÜÚÌɯÐÕÕovative technologies to measure surface and subsurface properties, 

ÚÛÈÛÌÚɯÈÕËɯÍÓÜßÌÚɯÈÛɯÈɯÙÈÕÎÌɯÖÍɯÚ×ÈÛÐÈÓɯÈÕËɯÛÌÔ×ÖÙÈÓɯÚÊÈÓÌȳɂȺȭɯ 

Whereas Study 2 and Study 4 investigated possible DOC sources and their differences in 

DOC quality, Study 1 and Study 3 highl ight ed the differences in event based and seasonal 

DOC mobilization and export between the subcatchments. An asset of Study 1, Study 3 

and Study 4 clearly was the high temporal resolution of the collected data. Many studies 

have shown that weekly or bi-weekly samplings lead to a large uncertainty, when 

investigat ing DOC mobilization processes (Schleppi, Waldner, & Fritschi, 2006; Schleppi, 

Waldner, & Stähli, 2006). As DOC concentrations change in a matter of hours or even 

minutes as a response to precipitation events, high -frequency data are necessary to capture 

quick changes in DOC concentrations. In Study 1, Study 3 and Study 4, novel techniques 

were used allowing the measurements of DOC concentrations at a 15-minutes interval. 

Therefore, it was possible to investigate the detailed in-stream DOC response to events 

(Study 1), to observe seasonal changes in DOC export (Study 3) and to examine DOC 

concentrations and DOC quality during baseflow  (Study 4) much more accurately than by 

using infrequent  grab samples.  

 

Study 1 aimed at investigating the influence of event size, antecedent wetness conditions 

and topography on  DOC mobilization and export. The objective was to better understand 

the interplay between these three factors during precipitation events .  

Research questions of Study 1: 

¶ How are DOC mobilization pro cesses influenced by event size and antecedent 

wetness conditions? 

¶ Are there differences in DOC mobilization and export  between subcatchments due 

to topography? 

We hypothesized that hydrological connectivity, which is controlled by the antecedent 

wetness conditions and precipitation event size, influences DOC mobilization processes 

and DOC export.  We further hypothesized that different topographical positions within 

the catchment promote different hydrological mobilization and transport processes, and 

therefore, concentration-discharge relationships and DOC export will differ between the 

subcatchments. 
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Study 2 zoomed in on the riparian zone of the lower subcatchment to identify possible 

DOC source areas and to understand the importance of microtopography  for DOC quality 

and for event-based DOC mobilization.  

Research questions of Study 2: 

¶ How does microtopography influence DOC concentrations and DOC quality in the 

shallow groundwater of the riparian zone? 

¶ Does microtopography have an impact on the quality and quantity of mobilized 

DOC during precipitation events?  

We hypothesized that microtopographical depressions contribute to DOC export to the 

stream during precipitation events and that the contribution of this DOC can subsequently 

alter stream DOC quality.  

 

Study 3 shed a light on the seasonal variations in DOC export. The goal was to investigate 

how DOC exports varie d seasonally. A major focus was placed on the differences in DOC 

export numbers between the subcatchments over the course of one year.  

Research questions of Study 3: 

¶ What is the annual DOC export  from the entire catchment and how does it vary 

seasonally?  

¶ Are there seasonal differences between the contributions of subcatchments to DOC 

export? 

¶ Which factors influence seasonal differences and differences between the 

subcatchments? 

We hypothesized that DOC export is strongly influenced by seasons due to differences in 

DOC production and hydrological connectivity. We also hyp othesized that the 

contribution  of the different subcatchments varies between the seasons as a result of 

differences in topography  and its influence on hydrological connectivity .  

 

Study 4 aimed at characterizing differences in DOC concentration and composition along 

the topographical gradient of the stream during baseflow conditions. The objective was to 

investigate in-stream differences in DOC composition and compare the in-stream 

composition to possible DOC source areas of the catchment.  
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Research questions of Study 4: 

¶ How do  in-stream DOC concentrations and composition vary between the 

topographically different catchment parts during baseflow conditions?  

¶ Can the in-stream DOC composition be linked to different possible DOC source 

areas in the catchment? 

We hypothesized that the DOC composition in the steep, upper catchment part is driven 

by groundwater input, whereas the riparian soils influence DOC composition in the lower 

catchment part. Therefore, we hypothesized that DOC composition would be more 

variable over the year at the lower catchment part than at the upper catchment part. 
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3. Materials and Methods 

3.1. Study site 

3.1.1. Catchment characteristics  

All research was conducted from 2018 to 2021 in the Hinterer Schachtenbach catchment 

(HStot, 3.5 km2, Figure 1a), which is part of the Große Ohe catchment (19.2 km2). The Große 

Ohe Catchment is part of the Bavarian Forest National Park (BFNP), which is located in 

southeastern Germany and shares a border with the Czech Republic (Figure 1b). The BFNP 

covers an area of 243 km2. HStot comprises three nested subcatchments (Table 1): The 

streams of the upper subcatchments Markungsgraben (MG, 1.1 km2) and Kaltenbrunner 

Seige (KS, 0.9 km2) join to form the stream of the lower subcatchment Hinterer 

Schachtenbach (HSsub, 1.5 km2).  

 

Table 1: Catchment characteristics of the entire catchment HS tot  and the subcatchments KS, MG 

and HS sub. All data were provided by the BFNP administration.  

 

  HS tot KS MG  HSsub 

 Area (km 2) 3.5 0.9 1.1 1.5 

Area ratio of HStot (%) 100 26 31 43 

Elevation (m a.s.l.) 771 - 1373 877 - 1279 876 - 1373 771 ɬ 1085 

Mean slope (°) 12.0 14.5 15.8 7.4 

Soil (%) Cambisol 66 79 55 65 

Podzol  15 16 34 0 

Hydromorphic soil  18 5 5 35 

Other  1 0 6 0 

Vegetation (%) Rejuvenation 34 28 57 21 

Deciduous forest 41 53 29 42 

Coniferous forest 9 1 4 17 

Mixed f orest 15 17 8 19 

Other  1 0 3 1 
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Elevation in the entire catchment ranges from 771 m to 1373 m with a mean slope of 12.0°, 

whereas MG and KS represent the upper, steep part of the catchment with a slope of 15.8° 

and 14.5°, respectively, and HSsub represents the lower part of the catchment with a slope 

of 7.4°. MG has the largest proportion of steep hills with 22.9 % of its area having a slope 

over 20°. Only 2.2 % of the area of KS and 0.6 % of the area of HSsub have a slope of over 

20°. In the large flat riparian zone of HSsub, small ponds of unclear origin are a common 

feature. The geology of the Große Ohe catchment is dominated by biotite granite and 

cordieriteɬsillimanite gneiss. The soils are mainly Cambisols, Podzols and hydromorphic 

soils, whereby the proportion differs between the subcatchments. KS and MG are 

dominated by Cambisols and Podzols with a larger proportion of Cambis ols at KS. HS is 

dominated by Cambisols and hydromorphic soils.  Almost 40 % of the area of MG are also 

characterized by rocks, which are interspersed in the soils. Pleistocene solifluction 

processes created deeper soil layers in the lower catchment parts than in the upper 

catchment parts. The entire catchment is almost entirely  covered by forest. Dominant tree 

species are Norway spruce (Picea abies, 70 %) and European beech (Fagus sylvatica) but 

large parts of the catchment are in a stage of rejuvenation due to bark beetle outbreaks in 

the mid -1990s and 2000s, especially in the subcatchment MG (Beudert et al., 2015).  

