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SUMMARY 

 
Dissolved organic matter (DOM), composed of thousand of organic 

compounds, is a central component of global biogeochemical cycles. In river 
networks, DOM constitutes the major pool of organic carbon, and plays a key role as 
energy source, control on underwater light regimes, and modulator of toxic 
substances availability. The quantity and composition of riverine DOM depends on 
the combination of different sources as well as the in-stream processes DOM 
undergoes during transport. Yet not all DOM is processed or reacts in the same way. 
Depending on its chemical composition, some DOM fractions are more susceptible 
to in-stream processing than others; and even when chemical properties are similar, 
differences in environmental factors such as temperature, nutrients, irradiance, or 
water residence time may lead to different DOM fate. Detangling how the interplay 
between chemical composition and environmental factors modulate the processing of 
DOM remains challenging, but is crucial to understand river networks functioning 
and their role in global carbon cycling. Furthermore, the quantity and composition of 
riverine DOM highly vary with space and time, but the controls on the 
spatiotemporal dynamics of DOM in river networks are poorly understood. 

In this thesis, we provide insights into the controls on riverine DOM 
processing, and into how in-stream reactions and changing DOM sources modulate 
DOM dynamics in river networks. To attain this, we evaluated the quantity and 
composition of DOM across a medium-sized river network (Fluvià River, North-East 
of the Iberian Peninsula) throughout a full hydrological year, covering from 
headwaters to the river mouth and from drought to storm conditions. Several 
techniques were employed to characterize DOM, including absorbance-fluorescence 
spectroscopy, size-exclusion chromatography, stable and radiocarbon isotopes, and 
ultrahigh resolution mass spectrometry. In addition, ex situ incubations were used to 
assess the biodegradability and biodegradation kinetics of bulk and different DOM 
size-fractions. 

The results of this thesis are organized in four scientific papers that focus each 
on different aspects of riverine DOM dynamics. In paper I we focus on the 
biodegradation kinetics of different DOM size fractions under laboratory conditions. 
Using different discrete and continuous decay models, we identify a faster and 
predictable decay of the DOM fractions grouping the smallest and largest DOM 
compounds, while humic substances present an unpredictable, non-monotonic pattern 
during degradation. In paper II, we assess the sources of DOM and the DOM pool 
that is processed in different riverine environments during a drought episode, 
including isolated water parcels, running water reaches, and small weirs. Here we 
find that drought induces great spatial heterogeneities in the quantity and 
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composition of DOM resulting from varying sources at each of the environments. In 
paper III, we evaluate changes in DOC and DOM composition along several stream 
and river reaches to detangle the controls on DOM in-stream dynamics at the 
network scale. In this study, we find water residence time as the major constrain for 
DOM processing, and identify DOM properties and nutrient availability as the 
controls on the net balance between in-stream gains and losses of DOM. Finally, in 
paper IV we investigate patterns of DOM concentration and chemical diversity along 
river continua. Here, we identify an emerging global pattern of DOC with maxima in 
medium-sized rivers, and propose a conceptual framework to comprehend and 
predict the spatiotemporal dynamics of DOM in river networks. 

The findings derived from this thesis open new windows into the controls of 
riverine DOM quantity and composition, and provide critical information for scaling 
up globally relevant processes such as the processing of terrestrial organic carbon in 
river networks and its export to the ocean. 
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RESUM 

La matèria orgànica dissolta (DOM), constituïda per milers de compostos 
orgànics, és un component central dels cicles biogeoquímics globals. En xarxes 
fluvials, la DOM és el major reservori de carboni orgànic, i hi juga un paper clau 
com a font d’energia, control del règim lumínic de la columna d’aigua i modulador 
de la reactivitat i disponibilitat de substàncies tòxiques. La quantitat i composició de 
la DOM fluvial depèn de la combinació de diferents fonts així com del processos i 
transformacions que pateix durant el transport riu avall. Però no tota la DOM 
reacciona de la mateixa manera. En funció de la composició química, algunes 
fraccions de la DOM són més susceptibles a reaccionar que no pas altres; i fins i tot 
quan les propietats químiques són semblants, diferències en factors ambientals com 
la temperatura, els nutrients, la llum o el temps de residència de l’aigua poden donar 
lloc a diferents resultats. Entendre com la interacció entre la composició química i 
factors ambientals modulen el processament de la DOM és complex, però és vital per 
entendre el funcionament dels sistemes fluvials i el seu paper en el cicle global del 
carboni. A més, la quantitat i composició química de la DOM varia enormement amb 
l’espai i el temps, però el controls de les dinàmiques espacials i temporals de la DOM 
en xarxes fluvials estan encara per resoldre. 

L’objectiu d’aquesta tesi és el d’entendre com diferents fonts i processos 
modulen les dinàmiques de la DOM en xarxes fluvials. Per tal d’assolir-ho, es va 
avaluar la concentració i composició de la DOM al llarg d’una xarxa fluvial (Riu 
Fluvià, Nord-Est de la península ibèrica) al llarg d’un any hidrològic, incloent des de 
rius de capçalera fins la desembocadura, i des d’episodis de tempesta fins a sequera. 
Es van utilitzar vàries tècniques per a la caracterització de la DOM, incloent-hi 
espectroscopia de absorbància i fluorescència, cromatografia per exclusió de mida, 
isòtops estables i radioactius i espectrometria de masses d’alta resolució. A més, es 
van dur a terme incubacions ex situ per tal d’analitzar la biodegradabilitat i cinètiques 
de degradació de la DOM i les seves diferents fraccions de mida. 

Els resultats d’aquesta tesi estan organitzats en quatre articles científics, 
cadascun dels quals adreça diferents aspectes de les dinàmiques de la DOM fluvial. 
En un primer article s’investiguen les cinètiques de degradació de diferents fraccions 
de DOM en condicions de laboratori. Utilitzant diferents models discrets i continus 
de degradació, en aquest treball identifiquem un degradació ràpida i previsible de les 
fraccions que agrupen els compostos més grans i petits de la DOM, mentre que les 
substàncies húmiques presenten patrons de degradació no monotònics i 
imprevisibles. En el segon article s’investiguen les fonts de DOM i les fraccions que 
són processades en diferents ambients fluvials durant un episodi de sequera, des de 
basses aïllades i trams d’aigua corrent fins a petites preses. En aquest treball trobem 
que la sequera indueix una gran heterogeneïtat espacial en la quantitat i composició 
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de la DOM a conseqüència de fonts i processos contrastats en els diferents ambients. 
En el tercer article s’avaluen canvis de concentració i composició al llarg de diferents 
trams de riu per identificar els controls del processament de DOM a escala de conca. 
Aquí trobem que el temps de residència de l’aigua és el factor clau que determina que 
la DOM reaccioni o pel contrari es transporti passivament aigües avall. A més, les 
propietats de la DOM i la disponibilitat de nutrients s’erigeixen com els determinants 
del balanç net de generació i retenció de DOM en sistemes fluvials. Finalment, en un 
quart article s’investiguen patrons de concentració i diversitat química de DOM al 
llarg del continu fluvial. En aquest treball s’identifica un patró global emergent de 
concentració de DOM amb el màxim situat en rius de mida mitjana, i es proposa un 
marc conceptual per entendre i predir les dinàmiques espacials i temporals de la 
DOM en xarxes fluvials. 

Les troballes derivades d’aquesta tesi representen un pas endavant en la difícil 
tasca d’entendre els controls de la concentració i composició de DOM fluvial, i 
ofereixen informació vital per a l’extrapolació de processos de rellevància global 
com el processament de carboni orgànic terrestre i la seva exportació cap a l’oceà. 
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RESUMEN 

La materia orgánica disuelta (DOM), constituida por miles de compuestos 
orgánicos, es un componente central de los ciclos biogeoquímicos globales. En redes 
fluviales, la DOM es el mayor reservorio de carbono orgánico, y juega un papel clave 
como fuente de energía, control del régimen lumínico de la columna de agua y 
modulador de la reactividad y disponibilidad de sustancias tóxicas. La cantidad y 
composición de la DOM fluvial depende de la combinación de diferentes fuentes así 
como de los procesos y transformaciones que sufre durante su transporte río abajo. 
Pero no toda la DOM reacciona de la misma manera. En función de la composición 
química, algunas fracciones de la DOM son más susceptibles a reaccionar que otras; 
e incluso cuando las propiedades químicas son similares, diferencias en factores 
ambientales como la temperatura, los nutrientes, la luz o el tiempo de residencia del 
agua pueden dar lugar a diferentes resultados. Entender cómo la interacción entre la 
composición química y factores ambientales modulan el procesamiento de la DOM 
es complejo, pero es vital para entender el funcionamiento de los sistemas fluviales y 
su papel en el ciclo global del carbono. Además, la cantidad y composición química 
de la DOM varía enormemente con el espacio y el tiempo, pero los controles de las 
dinámicas espaciales y temporales de la DOM en redes fluviales están aún por 
resolver. 

El objetivo de esta tesis es el de entender como diferentes fuentes y procesos 
modulan las dinámicas de la DOM en redes fluviales. Para lograrlo, se evaluó la 
concentración y composición de la DOM a lo largo de una red fluvial (Río Fluvià, 
Noreste de la Península Ibérica) a lo largo de un año hidrológico, incluyendo desde 
ríos de cabecera hasta la desembocadura, y desde episodios de tormenta hasta sequía. 
Se utilizaron varias técnicas para la caracterización de la DOM, incluyendo 
espectroscopía de absorbancia y fluorescencia, cromatografía por exclusión de 
tamaño, isótopos estables y radiactivos y espectrometría de masas de alta resolución. 
Además, se llevaron a cabo incubaciones ex situ para analizar la biodegradabilidad y 
cinéticas de degradación de la DOM y sus diferentes fracciones de tamaño. 

