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Memòria presentada per Elisabet Ejarque Gonzalez per optar al
grau de Doctora per la Universitat de Barcelona

Elisabet Ejarque Gonzalez
Barcelona, setembre de 2014

Vist-i-plau dels directors de tesi:

Dr Andrea Butturini Dr Francesc Sabater Comas
Director Co-director
Professor agregat, Dep. Ecologia UB Professor titular, Dep. Ecologia UB





Als meus pares
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sense excepció, per crear un ambient de treball on la frontera entre feina i amistat es
desdibuixa. A la Gemma, l’Octavi, l’Isa i la Laia, per acollir-me en els meus inicis al
despatx de forestals. A la colla Manchester per l’amistat que hem anat construint
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Summary

Rivers play a key role in the global biogeochemical functioning, as they link the
biogeochemical cycles of the terrestrial and oceanic systems. In the framework of
the carbon cycle, streams and rivers receive dissolved organic matter (DOM) from
a variety of sources which is subsequently transported downstream and delivered to
the oceans. However, there is increasing evidence that this step involves not only
a relocation of DOM from the land to the seas, but also an important in-stream
processing which modifies its quality and properties and, to some extent, outgas
it to the atmosphere as CO2. However, up to now it has not been assessed how
these modifications occur along a longitudinal perspective and, most importantly,
the role that hydrology plays in such downstream patterns of DOM processing.

This thesis explores the transport and reactivity of DOM along a Mediterranean
river (la Tordera) under a variety of hydrological conditions ranging from flash floods
to summer droughts. First, the composition of DOM was determined using 3D flu-
orescence spectroscopy (emission-excitation matrices) and a novel chemometric ap-
proach based on a self-organising maps analysis coupled with a correlation analysis.
This step allowed discerning the presence of four DOM moieties: a tyrosine-like, a
tryptophan-like, and two humic-like fluorescence components.

Next, longitudinal patterns of these components are presented for a range of
hydrological conditions. Along the main stem, the river exhibited three reaches with
a differentiated DOM character: in the headwaters DOM had an eminent humic-
like character derived from the drainage of the surrounding terrestrial catchment
(high HIX); in the middle reaches (from Sant Celoni to Fogars de la Selva) there
was a predominance of the protein-like component C2 reflecting the effect of direct
anthropogenic water inputs (concomitant high nutrient concentrations); and the
lowest part of the river was dominated by the protein-like component C1 and high
FI, suggesting a predominance of microbially-derived DOM. Hydrology appeared
to act as a modulator of such longitudinal patterns: during drought, the spatial
heterogeneity of DOM character was maximised, whereas during flood conditions
there was an homogenisation over the longitudinal dimension, consisting in a highly
aromatic humic-like character.
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By means of an End-Member Mixing Analysis (EMMA) approach it was ob-
served that in-stream reactive processes were likely to be driving DOM quality,
especially during non-flood conditions and at the middle and lower reaches of La
Tordera. Following such evidences, the relevance of in-stream transformations over
transport and physical mixing were explicitly quantified by performing a mass bal-
ance approach at thirteen consecutive downstream segments. Results of the mass
balance study showed that flood events, despite their brevity in time, had the ca-
pacity to export the largest amounts of DOM, although having undergone little
in-stream processing. During baseflow conditions, which have been estimated to
occur annually about half of the days, there were moderate efficiencies of bulk
DOM retention; however, individual fluorescence components had important in-
stream generations, especially the protein-like moieties C1 and C2. In space, this
processing occurred in the final segments of the river, hence exhibiting a shift from
a conservative to a reactive behaviour. Finally, during drought conditions the river
had the highest capacity of DOM retention and exported the least amounts of DOM.
In space, retention efficiencies were homogeneous along the mainstem, except for
two anthropogenically-impacted sites where the retention capacities were reduced.
The mass balance study also revealed that bulk DOC processing was subject to
a stoichiometric control with nitrate, even though such control was weaker during
drought.

The findings of this thesis demonstrate that the riverine passage is a decisive
step that defines the quantity and quality of the DOM that is finally delivered to
the oceans. Moreover, the observed hydrological seasonality in La Tordera shapes
a temporally-changing DOM character which may have complex repercussions for
its fate once in the coastal systems.



Resum

Els rius juguen un rol essencial en el funcionament biogeoqúımic global, ja que
enllacen els cicles biogeoqúımics terrestres amb els oceànics. En el si del cicle
del carboni, els rius reben matèria orgànica dissolta (MOD) d’una gran varietat
d’oŕıgens, la qual és transportada riu avall i alliberada al mar. Hi ha evidències
creixents que aquest pas, no consisteix només en un transport conservatiu, sinó
que a més, té lloc un processat intern que en modifica qualitats i, fins a cert punt,
l’oxida i allibera a l’atmosfera en forma de CO2. Malgrat tot, fins ara no s’ha avaluat
com ocorren aquestes modificacions des d’una perspectiva longitudinal, de capçalera
a desembocadura, ni el rol que la hidrologia fluvial juga en el desenvolupament
d’aquests patrons longitudinals.

Aquesta tesi explora el transport i la reactivitat de la MOD al llarg d’un riu
Mediterrani (la Tordera) durant un ventall de condicions hidrològiques que compre-
nen des de grans avingudes fins a sequeres estivals. Primerament, es presenta un
nou mètode quimiomètric per a determinar la composició de la fracció fluorescent
de la MOD basat en una anàlisi neuronal amb mapes autoorganitzats de Kohonen.
Aquesta anàlisi ha revelat la presència de quatre fraccions de matèria orgànica: una
relacionada amb la tirosina (C1), una amb el triptòfan (C2), i dues amb substàncies
húmiques (C3 i C4).

Seguidament, es presenten els patrons longitudinals d’aquestes quatre fraccions
per un ventall de condicions hidrològiques contrastades. Al llarg del curs principal,
el riu ha mostrat tres trams amb unes caracteŕıstiques de la MOD diferenciades:
a la capçalera la MOD tenia un caràcter eminentment húmic i amb un HIX ele-
vat, derivat del drenatge de la conca terrestre adjacent; en el tram mitjà (des de
Sant Celoni fins a Fogars de la Selva) predominava el component proteic C2 que,
coincidint amb uns elevats nivells de nutrients, reflectien l’efecte de les entrades
d’aigües antropogèniques; finalment, a la part baixa del riu (des de Fogars de la
Selva fins a la desembocadura) la MOD estava dominada pel component proteic
C1 i un FI elevat, suggerint un predomini de substàncies derivades d’una activitat
microbiana autòctona. Amb tot, la hidrologia es va mostrar com el gran modulador
d’aquests patrons longitudinals: en sequera, l’heterogeneitat espacial de la MOD
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era màxima, mentre que durant les crescudes s’esdevenia una homogenització al
llarg de la dimensió longitudinal, que consistia en un caràcter fortament aromàtic.

Mitjançant una anàlisi de mescla d’end-members, es va observar que la quali-
tat de la MOD al llarg del curs fluvial podia estar principalment determinada per
processos reactius autòctons, especialment fora de condicions de sequera, i en els
trams mitjans i baixos de la Tordera. Arran d’aquestes evidències, es va quantificar
i discernir la rellevància d’aquestes transformacions respecte de processos de barreja
f́ısica. Això es va dur a terme mitjançant un càlcul de balanç de masses en tretze
segments fluvials consecutius, localitzats entre Sant Celoni i Fogars de la Selva. Els
resultats d’aquest estudi mostren que durant les crescudes, malgrat la seva brevetat
en el temps, tenen una capacitat màxima d’exportar MOD; una MOD, però, que
sofreix canvis composicionals mı́nims durant el seu transport. En condicions de
cabal basal, les quals s’estima que ocorren la meitat de dies l’any, es van observar
eficiències de retenció de MOD moderades, malgrat tot, individualment pels com-
ponents de fluorescència hi van haver importants generacions, especialment per les
fraccions proteiques C1 i C2. En l’espai, aquesta generació va tenir lloc als segments
finals, mostrant aix́ı un canvi de comportament del riu des de transportador con-
servatiu a reactiu. Finalment, en condicions de sequera el riu va mostrar la màxima
eficiència de retenció, a la vegada que exportava la mı́nima quantitat de MOD. En
l’espai, les eficiències de retenció es mantenien homogènies al llarg del riu, excepte
en dos punts subjectes a impacte antropogènic, on les eficiències de retenció es van
veure redüıdes. L’estudi de balanç de masses també va revelar que el processat del
carboni orgànic dissolt estava subjecte a un control estequiomètric amb el nitrat,
control que en condicions de sequera es va mostrar més dèbil.

Els resultats d’aquesta tesi doctoral demostren que el pas fluvial és un pas decisiu
que determina la qualitat i la quantitat de MOD que és finalment alliberada als mars.
Aquesta estacionalitat temporal en la qualitat i quantitat de la MOD exportada,
determinada principalment per les condicions hidrològiques, pot ser determinant
pel dest́ı que tindrà la MOD un cop al mar.
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Chapter 1

General introduction

1.1 Characterisation of dissolved organic matter

1.1.1 Dissolved organic matter as a complex chemical mixture

The term dissolved organic matter (DOM) refers to the pool of organic molecules
that are dissolved in water. It is ubiquitous, as it exists in all known water bodies,
and it plays a key role in the global carbon cycle as it is the largest reservoir
of organic carbon on Earth (Findlay and Sinsabaugh, 2003). Operationally, it is
defined as the fraction of organic molecules that passes through a filter of 0.45
micrometers (McDonald et al., 2004). However, beyond this basic criterion, DOM
molecules are highly heterogeneous, presenting a large range of chemical structures
and properties (Filella, 2008). In biochemical terms, DOM is made up of two types
of molecules: On the one hand, it contains well-known and simple biomolecular
compounds, including mainly lipids, proteins and carbohydrates, and they represent
about 20-40% of the total DOM. On the other hand, there is a humic fraction that
includes large and complex molecules, rich in aromatic groups, whose chemical
structures are very heterogeneous and not very well-known, and they represent
about 50-75% of the total bulk DOM (Volk et al., 1997). These substances are
the result of the long term mineralisation and decomposition of plant and animal
tissue remains through a process termed humification. These humic substances
have been traditionally characterised by chemical fractionation, so that we can
distinguish between fulvic acids – the fraction which is insoluble at pH<2 – and
humic acids – the fraction which is soluble at all pH values (Thurman, 1985). Under
a physical perspective, DOM compounds span a wide range of molecular weights
usually divided into low, medium and high molecular weight. As the size range is
continuous, thresholds between these categories are also operational. While the low
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molecular weight fraction, including the well-known biomolecules, are in the range
of <1kDa, high molecular weight humic substances can be of the order of hundreds
of kDa (Vázquez et al., 2007).

1.1.2 Fluorescence spectroscopy for the determination of DOM
properties

Such compositional heterogeneity and complexity has therefore constituted a major
challenge for the chemical characterisation of DOM. In the field of analytical chem-
istry, methodologies have mainly focused at elucidating the elemental and functional
groups composition, with techniques like Fourier Transform Infrared Spectroscopy
(FTIR), Nuclear Magnetic Ressonance Spectroscopy (NMR) and Mass Spectrome-
try (MS) (McDonald et al., 2004). However, these methodologies require expensive
equipment, long protocols and an important manipulation of the samples, what
limits the popularity and applicability of these techniques.

By contrast, fluorescence spectroscopy appeared as an analytically fast, eco-
nomic and straightforward method. It is based on the fact that an important part
of the molecules included in bulk DOM have the capacity to fluoresce, that is, to
absorb and emit light. Whereas it is true that not all DOM molecules have this
light-interacting capacity, the pool of molecules that effectively have this property
include important groups of organic substances found in natural water bodies, like
humic and fulvic acids, as well as some protein-like material containing tryptophan,
tyrosine or phenylalanine. Each of these substances represents different roles in
the environment and, hence, may provide information about a variety of ecological
processes regarding DOM such as origin and transformation (Hudson et al., 2007).

The reason why the above mentioned chemical groups are optically detectable
is that they contain aromatic rings in their structure. Aromatic rings have loosely
held electrons that, when they are excited with incident photons, they attain a
higher energy level. This is considered the absorption or excitation process. After-
wards this absorbed energy is released again in the form of light as electrons return
to their original ground state, in the so-called emission process (Lakowicz, 2006).
The intensity of light absorbed and emitted at a certain wavelength (λ) is depen-
dent on the specific structure and characteristics of the aromatic groups of every
molecule. Therefore the determination of the maximal wavelengths at which a sub-
stance absorbs and emits light allows the identification of that substance (Lakowicz,
2006). Highly aromatic humic substances emit light at the visible range of the light
spectrum, broadly between 420 and 480 nm. At high concentrations they can be
detected at naked eye by conferring a brownish or yellowish colour to the water
sample. Lower aromatic humic substances appear at progressively lower emission
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Figure 1.1 – Demonstration of an Excitation-Emission Matrix and the areas of
the most commonly reported fluorophores according to Coble (1996) and Parlanti
et al. (2000).

wavelengths and, aminoacids, typically appear in the ultraviolet at 300-370 nm
(Fellman et al., 2010).

1.1.3 Excitation-Emission Matrices and the optical landscapes of
DOM

A practical way of getting an image of the different kind of optically detectable
substances that are contained in a sample is to make a full scanning over a range
of emission wavelengths (λem) and excitation wavelengths (λex). Such measure-
ments provide an optical map in which fluorescent components appear in the form
of peaks. In mathematical terms, they represent fluorescence data matrices de-
scribed by two independent variables: emission and excitation. For that reason,
these data sets are referred to as Excitation-Emission Matrices (EEMs) (Mopper
and Schultz, 1993; Coble, 1996). In Figure 1.1 there is an example of an EEM with
some typical fluorescence peaks. It should be noted here that every peak is not nec-
essarily representing a single substance, but rather a pool of substances with close
aromatic or optical properties (Stedmon and Bro, 2008). This applies especially in
the present case when the analyte under consideration is DOM, containing a large
diversity of organic compounds which can potentially exhibit gradients of similar-
ities between them (Del Vecchio and Blough, 2004). Also, fluorophores can reflect
internal processes such as quenching or intra molecular charge transfer (Del Vecchio
and Blough, 2004; Boyle et al., 2009). For that reason, hereafter detected peaks
will be referred to as fluorophores, with the aim to designate groups of compounds
with similar optical properties rather than a pure chemical substance.
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1.1.4 Turning spectral data into information

While the spectrofluorometric measurements in the lab are relatively fast and straight-
forward, the subsequent data treatment and interpretation is still a major challenge,
as EEMs are the expression of a complex mixture of fluorescence signals and phe-
nomena. Therefore it is necessary to distil the biogeochemically meaningful informa-
tion out of this complex fluorescence data. Authors have used a range of approaches
in order to convert EEM data sets into some simple and manageable variables or
indices:

Among the earliest approaches, but still on use, is the identification of fluo-
rophores by visual peak picking. Seminal papers on DOM EEMs relied on this
approach, like in Coble (1996) and Parlanti et al. (2000), who established nomen-
clatures to designate fluorophores which have been used up to current dates. Such
fluorphores and their locations are shown and described in Figure 1.1. Peaks A,
C and M appear at the longer emissions and reflect humic-like compounds. A and
C are considered to be terrestrially-derived as they have been found to be the pre-
dominant fluorescence signature in headwater streams (Hudson et al., 2007). Peak
C corresponds to highly degraded humic material, whereas peak A corresponds to
diagenetically younger components (Huguet et al., 2009). By contrast, peak M has
been related to humic-like compounds derived from microbial activity, and have a
lower aromatic character (Romera-Castillo et al., 2010). On the other hand, peaks
T and B correspond to the protein-like fraction of DOM, and appear at lower emis-
sion wavelengths. Peak T reflects materials related to tryptophan, whereas peak
B is related to tyrosine (Yamashita and Tanoue, 2003). Often, these peaks appear
bimodal, with two excitation maxima (Henderson et al., 2009).

Further, ratios between peaks have been used to infer sistemic processes, usually
by relating the intensity of any fluorophore to that of the C or α peak. The ratio
T:C has been used as a tracer of anthropogenic inputs (Henderson et al., 2009) like
urban and industrial sewage (Baker, 2001; Borisover et al., 2011) and farm wastes
(Baker, 2002; Naden et al., 2010), based on the idea that impacted waters have a
more predominant composition in tryptophan-like materials compared to humic-like
ones. On the other hand, the ratio α’:α has been used as an indicator of the young
or mature character of the humic fraction of DOM (Coble et al., 1990; Coble, 1996;
Parlanti et al., 2000). Also,γ:α gives information about the recent autochthonous
character of DOM and on the productivity in the aquatic environment (Parlanti
et al., 2000), as the γ fluorophore has been associated with labile compounds of
protein or bacterial origin (Yamashita and Tanoue, 2003; Cammack et al., 2004).

A similar approach to the use of fluorophore ratios are fluorescence indices, in
the sense that they use some specific {λex - λem} coordinates or regions out of the
whole EEM. But, instead of relying on peak maxima, they are computed over fixed
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Figure 1.2 – Excitation-Emission Matrix and location of the fix wavelength
coordinates used to compute the FI, BIX and HIX indices.

wavelength coordinates (Figure 1.2). The main indices used in the literature are the
FI (McKnight et al., 2001), indicator of the autochthonous vs allochthonous source
of DOM; the HIX (Zsolnay et al., 1999), indicating the degree of humification; and
the BIX (Huguet et al., 2009), related to a predominantly autochthonous origin of
DOM and to the presence of freshly released organic matter.

All the above mentioned metrics (peak intensities, ratios between peaks, flu-
orescence indices) have been successfully used in a wide variety of DOM studies,
however, they still hold some drawbacks: (i) peak-picking-based metrics are subject
to an inherent subjectivity for fluorophore identification, and (ii) all these metrics
rely only on some few λex − λem coordinates and, therefore, there is a lack of a
deeper dealing with the whole complexity of the EEM signals. These drawbacks
have become more important with the increasing size of EEM data sets, triggered
by the recent advances in spectrofluorimetry and computer software and hardware.

1.1.5 Chemometric methods

Advances in spectrofluorimetric equipment have made it possible to automate the
analysis of a large number of samples, and therefore, researchers are faced with EEM
data sets of increasing sizes. Because of that, dealing with EEMs and extracting
meaningful information out of them has become increasingly more challenging. The
traditional approaches for identifying fluorescence components, namely visual peak
picking, has become importantly limited. On the one hand, it requires a careful
inspection of every single EEM of the data set, what can be very time consuming
for large EEM data sets. Furthermore, visual peak detection is not always obvious:
some peaks appear overlapped to wider or higher peaks, or can appear as shoulders
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to other peaks. On the other hand, peak picking results among EEMs may be
difficult to compare, as peaks do not consistently appear at the same coordinates,
but have some variability in its location. Because of that, it is often confusing to
see if an observed peak is a shifted version of an already identified peak, or whether
it is a new fluorophore. Therefore, visual peak picking is not really feasible for an
in-depth analysis of large EEM data sets.

Because of that, a currently active field of research is devoted to find statistical
data mining tools that can objectively separate the broad signal of the EEMs into
individual fluorophores, or fluorescence components, out of large EEM data sets.
The most notorious advance in this sense has been the adaptation of parallel factor
analysis (PARAFAC) analysis to the specific analysis of EEM data sets (Stedmon
et al., 2003; Stedmon and Bro, 2008). PARAFAC is a generalisation of PCA to
higher order arrays (Bro, 1997) and mathematically separates the mixture of fluo-
rescence signals contained in the EEMs into individual constituents localised at fix
λex − λem wavelength pairs (Stedmon and Bro, 2008). It is based on the funda-
mental assumption that fluorophores behave independently and without interaction
between them according to the Beer-Lamberts law. That is, the observed fluores-
cence signal results from the sum of the contribution of every fluorophore present
in the sample. In practice, every component represents a group of wavelengths that
vary independently to the rest of wavelengths within the data set.

PARAFAC has been successfully used in a large number of ecological studies and
has enabled important advances in the scientific knowledge about the biogeochem-
ical behaviour of DOM in marine and freshwater systems (Fellman et al., 2010).
However, PARAFAC has some limitations which hinder its application to some
EEM data sets. First, this model assumes that all the samples in the data set in-
clude the same number of fluorophores, but at different proportions (Stedmon and
Bro, 2008), so that every component exhibits a full compositional variability within
the data set. Because of that, PARAFAC is well-suited for studies characterising
gradual processes of DOM modification, like samplings along gradual environmen-
tal conditions or DOM removal experiments (Stedmon and Bro, 2008). However,
in the environment discontinuities and heterogeneity are usually the rule (Poole,
2002) and, therefore, this limitation is not trivial, especially for observational stud-
ies. Also, and related to that, PARAFAC is very sensitive to the presence of outliers
as it relies on a least squares approach (Brereton, 2012). Because of these limita-
tions, DOM studies have to adapt their experimental and sampling designs in order
to be able to apply PARAFAC, and this means, mainly, to focus on capturing grad-
ual changes, and avoid heterogeneity, something that cannot be foreseen beforehand
in most ecological studies. Therefore, in order to further advance the understanding
of DOM biogeochemistry, it is necessary to further develop statistical tools that are
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less dependent on the homogeneity/heterogeneity of DOM composition, and that
are less sensitive to the presence of outliers within the data set.

1.2 The biogeochemistry of DOM in fluvial systems

In ecological terms, DOM has been considered to be one of the most important
variables that define the function and structure of freshwater ecosystems (Prairie,
2008). DOM is the most important active reservoir of organic carbon in aquatic
environments (Findlay and Sinsabaugh, 2003), and has a fundamental ecological
role, as it is implied in numerous processes which control resources availability to
organisms. Namely, it mediates the transport and availability of nutrients (Taylor
and Townsend, 2010) and metals (Brooks et al., 2007; Elkins and Nelson, 2002) to
aquatic organisms, controls light-depth penetration and therefore light availability
to autotrophs (Foden et al., 2008) because of its strong light absorbance capacity,
and is a carbon and energy source for heterotrophic bacteria (Findlay, 2010).

During its transport along a riverine channel, DOM flows along changing envi-
ronmental conditions and, consequently, becomes successively involved in different
biogeochemical processes. Because of this interactivity, not only DOM quantity but
also its quality is susceptible to change during its transport across the landscape
(Jaffe et al., 2008). The quality of riverine DOM is mainly dependant on its source,
and on the subsequent transformation processes it has undergone. The main DOM
sources include allochthonous (terrestrially-derived), autochthonous (in-stream pro-
duced) or anthropogenic origins. Posterior transformations of DOM during its pas-
sage through the riverine system depend i) on the susceptibility of a given molecule
to be transformed by a determined biogeochemical process, which can be biotic
– like microbial degradation – or abiotic – like photodegradation; and ii) on the
presence of the favourable environmental conditions needed for that process to take
place.

1.2.1 Sources of riverine DOM

Allochthonous or terrestrially-derived DOM Typically the main source of
DOM in streams and rivers originates from the drainage of the surrounding ter-
restrial catchment, and therefore it exhibits eminently a composition reflecting
terrestrially-derived materials, that is, humic substances resulting from the humifi-
cation of lignin-derived compounds in soil (McDonald et al., 2004). The prevalence
of terrestrial DOM in the river depends firstly on its generation in the interstitial
water in soils and, secondly, on precipitation events which flush this DOM from soils
to the river. Temperature is a key factor in determining the rate of organic matter
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decomposition (Christ and David, 1996) and hence, the production and availability
of DOM in soil for its subsequent drainage to the stream (Freeman et al., 2001).
Soil type (Clark et al., 2004) and land use (Wilson and Xenopoulos, 2009) may also
generate spatial variation in the generation of DOM, for example, crops have been
found to produce compounds with less structural complexity than those of forested
areas (Wilson and Xenopoulos, 2009). But, ultimately, precipitation events consti-
tute the decisive factor which controls to what extent this dissolved organic carbon
(DOC) contained in soil will be effectively introduced to the river flow (Harrison
et al., 2008).

Autochthonous or in-stream derived DOM In-stream biological processes
constitute an authochthonous source of DOM. DOM can be released to the river
water mainly by phytoplankton (Romera-Castillo et al., 2010) and macrophytes
(Lapierre and Frenette, 2009), but also by microbial cell lysis, or spillage from
damaged cells (Bertilsson and Jones, 2003). Even though this input pathway is
often overlooked for rivers and streams, it can account for 40 to 80% of DOM sources
across biomes (Webster and Meyer, 1997), especially when light availability is high
and the surrounding catchment is poorly vegetated, as in arid areas. In general,
autochthonously-derived DOM consists of simple and well known compounds such
as lipids, polysaccharides, nucleic acids and aminoacids. Also, a release of humic
substances of low molecular weight and low aromatic content has been observed
(Romera-Castillo et al., 2010). At the same time, even if it can often represent a
minor fraction of whole DOM in quantitative terms, it has been observed to be a
highly labile fraction that support high rates of bacterial growth and therefore is
rapidly utilized (Giorgio and Pace, 2008).

Anthropogenic DOM In catchments with a high human pressure, anthropogenic
activities may significantly alter the quality and quantity of DOM flowing in a river.
Such alteration can be caused, on the one hand, by the modification of land uses
within the catchment and, on the other hand, by the direct spillage of sewage ef-
fluents to the river flow. Land use alteration creates a diffuse effect which alters
the quality of the terrestrially-derived DOM which is drained from the soils dur-
ing storm events. Numerous studies have recognised differentiated DOM qualities
between agricultural and forested subcatchments (Wilson and Xenopoulos, 2009;
Williams et al., 2010). Alternatively, direct inputs from waste water treatment
plants (WWTPs), industries and urban sewage constitute point sources of anthro-
pogenic DOM, whose composition can widely vary according to the kind of human
activity that has originated it. However, some general traits have been observed
that differ those of the DOM naturally flowing in the water, such as a higher con-
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tribution of molecules resulting from bacterial activity and a higher proportion of
protein-like material with respect to materials of humic nature.

1.2.2 Fate of riverine DOM

Once in the river water, the DOM coming from any of the above mentioned sources
constitutes a complex bulk DOM mixture that is transported downstream and be-
comes successively involved in different biogeochemical processes – while still con-
tinuously receiving new inputs of DOM molecules. Here follow the main biogeo-
chemical interactions in which DOM is involved.

Microbial DOM oxidation Heterotrophic bacteria essentially control DOM
transformations, as they are the only biological compartment that can relevantly
utilize it. This pathway represents the re-introduction of matter and energy to
higher trophic levels and can be viewed as a recycling pathway of organic matter
within the ecosystem (Azam et al., 1983). Bacteria can easily uptake the sim-
ple DOM compounds by transferring them directly through their membranes using
permease enzymes; however more complex humic compounds have to be previously
hydrolised by means of exoenzymatic enzimes (Montuelle and Volat, 1993). As a
result of the bacterial degradation, DOM may be completely oxidised to CO2, hence
being completely removed from the river. For instance, in the Hudson River, bac-
teria have been found to be responsible for the removal of 20% of the DOC loads
(Maranger et al., 2005). However, DOM can also be transformed into subproducts
of lower molecular weight and higher recalcitrance (Amon and Benner, 1996). Be-
cause of that, microbes are not only controllers of DOM concentration in rivers,
but also have the capacity to modify its composition and character, hence affecting
the quality of the DOM that is finally delivered to oceans (Guillemette and del
Giorgio, 2012). On the same time, controls on the opposite direction have been
observed, so that bacterial communities may adapt their composition and function
to the available DOM (Docherty et al., 2006; Judd et al., 2006). This highlights the
tight coupling and complex interactivity that exists between the DOM pool and the
characteristics of the bacterial communities.

Photochemical degradation During the riverine transit, the coloured fraction
of DOM has been found to selectively decay (Weyhenmeyer et al., 2012). Due to its
chemical ability to interact with light, the exposure of DOM to sunlight results in a
decrease in the average molecular weight (Bertilsson and Tranvik, 2000) and direct
mineralisation to CO2 (Miller and Zepp, 1995). Kohler et al. (2002) reported losses
of riverine DOC of 33-50%. Other fractions may not be totally mineralised but
undergo profound qualitative changes (Moran et al., 2000), like a loss in the aro-
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matic carbon functionality (Osburn et al., 2001) and a change in the proportion of
humic substances (Kohler et al., 2002). While both the humic- and the protein-like
fractions are prone to photochemical degradation, fulvic acids have been found to
be more susceptible (Mostofa et al., 2007). Some authors argue that photochemical
subproducts are more labile than the original DOM compounds, so that it would
favour the biological uptake of DOM (Moran and Zepp, 1997). However, other stud-
ies have found a decrease in the biodegradability of DOM due to sunlight exposure,
therefore the predictability of the effects of solar radiation to DOM availability is
not yet well understood (Moran and Covert, 2003). However, photodegradation is
well-recognised as a major pathway of DOM removal and transformation within
rivers (Mostofa et al., 2007).

Other abiotic processes Microbial and photochemical degradataion and oxida-
tion are the main pathways of DOM removal and transformation in rivers. How-
ever, DOM interacts in a variety of additional abiotic processes. For instance, DOM
molecules may aggregate onto particulate organic matter (POM) particles (McK-
night et al., 2002) and, furthermore, DOM molecules themselves may aggregate
abiotically and form larger particles. Although it has not been tested in natural
conditions, laboratory experiments indicate that it can be an important process
which can consume up to 7 – 25% of DOM, at similar taxes as those observed
for microbial uptake (Kerner et al., 2003). On the other hand, DOM also has the
capacity to bind with free metal ions through complexation, thus decreasing the
toxicity for aquatic organisms (Al-Reasi et al., 2011).

Overall, these examples highlight the wide range of interactions in which DOM is
involved during the riverine transit. All of them occur at varying degrees of relevance
according to changing physical and environmental conditions found downstream as
DOM flows across the landscape (Jaffe et al., 2008).

1.3 Downstream transport and processing of DOM

1.3.1 Global evidences for an active transportation of DOM in
rivers

Rivers play a key role in the global biogeochemical functioning, as they link the bio-
geochemical cycles of the terrestrial and oceanic systems. As mentioned, streams
and rivers receive DOM from a variety of sources and, once in the river, these com-
pounds are transported downstream and delivered to oceans. Traditionally, global
models considered this step just as a transfer of matter from the land to the oceans.
However, there are increasing evidences that important biogeochemical interactions
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occur during the downstream transport, so that rivers act as filters (Bouwman
et al., 2013) – as they retain DOM –, as well as bioreactors (Cole et al., 2007) – as
the magnitude of DOM retention evidences that complex in-stream biogeochemical
processes occur (Figure 1.3).

Recent models consistently estimate that rivers discharge between 0.8-0.9 PgC/y
to the sea. However, there is an important variability in the estimations of the export
of carbon from the land to the inland waters, ranging from 1.7 PgC/y (Ciais et al.,
2013) to 2.7-2.9 PgC/y (Cole et al., 2007; Battin et al., 2009) and 5.7 PgC/y (Wehrli,
2013). This uncertainty is translated into variable estimates for carbon outgassing
from freshwater systems as CO2 to the atmosphere (ranging from 1 PgC/y in Ciais
et al. (2013) to 4.2 PgC/y in Wehrli (2013)) and retention by burial into sediments
(ranging from 0.2 PgC/y in Ciais et al. (2013) to 0.6 PgC/y in Wehrli (2013)).
Despite such variability and uncertainty among models, all of them emphasize that
an important proportion of the carbon is either retained or mineralised during the
riverine transit. Indeed, such estimated carbon emissions to the atmosphere are
similar in magnitude to global terrestrial net production and, also, burial in inland
water sediments exceeds organic carbon sequestration in the ocean floor (Tranvik
et al., 2009). If we consider that most of the exported C is in the form of DOM
(Ludwig et al., 1996; Karlsson et al., 2005), then these figures emphasize the role
that lotic systems have on the active transport of DOM. This points at rivers as
interesting targets at which management strategies for climate change mitigation
should be addressed (Battin et al., 2009).

1.3.2 Longitudinal patterns of river function and structure: From
predictability to stochasticity

The global evidences that rivers act as sinks for DOM highlight the importance
of understanding the biogeochemical behaviour of DOM during the fluvial transit,
from the headwaters to the river mouth. Rivers, because of their unidirectional
and longitudinal flow, are unique among freshwater ecosystems. The longitudi-
nal dimension defined by the advective water transport constitutes the main axis
along which functional and structural riverine changes occur (Wipfli et al., 2007),
and therefore, it is the main dimension along which changes in DOM sources and
processing occur.