Mean annual precipitation was 1557 mm at MG and 1341 mm at HStot (1988 ɬ 2017) and 

mean annual temperature was 6.4 °C (1988 ɬ 2017) at Waldhäuser, a station located 3.8 km 

east of HStot, outside of the Große Ohe catchment (Table 2). 

 

Table 2: Annual precipitation at MG and HS tot  and mean annual temperature at Waldhäuser for 

the years 2018, 2019, 2020 and 2021 as well as the long -term annual mean precipitation and 

temperature (1988 - 2017). Waldhäuser is a station loca ted outside of the Große Ohe catchment, 

ca. 3.8 km east of HS tot . All data were provided by the BFNP administration.  

 1988 ɬ 2017 

(mean) 

2018 2019 2020 2021 

Annual precipitation 

at MG (mm)  

1557 1274 1380 1293 1438 

Annual precipitation 

at HStot (mm) 

1341 1126 1125 1072 1212 

Mean annual 

temperature (°C) 

6.4 7.8 7.7 7.6 6.5 
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Figure 1: a) The Hinterer Schachtenbach catchment (HS tot , red outline) is part of the Große Ohe  

catchment and comprises the three subcatchments Kaltenbrunner Seige (dotted), 

Markungsgraben (checked) and Hinterer Schachtenbach (hatched). The main in -stream sampling 

sites were located at the corresponding outlets KS (yellow diamond), MG (green diamond ) and 

HStot  (black diamond). Study 4 refers to MG as MGL and to HS tot  as HSL. Study 4 includes the  

additional  sampling location HSU (blue diamond).  The deep groundwater wells (green dots) are 

located in the subcatchment Markungsgraben and in a neighboring subcatchment. Shallow 

groundwater was sampled in piezometers located in the riparian zone sampling area (orange 

square), which is shown in more detail in Figure 1c . Both the location of the stream network and 

the digital elevation model were provided by th e Bavarian State Office for Environment.  b) The 

BFNP is located in southeastern  Germany. The map was derived from Vemaps  (2022). c) The 

riparian zone sampling area with the locations of the two piezometers located in the forest soil 

(FS1 and FS2; orange circles) and the t wo piezometers located in the ponds ( P1 and P2; orange 
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triangles , also see Figure 3 ). Later  in the text, site FS refers to FS1 and FS2 and site P refers to P1 

and P2. 

3.1.2. Previous work in the Große Ohe catchment 

Since the creation of the BFNP, great emphasis has been placed not only on nature 

conservation but also on research. A special focus has been placed on the impact of large 

bark beetle outbreaks in the 1990s on the forest ecosystem and, consequently, the water 

regime and water quality. Over 50 % of the area and 75 % of mature Norway spruce ( Picea 

abies) were affected (Beudert et al., 2015), which led to a wide public debate if the BFNP 

should intervene . In the end, the BFNP decided to stick to itÚɯ×ÖÓÐÊàɯɁ+ÌÛɯÕÈÛÜÙÌɯÉÌɯÕÈÛÜÙÌɂɯ

(Nationalparkverwaltung Bayerischer Wald, 2022) . Following the bark beetle  

disturbances, earlier and intensified snowmelt as well as an increased groundwater 

recharge in summer and a rise in low flows in autumn were  observed in the Große Ohe 

catchment (Bernsteinová et al., 2015). Schwarze and Beudert (2009) showed that a decrease 

of evapotranspiration led to a rise in discharge during high flood events, especially as a 

result of the increase of fast flow components. Public concerns about the possibility of a 

deteriorating drinking water quality could not be confirmed as in -stream nitrate 

concentrations increased only temporarily and stayed well below the recommended limit 

for drinking water (Beudert et al., 2015). However, biodiversity increased significantly 

following the bark beetle outbreak s leading to the conclusion that the policy of not 

intervening was the right decision (Beudert et al., 2015). 

 

3.2. Data collection 

3.2.1. Sampling locations  

High -frequency data was collected at the subcatchment outlets HStot, MG and KS and 

shortly at HSU (Figure 1, Figure 2, Table 3). All data  that refer to HSsub have not been 

directly measured but  were derived from the difference of HS tot and the upper 

subcatchments (MG and KS). In Study 1, in-stream data from the outlets of MG and HStot 

were used. Study 2 focused on the riparian zone of the subcatchment HSsub, where possible 

DOC source areas were sampled. In-stream data from the outlet HS tot were used. In Study 

3, in-stream data from all three outlets HS tot, MG and KS were used and data for HSsub 

were derived as explained above. In Study 4, in-stream data from the outlet of HS tot (called 

HSL in Study 4) and MG (called MGL in Study 4)  were used and possible DOC source 

areas in the riparian zone of the subcatchment HSsub were sampled. Additional in -stream 
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data were collected from several sampling points along the stream in subcatchment HSsub 

and MG. 

 

Figure 2: The sampling locations of the high -frequency DOC measurements at the outlets of a) 

HStot , b) KS and c) MG.  

 

3.2.2. High-frequency measurements of DOC concentrations 

High -frequency DOC concentrations were measured in situ using three UV-Vis 

(ultraviolet -visible)  spectrophotometers (spectro::lyser, s::can GmbH, Vienna, Austria) 

during different periods between 2018 and 2021 (Devices D1, D2 and D3; Table 3). Study 

1 used the data of D1 and D2 during the years 2018, 2019 and 2020. Study 2 used no high-

frequency data. Study 3 used the data of D1, D2 and D3 during the years 2020 and 2021. 

Study 4 used the data of D1, D2 and D3 during the years 2018 and 2019. 