Los resultados de esta tesis están organizados en cuatro artículos científicos, 
cada uno de los cuales se centra en diferentes aspectos de las dinámicas de la DOM 
fluvial. En un primer artículo se investigan las cinéticas de degradación de diferentes 
fracciones de DOM en condiciones de laboratorio. Utilizando diferentes modelos 
discretos y continuos de degradación, en este trabajo identificamos una degradación 
rápida y previsible de las fracciones que agrupan los compuestos más grandes y 
pequeños de la DOM, mientras que las sustancias húmicas presentan patrones de 
degradación no monotónicos e imprevisibles. En el segundo artículo se investigan las 
fuentes de DOM y las fracciones que son procesadas en diferentes ambientes 
fluviales durante un episodio de sequía, desde balsas aisladas y tramos de agua 
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corriente hasta pequeñas presas. En este trabajo encontramos que la sequía induce 
una gran heterogeneidad espacial en la cantidad y composición de la DOM, 
consecuencia de fuentes y procesos contrastados en los diferentes ambientes. En el 
tercer artículo se evalúan cambios de concentración y composición a lo largo de 
diferentes tramos de río para identificar los controles del procesamiento de DOM a 
escala de cuenca. Aquí encontramos que el tiempo de residencia del agua es el factor 
clave que determina que la DOM reaccione o por el contrario se transporte 
pasivamente aguas abajo. Además, las propiedades de la DOM y la disponibilidad de 
nutrientes se erigen como los determinantes del balance neto de generación y 
retención de DOM en sistemas fluviales. Finalmente, en un cuarto artículo se 
investigan patrones de concentración y diversidad química de DOM a lo largo del 
continuo fluvial. En este trabajo se identifica un patrón global emergente de 
concentración de DOM con el máximo situado en ríos de tamaño medio, y se 
propone un marco conceptual para entender y predecir las dinámicas espaciales y 
temporales de la DOM en redes fluviales.  

Los hallazgos derivados de esta tesis representan un paso adelante en la difícil 
tarea de entender los controles de la concentración y composición de DOM fluvial, y 
ofrecen información vital para la extrapolación de procesos de relevancia global 
como el procesamiento de carbono orgánico terrestre y su exportación hacia el 
océano. 
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PREFACE 

Dissolved organic matter (DOM) is nothing more than a mixture of organic 
compounds that water inherits from soils, leaves, braches, and whatever organic material 
it encounters while draining a landscape. If you come, like I do, from the Mediterranean 
region you may not be familiar with DOM. However, I bet you once ran into a small 
pond with a mysterious dark brown color, something that reminded you an over-steeped 
tea. That was DOM; and despite sometimes imperceptible, it is ubiquitous in all aquatic 
ecosystems on Earth, where it plays a fundamental role in many ecological processes. For 
instance, because of its color, DOM absorbs a share of the light that reaches the oceans, 
lakes and rivers surface, controlling how deep light penetrates into the water. I actually 
really like to introduce the role DOM plays in aquatic ecosystems with the following 
statement:  

 
“W    a     t    t  a   a al      t  t   v l m  b tt      a  t       t,  

DOM is more akin to an equalizer whereby different components of aquatic 
ecosystems are filtered to different extent ” 

 
This was written few years ago by Yves Prairie, a Canadian professor of 

Limnology1 that summarized in a perspective paper the importance of understanding 
what DOM is and what it does. Perhaps you are aware of my devotion to sound 
engineering (or at least now you do), so I guess you can imagine how exciting my first 
encounter with Prairie’s paper was. Anyway, what this statement intended to say is that 
DOM modulates many biogeochemical processes that take place in aquatic systems as 
well as many other aspects that are of critical human concern, for example the formation 
of carcinogenic products in drinking water and the availability of heavy metals in lakes 
and rivers. DOM has therefore gained attention in the last decades, and it has been 
investigated in all type of aquatic systems, from the ocean to alpine small streams, and 
even in urban artificial waters. 

This work is about riverine DOM, that is, the DOM that is transported trough 
streams and rivers. River networks contain some of the most complex, dynamic and 
diverse ecosystems on Earth. One could actually say that riverine ecosystems are ‘the 
hotspot of hotspots’, as they harbor not only a disproportionately large biodiversity but 
also numerous biogeochemical reactions and ecological interactions. In this thesis, with 
the priceless help of my colleagues, I try to shed light into the complex functioning of 
river networks through a detailed analysis of riverine DOM. In particular, I investigate 
how different sources and biogeochemical processes control the spatial and temporal 
dynamics of DOM, with special emphasis on the factors that constrain its reactivity and 
fate. 

                                                        
1The term “Limnology” derives from the ancient Greek word λίμνη (limne), meaning lake or pond, 
and is widely understood as the study of inland waters or non-marine aquatic ecosystems. This 
includes streams, rivers, lakes, ponds, estuaries, wetlands, ephemeral washes, and even dry areas of 
watercourses that recurrently desiccate. 
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 1  INTRODUCTION 

What is dissolved organic matter and why do we care 
about it 

DOM can be defined as all organic matter that passes through a filter of 
specified pore size, usually ranging from 0.2 to 0.7 µm. This is an entirely 
operational definition, yet carries with it important consequences that clearly 
differentiate DOM from its counterpart, particulate organic matter. Essentially, DOM 
is smaller and travels with water, which may sound of little importance but is 
fundamental. On one hand, organic matter is the basis of heterotrophic metabolism, 
but only small compounds of about 500–1,000 Daltons are transported through the 
microbial cell membrane (Nikaido and Vaara 1985; Weiss et al 1991). DOM 
constitutes therefore the primary source of energy to microbial metabolism in 
riverine ecosystems. On the other hand, DOM is not subject to gravitational settling, 
and thus represents the major form of organic matter in transport in streams and 
rivers (Naiman 1982). But these are only two of the features that made riverine DOM 
a hot research topic in the last decades. DOM is involved in many biogeochemical 
processes that constitute the basis of stream and river ecosystem functioning: it 
regulates bacterial nutrient uptake (Bernhardt and Likens 2002), shapes the 
composition of microbial communities (Judd et al 2006), alters the bioavailability of 
toxic substances (Aiken et al 2011), and influences underwater light regimes (Kirk 
1994)   to name a few.  

From a more biogeochemical perspective, DOM has received special attention 
in the last few years because of the central role it plays in the global carbon (C) 
cycle. DOM constitutes the major pool of organic C in streams and rivers (Fisher and 
Likens 1973; Volk et al 1997), and so its transport per se represents a relevant lateral 
flux of C from the continents to the ocean (Aufdenkampe et al 2011). However, 
streams and rivers do much more than just passively shunt terrestrial C downstream. 
Instead, they actively transform, store and outgas more than 75% of the C they 
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receive from terrestrial ecosystems (Cole et al 2007; Tranvik et al 2009; Battin et al 
2009; Bastviken et al 2011; Raymond et al 2013; Borges et al 2015). And DOM 
plays a main role in this story. For instance, DOM is involved through its in-stream 
mineralization to the emission of significant amounts of carbon dioxide to the 
atmosphere (Duarte and Prairie 2005; Raymond et al 2013); and its flocculation and 
subsequent settling contributes to C burial in sediments (Cole et al 2007; 
Wachenfeldt and Tranvik 2008). Therefore, unraveling the sources of DOM and the 
factors that favor its processing in river networks has taken on a new urgency. 

A primer on the characterization of dissolved organic 
matter 

Because DOM is a complex amalgam of compounds, understanding DOM 
dynamics in river networks requires an accurate characterization of its properties. 
The amount of DOM in rivers is commonly measured as DOC via combustion or 
other oxidation techniques. Thus, the terms DOC and DOM are sometimes used 
interchangeably, yet DOC strictly refers to the carbon content of DOM2. In the case 
of composition, there are several analytical tools available to characterize DOM at 
different levels, of which a selection is presented below. 

The burgeoning use of optical techniques, namely absorbance and 
fluorescence, has tremendously advanced our capability of detecting differences in 
DOM composition (Fellman et al 2010). Metrics like the DOC specific UV 
absorbance, the absorbance spectral slope, or the humification index give information 
on the aromaticity (i.e. the content of benzene or equivalent ring molecules) and 
apparent molecular size of DOM (Zsolnay et al 1999; Weishaar et al 2003; Helms et 
al 2008), and can be used, for instance, to assess DOM sources to aquatic systems 
(Huguet et al 2009; Catalán et al 2014). In addition, the combination of fluorescence 
data with multi-component deconvolution techniques has proven to be useful in 
tracking changes in DOM composition (Kothawala et al 2012; Mostovaya et al 
2016). Optical techniques are often chosen as a tool to characterize DOM because of 
the relatively low cost of analysis and low demands on sample preparation. 