In this line, the river continuum concept (RCC) (Vannote et al., 1980) already
predicted fundamental changes in the carbon processing from the headwaters to the
river mouth. This model of the fluvial functioning has been very influential as it
provided a base for a holistic view of rivers by integrating a variety of concepts from
the physical template, biological function and structure and metabolism. The RCC
described rivers as predictive gradients of physical and hydrological conditions which
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Figure 1.3 – Paradigm change in the role of rivers in the global carbon
cycle. A) From Sarmiento and Gruber (2002), the amount of carbon delivered
to the sea by rivers is exactly the sum of the exports from the terrestrial and
atmospheric systems to the river. B) From Wehrli (2013), in-stream retention and
mineralisation of carbon is taken into account.
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determined a longitudinal distribution of biological communities. For carbon, it
predicted a downstream decrease in the size of organic matter, as well as a decrease
in the diversity of soluble organic compounds. This trend was attributed to the
microbial degradation of the labile moieties, remaining a recalcitrant fraction up to
the river mouth.

The RCC was soon after put into question for being over simplistic, as it ignored
much of the spatial complexity that rivers actually have (Statzner and Higler, 1985;
Sedell, 1989). Hence, a series of conceptual models further refined RCC by incor-
porating elements of stochastic spatial complexity. Namely, (Ward and Stanford,
1983) described the effects of dams and impoundments in disrupting the river con-
tinuum, and Rice et al. (2001) pointed at tributary confluences as modifiers of the
river continuum. The magnitude of the disruptive effects have been associated with
the relative size of the tributaries with respect to the main stem (Rice et al., 2006),
and may entail consequences on the river geomorphology (Benda et al., 2004), habi-
tat complexity and hence biodiversity (Kiffney et al., 2006), and biogeochemical
rates (McClain et al., 2003; Fisher et al., 2004). Biogeochemically, tributaries may
introduce water with a differentiated chemical composition with respect to the main
stem. If this new water introduces complementary or missing reactants, then the
convergence of both flowpaths may trigger the onset or accelerate the rate of cer-
tain biogeochemical processes (McClain et al., 2003). In this context arouse the
concept of patchiness, and it was suggested that rivers, instead of continuum gradi-
ents, should be better conceptualised as a mosaic of patches (Naiman et al., 1988;
Thorp et al., 2006). As the distributions of confluences are specific to every river
network, these studies reflected that stochasticity plays a main role in determining
longitudinal patterns of the riverine function and structure.

Despite the large number of conceptual studies that directly or indirectly pre-
dict longitudinal changes for DOM, the empirical assessment of DOM downstream
transformations are seldom. Some studies found an increase in the DOC concen-
tration downstream (Naiman et al., 1987; Massicotte and Frenette, 2011), whereas
some others found a decrease (Temnerud et al., 2007) or a steady evolution (Bat-
tin, 1998). The inflow of deep groundwater was found to cause a decrease in DOC
concentrations (Nakagawa et al., 2008; Brooks et al., 2007) whereas inputs from the
catchment flushing (Nakagawa et al., 2008) and evaporation (Jacobson et al., 2000)
caused an increase. Also, in some studies an increase in the variability of DOC
concentration was observed in the final part of the river (Battin, 1998; Baker and
Spencer, 2004). Despite these quantitative changes, variations in the DOM quality
were also apparent. Baker and Spencer (2004) found slight decreases in the fluores-
cence intensity of humic-like components together with important increases in the
protein-like fluorophores, which they associated with anthropogenic inputs. Over-
all these studies emphasize that the local characteristics and the configuration of
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Author River Solute
Spatial

domain ∗
Temporal
domain Retention †

Eatherall et al. (2000)
River Swale,

UK
DOC 50 km Daily scale

- 20% (3, 25
and 16%)

Duan et al. (2010)
Middle and

lower Mississipi
DON 1200 km Year scale - 12%

Dagg et al. (2005)
Lower

Mississipi
DOC 362 km Monthly scale - 3%

Worrall et al. (2006) Peat catchment DOC 11.4 km2 Year scale - 20-32%

Worrall et al. (2007)
Various UK

river networks
DOC 87 - 9948 km2 Year scale - 31%

Rowson et al. (2010) Peat catchment DOC
7500 and 2400

m2 Year scale
+ 29 – 85
Mg/km2·yr

Moody et al. (2013) River Tees, UK DOC 818km2 Year scale - 48% - 69%

Table 1.1 – Bibliographic references reporting DOC losses or production during
the riverine transit, calculated using a mass-balance approach. * km refer to reach-
scale and km2 to catchment-scale studies. † Negative values indicate losses, positive
values indicate production.

the river network are important determinants of the longitudinal patterns of DOM
quality and quantity. However, these studies do not elucidate to what extent the
observed changes are due only to the physical mixing with inflowing waters with a
different DOM composition, or whether in-stream processing is operating.

The studies that focused on verifying the occurrence of DOM reactivity during
its downstream transport, have mostly eliminated the longitudinal view and applied
a mass-balance approach at the catchment or reach level (Table 1.1). By comparing
the DOC loads introduced by the main tributaries, with those at the outlet of the
catchment, the retention of DOC can be deduced. It is common to find retentions
of 20-30% with respect to the inputs, even though there is an important variability
among systems (Table 1.1). These studies emphasize that the estimations at the
global scale that rivers are sinks of DOC is also observable at the catchment level.
However, while this mass-balance approach is very common to study the retention
of inorganic nutrients (Grayson et al., 1997; Salvia et al., 1999; Bukaveckas et al.,
2005; Hill et al., 2010), it has been scarcely used to evaluate DOM retentivity in
catchments. Moreover, most of these few experiences addressed only quantitative
terms. Qualitatively, Temnerud et al. (2009) found no relevant downstream changes
in DOM optical characteristics, but (Worrall et al., 2006) found a consistent increase
in the specific absorbance of DOM, although they point at an eminently conservative
balanced behaviour of DOM between the sources and sinks.

Hence, in the literature there are few studies that assess the reactivity of DOM
along a riverine continuum, but their results show that the net balance of DOM in
individual catchments, and the relevance of the role of rivers as DOM sinks remains
unclear.
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1.3.3 The role of hydrology in DOM transport and reactivity

In the previous section, most of the cited works that addressed longitudinal DOM
patterns and reactivity were performed during baseflow conditions, often because
moderate and stable flows were considered to be the most representative (for in-
stance, Temnerud et al. (2009)). However, most river systems are subject to seasonal
changes in their discharge, due to annual patterns of rainfall, snowmelt, tempera-
ture, and other hydroclimatic variables. In some regions, like in the Mediterranean,
flow variability includes extreme events of floods and droughts within every an-
nual hydrological cycle. All the range of hydrological conditions to which a river
is subject, is necessary to fully understand its functioning (Poff et al., 1997) and
biogeochemistry (Fisher et al., 2004). Some theoretical studies acknowledged the
importance of floods and droughts as sporadic perturbations that have a determi-
nant repercussion on the long-term productivity and sustainability of river systems
(Naiman et al., 2008) and their ecological integrity (Poff et al., 1997).

On biogeochemical terms, floods represent a rapid flush of the terrestrial catch-
ment, exporting large amounts of DOM from the land to the river flow. Dalzell et al.
(2005) reported DOC exports during flood of 90 times that of baseflow conditions.
The flush response of DOM to storms is well known to produce an hysteretic rela-
tionship with discharge, so that DOM is more concentrated in the rising than in the
descending limb (Butturini et al., 2006). Despite these quantitative changes, storms
also cause a change to the quality of riverine DOM. Rainfall water reactivate the
drainage of more superficial flowpaths thereby introducing freshly produced DOM
compounds that were stored in the soils (Austnes et al., 2010) to the river flow.
These diagenetically-young compounds, have been reported to have an increased
availability to stream bacteria (Fellman et al., 2009a; Wilson et al., 2013). Also,
floods generate lateral exchanges with the floodplains (Junk et al., 1989) and en-
hance the longitudinal continuum within the river system by a rapid downstream
transport of water and materials.

By contrast, droughts favour the isolation of the river from the terrestrial catch-
ment, so that in-stream processes become more relevant. The decrease in the al-
lochthonous inputs of organic carbon and nutrients favours autotrophs, which out-
compete heterotrophs (Dahm et al., 2003). Also, the longitudinal flow becomes
disrupted, thus creating isolated reaches or ponds with an independent hydrochem-
ical evolution (Vazquez et al., 2011). Lower flows and longer residence times may
provide more opportunities for the biophysical retention of DOM (Battin et al.,
2008) by enhancing the contact between the water column and the river sediments.
Because of that, droughts represent an important perturbation that further enhance
spatial patchiness (Lake, 2000; Larned et al., 2010).
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Overall, the importance of the hydrological variability on the river functioning
and biogeochemistry has been widely acknowledged (Lohse et al., 2009); however,
to what extent they specifically effect DOM downstream transport and reactivity
remains unclear due to a lack of empirical studies that have addressed this issue.
Moreover, these theoretical studies concerning DOM and hydrology did not consider
the longitudinal dimension. Hence, there is a lack of a concomittant perspective of
the DOM riverine transport and reactivity in fluvial systems.



Chapter 2

General objectives

The aims of this doctoral thesis focus on the current challenge to better couple
hydrological and biogeochemical research (Lohse et al., 2009). Specifically, this
thesis aims at elucidating the influence of hydrology on the longitudinal transport
and processing of dissolved organic matter (DOM).

For that, research has been conducted at three successive levels, each of which
builds upon the previous ones:

Part I First of all, this thesis is devoted to develop a new methodology to discern
individual fluorescence components out of large Excitation-Emission Matrix
(EEM) data sets that contain an important heterogeneity of spectral shapes.
Specifically, this is achieved using self-organizing map (SOM) together with
a correlation analysis of the component planes. The procedure is exposed
in chapter 4, entitled ”Self-Organising Maps and correlation analysis
for the analysis of large and heterogeneous EEM data sets.”, and its
aims are:

• To test the suitability of Self-Organising Maps together with correlation
analysis of the component planes to analyse large and heterogeneous
EEM data sets, both at the object and at the variable level.

• To test the sensitivity of this method to the presence of outliers.

• To decompose the bulk fluorescence signals of our EEM data set into
individual fluorescence components that can be used in the rest of the
thesis to study the dynamics of DOM components.

Part II Next, the focus is moved to the biogeochemistry of DOM in a Mediter-
ranean river – La Tordera –, by characterizing longitudinal patterns of DOM
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quantity and quality under a range of hydrological conditions. This is per-
formed in two steps, corresponding to chapters 5 and 6, and the specific ob-
jectives of each of them are:

For chapter 5, entitled ”Preliminary assessment of longitudinal pat-
terns in the main stem of La Tordera: Hydrochemistry and DOM
quality”:

• To provide a general biogeochemical description of the river.

• To assess longitudinal gradients of DOM quality and composition along
a riverine course.

• To test how contrasting hydrological conditions alter or influence the
longitudinal gradient.

• To provide a further understanding about how space and hydrology op-
erate as inter-dependant dimensions of DOM quality.

In chapter 6, entitled ”Multivariate exploration of DOM quality and
reactivity in the main stem of La Tordera”, more specific evidences
for non-conservative transport of DOM are searched. Specifically, the aims
include:

• To explore spatio-temporal variation in the DOM composition, and the
relationships between the fluorescence components and other optical and
chemical variables.

• To evaluate to what extent the DOM composition observed in the main
stem can be explained as solely the physical mixing of input tributaries
or, by contrast, whether in-stream processing may be operating.

Part III Finally, we use mass-balance calculations along the middle reaches of La
Tordera (26 km long), and under a range of hydrological conditions, in order
to quantify changes in DOM quantity and quality. Mass-balance calculations
are used under two approaches: global, considering the whole middle part of
the main stem as a single black box, and local, with the aim to recuperate
the longitudinal view and characterize DOM processing along the river reach.
This is developed across chapters 7, 8 and 9.

Chapter 7, entitled ”Water balance in the middle reaches of La Tordera”
has the aim to validate the hydrological data used to calculate the mass bal-
ances of the following chapters by specifically assessing whether

• the observed discharge in the main stem corresponds to the inputs from
the upstream tributaries or if, on the contrary,
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• exchanges with the alluvial aquifer are involved.

Chapter 8, entitled ”Carbon and nitrogen mass balance: Linking DOC
and nitrate” explores the coupling between DOM quantity (i.e. DOC and
DON concentrations) and inorganic dissolved nitrogen. The specific aims are:

• To compare the reactivity of bulk DOM (DOC and DON) and dissolved
inorganic nitrogen (nitrate and ammonium) along the middle reaches of
La Tordera, and under a range of hydrological conditions.

• To test if the stoichiometric control between DOC and nitrate observed
throughout Earth’s major freshwater ecosystems (Taylor and Townsend,
2010) also applies in Mediterranean systems, including extreme hydro-
logical events.

• To complement the evidences for any stoichiometric control between
DOC and nitrate with the DOC reactivity data provided by the mass
balance calculations.

Finally, chapter 9, entitled ”Downstream processing of DOM: changes
in its reactivity and composition” explores the transport and reactivity
of individual DOM fluorescence components.

• To explore spatial patterns of the reactivity of fluorescence DOM com-
ponents under contrasting hydrological conditions.

• To compare the productions/retentions observed for the individual fluo-
rescence components with those of bulk DOC and DON reported in the
previous chapter.





Chapter 3

Materials and Methods

3.1 Study site

3.1.1 The catchment of La Tordera

The catchment of La Tordera lies in the nort-eastern part of the Iberian Peninsula,
in the central part of the catalan coast. It drains an area of 870 km2 in the Prelitoral
mountain range, covering the south-eastern slopes of the Montseny and Guilleries
mountains, the northern slopes of the Montnegre, as well as part of the catalan
Prelitoral depression. Its topography includes an important elevation gradient and
aspect range. This has caused the development of a large diversity of landscapes
which include the totality of the plant communities of western Europe (Bolós, 1983).
In general, forest land cover dominates in the catchment (77%), especially in the
upper parts. However, agriculture (16%) and urban areas and industry (7%) also
have an important presence, especially in the lowland (Figure 3.1).

Because of the pluvial origin of the river, it is not possible to assign a specific
source point, however the popular knowledge locates the beginning of La Tordera in
the Font Bona source (broadly at 1600 m.a.s.l), in the creek of Sant Marçal, near the
peaks of Les Agudes and Turó de l’Home. From its source, La Tordera flows along
60 km downstream before discharging to the Mediterranean Sea. Along its course,
the river outlines sharp orographic and tectonic features, resulting in a 4-like trace
characterised by two big bends. Such bends divide the river into three main reaches
of similar length (approximately 20 km each), with distinct hydrogeomorphological
and land cover characteristics.
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Figure 3.1 – Location of the catchment of La Tordera in the Mediterranean
context, and main features of the catchment. Land covers are represented from data
provided by the Center for Ecological Research and Forestry Applications (CREAF)).

The upper Tordera

In the first part, the river drains the headwaters through forested mountainsides,
descending steeply from 1600 down to 150 m.a.s.l. in the town of Sant Celoni. The
predominant vegetation is made up of beech forest (Fraxinus excelsior), while the
shores of the river have a riparian area of good maturity (Boada, 2008). The geolog-
ical substrate is made of igneous and metamorphic materials from the Palaeozoic,
intensely modified during the hercinic orogenesis (Mayo et al., 2008).

The middle reaches

From Sant Celoni until the bend of Fogars de la Selva, the river receives the most
relevant tributaries of the whole catchment in terms of drainage area and discharge
contribution. From the north, it receives the waters of the streams draining the
Montseny Massif. The most important ones are the creeks of Santa Coloma and
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Arbúcies, followed by the creeks of Breda, Gualba and Pertegàs. Some of these
tributaries bring the waters of waste water treatment plants (WWTPs) or industries
received upstream. Most remarkably, the creeks of Pertegàs and Arbúcies receive
a WWTP outlet just some few meters before discharging to the main stem. From
the south, the river receives the streams draining the Montnegre Mountains. In this
case, waters are nearly pristine, as human activities and settlements are minor in
these slopes.

Contrastingly to the upper parts of the river, in the middle reaches the anthro-
pogenic impacts are frequent and intense. This region hosts most of the economic
activity of the nearby territory. Hence, here aggregate industrial zones, urban set-
tlements and transportation routes; namely a highway, a secondary road, a railway,
as well as an oil and desalination pipeline. This has resulted in a deep modifica-
tion and alteration of the riparian areas. Also, the direct discharge of industrial
and WWTPs effluents affects the hydrochemical characteristics of the river water
(Mas-Pla and Menció, 2008).

From a hydrogeological perspective, in the transition from the upper to the
middle Tordera, starts the formation of sandy deposits which appear along the main
stem until its final discharge to the sea. These deposits are recent non-consolidated
quaternary materials related with the sedimentary fluvial dynamics. Their depth
increases gradually downstream, from 15 m in Sant Celoni, up to 30 m in Fogars
de la Selva, 40 m in the city of Tordera, and finally achieving 75 m in the coastline
(Mayo et al., 2008).

The high porosity and permeability of the deposits make them an important
reservoir of groundwater that has a direct connection and coupled dynamics with
the river course.

The lowland

Finally, the last 20 km run between the bend of Fogars de la Selva and the Mediter-
ranean sea, where the river finally discharges. This final part is characterised by
a long alluvial plain, where the river adopts a curved and meandering trace, and
has a high connection between the surface and subsurface water. The contiguous
plains are fertile due to the flooding dynamics of the river, and have facilitated
the development of an intensive agricultural activity (Boada, 2008). In this area,
where the orography is eminently plain, the river receives few tributaries. The most
important one is the creek of Reixac, which receives the waters of a WWTP few
meters before the confluence with La Tordera.
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Figure 3.2 – Discharge probability distribution, based on a ten-year data series
in the gauging station of Sant Celoni. Black dots indicate discharge values with
and exceedence probability of 5% or less; light grey dots, between 5 and 50%; and
dark grey dots, between 100 and 50%. Own elaboration from data provided by the
Catalan Water Authority (Agència Catalana de l’Aigua).

3.1.2 Hydrology

Spatial variability of surface hydrology

During its course, the river of La Tordera encounters a variety of geological fea-
tures. Especially, as it has been described in the previous section, from the village
of Santa Maria de Palautordera until the final mouth the river flows through an
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alluvial aquifer with high permeability and transmissivity which create a close re-
lationship between the surface and the subsurface flow. Monthly water balances
have revealed that the river-aquifer relationship changes over time due to changes
in the precipitation regime during the year. During the first semester of the year
the aquifer tends to recharge the surface flow, whereas in the second semester, the
surface flow recharges the alluvial aquifer, due to low levels of water storage in the
underground after the summer drought (Negre, 2004).

Moreover, at a fine spatial scale the flow is also controled by tectonic elements.
Regional faults are frequent along the main stem (Insitut Cartogràfic de Catalunya,
2002), and control the drainage pattern (Mayo et al., 2008). In the middle reaches,
the river flow eminently follows the trace of a major fault oriented NE-SW. Along
this main fault, a series of minor faults intersect perpendicularly and may modify
locally the river-aquifer flow behaviour (Mas-Pla et al., 2013).

However, the main source of spatial variability in the water flow is the successive
confluence with tributaries of varying discharge contribution. Especially in the
middle reaches, the river receives the waters of numerous tributaries, and the main
water contributions occur after the confluences with the creeks of Arbúcies and
Santa Coloma, as they are the tributaries draining the largest sub-catchments.

Temporal variability of surface hydrology

The hydrological regime of La Tordera is influenced by a Mediterranean climate,
which consists in rainy and humid autumns and springs on the one hand, and
dry and warm summers on the other hand. According to that, discharge exhibits
extreme and contrasted events over an annual cycle, consisting on flood events in
autumn and spring, and drought periods in summer.

Floods are usually short in time (in the order of hours to some few days), but
intense in magnitude. In the gauging station of Sant Celoni, extreme discharge
values up to 175, 203 and 267 m3/s have been calculated to occur in return periods
of 50, 100 and 267 years, respectively (Mayo et al., 2008). In a smaller time scale,
including the last ten years (2003 to 2013) the hydrogram (Figure 3.2) shows the
occasional occurence of stormflows peaking around 10 m3/s, and even reaching 27
m3/s in an event in 2011. However, such high flows are instantaneous responses to
storms which are rapidly flushed out of the system, and discharges higher than 2.03
m3/s only occurred 5% of the days during the last decade (Figure 3.2, inset).

Contrastingly, drought periods are prolonged in time. They naturally occur in
summer, between the months of july and september, and their length and severity
basically depend on the abundance of rains during the previous spring, as well as the
temperatures during summer. However, water withdrawal from the alluvial aquifer
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Figure 3.3 – Hydrological contextualisation of sampling dates, for both the longitudinal and

the mass balance sampling designs. * Samplings based on the mass balance design, but where the

tributaries have not been exhaustively sampled; data used to complete the data sets of chapters

4 and 6. F stands for ”flood”, B for ”baseflow”, HB for ”high baseflow”, LB for ”low baseflow”

and D for ”drought”. Black dots indicate discharge values with and exceedence probability of 5%

or less; light grey dots, between 5 and 50%; and dark grey dots, between 100 and 50%, as shown

in Figure3.2. Data provided by the Catalan Water Authority (Agència Catalana de l’Aigua).

to satisfy industrial and urban demand often accentuates the reduction of the surface
flow. This was specifically observed for the years 2003-2005 (Mas-Pla and Menció,
2008), manifested by a convex shape of the recession curve of the hydrograph (Sala,
2005). In the last decade, during 50% of the the days, the gauging station of Sant
Celoni registered flows of less than 0.18 m3/s, (Figure 3.2) flows which correspond,
approximately, to the minimum environmental flows threshold established by the
Catalan Government (which is of 0.204 m3/s in the summer months 1). Moreover,
these minimal flows depend, to a large extent, on the inputs from WWTPs and other
anthropogenic effluents (Mas-Pla and Menció, 2008). Overall, this emphasizes the
extended occurrence during the year of an hydraulic deficit in the river system.

3.2 Sampling strategy

With the aim of describing biogeochemical trends and processes during downstream
riverine transport, the sampling design was focused at the main stem. Specifically,
two sampling strategies were performed, hereafter referred to as longitudinal and
mass balance.

1Pla sectorial de cabals de manteniment de les conques internes de Catalunya. Resolució
MAH/2465/2006, de 13 de juliol, per la qual es fa públic l’Acord del Govern de 4 de juliol de 2006,
pel qual s’aprova el Pla sectorial de cabals de manteniment de les conques internes de Catalunya.
DOGC Num 4685, 27-7-2006, pàg 33808-33821.
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Figure 3.4 – Longitudinal sampling design. Ten sites were sampled along the
main stem, from the river’s source, to its mouth.

3.2.1 Longitudinal sampling

This sampling designed was aimed at providing a preliminary assessment of biogeo-
chemical longitudinal patterns. According to that, the main stem of La Tordera
was sampled in ten sites distributed from the headwaters to the river mouth (Fig-
ure 3.4), designated as sites S1 to S10. The first three sampling sites (S1-S3) were
located between La Llavina and Santa Maria de Palautordera, that is, in the moun-
tainous and forested headwaters. Next, sites S4 to S6 corresponded to the middle
reaches of the river, spanning between the bends of Sant Celoni and Fogars de la
Selva. Finally, sites S7 to S10 were in the lowland, were S10 corresponded to the
very final river mouth.

Samplings were conducted eight times, representing three different hydrological
conditions: flood, baseflow, and drought (Figure 3.3). The droughts of 2009 and
2010 differed in that the former had moderate rainfall antecedents whereas the latter
had flood antecedents. Every hydrological condition was sampled twice and results
were averaged. It should be noted here that site S9 was dry during drought dates.
In total, 76 samples were collected, averaged to 38.

The results of these samplings constitute the base for the study presented in
chapter 5. These data are also included in the data sets used in chapters 4 and 6.
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3.2.2 Mass-balance sampling

This sampling design was aimed at complementing the information provided by the
longitudinal sampling strategy, so that the information from the main stem could
be contrasted with information about the tributaries that originate the flow of the
main stem. The results from these samplings constitute the core of the mass balance
study presented in chapters 7, 8 and 9.

In this sampling design, we applied a snapshot mass-balance to the middle part
of the main stem, from the village of Santa Maria de Palautordera to Fogars de la
Selva, comprising a total length of 26 km (Figure 3.5). This large reach was chosen
because it is the part of the main stem which receives most of the tributaries of the
catchment, as well as a variety of water inputs, from pristine tributaries to direct
industrial effluents. In addition there is no surface water extraction in this reach
and the water flow is not altered by relevant morphological barriers (i.e. dams).

The snapshot mass-balance design Grayson et al. (1997) provides an instanta-
neous picture of the water and mass fluxes entering and flowing out from a selected
river reach or catchment area. For that, it is necessary to sample every confluence
during a time period as short as possible. Hence, in this work special attention was
devoted to sample all exisiting confluences along this 26-km reach as exhaustively as
possible (Figure 3.5). Eight major tributaries were directly sampled. These include
the creeks of Vallgorguina, Pertegàs, Gualba, Fuirosos, Breda, Arbúcies and Santa
Coloma (sites A2, A3, A5, A6, A7 and A10 in Figure 3.5, their characteristics are
listed in Table 3.1), as well as the main stem itself at the beginning of the reach
after draining the headwaters (A0, Figure 3.5). Overall they represented a direct
measure of the 85% of the catchment drainage area (Figure 3.5, dark region). The
inputs from the rest of the catchment, which remained ungauged (Figure 3.5, light-
coloured region), were estimated by the average specific discharge of the collindant
gauged subcatchments (see Section 3.4.2 for further details). Also, 3 anthropogenic
effluents discharging directly to the main stem were sampled. They corresponded
to a WWTP (WWTP of Santa Maria de Palautordera, site A1, Figure 3.5) and two
industries which discharged directly to the main stem (sites A4 and A9, Figure 3.5,
lying in the industrial areas of Sant Celoni and Maçanet de la Selva).

As to the main stem, it was sampled before every tributary junction, as well as
in some additional sites where the tributary confluences were sparser. In total, main
stem sampling sites divided the whole river reach into 13 consecutive segments. The
average length of each segment was 1.98 km, while the longest and the shortest were,
respectively, 3.22 and 0.66 km long. The last sampling site, located in Fogars de la
Selva, represented the final outlet of the mass-balance system. Besides the middle
reaches, the headwaters and the lowland were also sampled, in the same sites as in
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the longitudinal sampling, to provide some continuity to the data series (sites S1 to
S3, and S8 to S10, Figure 3.4).

This sampling was performed on four occasions between 2011 and 2013, com-
prising a range of hydrological conditions: flood (156 m3/s), baseflow (3.43 and
1.49 m3/s) and drought (0.065 m3/s) (discharge values corresponding to Fogars
de la Selva). Overall, these samplings spanned four orders of magnitude of river
flow, allowing to characterise a wide range of hydrological conditions (Hydrological
characterisation in Figure 3.3).

3.3 Chemical analyses

Sample preprocessing

For the chemical and spectroscopic measurements, water was filtered with precom-
busted GF/F filters and next with nylon 0.22µm-pore membranes. For total organic
carbon (TOC), an aliquot of 30mL was acidified 3% v/v with HCl 2M and stored
refrigerated. Besides, aliquots of 10mL were kept frozen for subsequent nutrient and
ion analysis. For spectroscopic measurements, 30mL aliquots were kept refrigerated
in acid rinsed glass bottles and were analysed within a maximum of 5 days.

Chemical analyses

Total organic carbon (TOC) was determined by oxidative combustion and infrared
analysis with a Shimadzu TOC Analyser VCSH. A coupled unit determined the
total nitrogen (TN) by oxidative combustion and chemoluminescence. Ammonium
concentration was measured using the salicylate method of Reardon (1969), and

Drainage Average slope Land use (%)
Sub-catchment area (km2) (degrees) Forest Agriculture Grassland Urban Other

Headwaters 87.92 21.51 72.70 7.78 11.62 5.68 2.23
Vallgorguina 36.67 14.9 73.50 8.26 4.29 10.23 3.73

Pertegàs 25.35 17.96 72.21 8.87 10.07 6.06 2.79
Gualba 26.08 19.69 80.53 4.59 9.19 3.71 1.98

Breda 32.37 16.68 63.71 8.99 14.69 10.78 1.84
Arbúcies 112.07 20.52 84.46 3.78 6.21 2.95 2.59
Fuirosos 19.26 21.75 95.80 1.79 1.53 0.37 0.51

Santa Coloma 321.73 12.82 67.18 11.75 9.42 8.19 3.47

Table 3.1 – Characteristics of the tributary basins, sampled in the mass balance
study.
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Figure 3.5 – Snapshot mass balance sampling design, performed along a 26-km
river reach, spanning from Santa Maria de Palautordera to Fogars de la Selva. All
relevant water inputs along were sampled before discharging to the main stem, rep-
resenting 85% of the total drainage area. Also, the main stem was sampled before
every confluence, as well as between confluences when tributaries were sparser.

the soluble reactive phosphor (SRF) was measured using the method of the molib-
date of Murphy and Riley (1962); both methods as described in Butturini et al.
(2009). Nitrates, chloride and sulphate concentrations were analysed with an ion
chromatograph Metrohm 761 Compact IC with the column Metrosep A Supp5 -
150/4.0. Next, dissolved organic nitrogen (DON) was estimated by the difference
between TN and the sum of nitrates and ammonia. Nitrites were not considered as
they appeared under the detection limit of the ion chromatograph analyses.

Excitation-Emission Matrix analysis

Prior to analysis, samples were left in the dark to attain room temperature. Next,
fluorescence analyses were performed using a Shimadzu RF-5301 PC spectrofluo-
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rometer equipped with a xenon lamp and a light-source compensation system (S/R
mode). For every EEM, 21 synchronous scans were collected at 1nm increments
both in emission and in excitation. During each scan, excitation was measured over
a wavelength range of 230 nm < λex < 410. Initial emission wavelengths ranged
from 310 nm to 530 nm, at intervals of 10 nm. The bandwidth used for both
excitation and emission was 5 nm. Spectra were acquired with a 1-cm quartz cell.

Absorption spectra used for inner filter correction purposes were measured using
a UV-Visible spectrophotometer UV1700 Pharma Spec (Shimadzu). Data were
collected in double beam mode with wavelength scanned from 200 to 800 nm and
deionised water as the blank. The slit width was set to 1nm.

Raw EEM data were corrected and normalised to allow for inter study compar-
ison following the steps described by Goletz et al. (2011). Spectral corrections were
applied to both emission and excitation measurements to correct for wavelength-
dependent inefficiencies of the detection system. An excitation correction func-
tion was determined using Rhodamine B as a quantum counter (Lakowicz, 2006),
whereas for emission a correction file was obtained by comparing the reference spec-
tra of quinine sulphate and tryptophan provided by the National Institute of Stan-
dards and Technology (NIST) according to the procedure described in Gardecki and
Maroncelli (1998). Next, data were normalised by the area under the Raman peak
of a deionised water sample at λex = 350 nm and λem = 371 – 428 nm (Lawaetz
and Stedmon, 2009). Inner filter effects were corrected by comparing absorbance
measurements according to Lakowicz (2006), as described by Larsson et al. (2007).
Finally, a blank EEM of deionised water, measured on the same day of analysis and
having undergone the same correction and normalisation procedures, was subtracted
from every EEM sample.

Optical indices calculation

Specific Ultra-Violet Absorbance (SUVA) was calculated according to Weishaar
et al. (2003), as a measurement of bulk DOM aromaticity:

SUV A254 =
Abs254 × ln(10)

l
× 1

[DOC]
(3.1)

where Abs254 is the absorbance at 254 nm, l corresponds to the cuvette path
length in m, and [DOC] is the DOC concentration in mg L−1.

The Humification Index (HIX) was calculated as the ratio between the area
under {λex254, λem435−480} (”H” range) and the area under {λex254, λem330−345}
(”L” range), as described by Zsolnay et al. (1999). The Biological Index (BIX)
index was calculated by dividing the fluorescence intensity at {λex310, λem380} to



32

that at {λex310, λem430} (Huguet et al., 2009). Finally Fluorescence Index (FI)
(McKnight et al., 2001; Cory et al., 2010) was calculated as the fluorescence intensity
at {λex370, λem470} nm divided by that at {λex370, λem520} nm.

3.4 Mass-balance calculations

3.4.1 Discharge measurements

At every sampling site, discharge was determined with the velocity-area method. It
consists on the summation of the product between the mean velocity (ui) and cross-
sectional area (A) of a series of sub-segments along a river transect (Di Baldassarre
and Montanari, 2009):

Qobs =

n∑
i=1

ui ×Ai (3.2)

The mean velocity for every subsegment was measured with a flow meter Global
Water FP111, by sampling the point velocity at one half of the total depth, in the
middle of the segment width.