The spectrometric devices recorded the absorption spectrum of stream water from 200 to 

750 nm with a resolution of 2.5 nm every 15 minutes. DOC concentrations were quantified 

using the internal  calibration based on the absorption values by means of the software 

ana::pro. In order to refine the internal calibration, the DOC concentrations measured by 

the three UV-Vis spectrophotometers were calibrated using grab stream samples taken 

over the course of the sampling period at various discharge conditions (n D1 = 52, nD2= 22, 
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nD3 = 45). Samples were filtered in the field using polyethersulfone membrane filters (0.45 

ϟÔȺɯÖÙɯ×ÖÓàÊÈÙÉÖÕÈÛÌɯÛÙÈÊÒɯÌÛÊÏÌËɯÔÌÔÉÙÈÕÌ filters  ȹƔȭƘƙɯϟÔȺȭɯ ÓÓɯÚÈÔ×ÓÌÚɯÞÌÙÌɯÚÛÖÙÌËɯ

until further analysis at 4 °C.  DOC concentrations of the grab samples were analyzed by 

thermo-catalytic oxidation (TOC -L analyzer; Shimadzu, Kyoto, Japan). For further 

analysis, the calibrated values were used (R2D1 = 0.98, R2D2 = 0.87 and R2D3 = 0.97). As no 

drift of the DOC concentration could be identified in the measured signal, we decided 

against a correction for biofouling as done by Werner et al. (2019). However, the sensor 

optics were manually cleaned in the field every 2 weeks using cotton swabs.  

 

Table 3: Periods  during which the three spectro::lysers (Devices D1, D2, D3) were installed at the 

catchment outlets of HS tot , MG and KS. Due to technical failures, t here are data gaps of several 

hours to  days at all locations.  These data gaps were either not of importance for the investigated 

time periods or they are specified in the respective studies. *In 2018 and 2019, D3 was not 

installed at the outlet of HS tot , but 1.2 km upstream  at HSU (see Figure 1) .  

 

3.2.3. Discharge measurements  

Starting in June 2018, the water level at HStot was measured every 15 minutes using a 

pressure transducer (Solinst Canada Ltd., Georgetown, ON, Canada; SEBA Hydrometrie 

GmbH & Co. KG, Kaufbeuren, Germany). Flow velocities were measured periodically at 

the same location with an electromagnetic current meter (FlowSens; SEBA Hydrometrie 

GmbH & Co. KG, Kaufbeuren Germany) and via tracer dilution (TQ -S; Sommer 

Messtechnik, Koblach, Austria). Corresponding discharge was calculated following Kreps 

(1975). For MG, the discharge data for the complete sampling period were taken from the 

database of the Bavarian State Office for Environment (2021) at a 15-minutes interval. The 

discharge at KS was measured via tracer dilution (TQ-S; Sommer Messtechnik, Koblach, 

Austria) at eight occasions and continuous discharge was derived using a relationship 

Device number 

(serial number)  

HS tot MG  KS 

D1 (12150159) 12.06.18 ɬ 19.11.18 

12.03.19 ɬ 19.11.19 

01.04.20 ɬ 22.09.21 

  

D2 (16430001)  12.06.18 ɬ 20.11.18 

09.04.19 ɬ 31.05.19 

15.04.20 ɬ 23.06.20 

09.10.20 ɬ 22.09.21 

D3 (09210079) 11.06.18 ɬ 20.11.18* 

09.04.19 ɬ 18.11.19* 

09.07.20 ɬ 22.06.21 04.04.20 ɬ 09.07.20 
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between the highly resolved discharge data of MG and the measured discharge at KS 

(R2=0.93). 

3.2.4. Additional data 

This thesis focuses on the collected in-stream DOC data. However, additional data have  

been gathered. During an event from 25 th to 27th of September (63 mm of precipitation ), 

stream water was sampled hourly using a portable water sampler (ISCO Sampler, 

Teledyne, Thousand Oaks, United States) at HStot (black diamond, Figure 1a). In 2020, two 

piezometers (P1 and P2) were installed in two different vegetation -free ponds (Figure 3) 

and two piezometers (FS1 and FS2) were installed in the grass-covered, flat forest soil. The 

shallow groundwater level was measured in FS1, FS2 and P1 (but not in P2) at a 15-minute s 

interval starting in June 2020 using pressure transducers (Solinst Canada Ltd., 

Georgetown, Canada). Additionally, a time lapse camera took pictures of the pond P1 at 

an interval of 30 minutes.  

 

Figure 3: The riparian zone sampling area with a) an empty pond during dry conditions and b) 

the same pond during wet conditions. c) The ponds became connected via overland flow during 

wet conditions.  
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To test for temporal concentration changes, shallow groundwater was sampled from all 

four piezometers manually using a bailer approximately every three  weeks from May 

until October 2020 resulting in a total of eleven samples per piezometer. Additionally, the 

pond water itself was sampled at P1 and P2 at five dates. One sample each of three deep 

groundwater wells (Figure 1) was taken in March 2021: DGW1 (969 m a.s.l., 16. 5 m depth), 

DGW2 (964 m a.s.l., 17.5 m depth) and DGW3 (819 m a.s.l., 10.3 m depth). The soil profile 

at FS1 was sampled once by taking six samples using a soil corer over the depth of 5 to 65 

cm in October 2020. Furthermore, one grab sample of the topmost 5 cm at P1 was taken in 

June 2020. Pore water was sampled at P1 and P2 with a resolution of 2 cm to a depth of 20 

cm using peepers filled with deionized water which were left to equilibrate with soil water 

between 16 and 22 days. Precipitation was measured both close to the outlet of HStot and 

of MG and data were provided by the BFNP administration  for the entire sampling period .  

 

3.3. Laboratory analyses 

3.3.1. Spectrometric measurements for the characterization of DOC quality 

Absorbance measurements of all samples were performed using UV-Vis 

spectrophotometry (Cary 100, Varian, Palo Alto, United States), which recorded the 

absorption spectrum of water samples from 200 to 800 nm with a resolution of 0.5 nm. 

Two commonly used absorbance metrics were determined: The ratio betw een the 

absorbance at 254 and 365 nm (A254/A 365), which is negatively correlated to the molecular 

weight of DOC (Dahlén et al., 1996), and the specific UV absorbance defined as the DOC 

concentration normalized absorbance at 254 nm (SUVA254), which is positively correlated 

to DOC aromaticity (Weishaar et al., 2003).  