DOM can also be described according to its apparent molecular weight 
distribution. Usual techniques to attain this include, but are not limited to, size 
exclusion chromatography (SEC; e.g., Kothawala et al 2006) and fractionation via 
ultrafiltration (e.g., Amon and Benner 1996). Both techniques separate DOM by the 
hydrodynamic volume of its constituents. SEC analysis often use UV-Vis absorbance 

                                                        
2 In this text, I will use DOM when referring broadly to the compartment of dissolved organic 
compounds, and DOC when discussing only its concentration in terms of C. 
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to detect chromatographic DOM fractions; nevertheless, differences in DOM specific 
absorptivity or the presence of optically invisible DOM may introduce bias (Pereira 
et al 2014). To overcome this, an organic C detector can be coupled to SEC, 
providing thus a more accurate depiction of the molecular-weight distribution of 
DOM (Huber et al 2011). 

Stable and radiocarbon isotopes of DOC can also be used to characterize 
DOM, as the isotopic signature of DOC varies with source, age, and history of 
degradation. For example, terrestrial DOM derived from C3 and C4 plants have 
different isotopic composition due to different fractionation during photosynthesis 
(Marshall et al 2007), and can be easily discriminated by their 13C signature. 
Radiocarbon (14C) data provide useful information about the age of DOM, and can 
also be used to assess the sources of DOM to river networks. For instance, it has been 
successfully used to detect the signature of ancient permafrost (Spencer et al 2015) 
and atmospheric deposition of fossil fuel combustion byproducts in streams and 
rivers (Stubbins et al 2012). In addition, stable and radiocarbon isotopes provide a 
powerful tool to infer the pools of DOM that are incorporated into or metabolized by 
microbial communities (e.g., McCallister and Del Giorgio 2012; Guillemette et al 
2015; Hotchkiss and Hall 2015)  

More recently, the use of advanced molecular-level techniques has opened 
new windows into the dynamics of DOM in inland waters. Ultrahigh resolution mass 
spectrometry currently stands apart as the most powerful tool to characterize DOM, 
as it provides information on the thousands of compounds that constitute DOM 
mixtures. Due to the high mass accuracy (<1 ppm), using this tool we are able to 
precisely and unambiguously assign molecular formulas to each individual 
compound, although structural information cannot yet be obtained because isomers 
are not distinguished. Furthermore, when coupled to a soft ionization introduction 
system that disperses colloidal and loosely associated DOM into individual 
compounds, ultrahigh resolution mass spectrometry provides information on the 
actual molecular weight of DOM molecular constituents (as opposed to the apparent 
molecular-weight obtained through SEC and other filtration techniques). The use of 
molecular-level techniques has notably advanced our understanding of DOM 
degradation processes in aquatic systems (Stubbins et al 2010; Singer et al 2012), and 
has helped identifying the drivers of DOM variability across climatic regions (Jaffé 
et al 2012; Kellerman et al 2014). Nevertheless, despite the increasing availability of 
data at different levels, much work still remains to comprehend the dynamics of 
riverine DOM as well as the controls on its processing. 
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What we know and what is yet to be known 

Research during the last three decades has tremendously advanced our 
knowledge of riverine DOM. We now know that DOM is made up of a complex 
mixture of organic compounds of varying origin, age, size and reactivity, and that it 
undergoes several in-stream processes during transport. 

Depending on its origin, riverine DOM can be classified as either aquatic 
when produced within the river or terrestrial when imported from land. Aquatic 
sources include the in-stream production of DOM by algae, bacteria, fungi and 
macrophytes (Bertilsson and Jones 2003). In contrast, terrestrial DOM originates 
from the leaching of plants and organic soils of the catchment, and its transfer to 
streams is mostly regulated by the advective transport of surface runoff and 
subsurface water flows (Aitkenhead-Peterson et al 2003). The amount and 
composition of riverine DOM result from the mixing of these different sources in 
addition to biogeochemical processes that take place within river networks. Some 
examples of these processes are mineralization via microbial or photochemical 
degradation (Cory et al 2014; Fasching et al 2014), sedimentation out of the water 
column via flocculation (Sholkovitz 1976; Wachenfeldt and Tranvik 2008), or 
incorporation into higher trophic levels (Pace et al 2004; Fellman et al 2015). A 
mechanistic understanding of these processes is paramount to advance knowledge on 
the dynamics of riverine DOM, yet progress has been hampered by the high 
compositional complexity of DOM. 

DOM comprises thousands of degradation by-products and freshly produced 
compounds with different properties (Koch and Dittmar 2006; Kellerman et al 2014; 
Raymond and Spencer 2015), and these compounds generate gradients of reactivity, 
from highly reactive to chemically stable. Thus, treating DOM as a single pool of 
molecules with shared properties may result into mismatches between mechanistic 
models and empirical observations. It is therefore imperative to detangle how in-
stream processes affect the different compounds or fractions of DOM. But 
constraining DOM chemical composition might be not enough to predict the fate of 
DOM in river networks. Recent advances in soil science have led to the emerging 
view that organic matter persistence is controlled not only by its chemical 
composition but also by physical, chemical and biological factors from the 
surrounding environment (Schmidt et al 2011; Dungait et al 2012). This has helped 
explaining, for example, why thermodynamically unstable organic compounds can 
remain intact in deep soil profiles for decades, centuries or even millennia, and why 
these same compounds are degraded once transferred to streams and rivers (Marín-
Spiotta et al 2014). Understanding how the interplay between DOM chemical 
composition and environmental factors modulate the processing of DOM in streams 
and rivers remains challenging, yet is central to constrain the role of river networks in 
C cycling. 
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River networks comprise longitudinal gradients of altitude, slope, riparian 
cover and catchment land use; and these gradients translate in turn into changes in 
hydraulics, light availability, nutrient loads, and connectivity with terrestrial 
ecosystems (Vannote et al 1980; Minshall et al 1985). Hence, the sources and 
processing of DOM may highly vary along a river continuum, and so may its amount 
and composition (Vannote et al 1980; Creed et al 2015). Likewise, temporal changes 
in hydrology can directly affect DOM in streams and rivers. For instance, since water 
residence time in the network controls the opportunity for DOM to react (Battin et al 
2008; Weyhenmeyer et al 2012; Oldham et al 2013), the in-stream processing of 
DOM might be important during low flow periods while practically insignificant 
during storm events (Raymond et al 2016). Nevertheless, current knowledge on the 
spatiotemporal dynamics of DOM in river networks is mostly theoretical (Vannote et 
al 1980; Creed et al 2015; Raymond et al 2016), hampered by the lack of empirical 
datasets encompassing full river continua under different hydrological conditions. It 
is particularly unclear what are the sources and in-stream processes that shape 
riverine DOM during extreme events such as drought episodes and storms, despite 
these are recognized as hot moments of DOM processing and export to oceans, 
respectively (Raymond and Saiers 2010; Butturini et al 2016). In this sense working 
in Mediterranean networks appears ideal, as they are highly dynamic systems that 
experience a wide range of hydrological conditions, from floods to very low flows 
(Gasith and Resh 1999; Bernal et al 2013). Notably, during drought episodes, many 
river networks get intensely contracted due to lowering water tables, and even flow 
interruption may occur in some parts of the network if drought conditions last 
enough (Dahm et al 2003; Vazquez et al 2011). This phenomenon is more than usual 
in arid and semi-arid regions worldwide, but how drought episodes and particularly 
flow interruption affect DOM dynamics in river networks remain poorly understood. 
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2  AIMS AND OUTLINE 

The work in this thesis aimed to provide new insights into the sources and 
processing of riverine DOM. More specifically I aimed to answer the following 
questions: 

 What are the factors that promote in-stream processing versus passive 
transport of DOM in rivers? (Paper III) 

 Is all DOM processed in the same way? (Papers I and III) 
 How do extreme hydrologic events influence the sources and processing of 

DOM? (Papers II and IV) 
 Can we predict the spatial and temporal dynamics of DOM in river 

networks? (Papers III and IV) 

In paper I we tackle the question of whether all DOM is equally processed. 
We incubate water samples from different riverine environments and track the 
biodegradation kinetics of bulk DOM and different DOM size fractions with several 
decay models, from single-exponential to reactivity continuum models. In paper II, 
we look into the sources of DOM during drought episodes. To do so, we perform a 
detailed characterization of the DOM properties in different riverine environments 
that are typically found during drought, including isolated water parcels, running 
water reaches, and small weirs. In addition, we use stable and radiocarbon isotopes of 
DOC and dissolved inorganic C to identify the pools of DOM that are processed in 
each of the environments. In paper III, we evaluate changes in DOC and DOM 
composition along several stream and river reaches to detangle the factors that 
promote DOM in-stream processing at the network scale. In paper IV, we investigate 
patterns of DOC and DOM chemical diversity along a river continuum under 
different hydrological conditions, from low to storm flows. Additionally, we explore 
a global data set of DOC concentrations to test the commonality of the patterns we 
find, and build a novel conceptual framework for the spatiotemporal dynamics of 
DOM in river networks. 
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3  METHODS OVERVIEW 

This section provides a brief summary of the study site characteristics and the 
materials and analytical methods used for the development of this thesis. The section 
is focused on DOM characterization methods, as it is a cross cutting theme in the 
four papers that constitute the core of the thesis. Detailed information of these and 
additional methods can be found in the respective papers. 