In flooding conditions, when the river flows were too high to take in-stream mea-
surements with the flowmeter, river discharge was estimated using the Manning’s
equation (Manning, 1891):

Qobs =

(
1.49

n

)
×A×Rh2/3 × S1/2 (3.3)

which estimates river discharge based on the cross-sectional area (A), hydraulic
radius (Rh), river bed slope (S) and the Manning’s roughness coefficient (n). n was
set to values between 0.05 and 0.06 following the reference tables in Chow (1959).

3.4.2 Estimation of discharge and mass fluxes from ungauged trib-
utary basins

In order to account for those small basins which remained ungauged in our sam-
pling design, their discharge was estimated by the Drainage-Area Ratio (Emerson
et al., 2005). This method assumes that the stream flow of ungauged basins can be
estimated by using the specific discharge of a nearby gauged basin as a conversion
factor from basin area to discharge. Therefore, discharge in an ungauged basin
(Qug) can be calculated as:
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Qug = Aug ×Q′g = Aug ×
Qg

Ag
(3.4)

Where Aug is the drainage area of the ungauged basin and Q′g is the specific
discharge of a reference gauged basin. Q′g is the ratio between the discharge and the
drainage area and is expressed as m3s−1km−2. In our calculations, for every un-
gauged basin we used as reference the average specific discharge of the two adjoining
gauged basins.

Similarly, the mass flux from ungauged basins mug was estimated as:

mug = Aug ×m′g = Aug ×
mg

Ag
= Aug ×

Cg ×Qg

Ag
(3.5)

where m′g is the specific mass flux of a reference gauged basin, that is, the ratio
between the mass flux and the drainage area, expressed as mgs−1km−2. Again, in
our calculations, for every ungauged basin we used as reference the average specific
mass flux of the two adjoining gauged basins. For convenience, mug can also be
expressed in terms of concentration as follows:

Cug =
mug

Qug
(3.6)

where Qug is the discharge of that given ungauged basin, as estimated in Eq.
3.4.

3.4.3 Mass balance calculations

Prior to mass-balance calculations, all the gauged and ungauged inputs joining the
main stem between two given main stem sampling sites, were added. This was
meant to facilitate the calculations, by considering a single tributary for every river
segment i:

Qtrib(i) = Qg(i) +Qug(i) (3.7)

mtrib(i) = mg(i) +mug(i) (3.8)

Next, snapshot mass balances were calculated under two perspectives: global and
local.
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3.4.4 The global mass-balance

In the global mass-balance approach, the river reach was conceptualised as a big
black box (Figure 3.6-A), in which all the inputs were summed together as a single
overall input to the system. This input was considered both in terms of water and
mass flux:

Qin =
13∑
i=0

Qtrib(i) (3.9)

min =
13∑
i=0

mtrib(i) (3.10)

where Qtrib(i) and mtrib(i) correspond, respectively, to the water and mass inputs
received in each of the 13 river segments (Eq. 3.7 and 3.8). Note that the summation
starts at 0, as tributary 0 corresponds to the water and mass flux coming from the
headwaters (Fhw in Figure 3.6). Overall, these total inputs correspond to the flux
that we expect at the outlet of the river reach.

Figure 3.6 – Conceptual models of the mass balance. A) Global mass balance
approach, B) Local mass balance approach. F refers to any flux, water of mass.
Fhw corresponds to the inputs supplied by the main stem coming from the head-
waters, Ftrib are the inputs from the tributaries, and ∆F are the exchanges with
the underlying alluvial aquifer, which can be an input or an output of the system,
depending on the river-aquifer relationship at the specific time of sampling.
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Any discrepancy between the water inputs (Qin) and outputs (Qout) are assumed
to correspond to the amount of water that has been exchanged with the alluvial
aquifer (∆Q), that is, the amount of infiltrated or upwelled water or mass during
the 26-km downstream transit:

∆Q = Qout −Qin (3.11)

Positive values of ∆Q indicate an upwelling of water, whereas negative values
indicate the occurrence of infiltration. The knowledge of this ∆Q is essential in
order to estimate the amount of mass that we loose or gain through water exchange
with the alluvial aquifer (∆m). In the absence of any in-stream reactive process,
we can compute an expected mass flux at the outlet of the river reach as follows:

mout(exp) == min −∆m (3.12)

∆m(%) =
mout(obs) × 100

mout(exp)
− 100 (3.13)

At this point, any discrepancies between the expected and the observed mass
fluxes in the outlet (Eq. 3.13) correspond to in-stream transformation processes, as
all the inputs and outputs of the river reach have been taken into account. Thus,
positive values of ∆m indicate a net production or release along the river reach,
whereas negative values indicate net retention processes. This provides information
about the overall function of the river with respect to a biogeochemical compone-
nent: whether it behaves as a source (production or generation predominates) or as
a sink (loss or retention predominates).

The local mass-balance

In the local mass-balance approach, the river reach is split into 13 black boxes,
each of them spanning two consecutive main stem sampling sites (Figure 3.6-B).
These boxes are linked one another in series, in such a way that every main stem
site represents the output of its ustream black box, as well as the input to its
downstream black box. In addition, every black box receives the inputs of any
tributaries that join the main stem in that specific river segment. In essence, it is
the same approach of the global mass balance, but applied successively to different
segments of the whole river reach. This view dissects the information provided by
the global mass balances, and allows to locate on a longitudinal axis, the spatial
distribution of production or retention processes.
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In every river segment, inputs can be calculated as the sum of the tributaries
joining that specific river segment plus the flux coming from the upstream main
stem sampling site:

Qin(i) = Qout(obs)(i−1) +Qtrib(i) (3.14)

min(i) = mobs(obs)(i−1) +mtrib(i) (3.15)

where Qtrib(i) and mtrib(i) are the water and mass flux from the catchment
tributaries entering the system at the segment i, as defined in Eq. 3.7 and 3.8.

In every segment i, the difference between the inputs and the observed out-
puts correspond to the amount of water exchanged with the alluvial aquifer (∆Q,
calculated as in Eq. 3.11). Again, this ∆Q is essential in order to calculate the
expected mass flux in the outlet of every segment i in absence of in-stream pro-
cessing (Cout(exp)(i)). This mout(exp)(i), as well as the percentage difference between
the expected and the observed mass flux at the outlet of every segment, can be
calculated using the equations 3.12 to 3.13.

3.5 Statistical methods

3.5.1 EEM data mining

In order to explore patterns among EEM samples, as well as to discern and identify
individual fluorescence components present throughout the data set, a new method
is developed in this thesis based on a type of artifitial neural network (ANN) analysis
called self-organising maps (SOMs). Therefore, all details about this statistical
method are thoroughly presented in Chapter 4.

3.5.2 Multivariate analyses

In chapters 5 and 6, a non-metric multidimensional scaling (NMDS) was used in or-
der to explore patterns among samples based on DOM fluorescence composition, as
determined with SOM. An original multidimensional space, defined by the different
fluorescence components, was fit to a two-dimensional space. Computations used
Bray-Curtis distances and data were previously mean-centred and scaled by their
standard deviation. Goodness-of-fit was assessed by two correlation-like statistics
which relate ordination distances and original dissimilarities taking into account
NMDS nonlinear transformations.
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In order to aid the interpretation of NMDS results, hydrochemical solutes and
DOM optical indices were fitted onto the NMDS analysis by means of a vector
fitting analysis. Those vectors that significantly fit the ordination, a) point to the
direction of maximum change and b) their length is proportional to their correlation
degree within the ordination.

NMDS and vector fitting analyses were computed using R v. 2.15 (R Develop-
ment Core Team, 2012) and the associated vegan package (Oksanen et al., 2012).
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Results Part I

EEM data mining
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Chapter 4

Self-Organising Maps and
correlation analysis for the
analysis of large and
heterogeneous EEM data sets.

Elisabet Ejarque-Gonzalez and Andrea Butturini. Self-organising maps and cor-

relation analysis as a tool to explore patterns in excitation-emission matrix data sets

and to discriminate dissolved organic matter fluorescence components. PloS one, 9

(6), 2014. doi: 10.1371/journal.pone.0099618

4.1 Introduction

Excitation-Emission Matrices (EEMs) are three-dimensional fluorescence data that
provide information about the composition of fluorescent chemical mixtures. They
constitute optical landscapes that extend over the dimensions of excitation and emis-
sion wavelengths λex − λem, and where fluorophores appear in the form of peaks.
In the field of marine and freshwater biogeochemistry, EEMs have been used for the
study of dissolved organic matter (DOM), being a comprehensive analytical tech-
nique with which to characterise a highly complex mixture of organic compounds
(Hudson et al., 2007; Fellman et al., 2010; Nebbioso and Piccolo, 2013). Indeed,
EEMs have served to advance scientific knowledge about the ecology and biogeo-
chemistry of DOM in aquatic systems (Hudson et al., 2007; Fellman et al., 2010).
Most importantly, they have contributed to evidence that some fractions of DOM
are highly reactive organic molecules that are involved in numerous ecosystem pro-

41
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cesses, such as bacterial uptake (Azam et al., 1983; Findlay, 2010; Cory and Kaplan,
2012), metal binding (Elkins and Nelson, 2002; Brooks et al., 2007), photoreactiv-
ity (Bertilsson and Tranvik, 2000; Mostofa et al., 2007; Osburn et al., 2009) and
light attenuation (Foden et al., 2008). Overall these findings suggest the major
involvement of DOM in the global carbon cycle (Cole et al., 2007; Tranvik et al.,
2009).

Despite the great potential for EEMs to increase knowledge about DOM be-
haviour in the environment, their interpretation and statistical treatment remain
a challenge (Bieroza et al., 2011). The spectral shapes of EEMs are complex mix-
tures of multiple and overlapping independent fluorescence phenomena, caused by
the wide range of organic molecules contained in DOM. As only about 25% of these
molecules have been identified (Benner, 2002), there is a lack of chemical standards
to be used to separate the signal of bulk DOM into its individual components. For
that reason, there is a need to develop pattern recognition methods capable of de-
tecting and isolating the signal of different fluorescing moieties in the absence of
any previous knowledge about the composition of DOM in a given sample.

A well-suited tool to satisfy these needs are self-organizing map (SOM). SOM
is an artificial neural network algorithm that mirrors the biological brain function
(Kohonen, 2001). Due to its unsupervised self-learning capacity, it is capable of
recognizing patterns in complex data sets without following any assumptions about
the data structure. Although it has been increasingly used within analytical chem-
istry in recent years (Brereton, 2012) it has not been until recently that SOM has
been used to analyse EEM data sets (Bieroza et al., 2009, 2012), and the potential
for SOM to equate or even outperform other state-of-the-art EEM data treatment
methods like partial least-squares regression (PLS), principal components analy-
sis (PCA) and parallel factor analysis (PARAFAC) has been highlighted (Bieroza
et al., 2011; Brereton, 2012; Lloyd et al., 2008; Bieroza et al., 2012). The map space
produced by SOM offers multiple possibilities for the graphical representation of
the output, allowing to unveil patterns among samples (best matching unit and
unified distance matrices), as well as to explore what variables (wavelength coordi-
nates in the case of EEM data sets) are the most influent in creating the sample
patterns (component planes) (Brereton, 2012). However, pattern recognition at the
variable level has remained at a qualitative stage, and the specific need to isolate
independent fluorophores has not been covered.

Furthermore, previous analyses of EEM data sets with SOM were performed on
data from engineered systems, where the diversity of fluorophores was essentially
homogeneous among the samples (Bieroza et al., 2009, 2012). However, EEM data
sets collected in natural water systems are subject to contain a wide diversity of
spectral shapes, due to the multiple environmental factors that influence DOM
quality (Jaffe et al., 2008). In this case, data pattern interpretation may become
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more challenging, as the presence of outliers may alter the stability of the SOM
output, and hence its reliability.

In this context, this study aims at expanding the evidences that SOM is a
suitable tool for the study of EEM data sets. Specifically, we focus on two aspects.
On the one hand, we aim to further test the performance of SOM when a high
heterogeneity of spectral shapes is contained within the data set. We address this
point by assessing the stability of the quantization and the neighbourhood relations
of the SOM output under a leave-one-out cross-validation approach. On the other
hand, we search for independent fluorophores by extending SOM with a correlation
analysis of component planes. This constitutes a novel approach to discriminate
areas of the EEM (i.e. groups of wavelength coordinates) representing different
fluorophores.

4.1.1 Self-Organising Maps

Self-Organising Maps (SOM) – also known as Kohonen maps – are a special type
of two-layered artificial neural networks (ANNs). ANNs are mathematical models
mirrored in the functioning of the biological nervous system, which have the ability
to learn the patterns of input features and predict an output. They consist of an
adaptive system of interconnected neurons – or processing units – that change their
structure during a learning phase. In this phase, weight vectors (called prototype
vectors or, in this context, prototype EEMs) that lie in the connections between neu-
rons are adjusted to minimize the overall error of the network prediction (Kohonen,
1998).

By the end of the learning process, the EEM samples have been assigned to their
best matching unit (BMU), that is, the unit that has the most similar prototype
EEM. Thus, the outcome of the SOM will be a grid in which each unit will contain
a prototype EEM whose spectral properties vary gradually but unevenly across the
grid, according to the characteristics of the input data. By projecting the original
EEMs on their BMU in the SOM grid, sample patterns can be explored.

According to Cattell (1952), this analysis can be considered as an analysis in the
Q mode, as it consists of a comparison between objects (Legendre and Legendre,
1998). It can be seen as an exercise involving reduction of the dimensionality, in
which samples become distributed over a two-dimensional grid, as well as a classifi-
cation process, whereby samples become grouped into discrete units (Wehrens and
Buydens, 2007). Moreover, in order to facilitate visual inspection of the distribu-
tion of the samples across the SOM grid, the analysis can be complemented with a
clustering analysis of the neural EEM prototypes (Vesanto and Alhoniemi, 2000).
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4.1.2 Correlation analysis and the determination of EEM fluores-
cence components

In the SOM grid, it is possible to represent the intensity of a given wavelength
coordinate of the prototype EEMs throughout the different neurons using a colour
scale. This kind of visualisation is called a component plane (Kohonen, 2001), and
shows how the fluorescence magnitude on a given coordinate varies from neuron
to neuron over the SOM grid. Two highly correlated wavelength coordinates will
therefore produce two similar component planes (Barreto-Sanz and Perez-Uribe,
2007; Vesanto, 1999). When the number of variables in the data set is low, it
is possible to visually compare the patterns among component planes and detect
which ones are positively, negatively or not correlated (Çinar and Merdun, 2008;
Mat-Desa et al., 2011). However, this becomes an unfeasible task when dealing with
high-dimensional data, as is the case of EEMs (in our case, defined by 366 λex − λem
coordinates). Barreto-Sanz and Perez-Uribe (2007) proposed a methodology to
simplify this task by projecting the correlations between the component planes on a
new SOM grid. This new projection groups highly correlated variables into the same
neuron, and moderately correlated variables into nearby neurons. At this point, a
hierarchical clustering analysis can be used to determine a consistent number of
groups of λex − λem coordinates, each of which can be considered as a different
fluorescence component. As in this case the analysis involves exploring dependences
between the descriptors, it can be considered as an R-mode SOM analysis (Cattell,
1952; Legendre and Legendre, 1998).

4.2 Materials and Methods

4.2.1 Data set

Our EEM data set included 270 samples from a Mediterranean river catchment
called La Tordera (865 km2), situated to the north-west of Barcelona, Catalunya.
The sampling strategy was designed in order to assess the influence of space and hy-
drology on the EEM spectral shapes. Accordingly, in order to characterise the longi-
tudinal dimension, water samples were collected at 20 sites along the main stem (60
km long). The sites were operationally categorised into three main reaches, referred
to as ”headwaters”, ”middle reaches” and ”lowland”, divided by the bends of Sant
Celoni and Fogars de la Selva (Figure 1A). Each of these three river reaches has dis-
tinctive properties. The ”headwaters” section corresponds to a forested catchment
area with accentuated slopes and incipient human pressure, the ”middle reaches”
are characterised by intensive anthropogenic activity, receiving both diffuse inputs
from urban activities and point source effluents of waste water treatment plants
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(WWTPs) and industries; and finally the ”lowland” corresponds to a shallow and
meandering geomorphology with a lower density of direct anthropogenic effluents.
Eleven influent waters were also sampled upstream from the confluence with the
main stem. Some of them correspond to natural tributaries with varying degrees
of anthropogenic impact, whereas others correspond to WWTPs or effluents from
chemical industries.

The seasonal hydrological variability was captured by sampling on 15 different
dates during which a wide range of hydrological conditions was encountered: from
flash floods to severe summer droughts (Figure 1B). In this case, samples were
also operationally defined according to three categories: ”flood” corresponds to
discharges higher than 4 m3s−1, “drought” to discharges lower than 1 m3s−1, and
”baseflow” to flows between 1 and 4 m3s−1. We used discharge data from the
gauging station of Fogars de la Selva, provided by the Agència Catalana de l’Aigua
(Catalan Water Authority, (ACA, 2013)), as a reference.

Due to the wide variety of drained land cover, water sources and hydrological
conditions included in the sampling design, the final EEM data set was expected to
include a wide variety of spectral shapes.

4.2.2 Computations

SOM analysis was conducted using the Kohonen package for R (Wehrens and Buy-
dens, 2007). The successive steps undertaken in our computations are concep-
tualised in the flow diagram shown in Figure 4.1. EEMs were pre-processed by
normalising their fluorescence intensity by their maximum, in order remove effects
of changes in concentration and focus specifically on qualitative variations (Boehme
and Coble, 2000). The input matrix for the SOM analysis in the Q-mode contained
270 linearized EEMs with fluorescence data from 366 λex − λem coordinate pairs
(Figure 4.1 A). The output layer was an hexagonal grid (Figure 4.1 B). Its size was
chosen to be the largest size that ensured stability of the quantization error (de Bodt
et al., 2002). In addition, dimensions were set to preserve the proportions of the
two highest eigenvalues of the covariance matrix of the input data (Bieroza et al.,
2009; Vesanto and Alhoniemi, 2000; Park et al., 2006; Céréghino and Park, 2009).
During the training phase, the learning rate decreased linearly from 0.05 to 0.01.
The initial neighbourhood size included two-thirds of all distances of the map units,
and decreased linearly during the first third of the iterations. After that, only the
winning unit was being adapted. In order to emphasise dissimilarities between the
neurons of the SOM grid, a hierarchical cluster analysis with complete linkage was
performed using the Lance-Williams update formula (Lance and Williams, 1967).

The influence of outliers on the performance of SOM was assessed by evaluating
the quality of the SOM output in a series of leave-one-out (LOO) sample subsets.
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Figure 4.1 – Summary of the SOM methodology applied in this study. A)
N initial samples are reduced to M prototype EEMs by SOM analysis. B) EEM
prototypes are clustered to facilitate exploration of the relationships between the
sample EEMs. C) SOM is performed on the correlation matrix of the component
planes of the Q-mode SOM analysis. The output corresponds to an aggregation of
highly correlated wavelength coordinates in a single neuron unit. D) Neuron units
are clustered in order to find groups of highly correlated wavelength coordinates.
E) Wavelength coordinate clusters are displayed in an EEM optical space in order
to evaluate their biogeochemical meaning. Adapted and extended from Vesanto
and Alhoniemi (2000).
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As measures of output quality, we used the SOM reliability criteria described by
de Bodt et al. (2002), which tested the stability of both the quantization and the
topology of the SOM model. The stability of the quantization was assessed using the
intra-class sum of squares (SSIntra) statistic, which is the sum of the squared dis-
tances between the observed data and their corresponding neural centroid. On the
other hand, the stability of the neighbourhood relations was inspected by comput-
ing the histograms of all pairwise neighbourhood stabilities of a given LOO subset.
SSIntra and neighbourhood stabilities were computed as described in de de Bodt
et al. (2002). For every LOO subset, the statistics were averaged over 50 runs of
the SOM analysis, in order to minimise the variability of the output due to random
initialisation of the reference vectors (Cottrell et al., 2001).

In parallel, 366 component planes were obtained from the SOM analysis (Figure
4.1 C), one for each λex − λem coordinate that defined our original EEMs. In
order to discriminate the number of fluorescence components within the samples, a
correlation analysis was performed, based on the steps defined by Barreto-Sanz and
Perez-Uribe (2007). These steps included:

• Transformation of the component planes into normalised vectors.

• Calculation of the Pearson’s correlation between each pair of vectors, obtaining
a covariance matrix of dimensions (366 x 366).

• Computation of a SOM analysis of this covariance matrix, hereafter referred
to as the SOM analysis in the R-mode. In this grid, neurons grouped highly
correlated λex − λem coordinates.

• Clustering of the U-matrix with a hierarchical cluster analysis with complete
linkage using the Lance-Williams update formula (Lance and Williams, 1967).

• The optimal number of groups (i.e. fluorescence components) was determined
by inspecting the silhouettes (Rousseeuw, 1987) of a range of partitions, from
two to nine groups. The best partition had a high average s(i), and the fewest
objects with a negative s(i), where s(i) is a measurement of how well object i
matches its assigned cluster.

Eventually, the correlation analysis led to the definition of a number of EEM
regions containing uncorrelated fluorescence phenomena and hence, assumed to re-
flect different fluorescence components. Next, the components in every sample were
quantified as area-normalised fluorescence volumes, following the fluorescence re-
gional integration (FRI) described in Chen et al. (2003).
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Figure 4.2 – Clustering of the U-matrix of the SOM analysis in the Q-
mode. A) Ten regions were defined in the SOM grid (black solid lines), based on
hierarchical clustering of the U-matrix. B) EEM prototypes representing the main
SOM regions.

4.3 Results

4.3.1 SOM codebooks

The output of the SOM analysis trained on the 270-sample data set is summarised
in Figure 4.2. The unified distance matrix (frequently referred to as U-matrix,
Figure 4.2A) represents the distances between the EEM prototypes of neighbouring
neurons using a colour scale (Ultsch and Siemon, 1990). This kind of visualisation
is the most frequently used method to explore dissimilarity and clustering patterns
in the SOM grid (Kohonen, 2001).
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In our results, inter-neighbouring distances were clearly uneven across the SOM
grid, indicating the presence of dissimilarity patterns. Low distances dominated in
the upper-middle part of the U-matrix, whereas high dissimilarities were observed
in the central region of the lower part of the SOM grid. In order to further empha-
size and differentiate regions with higher similarities between neurons, a 10-cluster
division was applied to the U-matrix (Figure 4.2A). It should be noted here that
the partitioning of the U-matrix was used only for visualisation purposes. Some
neurons had such a high dissimilarity to their neighbouring neurons (lowest values
in the U-matrix) that they formed stand-alone clusters by themselves (hereafter
referred to as SN-1 to SN-5, where SN stands for single neuron). The rest of the
grid was partitioned into five multi-neuron zones (hereafter referred to as MN-1 to
MN-5). The nomenclature specified in Figure 4.2 will be used hereafter to facili-
tate description of the distribution of samples throughout the SOM grid in order to
explore relationships between samples.

4.3.2 Outlier sensitivity analysis

The outlier sensitivity test showed that the presence of a few samples with very dis-
tinctive and infrequent spectral shapes (especially those assigned to single-neuron
clusters) did not affect the SOM outcome in a meaningful way. The SSIntra com-
puted for the 270 LOO subsets followed a Gaussian distribution without any outlier
values (Figure 4.3A). Moreover, the mean was almost identical to the median (92.27
and 92.17, respectively), further indicating that none of the LOO subsets exhibited
a statistically relevant differentiated quantization structure.

The histograms of neighbourhood stability showed that at a radius of one and
two neurons, the neighbourhood relations remained almost the same irrespective of
the sample left out by the LOO subsets (Figure 4.3B). This demonstrates that the
topology of the SOM output is preserved in the presence of specific outlier samples.
Furthermore, all the histograms of the LOO subsets are clearly different from the
theoretical histogram of a randomly organised map (Figure 4.3B). This indicates
that in every SOM analysis, corresponding to different LOO subsets, the samples
are meaningfully organised in the SOM grid, in a far from random distribution
(de Bodt et al., 2002).

4.3.3 Samples projection

The samples in our data set were collected along a longitudinal downstream gradi-
ent, and under a variety of hydrological conditions. In order to test the influence
of space and hydrology on the distributions of EEM spectral shapes, samples were
projected onto the SOM grid, and coloured according to their sampling location
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Figure 4.3 – Outlier sensitivity analysis. A) Quantization stability: variation of the average

SSIntra among 270 LOO subsets. The black dot indicates the mean. The absence of outlier values

of CV(SSIntra) and the similar mean and median should be noted. B) Stability of neighbourhood

relations: Histograms of the stabilities over all pairs of observations. In red, histograms of the LOO

subsets in which the left-out sample was assigned to a single-neuron cluster. In green, histograms

of the remaining LOO subsets. In black: histogram of the whole data set. It should be noted

that there is hardly any difference between them. In grey, theoretical histogram of a randomly

distributed map, following a binomial distribution defined according to de Bodt et al. (2002). This

demonstrates that the SOM results are organised in a far from random distribution.

(“headwaters”, ”middle reaches” and ”lowland” categories) and hydrology (“flood”,
”baseflow” and ”drought” categories, Figure 4.4).

In terms of hydrology (Figure 4.4A), samples collected during flood conditions
were grouped into three main neurons, all situated in region MN-4. However, base-
flow and drought samples were distributed across the grid. In the case of space
(Figure 4.4B), the three categories appeared in different parts of the SOM grid.
Headwater samples appeared mainly in region MN-4, samples from the middle
reaches in regions MN-3 and MN-5, and those from the lowland mainly in region
MN-1. Specifically, the neurons in region MN-4, which contained samples from mid-
dle reaches or the lowland, were the very same neurons that corresponded to the
flood category in the hydrological projection. This combination of a single category
for hydrology (flood) and multi category for space (whole length of the river) in a
single neuron suggests a homogenisation effect on the spectral shape of EEMs over
the whole length of the river under flood conditions.
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Figure 4.4 – Projection of space, discharge, and type of tributary onto the U-matrix.

Neuron colour scale indicates, for every neuron, the sum of the euclidean distances to all its

immediate neighbours. Samples are projected on the SOM grid and coloured according to A)

hydrology: blue represents flood conditions, black represents base flow, and green drought; B)

space: blue corresponds to headwater samples, black middle reaches samples, and green are the

lowland samples; C) types of tributary: blue are industrial, black are WWTP, and green are natural

tributaries.

Tributaries are presented separately in Figure 4.4C, coloured according to their
origin: riverine, sewage-treated or industrial. It is noteworthy that single-neuron
clusters contained exclusively industrial effluents, indicating that these sources pro-
duce DOM spectral shapes that are dissimilar with respect to the DOM from riverine
and sewage-treated water. In contrast, WWTP samples appeared mainly in region
MN-5, and natural tributaries were spread over the whole grid, but mainly in re-
gions MN-4 and MN-5, those also associated with headwaters and middle reach
sampling locations.
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Figure 4.5 – Clustering of the U-matrix of the SOM analysis in the R-mode and fluores-

cence components determination. A)Every cluster groups highly correlated wavelength coordi-

nates, representing different fluorescence components. B) Representation of the four groups on

the excitation-emission space.

4.3.4 Determination of fluorescence components

The U-matrix of the SOM analysis in the R mode is shown in Figure 4.5A. It can
be seen that the bottom half of the SOM grid contains highly correlated wavelength
coordinates, expressed by the homogeneous dark red-coloured neurons that indi-
cate short distances between them. In the top part, there is a central light-coloured
region and darker neurons in the margins, indicating the presence of greater het-
erogeneity among these units. Hence, overall the SOM grid contains a high number
of neurons with highly correlated wavelength coordinates, and in contrast, a small
set of neurons with larger dissimilarities between them, thus containing a higher
diversity of fluorescence signals.

Next, the hierarchical clustering and silhouette analysis of the SOM units showed
that four clusters was the best number of fluorescence components, as it exhibited
the optimal combination of the minimal number of presumably misplaced samples
(n(s<0)) and the highest average silhouette (S̄), (Table 4.1).

The four groups of wavelength coordinates (hereafter referred to as C1 to C4)
are represented on the excitation-emission space in Figure 4.5B. It can be seen that
they appear spatially grouped in the optical plane and, moreover, that they over-
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lap regions previously related to specific DOM fluorophores in the literature (Table
4.2). C4 corresponds to the V region of Chen et al. (2003) and broadly to peak C of
Coble (1996), which were associated with humic-like substances. This component
has been detected in a wide range of aquatic environments but mainly in waters
draining forested catchments (Fellman et al., 2010), and hence, represents an in-
dicator of terrestrially derived DOM (Coble, 1996). In the same emission range,
but at the lowest excitation wavelengths, component C3 is apparent. Similarly to
C4, it has also been associated with humic-like components of terrestrial origin but
with a higher molecular weight and more freshly released character (Fellman et al.,
2010; Huguet et al., 2009). In the region of the EEM with the lowest emissions
are two spots centred at λex/λem = 230/330 nm and 270/310 nm (C1), similarly
to the coordinates of maximal fluorescence of tyrosine (Yamashita and Tanoue,
2003). Hence, components appearing at these wavelengths have been attributed to
peptide material resembling or containing tyrosine, indicating the presence of au-
tochthonous microbially derived DOM (Cammack et al., 2004). Finally, C2 covers
an area surrounding the previous protein-like spots, overlapping the region occu-
pied by tryptophan (Yamashita and Tanoue, 2003). This component has also been
reported to reflect microbial activity, and has been used as an indicator of anthro-
pogenic DOM inputs (Baker, 2001; Henderson et al., 2009; Borisover et al., 2011).

4.4 Discussion

SOM coupled with a correlation analysis offers a flexible tool that enables, in the
first stage, a similarity-based classification of EEMs and, in the second stage, a re-
duction of the dimensionality by grouping highly correlated λex − λem coordinates
(Figure 4.1). Hence the methodology consists of two main parts: first, an anal-
ysis of the objects (i.e. sample EEMs ) and second, an analysis of the variables
(i.e. wavelength coordinates). In essence, the analysis of the objects is an exercise
of classification of the samples, based on their spectral similarities; whereas the
analysis of the variables reduces the dimensionality by grouping those coordinates
that are highly correlated. This correlation analysis has meaningful biogeochemi-
cal implications, as each group of correlated wavelength pairs is assumed to be an
independent fluorescent component, with consistent distributions in the λex − λem
space according to the literature (Coble, 1996; Parlanti et al., 2000).

As a classification system, SOM has the advantage that it shows a low degree of
dependency on the frequency at which a sample (or a spectral shape) is represented
in the data set. By means of an outlier sensitivity test, the SOM quantization and
topological structure was found to be robust to the presence of outlier samples.
Accordingly, a single sample with unique and distinctive features can be classified
on its own without affecting the classification of the other samples. In this way,
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outliers are not a distorting element, but a result integrated into the whole out-
put. In our data set, this was exemplified by the neurons SN-1, SN-3 and SN-5,
each of which represented only one sample. Specifically, they represented industrial
effluents, which had very different spectral shapes with respect to the river water
samples. This robustness to outliers provides the advantage that a data set can
be analysed irrespective of its heterogeneity. This circumvents the main limitation
of other currently used and well-established methods for EEM data treatment, like
PCA, PLS or PARAFAC, which are highly sensitive to the presence of outliers
(Engelen and Hubert, 2011; Bro and Vidal, 2011; Stedmon and Bro, 2008) as they
largely depend on least-squares solutions (Brereton, 2012). In least squares meth-
ods, the overall model is adjusted to include a better fit of an outlier, even if it
results in a lower overall fit (Quinn and Keough, 2010). However, in SOM every
sample only modifies its BMU and its neighbourhood, resulting in a less apparent
influence of the presence of an outlier on the whole model outcome.