A fluorescence spectrometer (LS-55, PerkinElmer, Waltham, United States) recorded 

fluorescence Excitation-Emission Matrices (EEMs) in 5 nm steps over an excitation range 

of 240 to 450 nm and in 0.5 nm steps over an emission range of 300 to 600 nm. Prior to 

analysis, samples were diluted to absorption at 254 nm < 0.3 cm-1 to reduce inner-filter 

effects, if necessary. No Raman normalization was conducted, as ratios were used for 

further analysis instead of the absolute values. The Fluorescence Index was calculated as 

the ratio between emission at wavelengths of 570 and 520 nm at an excitation wavelength 

of 370 nm (McKnight et al., 2001). The Freshness Index was calculated as the ratio between 

emission at 380 nm and the emission maxima between 420 and 435 nm at an excitation of 

310 nm (Parlanti et al., 2000). The Humification Index (HIX) was calculated by dividing 
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the emission intensity in the 435 to 480 nm region by the sum of emission intensities in the 

300 to 345 nm region and in the 435 to 480 nm region at an excitation of 255 nm (Ohno, 

2002). The spectral slope ratio (SR) was calculated by dividing the slope in the interval of 

275 to 295 nm by the slope at 350 to 400 nm (Helms et al., 2008). In the following, we refer 

ÛÖɯÛÏÌɯÊÈÓÊÜÓÈÛÌËɯÈÉÚÖÙÉÈÕÊÌɯÈÕËɯÍÓÜÖÙÌÚÊÌÕÊÌɯÔÌÛÙÐÊÚɯÈÚɯɁ#."ɯØÜÈÓÐÛàɯ×ÈÙÈÔÌÛÌÙÚɂȭɯWe 

use the DOC quality parameters to highlight qualitative differences between DOC sources, 

as the characterization of the DOC itself is difficult and the indices need to be interpreted 

with caution (see Study 2).  

3.3.2. Cation concentrations 

All water samples  for cation analysis were filtered using polycarbonate track etched 

membrane filters (0.45 µm) or polyethersulfone membrane fil ters (0.45 µm). All samples 

were stabilized with 1 vol% 1M HNO 3 and stored until further analyses at 4°C. 

Concentrations of Al, Ca, Fe, Mg and Mn  were determined using inductively coupled 

plasma optical emission spectrometry (ICP-OES XL 3200, PerkinElmer, Waltham, United 

States).  

3.3.3. Additional laboratory analyses 

In addition to the mentioned analyses, Fe(II) and Fe(III) were determined photometrically  

in some water samples (Tamura et al., 1974). Moreover, reactive iron and pedogenic iron 

and aluminum oxides in the solid phase were extracted and analyzed (Mehra & Jackson, 

1958). C and N content of the solid phase were determined  using an elemental analyzer 

(FlashEA1112, Thermo Fisher Scientific, Waltham, USA). To identify individual molecular 

formulas of DOC, Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-

MS) was conducted (Herzsprung et al., 2014; Lechtenfeld et al., 2014; Nebbioso & Piccolo, 

2013).  

 

3.4. Data analyses 

3.4.1. Analysis of event characteristics and DOC export 

Ptot is the total amount of precipitation during the event. The  antecedent precipitation 

(AP14) is the cumulative precipitation  14 days prior to the start of the event, following van 

Verseveld et al. (2009). The sum of Ptot and AP14 represents the total catchment wetness. In 

Study 1, DOC concentrations were plotted for each event as a function of discharge at a 

15-min utes interval. To describe this non-linear relation, the hysteresis index (h), was 
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calculated as proposed by Zuecco et al. (2016). A positive hysteresis index  indicates a 

clockwise hysteresis, whereas a negative hysteresis index indicates a counterclockwise 

hysteresis. The larger the absolute value of h, the wider the hysteretic loop. Additionally,  

DOC fluxes were calculated by multiplying the  15 minutes discharge value with the 

corresponding 15 minutes DOC concentration. These were cumulated to a total DOC 

export per event or season. Runoff ratios were calculated as the ratio of cumulative area 

normalized discharge to the amount of precipitation during each event (Study 1) or season 

(Study 3). For KS and MG, the precipitation measured close to their outlet was used. For 

HStot and HSsub, the precipitation measured close to the outlet of HStot was used. 

Cumulative discharge for HS sub was calculated as the difference of the discharge of HStot 

and the discharge of KS and MG. When comparing the contribution  of different 

subcatchments to total discharge and DOC export  in Study 1 and Study 3, we used the 

ratio of the areas (Table 1) of the subcatchments (0.31 for MG/HStot, 0.26 for KS/HStot and 

0.43 for HSsub/HStot) as a benchmark.  

3.4.2. Analysis of differences in groundwater level dynamics 

In Study  2, the 0.9 quantile (Q0.9) of all discharge values during the sampling period was 

calculated as a measure of event flow. For all data points with discharge values above Q0.9, 

the mean shallow groundwater level for each location was calculated, representing the 

mean groundwater  level during event flow. Additionally, we used the metric t R, which 

was defined as the time (in minutes) needed for the water level to recede by 2 cm from the 

water level maximum during an event.  

3.4.3. Statistical analysis of potential DOC source areas 

The sampled locations FS1, FS2, P1, P2 and DGW were interpreted as representing 

different source areas of DOC. The sampled locations were grouped according to their 

physiographic characteristics: 1) FS1 and FS2 as representatives for sites with a typical 

forest soil (called FS, hereafter), 2) P1 and P2 as representatifves for sites with ponds (called 

P, hereafter) and 3) DGW1, DGW2 and DGW3 as representatives for the deep 

groundwater. In order to verify the similarity of the grouped locations, a cluster analysis 

was performed. Following the cluster analysis, a Wilcoxon ranksum test for all analyzed 

parameters was performed to test the similarity between sites P and FS. All stat istical 

analyses were performed using MATLAB (MATLAB R2019b).
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4. Results and Discussion 

4.1. Study 1: Low hydrological connectivity after summer drought inhibits 

DOC export in a forested headwater catchment 

The comparison of four precipitation events with contrasting antecedent wetness 

conditions as well as a contrasting amount of precipitation revealed differences in DOC 

mobilization processes as well as DOC export numbers between the events. Moreover, the 

comparison showed differences in DOC mobilization and export between the topographic 

positions MG and HS. In order to stay consistent regarding the wording used in the study,  

in this section, the name HS is used instead of HStot. The events in June 2018, October 2018 

and May 2019 were of similar size. However, the antecedent conditions were different for 

all three events: The event in October 2018 had the lowest AP14 values, followed by the 

event in May 2019 with intermediate AP 14 values and the event in June 2018 with the 

largest AP14 values. The event in September 2020 was unusually large for the sampling 

period  and followed a very dry summer leading to a similar ly low  AP14 as in October 2018.  