Study site and hydrological context 

The works included in this thesis were carried out during a two-year period in 
the Fluvià, a Mediterranean river network located in the North East of the Iberian 
Peninsula. Fluvià’s main stem is 97 km long, with a mean flow of 3.6 m3 s-1 at the 
basin outlet, and its river network drains a 990 km2 catchment covered by mixed 
forests (79%), agricultural (18%) and urban (3%) areas. Catchment geology is mostly 
calcareous, with some areas (<15%) of siliceous materials. Climate is typically 
Mediterranean, with air temperatures ranging from 6 to 26°C over the year and an 
annual mean precipitation of 660 mm. The Mediterranean climate is characterized by 
high seasonality and variability, with drought periods in summer and intense rainfall 
events in autumn and spring. The hydrological regime of Mediterranean river 
networks generally follows that of the rainfall pattern, and thus streams and rivers 
recurrently experience dry and wet periods throughout a hydrological year. Notably, 
during summer drought, scarce precipitation and high evapotranspiration rates in the 
catchment drastically reduce discharge in streams and rivers, which may even dry up 
in some areas of the network (Bernal et al 2013). On the contrary, intense 
precipitation events in autumn and spring can lead to extreme discharge events. In 
this sense, Mediterranean river networks make up a perfect scenario to test DOM 
dynamics under a range of hydrological conditions. 
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The four papers included in this thesis encompass different spatial and 
temporal scales, from the reach to the globe and from a single snapshot to a full 
hydrological year (Fig. 1). For papers I and II, we collected water samples in a single 
campaign from an upstream, medium-sized river reach during the summer drought of 
2013 (Fig. 2 and 3). For paper III and IV, water samples were collected from several 
sites across the entire Fluvià river network, from headwaters to the river mouth (Fig. 
2). In this case samplings were repeated ten times throughout a hydrological year in 
order to cover different hydrological conditions (Fig. 3). In addition, for paper IV we 
used a global database on river chemistry data (Hartmann et al 2014) to explore 
general longitudinal patterns of DOM. 

Fig. 1. Schematic overview of the spatial and temporal scales for which dissolved organic 
matter dynamics were addressed in each of the four papers comprising this thesis. 
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Fig. 2. Location of the sampling sites along the Fluvià River network (North-East of the Iberian 
Peninsula). Triangles indicate sampling sites for papers I and II, and circles correspond to papers 
III and IV. Symbols with a red half indicate sites that were sampled also during storm events for 
paper IV. The inset shows the location of the Fluvià watershed in South-Western Europe 

Fig. 3                                                    ). Symbols indicate the sampling 
dates over the hydrograph (grey line) in the Fluvià river mouth. The triangle corresponds to the 
two studies carried out during a drought episode (papers I and II). Circles correspond to 
papers III and IV, with red symbols indicating samplings during storm conditions (paper IV). 
The shape and color of the symbols match those of the map (Fig. 1) 



37 
 

DOM characterization 

DOC concentration was measured by high-temperature catalytic oxidation on 
a Shimadzu TOC-V CSH analyzer (Shimadzu Corporation, Japan). The following 
analytical methods were employed to characterize the optical properties and chemical 
composition of DOM. 

Absorbance and fluorescence 

Uv-vis absorbance spectra (190 to 800 nm) were measured on an Agilent 8453 
diode array spectrophotometer (Agilent Technologies, Germany) using a 1-cm quartz 
cuvette. Excitation-Emission matrices (EEMs; Fig. 4a) were obtained using a 
fluorescence spectrophotometer (F-7000, Hitachi, Japan) with a 1-cm quartz cuvette. 
EEMs were collected by measuring fluorescence intensity across the excitation range 
set from 248 to 449 nm and the emission range set from 250 to 550 nm, both at 3 nm 
increments. All EEMs were read in sample to reference signal ratio mode, and were 
corrected for instrument-specific biases after calibrating the instrument with 
Rhodamine B solution. EEMs were blank subtracted, corrected for inner-filter 
effects, and normalized to the Raman peak area. Parallel Factor Analysis 
(PARAFAC) (Stedmon et al 2003) was used to decompose all EEMs (N=250) 
obtained from the Fluvià into six independent components that were validated 
through visual inspection of the residuals and split-half analysis. 

Fig. 4. Example of a fluorescence excitation-emission matrix (a) and a van Krevelen diagram 
(b) of riverine DOM. The categorical classification of compounds in panel b is based on 
Kellerman et al. (2014) 
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Size exclusion chromatography 

SEC analysis was performed at the Leibnitz-Institute of Freshwater Ecology 
and Inland Fisheries, Berlin, Germany. In brief, DOC passed through a size-
exclusion column packed with resin (Toyopearl HW 50S, volume of 250 x 20 mm). 
Phosphate buffer (0,029 mol L-1, pH 6,5) was used as eluent in a flow rate of 1.1 ml 
min-1. DOC was detected by infrared absorbance of CO2 after UV oxidation at 185 
nm in a cylindrical UV thin-film reactor (Graentzel-reactor). Fractions were 
identified by using fulvic and humic acid standards from the International Humic 
Substances Society (IHSS). In brief, the chromatograms were deconvoluted and 
apparent size fractions assigned based on the retention time and column affinity 
obtained for the IHSS standards. Fraction assignment was done by using the software 
FIFFIKUS (DOC-Labor Huber, Karlsruhe). Note that, in paper I, we refer to this 
analysis as LC-OCD, which stands for liquid chromatography organic carbon 
detection. 

Stable and radiocarbon isotopes 

In paper II we measured the 13C and 14C signature of DOM to constrain its 
origin. For analysis of 13C, water samples of 10 mL volume were stabilized with 10 
µL HgCl2 and sent to the Colorado Plateau Laboratory (USA) for conventional 
isotopic ratio mass spectrometry. For 14C analysis, water was filtered in the lab 
within 24 hours after collection (pre-combusted Whatman GF/F) and then enriched at 
60 °C by evaporation with UHP nitrogen. Processed samples were measured by 
accelerator mass spectrometry at the Leibniz-Laboratory for Radiometric Dating and 
Isotope Research in Kiel, Germany. 

Ultrahigh resolution mass spectrometry  

Information at the molecular level of DOM was obtained through ultrahigh 
resolution Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-
MS). This technique unambiguously assigns the molecular formula of each of the 
thousands of compounds that make up DOM mixtures. DOM was solid-phase 
extracted with 50-mg Bond Elut PPL cartridges (Agilent Technologies, Santa Clara, 
CA, USA) following the method that is described in detail in Dittmar et al. (2008). 
Briefly, each sample was acidified to pH 2 with HCl prior to loading onto the 
stationary phase. After loading, the cartridges were rinsed with three cartridge 
volumes (3 mL) of 0.01N HCl, and dried with N2 gas prior to elution of the DOM 
with methanol. A final concentration of 50 mg C L-1 in methanol was achieved for 
each extract by adjusting the sample volume passed through the cartridge based on 
DOC concentration. Negative-ions produced by electrospray ionization (ESI) were 
directly infused into a custom-built 9.4 Tesla FT-ICR mass spectrometer 
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(Tallahassee, FL, USA) (Blakney et al 2011; Kaiser et al 2011). Molecular formulas 
were assigned with an in-house software (EnviroOrg™, developed by Yuri E. Corilo) 
following an internal “walking” calibration of each mass spectrum (Savory et al 
2011). The molecular composition of DOM is shown in van Krevelen diagrams (Kim 
et al 2003; Fig. 4b). The diagram is constructed using the elemental ratios H/C and 
O/C as the ordinate and abscissa, respectively. Since compound classes (e.g. lignin, 
carbohydrates, etc) have their own characteristic H/C and O/C ratios, different 
classes plot in different regions of the van Krevelen diagram, providing a visual 
representation of the molecular composition of DOM mixtures. 
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4  RESULTS & DISCUSSION 

This section contains the four papers that constitute the main body of the 
thesis. The supplementary information for the papers is attached at the end of the 
thesis as an annex. Note that the labeling of the figures resets for each paper. 
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PAPER I. Biodegradation kinetics of dissolved organic 
matter chromatographic fractions in an intermittent 
river 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PAPER I 

Biodegradation kinetics of dissolved organic matter 
chromatographic fractions in an intermittent river 

Journal of Geophysical Research: Biogeosciences, 2017 
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PAPER II. Drought-induced discontinuities in the 
source and degradation of dissolved organic matter in a 
Mediterranean river 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PAPER II 

Drought-induced discontinuities in the source and 
degradation of dissolved organic matter in a Mediterranean 

river 
Biogeochemistry, 2016



58 
 



Published version cannot be used 

 

Casas-Ruiz JP, Tittel J, von Schiller D, Catalán N, Obrador B, Gómez-Gener L, Zwirnmann E, Sabater S, 
Marcé R (2016). Drought-induced discontinuities in the source and degradation of dissolved organic 
matter in a Mediterranean river. Biogeochemistry 127, 125–139. DOI: 10.1007/s10533-015-0173-5 

 

http://dx.doi.org/10.1007/s10533-015-0173-5  

https://link.springer.com/article/10.1007%2Fs10533-015-0173-5 

 

Received: 13 June 2015 / Accepted: 11 December 2015 / Published online: 23 December 2015 

 

© Springer International Publishing Switzerland 2015 
 

 

Abstract 

The composition of dissolved organic matter (DOM) in rivers results from the different sources and 
in-stream transformations along the land to ocean aquatic continuum. Riverine DOM sources are 
highly dependent on the hydrological connection between the river channel and the surrounding 
terrestrial ecosystems, but how the lack of this connectivity (e.g., during drought episodes) affects 
the sources and biodegradation of DOM in rivers remains unclear. Here we identified the DOM 
sources as well as the different DOM pools that are respired along a Mediterranean river during 
drought by combining absorbance-fluorescence spectroscopy, size-exclusion chromatography, 
biodegradation assays, and stable and radiocarbon isotopes. DOM composition was highly 
heterogeneous along the river in response to different sources and in-stream processes in each 
distinct aquatic environment (i.e., isolated water pools, running waters, and impounded waters in 
weirs). The reduced hydrological connectivity with terrestrial ecosystems promoted the influence of 
autochthonous DOM sources. Still, tree leaves from overhanging canopies stood out as an important 
terrestrial DOM source, especially in sites where water residence time was high such as isolated 
pools and weirs. Degradation of leaf leachates was a relevant process in these sites, whereas 
autochthonous DOM and groundwater millennial DOM (>1300 year B.P.) seemed to be degraded in 
running waters. Overall, our results highlight that the drought-induced hydrological disconnection 
entails a great spatial heterogeneity in the sources of DOM, which at the same time determines the 
different DOM pools that are respired in each environment along the river. 