Furthermore, this classification stage leads not only to the grouping of sam-
ples with a high degree of similarity in terms of spectral shapes, but also to the
generation of a reduced number of EEM prototypes (Figure 4.1, 0th to 1st level
of abstraction). This reduced data set contains all the initial diversity of spectral
shapes, but with the relative frequencies more evenly distributed. For instance, in
our work, one EEM prototype could represent either a large number of samples that
were very similar to one another (e.g. 13 headwater samples in a single neuron in
SOM region MN-4, Figure 4.4B), or just a single sample with very unique properties
(e.g. an industrial effluent in SN-1, SN-3 or SN-5, Figure 4.4C). This re-weighting
effect of the representativeness within the data set allows for an analysis of correla-
tions among variables (i.e. λex − λem coordinates) that can detect fluorophores that
were initially represented at only low levels. Indeed, in our correlation analysis, we
distinguished four areas in the EEM that were highly correlated (Figure 4.1, 1st to
2nd level of abstraction). Our four components had consistent properties in relation
to previous descriptions in the literature (Table 4.2). Specifically, we distinguished
two protein-like components, one of which appeared specifically related to anthro-

Correspondence with Approximate boundaries
Component Coble 1996 Parlanti 2000 λex (nm) λem (nm)

C1 B γ 250-280 and 230-240 310-330 and 320-360
C2 T δ 240-300 340-370
C3 A α 230-240 > 370
C4 C α’ > 250 > 400

Table 4.1 – Wavelength coordinates boundaries of the fluorescence components. Summary

of the location of the fluorescence components determined by correlation analysis and correson-

dence with previous components described in the literature.
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#groups S Smin Smax S(n<0)

2 0.56 -0.74 0.86 17
3 0.57 -0.50 0.8 13
4 0.54 -0.29 0.74 9
5 0.48 -0.43 0.72 13
6 0.48 -0.44 0.70 8
7 0.41 -0.23 0.70 7
8 0.42 -0.23 0.70 7
9 0.35 -0.23 0.70 16

Table 4.2 – Characteristics of the silhouettes of a range of hierarchical partitionings of

the R-mode SOM grid. The silhouettes analysis (Wehrens and Buydens, 2007) corresponds to

the calculation of s(i) for every object in the data set, where s(i) is a measurement of how well an

object i matches its assigned cluster. S̄ corresponds to the average s(i), Smin to the minimum

s(i), Smax to the maximum s(i) and S(n<0) to the number of objects that have a negative s(i).

Values of S near one indicate that the object is very well clustered, whereas negative S indicates

that the object might be assigned to the wrong group.

pogenically derived DOM, as well as two humic-like components that coincided with
the A and C areas described by Coble (1996).

This methodology for detecting fluorescence components represents a novel sta-
tistical approach. In the procedure, the partitioning of the SOM grid represents a
key step where the final decision is taken about the number of fluorescence com-
ponents present in the data set. This step requires particular attention. Specif-
ically, there are several clustering techniques that could be used to classify the
neurons in a SOM grid. It has been reported that SOMs create clusters similar to
those created by hierarchical clustering (Vesanto and Alhoniemi, 2000; Oja et al.,
2006). Indeed, we computed a hierarchical clustering with complete linkage us-
ing the Lance-Williams update formula, and our clusters were consistent with the
(dis)similarity patterns of the U-matrix (Figures 3 and 6). However, in SOM grids of
higher resolution (i.e., number of neurons) the U-matrix can present more complex
patterns of clustering and subclustering. In this case, the results of a hierarchical
clustering analysis may not follow the results of the U-matrix very closely (Vesanto
and Sulkava, 2002). As a better approximation, computation of Vellido’s algorithm
and the use of the U-matrix neural neighbourhood distances as a cluster distance
function have been proposed (Barreto-Sanz and Perez-Uribe, 2007; Vesanto and
Sulkava, 2002) as, in this case, the neighbourhood conditions become explicit in the
analysis and the output fits better with the results of the U-matrix. Hence, future
studies should test the performance of different clustering techniques when larger
data sets – and hence, larger SOM grids – are concerned.
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Finally, after the regionalisation of EEMs into four fluorescence components,
we quantified their contribution in every sample using the FRI technique originally
described by Chen et al. (2003). This technique has been widely applied to track
changes in DOM composition (Wang et al., 2009; Marhuenda-Egea et al., 2007; Shao
et al., 2009). It has the advantage that it integrates the whole shape of the EEM
region and accounts for the fluorescence provided by shoulders and other spectral
features that would be omitted if only the maximal value of the region was taken
into account. However, it has recently been pointed out that the numerical method
used for integration can have important consequences for the accuracy of the results.
Specifically, the Riemann summation method proposed by Chen et al. (2003) and
used in this paper may result in the underestimation of the protein-like fractions,
and in the overestimation of humic-like fractions (Zhou et al., 2013). In order to
minimise this bias, future studies may consider the use of other methods, such as
the composite trapezoidal rule or the composite Simpson’s rule (Zhou et al., 2013).

In summary, our results open a new viewpoint to the statistical treatment of
EEMs. Thanks to its robustness to the presence of outliers, SOM can be applied to
EEM data sets including both high- and low-represented spectral shapes. This may
have important practical implications especially for the study of the biogeochemical
behaviour of DOM in natural systems, as sampling designs will be less restricted to
the requirements of the statistical treatment, and more adaptable to research needs.

4.4.1 Next steps

In this chapter, the originally complex DOM composition of our EEM data set has
been simplified into four fluorescence components which are representative of the
spatio-temporal variations of DOM quality in La Tordera. These four components
will be used in the following chapters of this thesis in order to investigate the
transport and reactivity of DOM, not only at the bulk level but also, and most
importantly, for each of these moieties.

4.5 Conclusions

In this paper, the use of SOM in combination with a correlation analysis has been
presented as a powerful method to deal with large and complex EEM data sets.
Specifically, our findings indicate that:

• SOM analysis coupled with a correlation analysis as described by Barreto-
Sanz and Perez-Uribe (2007) allows an analysis both at the object and at
the variable level. Hence, it serves not only to explore the differences in
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fluorescence properties between samples, as shown by Bieroza et al. (2009,
2012), but also helps to identify particular fluorescence components, as shown
herein.

• It is robust to the presence of outlier samples. That is, samples with very
distinct features are discerned while having little effect on the ordination and
classification of the other samples. This distinct property makes it possible to
work with heterogeneous data sets.

• The correlation analysis performed on the SOM EEM prototypes has an en-
hanced capacity to detect fluorophores that are represented at only low levels
in the original EEM data set.

• SOM analysis coupled with a correlation analysis of the component planes
expands the toolbox of the fluorescence DOM researchers by enabling the
analysis of complex and heterogeneous EEM data sets. This may open new
possibilities for advancing our understanding of DOM character and biogeo-
chemical behaviour.
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Results Part II

Longitudinal patterns of DOM
quality and reactivity
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Chapter 5

Preliminary assessment of
spatiotemporal patterns of
DOM quality and quantity in
La Tordera

5.1 Introduction

In this chapter, a first approach to the spatiotemporal patterns of dissolved organic
matter (DOM) is presented. As pointed in the general introduction of this the-
sis (chapter 1), most conceptual models since the river continuum concept (RCC)
(Vannote et al., 1980) foresee important changes in the transport and processing
of organic matter along the longitude of a river (Ward and Stanford, 1983; Junk
et al., 1989; Thorp and Delong, 1994); however, the empirical studies assessing such
changes are seldom (Hadwen et al., 2010). Moreover, a better knowledge of the
DOM interactivity during the riverine transit is of utmost importance in order to
unveil the role of rivers in the carbon cycle, as there are theoretical (Cole et al.,
2007; Tranvik et al., 2009) and empirical (Moody et al., 2013) evidences that rivers
are major sinks of DOM. However, such evidences did not take into account how
contrasting hydrological conditions can alter the capacity of a river to process DOM.

Mediterranean rivers have been little characterised in biogeochemical terms, and,
however, they have a hydrological variability that makes them unique as fluvial sys-
tems. Due to the occurrence of floods in spring and autumn, and droughts during
summer, Mediterranean rivers are continuously facing perturbations of alternative
sign, what has shaped a characteristic seasonality and special adaptations of the bio-
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logical communitites (Gasith and Resh, 1999). Also, such abrupt hydrological shifts
determine specific temporal patterns in the biogeochemical functioning (Butturini
et al., 2008) as they confer a spatial dynamism in terms of land-river connectiv-
ity (Vázquez et al., 2007) and longitudinal connectivity within the river corridor
(Vazquez et al., 2011). Whereas the export of DOM from the land to the river has
been addressed in a number of studies (Royer and David, 2005; Wiegner et al., 2009;
Raymond and Saiers, 2010), especially during floods and baseflow, the successive
downstream evolution of DOM has been generally overlooked. Moreover, the low
flows preceding the river drying (hereafter referred to as the drought hydrological
conditions) have been very scarcely characterised. Therefore, the consequences of
such a variety of hydrological conditions for the transport and reactivity of DOM
have not been fully assessed.

Here we present the results of a longitudinal assessment of DOM quantity and
quality, performed under a range of hydrological conditions: flood (2.76 – 2.82
m3s−1), baseflow (0.57 - 0.21 m3s−1), drought (0.1 - 0.08 m3s−1) with rainy an-
tecedents (in the previous month, the maximal discharge was 10.27 m3s−1), and
drought (0.31 – 0.09 m3s−1) with non-rainy antecedents (in the previous month,
the maximal discharge was 3.32 m3s−1). The main stem of La Tordera, a Mediter-
ranean River situated in the central Catalan coast, was sampled at 10 sites dis-
tributed from the headwaters to the river mouth (see chapter 3 for full details on
the sampling strategy).

Specifically, the aims of this chapter are:

• To provide a general biogeochemical description of the river. The longitudinal
profiles of some physico-chemical parameters (electrical conductivity, pH, dis-
solved oxygen), conservative solutes (chloride, sulphides) and reactive anions
(nitrate, ammonium and soluble reactive phosphor (SRP)) are presented.

• To assess the longitudinal gradients of DOM quality and composition along
the riverine course: DOM is quantified as dissolved organic carbon (DOC)
and dissolved organic nitrogen (DON) concentrations, and characterized using
SOM fluorescence components composition as well as the optical indices of
Humification Index (HIX), Fluorescence Index (FI) and Specific Ultra-Violet
Absorbance (SUVA).

• To test to what extent contrasting hydrological conditions alter or influence
the longitudinal biogeochemical gradients.

• To identify locations or features in space which are prone to create hydro-
chemical disruption.

• And finally, as a general aim, to characterise how space and hydrology operate
as inter-dependant dimensions of DOM quantity and quality.
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Figure 5.1 – Hydrogram of the study period, with discharge values corresponding
to the gauging station of Sant Celoni. Numbers 1 to 4 indicate correspondence
with the hydrological categories CH1 to CH4, in which CH1 refers to flood or
stormflow conditions, CH2 baseflow conditions, CH3 drought with moderate rainfall
antecedents and CH4 drought with flood antecedents. Data provided by the Catalan
Water Authority (Agència Catalana de l’Aigua, ACA).

5.2 Results

5.2.1 Hydrochemical framework

In order to contextualise the hydrochemical environment, some solutes and physic-
ochemical parameters are summarised in Table 5.1, Figure 5.2 and Figure 5.3.
Conductivity (Figure 5.2a-b) showed a greater differentiation in space than over
hydrological conditions. Along the river length, it was lowest in the headwa-
ters (89.6 ± 16.6 µS/cm) 1, and maximal near the river mouth (444.9 ± 256.6
µS/cm), with an overall gradual increase disrupted by a steep rise in site S4 (lo-
cated in the industrial area of Sant Celoni, at 25.5km from the river source). In
relation to hydrology, despite the medians remained similar throughout the dif-
ferent conditions, conductivity was found to be lower during flood (369.1 ± 259.6
µS/cm) and highest during drought with moderate rainfall antecedents (461.7 ±
289.0 µS/cm). Chlorides and sulphates (Figures 5.2c-f) showed parallel patterns
with conductivity (linear fits of F1,34 = 205.7, P = 5.5 × 10−16, r2 = 0.858 and
F1,34 = 134.6, P = 2.3 × 10−13, r2 = 0.798, respectively). For the three variables,
the data corresponding to the last river site, situated in the river mouth, collected
during drought conditions (S10-CH3 and S10-CH4) were omitted from calculations
and plottings, as due to the inland penetration of the sea-river interface they were
reflecting extremely high salinity values. However, for the following solutes and
physicochemical variables these data have not been omitted. It is important to
keep this aspect in mind, as it indicates that site S10 during drought reflects sea
water rather than the river water itself.

1For convention reasons, the average ± standard deviation are reported in the text, despite the
described boxplots represent the medians with the four quartiles.
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pH was neutral to basic (Figure 5.2g-h). The most basic conditions were found
in baseflow (8.47 ± 0.38) and, in space, remained on average between 7.5 - 8 except
for sites S5, S8 and S10 which reflected peaks of higher basicity (8.37 ± 0.56 to
8.91 ± 0.64). Despite a lack of data during flood, dissolved oxygen (Figure 5.2i-
j) was found to be near 100% in average for the different hydrological conditions,
although during drought O2% values had a higher dispersion with extreme both
high and low extreme values. In space, maximal averages were found again in
S5, S8 and S10 (131.4 ± 48.4% to 166.4 ± 46.2 %), whereas it was minimal in S4
(66.6± 26.6%).

Nitrogen in the form of nitrate and ammonium (Figures 5.3e-h) was most con-
centrated in flood conditions (1.485 ± 0.656 mgN-NO–

3·L
−1, 0.200 ± 0.258 mgN-

NH+
4 ·L

−1); conversely, SRP (Figure 5.3i-j) was minimal under such conditions

(0.057 ± 0.041 mgSRP·L−1) and maximal during drought with flood antecedents

(0.351 ± 0.511 mgSRP·L−1). In space, SRP and N-NH+
4 peak at S4 (0.633 ±

0.709 mgSRP·L−1 and 0.640 ± 0.261 mgN-NH+
4 ·L

−1). Nitrate has an increasing
trend over the first three headwater sites with little temporal variability. From S4
to downstream, the trend inverts and slightly decreases downstream but with an
important temporal variability. Towards the river mouth, nitrate slightly increases
again.

5.2.2 Variation in DOM concentration

Regarding the organic solutes, DOM was quantified both in terms of DOC and DON
(Table 5.2, Figure 5.3 a-d). For the whole data set, DOC ranged between 0.598 and
7.873 mg·L−1, averaging at 2.758 ± 1.348 mg·L−1. DON ranged between non-
detectable values and 4.272 mg·L−1, with an average of 0.565 ± 0.943 mg·L−1. In
the headwaters were found the lowest concentrations for both DOC and DON. Then,
in site S4, both solutes experience an increase. Such rise is clearer for DOC, for
which the higher concentrations achieved in S4 remain constant downstream. In the
case of DON, sites S4 to S10 (that is, the middle and lower reaches) have a higher
variability compared to the headwaters, attaining values up to 1.5 – 2 mg·L−1.
However, the medians are similarly low in the middle reaches as in the headwaters,
but with a higher temporal variability. In response to hydrology, DOC median
remains similar in the different conditions with higher variability during droughts.
In contrast, DON differs significantly during flood (p < 0.05), exhibiting higher
concentrations and variability with respect to baseflow and drought conditions.
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5.2.3 Variation in DOM character

The indices considered in this study are the FI, HIX and SUVA, which reflect differ-
ent and complementary attributes of DOM, namely the origin, humification degree
and aromatic degree, respectively. The three of them exhibit clearly different pat-
terns in space (Figure 5.4), suggesting that they respond to different ecological and
biogeochemical processes. FI values ranged between 1.32 and 2.36 in the whole data
set. The lowest values, which indicate a terrestrial origin of DOM, are found in the
three headwater sites. Downstream, FI increases, peaking at site S7 (1.953 ± 0.270),
located in the bend of Fogars de la Selva (at 45 km from source). On the other
hand, HIX has a continuous decreasing trend downstream, ranging from maximal
values upstream (15.085 ± 2.857) until minimal values in the river mouth (7.841
± 3.589). Finally, SUVA has a constant average value near 5 for the whole length
of the river. However, the three sites in the headwaters have a higher temporal
variability compared to downstream sites.

Among the different hydrological conditions considered, different behaviours can
also be observed between these indices. For SUVA, baseflow conditions largely
differ from the rest for exhibiting a larger variability, although it still has a similar
median. FI in flood conditions has minimal variability and low values, whereas
baseflow and non-rainy antecedent drought have highest variability, indicating a
more important heterogeneity of DOM sources along the river. HIX exhibits the
most clear and significant differences (p < 0.05) in which flood conditions have
highest values and minimal variability, whereas the rest of hydrological conditions
have a higher variability.

5.2.4 Variation in DOM composition

The composition of DOM was assessed in terms of the fluorescence components
determined by self-organizing map (SOM) analysis in chapter 4. As a reminder,
these consist on four components, referred to as C1 to C4. Among them, C1 and
C2 refer to protein-like material, and are similar to Coble’s peaks B and T, and to
Parlanti’s peaks γ and δ respectively. On the other hand, C3 and C4 are related to
humic-like material and can be related, respectively, to Coble’s peaks A and C and
to Parlanti’s peaks α’, β, α (Coble, 1996; Parlanti et al., 2000).

Their variation in space and over time is shown in Figure 5.5. Among the four
studied hydrological conditions, all components have in common that during flood
their fluorescence has little variability, indicating that they remain constant along
the river length. In the case of the protein-like components, the median is maximal
during baseflow, and minimal during flood (for C1) and during drought (for C2).
In the case of the humic-like materials (C3 and C4), flood average is higher than
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that of baseflow and similar to that of drought in the case of C4, and higher to any
other hydrological condition for C3.

Regarding space, component C3 shows no clear patterns. However, the rest
of components exhibit distinguishable longitudinal patterns. As for protein-like
components, both C1 and C2 have the trend to successively increase downstream.
However, they differ in their behaviour from site S6 (located before the confluence
of the Creek of Arbúcies, at 37 km from source). In this site, there is an important
decrease in the fluorescence volume. After that, component C1 recuperates the
magnitude of site S5, whereas in the case of C2, the decrease effect remains and
successive sampling sites remain at lower volumes, still with an increasing trend
downstream. In the case of C4, there is a monotonous decreasing pattern down-
stream with a slight increase in the two last sampling sites, in the river mouth. This
decreasing trend of the humic-like C4 component clearly opposes to the increasing
one of C1 and C2.

5.2.5 Differentiation of solutes and DOM content along the longi-
tudinal gradient

A more synthetic approach on the longitudinal variation of the water chemical com-
position has been addressed by computing Bray-Curtis dissimilarities of every point
of the river with respect to the first sampling site, near the river source, obtaining
a profile of longitudinal differentiation downstream (Figure 5.6). They indicate to
what degree the water composition is different, or dissimilar, from site S1. Thus, a
flat line would indicate a constant composition downstream, whereas higher values
indicate a higher distance, and hence a higher differentiation, degree of a given site
with respect to S1. These profiles have been computed for the following groups of

variables: Conservative solutes (Cl–,SO2–
4 , electrical conductivity), nutrients (N-

NH+
4 ,N-NO–

3,SRP), DOM concentration (DOC and DON), DOM character (FI,
SUVA and HIX optical indices) and DOM composition (EEM components C1 to
C4). Also, dissimilarity profiles have been computed separately for every hydrolog-
ical condition.

Every type of variables exhibits a different longitudinal behaviour and sensitiv-
ity to hydrology. Conservative solutes are the ones that exhibit a more consistent
longitudinal pattern for the four hydrological conditions. Both during flood, base-
flow and drought they gradually differentiate from the headwaters down to the river
mouth, only altered by a steeper increase in the dissimilarity in site S4. Conversely,
nutrients show a differentiated behaviour in the last half of the river length de-
pending on hydrology. In the first half of the river length, nutrients composition
gradually becomes dissimilar up to site S4. From there and downstream, during
flood and baseflow dissimilarity becomes constant, indicating little change in the
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Figure 5.2 – Boxplot representation of the concentrations of conservative solutes in space and over

hydrological conditions. Site S1 corresponds to the headwaters whereas site S10 corresponds to the river

mouth. For the hydrological conditions, CH1 corresponds to flood, CH2 to baseflow, CH3 drought with

moderate rainfall antecedents, and CH4 drought with flood antecedents. Symbol † indicates that flood

concentrations are significantly different than the rest of hydrological conditions, whereas symbol ‡ indicates

that flood concentrations are significantly different only with respect to baseflow, both at p < 0.05.
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Figure 5.3 – Boxplot representation of the concentrations of non-conservative solutes in space and

over hydrological conditions. Site S1 corresponds to the headwaters whereas site S10 corresponds to the

river mouth. For the hydrological conditions, CH1 corresponds to flood, CH2 to baseflow, CH3 drought

with moderate rainfall antecedents, and CH4 drought with flood antecedents. Symbol † indicates that flood

concentrations are significantly different than the rest of hydrological conditions, whereas symbol ‡ indicates

that flood concentrations are significantly different only with respect to baseflow, both at p < 0.05.
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Figure 5.4 – Boxplot representation of the values of DOM optical indices in space and over hydro-

logical conditions. Site S1 corresponds to the headwaters whereas site S10 corresponds to the river mouth.

For the hydrological conditions, CH1 corresponds to flood, CH2 to baseflow, CH3 drought with moderate

rainfall antecedents, and CH4 drought with flood antecedents. Symbol † indicates that flood concentrations

are significantly different than the rest of hydrological conditions, whereas symbol ‡ indicates that flood

concentrations are significantly different only with respect to baseflow, both at p < 0.05.
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Figure 5.5 – Boxplot representation of the volumes of EEM components in space and over hydro-

logical conditions. Site S1 corresponds to the headwaters whereas site S10 corresponds to the river mouth.

For the hydrological conditions, CH1 corresponds to flood, CH2 to baseflow, CH3 drought with moderate

rainfall antecedents, and CH4 drought with flood antecedents. Symbol † indicates that flood concentrations

are significantly different than the rest of hydrological conditions, whereas symbol ‡ indicates that flood

concentrations are significantly different only with respect to baseflow, both at p < 0.05.
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relative composition of ammonium, nitrate and SRP, whereas during drought their
composition becomes gradually more similar to the headwaters, except for the final
site which might be rater reflecting the quality of sea water instead of the river water
because of the inland penetration of the sea-freshwater interface. Regarding organic
solutes in terms of DOC and DON, they exhibit an intermediate profile between
conservative and reactive inorganic solutes. In overall, there is a gradual degree
of differentiation downstream, which is greatest in site S4. But by taking a closer
look, it can also be seen that flood and baseflow have a profile which is comparable
to that of conservative tracers, whereas the two droughts produce a profile which
is rather comparable with the non conservative nutrients because of the decreasing
trend after the peak in S4.

Optical variables, both the optical indices (Figure 5.6d) and EEM components
(Figure 5.6e), have distinctively different longitudinal profiles. The main difference
is the lack of a consistent increase of the dissimilarity in the headwaters up to S4,
observed in the three previous groups of solutes. Other than that, they reflect a
strong homogenisation effect of the flooding conditions, expressed by a practically
flat and horizontal profile. However, they also exhibit a certain degree of dissimilar-
ity in the second half of the river during drought conditions. In the case of optical
indices, the dissimilarity profile increases gradually downstream, being the only case
in which baseflow conditions have a distinct behaviour rather than an intermediate
expression between flood and drought. Despite these described features, the pat-
terns of longitudinal differentiation for DOM quality are less clear than those of the
inorganic reactive solutes.

5.2.6 Relationships between variables: a multivariate approach

The results described above provide evidence of a complex spatio-temporal rela-
tionship between types of variables. In order to further relate DOM fluorescence
composition with the surrounding hydrochemical environment, we performed a mul-
tivariate statistical analysis. First, samples dissimilarities were fitted into a two-
dimensional plane by computing non-metric multidimensional scaling (NMDS). The
input variables were the EEM components C1 to C4, hence, the new ordination re-
flected sample dissimilarities in terms of DOM fluorescence composition. Next, it
was tested how the rest of variables fit in this new ordination by computing a vector
fit and by assessing the significance of each one.

The computed NMDS had a correlation of R2 over 0.99 between the distances of
objects in the obtained NMDS ordination and samples dissimilarities in the original
4-dimensional space. This final ordination is shown in Figures 5.7 A and 5.7 B. The
scores of the four fluorescence components appear all at four different directions of
the NMDS space, revealing that they are little correlated and, hence, share little
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Figure 5.6 – Biogeochemical dissimilarity profiles of the different types of variables under

study: conservative solutes (electrical conductivity, chlorides, sulfates), non-conservative solutes

(nitrate, ammonia, soluble reactive phosphor), DOM concentration (DOC and DON), DOM char-

acter (HIX, FI and SUVA) and DOM composition (fluorescence components C1 to C4).

information. In overall, sample and variable scores are more widely dispersed over
the first axis. In the positive side there are the two protein-like variables (C1 and
C2), whereas in the negative side we find the humic-like ones (C3 and C4). Hence
the first axis divides our samples according to the relevance of either protein-like
of humic-like moieties. Besides, the second axis further differentiates between the
two protein-like components, as C1 is oriented in the negative part, and C2 in the
positive part. This suggests that the two components, despite having a similar
composition, may be driven by different processes and sources.

For the sake of facilitating the interpretation of the samples distribution on the
NMDS plane, samples have been grouped by sampling site Figure 5.7 A, reflecting
the spatial extent; and by hydrological conditions Figure 5.7 B, reflecting the tem-
poral extent. It should be noted there that both figures correspond to the same
NMDS compoutation and only the visualisation and grouping of the samples dif-
fers. Regarding Figure 5.7 A, corresponding to the spatial extent, the location of
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the centroids for the different sampling sites clearly reflects three different groups.
On the negative side of the first axis appear the headwater sites S1 to S3, as well
as site S6 little distance apart. They appear at the direction of the fluorescence
components C3 and C4, indicating the predominance of humic-like DOM materi-
als. On the other hand, the sites of the last part of the river (S7 to S10) appear
in the positive side of the first axis, directed toward the fluorescence component
C1. Finally, sites S4 and S5 appear at the positive side of the second axis, at the
same direction as the fluorescence component C2. This indicates that C2 is more
directly related to anthropogenic DOM sources, whereas C1 could be more directly
attributed to in-stream DOM processes.

A series of hydrochemical variables have been fitted in to the NMDS ordination
by means of a vector fitting analysis. Those whose fit had a significance of p <
0.05, have been added to the NMDS plot. Interestingly, they appear directed to
the three directions described above for the sampling sites centroids. HIX appears
at the direction of the headwater sites, FI together with the conservative solutes
(Conductivity, chloride and sulphate) appear with the lowland river sites, and fi-
nally, DOC, ammonia and SRP appear with sites S4 and S5. Also, it is noteworthy
that two variables directly related to DOM held no significance (DON and SUVA),
as well as nitrate.

On the other hand, in Figure 5.7 B sample centroids reflect the hydrological
extent. The confidence interval circle around the centroid indicates the dispersion
degree of the samples of every hydrological condition throughout the NMDS plot.
Out of that, it can be observed that during flood the samples are minimally dis-
persed, indicating little dissimilarities between them. During baseflow and drought,
the dispersion gradually increases. Whereas the dispersion degree is similar for
baseflow and drought with wet antecedents, it becomes maximal during drought
with dry antecedents. Despite this difference between the two droughts in the dis-
persion degree, they remain similar in the position of the centroid, which indicates
similar qualitative DOM trends. The centroids are located near the axes origin
and the dispersion occurs throughout the whole plane. This indicates that during
drought, both humic-like and protein-like DOM substances are present along the
river length. However, in flood and baseflow the samples appear distributed at some
specific sectors of the NMDS space. Flood is located in the negative first axis, indi-
cating the prevalence of humic-like and humified DOM substances throughout the
river. By contrast, baseflow samples are mainly located in the positive first axes,
hence indicating a predominance of protein-like substances of microbial origin.
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Figure 5.7 – NMDS ordination based DOM on compositional dissimilarities. Gray labels

represent the fluorescence components scores, and black arrows, the chemical variables significantly

fitted in the ordination (p < 0.05). These are only plotted in panel A, but are equivalent for panel

B. A) Samples are grouped by sampling site and represented by their centroid. B) Samples are

grouped by hydrological conditions. Ellipses around centroids represent confidence areas of the

samples dispersion (confidence limit se = 0.95)
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5.3 Discussion

5.3.1 Spatio-temporal patterns of inorganic and organic solutes

The water chemistry of La Tordera exhibits some characteristic features along the
river length. One clear differentiation are the first three sampling sites, that are
situated in the headwaters, from the river source until the village of Santa Maria de
Palautordera (sites S1 to S3). These sites are characterised by low concentrations
of all measured anions with a small seasonal variability, including both conservative
and non-conservative anions. This reflects the low relevance of anthropogenic efflu-
ents, as well as a low weathering of the siliceous geological substrate in that part of
the river (Mas-Pla et al., 2012).

Next to that, the river runs through the urban and industrial area of Sant
Celoni. In this part of the river lies the sampling site S4, which exhibits a drastic
change of the chemism. This change mainly corresponds to an increase of the
concentrations of the conservative tracers of chloride, sulphate and conductivity, as
well as the nutrients of N-NH+

4 , SRP and DOC, together with N-NO–
3 and DON

to a certain extent. This increase remains downstream and even further augments
in the case of the conservative anions. However, the rest experiment a depletion
downstream, even if the influence of human activity is still present throughout sites
S5 and S6. This uncoupling between the conservative and the non-conservative
solutes evidences the presence of bioreactive processes that are responsible for the
availability of these solutes. Some of these nutrients recuperate basal concentrations
rapidly after site S4 (N-NH+

4 , SRP), while some others do it more moderately (N-

NO–
3 and DON). Interestingly, DOC concentration never recuperates headwater

levels, suggesting a lower bioreactive character with respect to the nitrogenated
solutes. These evidences of the presence of relevant reactive processes, as well
as the presence of confluences with little or non-impacted tributaries, have been
previously described as attenuators of the anthropogenic pressure that operates in
this central part of the river (Mas-Pla et al., 2012).

Over the different hydrological conditions assessed in this work, the longitudi-
nal dissimilarity profiles for all the mentioned solutes provide evidence of a higher
degree of biological reactivity in drought conditions with respect to flood conditions
(Figure 5.6). This seasonality is clearer for inorganic than for the organic solutes
(compare Figure 5.6b vs 5.6c), hence reflecting a major dependence of the bioreac-
tive character of DOC and DON (and therefore, of DOM concentration) with the
hydrological conditions.

Regarding the export capacity of the different solutes, floods are the the hydro-
logical conditions that are more efficient especially for the nitrogenated solutes and
SRP. Among them, the most accentuated difference between stormflow and the rest
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of hydrological conditions occurs with DON. Pulse flood events have been found to
commonly produce [DON]pulse:[DON]baseflow > 1. For Mediterranean rivers with-
out reservoirs (Martin and Harrison, 2011) determined a [DON]pulse:[DON]baseflow
ratio of 1.45 from average concentrations of 0.220 and 0.151 mgDON·L−1 during
flood and baseflow conditions, respectively. In the present study, this ratio is ex-
ceeded by far (up to 10.6), and even exceeds the highest ratio reported in Martin
and Harrison (2011), which is 2.22 for temperate river systems. While our averages
in baseflow and drought are similar to those reported by them, our flood average
is much higher (1.322 ± 0.712), which causes the ratio to increase so much. These
results highlight the high potential of La Tordera to export nitrogen in dissolved
organic form following flood pulses. While point sources are unlikely to be the ori-
gin of such export, because they would have become diluted by the high flows, they
may be attributable to a flushing effect reflecting the characteristics of the catch-
ment being drained, i.e. catchment land uses. Evidences in this sense can be found
for instance in Lorite-Herrera et al. (2009), who reported high DON concentrations
(ranging between 6.3 and 19.8 mg·L−1) and annual exports in an agricultural catch-
ment, which were one order of magnitude higher than those from similar pristine
systems. This excess was attributed to the leaching and drainage of organic nitrogen
from agricultural soils.

In contrast to DON, DOC did not show any significant differences between hy-
drological conditions. Positive and strong correlations between DOC and discharge
have been widely reported, and usually even more consistently than for DON (Clair
and Ehrman, 1996). As in this study we are comparing means that include samples
from the whole length of the river, spatial complexity and variability may be blur-
ring the usually clear relationship between DOC and discharge. Indeed, statistically
significant differences in space were found for DOC and not for DON.

5.3.2 Spatial trends of DOM quality

Unlike for the solutes concentrations, less clear patterns can be observed out of the
boxplots in space and over hydrological conditions for the qualitative DOM variables
(Figures 5.5 and 5.4). However, a multidimensional approach with an NMDS anal-
ysis was useful to elucidate associations between samples and qualitative variables
and, also, to unveil interesting longitudinal patterns and hydrological influences.
Indeed, the ordination of the samples in a two-dimensional space based on compo-
sitional dissimilarities showed a clear segregation of sampling sites into three main
groups: one including sites from the headwaters until the middle reaches, another
one representing the lowland part of the river, and finally, another one including the
sites S4 and S5, situated downstream the anthropogenically impacted area of Sant
Celoni. Moreover, the significant fit of optical indices provided more consistency
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to this spatial differentiation based on DOM quality. Hence, it becomes clear that
DOM undergoes a compositional change as it is being transported downstream.