The comparison of the peak discharge values during the events showed that event size is 

not the only factor influencing discharge generation, but that the topographic position as 

well as antecedent wetness conditions also played a role. At HS, peak discharge values 

were correlated with the total catchment wetness indicating a high dependency on 

hydrological connectivity for runoff  generation. At MG, peak discharge was in a similar 

range for all events. Moreover, runoff ratios were higher at MG than at HS  during all 

events except in June 2018 and the discharge response was faster at MG than at HS. These 

observations confirmed that the lower, flat catchment parts need to be rewetted in order 

to activate flow pathways towards the stream, whereas the steep slopes at MG facilitate a 

fast delivery of water towards the stream , even following drought periods .  

Study 1 revealed not only differences between the events and between the locations 

regarding runoff generation, but also regarding DOC mobilization and expo rt. During all 

events, in-stream DOC concentrations increased (up to 19 mg L-1) in comparison to 

baseflow concentrations (2 ɬ 3 mg L-1). At HS, the DOC-Q hysteresis patterns were 

counterclockwise for all events. At MG, the events in May 2019 and October 2018 showed 

counterclockwise hysteresis patterns, whereas the hysteresis patterns in June 2018 and 

September 2020 showed no clear loop form. Moreover, the hysteretic loops were generally 

wider at HS than at MG indicating a slower mobilization of DOC at HS th an at MG. This 
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finding can be attributed to the slow saturation of the flat soils and, therefore, the slow 

establishment of hydrological connectivity at HS.  Another factor could be the connection 

of small ponds in the riparian zone, which get connected to the streams during wet 

conditions (see Study 2). At both locations, t he precipitation specific DOC load was 

increasing with increasing total catchment wetness, which highlights the importance of 

the antecedent wetness conditions and event size for DOC mobilization. Although one 

would expect the flat lower catchment to be more important for DOC export  for several 

reasons (e.g. larger riparian zone), the study showed that this is not always the case. The 

contribution of MG to total DOC export inc reased with decreasing total catchment wetness 

leading to a disproportionally high contribution to DOC export after dry periods. This 

observation can be attributed to the inhibition of DOC mobilization due to the missing 

hydrological connectivity in the lo wer catchment following dry periods rather than an 

increased DOC export of the upper catchment. A similar effect could  be seen when looking 

closer at one singular  event. During events following dry conditions, the contribution from 

MG to total DOC export d ecreased over the course of the event as a result of an increasing 

hydrological connectivity  in the flat riparian zone of HS.  

To conclude, Study 1 showed that event size is important for DOC mobilization, if the 

antecedent wetness conditions are similar. However, if the events are of similar size, total 

catchment wetness becomes important leading to a faster and higher DOC export during 

events following wet conditions. This effect can offset seasonal effects, which would lead 

to an increased DOC production and, therefore, export during events following warm 

summer months. Topography is another important factor influencing DOC mobilization, 

as it influences the establishment of hydrological connectivity and development of flow 

pathways. In the lower subcatchment with its flat and large riparian zone, the 

establishment of hydrological connectivity needs more time than in the upper catchment 

with its steep slopes. Therefore, DOC export is inhibited in the lower catchment during 

events following dry antecedent c onditions, which leads to a disproportionally high 

contribution of the upper catchment.   
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4.2. Study 2: Microtopographical structures in the riparian zone influence 

event-based DOC mobilization and quality in a forested headwater 

catchment  

Study 2 focused on the riparian zone of the lower catchment HSsub and the 

microt opographical structures within  it , which were observed during the work for Study 

1. The comparison of the shallow groundwater below microtopographical depressions 

(called ponds hereafter) and below the typical flat forest soil in the riparian zone revealed 

differences in groundwater level dynamics, DOC concentrations and DOC quality. 

Regarding DOC quality, this study pointed out  difficulties in the interpretation of DOC 

quality parameters, such as the Humification Index, Freshness Index and Fluorescence 

Index, which are widely used to characterize organic matter. Therefore, in this study, these 

parameters were used primarily to hi ghlight qualitative differences between the possible 

DOC sources and not to characterize the DOC itself.  

The shallow groundwater levels at the sites with ponds (site P) were characterized by 

larger level fluctuations and a slower receding time  than at the forest soil sites (site FS). 

Therefore, the upper soil layers at site P were regularly rewetted. The resulting higher 

microbial activity and decomposition rates could lead to higher DOC concentrations and 

a higher aromaticity in the shallow ground water at site P than at site FS. Additionally, the 

convergence of DOC-rich subsurface and surface water flow paths due to the 

microtopographic characteristics could lead to the accumulation of DOC at the ponds.  

The chemical differences between the two sites were used to investigate the influence of 

the sites on DOC export during a precipitation event. During the event, several measured 

parameters in the stream approached the values found at site P indicating a contribution 

of the shallow groundwater at site P to event stream flow. During events, t he water level 

at the sites with the ponds regularly rose above the surface leading to the connection of 

the ponds to the stream via overland flow in addition to subsurface flow paths. The mean 

water level durin g high discharge conditions was clearly above ground at site P, whereas 

it was below ground at site FS. 

Looking at the cation concentrations, it is striking that both iron (Fe) and aluminum ( Al ) 

in-stream concentrations increased over the course of the event. Fe concentrations were 

high in the shallow groundwater at site FS and site P. Therefore, an in-stream increase of 

Fe concentrations indicated  a coupled export of DOC and Fe but not a specific contribution 

of the ponds to DOC export. However, Al concentrations were much higher at site P and 
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increasing Al concentrations in the stream weÙÌȮɯÛÏÌÙÌÍÖÙÌȮɯÈɯÊÓÌÈÙɯÚÐÎÕɯÖÍɯÛÏÌɯ×ÖÕËÚɀɯ

contribution  and indicative of a coupled export of Al and DOC.  

In summary,  the comparison of the shallow groundwater  at the site with 

microtopographical depressions and without microtopographical depressions  revealed 

clear chemical differences in DOC concentrations, cation concentrations and DOC quality 

parameters. In general, the DOC quality parameters need to be interpreted carefully  in 

terms of DOC characterization. They were, however, useful to highlight qualitative 

differences between DOC sources. The observed differences in concentrations and quality  

could  be attributed to differences in groundwater level dynamics.  During the investigated 

precipitation event, the ponds likely contributed to DOC export as in -stream parameters 

approached values found in the ponds over the course of the event. 