Keywords 

Mediterranean rivers; Drought; Dissolved organic matter; Degradation; Radiocarbon 

http://dx.doi.org/10.1007/s10533-015-0173-5
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PAPER III. A tale of pipes and reactors: controls on the 
in-stream dynamics of dissolved organic matter in 
rivers 
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A tale of pipes and reactors: controls on the in-stream 
dynamics of dissolved organic matter in rivers 

Limnology and Oceanography, 2017 
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PAPER IV. Delineating the continuum of dissolved 
organic matter in river networks 
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Abstract 

 

The origin and reactivity of dissolved organic matter (DOM) has received attention 
for decades due to the key role DOM plays in global carbon cycling and the ecology 
of aquatic systems. However, DOM dynamics in river networks are still poorly 
understood, hampered by the lack of data integrating the spatial and temporal 
dimensions inherent to riverine ecosystems. Here we examine the longitudinal 
patterns of dissolved organic carbon (DOC) concentration and DOM chemical 
diversity along a river continuum under different hydrological conditions, 
encompassing small headwater streams to the river mouth, and base flow to storm 
events. We find a homogeneous longitudinal pattern of DOM during storm events, 
with highly concentrated and diverse DOM along the river network. In contrast, 
during non-storm conditions, the concentration of DOC and the chemical diversity of 
DOM exhibit their maxima in medium-sized streams, depicting a bell-shaped pattern 
along the river continuum. The analysis of a global dataset further shows that DOC 
concentration peaks in streams draining catchments of 300   600 km2, indicating that 
longitudinal patterns of DOC depicting maxima in medium-sized streams are 
common in river networks worldwide. We posit that this emerging pattern results 
from changes in the relative influence of catchment versus in-stream biogeochemical 
processes along the river continuum, and that the degree of influence is modulated by 
river network hydrology. Based on these findings we put forward the “Bending 
DOM concept”, a new conceptual framework around which testable hypotheses on 
the spatiotemporal dynamics of DOM and river network functioning can be 
formulated. 
 
1Corresponding author: Joan P. Casas-Ruiz; jpcasas@icra.cat; (+34) 972 18 33 80 
2Present address: Research Center for  atershed    Aquatic Ecosystem Interactions (RIVE), 
Université du Québec à Trois-Rivières, Trois-Rivières, Québec, Canada 
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5  GENERAL DISCUSSION 

In this thesis, we assessed the controls on the dynamics of riverine DOM 
quantity and composition in the framework of a Mediterranean catchment. Each of 
the papers examines different aspects of DOM dynamics, from biodegradation 
kinetics of different DOM fractions to longitudinal patterns of DOC and DOM 
chemical diversity along river continua. In this section I provide a broader discussion 
of the findings described in papers I to IV in a common context, and comment on 
additional relevant aspects that were not addressed in the papers. 

A brief history of residence time: hydrologic control on 
the sources and processing of DOM 

Results compiled in this thesis pose hydrology as the main variable controlling 
the sources and processing, and therefore the concentration and composition, of 
DOM in river networks. 

The influence of hydrology on the quantity and composition of terrestrial 
DOM inputs is well documented. The properties of DOM transferred from soils to 
streams reflects those of bulk soil organic matter, and varies with soil depth and with 
hydrologic flowpath (Aitkenhead-Peterson et al 2003; Marín-Spiotta et al 2014). Top 
soil layers usually contain large amounts of organic matter dominated by young, 
plant-derived compounds such as lignin and polyphenols. In contrast, deeper soils 
have less organic content, and tend to accumulate older materials with greater 
contribution of microbially derived compounds (Kaiser and Kalbitz 2012). Hence, 
under low flow conditions, terrestrial DOM inputs resemble organic matter from 
older and deeper soils (Striegl et al 2005; Neff et al 2006; Spencer et al 2010), 
whereas at high and extreme discharge events, DOM exported from soils reflects 
surface organic-rich layers with high aromatic content (Raymond et al 2016 and 
references therein). This is in agreement with results from the Fluvià. For example, 
we measured very old radiocarbon ages in river DOC during low flows (>1,000 yr 
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BP, paper I), suggesting hydrological connection with deeper organic soil layers. In 
contrast, surface soils contributed most DOM to the river network during storm 
events, as indicated by the highest concentrations of terrestrial DOM throughout the 
hydrologic year (paper IV). At the same time hydrology modulates water residence 
times in the network, and therefore the contribution of in-stream DOM sources 
(paper III). Thus, the contribution of aquatic and terrestrial sources to bulk riverine 
DOM fluxes can highly vary with hydrological conditions. In our case, for instance, 
we observed that while large amounts of terrestrial, humic-like DOM are transferred 
to the Mediterranean Sea by the Fluvià during storms, protein-like DOM of aquatic 
origin dominates exports under low flow conditions (Fig 5). 

The influence of hydrology on the processing of riverine DOM is much less 
known. Recent theoretical works have proposed hydrology as a key variable for 
DOM processing, as it modulates the time that molecules spend in a system, and thus 
the opportunity for their reaction (Battin et al 2008; Raymond et al 2016). In paper 
III, we empirically demonstrate that water residence time is a major constraint for 
DOM processing in river networks. Hence, it can be predicted that in-stream DOM 
transformations are relevant during low flow periods, and that during storm 
conditions river networks behave as passive pipes of DOM. But the role of residence 
time on controlling riverine DOM budgets can be much more complex. From our 
findings in paper III, one might expect that the higher the water residence time within 
a system the higher the in-stream retention and/or generation of DOM. And this may 
be valid for a single or a combination of similar processes, for instance heterotrophic 
respiration and/or photo-oxidation. It becomes complex, however, when opposite 

Fig. 5. Dissolved organic matter exported to the Mediterranean Sea by the Fluvià River under 
different hydrological conditions. Bars express the combined fluorescence of the six            
        )                   A A A                                                               
     C4 resemble terrestrial, humic-like materials; C5 is a protein-like component of terrestrial 
origin; C6 resembles protein-like compounds of aquatic origin 
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processes co-occur. In such a case, if we assume that high residence times enhance 
the likelihood of opposite in-stream processes (e.g. catabolism vs. anabolism) to 
balance each other, a tendency to low net DOC change can be hypothesized with 
higher residence time (Fig. 6). In other words, at high residence times, gains may 
offset losses. Supporting this hypothesis, which I named the ‘tempus compensabit 
hypothesis’, we observed a symmetrical decrease in the net rates of DOM production 
and degradation with increasing RT (Fig. 2b in page 81). 

There are some interesting implications of the tempus compensabit hypothesis. 
On one hand, a null net balance in terms of DOC does not necessarily imply that a 
system does not process DOM. As long as RT is high enough, systems may reach a 
biogeochemical steady state whereby the net balance of DOM is buffered by the 
compensation between generation and removal processes. On the other hand, it is 

Fig. 6. Conceptual representation of the tempus compensabit hypothesis. a and b panels represent 
aquatic systems dominated by DOM generation and removal processes, respectively. The gray vertical 
line indicates a hypothetical residence time above which generation and removal processes co-occur. 
Below this threshold, only one type of process takes place in the system. According to the tempus 
compensabit hypothesis, the gross removal and generation of DOM increases with residence time until 
processes are limited by compositional and/or environmental factors (green dashed line in a and brown 
dashed line in b). Nevertheless, if the residence time of the system is high enough, generation and 
removal processes start balancing each other, buffering the net change of DOC (black lines). At 
residence times on the order of seconds and minutes, this phenomenon will be insignificant, or in any 
case unmeasureable with current analytical methods. However, beyond a hypothetical residence time 
threshold (gray vertical line), the balance between processes may become relevant for DOM and carbon 
budgets 
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expected a shift in DOM composition from terrestrial to aquatic character with 
increasing RT. In this regard, the evaluation of DOM compositional changes may 
provide useful information for discerning between actual passive pipes and reactors 
that simply are at a biogeochemical steady state. Indeed, in those reaches of the 
Fluvià network with high RT and apparently low rates of DOM processing, we 
observed a decrease in terrestrial humic-like fluorescence coupled to an increase of in 
situ produced, protein-like DOM (Fig. S5 in page 144). Notably, taking into account 
the potential compensation of DOM removal by in-stream additions of DOM might 
help explain current discrepancies in river network functioning. For instance, it might 
reconcile the high gross uptake rates of DOC calculated from whole stream reach 
studies (Mineau et al 2016 and references therein) with the low net removal rates 
observed at the network scale (Worrall et al 2006; Wollheim et al 2015). 