The headwater sites S1 to S3 are related to components C3 and C4, as well as
to the optical index HIX. This provides evidence that the DOM flowing in this part
of the river has a predominantly humic-like nature of terrestrial origin. This is as
expected, as these sites are located in a mountainous, forested area with minimal
anthropogenic perturbation. In similar systems, EEMs have been reported to pro-
duce A-C shapes (equivalent to our C3 and C4 components) with high aromatic
character (Hudson et al., 2007; Fellman et al., 2010).

Next, sites S4 and S5, appear differentiated in the NMDS as being related to
a DOM with tryptophan-like nature (C2), as well as with the presence of nutri-

ents (SRP, N-NH+
4 and DOC). This differentiation in terms of DOM composition

is consistent with previous findings where sewage inputs appeared to release DOM
with distinguishable fluorescence signatures with respect to natural riverine DOM
(Baker, 2001; Spencer et al., 2007; Henderson et al., 2009) mainly due to intense
microbial transformations (Park et al., 2010). Peak T, equivalent to our C2 com-
ponent, has been even used as a tracer of anthropogenic inputs (Baker, 2002).

After these two sites, the impact of the waste water treatment plant (WWTP) is
no longer evident, and site S6 appears near the headwater sites. This rapid shift in
the DOM composition can be due, to the one hand, to the inputs of water from non
or less polluted tributaries (Fuirosos, Breda, Arbúcies) which may have diluted the
upstream DOM quality. On the other hand, protein-like components are considered
to be one of the most labile fractions of DOM (but see Cory and Kaplan (2012)),
hence the biological uptake of these moieties may have further favoured the depletion
of the C2 component. This sounds reasonable at the reaches near site S6, as the
river morphology has already become more shallow with increased water residence
times and open canopy which facilitate the biophysical opportunities for in-stream
DOM processing (Battin et al., 2008). Also, this is in consonance with our evidences
of biological retention processes in the second half of the river, described above out
of the dissimilarity profiles (Figure 5.6). Another factor that may influence such
minimisation of the anthropogenic inputs can be a dilution effect coming from a
geological fault that creates an effluence of groundwater with little mineralisation
few kilometres upstream of site S6 (named Gorg de Perxistor, described by Mas-Pla
and Menció (2008)).

Finally, after the bend of Fogars de la Selva until the river mouth, the nature
of DOM exhibits another shift. In this case, its composition is mainly related to
C1 component, a fluorescence signal similar to that of tyrosine-like components. It
represents a protein-like material, different than that observed for S4 and S5, which
correlates with FI. This further suggests an in-stream origin of the DOM for the
last part of the river. As in site S6, the persistence of a shallow and open canopy
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characteristics, as well as because of the lack of significant tributary inputs, may
explain the proliferation of an in-stream DOM production by algae and microbial
activity.

5.3.3 Influence of hydrology on the determination of spatial trends

Among the different hydrological conditions sampled in this study, floods represent
the conditions in which the maximal spatial homogeneity of DOM character is ob-
served. Under these circumstances, DOM samples appear aggregated in the NMDS
plane, suggesting that hardly any qualitative changes occur during the longitudi-
nal transport. Instead, samples from low flow dates (CH3 and CH4) appear more
disperse, suggesting a high heterogeneity of DOM properties.

Under flood conditions, the location of the centroid in the positive first axis of
the NMDS indicates a strong predominance of humic-like substances of terrestrial
origin. This allochthonous input of DOM in the river water during storms has been
especially documented for forested catchments (Raymond and Saiers, 2010). During
storms, hydrological flow paths shift to more superficial soil horizons richer in DOM
which has been accumulated during the low flow periods (Sanderman et al., 2009).
This DOM is rapidly flushed out to the riverine channel, resulting in an increase
of DOM concentration (Hinton et al., 1997; Mulholland, 2003) and in a qualitative
shift to vascular plant-derived humic substances (Hood et al., 2006; Fellman et al.,
2009b; Nguyen et al., 2010). This flushing behaviour for DOM has already been
documented for the basin of Fuirosos, one of the tributaries of the present study site
(Butturini et al., 2008). Fuirosos has a completely forested land cover. In contrast,
the catchment of La Tordera has a variety of land uses. Forests are distributed
mainly in the upland Montseny Massif and in the Montnegre slopes whereas other
land uses including agriculture and urbanisation are found in the lowland. The
drainage of these areas has been found to produce a differentiated fluorescence
signal in comparison to forested catchments, reflecting the inputs of labile and low
humified DOM (Wilson and Xenopoulos, 2009; Williams et al., 2010). However, this
signal does not appear to influence in a relevant way the samples collected during
flood conditions. It has been reported that the export of DOM from crops and
urban areas is primarily driven by the anthropogenic activity rather than by local
rainfall events (Duan et al., 2007). Therefore, we suggest that during storms forested
areas are those with the highest potential to export DOM to the river. Consequently
during stormflow riverine DOM reflects mainly a terrestrial source and this character
remains similar along the entire main stem, suggesting a conservative transport.

Surprisingly, this persistance of an humic-like character during flood co-occurs
with a high increase of DON concentration (Figure 5.3d). This coexistence seems to
discard the option that the exported DON be in the form of protein-like substances.
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Rather than that, it may be part of the humic-like fraction, or just not be part of
the optical fraction of DOM and hence, not reflected in the EEM components.

However, as soon as rainfall decreases in frequency and in intensity, the domi-
nance of the DOM terrestrial character observed during flood gives way to a longi-
tudinal differentiation of DOM fluorescence properties. During the drying process,
not only does discharge decrease, but also change the flowpaths which feed the river
(Hinton et al., 1998) and the connection between the river and the terrestrial catch-
ment becomes weaker. The drainage of DOM-rich subsurface soil horizons gradually
ceases and the river surface water is mainly sustained by deep groundwater which
is poor in DOM. Therefore, drought minimizes the terrestrial sources of riverine
DOM, which only remain in the headwater sites (S1-S3). Downstream, samples
appear associated to the presence of protein-like substances, either resulting from
anthropogenic or in-stream sources.

During low flows the river loses dilution capacity and, therefore, any inputs such
as natural tributaries or WWTP effluents have a major impact on the properties
of the bulk DOM of the main stem. On the other hand, as flows decrease the
connectivity between river reaches diminishes and appear retention areas where
water residence times are high. These areas constitute sections of the river channel
which increase the microbial opportunities for DOM in-stream processing (Battin
et al., 2008), as well as for autotrophic DOM production (Peduzzi et al., 2008). Thus
in overall, drought maximises the variety of processes that can potentially modify
the bulk DOM pool, and these processes vary along the main stem due to the variety
of land uses, anthropogenic influence, and geomorphologic features in the catchment
(Jaffe et al., 2008). Therefore during dry conditions the local characteristics and
environmental conditions of each riverine reach become the primary drivers of bulk
DOM properties, and this results in a spatial mosaic of varied DOM fluorescent
signatures. Also, our results suggest that the hydrological antecedents regulate the
magnitude of such spatial differences, where longer previous dry periods contribute
to amplify the longitudinal heterogeneity of DOM character.

5.3.4 Next steps: Transport vs Reaction, integrating information
from the tributaries

Between the contrasted hydrological conditions of flood and drought, baseflow shows
an intermediate degree of dispersion in the NMDS plot, and appears clearly differ-
entiated from flood by being centred at the negative first axis, near to the direction
of the C1 component and FI. This sharp segregation between the samples of flood
and baseflow conditions shows a clear differentiation of DOM quality as soon as the
stormflow ceases. This shift from humic-like to protein-like substances, as well as to
the shift from terrestrial to in-stream DOM sources suggests that as soon as storm-
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flows cease, in-stream processes start to operate and to structure a longitudinal
pattern of DOM quality.

Hence, this chapter suggests that lower flows increase the chances for DOM
in-stream processing and favour a higher spatial variability of DOM quality and
quantity. However, with the sampling design used in this study the relevance of
in-stream reactivity over downstream transport cannot be demonstrated. Along
the main stem, and especially along the middle reaches, La Tordera receives the
waters of numerous tributaries draining a variety of land uses, as well as a number
of anthropogenic point sources whose dynamics respond more to socio-economic as-
pects rather than hydro-climatic. Therefore, the higher spatial variability observed
during low flows could be due to the fact that the river has a lower dilution capacity
of these inputs and tributaries that join the main stem successively downstream.

Because of that, in order to take a step further and assess the relevance of in-
stream processing in shaping the longitudinal patterns of DOM quality and quantity,
the longitudinal sampling design used in this study should be complemented with
comprehensive information about the waters that the main stem receives along its
length.

5.4 Conclusions

The results of this study highlight the importance of hydrology and space in the
determination of DOM quantity and quality:

• Along the main stem, the river exhibits three reaches with a consistent dif-
ferentiated DOM character: the headwaters, the region near the town of Sant
Celoni, and the low part of the river flowing between the bend of Fogars de la
Selva and the river mouth.

• In the headwaters, DOM has an eminent humic-like character coming from the
drainage of the surrounding terrestrial catchment. During flood conditions,
this character remains downstream.

• Near Sant Celoni, there is a shift in the DOM quality, expressed as a pre-
dominance in the protein-like component C2. A concomitant increase in the
chlorides and nutrients content of the water suggests that this shift in the
DOM quality is caused by the direct outlets of a WWTP and possibly other
industries in the beginning of the river reach.

• In the lower part of the river, high water residence times and light availabil-
ity favour the conditions for in-stream DOM production and transformation,
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which results in an increased FI and predominance of the protein-like EEM
component C1.

• Whereas flood conditions induce an homogenisation of the DOM character
over the longitudinal dimension, baseflow and drought favour spatial differen-
tiation resulting from the influence of the local characteristics of the river at
every reach.

• The hydrological antecedents of a drought period determine the magnitude of
the spatial differentiation of DOM character. A longer previous dry period
contributed to an amplification of the longitudinal differentiation.

• This suggests a seasonal role of the river with respect to DOM, shifting be-
tween transporter and transformer. Such alternation in the transport and
processing of DOM can have further implications for the understanding of the
carbon cycling at higher scales, and may contribute to the ongoing debate on
the role of inland waters on the global carbon cycle.
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Chapter 6

Multivariate exploration of
DOM quality and reactivity in
the main stem of La Tordera

6.1 Introduction

In the previous chapter, a longitudinal assessment of dissolved organic matter
(DOM) quality revealed that, at low discharge conditions, there was an emergence
of spatial heterogeneity in DOM quantity, fluorescence composition and character.
The Fluorescence Index (FI) suggested that in-stream processes could be favouring
such spatial heterogeneity, especially in the lower reaches of the river. However, the
sampling design did not take into account the quality of the tributaries joining the
main stem. Hence, it could not be concluded whether such longitudinal changes
were effectively the result of in-stream processes, or on the contrary, the result of
the physical mixing with the waters of the tributaries, inputting a diversity of DOM
compositions and character.

In order to provide more evidences about the relevance of DOM in-stream pro-
cessing over transport, in this chapter we use coupled data from the main stem,
as well as from the tributaries that originate the water and solutes flow of the
main stem. With the use of an end-member mixing analysis (EMMA) approach,
we explore to what extent the DOM composition observed in the main stem can
be attributed to the physical mixing of the tributaries or, by contrast, whether it
responds to biogeochemical interactions during its downstream transport.

Multivariate ordinations have been widely used to study water mixing processes
in catchments since the seminal papers of Hooper et al. (1990) and Christophersen
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and Hooper (1992). Its most common use has been to identify the water sources in
catchments (Hooper, 2001) or groundwater systems (Long and Valder, 2011), hence
the ordination is based on conservative tracers (Christophersen and Hooper, 1992),
and their main challenge is to identify the adequate number of end-members that
can effectively explain the water sources within the system. That is, conservative
transport is assumed, and the unknown are the water sources (Barthold et al., 2011;
Valder et al., 2012). Here, we use an alternative approach in which the reasoning is
the opposite: the sources are well-known (i.e. the tributaries) and the conservative
versus non-conservative transport is tested.

For this assessment, six additional surveys were performed in which the tribu-
taries and anthropogenic outlets discharging at the main stem were comprehensively
sampled. These water inputs effectively represented the solutes and water flux along
the main stem, as it is later shown in Chapter 7. Also, the sampling effort in the
main stem was intensified especially in the middle reaches, where the confluences
are most frequent. These six additional surveys were conducted between July 2011
and March 2013, and were sought to span a range of hydrological conditions. In
this case, we captured an extreme flood event of 156 m3/s, which was four orders of
magnitude higher than the lowest flows conditions, of 0.065 m3/s. Between these
two hydrological extremes, we sampled baseflow (3.10, 1.90 and 1.532 m3/s) and
drought (0.47 m3/s) conditions (see section 3.2.2 for further details on the sam-
pling strategy). These surveys, added to the longitudinal ones, created altogether
a data set of 270 samples, including a longitudinal gradient, a variety of tributaries
and anthropogenic outlets, as well as a range of hydrological conditions. This large
data set provided the opportunity to better explore spatio-temporal patterns of
DOM quality in La Tordera, as well as relationships between chemical and optical
parameters.

According to that, the main objectives of this chapter were two-fold:

1. To explore spatio-temporal variation in the DOM composition, and the rela-
tionships between the fluorescence components and other optical and chemical
variables.

2. To evaluate to what extent the DOM composition observed in the main stem
can be explained as solely the physical mixing of input tributaries or, by
contrast, whether in-stream processing may be operating.

To address these aims, we performed a fluorescence composition-based non-
metric multidimensional scaling (NMDS) analysis with the whole 270-samples data
set. This analysis a) was complemented with a vector fit analysis to attain objective
1, and b) was used to create mixing diagrams to address objective 2, as in Christo-
phersen and Hooper (1992): Based on the EMMA approach, we follow the rationale
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that if the water composition in the main stem is only the physical mixing of the
tributaries, then the main stem samples will lie within the polygon formed by the
tributaries in the NMDS ordination.

6.2 Results

6.2.1 Characteristics of the tributaries

The most concentrated inputs of DOM to the main stem of La Tordera corresponded
to two industrial effluents (Industry 1 corresponding to site A4 and Industry 2
corresponding to site A8 as shown in Figure 3.5) and the creek of Reixac. The
industries represent direct inputs of anthropogenic waters, whereas the creek of
Reixac represents a semi-direct input, as it receives the effluents from a waste water
treatment plant (WWTP) just some few meters before the confluence with the main
stem. The effluent of Industry 1, situated in the industrial area of Sant Celoni, had
the highest average dissolved organic carbon (DOC) concentration, consisting of
43.13 ± 14.19 mg L−1, ranging between 29.86 and 67.6 mg L−1. The effluent
of Industry 2, situated in the industrial area of Hostalric, introduced DOC at an
average concentration of 18.94 ± 19.39, ranging between 1.89 and 46.64 mg L−1.
The creek of Reixac, situated in the lower part of the river (at 53 km from the river
source, and at 8 km to the river mouth) had an average DOC concentration of 13.14
± 9.55 mg L−1, ranging between 3.46 and 24.11 mg L−1. All these three inputs had
a median DOC concentration (38.72, 13.61 and 12.49, respectively) over the general
one (4.46 mg L−1). Regarding dissolved organic nitrogen (DON) concentrations,
the same trend could be observed, so that Industry1, Industry2 and the creek of
Reixac had a higher median DON concentration than the general one. Again, the
most notable DON input was found for Industry 1, which had an average DON
concentration of 4.40 ± 4.80, ranging between 0 and 10.94 mg L−1. Industry 2 and
the creek of Reixac had lower average DON concentrations (0.91 ± 0.82, ranging
between 0 and 1.75 mg L−1; and 1.62 ± 1.92 mg L−1, ranging between 1.92 and
4.49, respectively), although their median (0.95 and 0.80 mg L−1, respectively) was
still higher than the overall one (0.221 mg L−1).

For the fluorescence components, it could also be observed that anthropogenic
waters had higher intensities than the natural tributaries with little impact, al-
though the differences were not as pronounced as for the quantitative parameters
of DOC and DON. For the protein-like fluorescence represented by component C2,
the inputs which had a higher median than the overall one (11522 r.u.3 nm−2)
were the WWTP of Santa Maria de Palautordera, the creek of Pertegàs, Industry1
and the creek of Reixac (whose means were, respectively, 26884, 21258, 31737 and
31477 r.u.3 nm−2). The WWTP of Santa Maria de Palautordera are direct inputs
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of anthropogenic waters, whereas the creeks of Pertegàs and Reixac are semi-direct
inputs, as they receive the waters of a WWTP just some few meters before their
confluence with the main stem of La Tordera. The same effluents also had a higher
median humic-like fluorescence compared to the overall one, which was of 14390
r.u.3 nm−2. The medians of the WWTP of Santa Maria de Palautordera, the creek
of Pertegàs, Industry1 and the creek of Reixac were, respectively, of 26884, 21258,
31737 and 31477 r.u.3 nm−2, respectively.

6.2.2 Fluorescence composition-based NMDS ordination

Characteristics of the ordination: Variable loadings and vector fitting
analysis

The NMDS analysis fitted the original four-dimensional space (defined by the four
fluorescence components) into two dimensions with a high goodness of fit (non-
metric fit R2=0.997; linear fit R2=0.988). As it can be seen in Figures 6.3 and 6.4
the first axis separates the humic-like components C3 and C4 (negative side) from
the protein-like components C1 and C2 (positive side).

The results of the vector fitting analysis are overlaid as white labels. Humifica-
tion Index (HIX) is oriented to the negative side of the first axis, whereas FI and
Biological Index (BIX) appear towards the positive direction of the first axis, all
with a high level of significance (p < 0.001, except Specific Ultra-Violet Absorbance
(SUVA) for which p < 0.05). This reinforces the interpretation of the components,
so that C1 and C2 are related to autochthonously derived components, whereas C3
and C4 are related to terrestrially-derived components.

The secondary axis separates C1 and C3 from C2 and C4, suggesting further
differentiation within the protein- and the humic-like groups of components. SUVA
appears directed towards the negative secondary axis and C3 (p < 0.05). It is note-
worthy, though, that SUVA and HIX appear perpendicular, showing independence
from one another. A series of chemical solutes, such as DOC, total nitrogen (TN),
ammonium and soluble reactive phosphor (SRP) were significantly (p < 0.01) ori-
ented to the positive side of the second axis, near C2. This indicates that samples
appearing at that direction may be related to nutrient-enriched sites. On the other
hand, the chemical solutes with the most conservative behaviour (nitrate, chloride,
sulfate and electrical conductivity), did not fit significantly (p > 0.05) to the fluo-
rescence DOM-based NMDS ordination.
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Figure 6.1 – DOC and DON inputs from the tributaries. The top axis indicates
whether the inputs refer to D=direct or SD=semi-direct inputs of anthropogenic
effluents. The horizontal line corresponds to the overall mean.
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Figure 6.2 – Humic-like and protein-like inputs from the tributaries. The top
axis indicates whether the inputs refer to D=direct or SD=semi-direct inputs of
anthropogenic effluents. The horizontal line corresponds to the overall mean.
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Figure 6.3 – NMDS showing the ordination of the end-members. NMDS
analysis, in which only the tributaries and anthropogenic outlets have been plotted.
Sites have been coloured to distinguish between natural tribuaties, WWTPs and
industries. The polygon outlines the mixing domain defined by all the tributaries
(i.e. end-members).

Tributaries as end-members of DOM composition in the main stem

Figure 6.3 shows the tributary sites, which comprise a mixture of natural and an-
thropogenic water types. The samples corresponding to natural tributaries with
minimal anthropogenic impact (riverine category) appear spread over the whole
NMDS plane, occupying the space of both sides of the primary and secondary axes.
However, industrial effluents appear only in the positive side of the secondary axis.
As for WWTP effluents, they show a very clear relationship with the fluorescence
compnent C2, suggesting a relationship between C2 and sewage-derived DOM.

Altogether, they delineate a polygon region hereafter referred to as endmember
polygon. This polygon disginguishes between two regions: the inner region contains
samples which can be potentially due to the physical mixing of the waters from
the tributaries; and the outer regions, where the composition of the samples cannot
be explained solely by the tributaries and, hence, is indicative of the presence of
in-stream processing deriving such compositional changes.
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Figure 6.4 – NMDS showing the ordination of the main stem sites. NMDS

plot in which only the main stem sites have been plotted and coloured according to their river

reach (A), and the hydrological conditions under which they were sampled (B). In panel A, space

categories correspond to Headwaters (0 to 20 km from source), middle reaches (20 to 40 km) and

lowland (40 to 60 km, i.e. river mouth). In panel B, hydrology categories correspond to flood

(> 4m3/s), baseflow (4 to 1 m3/s) and drought (< 1m3/s) – Discharge measured in Fogars de

la Selva.
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Ordination patterns due to hydrology and space

In order to explore spatio-temporal patterns of DOM composition in the main stem,
Figure 6.4 shows only the main stem sites, as well as the endmember polygon derived
in the previous section.

In space (panel A), the most important segregation occurs on the second axis.
The sites from the lowland appear on the negative side, whereas those from the
headwaters and the middle reaches are found on the positive side. Furthermore,
headwater samples appear slightly more concentrated in the region between C3 and
C4, similarly to the situation for flood samples in panel B. In relation to the vector
fitting analysis, the headwater samples are mainly related to HIX, the sites from the
middle reaches to the chemical nutrients and Spectral Ratio (SR), and the lowland
sites with the indices BIX and FI, as well as with SUVA and Spectral slope (S). It
is noteworthy that all the samples that appear outside of the polygon formed by
the tributaries correspond to sites of the lowland.

In panel B, objects are coloured according to the discharge category under which
they were sampled. The samples collected during flood conditions appear clearly
aligned between the region of C3 and C4. Samples from baseflow and drought condi-
tions appear more broadly distributed throughout the whole NMDS plane. Drought
samples seem to be more dispersed and, together with some baseflow samples, oc-
cupy the negative secondary axis outside the polygon formed by the tributaries.

6.2.3 Mixing diagrams at a range of hydrological conditions

In order to explore the relevance of in-stream processing over transport, mixing
diagrams have been build for those surveys with data about the tributary inputs
(Figure 6.5). From the whole NMDS analysis, only the samples from every spe-
cific survey have been plotted in each panel, with their corresponding endmember
polygon.

During the flood survey, all the main stem samples appear aggregated inside the
endmember polygon, at the negative side of the primary axis. This suggests that
the DOM composition in the main stem is the result of the physical mixing of some
few tributaries, and that those located at the positive side of the primary axis do
not have much impact on the final composition in the main stem.

However, in the rest of hydrological conditions, an important number of samples
lie in the outer region of the endmember polygon. Lowland sites appear practically
always outside the polygon, however, samples from the middle reaches and even
from the headwaters can also be found in this outer region, i.e. panels C, D and F.
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Figure 6.5 – Mixing diagrams at a range of hydrological conditions, derived
from the NMDS ordination. The discharge stated in the plot labels was recorded
in Fogars de la Selva. (*) In the survey of 1.53 m3/s only the middle reaches were
sampled.
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6.3 Discussion

The characteristics of the NMDS ordination perfomed on the complete data set
yielded very similar results as the NMDS analysis performed only on the longitudi-
nal samplings (previous chapter). However, here we improved the spatio-temporal
resolution, hence obtaining more robust results; and most importantly, we gained
the information provided by the tributaries, which revealed the presence of some
samples whose composition could not be the result of the physical mixing of the
tributaries but, on the contrary, had to be the result of in-stream processing.

6.3.1 Spatio-temporal patterns of DOM composition in the main
stem

The NMDS analysis performed in this chapter reinforced the evidences that flood
conditions homogenise DOM composition along the whole river length. During such
extreme high flows, DOM composition consisted of a high prevalence of humic-
like substances, defined by components C3 and C4, and its bulk properties were
characterised by a high humification degree. This demonstrates a strong connection
of the riverine DOM with the terrestrial catchment, typical of stormflow events in
forested catchments (Vidon et al., 2008; Nguyen et al., 2010). However, out of flood
conditions, there was a clear segregation of samples according to their longitudinal
distribution along the main stem (Figure 6.4).

Headwater sites appeared clustered with the samples collected during flood, sug-
gesting that during such high flows, DOM composition of headwater sites remained
constant along the whole length of the river. The middle reaches appeared mainly
accumulated in the positive secondary axis, spanning the space between C4 and C2
loadings, and towards the direction of the nutrients from the vector fitting analysis.
If we consider the finding that C2 is directly related to WWTP outlets (Figure 6.3),
then it follows that the middle reach sites exhibit a gradual shift in its composition
from a predominance of C4 – characteristic of the headwaters –, to a predominance
of C2 – indicator of sewage water. The relationship with nutrients provided by the
vector fitting analysis reflects the fact that the main tributaries discharge to the
main stem in these middle reaches. Most of these tributaries flow along important
towns and receive the waters of a number of industries and WWTPs. For instance,
the creek of Arbúcies receives the waters of the WWTP of Arbúcies in the headwa-
ters, and those of the WWTP of Hostalric in its lower part, right before discharging
to La Tordera. Similarly, the creek of Breda receives first the outlet of the WWTP
of Breda and then that of the WWTP of Riells i Viabrea. The creek of Gualba
receives the waters of the WWTP of Gualba in its middle reaches, and the creek of
Pertegàs receives the waters from the WWTP of Sant Celoni a few meters before



96

its confluence with La Tordera. Finally, Vallgorguina receives the outlets of the
WWTPs of the towns of Vallgorguina and Vilalba Sasserra. Therefore when they
reach the main stem they are nutrient enriched (Mas-Pla and Menció, 2008).

Finally, the lowland sites appear separated on their own, but dispersedly dis-
tributed at the same time, in the area of the negative secondary axis. There,
samples appear between the loadings of C3 and C1, hence also exhibiting a range
between humic-like and protein-like components, but different from those in the
middle reaches. Here, C1 appears to be closely related with high values of BIX and
FI, therefore indicating that C1 is the result of in-stream biological activity (McK-
night et al., 2001; Huguet et al., 2009). The distance between C1 and the DON
endmembers would suggest that, whereas C2 may reflect protein-like components
of anthropogenic origin, C1 may be indicator of protein-like components generated
in-stream. This would be in line with evidences of non-conservative DOM transport
along these lowland sites.

BIX, FI and HIX exhibited a consistent behaviour according to the predominant
interpretation of these indices in the literature (Fellman et al., 2010). BIX and
FI, as indicators of an in-stream origin of DOM, were related to the protein-like
component C1 as well as to lowland sites were non-conservative transport has been
found to be predominant. On the other hand, HIX is inversely related to BIX and
FI, as it indicates the presence of highly humified humic substances, here related
with headwater sites and flood periods when the water DOM reflects the terrestrial
drainage of the catchment.

But, more surprisingly, HIX and SUVA vectors appeared at perpendicular direc-
tions, showing little relationship between DOM humification degree and aromaticity.
Both aspects (humification and aromaticity) have been found to be linked in a num-
ber of organic materials (Fuentes et al., 2006); therefore, HIX and SUVA would be
expected to covary. However, both indices have been found to provide uncoupled
results when compared one another (Singh et al., 2014). Such inconsistencies may
arise from the fact that as both indices are obtained with different methods (fluo-
rescence and absorbance) they may be affected by different types of interferences.
While SUVA has been found to be very specifically linked to the percent aromatic
content (Weishaar et al., 2003), HIX may reflect more complex properties, as it is
derived from the shape of a whole emission spectrum. The presence of protein-
like fluorescence can interfere with the HIX value because they create a peak in
the L spectral region used to calculate HIX (see section 3.3 of the Materials and
Methods). In this sense, previous studies found a consistent trend of HIX with
the proportion of protein- to humic-like fluorescence ratio (Kowalczuk et al., 2013),
together with a strong correlation between HIX and humic-like components (Hunt
and Ohno, 2007; Kowalczuk et al., 2013). Overall these inconsistencies reflect that
there is not still a good understanding of the chemical properties underlying HIX



CHAPTER 6. MULTIVARIATE EXPLORATION OF DOM REACTIVITY 97

and SUVA indices, and therefore, the interpretations of the results may be difficult
to generalise beyond the framework of a specific study. Also, this underlines the
difficulties of using optical proxies and the cautiousness that should be taken in its
systematic application.

6.3.2 The relevance of in-stream processing

The distribution of the tributaries over the NMDS plane delimited the mixing do-
main of the tributaries for the whole data set (Figure 6.3). Figure 6.4 showed that a
series of lowland sites, both collected under baseflow and under drought conditions,
appear consistently outside this endmember polygon. This refutes the possibility
that these samples result from the physical mixing of the tributaries and, therefore,
suggest that DOM composition is driven by in-stream processes. This is not an
especially surprising result, if we consider the fact that in this part, the river practi-
cally does not receive any relevant tributary; on the contrary the river flows along a
shallow floodplain, at conditions that maximize the possibilities for DOM process-
ing: low flow velocities would favour microbial degradation (Battin et al., 2008),
and shallow geomorphologies together with an open canopy would favour DOM
photochemical oxidation by direct solar radiation (Mostofa et al., 2007). Therefore
it seems reasonable to find that along this final river reach, the DOM composition
becomes gradually modified from its upstream composition.

On the other hand, the middle reaches are the part of the river that directly
receives the inputs of the most important tributaries of the catchment in terms of
drainage area and discharge. Although in this part there are also conditions that
could favour DOM processing such as direct solar radiation and shallow morphology,
the prevalence of in-stream processing over transport may not be so apparent at
first, as the water flows faster and confluences occur frequently, at relatively short
distances (average distance between confluences of 2 km). Indeed, in the overall
view of the NMDS analysis, the middle reaches sites appear inside the endmember
polygon. However, when considering every survey separately (Figure 6.5), the mix-
ing diagrams show that in-stream processing may also be operating in the middle
reaches, even if at a lower intensity than in the lowland sites.

Furthermore, the mixing diagrams performed for a range of flows (Figure 6.5)
revealed that flood conditions were the only ones in which the DOM composition
of the whole main stem could be attributed solely to the inputs of the tributaries,
and emphasise the evidences for a conservative transport of DOM during flood.
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Next steps

Given the evidences of the presence of physical mixing and in-stream processes driv-
ing DOM changes along the middle reaches of La Tordera, the following chapters
will be devoted to quantify such DOM downstream changes by means of an hydro-
logical (chapter 7) and biogeochemical (chapters 8 and 9) mass balance approach.
This will allow to further understand the fate of DOM along a large river reach
subject to an important anthropogenic pressure and high variability in the local
riverine characteristics; as well as to discern the relevance of in-stream processes as
a biogeochemical source or sink of DOM under variable hydrological conditions.

6.4 Conclusions

The NMDS performed on a data set with a higher spatio-temporal resolution, re-
inforced most of the conclusions drawn in the previous chapter. Moreover, the ad-
dition of information from the tributaries which feed the main stem of La Tordera,
provided strong evidences of a non-conservative transport of DOM.

• The homogenisation of DOM properties observed along the river length dur-
ing flood conditions has been effectively found to be due to a conservative
transport.

• The longitudinal patchiness in DOM properties that appears at lower flows do
not only reflect the successive mixing with tributaries providing DOM with
varying properties, but are also due to the occurrence of in-stream processing.

• The lowland sites, located between Fogars de la Selva and the river mouth,
exhibited a downstream DOM gradient mainly driven by in-stream processing.

• The headwater sites exhibited consistently a humified humic-like character
irrespective of the hydrological conditions, with conservative transport being
the main driver of DOM downstream evolution.

• The sites from the middle reaches were found to respond to a more intri-
cate relationship between physical mixing and processing, due to the high
frequency of tributary inputs providing a variety of water types, from low to
highly polluted.
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Chapter 7

Water balance in the middle
reaches of La Tordera

7.1 Introduction

The Mediterranean climate is characterised by an annual precipitation accumulated
in autumn and spring, while severe droughts typically occur in summer. For this
reason, rivers of pluvial origin present an hydrology with an extreme annual sea-
sonality: in winter and autumn rapid flash floods are frequent, whereas in summer,
the reduction of the discharge can result in a fragmentation of the longitudinal flow,
creating disconnected ponds and even drying out completely.

This variability and seasonality of extreme hydrological events shapes the struc-
ture and processes of rivers (Naiman et al., 2008; Poff et al., 1997). In particular,
hydrological conditions determine the biogeochemical functioning of the river, as
they modify the origin of the solutes and materials that arrive to the river water,
modulate the degree of connectivity between the surrounding terrestrial catchment
and the river itself, and also determine the opportunities of transformation during
the riverine transit (Fisher et al., 2004).

Hence, in order to understand the biogeochemical functioning of La Tordera, first
the hydrology needs to be assessed in detail. This chapter is devoted to characterise
the longitudinal variation of water flows along a 25-km reach situated in the middle
part of La Tordera, between the bends of Sant Celoni and Fogars de la Selva (Figure
3.1 in section 3.1). This is performed by means of a water balance approach. This
methodology takes into account all the tributaries that join all along the river reach,
as water inputs to the system, and are compared to the flow in the final sampling
site, as the outputs of the system. In this study, a mass balance approach is used to
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determine whether a) the discharge in the main stem is solely the result of the sum
of the upstream receiving tributaries, or b) interactions with the alluvial aquifer are
also involved.