 

4.3. Study 3: High-resolution DOC measurements indicate seasonal 

differences in the contribution of three nested forested 

subcatchments to DOC export  

The annual DOC export of HStot was 13760 kg or 3931 kg km-2, which is in the range of 

other European forested catchments. Interestingly , large variations  in DOC export 

numbers could be observed between the five seasons, which were delineated according to 

precipitation patterns (snowmelt, spring, summer, autumn, winter) . Snowmelt was most 

important for DOC export (40.5 %  of annual DOC export , 55 kg d -1), which is due to the 

availability of large quantities of water and the reconnection of flow pathways to the 

stream. Additionally, the flushing of accumulated DOC from the topsoil c ould add to the 

high DOC export. Moreover, DOC export  was linked to  daily freeze-thaw cycles 

highlight ing the importance of hydrological flow pathways for DOC export . Spring was 

also important for DOC export (24.5 %, 56.4 kg d -1). Frequent precipitation events and the 

saturated soils led to the establishment of a high hydrological connectivity between DOC 

sources and the stream. DOC production was probably also increasing in spring and 

summer due to increasing temperatures. However, low hydrological connectivity d ue to 

less precipitation events led to a much lower DOC export in summer  (10.4 %, 16.7 kg d -1). 

In autumn, large precipitation events and the additional input of leaf litter led to the export 

of larger DOC quantities than in summer (20.3 %, 48.8 kg d -1). In winter, DOC export was 

limited (4.2 %, 9.5 kg d -1) due to the limited DOC production and limi ted transport via 

flow pathways as a consequence of snowfall.  
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In addition to seasonal DOC export variations, differences in the contribution of the three 

subcatchments to DOC export were observed throughout the investigated period . Runoff 

ratios, area normalized discharge and DOC export rates were highest during snowmelt 

and lowest during winter.  During winter, all subcatchments contributed eq ually to DOC 

export, which meant  that KS contributed more than expected and HSsub less than expected, 

when taking into account the respective areas of the subcatchments. KS showed the 

highest runoff ratio of all subcatchments during winter. An additional  reason for the 

higher contribution of KS to DOC export in winter could be the high proportion of 

deciduous trees in this subcatchment, which led to an additional carbon input with  litter 

fall. During snowmelt and spring, HS sub contributed most and KS contributed least to DOC 

export . The main reason for this distribution, which reflects the area proportions of t he 

subcatchments, is the high hydrological connectivity between the DOC sources and the 

stream, facilitating DOC export from  HSsub. Moreover, the lower elevation of H Ssub could 

lead to an earlier snowmelt than at the higher elevated subcatchments MG and KS, leading 

to a higher contribution of H Ssub to DOC export during snowmelt in comparison to spring, 

when MG becomes more important. Due to data gaps, the contribution of the 

subcatchments could not be compared during summer. During autumn, HS sub contributed  

less and MG contributed more than expected and also most of all three subcatchments. In 

contrast to the wet snowmelt period, DOC export from the flat riparian zone in HS sub was 

limited due to the low hydrological connectivity. The results show that the steeper, upper 

subcatchments are not much affected by the dry summer and are able to establish fast flow 

pathways already during the first large precipitation events after the  drought period.  

This effect was most pronounced in autumn but  influenced DOC export during the entire 

year as MG contributed more to DOC export than expected throughout the year, whereas 

HSsub contributed less than expected during all seasons except during snowmelt.  When 

looking at the contribution to r unoff, a similar picture emerged . MG contributed more to 

runoff and showed higher runoff ratios than HS sub. As explained above, topography is an 

important factor. The steep hillslopes in the upper catchment s, which are interspersed by 

large rocks, facilitate a fast runoff during events. In contrast,  the flat riparian zone of the 

lower catchment is dependent on the the establishment of hydrological connectivity  

following the saturation of the deep soils and rising groundwater tables . Over the year, 

the contribution of HS sub to DOC export exceeded the contribution to runoff. This indicates 

that the high amounts of DOC being exported during the wet periods offset the limited 

DOC export during dry periods  in the lower catchment. In contrast, the contribution to 

DOC export from KS and MG was lower than the contribution to runoff indicating a 
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limited DOC pool in comparison to the lower catchment. DOC export in the lower 

catchment is clearly transport limited, which led to the disproportionally higher 

contributions of the upper catchments to DOC export  during periods of low hydrological 

connectivity .  

To summarize, DOC export clearly varies seasonally and is mainly influenced by the 

establishment of hydrological connectivity between DOC sources and the stream. 

Nevertheless, DOC availability also plays a role and is linked to DOC production and 

vegetation. The contributi on of the subcatchments to DOC export also varies seasonally. 

The disproportional contribution of the upper subcatchments is closely linked to the steep 

topography, which facilitates DOC mobilization via fast flow pathways. In contrast, DOC 

export of the lower subcatchment is often limited by low hydrological  connectivity as it is 

dependent on the saturation of the soils. These findings confirm the findings of Study 1 on 

a seasonal scale. 

 

4.4. Study 4: Delineating Source Contributions to Stream Dissolved Organic 

Matter Composition Under Baseflow Conditions in Forested 

Headwater Catchments 

This study refers to dissolved organic matter (DOM). DOM is a heterogeneous mixture 

composed of different compounds (as nitrogen and sulfur) but mainly carbon. DOC 

corresponds to ca. 90 % of DOM and, therefore, is used as a proxy for DOM concentration. 

DOC concentrations during baseflow were similar at all three investigated sampling sites 

HSL, HSU, MG (average of 2.6 mg L-1) but the mean specific discharge was higher at MGL 

than at HSL. Throughout the seasons, baseflow DOC concentrations were also similar with 

the exception of spring, which showed slightly higher DOC concentrations  indicating the 

connection of additional DOC sources. The variability of DOC concentrations and 

discharge was higher at the lowest sampling site HSL. In contrast to the similar DOC 

concentrations along the stream, clear spatial patterns of DOM quality could be observed.  

At the lower part of the catchment (HSL), DOM was characterized by a h igher aromaticity, 

a lower molecular weight  and a higher O/C ratio  than at the upper part of the catchment 

(HSU and MGL). All these characteristics indicated the input of fresh pl ant-derived 

material and led to the conclusion that the DOC originated  from superficial  soil layers of 

the hydromorphic soils in the large riparian zone. In contrast to that, the more microbially 
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processed DOM characteristics at the upper catchment part indicated that DOC originated  

from deeper soil layers.  

The sampling of three potential DOC sources in the lower catchment part also revealed 

some differences. The riparian zone surface water refers to a pond similar to the ones 

studied in Study 2. It was characterized by high DOC concentrations, a low O/C ratio, a 

low H/C ratio and a high aromaticity indicating a less biologically processed DOC. The 

riparian soil groundwater (sampled  in piezometer FS1, which was also sampled in Study 

2) was also characterized by high DOC concentrations and a high aromaticity but showed 

a more variable H/C and a high O/C ratio indicating a more biologically processed DOC. 