I cannot assert how extendible may this hypothesis be to systems with much 
longer retention times such as lakes. However, it is true that, although lakes are 
hotspots of DOM degradation (Tranvik et al 2009), the net removal of DOC is 
usually lower than expected when compared with systems with much shorter 
residence times such as small streams (Mineau et al 2016; Catalán et al 2016). This is 
often indirectly attributed to differences in DOM reactivity (Catalán et al 2016), but 
the counterbalance of processes could be also involved. Indeed, Kothawala et al 
(2014) and Kellerman et al (2015) analyzed a survey of hundreds of boreal lakes to 
find that an aliphatic, protein-like fraction of DOM is ubiquitous in the water column 
of lakes, where it might be continuously recycled and partially offset terrestrial DOM 
degradation. I therefore suggest that the balance of catabolic and anabolic processes 
is significant for DOM and carbon budgets along the entire land-to-ocean continuum. 
Overlooking this phenomenon would lead to an underestimation of DOM decay 
rates, with potential implications for watershed biogeochemical modeling and 
predictions.  

The counterbalance of biogeochemical processes in inland waters is more 
usual than one might think. For instance, the retention of nutrients in streams is often 
offset by release from the sediments through organic matter mineralization, 
desorption, and dissolution processes (von Schiller et al 2015). Hence, although we 
formulate this hypothesis from a perspective of carbocentric limnology3, it may also 
be applicable to other biogeochemically active solutes. 

 
 
 
 

                                                        
3 “Carbocentric limnology” is a term coined by Jon Cole to informally refer to any research field 
involving C cycling in inland waters (see Prairie (2008))  



111 
 

On the inner and outer limits of DOM degradation  

Why some DOM fractions or compounds react while some others do not is 
subject to intense debate, not only in river networks (Marín-Spiotta et al 2014) but 
also in soils, lakes, and the ocean (Schmidt et al 2011; Arrieta et al 2015; Kellerman 
et al 2015). In papers I and II, we find strong dependence of DOM reactivity on its 
composition. For instance, we show that DOM biodegradability increases with the 
share of low molecular-weight DOM compounds, and that these in turn control the 
biodegradation kinetics of bulk DOM. Furthermore, in paper III we find protein-like 
DOM to be more reactive along stream and river reaches than humic-like materials. 
These results support the classical paradigm of ‘chemical’ or ‘intrinsic recalcitrance’, 
whereby DOM persistence in the environment depends on the chemical composition 
of DOM (see Kleber (2010) for a detailed discussion on this concept). Nevertheless, 
our results indicate that other factors extrinsic to DOM composition are also at play. 
As mentioned above, in paper III we demonstrate that the time DOM spends in the 
system is determinant on its opportunity to react. Thus, chemically unstable DOM 
can be simply bypassed through river networks as long as water residence times are 
sufficiently low, for instance during extreme discharge events. On the contrary, it is 
only when residence times are high that DOM can react during transport. Other 
environmental factors such as water temperature and nutrient availability can also 
intervene on whether DOM is processed or not (paper III). In this sense, results from 
this thesis highlight that both chemical composition and environmental factors 
influence DOM reactions, and so none of them should be overlooked when 
addressing the controls on DOM persistence in river networks. 

But these results are far from being conclusive. To the best of my knowledge, 
there is so far no standardized method to measure directly and independently the 
influence of intrinsic and extrinsic factors on DOM degradation. For instance, a 
traditional method to measure DOM intrinsic biodegradability is to incubate water 
samples in the dark. Nonetheless, the vast majority of studies do not consider that 
differences in water physicochemistry and bacterial inoculum used may interfere 
with the measurement, precluding comparison between systems and studies (e.g. 
papers I and II). I do not criticize the method per se, as it can be used to address other 
relevant questions (e.g. paper II; McCallister and Del Giorgio 2012; Guillemette et al 
2015); however, traditional incubation methods do not provide conclusive 
information on the role of intrinsic DOM properties. In this sense, a critical line of 
future research is to develop standardized methods to address the influence of 
intrinsic and extrinsic factors on DOM degradation. 
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DOM maxima and where to find it 

In paper IV we identified a longitudinal pattern of DOC and DOM chemical 
diversity along the Fluvià river continuum, with maxima in medium-sized streams; 
and the same pattern emerged upon analysis of thousands of globally distributed 
DOC measurements (Fig. 3 in page 94). On our attempt to unravel the factors that 
modulate the shape of the pattern, we hypothesized that catchment properties and the 
configuration of the dendritic network would be determinant. Certainly, the modeled 
maxima of DOC concentration and DOM chemical diversity in the Fluvià roughly 
coincides with the inflection point of the catchment area cumulative curve (Fig. 7). 
This curve shows the drainage area that the mainstem integrates as it flows 
downstream. Thus, it combines both the geomorphology of the catchment as well as 
the entrance of different tributaries along the river continuum. A logistic relationship 
between catchment area and stream length seems appropriate in the case of the Fluvià 
(Fig. 7), although we cannot assert whether this is common in other river networks. 
In fact, a power function with an exponent between 0 and 1 (the so-called 
“diminishing returns law” in economics) seems more likely from a conceptual point 
of view (Rosso et al 1991). Still, regardless of the appropriate specific function, it 
seems worthy to explore the catchment area cumulative curve as a potential tool to 
predict maxima of DOM amount and diversity for individual river networks. 

Fig. 7. Link between catchment geomorphology and dissolved organic carbon (DOC) in the Fluvià 
river network. a, cumulative catchment area integrated by the mainstem from headwaters to the 
river mouth (gray line, 5-km resolution). The black line shows the fit of a logistic function, with the 
inflection point indicated with a red asterisk. b, longitudinal patterns of DOC. The heavy line shows 
the fit of a generalized additive model. The dotted line corresponds with the inflection point in panel 
a. 
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Is it all in the middle? 

We have already discussed the immediate repercussion of the emerging 
longitudinal patterns of DOM within paper IV, but because DOM intervenes in 
multiple ecological processes in aquatic systems (Prairie 2008), our concept may 
shed light on the patterns of other relevant ecological variables along river continua. 

From a perspective of ecological theory, higher resource diversity induces 
specialization and increases species richness and functional diversity (Rosenfeld 
2002; Clavel et al 2011). Thus, it can be hypothesized that elevated DOM chemical 
diversity translates into elevated biological diversity of those communities that rely 
on DOM as the main resource. This is the case, for instance, of riverine bacterial 
communities, and thus their dynamics could be tightly linked to those of DOM. 
Current knowledge suggests that bacterial taxonomic richness is maximal not in 
medium-sized rivers but in headwater streams (Ruiz-González et al 2015a; Savio et 
al 2015; Niño-García et al 2016); and this is consistent with the fact that riverine 
bacteria is dominated by taxa recruited from soils that enter networks through 
headwaters (Besemer et al 2012; Crump et al 2012; Ruiz-González et al 2015a). In 
this sense, it seems there is no direct coupling between DOM and bacterial 
community composition. However, recent findings demonstrate that the spatial 
distribution of bacterial functional traits in aquatic networks is strongly linked to the 
DOM pool to which bacteria are exposed, and that it cannot be reconstructed from 
patterns in community composition (Wilhelm et al 2015; Ruiz-González et al 2015b). 
In fact, it is intuitive to assume that not all taxa recruited from soils will remain 
active once entering streams. Hence, I predict that while community composition is 
more diverse in headwaters owing to the importation of soil communities, bacteria 
functional diversity follows the same pattern than their resource (DOM), with 
maxima in medium-sized streams (Fig 8). There is currently a paucity of detailed 
data on functional diversity along river continua, and so this prediction cannot be 
tested at the moment. Nevertheless, 16S rRNA sequencing is becoming more 
available as a tool to assess bacterial communities at the function level, and thus 
future studies should focus on investigating how functional diversity varies along 
river continua. 

The taxonomic diversity of macroinvertebrate communities also exhibits 
maxima in medium-sized streams (Vannote et al 1980; Grubaugh et al 1996; Reyjol 
et al 2003; Tomanova et al 2007). In this case it is unlikely that a causal relationship 
between the dynamics of macroinvertebrates and DOM exists, because although 
some species can ingest DOM by piercing or sucking, most are adapted to utilize 
particulate organic matter as a resource (Wetzel 1983). However, an interesting 
corollary is that medium-sized streams might harbor the highest level of ecological 
information within river networks, as they contain the maximal diversity of DOM, 
potentially active bacteria, and macroinvertebrates. 



114 
 

 Fig. 8. Hypothetical distribution of bacterial compositional and functional diversity along with DOM 
chemical diversity through river continua. The aesthetics purposely resemble those of Fig. 2 in 
Vannote et al (1980). 
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6  CONCLUSIONS 

The main conclusions of this thesis are as follows: 
 
 

I. Not all fractions of riverine DOM react the same way. DOM fractions 
encompassing the smallest and largest DOM compounds present fast 
and predictable degradation kinetics, while humic substances depict 
unpredictable, non-monotonic patterns. Tracking different fractions of 
DOM in laboratory and field studies is complex but necessary to 
improve our understanding of DOM dynamics in river networks. 

 
II. The role of stream and river reaches as pipes or reactors of DOM can 

highly vary with space and time. River networks must be envisaged as 
complex sequences of ecosystems that switch between pipe and reactor 
conditions depending on network hydrology and water 
physicochemistry. 

 
III. Water residence time is the main factor controlling the processing of 

DOM in river networks. DOC concentration and water temperature are 
also potential factors promoting DOM processing. 

 
IV. The net balance between in-stream gains and losses of riverine DOM is 

controlled by the intrinsic properties of DOM and the availability of 
nutrients. Notably, the in-stream generation of DOM can be as much as 
important as its removal in terms of frequency and magnitude. 