Two modelling approaches to predict water discharge along the river length are
discussed. Accurate and reliable predictions will be essential in order to perform,
in the next chapters, a mass balance study for biogeochemical and microbiological
components.

7.2 Results and discussion

7.2.1 The water inputs to the main stem

In our conceptualisation of the water balance system, the inputs correspond either to
natural tributaries draining the terrestrial catchment, or to anthropogenic effluents
derived from waste water treatment plants (WWTPs) and industries. The main
tributaries, draining 85% of the catchment area, were directly measured in-situ.
These included the creeks of Vallgorguina, Pertegàs, Breda, Arbúcies, Santa Coloma
and Fuirosos. The discharge resulting from the drainage of the remaining 15% of
the catchment area was estimated by the Drainage-Area Ratio (see section 3.4.3,
Eq. 3.4). During drought, though, these ungauged catchments were so small that
they were considered to be dry and not to contribute to the main stem discharge.

During the wetter periods —flood, high and low baseflow —most of the water
inputs to the main stem came from natural tributaries (Table 7.1). Especially,
the creeks of Arbúcies and Santa Coloma contributed nearly to the half of the
total inputs in all three sampling dates. The slopes of the Montseny mountains
contributed proportionately with their drainage area in the three sampling dates.
However, the slopes of the Montnegre mountains showed a more variable character:
during baseflow their contribution was minimal (2.2 and 2.9%), whereas during
flood it was especially relevant (15.2%). The headwaters also showed a variable
contribution, which was found to be maximal during high baseflow (21.7%).

In the case of drought, though, the inputs of natural origin were minimal, and
most of them came from WWTPs and industries (73.3 %). The creeks of Arbúcies
and Santa Coloma, who were the main discharge contributors during the wetter
dates, had conversely negligible input percentages in summer. This may be due
to the fact that, as being the most important tributaries in the catchment, they
have a well-developed alluvial formation in their final part before discharging to
the main stem. In these reaches they may have lost an important part of their
discharge through infiltration, before reaching the main stem. In the case of Santa
Coloma, infiltration is so important that the tributary became completely dry by
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Discharge (%)
Area (km2) Flood High bf Low bf Drought

Natural Measured
Headwaters 11.2 2.9 21.7 9.5 0.9
Vallgorguina 4.7 4.2 1.9 2.5 7.9
Pertegàs 3.2 6.6 3.9 3.7 3.3
Gualba 3.3 6.6 5.5 5.7 14.7
Breda 4.1 8.6 4.2 5.0 0.0
Arbúcies 14.3 22.3 20.9 25.1 0.0
Sta.Coloma 41.1 17.9 23.0 22.8 0.0
Fuirosos 2.5 4.8 0.3 0.4 0.0
Natural Estimated
Montnegre 7.3 15.2 2.2 2.9 0.0
Montseny 8.3 8.2 6.4 7.2 0.0

Anthropogenic(∗)

WWTPs and Ind. n.a. 2.9 10.0 15.3 73.3

Table 7.1 – Water inputs to the main stem for every sampling date. ∗ Anthro-
pogenic inputs include industrial and WWTP effluents that are discharged to the
main stem both directly, or through some of the natural tributaries (i.e. Vallgo-
rguina, Pertegàs, Gualba, Breda and Arbúcies.)

the confluence. Hence, it did not contribute to the main stem discharge through
surface runoff, but, due to the continuity of the alluvial formation in the main stem,
it is possible that it did contribute through the groundwater, and probably, that
water may have later raised to the surface, as will be discussed in the next sections.
In the case of Arbúcies, as well as Breda, the flow was not completely depleted, but
still 0.008 and 0.004 m3s−1, respectively, arrived to the main stem. Our sampling
design does not allow to infer what proportion of that final discharge was due to
the tributary itself or to the anthropogenic inputs. However, anthropogenic inputs
were likely to represent an important part - if not all - of the discharge, as the
upstream inputs from the WWTPs were one order of magnitude higher (0.028 and
0.023 m3s−1, respectively).

In overall, it can be seen that the inputs from anthropogenic sources gradually
became more relevant as the river flows decreased (Table 7.1). Thus, during flood
they were practically negligible (2.9 %), whereas during drought they represented
about two thirds of the total water inputs. This reflects the diminishing dilution
capacity of the river as its natural flows decreased.
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Figure 7.1 – Longitudinal profiles of the river flow and electrical conductivity.
A) Longitudinal profiles of the observed and expected river flows. B) Longitudinal
profiles of the observed and expected electrical conductivity. Note the change in
the y-axis scale for drought, when the conductivities were much higher than in the
other dates.
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7.2.2 Prediction of the longitudinal discharge by water balance

In order to predict how the flows evolve along the main stem, two mass balance
approaches have been used: a cumulative one, and a reach-by-reach one.

The cumulative model calculates the discharge at a given sampling site, assuming
that the water flow corresponds to the sum of all the tributaries that joined the main
stem upstream (see further details and the specific equations used in section 3.4.3).

According to this model, during flood, high and low baseflow, there was a high
correspondence between the observed and the predicted water flows (Figure 7.1 A).
This correspondence with empirical data suggests that, under these hydrological
conditions, the surface water flow is eminently conservative; that is, there is little
interaction between the river and the underlying alluvial aquifer, and all the water
flow is the result of the previous tributary inputs.

However, a very different behaviour was observed during drought. In that date,
the observed discharge was lower, by far, than the expected one according to the cu-
mulative model. Moreover, the observed discharge along the river did not monoton-
ically increase as it occurred in the wetter periods. Instead, it presented oscillating
values between 0 and 0.15 m3s−1. This important discrepancy suggests that dur-
ing summer drought there were important water exchanges with the alluvial aquifer
which should be taken into account, in order to better predict the longitudinal water
flow.

For that purpose, the reach-by-reach model was computed for that sampling
date. This model predicts discharge at a given sampling site as the sum of the
discharge at the previous sampling site of the main stem, plus the inputs from any
tributaries which may have joined in between (see further details and the specific
equations used in section 3.4.3). In this way, the difference between every pair of
observed-expected discharge values indicates the amount of sourced or infiltrated
water in that specific river segment.

By observing the differences between the observed and the expected discharge
values at every sampling site (Fig 7.2) it can be seen that there was a longitudinal
alternation of a gaining and loosing character along the river. In overall, infil-
tration exceeded effluence, as it would be naturally expected during that season,
characterised by a lack of rainfall and high evapotranspiration rates. Moreover,
groundwater withdrawals might have been over-inducing this loss of surface water
flow (Sala, 2005).

However, in some specific spots an effluence of groundwater was observed (Figure
7.2). It occurred most importantly in two reaches: one which spanned from 34 to
37 km from source, in an area called Perxistor; and another one which lied in the
final part of the studied river length, corresponding to Fogars de la Selva. Both
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Figure 7.2 – Longitudinal profile of infiltration during the summer drought date.
∆Discharge refers to the difference between the observed water flow, and that
predicted by the reach-by-reach model. In overall, as infiltration (0.398 m3 s−1)
exceeded effluence (0.205 m3 s−1), there was a net loss of water (0.193 m3 s−1).

in Perxistor and in Fogars de la Selva, this effluent character was already inferred
by comparison with the water table in nearby wells, and by the observation of a
dilution of the river chemistry (Mas-Pla and Menció, 2008). Besides, in the sampling
site located at 25 km from source, after the Pertegàs creek, a very modest water
effluence was also detected. Even if the amount of gained water was so low that it
could be neglected, it showed indeed a very differentiated character with respect to
its neighbouring sampling sites, which were clearly influent. This effluent trend in
this specific spot has been previously reported (Mas-Pla et al., 2013) and attributed
to an upflow of deep groundwater through regional fault lines. This reasoning may
also apply to our site located at 30 km from the river source, where a local modest
behaviour is also detected, as it also lies on a regional fault.

7.2.3 Suitability of the models

In light of the results described in the previous section, the cumulative model was
found to be suitable to predict the discharge along the main stem during the hydro-
logical conditions of flood, high and low baseflow. This approach has the advantage
that only data from the joining tributaries are necessary. This represents a method-
ological advantage, especially in those wetter periods in which the high flows in the
main stem make it difficult to measure discharge by the usual methods (flow-meter
or slug addition).

However, during drought the reach-by-reach model was found to be more suit-
able, in order to take into account the local gains and losses of water. This approach
requires an additional sampling effort, as it is necessary to measure discharge at ev-
ery site in the main stem where we want to calculate a theoretical value. However,
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such additional effort during drought is feasible, as the low discharges flowing in the
main stem make the task easier.

7.2.4 Verification by the mass balance of a conservative solute

In order to assess the suitability of the cumulative and reach-by-reach approaches
for the successive calculation of biogeochemical mass balances, both models have
been used to predict electrical conductivity (EC) along the river length under study
(Figure 7.1 B). EC is a suitable parameter to test the method as, due to its con-
servative nature, its changes in concentration downstream should be uniquely a
consequence of dilution or concentration processes resulting from the physical mix-
ing with tributaries or inputs of different concentrations. Therefore, if changes in
discharge are adequately modelled, the expected EC should ideally be equal to the
observed one.

Such correspondence between the observed and the expected EC effectively oc-
curred during flood, high and low baseflow (Figure 7.1 B). There was just a slight
discrepancy in the final part of the river reach, in which the observed EC was slightly
more concentrated than expected. As it corresponds to an industrial area, this min-
imal discrepancy can be due to some waste water effluents of little discharge but
rich in dissolved salts that have not been taken into account in our sampling design.

However, during drought, the differences between the observed and the expected
EC were comparatively more important. Most likely, this may reflect that 14 sam-
pling sites do not have enough resolution to capture the longitudinal variability of
the hydrological behaviour of the river. That is, even if between two successive sam-
pling sites we detected a net amount of water infiltration or effluence, it is possible
that it resulted from the balance of a complex combination of water loosing and
gaining, making it difficult to predict changes in the mass fluxes with exactitude.
However, despite these difficulties to empirically characterise such spatially hetero-
geneous hydrological behaviour, it is noteworthy that both profiles - expected and
observed - clearly follow the same trend, especially in the central part (30 to 40 km
from the river source). The most important discrepancies are in the second and
third sampling sites, indicating that infiltration or withdrawal processes are being
underestimated. Also, in the last site there is a notable difference. This is due to
the fact that, as in the previous main stem and joining tributary sites the river was
completely dry, any observed flow or concentration resulted from an effluent pro-
cess. This is in line to what was observed in Figure 7.2, where a gaining character
of the river was observed in this very final part of the river reach.
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7.2.5 Next steps

The verification of the water balance performed in this chapter provided evidence
that the cumulative and the reach-by-reach approaches are useful to describe the
water balance in La Tordera. These hydrological data will provide the necessary
framework to perform, in chapters 8 and 9, a mass balance study for bulk dissolved
organic matter (DOM) and its individual fluorescence components, as well as for
inorganic nitrogen solutes.

7.3 Conclusions

The results of this chapter mainly highlight that the hydrological behaviour of the
water flow along the middle part of the main stem of La Tordera is different during
drought or non-drought conditions.

During flood, high and low baseflow:

• most of the water inputs to the main stem of La Tordera come from the natural
drainage of the terrestrial catchment, mainly through the creeks of Arbúcies
and Santa Coloma.

• The main stem discharge is the result of the sum of the previous water inputs
received upstream. This indicates a minor interaction between the river and
the underlying alluvial and groundwater aquifers.

• Under these circumstances, the cumulative approach is useful to predict lon-
gitudinal changes in water and conservative solutes along the main stem.

Conversely, during summer drought:

• most of the water inputs to the main stem come from anthropogenic sources
(either WWTPs or industries). The contribution of these inputs may be
essential to maintain the flows in certain sections of the river.

• The river exhibits important interactions with the underlying aquifers, linked
to the geo-tectonic structure of the physical environment. Because of that,
there is an important spatial heterogeneity of the hydrological behaviour of
the river, alternating between a gaining and a loosing character.

• Despite the occurrence of a net infiltration of water over the whole length of
the river reach, there are some specific spots that have an effluent character,
located consistently with previous findings in the literature.
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• Under these circumstances, a reach-by-reach approach has been found to be
necessary to predict longitudinal changes in water and conservative solutes
along the main stem, in order to take into account local water gains and
losses.
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Chapter 8

Carbon and nitrogen mass
balance: Linking DOC and
nitrate

8.1 Introduction

One of the main problems derived from global change is the transformation of the
nitrogen cycle. Due to agriculture intensification and the use of synthetic fertilizers,
as well as to the increase in fossil fuel combustion, the amount of reactive nitro-
gen in the environment has increased by an order of magnitude since the industrial
revolution (Galloway et al., 2008). This has resulted in a significant nutrient en-
richment of rivers, which poses a series of threats like eutrophication, acidification,
generation of nitrogen oxides emissions and alteration of the function and structure
of the ecosystem (Vitousek et al., 1997) . Because of that, a better understanding
of the sources and sinks of nitrogen in rivers is currently of utmost importance, as it
may allow improving the capacity to predict nitrogen fate in the ecosystem, hence
improving management strategies.

Kinetic studies have improved our understanding of dissolved inorganic nitro-
gen (DIN) dynamics in rivers (Thouin et al., 2009). However, as these methods are
based solely on ambient molecular concentrations (Mulholland et al., 2002; Payn
et al., 2005), they overlook the fact that nitrogen transformations are highly depen-
dent on other biogeochemical elements, mainly carbon (Lutz et al., 2011; Johnson
et al., 2012). Nitrogen and carbon are concomitantly required by organisms at pre-
dictable ratios to satisfy their energetic and nutritional needs (Sterner and Elser,
2002). Therefore, studies with an approach concerning both nitrogen and carbon

111



112

Figure 8.1 – Theoretical framework of the stoichiometric relationship between
DOC and nitrate in aquatic ecosystems. Nitrate will accumulate or be depleted from
streamwater in relation to its stoichiometric relationship with DOC. The breakpoint
between carbon and nitrogen limitation is determined by the C:N ratio of microbial
biomass. Modified from Taylor and Townsend (2010)

may provide more accurate insights about the role and fate of DIN in the river
system and, moreover, may emphasize the importance of dissolved organic matter
(DOM) in regulating the nitrogen cycle. The work of Taylor and Townsend (2010)
highlights this link by evidencing a stoichiometric control of nitrate and organic car-
bon concentrations throughout a wide range of aquatic systems. According to their
model, a shift between nitrogen to carbon limitation for microbial heterotrophs is
a key determinant of nitrate accrual or depletion in the environment (Figure 8.1).
Organic carbon:nitrate ratios lower than the minimum carbon:nitrogen ratio of mi-
crobial biomass (which range widely between 3 and 20, (Taylor and Townsend,
2010)) lead to carbon limitation and, therefore, to an accumulation of nitrate in
the water; whereas under higher organic carbon:nitrate ratios, nitrogen limitation
enhances nitrate depletion and an accumulation of organic carbon. Their findings
are consistent with previous observations of negative and nonlinear relationships be-
tween dissolved organic carbon (DOC) and nitrate concentrations (Goodale et al.,
2005; Evans et al., 2006), and highlight the potential importance of DOM to regulate
DIN dynamics in rivers.
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Despite the robust trend observed in Taylor and Townsend (2010) – as they
included samples from the major Earth ecosystems – their model did not take
into account environmental factors. Most notably, hydrology has been identified
as a key factor controlling in-stream biogeochemical transformations (Gao et al.,
2014), as they modify the periodicity and spatial distribution of areobic – anaerobic
conditions (Pinay et al., 2002) and modify the opportunities of interaction between
the solutes and the benthic and hyporrheic microbial communities (Battin et al.,
2008). Because of that, changing hydrological conditions could alter or modify the
strength of the relationship between DOM and DIN.

In this study, we explore the potential role of DOM to control DIN in streamwa-
ter by i) complementing the stoichiometric view with a mass-balance approach, and
ii) by taking into account contrasting hydrological conditions, including flood, high
baseflow, low baseflow and drought. Specifically, we approach and develop this topic
in two steps. First, we present the results of the mass balance study performed in
the middle reaches of the Tordera (for more details, see chapter 3.1) in order to
explore sinks and sources for nitrogen and carbon solutes, independently (including
nitrate, ammonium, dissolved organic nitrogen (DON) and DOC). We present the
results of the mass balances performed at two scales: a) at the global scale (or reach
scale, i.e. the whole river reach is considered as a single big black box) and b) at
the local scale (or segment scale, i.e. the whole reach is divided into 13 successive
downstream segments, for each of which mass balance was performed). Both views
complement each other, as the global mass balance reveals the net function of the
river, whereas the local mass balance provides insight about the processing that
takes place during the riverine transit. Specifically, our aims are:

• To identify spatio-temporal patterns of nitrogen and carbon processing. That
is to say, to explore the longitudinal evolution of nitrogen and carbon process-
ing, and to what extent these spatial patterns vary according to the hydro-
logical conditions.

• To compare the information provided by the global and local mass balances.
We explore to what extent the net processing observed at the whole-reach
scale is representative of what happens at the segment scale or, conversely, to
assess the importance of local characteristics to create a spatial variability of
the river biogeochemical function.

Next, we explore to what extent any coupling between carbon and nitrogen pro-
cessing exists in our study site, for a range of hydrological conditions. The main
contribution of this study is that we assess carbon-nitrogen coupling not only in
terms of concentrations (as in previous studies, i.e. Goodale et al. (2005); Evans
et al. (2006)), but also and most importantly, in terms of mass flux and processing.
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For this part, we specifically focus on DOC and nitrate, as they are the most abun-
dant carbon and nitrogen solutes, respectively. In order to explore any potential
relationship between DOC and nitrate:

• We further evaluate the role of DOM to control dissolved nitrogen behaviour
by comparing our data with the framework described in Taylor and Townsend
(2010). With that we aim to contextualize our data, including extreme hy-
drological events of a Mediterranean system, to the trends observed for a wide
range of environments throughout Earth’s major freshwater ecosystems.

• We examine correlations between DOC:nitrate stoichiometric ratios and ni-
trate processing. With that, we aim to complement the stoichiometric ap-
proach with the information provided by the mass balance.

According to what was described in (Taylor and Townsend, 2010), we expect that
at low DOC:nitrate stoichiometric ratios, nitrate will be either neutrally transported
or generated, whereas under high DOC:nitrate ratios, nitrate will be eminently
retained.

8.2 Results

8.2.1 Dissolved nitrogen concentrations

In terms of concentrations, nitrate was the most abundant solute in all hydrological
conditions (Figure 8.2, first row). During the flood event, the average concentration
(2.326 ± 1.099 mg L−1) was slightly higher than that during high and low baseflow
(1.157 ± 0.185 and 1.430 ± 0.470 mg L−1, respectively). During baseflow the
longitudinal profile of nitrate concentration was eminently steady, however, during
flood and drought it exhibited an important spatial variation. During flood there
was a prominent peak of nitrate concentration at 25.5 km, after the discharging
point of the waste water treatment plant (WWTP) of Sant Celoni. This peak, which
exhibited a maximal value of 5.848 mg L−1 rapidly returned to basal concentrations
in the next few kilometres. On the other hand, in drought nitrate had the largest
longitudinal variability (1.107 ± 2.253 mg L−1). It exhibited one main peak in the
upstream-most site (8.7 mg L−1) which was rapidly depleted to concentrations lower
than 0.5 m L−1, and it was not until km 37-40 that some minor peaks occurred.

Besides nitrate, ammonium and DON had comparatively low concentrations.
Ammounium was higher and longitudinally more variable during drought (0.371
± 1.001 mg L−1) than during flood, high and low baseflow (0.060 ± 0.020, 0.196
± 0.412 and 0.084 ± 0.102 mg L−1, respectively). For DON, concentrations were
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slightly lower during flood (0.116 ± 0.129 mg L−1) than during drought, when
concentrations were maximal (0.259± 0.327 mg L−1). Baseflow conditions exhibited
intermediate DON concentrations. During drought, DON and especially ammonium
had a peak in their concentrations after the confluence with the WWTP of Sant
Celoni. In the next 5 km, the basal concentrations of both ammonium and DON
were recuperated.

8.2.2 Dissolved organic carbon concentrations

During flood conditions, DOC remained steady in space (9.293 ± 1.412 mg L−1)
with a slight increasing trend downstream (Figure 8.3, first row). Contrastingly to
what was observed for nitrate, DOC did not exhibit any peak after the confluence
with the outlet of the WWTP of Sant Celoni. During both high- and low-baseflow,
longitudinal profiles of DOC similarly exhibited minimal variability. For each survey,
respectively, DOC concentration averaged 2.203 ± 0.405 and 2.360 ± 0.816 mg L−1.
In this case, though, the WWTP of Sant Celoni did have some effect, causing a
moderate increase in DOC concentrations at 25.5 km.

On the other hand, during drought there was a maximal downstream variability
of DOC concentration. Basal values (oscillating near 2 mg L−1) were interrupted by
two main peaks: one at 25.5km, after the junction with the WWTP of Sant Celoni
(6.972 mg L−1); and another one at 41 km, after the junction with the WWTP
of Hostalric (5.670 mg L−1). In both cases, peak concentrations returned to basal
values in the following 5-7 kilometers.

8.2.3 Global mass balance: net function of the river

When comparing the sum of the mass that enters the river through the tributaries,
with the mass which is flowing out through the downstream-most site, it can be seen
that retention predominates both for the dissolved nitrogen solutes and DOC but
in different intensities throughout the four hydrological conditions. During flood
the retention efficiencies (i.e. retained mass with respect to the inputs) are low
and gradually increase through high and low baseflow, until drought when they are
maximal (Table 8.1).

During flood nitrate and ammonium have retention efficiencies near 15%, and
DOC a production of 5.1%. These low efficiencies indicate a rather conservative be-
haviour of these solutes during their downstream passage. However, due to the high
flows discharging on that date, these low percentages represent the largest amount
of retained nitrogen, especially in the form of nitrate, which was the most abundant
nitrogen solute (67.58 g NO–

3-N). Also, this was the most conservative survey for
DOC, despite the fact that its 5.1% of generation represented a considerable source
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Flood High baseflow Low baseflow Drought
Solute ∆m in gN/s or gC/s (∆m in %)

N-NO3 -67.58 (-14.7%) +0.28 (9.3%) -0.20 (-7.0%) -0.15 (-81.5%)
N-NH4 -1.48 (-15.2%) -0.23 (-54.3%) -1.01 (-90.5) -0.61 (-92.3%)
DON -19.85 (-100.0%) -0.78 (-71.4%) -0.22 (-40.5%) -0.10 (-100.0%)
DOC +80.99 (+5.1%) -0.69 (-9.8%) -1.25 (-21.2%) -1.52 (-73.7%)

Table 8.1 – Global mass balance for the nitrogen and carbon solutes, considering
the whole river reach as a single black box. ∆m values indicate the difference
between the inputs (sum of the tributaries) and the outputs, in absolute (gN or
gC) or relative terms (%). Positive values indicate released or produced mass,
whereas negative values indicate retained or uptaken mass.

of carbon mass (81.00g/s of DOC). Overall, these results emphasize that small ef-
ficiencies during flood represented the most important amounts of mass release or
retention in absolute terms.

At lower flows retention efficiencies increased, especially in the case of ammo-
nium. In high baseflow, the retention of ammonium was already important (54.3%),
and was followed by a retention of 90% during low baseflow and drought. Nitrate
and DOC, though, remained at low efficiencies during baseflow, and it was only
during drought when they had importantly high retentions (81.47% and 73.7%, re-
spectively). Despite these high efficiencies during drought, in absolute terms this
represented the lowest amounts of retained mass among the four surveys.

DON, in its turn, was an exception to this overall trend, and exhibited high
retention rates higher than 70% during drought, high baseflow and flood conditions.
In absolute terms, due to the low concentrations of DON in streamwater, these high
retention efficiencies represented similar mass amounts as the nitrogen retained as
ammonium or nitrate.

8.2.4 Local mass balances: Processing heterogeneity along the main
stem

The results of the local mass-balances, performed at successive river segments
throughout the whole river reach under study, further refines the black box view
described in the previous section. Figure 8.2 and Figure 8.3 (second and third rows)
show the longitudinal distribution of mass generation and retention for the dissolved
nitrogen and carbon solutes, calculated for the four different surveys.

All surveys exhibit a clear predominance of mass retention in most river seg-
ments. For nitrogen, the results in terms of absolute mass flux (Figure 8.2, second
row) show an increasing trend downstream of the retained mass which is consistent
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throughout all four hydrological conditions. However, the main form of assimi-
lated nitrogen differed in every survey. While in high-baseflow most of the retained
nitrogen mass was in the form of DON, in low-baseflow and drought assimilation
occurred mainly in the form of ammonium. Finally during flood most nitrogen mass
retention was in the form of nitrate.

In the case of DOC, from high baseflow to drought there was also a predomi-
nance of retention, especially in the downstream-most sites (Figure 8.3, second row).
During drought, though, segments 3rd and 10th – coinciding with the outlets of the
WWTPs of Sant Celoni and Hostalric – had comparatively reduced retentions. In
both cases, the retention capacity was rapidly recuperated in the following two seg-
ments. During flood, a different pattern was observed, and it was characterised
by a gradual shift from mass retention in the first half of the main stem, to mass
generation in the second half.

During high and low baseflow, the mass balance results in absolute terms (i.e.
absolute processed mass) are consistent with what was observed in relative terms
(i.e. mass processing efficiency). That is, the solute that had the largest amounts of
mass retentions, also exhibited the largest retention efficiencies. Specifically, during
high baseflow DON was both the most efficiently retained solute, as well as the main
form of nitrogen mass retention; whereas during low baseflow, the same occurs with
ammonium. However, during flood and drought, retention preferences are not so
consistent between the two viewpoints. During flood, in most segments DON is the
most efficiently retained nitrogen solute, despite that most of the retained mass is
in the form of nitrate. In drought all three nitrogen solutes exhibit similarly high
retention efficiencies. The exceptions are the 1st, 3rd, 4th and 11th segments, in
which generation efficiencies are higher than retentions.

The longitudinal variability in the generation or retention efficiencies for every
solute at the different hydrological surveys is shown in Figure 8.4. In there, it
becomes apparent that every solute had a different behaviour. DOC and nitrate,
especially from flood to low baseflow, exhibit little spatial variability and an em-
inently conservative character. However, DON and ammonium, as well as nitrate
during drougth, have an important spatial variability and exhibit a wide range of
processing efficiencies, from complete depletions to mass generations which can even
triplicate the inputs (DON during drought). This alternation between retention and
generation within the river length suggests that net retentions observed in the global
mass balances may be underestimating both the total processed mass, as well as
the overall processing efficiency. This is because the global mass balance approach
only considers the inputs that join the river through the tributaries, but do not take
into account further solute generation or retention that takes place in-stream.
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Figure 8.4 – Average retention efficiencies of dissolved nitrogen and carbon solutes,
for each of the four hydrological surveys. Every box represents de distribution of the
efficiencies among the 13 river segments were local mass balances were performed.
bfl stands for baseflow.

8.2.5 Coupling between DOC and nitrate

With the aim to explore potential couplings between carbon and nitrogen, we exam-
ined the relationship between DOC and nitrate concentrations, as they represented
the major forms of dissolved carbon and nitrogen, respectively (Figure 8.2 and 8.3,
first rows). In order to better reconstruct the trends between those solutes in our
study site, we added the data from all the surveys conducted in this thesis, which
span a range of hydrological conditions from flood to drought (see section 3.2).

Similarly to what was ascertained in (Taylor and Townsend, 2010) we broadly
observed a negative nonlinear relationship between DOC and nitrate, with a break-
point which separated a region of nitrate accumulation at low DOC concentrations,
and a region of nitrate depletion at high DOC concentrations. An accumulation
of nitrate occurred at low DOC concentrations around 200 µmol/L, occupying the
region between the stoichiometrical DOC:nitrate ratios of 1 and 3-6. Most samples
in this area corresponded to the samples collected during baseflow. At higher DOC
concentrations, together with higher DOC:nitrate ratios, nitrate concentrations be-
came minimal and there was rather an accumulation of DOC. In this area, most
samples corresponded to the drought survey. At DOC:nitrate ratios lower than 1
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there was only one sample with important nitrate concentration. It corresponded
to a sample collected during drought, located at the upstream-most main stem site
(especifically, site A0, see map in Figure 3.5, chapter 3.1).

However, the main difference between our samples and the results presented in
Taylor and Townsend (2010) is found for the samples collected during flood. These
samples do not fit into the general nonlinear negative relationship between DOC
and nitrate, but rather exhibit a positive linear trend between both solutes. It
should be noted that their linear trend overlaps the stoichiometric region between
DOC:nitrate = 3 and 6, which corresponds to the breakpoint between carbon and
nitrogen limitation. The other grey points that appear in the breakpoint region
also correspond to samples collected during the flood episode, but are not marked
as such because these samples were not included in the mass-balance study (they
belong to sites located further upstream or downstream from the river reach used
for mass-balance).

Next, in order to test to what extent these results relate to the findings based
on the mass balance approach, we examined the relationship between DOC:nitrate
and the retention efficiency of nitrate. Figure 8.6 shows the reference DOC:nitrate
ratios identified in Figure 8.5, at which a change in the behaviour of the retention
efficiency should be observed. Results show a gradual change from nitrate generation
to nitrate retention as the ratio DOC:nitrate increased, following a logarithmic
decay (∆m N-NO–

3(%)=13.9-22.2log(x), R2 = 0.416, p < 0.001, fig. 8.6). The
shift between generation and retention occurs at a DOC:nitrate ratio ' 3, which
corresponds to the lower limit of the breakpoint where the shift from carbon to
nitrogen limitation is attributed. Even though all samples followed the general
negative relationship, some of them appeared sparser and did not fit the logarithmic
model. These samples corresponded mainly to the summer drought, and specifically
to segments 1 (initial site), 3 and 4 (which are after the outlet of the WWTP of Sant
Celoni) and 9 and 11 (located after the outlet of the WWTP of Hostalric). During
flood, there were also two outlier samples that were excluded from the mode. These
were segments 1 and 3; again, the upstream-most site and the segment after the
WWTP of Sant Celoni.

This logarithmic behaviour is most clearly observed for the samples collected
during flood, high and low baseflow. Contrastingly, those samples corresponding
to the summer drought, even though they also exhibit a general linear negative
relationship, the trend is less clear as they appear sparser in the plot.
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Figure 8.5 – Correlation between nitrate and DOC concentrations. Solid gray
dots correspond to samples from the main stem of the Tordera, collected either
in sites or on sampling dates not included in the mass balance study, which have
been added to the plot for completion purposes. Diagonal lines represent reference
DOC:nitrate stoichiometric ratios which divide, from left to right, the areas of
denitrification, nitrate accumulation due to carbon limitation, breakpoint between
carbon and nitrogen limitation, and nitrate depletion due to nitrogen limitation.

8.3 Discussion

Rivers are conduits that transfer nutrients from the land to the coast, hence linking
the terrestrial and the marine systems. However, rivers also have an important
in-stream processing capacity (Alexander et al., 2000; Cole et al., 2007), which has
been found to be responsible for the retention or removal of substantial amounts
of nitrogen (Peterson et al., 2001), and DOC (Moody et al., 2013). In line with
these general findings, our results showed that the middle reaches of the Tordera
are eminently a sink for both dissolved nitrogen and carbon. However, hydrology
was found to be a great modulator of the magnitude of the sink, both in absolute
(total mass retained) and relative terms (retention efficiency).
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8.3.1 The net function of the river

Despite that in all surveys a predominance of retention was observed, the river as a
whole was more efficiently retaining nitrogen and carbon at successively lower flows,
achieving its maximal sink character during drought. Under such extremely low
flows, retention efficiencies ranged between 73.3 and 100%. Similarly, several studies
have found that uptake efficiency increases with declining discharge (Alexander
et al., 2000; Peterson et al., 2001; Grimm et al., 2005). This is attributed to the
fact that the low flows minimize the proportion between water volume and river bed
surface, thereby enhancing the contact between the water column and the sediments
where most biogeochemical transformations occur (Trimmer2012). Also, slow water
velocities favour the diffusion of the solutes from the water column to the sediments,
and lengthen the duration of the time contact between the water and the sediments
(Pinay et al., 2002) thereby maximizing the processing rates of nitrogen and carbon.