Shallow groundwater was sampled from a spring close to the stream and showed low 

DOC concentrations, high nitrogen content and mostly aliphatic compounds, which is 

typical  for groundw ater samples.  

Finally, differences in the in -stream DOC composition could be observed between periods 

of low and high DOC concentrations. When DOC concentrations were low, DOM was 

characterized by a high nitrogen content and aliphatic concentrations indic ating the higher 

contribution of groundwater. When DOC concentrations were high, DOM was 

characterized by a higher O/C ratio, a variable H/C ratio and a higher aromaticity 

indicating the contribution of water from the superficial soil layers.  

In this study, the combination of high -frequency DOC data and FT-ICR-MS data of 

additional samples proved useful. While the high -frequency data captured the seasonal 

trends of in -stream DOC concentration and quality, the FT-ICR-MS data provided the link 

between the stream and possible DOC sources regarding molecular composition. To 

conclude, in-stream DOM in the lower catchment part wa s likely to be influenced by DOC 

derived from upper soil layers, whereas in the uppe r catchment deeper soil layers were 

more important. Moreover, with increasing in -stream DOC concentrations the influence 

of the upper soil layers was increasing. 
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5. Conclusions  

5.1. Main findings on DOC mobilization in the Hinterer Schachtenbach 

catchment  

This thesis brought together the interplay of various natural  factors, which influence DOC 

mobilization and export in the Hinterer Schachtenbach catchment.  

First, DOC mobilization depends on the availability of DOC at the source areas and, 

therefore on seasonal DOC production patterns. This explains at least partly the low DOC 

export during winter. However, Study 1 and Study 3 have shown that hydrological effects 

are often more important than seasonal effects, which are linked to temperature. This 

explains the low DOC export during summer, a time that  should lead to a very high DOC 

export if temperature was the most important factor. Nevertheless, DOC export is low 

during the sum mer months as well as during autumnal events following the dry summer 

months. Study 1 shows that available DOC cannot be transported to the stream due to a 

low hydrological connectivity  in the lower, flat catchment parts . There, the antecedent 

wetness conditions are crucial for the establishment of hydrological connectivity  and 

runof f generation. Hydrological connectivity is especially high during snowmelt and 

spring, which le ads to a high contribution of the lower catchment  during these times 

(Study 3) and differences in DOC quality (Study 4). Study 1 has also confirmed that event 

size is a controlling factor of DOC mobilization, which has the potential to offset the 

limiting effect of dry antecedent conditions and establish hydrological conne ctivity 

quickly. A high hydrological connectivity does not only refer to subsurface flow paths, but 

also to surface flow. Study 2 confirmed the assumption made in Study 1 that the 

microtopographical depressions in the riparian zone of the lower catchment c an become 

of importance for DOC export  during events. Moreover, the results showed that the 

connection of the microtopographical depressions to the stream can influence the quality 

of in -stream DOC by exporting more aromatic DOC.  

Not only microtopographic al patterns play a role in DOC mobilization processes. As seen 

in Study 1, topography also influences DOC mobilization and is closely linked to 

antecedent wetness conditions. In the lower catchment parts, hydrological connectivity is 

established more slowl y and is highly dependent on a rising groundwater level and soil 

saturation. A low hydrological connectivity inhibits the connection of flow pathways from 

potential DOC sources to the stream. Therefore, the upper catchment parts become 
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proportionally more important for DOC export following drought periods as here, the 

steep hillslopes facilitate runoff generation. Study 3 confirms differences in DOC export 

between the subcatchments on a larger temporal scale and reveals that the lower 

catchment often contributes less to total DOC export than expected in terms of its area. In 

contrast, the upper catchments contribute more t o DOC export than expected in terms of 

their  area, especially during periods when hydrological connectivity is limited in the lower 

catchment. The higher variability of DOC c oncentrations and of discharge at the lower 

catchment during baseflow  (Study 4) also suggest that the connectivity of the stream to 

DOC sources varies more than at the upper catchments. These differences can be 

attributed to topographic differences, which influence  runoff  generation. The steep slopes 

of the upper catchments facilitate the rapid connection of flow paths to the stream, 

whereas the flat topography of the lower catchment depends on the slow saturation of the 

upper soil layers and rising groundwater tables  in order to establish hydrological 

connectivity.  

 

Figure 4: Conceptual figure of the interplay of the factors, which are influencing the quantity and 

quality of the exported DOC.  

 

This is confirmed by the results of Study 4, which h ave shown that the DOC quality  in the 

lower catchment parts indicate that the DOC originates from upper soil layers, whereas 

the DOC in the upper catchment parts originates from deeper soil layers. These effects are 

visible on the event-scale (Study 1), as DOC mobilization happens faster in the upper 
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catchment part than in the lower catchment part, and on a seasonal scale (Study 3), as DOC 

export from the lower catchment is limited during drought periods due to a low 

hydrological connectivity. Moreover, differences in vegetation seem to influence DOC 

export as the contribution to total DOC export from KS increases in autumn. It is likely 

that the high percentage of deciduous trees in this subcatchment leads to a high additional 

input of leaf litter. Additionally, elevation might play a role for seasonal DOC expor t 

influencing the  extent and timing of the snowpack.  

In summary, topography has a large impact on hydrological connectivity and  therefore 

influences DOC mobilization, export and quality ( Figure 4).  

 

5.2. Implications for DOC mobilization and export under a changing 

climate  

According to the newest report of the Intergovernmental Panel on Climate Change (2021), 

our planet  will  be influenced strongly by climate change in the next decades. Western and 

Central Europe will be affected by rising temperatures and changing precipitation 

patterns. On the one hand, the frequency of extreme precipitation events and pluvial 

flooding is expected to increase. On the other hand, the frequency and intensity of 

droughts is also expected to increase. Moreover, snow cover extent and seasonal snow 

duration wil l probably decline  as a result of warming temperatures. All of these aspects 

are likely to affect DOC mobilization processes and DOC export  from headwater 

catchments. As headwater catchments make up an important part of the global stream 

length (Downing, 2012), these changes would affect large downstream areas (Gomi et al., 

2002; Wohl, 2017). 

Generally, rising temperature s could lead to an increased DOC production and a larger 

potential DOC pool. Changes in snow cover extent and duration could influence DOC 

mobilization. As more precipitation falls as rain during winter, DOC export during winter 

could increase. In contrast, the importance of snowmelt -induced DOC export would 

decline as also suggested by Meingast et al. (2020). Therefore, DOC export could be more 

evenly distributed over the winter and spring months. Longer warm periods and less 

snow cover even at high altitudes could also lead to an increasing importance of DOC 

export from higher elevated catchments. At the Hinterer Schachtenbach catchment, this 

could lead to a higher DOC export from all subcatchments during winter and a lower DOC 

export during the snowmelt period. The contribution to DOC export during winter from 
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the upper subcatchments could increase as they are currently affected by a larger and 

longer lasting snowpack  than the lower subcatchment. 