 
V. The concentration and composition of DOM show great spatial 

heterogeneities during drought episodes. The hydrological disconnection 
from the catchment during drought seems to promote a relevant 
influence of autochthonous DOM sources. However, tree leaves from 
overhanging canopies stand out as an important source of DOM, 
especially in sites with high RT such as isolated water pools that favor 
the accumulation and decomposition of leaves. 
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VI. During extreme discharge events large amounts of terrestrial DOM are 

transferred from soils to streams, which are then rapidly shunted 
towards the ocean without significant alteration. At such moments the 
quantity and chemical diversity of DOM are high and steady along the 
river continuum. 

 
VII. In contrast, a bell-shaped pattern with maxima in medium-sized streams 

arises with decreasing network discharge, probably due to the influence 
of DOM-poor groundwater in headwaters and in-stream degradation of 
DOM compounds in larger rivers. The confluence of tributaries, 
additions of algal-derived DOM, and decomposition of leaf and wood 
detritus also contributes to higher DOC and DOM diversity in medium-
sized streams. 
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Figure S1. Relationship between the apparent decay coefficient (k) of the 
bulk DOM and the proportion of initial DOM (a). In (b), the residuals of 
that relationship are related to the low molecular weight fraction of DOM 
(LMWS) confirming the independence of the relationship between LMWS 
and k (Fig. 7 main text) from the DOC concentration.  
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Figure S2. Bacterial abundance (Cell ml-1) at incubation time = 0 for each of the sites. 
Although Kruskall-Wallis test indicated differences between sites (Χ2 = 13.82, p= 0.02), 
comparison by group indicated differences only between sites C_Run and F_WDam 
     ’        z =   54    =     )      ’       w                                       
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Figure S3. Pictures of some of the study sites a) A_Pool, b) C_Run and c) F_WDam (picture taken 
later that year) 
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Figure S4. Chromatogram of size-exclusion chromatography (LC-OCD) for two samples 
from one of the pools at time 0 and 2 of the incubations. The distribution of the DOM 
fractions is shown. Humic-like substances (HS) and building blocks (BB) were integrated 
together as the HS&BB fraction. Similarly, low molecular weight acids and neutrals were 
integrated jointly as the low molecular weight substances (LMWS) fraction (see Graeber et 
al. 2015 for a similar approach). 
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Table S1. Parameters of the fitted RC models to the LMWS and HMWS fractions of each 
site.  

 

  

Table S1  

Parameter  Fraction A_Pool B_Pool C_Run D_Run E_WTail F_WDam 

α Average 
lifetime of the 
more reactive 
compounds (h) 

LMWS 
58.29 ± 

1.57 
6.59 ± 
1.91 

47.18 ± 
2.85 

12.08 ± 
3.37 

113.39 ± 
2.38 

3.08 ± 3.59 

HMWS 
117.47 ± 

4.43 
32.14 ± 

3.94 
NA NA NA NA 

ν Relative 
preponderance of 
the more 
recalcitrant 
compounds 
(unitless) 

LMWS 
0.156 ± 
0.013 

0.119 ± 
0.012 

0.271 ± 
0.015 

0.094 ± 
0.015 

0.626 ± 
0.017 

0.133 ± 
0.014 

HMWS 
0.652 ± 
0.020 

0.303 ± 
0.017 

NA NA NA NA 

Apparent first 
initial decay 
coefficient k   (h-

1) 

LMWS 
0.0027 ± 
0.0008 

0.0180 ± 
0.0063 

0.0057 ± 
0.0005 

0.0078 ± 
0.0004 

0.0055 ± 
0.0007 

0.0432 ± 
0.0040 

HMWS 0.0056 ± 
0.0005 

0.0094 ± 
0.0042 NA NA NA NA 

Values indicate modelled values ± SE 
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Table S2. Results of the AIC analysis for the 4 models fitted to the LMWS fraction of DOM in the six 
studied sites. AIC indicate the values of the Akaike Information Criterion;  Δi =[AICi – min (AIC)] and wi 
(AIC) are the rounded Akaike weigths [Wagenmakers and Farrell, 2004 and references therein], that 
can be interpreted as conditional probabilities for each model. Thus, the model showing the larger 
weight can be consider as the most adequate model.  
 

 
  

Table S2 

Model  A_Pool B_Pool C_Run. D_Run E_WTail F_WDam 

Reactivity 
continuum  

AIC -22 -18 -10 -15 -10 -24 
Δi -56 0 0 -35 -1 0 

wi (AIC) 0.00 0.6399 0.5669 0.0000 0.4100 0.9998 

Exponential 

AIC -6 -2 -4 -2 -6 3 
Δi -72 -15 -6 -49 -6 -26 

wi (AIC) 0.0000 0.0003 0.0230 0.0000 0.0349 0.0000 

Linear 

AIC -4 -3 -4 -4 -1 -3 
Δi -74 -14 -7 -47 -10 -21 

wi (AIC) 0.0000 0.0005 0.0214 0.0000 0.0044 0.0000 

GAM 

AIC -78 -17 -9 -50 -11 -7 
Δi 0 -1 -1 0 0 -17 

wi (AIC) 1.0000 0.3694 0.3887 1.0000 0.5507 0.0002 

Note- the number of parameter estimated for the Reactivity continuum is 2, for the Exponential and linear 
models 1, and for the GAM models, the smooth parameters were between 4 and 8.  
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Table S3. Results of the AIC analysis for the 4 models fitted to the HMWS fraction of DOM in the two 
studied pools. AIC indicate the values of the Akaike Information Criterion;  Δi =[AICi – min (AIC)] and 
wi (AIC) are the rounded Akaike weigths [Wagenmakers and Farrell, 2004 and references therein], 
that can be interpreted as conditional probabilities for each model. Thus, the model showing the 
larger weight can be consider as the most adequate model.  
 

 

Table S3 

Model  A_Pool B_Pool 

Reactivity 
continuum  

AIC -12 -7 
Δi 0 8 

wi (AIC) 0.9722 0.0206 

Exponential AIC -1 -4 
Δi 10 11 

wi (AIC) 0.0062 0.0043 

Linear AIC 5 -2 
Δi 17 12 

wi (AIC) 0.0002 0.0022 

GAM AIC -4 -14 
Δi 8 0 

wi (AIC) 0.0213 0.9729 

Note- the number of parameter estimated for the Reactivity continuum is 2, 
for the Exponential and linear models 1, and for the GAM models, the 
smooth parameters were between 4 and 8.  
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Table S4. Results of the AIC analysis for the models fitted to the HS & BB fraction of DOM in the six 
studied sites. AIC indicate the values of the Akaike Information Criterion;  Δi =[AICi – min (AIC)] and 
wi (AIC) are the rounded Akaike weigths [Wagenmakers and Farrell, 2004 and references therein], 
that can be interpreted as conditional probabilities for each model. Thus, the model showing the 
larger weight can be consider as the most adequate model.  
 

 
 

Table S4  

Model  A_Pool B_Pool C_Run D_Run E_WTail F_WDam 

Exponential 

AIC -12 -5 8 6 -3 -3 

Δi 0 33 7 16 14 30 

wi (AIC) 0.3437 0.0000 0.0237 0.0004 0.0009 0.0000 

Linear 

AIC -12 -3 9 6 -4 -4 

Δi 0 35 9 16 13 29 

wi (AIC) 0.3282 0.0000 0.0135 0.0003 0.0015 0.0000 

GAM 

AIC -12 -38 0 -10 -17 -32 

Δi 0 0 0 0 0 0 

wi (AIC) 0.3282 1.0000 0.9628 0.9993 0.9975 1.0000 

Note- the number of parameter estimated for the Reactivity continuum is 2, for the Exponential and linear 
models 1, and for the GAM models, the smooth parameters were between 4 and 8.  
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Supplementary Table 1. Morphological and physicochemical description of the 12 sampled reaches. Values reported are means and 

ranges (in brackets) corresponding to the ten sampling dates. 

Reach 
UTM coordinates 

Length 
(m) 

mean 
width 
(m) 

mean depth 
(m) 

Residence 
time 

(hours) 

DOC         
(mg C/L) 

NO3
- 

(mg N/L) 
PO4

3- 
(mg P/L) 

Temp 
(ºC) pH DO 

(mg O/L) 
X Y 

1 504859 4669395 3220 44 
(38-54) 

0.28 
(0.21-0.38) 

3 
(2-4) 

1.29 
(1.1-1.49) 

1.66 
(0.78-2.74) 

0.007 
(0.002-0.017) 

20.8 
(14.2-25.2) 

8.2 
(8.1-8.3) 

11.8 
(11.4-12.5) 

2† 502689 4668683 900 41 
(41-41) 

0.74 
(0.74-0.74) 

7 
(1-16) 

1.11 
(0.81-1.53) 

1.85 
(0.82-2.73) 

0.008 
(0.002-0.02) 

16 
(8.8-26.9) 

8.2 
(8.1-8.4) 

12.1 
(9.4-14.5) 

3 501798 4668642 2450 33 
(27-44) 

0.31 
(0.23-0.48) 

4 
(2-6) 

1.06 
(0.79-1.54) 

1.8 
(0.86-2.75) 

0.009 
(0.002-0.026) 

16.4 
(9.7-24.6) 

8 
(7.9-8.3) 

9.8 
(8.6-12.2) 

4 488258 4671294 3810 26 
(23-32) 

0.11 
(0.05-0.25) 