By contrast, during flood the river had the lowest retention efficiencies. How-
ever, these low percentages represented, in absolute terms, the largest amounts of
retained nitrogen (88.92 gN including nitrate, ammonium and DON nitrogen). This
underlines the importance of flash floods in the nitrogen cycle. Despite they usually
last for some hours to days, the large amounts of exported materials may make
it possible that small retention efficiencies represent important amounts of cycled
nitrogen in absolute mass. Indeed, in one second during flood it was processed the
same amount of nitrate mass that was processed in 7.5 min during drought.

Despite this general trend of higher retention efficiencies with decreasing river
flows, DON appears as an exception, as it exhibits important retention rates ir-
respective of the hydrological conditions. DON retention efficiencies only became
moderate during low baseflow. Hence in the global scale, DON appears to be the
nitrogen fraction which is most efficiently removed from the system irrespective of
the hydrological conditions.

DOC, with respect to nitrogen, was found to have a more conservative char-
acter, and only during drought had an important net retention efficiency. During
flood to baseflow, the processed mass percentage was rather low (+5.1% to -21.2%)
compared to the -73.7% of retention in summer drought. Interestingly, the flood
survey was the only one in which the river was a net source of DOC, even if at a
moderate efficiency (+5.1%).

8.3.2 Inside the black box

Most studies calculate mass balance fluxes only at the outlet of a catchment. This
approach ignores in-stream processes that may have occurred during the riverine
transport prior to that point (Moody et al., 2013). This may result in an over- or
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Figure 8.6 – Retention efficiency of nitrate as a function of the DOC:nitrate ratio.
The log scale of the x axis should be noted. Vertical lines represent reference stoi-
chiometric ratios which divided the areas of A) denitrification, B) carbon limitation,
C) breakpoint and D) nitrogen limitation in Figure 8.5. A logarithmic model was
significantly fitted to the data (see text for further details). Outlier samples were
not included.

underestimation of the processing capacity of a river. In this study, this discrepancy
has become apparent through the complementary approaches of the global and the
local mass blances.

Even though most solutes have an overall net retention, when considering the
mass fluxes in the 13 consecutive river segments it becomes evident that some solutes
experience an alternation of generation and retention along the river (Figure 8.4).
This is especially the case for DON. For instance, during flood and drought it had
a net balance of 100% retention of the inputs. However, the local mass balances
revealed that along the river reach, DON processing had an important variability,
so that some river segments exhibited more moderate retentions, and even some
DON generation took place in some specific segments. Such spatial heterogeneity is
also importantly observed for nitrate during drought, and ammonium during high
baseflow.
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Overall these results underline that in the occurrence of local heterogeneity, the
global and the local scales may not be extrapolable between them. Similarly, in sedi-
ment transport studies local variation was identified to produce large errors to whole
reach mass balance calculations (Grams et al., 2013). Also, Moody et al. (2013)
found evidences that catchments may be smaller DOC sinks than what is suggested
by whole-catchment mass balances if the DOC losses within the catchment streams
are taken into account. This evidences the key importance of spatial variability in
choosing the right scale for determining the boundaries in mass-balance studies in
order to make accurate determinations of the biogeochemical role of a river reach
or chatchment.

Finally, we also found that hydrology intervenes, for every solute, in the extent
of the spatial variability.

8.3.3 DOC mass balance

The importance of elucidating DOC mass balances in streams and rivers is widely
recognised in the literature, but it is rarely empirically quantified (Moody et al.,
2013). Among the few previous studies, DOC budgets are usually presented as
annual budgets and have been performed using a whole catchment as a single black
box. Thus annual DOC losses have been quantified from 12-18% in a 2-km river
reach (Dawson et al., 2001) to 40% in a peat catchment (Worrall et al., 2006) and
31% accross the whole UK river network (Worrall et al., 2007). These figures are
useful to understand the carbon cycle at the big picture level, however, they lack
resolution of spatiotemporal patterns in DOC processing. Eatherall et al. (2000)
calculated net DOC in-stream losses during baseflow and flood conditions, and
their results revealed a shift from a conservative (3% removal) to a sink behaviour
(25% DOC removal). Their results emphasize the importance of the hydrological
conditions in the net effect of the river passage on the DOC processing, even though
they find an opposite pattern compared to our results, that is, they find that high
flows enhance the retention efficiency. However, they discuss the limitations of their
sampling strategy to capture all inputs of DOC along the catchment and highlight
the importance of detailed mass balance samplings in order to better determine the
net DOC processing.

On the other hand, to our knowledge our study is the first one to provide a
longitudinal characterisation of DOC mass balance, under a range of hydrological
conditions. We indeed found an important longitudinal variability in the biogeo-
chemical processing of DOC in the river. Interestingly, all previous studies always
report net losses for DOC, however in our study we detect net sources in the second
half of the river during flood conditions. The relevance of in-stream DOC sources
is well documented in the literature (Bertilsson and Jones, 2003), as the periphy-
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ton can be a relevant source of DOC. However it is surprising we detect DOC net
sources during such high flow conditions, as it has been argued that in-stream pro-
cesses would have their chance to occur relevantly at lower flows, when the residence
times of DOC are higher and there are more opportunities for it to interact with
the environment (Battin et al., 2008).

Also, during the flood survey it is interesting to observe such gradual longitudinal
variation of the DOC processing efficiency, which shifts from retention in the up-
stream segments to release or generation in the downstream segments. This gradual
downstream evolution suggests that changes in DOC processing during flood are not
controlled by local drivers but rather by the different biogeochmical compartments
flowing together downstream, i.e. they would be more related to planktonic-driven
changes rather than benthonic-driven transformations. One reason supporting this
idea may be that during such high flows, the river bed sediments were importantly
resuspended and flowing downstream together with the water discharge and the
solutes within. However, it should be noted that efficiencies were low throughout
the river reach (between -20% and 10%).

Contrastingly, during drought retention efficiencies were high in most river seg-
ments, near 80% (Figure 8.3). Such high retention efficiencies, though, were reduced
after the outlets of the WWTPs of Sant Celoni and Hostalric. This effect has been
reported for inorganic solutes (Marti et al., 2004; Merseburger et al., 2011), however
up to now it has not been explicitly evaluated for DOC. Even though sewage-treated
DOM has been described to be a labile (Fellman et al., 2009a, 2010) and photore-
active fraction (Meng et al., 2013), such reduction in the removal efficiency may
be due to the high loads, which may saturate the in-stream capacity to process
the DOC inputs, similarly as for inorganic nutrients. The important lability may
be later reflected in the rapid recuperation of basal DOC removal in the next few
kilometers downstream.

8.3.4 Dissolved nitrogen mass balance

In contrast with DOC, DIN has received wider attention in river mass balance
studies. In Mediterranean rivers, the retention capacity of nitrate has been found to
be higher (23% and 52%, Aguilera et al. (2012) and Caille et al. (2012), respectively)
than that found in other European watersheds, which have been estimated to be
around 10-20% (Grizzetti et al., 2005). Aguilera et al. (2012) argue that increased
retention efficiencies in Mediterranean watersheds may be due to the relatively
lower flows with respect to the main European rivers. This agrees with the variable
retention efficiency that we observed among hydrological conditions, especially for
ammonium which gradually varied from 15.2% retention during flood to 92.3%
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during drought. Nitrate remained relatively better conserved within the system, as
found in House and Warwick (1998).

In the spatial dimension, the effect of the WWTPs was less clear than was
observed for DOC. In this case, an increase in the nitrogen concentration was trans-
lated not only into a decrease in the retention efficiency, but even into a net release
of nitrogen in that river segment. This occurs in the first, third and eleventh seg-
ments. As mentioned, the third and the eleventh segments correspond with the
inputs of the WWTPs of Sant Celoni and Hostalric, respectively. The first seg-
ment, even though does not have any WWTP or industry, might have received
some point source anthropogenic input by the time the sampling was performed.
Reduced retention efficiencies downstream of anthropogenic nitrogen inputs are in
line with previous findings that nitrogen loading saturates the capacity of the bi-
ological and physical uptake mechanisms (Martin et al., 2011; Marti et al., 2004;
Merseburger et al., 2011).

8.3.5 Seasonal shift in the type of nitrogen retention

In all surveys nitrate was the most concentrated form of dissolved nitrogen. How-
ever, the longitudinal profiles of nitrogen retentions revealed that it was usually the
least efficiently retained. Despite that, in absolute terms, during flood nitrate was,
by far, the main form of retained nitrogen. In terms of retention efficiency, the main
form of nitrogen uptake changed from high (flood and high baseflow) to low flows
(low baseflow and drought) along the 13 river segments. Specifically, there was a
shift from DON to ammonium preferential uptake (Figure 8.2, third row).

During flood and high baseflow, DON was the most efficiently removed form of
nitrogen. Enhanced assimilatory DON uptake by heterotrophic bacteria, instead of
inorganic nitrogen, has been associated with either a limitation of carbon, which
can inhibit denitrification (Johnson et al., 2012), or colimitation of carbon and in-
organic nitrogen, which may favour assimilatory DON uptake (Lutz et al., 2011;
Brookshire et al., 2005). Surprisingly, our results do not show any contrasting val-
ues of ambient nitrate and DOC concentrations between the high and low baseflow
surveys. Carbon limitation could occur not only by changes in DOC concentration,
but also by changes in its quality and lability. However our results do not show
either any changes in DOM lability specifically from high to low baseflow (Figure
8.7) which could support such change in the preferred form of retained nitrogen.
Otherwise, a simpler explanation would be that a change in the DON lability it-
self occurred. In this case, a qualitative change was most likely to be blind to
spectrophotometric methods. It has been reported that the main labile fraction of
DON are proteinaceous fractions contained in combined form (Maie et al., 2006; Yu
et al., 2002) which may not be reflected in Excitation-Emission Matrices (EEMs)
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Figure 8.7 – Average DOM quality of main stem sites in the mass balance surveys.
High BF and Low BF refer to high baseflow and low baseflow, respectively

and therefore, in optical indices. Similarly, Inamdar et al. (2012) did not find any
association between DON and any EEM-derived metric.

On the other hand, in lower flows (low-baseflow and drought surveys), the high-
est retention efficiencies were attributed to ammonium. This shift in the main
assimilated N form may be due to a series of modifications of the biophysical en-
vironment following the flows decrease that favour ammonium retention. Namely,
lower flowing velocities, shallow geomorphologies and high light availability favour
the proliferation of filamentous algae. The consequent high autotrophic activity may
modify the redox conditions in the sediments surface to more oxidising conditions,
inhibiting denitrification (Arnon et al., 2013). Also, ammonium may be directly
assimilated by the algae, as most aquatic plant species prefer ammonia as nitrogen
nutrient (Kadlec and Knight, 1996). Finally, laminar flows may also maximize the
abiotic retention of ammonium especially in adsorption to sediments due to its high
adsorption capacity (Vogeler et al., 2011).

8.3.6 (Un)coupling between DOC and nitrate

General trends among major Earth ecosystems suggest that DOC can play a key
role in regulating the accumulation of nitrate (e.g. DIN) in stream water (Taylor
and Townsend, 2010; Goodale et al., 2005; Evans et al., 2006). It was consistently
found that nitrate accumulates at low DOC concentrations, whereas it is depleted
at high DOC concentrations. A suite of microbial processes were identified as the
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underlying regulators of such stoichiometrically coupled behaviour between DOC
and nitrate concentrations. However, these studies explicitly only used baseflow
samples in their models, and the role of hydrology was not specifically addressed.
In this study, we contribute to fill this gap by comparing the behaviour between
DOC and nitrate in different hydrological conditions, including extreme events like
flood and drought.

Our results show that DOC and nitrate concentrations from a Mediterranean
river broadly have a similar behaviour as those from tropical, temperate, boreal and
arctic regions (Taylor and Townsend, 2010). Visually, we identified a shift between
nitrate accumulation and depletion between the DOC:nitrate ratios 3 and 6, which
are in the lower limit of those identified across a range of aquatic biomes (Taylor
and Townsend, 2010), which also correspond to the lowest C:N ratios observed in
microbial tissues (Cleveland and Liptzin, 2007).

Within this general framework, in our system every specific hydrological sur-
vey had a different DOC:nitrate stoichiometric relationship. During baseflow, there
was mostly an accumulation of nitrate. Samples exhibited concomitantly low DOC
concentrations (around 200 µmol/L), and DOC:nitrate ratios between 1 and 3-6.
Between these ratios, carbon is considered to be the limitant for the microbial assim-
ilatory activity (Taylor and Townsend, 2010). On the other hand, at DOC:nitrate
ratios higher than 6 – and therefore, in the area of nitrogen limitation – samples
corresponded exclusively to the drought survey. However, not all drought samples
had such high ratios, but instead, appeared in all ranges of ratios: both in the
region of preferential denitrification (DOC:nitrate < 1), as well as in that of carbon
limitation (DOC:nitrate between 1 and 3-6) hence making it apparent that during
drought there was a wide diversity of stoichiometric conditions.

At DOC:nitrate ratios lower than 1, it is considered that there are the optimal
stoichiometric conditions for denitrification, and therefore nitrate should be min-
imal. In our data set, most of the data are close or below the 1:1 line (Figure
fig:DOCNNO3-retNNO3). Only two clear exceptions were observed, which may
consist on sites that that received nitrate inputs recently upstream and therefore,
stoichiometric ratios could still not adapt to general DOC:nitrate dynamics.

However, during flood samples did not fit the general framework of Taylor and
Townsend (2010). In that survey, samples did not exhibit a negative nonlinear
relationship but, on the contrary, a positive linear trend was observed. One hy-
pothesis would be that, under such extreme flash flood conditions, both nitrate and
DOC would result from the rapid flushing of the terrestrial catchment, therefore
exhibiting such positive relationship (William and Grant, 1979; Martin and Harri-
son, 2011; Hood et al., 2006). However, our results from the mass balance suggest
that, despite the rapid downstream water and solute transport, in-stream processing
of carbon and nitrogen took place to an important extent. Therefore, our results
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rather suggest a differentiated processing which modifies the relative carbon and
nitrogen cycling, thereby altering the relationship between nitrate and DOC.

When relating the DOC:nitrate molar ratio with the nitrate mass flux, we ob-
served a general negative linear trend and a continuum between the samples from
the different surveys and, in this case, flood appeared integrated within the general
trend. The general trend was consistent with our hypothesis and hence, with the
framework of Taylor and Townsend (2010). That is, under a carbon stoichiometri-
cal limitation, nitrate had a tendency to be neutrally transported or to have slight
in-stream releases, whereas at higher DOC:nitrate ratios, nitrate had higher reten-
tion efficiencies. Therefore, our mass-balance results support the hypothesis of a
stoichiometrical coupling between DOC and nitrate. In our river, the breakpoint
was found to be at a DOC:nitrate ratio of 3, which corresponds to the lowest range
of reported C:N ratios of microbial biomass (Cleveland and Liptzin, 2007). How-
ever, drought did not follow the same trend as the flood and baseflow samples, as
they presented an important dispersion. Therefore, in that hydrological condition
the relationship between the nitrate processing and the streamwater DOC:nitrate
ratio was not clear. It would be necessary to have more data on nitrate retention
efficiencies in order to draw conclusions with the same confidence as in the DOC vs
nitrate concentrations relationship.

8.4 Conclusions

In this study, we described the longitudinal patterns of DOC and dissolved nitrogen
concentrations and mass balance along a 26 km river reach in a Mediterranean
catchment under a range of contrasting hydrological conditions. Our main findings
have been:

• Retention predominated for the dissolved nitrogen and organic carbon solutes.
However, the efficiencies of the net retentions in the river were different ac-
cording to the hydrological conditions: it was maximal during drought and
minimal during flood.

• During flood, even though the processing efficiencies were the lowest among
hydrological conditions, in absolute terms it was the date in which the largest
amount of nitrogen and DOC mass was retained and released, respectively.
This emphasizes the importance of such extreme events, even if they last just
for some few hours or days.

• DON had a distinct behaviour with respect to DIN and DOC, as it exhibited
high net retentions in all hydrological conditions, as well as an important
spatial variability in its processing.
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• In space, the retained mass consistently increased downstream in all hydro-
logical conditions. However, the main nitrogen solute removed in every survey
differed. From flood to drought, they corresponded to nitrate, DON and am-
monium.

• In terms of removal efficiencies, spatial patterns were not clear and had an
important longitudinal variability.

• In space, after the confluences with the WWTP inputs, there was a reduced
retention efficiency both for DOC and dissolved nitrogen.

Regarding the coupling between DOC and nitrate:

• Our results showed that in the studied Mediterranean river, the stoichiomet-
rical relationship between DOC and nitrate streamwater concentrations was
consistent with that observed in the major Earth systems, especially during
baseflow conditions.

• During flood, the general nonlinear negative trend was shifted to a linear
positive relationship.

• Results of the mass balance were consistent with the stoichiometric findings,
and showed that nitrate processing changed into higher retention efficiencies
at higher DOC:nitrate ratios. In this case, the drought period did not follow
the general trend and showed a weak relationship between nitrate processing
and DOC:nitrate stoichiometry.

• Finally, we emphasize the determinant role that hydrology plays in the defini-
tion of longitudinal patterns of carbon and nitrogen biogeochemical process-
ing, as well as in the definition of its coupling.
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Chapter 9

Downstream processing of
DOM: changes in its reactivity
and composition

9.1 Introduction

Understanding the fate of dissolved organic matter (DOM) in the environment is
currently a major challenge, difficult to unveil due to the complex simultaneity of
different biogeochemical processes in which it is involved, and to the uneven effects
that they have on individual fractions of DOM. Often, DOM retention in space has
been modelled as a first-order decay function where it is assumed that the amount
of retained DOM is a function of its own initial concentration (Raymond and Bauer,
2000; Weyhenmeyer et al., 2012; Baldwin et al., 2014). However, DOM transforma-
tions may follow more intricate longitudinal patterns due to the complexity of DOM
environmental interactivity. The main processes responsible for the degradation of
DOM are the UV radiation and microbial activity, both of which have the capacity
to completely oxidise DOM to CO2, as well as to alter its composition, as it has
been detectable in its fluorescence composition (Lee and Hur, 2014; Gao and Zepp,
1998; Cory and Kaplan, 2012).

Bacteria have been widely recognised to be important DOM consumers, respon-
sible for the re-introduction of organic carbon to the food webs (Azam et al., 1983),
as well as to the outgassing of CO2 to the atmosphere (Battin et al., 2008; Tranvik
et al., 2009). Also, they can degrade and modify the quality of bulk DOM, and
convert it into more labile (Cammack et al., 2004; Guillemette and del Giorgio,
2011) or recalcitrant (Ogawa et al., 2001) fractions. This traditional view of bacte-
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Traditional view Recent evidences

Bacteria as consumers of DOM Dual role of bacteria as consumers and producers
of DOM (Guillemette and del Giorgio, 2012)

Protein-like components as very la-
bile fraction

Protein-like components can range from labile to
recalcitrant. (Maie et al., 2007)

Humic-like fraction as a recalcitrant
fraction

Humic-like fraction can be utilised and directly
outgassed as CO2 (Fasching et al., 2014)

Microbially-derived components al-
ways labile

Bacteria can produce recalcitrant humic-like com-
ponents. (Jiao et al., 2010; Guillemette and del
Giorgio, 2012; Fasching et al., 2014; Asmala et al.,
2014)

Table 9.1 – Commonly accepted views regarding DOM sources and lability being
challenged in recent studies.

ria eminently as consumers, though, is currently being revised due to the increasing
evidences that bacteria have a dual role as consumers and as producers (Guillemette
and del Giorgio, 2012). On the one hand, they can produce protein-like compounds
which have been traditionally considered to be highly labile and rapidly uptaken
from the water (Rosenstock and Simon, 2001; Fellman et al., 2009b), even though
it has also been found that a fraction of the protein-like components can include
humic molecules of low-molecular weight with a recalcitrant character (Maie et al.,
2007; Cory and Kaplan, 2012). On the other hand, bacteria have also been found
to produce highly aromatic humic-like substances, which have been commonly at-
tributed to be originated exclusively in terrestrial systems (Ogawa et al., 2001; Jiao
et al., 2010; Asmala et al., 2014) and to exhibit a recalcitrant character (Cory and
Kaplan, 2012). But recently, there are evidences that such humic-like substances,
derived either from bacterial activity or the terrestrial drainage, can be utilised by
bacteria under certain conditions and represent a potentially important pathway of
carbon loss through outgassing as CO2 (Guillemette et al., 2013; Fasching et al.,
2014). Overall these findings emphasize the difficulty to predict the fate of DOM in
freshwater ecosystems (Table 9.1), as its lability is a highly relative concept which
depends also on the structure and function of the microbial communities and their
capacity to degrade specific DOM compositions (Judd et al., 2006).

UV radiation has also been found to be an important process directly converting
DOM into CO2 (Miller and Zepp, 1995), or modifying its composition (Mostofa
et al., 2007). Studies have demonstrated that sunlight breaks DOM molecules into
blue-shifted compounds (Lee and Hur, 2014) of lower-molecular weight (Osburn
et al., 2001). The lability of DOM photoproducts have been found to range from
labile (Moran and Zepp, 1997) to recalcitrant (Tranvik and Kokalj, 1998). Again,
there is such an important specificity between the molecule being photodegraded,
the nature of the photoproducts, and the microbial community present to utilise



CHAPTER 9. PROCESSING OF FLUORESCENT DOM 135

that material, that it is especially complex to predict what will be the fate of DOM
in a natural system, subject to both photo- and bio-degradation.

Moreover, all the cited works assessing the relationship between DOM and bac-
teria have tested their hypothesis using laboratory incubations thereby controlling
the environmental conditions. Such experiences are important because they eluci-
date the potential interactivity between bacteria and DOM, however, it is difficult to
translate such potential observations to what effectively occurs in natural systems.

In this chapter we contribute to expand the understanding of DOM fate during
downstream riverine transport by providing direct field evidence on the generation
or retention of specific DOM fractions. For that, we use the mass balance approach
of the previous chapters to evaluate the downstream reactivity of individual fluo-
rescence components (as determined in chapter 4), and further, we test the role of
hydrological conditions in determining longitudinal reactivity patterns. The perfor-
mance and suitability of SOM-derived fluorescence components has been previously
assessed as shown in the Annex of this thesis.

Our aims are addressed according to the following specific objectives:

• To quantify the extent of in-stream processing of the DOM fluorescence com-
ponents on the whole-reach scale: we first show the global effect of the passage
of DOM along the whole river reach on each of the fluorescence components,
considering it as a single black box. Next, we present the longitudinal pat-
terns of generation/retention processes along the river reach, corresponding
to the mass balances performed at each of the thirteen successive downstream
segments.

• To assess the effect of hydrological conditions at shaping DOM processing
both at the reach (global) and at the segment (local) scale.

• To test the coupling between quantitative and qualitative DOM changes,
both i) in terms of concentrations (for dissolved organic carbon (DOC) and
dissolved organic nitrogen (DON)) and fluorescence intensities (fluorescence
components), and ii) in terms of generation or retention efficiencies.

• To assess to what extent the DOM processing in each river segment can be
predicted from its own initial characteristics in the beginning of each river
segment, in terms of i) initial concentrations and ii) initial character, as de-
scribed by the optical indices Fluorescence Index (FI), Humification Index
(HIX), Biological Index (BIX) and Specific Ultra-Violet Absorbance (SUVA).
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9.2 Results

9.2.1 Fluorescence intensities of DOM components

The longitudinal profiles of the intensities of DOM components (Figure 9.1, first
row) show that the four components followed similar trends downstream, but their
relative intensities differed among surveys. During flood, the highest intensities were
found for component C3 (56.051 r.u.3nm−2), followed by C4 (32 839.8 r.u.3nm−2),
that is, the humic-like fraction. Conversely, during high-, low-baseflow and drought,
there was a predominance of the protein like fraction. C1 was the most intense
component (17 735.6, 12079.0 and 29660.2 ) followed by C2 (8220.2 , 10657.6 and
18497.4 for high-, low-baseflow and drought, respectively).

The longitudinal profiles of the fluorescence intensities exhibited gradual down-
stream evolutions during flood and the two baseflow surveys, with a slight increasing
trend. During baseflow, intensities (represented mainly by component C1) became
higher in the last kilometres of the river reach (6.5 km in high baseflow and 11.5
km in low baseflow). The effect of the waste water treatment plant (WWTP) of
Sant Celoni (at 25 km from source) could be noted as a small peak, although very
modestly. During flood, such differentiation of the last km was not observed, but
there was rather a steady oscillation along the whole river length, with minimal
values in the upstream-most sites.

During drought, such gradual downstream patterns were replaced by an impor-
tant variability in the fluorescence intensities, consisting in two main peaks. The
first one, at 25 km from the river source, was located after the inputs from the
WWTP of Sant Celoni, whereas the second one, at 40 km, appeared after the in-
puts from the industrial area of Hostalric. In both cases, though, concentrations
recuperated basal intensities in the following two sampling sites (within a 5 km
downstream distance). The peak at 25 km was represented by all for components
at similar proportions; however at 40 km the peak was mainly due to the increase
in the fluorescence intensity of C1 and, to a lesser extent, of C2.

9.2.2 Global mass balance

If we consider the whole 26-km river reach as a big black box, we can compare
the total sum of the inputs (sum of the flow-weighted fluorescence intensities of the
tributaries) with the outputs (flow-weighted fluorescence intensity flowing at the
final main stem site, in Fogars de la Selva). The differences between the inputs and
the outputs for every fluorescence component and for every survey are presented
both in absolute terms and as percentages with respect to the inputs, also hereafter
referred to as processing efficiencies (Table 9.2).
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Flood High baseflow Low baseflow Drought
Solute r.u.3nm−2 (×106)

C1 152.9 (5.4%) 46.2 (223%) 23.2 (107.8%) -4.4 (-37.3%)
C2 172.2 (5.5%) 18.3 (90%) 11.1 (60.4%) -6.5 (-58.7%)
C3 316.9 (3.7%) 10.6 (28.7%) 5.9 (24.5%) -5.6 (-50.8%)
C4 289.7 (5.7%) 6.1 (25.5%) 0.4 (2.3%) -4.8 (-62.5%)

Table 9.2 – Global mass balance for the DOM fluorescence components.
Values refer to the differences between the inputs and the outputs in the whole
river reach, between brackets these differences are expressed as percentages with
respect to the inputs. Positive values indicate produced fluorescence intensity,
whereas negative values indicate depleted fluorescence intensity during the riverine
passage.

During flood, the amount of processed fluorescence intensity in absolute terms
represented the largest amounts of generated fluorescence intensity throughout this
study (in the order of 108r.u., Table 9.2). However, these generations, when com-
pared to the inputs, correspond to very low generation efficiencies (3.7 to 5.7%)
what suggests that in essence there is a conservative passage of the fluorescence
components through the riverine transit.

Under lower flows, processing efficiencies became prominent. During high- and
low-baseflow, the river represented a source of fluorescence intensity, especially for
the protein-like fractions: component C1 was tripled (+223.0 %) and duplicated
(+107.8%) under high- and low-baseflow, respectively; and component C2 was
practically duplicated in both hydrological conditions (+90.0 % and +60.4%, re-
spectively). Increases in the humic-like fraction were more moderate, exhibiting
productions between 20%-30%, with the exception of C4 during low-baseflow which
appeared conservative (2.3%).

During drought, the opposite trend occurred: All four components experienced
retentions during the riverine passage. The highest retention efficiency was observed
for the humic-like component C4 (-62.5 %), followed by the protein-like component
C2 (-58.7%). The component that underwent the least net retention rate was C1
(-37.3%).

9.2.3 Longitudinal profiles of retention and release

The mass balances performed at 13 successive river segments refine the findings of
the global mass balances (Figure 9.1, second and third rows) on the longitudinal
perspective.
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During flood conditions, processing efficiencies for all four fluorescence compo-
nents ranged between -60% to 39%, averaging -7.5% (Figure 9.2). These efficiencies
were much lower than those observed in the other surveys with lower flows. In
absolute terms (Figure 9.1, second row) it can be seen that, despite the first half of
the river reach exhibiting little fluorescence processing, the final half concentrates
the processing of large amounts of fluorecence intensity. Due to the low percentages
that they represent with respect to the inputs (i.e. low processing efficiencies), it
cannot be assured with enough confidence whether such differences in the inten-
sities are due to ecological processes or analytical errors. However, in this second
half of the river, it is consistently observed that depletions occur for the protein-
like fractions C1 and C2, whereas the humic-like components C4 and C5 undergo
notable productions especially between the 7th and 10th segments (located at 31 to
38.5 km from source). These results suggest that, despite an eminently conservative
transport, a weak DOM processing occurs in the middle sections of the river that
operate differentially for the humic-like versus the protein-like components.

During baseflow, the river reach appeared clearly divided into two parts, both
in absolute and relative terms: a first part with little or nil processing, and a
second part undergoing important fluorescence intensity generations. During high-
baseflow conditions, this final reactive part of the river reach spanned 3 segments
(6.5 km long), whereas during low-baseflow it spanned a longer distance, including
6 segments (11.5 km long). The main DOM fraction experiencing net generations
in these final river segments was the fluorescence component C1, followed by C2.
By contrast, components C3 and C4 showed more moderate generation efficiencies.

Finally, during drought there were net depletions of all four fluorescence compo-
nents in all segments (averaging -26.2 ± 82.8 % for C1, -46.7 ± 47.2 % for C2, -53.2
± 24.2 % for C3 and -61.4 ± 21.7 % for C4, Figure 9.2). In some segments, this
pattern was reduced (segment 3) or even inverted (segments 11 and 12) for compo-
nents C1 and C2 (Figure 9.1). In segment 3, located at the outlet of the WWTP
of Sant Celoni, processing efficiencies of all four components were reduced to very
low values, between -9.3% (C3) and 11.9% (C2), indicating a conservative trans-
port of fluorescent DOM in these site. By contrast, in segments 11-12 (which follow
the confluence with the Creek of Arbúcies, including the outlet of the WWTP of
Hostalric), retentions of protein-like fractions were inverted to generations of 167%
(C1) and 45% (C2). Such important generations of protein-like intensity in these
segments may balance the retentions experienced in the rest of segments, and may
explain the fact that the net retentions in the whole river reach are lower for the
protein-like than the humic-like fraction. Indeed, if we compute the average re-
tention among segments, excluding segments 3, 11 and 13, we obtain very similar
retention efficiencies (-64.7 ± 21.0 % for C1, -69.9 ± 17.4 % for C2, -63.4 ± 13.7 %
for C3 and -68.0 ± 12.0 % for C4). This emphasizes that, in the absence of direct
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Figure 9.2 – Average retention efficiencies of the fluorescence components,
for each of the four hydrological surveys. Every box represents de distribution of the
efficiencies among the 13 river segments were local mass balances were performed.
bfl stands for baseflow.

WWTP inputs, the four fluorescence components are indistinctly removed from the
river water.

9.2.4 Quantitative and qualitative coupling of DOM processing

Coupling between DOM concentrations and fluorescence components in-
tensities

Linear models were computed between DOM concentration (as DOC and as DON)
and the intensities of the fluorescence components along the middle reaches, in or-
der to explore the relationships between quantitative and compositional aspects of
DOM. That is, linear correlations were computed between DOC or DON concen-
tration, and the intensities of the fluorescence components.

When all the surveys were considered together, DOC concentrations had a strong
positive linear relationship with the fluorescence intensities of components C3 (R2 =
0.942, p <0.001, df=51) and C4 (R2 =0.936, p <0.001, df=51; Figure 9.3A). Sam-
ples sites exhibited a clear linear continuity where the samples from higher flows
appear at higher DOC concentrations and higher fluorescence intensities. However,
this linear relationship was not observed for the protein-like components C1 and
C2 (Figure 9.3B). For these components, the sites collected during drought, low-
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Figure 9.3 – Relationship between DOC concentration and the fluorescence
intensity of C4 (A) and C1 (B). The solid line in panel A describes the significant
relationship between DOC concentration and the fluorescence intensity of C4. See
text for further details.

and high-baseflow exhibited a saturation curve, in which for fluorescence intensities
between 0 and 104 r.u.3nm−2 DOC exhibited a coupled linear increase, whereas at
fluorescence intensities higher than 104 r.u.3nm−2 DOC remained at concentrations
near 2 mg L−1. On the other hand, the samples collected under flood did not ap-
pear in this saturation curve, but as a cluster situated at higher DOC concentrations
(9.29± 1.4mgL−1) and intermediate fluorescence intensities (15.6× 103 ± 2.2× 103

r.u.3nm−2). This indicates that, out of flood conditions, samples remained at low
DOC concentrations but variable degrees of protein-like fluorescence compounds,
whereas during flood, there was an increase in DOC concentration which was not
directly reflected as an increase in the protein-like fluorescence signal. Overall, there
was an uncoupling between DOC concentration and the protein-like fluorescence in-
tensity, which was especially disrupted during flood conditions.