As precipitation events are a key driver of DOC mobilization and export, more extreme 

precipitation events could lead to an increased DOC export. However, this effect could be 

limited in some catchments by source depletion. In the Hinterer Schachtenbach catchment, 

DOC mobilization was clearly transport limited . This was also the case for  more than 1000 

investigated catchments in the U.S. (Zarnetske et al., 2018). Nevertheless, with the 

frequency and intensit y of precipitation events rising, some catchments might switch from 

a transport l imitation to a source limitation  as DOC pools become depleted. In the Hinterer 

Schachtenbach catchment, this would rather be the case for the upper subcatchments as 

the DOC pool is probably smaller than at the lower subcatchments. The contribution of 

the lower subcatchment to DOC export during extreme precipitation events  could increase 

as hydrological connectivity is established faster than usual during precipitation events.  

As the results of the presented studies show, hydrological connectivity is crucial for DOC 

mobilization and export. Therefore, a higher frequency and intensity of droughts could 

inhibit DOC mobilization more often and over longer periods than currently. This could 

lead to a general decrease in DOC export from drought -affected catchments. Long drought 

periods could lead to the disconnection of upper catchment parts (Bernal & Sabater, 2012) 

or even to a change from perennial to intermittent stream systems and a fragmentation of 

streams, especially in headwater catchments (Jaeger et al., 2014; Messager et al., 2021; 

Reynolds et al., 2015). The fragmentation of Mediterranean streams following drought has 

been shown to lead to DOC accumulation in the remaining water pools and a subsequent 

increase in DOC concentrations following precipitation events (Granados et al., 2020). 

However, it is likely that more drought periods would  decrease DOC export in general as 

DOC export is closely linked to precipitation events . This decrease in DOC export could 

potentially slow down the current trend of rising DOC concentrations in freshwater 

systems. Moreover, several studies in Mediterranean catchments have shown that 

droughts  can alter DOC quality  in the stream (Ejarque et al., 2017; Granados et al., 2020; 

Romaní et al., 2006).   

As the results of Study 1 and 3 show, flat, lower catchment parts  with a large riparian zone 

are strongly dependent on soil saturation for DOC mobilization and export. During 

summer and during events following drought, DOC export from the flat catchment parts 

is clearly limited. More droughts could therefore lead to a decreasing importance of 

riparian zones for DOC export  as hydrological connectivity is established less frequently.  
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On the contrary, upp er catchments with steep slopes could contribute more to DOC 

export. These changes could result in a different chemical composition of the exported 

DOC, as Study 4 has shown that there are differences between the upper and the lower 

catchment parts. Microtopographical depressions, as the ponds investigated in Study 2, 

could also be affected by droughts, as they would probably be connected to the stream 

less frequently. Less rewetting of the upper soil layers in the ponds could also alter DOC 

quality. The combination of more droughts and more extreme precipitation events could 

lead to a less evenly distributed DOC export  during summer and autumn, in contrast to 

winter and spring , when DOC export could become more evenly distributed  as explained 

above. Large amounts of DOC could be exported in pulses during events, whereas DOC 

export could be l imited during drought periods. Wen et al. (2020) have shown that 

increasing hydrological extremes lead to an asynchrony between DOC production and 

DOC export with DOC production occurring during warm periods but DOC export being 

limited to few precipitation events.  

A changing temporal and spatial in -stream availability of DOC could influence the 

formation of greenhouse gases and could affect aquatic organisms, which use DOC as an 

energy source. Moreover, these changes could have an impact on the management of 

drinking water reservoirs , as the treatment of surface water might need to be adapted 

according to changing DOC export patterns  and changes in the quality of the exported 

DOC. As mentioned above, these changes would not only affect the headwaters itself but 

could have a large impact on downstream reaches. 

 

5.3. Outlook  

In research, more data are (almost) always better: One could sample more locations, 

analyze more parameters or extend studies over a longer time period. On the other hand, 

research ɬ especially if fieldwork  is included ɬ comes with challenges: the expected 

precipitation event is not happening or  technical failures render data collection impossible 

or even result in data loss. As this thesis was not exempt from certain setbacks and limited 

to a period of four summers of fieldwork, there is still a lot to discover in the investigated 

catchment.  

The high-frequency measurements are certainly a very important and useful tool in order 

to understand temporal DOC dynamics. This thesis shed light on DOC dynamics during 

precipitation events, but it would be of interest to include much larger pre cipitation events 
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than the ones for which data could be collected for Study 1. Would extreme precipitation 

events lead to extreme DOC export numbers or is there a limit  for event-based DOC 

export? Would DOC sources become depleted following extreme precipitation events? 

How would extreme precipitation event s affect the contribution of the steep and flat 

subcatchments? As Study 3 has revealed that the differences in DOC mobilization between 

the subcatchments KS and MG are more pronounced than previously thought, it would 

also be of interest to extend the investigation of event-based DOC mobilization to all three 

subcatchments. In this context, it would al so be interesting to continue the research on 

DOC quality. Study 2 shows that in -stream DOC quality changes during events. However, 

it remains unclear how these changes are linked to antecedent wetness conditions and 

event size. Study 2 has also pointed out the limits of fluorescence and absorbance 

spectrometry with the goal to investigate DOC origin. Therefore, an analysis of the 

reliability of DOC quality parameters would certainly be helpful for further studies.  This 

could be connected with the more sophisticated techniques for DOC characterization used 

in Study 4. Preliminary results of tracer experiments and radon measurements, which are 

not shown in this thesis, indicated that the lower catchment part is affected by exchange 

fluxes between the stream and groundwater of the riparian zone . These results suggest 

that the DOC measured at the catchment outlet is not necessarily the DOC that entered 

the stream in the upper catchment parts. More tracer experiments could shed light on the 

extent and import ance of exchange fluxes in the catchment. Finally, it would be interesting 

to expand the data set collected for Study 3 in order to compare different years with 

varying hydrological conditions . In addition to that, a comparison of the data with 

neighboring catchments could help to clarify the transferability of results to other 

catchments or regions.  

To conclude, this thesis has shown that topography influences the establishment of 

hydrological connectivity and, thus, affects DOC quality, DOC mobili zation processes and 

DOC export. Therefore, topography should be taken into account, when investigating 

DOC and its link to hydrology.  
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