5 
(3-7) 

1.27 
(1.06-1.81) 

1.72 
(0.72-2.28) 

0.028 
(0.003-0.062) 

15.7 
(8.3-24.9) 

8.1 
(7.9-8.3) 

10.5 
(8.2-13.1) 

5† 480787 4670809 1640 66 
(66-66) 

1.36 
(1.36-1.36) 

42 
(5-84) 

2.56 
(1.57-3.49) 

1.97 
(1.04-2.62) 

0.086 
(0.034-0.159) 

14.3 
(6.1-24.2) 

8.1 
(8-8.5) 

9.9 
(7.2-12.4) 

6 478372 4669780 1720 7 
(6-9) 

0.16 
(0.1-0.27) 

8 
(1-19) 

1.73 
(1.05-2.97) 

2.00 
(1.16-2.77) 

0.016 
(0.002-0.043) 

12.5 
(3.8-20.7) 

8.3 
(8-8.5) 

10.9 
(8.2-14.1) 

7 466208 4673166 2360 13 
(9-18) 

0.15 
(0.07-0.23) 

5 
(1-8) 

1.79 
(1.54-2.04) 

2.73 
(2.29-3.18) 

0.188 
(0.128-0.247) 

15.9 
(13.6-18.2) 

8.4 
(8-8.8) 

10.0 
(10-10) 

8† 456822 4669472 770 16 
(16-16) 

1.41 
(1.41-1.41) 

46 
(3-138) 

1.89 
(1.12-4.64) 

4.37 
(2.19-5.77) 

0.033 
(0.019-0.09) 

13.1 
(5.4-17.8) 

8.3 
(8.1-8.5) 

10.0 
(8.5-12.5) 

9 455915 4669416 2150 8 
(6-11) 

0.2 
(0.09-0.38) 

9 
(1-25) 

1.11 
(0.74-1.62) 

4.65 
(2.24-5.85) 

0.023 
(0.015-0.031) 

11.8 
(6.8-15.7) 

7.9 
(7.6-8.2) 

8.6 
(7.7-10) 

10 458166 4677743 660 2 
(2-2) 

0.1 
(0.08-0.12) 

5 
(1-9) 

1.68 
(1.43-2.06) 

0.01 
(0-0.02) 

0.004 
(0.003-0.004) 

16.2 
(12-19.6) 

8.4 
(8.3-8.5) 

9.3 
(8.5-10.3) 

11 466312 4682995 340 4 
(2-5) 

0.15 
(0.09-0.34) 

4 
(1-6) 

0.54 
(0.38-0.85) 

0.01 
(0-0.06) 

0.003 
(<LOQ-0.004) 

9.1 
(5.2-13.8) 

8.4 
(8.2-8.6) 

11.1 
(10.3-11.7) 

12† 466218 4683553 80 10 
(10-10) 

1.14 
(1.14-1.14) 

7 
(1-16) 

0.69 
(0.38-1.47) 

0.02 
(0-0.06) 

0.003 
(<LOQ-0.004) 

11.4 
(6-19.2) 

8.4 
(8.3-8.8) 

10.6 
(9.2-11.7) 

DOC, dissolved organic carbon; Temp, water temperature; DO, dissolved oxygen; LOQ, limit of quantification 
†Reaches delimited by a small weir at their lower end (see Methods section) 
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Supplementary Table 2. Peak position for the six fluorescence components (C1‒ C6) 

identified by Parallel Factor Analysis. 

 
Excitation wavelength 

(nm) 
Emission wavelength (nm) 

C1 <250, 338 427 

C2 <250 427 

C3 <250, 377 487 

C4 <250, 308 385 

C5 278 325 

C6 <250 304 
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Supplementary Figure 1. Spatial and temporal variation of the net change in dissolved organic carbon ( DOC). The colour code 
refers to the behaviour of the reaches: blue for reactors with net gain, red for reactors with net loss, and grey for pipes.  Empty 
cells correspond to observations likely influenced by unmeasured lateral inputs (i.e., point sources and groundwater) and excluded 
from the dataset (See Methods section for details). 

 
15-Nov-

12 13-Dec-12 21-Jan-13 25-Feb-13 27-Mar-13 01-May-
13 17-Jun-13 15-Jul-13 23-Sep-13 08-Nov-13 

1 -0.53 -0.31 -0.44 -0.27 -0.06 -0.05 -0.05 -0.11 -0.34 -0.23 
2 0.05 0.15 0.00 0.10 0.02 0.01 -0.25 0.14 0.12 -0.01 
3 -0.04 0.00 0.11 -0.04 -0.01 -0.01 0.16 -0.01 0.07 0.00 
4 0.09 0.05 0.03 0.08 -0.03 -0.27 0.16 0.00 0.05 0.02 
5 -0.66 NA -0.36 -0.63 -0.02 -0.19 -0.18 -0.98 -1.26 -0.77 
6 -0.37 0.04 -0.01 0.01 -0.17 0.00 0.01 0.02 -0.10 -0.15 
7 -0.05 -0.28 -0.55 -0.41 -0.25 -0.01 0.09 0.19 -0.06 -0.39 
8 0.53 0.13 -0.87 -1.39 0.22 0.03 -0.07 -2.56 0.22 0.18 
9 -0.48 0.14 -0.12 0.91 0.28 0.09 0.40 -1.84 0.38 0.41 
10 -0.11 -0.07 -0.06 0.01 -0.01 -0.11 -0.04 -0.15 0.01 -0.02 
11 0.20 0.06 0.04 -0.09 0.01 0.01 -0.02 0.33 0.07 -0.05 
12 0.03 -0.01 0.06 0.01 -0.02 -0.05 0.05 0.07 0.02 0.10 
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Supplementary Figure 2. Variation of the net change in dissolved organic carbon 

( D OC) (upper panel) and the residence time of the reaches (lower panel) across 

sampling sites. Sites are sorted from the river mouth (1) to headwaters (12). See 

Figure 1 for details on the distribution of the sites across the river network. Box plots 

display the 10th, 25th, 50th, 75th, and 90th percentiles, and individual outliers. The 

gray dashed line in the upper panel represents  DOC=0. 
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Supplementary Figure 3. Temporal variation of the net change in dissolved organic 

carbon ( DOC) (upper panel) and the residence time of the reaches (lower panel). 

Box plots display the 10th, 25th, 50th, 75th, and 90th percentiles, and individual 

outliers. The gray dashed line in the upper panel represents  DOC=0. 
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Supplementary Figure 4. Paired relationships between the net variation in 

fluorescence intensity along the reaches for the six components (C1   C6) identified 

by PARAFAC. Cells inside the matrix diagonal show the fluorescence spectra of 

each component. Values above the diagonal are Spearman correlation coefficients. 

Positive values mean coupling between components, that is, they both either increase 

or decrease along the reach. Negative values mean opposite dynamics. Asterisk 

shows statistical significance (* p<0.01; ** p<0.001). 
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Supplementary Figure 5. Net change in fluorescence intensity of components 5 and 6 

for reactor observations with a residence time above 18 hours (Mann-Whitney test, 

p<0.001).  
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Supporting Information 
 

 

Delineating the continuum of dissolved organic 

matter in river networks 

Short Title: Delineating the continuum of DOM in river networks  

Joan P. Casas-Ruiza,1, Robert G.M. Spencerb,c, François Guillemetteb,c,2, Daniel von 

Schillerd, Biel Obradore, David C. Podgorskib,c, Anne M. Kellermanb,c, Jens 

Hartmannf, Lluís Gómez-Genere, Sergi Sabatera,g, Rafael Marcéa 

 
 

 
Fig. S1. Distribution of the study sites across the Fluvià river network (North-East of 
the Iberian Peninsula). All sites were sampled ten times over a hydrological year. 
Symbols containing a red half indicate sites that were sampled also during storm 
events. The inset at the upper-right corner shows the location of the catchment in 
South Western Europe. 
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Fig. S2. Hydrological context of the samplings. Symbols indicate the sampling dates 
over the hydrograph (grey line) in the Fluvià river mouth during the study period 
(2012-2013). Color code same as Fig. 1. 
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Fig. S3. Fluorescence spectra of the components identified using parallel factor 
analysis (PARAFAC). For a detailed description of the fluorescence components, the 
reader is referred to Casas-Ruiz et al (2017, in press, doi:10.1002/lno.10471) 
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Figure S4:Longitudinal patterns of the number of assigned formulas for each of 
the molecular compound categories. a) condensed aromatics, b) polypenols, c) 
highly unsaturated and phenolic compounds, and d) aliphatic compounds. Black 
lines show statistically significant (α=0.05) GAM models for the non-storm 
conditions dataset. No significant patterns were found during storm events.  The 
color code is the same as in Fig. 1. 
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Fig. S5. Relationship between the concentration of dissolved organic carbon (DOC) 
and the number of assigned formulas from FT-ICR-MS analysis (Spearman 
rho=0.69, p<0.0001, N=62). 
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Fig. S6. Patterns of DOM molecular composition along the Fluvià river network. The 
figure shows selected Van Krevelen diagrams of DOM from headwater streams to 
the river mouth under low and storm flow conditions. The color and size of the 
symbol indicates the relative peak intensity of molecular formulas for each sample. 
The total number of assigned formulas is shown in the upper-right corner of the 
diagrams.  
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Fig. S7. Split half validation of the six-component PARAFAC model 
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Fig. S8: Frequency hystogram of catchment area for all DOCmeasurments available 
in GloRiCh.  
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