Contrastingly, when the qualitative-quantitative coupling was assessed with
DON, no relationship was observed. The linear correlations between DON and
the fluorescence components always had R2 less than 0.132 and p higher than 0.07.
The lack of any statistically significant correlation between DON concentration and
the fluorescence intensity of any of the fluorescence components highlighted the un-
coupling between the fluorescence composition and the DON content in the samples.

Coupling between the processing of DOM and that of the fluorescence
components

Next the coupling between bulk DOM and the individual fluorescence components
was assessed in terms of biogeochemical processing. This was addressed by com-
puting linear models between the mass retentions/generations of DOC and DON,
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Figure 9.4 – Relationship between the processing efficiency of DOC and C4.
The solid line represents the significant linear correlation between both variables, see
text for further details. Every symbol represents a different hydrological condition,
as defined in Figure 9.3.

versus the fluorescence intensity retentions/generations efficiencies of the fluores-
cence components.

Similarly to what was observed in the previous section, the best correlations
were found between DOC and the humic-like components, although in this case
with a lower statistical strength. The processing of bulk DOC explained more
than 50% of the processing of the components C3 and C4 (for C3, R2 = 0.571,
p = 9.6 × 10−11, df=51; for C4, R2 = 0.740, p = 2.9 × 10−16, df=51; Figure 9.4).
Conversely, no significant – or very weak statistical correlations were found for the
protein-like components (for C1, R2 = 0.089, p = 0.03, df=51; for C2, R2 = 0.277,
p = 6.1× 10−5, df=51).

The graphical representation of the relationship between the processing of DOC
and fluorescence components (Figure 9.4) reveals that the survey that mainly con-
tributed to the linear relationship between both parameters is that of drought con-
ditions. While the samples corresponding to the surveys of flood, high- and low-
baseflow appear forming a cloud around the axis origin, those from drought appear
linearly distributed at the negative axis of both DOC and fluorescence components
processing efficiencies, so that higher retentions of DOC implicated higher retentions
of the fluorescence components. This relationship could be perceived for all fluo-
rescence components, but as mentioned it was maximised and statistically relevant
for C3 and C4.

The retained or produced mass of DON did not significantly correlate with the
fluorescence intensity retention or release of any of the four components (R2 always
less than 0.084, and p always higher than 0.053).
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9.2.5 Can the input characteristics of DOM determine its down-
stream biogeochemical processing?

Relationship between the initial intensities of DOM fluorescence compo-
nents and their processing

Next it was assessed to what extent the degree of biogeochemical processing of
DOM was dependent on the initial concentrations at the beginning of every river
segment. Very similar patterns were found for DON, C3 and C4. In the case of
C4 (Figure 9.5) baseflow and flood samples did not show a clear trend but rather
a cluster-like distribution centered near 0% of processing efficiency (5.76 ± 16.95
%). However, they presented different fluorescence intensities at the beginning of
the river segments: baseflow samples (both high- and low-baseflow) were centered
at 7801 ± 2038 r.u.3nm−2, whereas flood samples were centered at 32776 ± 4472
r.u.3nm−2. However, during drought samples had some linear behaviour, so that
higher retention efficiencies were obtained for lower fluorescence intensities. There
were some sites, though, that appeared as outliers to this linear trend. In the case of
the fluorescence components C3 and C4, the outliers corresponded to the segment
1 sampled during flood, and to the segments 3 and 11 sampled during drought. In
the case of DOC, the outliers corresponded to the segments 3 and 12. Segment 1
is located after the WWTP of Santa Maria de Palautordera, segment 3 after the
WWTP of Sant Celoni, and segments 11 and 12 are located after the WWTP of
Hostalric. These outlier sites appeared together with the samples collected during
high- and low- baseflow. Under such conditions, samples appeared clustered at low
intensities and low production/retention efficiencies.

Contrastingly, DON and components C1 and C2, did not show any relationship
between their processing percentage and their initial concentrations, at any of the
sampled hydrological conditions.

Relationship between the optical indices and the processing of the fluo-
rescence components

In order to answer this question, the correlations between the optical indices at the
beginning of every segment and the production/retention of fluorescence intensity
for the different fluorescence components were computed (Figure 9.6).

The most clear statistical relationship was found for the FI during drought (Fig-
ure 9.6A), which could significantly explain the retentions of the four fluorescence
components. The strongest correlations were found for components C2 (R2 = 0.746,
p = 6 × 10−4, df=10) and C3 (R2 = 0.731, p = 4 × 10−4, df=11). In the case of
C2, segments 3 and 11 were excluded as outliers, whereas for C3, segment 3 was ex-
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Figure 9.5 – Relationship between the processing of C4 and its initial con-
centrations. Every symbol represents a different hydrological condition, as defined
in Figure 9.3.

cluded. For components C1 and C4, FI explained less than 70% of its variance (for
C1, R2 = 0.673, p = 2× 10−3, df=10; for C5, R2 = 0.532, p = 7× 10−3, df=11). In
the rest of surveys (that is, from low baseflow to flood), no statistical relationships
were found, as the variability in the FI values were too small compared with the
variation in the retention/release of fluorescence intensity.

In the case of HIX, there was no significant statistical relationship with the
biogeochemical processing of any of the components. However, it could be ob-
served that at higher values of HIX, the dispersion in the biogeochemical percent-
ages gradually decreased, and became centered to zero, indicating a gradually lower
biogeochemical processing of the fluorescence components towards higher HIX val-
ues, represented by the flood samples (Figure 9.6B). This pattern could be observed
for all the four components.

Finally, SUVA and BIX did not have any statistically relevant ability to predict
the biogeochemical processing of fluorescence components.

9.3 Discussion

The main conclusion that can be drawn from the results of this chapter is that hy-
drology plays a key role in determining both the global reactivity of the river reach,
as well as the longitudinal distribution of such reactivity. This is especially impor-
tant for systems like the Mediterranean ones, which are subject to high intra-annual
hydrological variability; and provides further evidence that the biogeochemical func-
tioning of these systems is tightly linked to hydrology.
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Figure 9.6 – Relationship between the processing of fluorescence component
C3 and the values of FI (A) and HIX (B) optical indices at the beginning of
the river segments. In A, the solid line describes the relationship between both
variables during drought conditions (see text for further details). Every symbol
represents a different hydrological condition, as defined in Figure 9.3.

9.3.1 Hydrology and the biogeochemical processing of DOM fluo-
rescence components

Baseflow

During baseflow conditions the river reach as a whole was found to be a net source
of fluorescence components, especially of the protein-like component C1, followed
by C2, but also of the humic-like components C3 and C4. This was an interesting
result given that for bulk DOM (that is, DOC and DON), the whole river reach was
not found to be a net source in any of the hydrological conditions. This suggests
that there are processes that operate modifying the composition of DOM without
altering its overall quantity. Therefore, this points to an uncoupling between the
quantitative and the qualitative dynamics of DOM. The production of fluorescence
intensity of specific components parallel to bulk DOC decreases has already been
observed (Asmala et al., 2014; Guillemette and del Giorgio, 2012) and has been
pointed to the capacity of microorganisms to convert uncoloured DOM forms into
coloured ones (Guillemette and del Giorgio, 2012). In the case of this study, most
of the produced intensity corresponded to protein-like components, what is in line
with common knowledge that protein-like substances are usually derived from au-
tochthonous microbial activity (Henderson et al., 2009). However, to a lesser extent
but still remarkably, humic-like components were also generated. These findings
add evidence to the recent revision of the traditional conception that humic-like
substances are solely of terrestrial origin and that, on the contrary, microbial ac-
tivity can be an important source of humic-like material (Ogawa et al., 2001; Jiao
et al., 2010).
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The longitudinal profiles for the baseflow conditions showed that most of this
DOM production observed during high- and low-baseflow occurred in the final seg-
ments of the river reach, which spanned the last 6.5 km during high baseflow, and
11.5 km during low baseflow. That is, with lower flows the length of the final reac-
tive part of the river became longer. This could be related to increased residence
times in lower segments where the river morphology becomes shallower downstream,
as it has been described that low residence times may favour the opportunities for
DOM processing (Battin et al., 2008; Weyhenmeyer et al., 2012). Also, with the
lengthening of the reactive part it could be observed that the generation percentage
increased gradually downstream, what suggested that downstream changes were not
directly related to local features but rather to global environmental factors.

The fact that such generations were translated into higher fluorescence intensi-
ties in stream water which remained downstream suggest that, at least to a certain
extent, these in-stream generated components are persistent and therefore, recalci-
trant to biological or photochemical degradation. This is in line with observations
that microbially-produced protein-like or humic-like components can be persistent
in the environment (Jiao et al., 2010; Maie et al., 2007).

The hydrological extremes: drought and flood

The opposite biogeochemical functioning was found during drought, when the river
reach as a whole behaved as a sink for the fluorescence components; in this case, con-
sistently with what was found in quantitative terms for DOC and DON. However,
retention efficiencies for the fluorescence components (ranging between 37.3% and
62.5%) were much moderate than those observed for DOC and DON (which were of
73.3% and 100%, respectively). This could be explained by two hypothesis: on the
one hand, this could reflect that the fluorescence fraction of DOM is more refractory
than the non-fluorescence compounds. This would be in accordance with the gen-
eral conception in the scientific literature that well-known biochemical compounds,
most of which are not aromatic and hence, do not have fluorescence properties, are
the most labile and rapidly utilised fractions of DOM (Montuelle and Volat, 1993).
On the other hand, another explanation would be that such reduced retention ef-
ficiencies of the fluorescence components with respect to bulk DOC might be due
to parallel generations of fluorescence DOM which would counter-balance the net
retentions. This second hypothesis would be sustained by our finding that, during
drought, higher FI values are related to lower retention efficiencies (Figure 9.6), as
such relationship would indicate that lower net retentions are related to a higher
prevalence of in-stream produced fluorescence DOM.

Along the longitudinal axis it was found that, similarly to what was observed
for DOC, after the confluences with the WWTP there was a decrease in the re-
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tention efficiency of the fluorescence components (segment 3, Sant Celoni), or even
an inversion into generation (segments 11-12, Hostalric). This further suggests a
saturation in the system that surpasses the natural capacity of the river to uptake
fluorescent DOM, as it has been similarly observed for inorganic nutrients (Marti
et al., 2004; Martin and Harrison, 2011; Merseburger et al., 2011). In Sant Celoni
the inputs from the WWTP were translated into an increase in the retention effi-
ciencies of all four fluorescence components at similar proportions which, together
with a paractically null processing efficiency, suggests that in that site there was
only a physical mixing of the inputs which caused the observed increase in the flu-
orescence intensities. By contrast, in Hostalric there was mainly an increase in the
fluorescence intensity of the protein-like components (mainly C1 but also C2), which
in this case were the result of in-stream generations, which could be triggered by
the inputs from the WWTP, which could have introduced either missing reactants
or a different microbial community capable of undergoing such important gener-
ations of protein-like components (McClain et al., 2003). In both cases, though,
such increases in the intensities of fluorescence components were rapidly depleted
in the following downstream river segments, as evidenced by the net retentions and
rapid recuperations of basal fluorescence intensities in the following segments. Over-
all these results evidence a high lability of both the allochthonous/anthropogenic
DOM inputs, and the in-stream generated fluorescence components.

Under flood conditions, the river reach as a whole behaved mainly as a pipe, as
the differences between the inputs from the tributaries, and the outputs at Fogars
de la Selva were practically identical (differences between 3.7% for C3 to 5.7% for
C4, Table 9.2). In absolute terms, the river transported large amounts of fluorescent
DOM downstream. To make these magnitudes more apparent, if we consider that
during flood the river generated 289.7 r.u./s of C4, and that in drought the river
retained 4.8 r.u.3nm−2s−1, (Table 9.2) then it follows that in flood conditions the
river exported in 1s the same amount that it would be capable of retaining in 1
minute during drought.

In the longitudinal perspective, it could be observed (similarly to what was found
for baseflow conditions) a shift from a first part in which the river segments were
very conservative, and a second part where the segments were more reactive. Fluo-
rescence generations were observed for the protein-like components, although their
magnitudes represented little percentages with respect to the inputs and, therefore,
such non-conservative transport could not be confidentially assumed. However,
some retention was indeed likely to occur in the final reaches (7,8,9 and 12), for the
humic-like components C3 and C4.
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9.3.2 Relevance of different hydrological conditions in the frame-
work of the Mediterranean seasonality

Overall these results highlight the key role that the hydrological conditions play in
determining the biogeochemical processing of DOM. On the one hand, it determines
the role of the whole river reach, as it shifts from behaving as a conservative pipe
during flood, to a source during baseflow, and to a sink during drought. On the
other hand, it also determines how DOM processing is distributed in space.

Baseflow conditions are those that are most common throughout the year. In
the last 10 years, La Tordera had water flows between those sampled during high-
and low-baseflow surveys during 17.34 % of the days, although according to the
operational hydrological categories defined in the Materials and Methods (Chapter
3, Figure 3.3) and used in chapters 5 and 6, baseflow conditions may represent the
flows that occurred 45% of the days of the last 10 years. Under these circumstances,
if we assume that the final quilometers of the river which were not included in the
mass balance behave like the second reactive part, then the river may mainly deliver
freshly produced protein-like components to the coast.

By contrast, floods are very short in time. The flows sampled in the flood
survey have only been exceeded 0.18 % of the days during the last 10 years, and
could represent the flows of 5% of the days according to the categories defined
in Figure 3.3. However such flash-flood episodes are very intense, and they can
represent an important flux of DOM export in quantitative terms as it has been
widely acknowledged in the literature (Dalzell et al., 2005; Wiegner et al., 2009;
Wilson et al., 2013). However, in qualitative terms, it has been widely accepted
that the rapid flash-floods transport DOM without much opportunities for its in-
stream processing. Whereas here we did not obtain enough confidence to conclude
the opposite, we did find trends that in the lower part of the river reach some
processing of the fluorescence components took place. Future studies would be
necessary to better assess to what extent any preprocessing of the DOM occurs
prior to be discharged to the coast under flash-flood circumstances.

Finally, drought conditions may span a variable length of time every year, typ-
ically lasting up to 2 or 3 of months. The specific flows sampled in the drought
survey were equal or lower in 15.23 % of the days of the last 10 years, and could
represent up to 50% of the days (according to the categories defined in Figure
3.3). During drought, DOM deliveries to the coast are minimal, as the river flow
is rapidly reduced and completely depleted at the river mouth and an inland intru-
sion of the river/sea water interface occurs (as was evidenced in chapter 5 with the
high salinities at the last sampling sites during the drier periods). Therefore, under
such circumstances the export of DOM from the land to the sea would be minimal,
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and, if still any flux of DOM would occur, it would deliver highly processed DOM
material.

Hence, these results highlight that hydrology determines a seasonality of the
quantitative and qualitative delivery of DOM to the coastal system which may
determine its temporal functioning.

9.3.3 Biogeochemical reactivity of DOM fluorescence components

Some of our findings support recent revisions of traditional conceptions about the
sources and lability of fluorescence DOM components (Table 9.1). Specifically, we
found evidences for an important in-stream generation of fluorescence DOM which
could be due to the recently described dual role of bacteria as consumers and as
producers (Guillemette and del Giorgio, 2012). The generation role of fluorescent
DOM was especially apparent during baseflow conditions, when the fluorescence
components altogether increased by 75% (high baseflow) and 50% (low baseflow).
Linked to that, we found evidences that the bacterially-derived components, be
either humic-like or protein-like, were likely to be recalcitrant, as net generations
remained at successive segments downstream. By contrast during drought the gen-
eration of DOM could not be proved, as net depletions were observed. However,
generations may be likely to occur, as their counter-balancing effect may explain
the relatively low retention efficiencies observed during drought.

On the other hand, we found a lack of relationship between the reactivity of
bulk DOC and DOM concentrations and their initial intensity at the beginning
of every river segment. That is, the reactivity of bulk DOC and that of fluores-
cence components could not be predicted from their initial characteristics. Such
relationship would be expectable in case that their retention in space followed a
first-order decay function (Raymond and Bauer, 2000; Weyhenmeyer et al., 2012;
Baldwin et al., 2014). The lack of such relationship in this study can be explained
by two assumptions: on the one hand, we found evidences of in-stream generations
of fluorescence DOM that would occur in parallel with DOM uptake, so that such
generations would blur the final net retentions detected. On the other hand, in
every segment there is a different time residence and, because of that, every pair of
retention efficiency and initial concentration may not be comparable.

Also, with the exception of FI during drought, optical indices did not explain
either the efficiencies of DOM processing. This emphasizes the decoupling between
DOM composition and its lability in the environment, and further emphasizes the
complexity and relativity of the lability concept.
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9.4 Conclusions

The main conclusions that arouse in this chapter are the following:

• Hydrology is a key environmental factor that determines the transport and
reactivity of DOM in the Mediterranean river under study.

• Whereas in terms of DOC and DON the river was found to behave as a pipe
during flood and high baseflow, and as a sink during drought, in terms of
fluorescence composition the river behaved as a pipe during flood, as a source
during baseflow, and as a sink during drought.

• Even though a reactive transport of fluorescence DOM during flood could not
be assessed with enough confidence, there were evidences of some protein-like
depletions and humic-like generations during the riverine passage.

• During baseflow conditions there were important generations of protein-like
components which triplicated (high-baseflow) and doubled (low-baseflow) the
inputs. Humic-like components were also generated, although at lower effi-
ciencies.

• In drought conditions, all four fluorescence components exhibited retentions
along the river length, with the only exceptions of segments under the influence
of anthropogenic inputs, in which retentions were reduced or even inverted to
generations.

• In space, during flood and baseflow DOM processing occurred in the final seg-
ments of the river reach. Contrastingly, during drought DOM reactivity took
place homogeneously along the river reach, except in the anthropogenically-
influenced segments.

• In our field observations, the degree of DOM processing could not be predicted
from its initial characteristics (i.e. initial intensities and character in terms of
optical indices).

• Some of our findings support recent revisions of traditional views, providing
observations which are in line with studies reporting a dual role of bacteria
as both consumers and producers of fluorescence DOM and a recalcitrant
character of in-stream produced components.



Chapter 10

General discussion

Dealing with dissolved organic matter (DOM) implies dealing with complex organic
molecules. This arises from the fact that DOM is composed of an amalgam of or-
ganic molecules spanning a range of chemical structures – most of them unknown
and highly humified (McDonald et al., 2004) – and also spanning a range of in-
teractivity with the environment – as different groups of molecules will present a
varying degree of susceptibility to be involved in different biogeochemical processes,
whether microbial or photochemical degradation, sediment sorption or flocculation
(Jaffe et al., 2008).

The main aim of this thesis was to better understand transport and reactivity
of DOM during its downstream riverine passage, and to elucidate to what extent
and in what manner hydrological conditions influence such downstream transport
of DOM. Assessing the in-stream reactivity of DOM requires previous knowledge
about its composition, as it is not enough to calculate the differences in overall DOM
quantity (e.g. dissolved organic carbon (DOC)). Such difference would explain the
net amount of DOM which has been added or removed from the system. However,
it would not explain underlying DOM transformations (Fisher et al., 2004). Micro-
bial and photochemical degradation processes very often do not complete mineralise
DOM to CO2, but either break it into new compounds of lower molecular weight,
or even aggregate and transform different molecules into larger and more complex
compounds (Bertilsson and Tranvik, 2000). These new molecules present a differ-
ent ecological and biogeochemical role with respect to the original ones, as they
will subsequently have a different lability degree. Therefore, understanding DOM
reactivity requires not only understanding quantitative changes, but also variations
in its composition.
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10.1 Unveiling DOM composition: Self-Organising Maps
and correlation analysis

In order to study DOM, it is necessary to systematise and simplify the originally
complex DOM composition into some few representative constituents which can
then be used as independent data variables. Such simplification is a key step, as
it will determine our perception of DOM and, therefore, the knowledge that we
build about it. The challenge is to find a statistical methodology that performs
that simplification process in an objective way and that finds a number of DOM
components which are as representative as possible of the diversity of spectral shapes
of a given data set.

Up to now, the main methodologies used for that purpose have been peak-picking
and parallel factor analysis (PARAFAC). Peak picking (Coble, 1996; Parlanti et al.,
2000) reduces large Excitation-Emission Matrices (EEMs) into some few coordi-
nates corresponding to peak maxima. Data reduction is important, but still the
definition of a finite number of fluorescence components remains ambiguous and at
the subjectivity of the researcher. PARAFAC (Andersen and Bro, 2003; Stedmon
and Bro, 2008) overcomes this limitation and resolves the overall signal of EEMs
into a number of fluorescence components that appear at fix coordinates among the
samples of an EEM data set. However, as this method is based on least squares
solutions, it is highly sensitive to the presence of outliers (Brereton, 2012). This is
an important limitation, as it requires that experimental and sampling designs are
planned in order to suit PARAFAC requirements, namely, to span a gradual range
of compositional changes (Stedmon and Bro, 2008). In this sense, we aimed at find-
ing a tool which would give DOM researchers more freedom in their experimental
designs, and therefore, which would expand the number of research questions that
can be addressed about DOM.

In chapter 4 we presented the use of self-organising maps (SOMs) (Kohonen,
1998) to explore patterns in EEM data sets, as well as to resolve the composition
of DOM into some finite fluorescence components. SOM is an unsupervised self-
learning algorithm that makes no preassumptions about the data structure, and has
a high flexibility to interpret and manage the results: it performs on the same time,
a reduction of the dimensionality (distribution onto a two-dimensional grid) and a
clustering (distribution among discrete units) of the original data, and offer many
graphical possibilities to explore and analyse results (Vesanto, 1999). It has already
been used successfully in chemometrics (Brereton, 2012) for one (Mat-Desa et al.,
2011) and two (Rhee et al., 2005; Bieroza et al., 2009) dimensional spectral data
in order to find patterns among samples. Here, the novelty of our approach was
to couple SOM with a correlation analysis of its component planes (Barreto-Sanz
and Perez-Uribe, 2007), so that a finite number of fluorescence components could
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also be determined. According to our results, SOM had i) little outlier sensitivity
and ii) enhanced resolution of component separation. The latter was possible due
to the re-weighting of the representativeness of different spectral shapes within the
data set, as the correlation analysis is performed on the codebooks of the SOM
analysis, and not on the original samples. Even though in this thesis we did not
present a systematic comparison between SOM and PARAFAC capabilities, we
previously performed peak picking and PARAFAC analysis which produced weaker
results: with peak picking, there was a high dispersion in the peaks location that
created a lot of ambiguity to define different fluorescence components, whereas with
PARAFAC, only two fluorescence components could be validated (Figure 10.1).
Moreover, the two-component PARAFAC model produced systematic patterns in
the residuals matrices, indicating a weak fitting of the model (Stedmon and Bro,
2008).

The SOM analysis presented in chapter 4 revealed the presence of four fluo-
rescence components: two humic-like and two protein-like moieties, similar to the
previously identified B, T, A and C components (here referred to as C1, C2, C3 and
C4, respectively). These components were used thereafter in the rest of the thesis in
order to unveil their biogeochemical behaviour during their downstream transport
in La Tordera, under three contrasting hydrological conditions: flood, baseflow and
drought.

10.2 Flood: Inert conduit of DOM from the land to the
sea

In the mass balance study we had the opportunity to sample a very extreme flood
event. In Fogars de la Selva, the outlet of our mass balance design, there was a
discharge of 156 m3s−1, a water flux that in the last 10 years has only been equalled
or exceeded on three rainfall events (according the discharge data of the last 10
years provided by Agència Catalana de l’Aigua). However, this event may also be
representative of stormflows of > 4m3s−1, as characterised in chapters 5 and 6. Such
flows occurred 5% of the days in the last 10 years, and represented the export of 40%
of the total water, highlighting the relevance of the export capacity of stormflows,
even though they are short in time. In such high flows, we observed an homogeneous
DOM composition throughout the river length with a predominance of the humic-
like components C3 and C4, together with a highly humified character as expressed
by high Humification Index (HIX) values (chapters 5 and 6). Such homogeneity
suggested little processing during the DOM downstream transport under such high
flows, assumption that was later demonstrated in the mass balance study.
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Figure 10.1 – Different data mining methods applied to our EEM data set:
peak picking analysis (A), PARAFAC (B) and SOM (C).
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In chapters 8 and 9 we observed that the amount of DOM exported in Fogars
de la Selva was practically the same than the DOM that entered the river through
the tributaries, both in terms of bulk DOM – for which the differences between the
inputs and the outputs were -5.1 for DOC –, and of fluorescence components – for
which the differences were -5.4 ± 0.3 % for C1, -5.5 ± 0.3 % for C2, -3.7 ± 0.2 %
for C3 and -5.7 ± 0.3 % for C4. Such low percentages could still represent higher
amounts of DOM retention than those reported in periods of lower flows, however
the uncertainties associated to those percentages do not allow to confidentially assess
the extent of such retention. The only exception to that eminent retentive character
was dissolved organic nitrogen (DON), which exhibited a global depletion of 100%.

These results demonstrated that during flood, the river behaved eminently as a
pipe, inertly transporting DOM downstream. That is, during this flood event, every
second the river was delivering at least 81 mg of highly humified, terrestrially-derived
DOC. If we assume that this behaviour can be made extensive for the stormflows
of > 4m3s−1 (as suggested in chapter 5), then the amount of exported DOM may
represent up to the 47% of the DOC export (computed over the last 10 years). The
lowland sites of the river were not included in the mass balance study, however if we
consider that the DOM composition remained homogeneous also in this final part
of the river, we can assume that DOM was effectively discharged to the sea having
undergone hardly any processing.

10.3 Baseflow: Spatial variability of DOM transport
and reactivity, and dual biogeochemical role of the
river

In chapter 5, the direct observation of the intensities of fluorescence DOM com-
ponents revealed an important variability along the main stem, so that the river
had three parts with clearly different DOM compositions. The headwaters had a
predominance of humic-like materials, which reflected the drainage of the forested
land covers of the upper parts of the catchment. In Sant Celoni (the beginning of
the middle part of the river) there was a change in the water chemistry, consisting
in an increase in component C2, together with conservative anions (chlorides, sul-
phates and electrical conductivity) as well as nutrients (nitrate, ammonium, soluble
reactive phosphor (SRP)). These increases indicated the predominance of inputs of
anthropogenic origin. Finally, in the lower part of the river, there was a predomi-
nance of component C1 and increasing values of the Fluorescence Index (FI).

In fact, this approach provided evidence of the changing predominant sources of
DOM along the river: from terrestrial in the headwaters, to anthropogenic in the
middle reaches, and autochthonously-derived in the lower part of the river. This
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emphasized that the variability of the concentrations and relative proportions of
fluorescence DOM components along the river were mainly driven by the predomi-
nant sources. However, beyond a downstream switch in the main DOM sources, the
direct observation of the intensities of fluorescence components was not sufficient
to demonstrate the extent at which DOM processing was taking place, and to what
extent any downstream compositional changes could be due simply to the physical
mixing of input waters providing a different water composition.

Some intuition in this sense was achieved by means of an end-member mixing
analysis (EMMA) approach. It was evidenced that the composition of some sites
could not be explained solely as the result of the mixing of upstream water in-
puts, as they appeared outside of the endmember (i.e. tributaries) mixing domain.
Therefore, the intensities of the fluroescence components had the be the result of
in-stream processing at least to some extent. This was most evident for the lowland
sites, and also expectable, as during the last 20 km the river flows along a mild ter-
rain that hardly receives any tributaries. Hence, any observed increases in FI and
C1 intensities should be due to in-stream processes. However, in the middle reaches
the degree of reactivity was less clear. Even though sites appeared mainly within
the end-member mixing domain, on some dates during base flow and drought they
appeared highly disperse and outside it, suggesting that in-stream transformations
could be operating and shaping the main stem fluorescence intensities. Also, due
to the frequent confluences within the middle reaches, and to the different nature
of their compositions, the relationship between transport and reactivity in this part
of the river seemed less obvious.

The mass balance study (chapters 8 and 9) provided direct insight in this sense,
and evidenced that an important in-stream processing of DOM took place. Most
remarkably, it was found that there was an uncoupling between the processing
of bulk DOM and that of the individual fluorescence components. Bulk DOM
experienced moderate net retentions (differences of -9.8 during high baseflow and
-21.2% during low baseflow for DOC between the total inputs and the outputs in
Fogars de la Selva). Contrastingly, fluorescence components experienced higher
reactivity efficiencies, consisting on net generations. This was especially found for
the protein-like components which were tripled (C1) and doubled (C2) during their
riverine transport. Therefore, while the river was behaving as a moderate sink for
bulk DOC, there were high generations of fluorescence components. This evidenced
the importance and relevance of intermediate transformations of DOM, rather than
its complete oxidation to CO2. Even though our sampling design does not allow to
infer what specific of biogeochemical processes were operating, our findings may add
evidence to recent findings that bacteria can be important producers of fluorescence
DOM (Guillemette and del Giorgio, 2012).
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In baseflow conditions, the global mass balances were representative of what
could be observed locally, at the segment level. That is, locally we also observed
generations of fluorescence DOM, mainly consisting on components C1 and to a
lesser extent, C2. However, such reactive processes only occurred in the final part
of the middle reaches, which spanned 11.5 km during high baseflow (3.43 m3s−1)
and 6.5 km during low baseflow (1.49 m3s−1), while in the previous segments there
was an eminent conservative transport of fluorescent DOM. If we assume that the
reactivity that we observed in the final segments remains similar in the lower part
of the river, then the DOM delivered to the coast will be rich in fresh and in-stream
produced protein-like components.

The two baseflow surveys performed during baseflow captured the discharges of
1.49 and 3.43 m3s−1, therefore, the findings corresponding to these dates represent
the state and functioning of the river at least 17.34 % of the days (according the dis-
charge data of the last 10 years provided by Agència Catalana de l’Aigua). However
these findings may be extensive to the flows between 1 and 4 m3s−1, characterised
as baseflows in chapters 5 and 6. These conditions are mainly relevant due to their
duration over time and moderate flows, as they occurred 45% of the days during the
last 10 years, and exported 53% of the water, which in DOC terms, represents an
export capacity of up to one half of the total annual exported DOC (as computed
over the last 10 years).

10.4 Drought: The river as a filter

During summer low flows, the spatial variability of DOM composition was similar
to that observed during baseflow conditions. That is, a humic-like character in the
headwaters turned into a C2-dominated composition in the middle reaches and,
finally, into a C1-dominated and high FI predomination in the lowland. However,
such spatial differentiation and heterogeneity of DOM composition and character
was maximised during drought, as shown in chapters 5 and 6.

Contrastingly with these heterogeneity in terms of DOM composition, in the
mass balance study it was found that in terms of biogeochemical functioning, there
was an eminent spatial homogeneity throughout the middle reaches. Globally, this
part of the river retained -73.7% of DOC, a similar percentage of the retention
that the fluorescence components experienced, on average, in the different segments
along the middle reaches. Such longitudinal homogeneity was only disrupted at the
outlets of anthropogenic inputs. In Sant Celoni, the discharge of sewage water from
the waste water treatment plant (WWTP) caused an interruption of the retentions
and, locally, DOC was conservatively transported. This was despite the fact that
in this site, important increases in DOM concentration and fluorescence intensities
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were detected. The lack of retentions could be due to a decreased capacity of the
river to uptake DOM, similarly to what has been observed for inorganic nitrogen
(Martin et al., 2011; Marti et al., 2004; Merseburger et al., 2011). By contrast, in
Hostalric, there was not just a depletion of the retention capacity but, conversely,
there was a generation of fluorescence components and DOC. This suggests that
there was not just a depletion of the retention capacity of the system, but rather,
the anthropogenic inputs of DOM locally caused a differentiated biogeochemical
processing of DOM which resulted in a generation of protein-like moieties. This
could be due to some complementary effect between the DOM and/or bacterial
inputs and those found in the river water which may have triggered the onset of
such protein-like DOM generation, as suggested in (McClain et al., 2003); even
though it had little repercussion on the overall balance of DOM, as retention still
predominated in the system as whole.

The behaviour of the river observed during drought conditions may be represen-
tative of up to 50% of the days of the last 10 years, although due to the extreme low
flows these periods only account for 7% of the total exported water. Hence, during
such periods of minimal flows, the inputs of DOM to the coast are minimal, as they
contribute to approximately the 4% of the total DOC export (computed over the
last 10 years) and may deliver highly degraded organic materials.

10.5 The role of DOM in the regulation of inorganic
nitrogen

Even though the main focus of this thesis is on DOM, its relationship with inor-
ganic nitrogen has also been assessed, due to the coupled biogeochemical behaviour
observed between both kinds of substances (Lutz et al., 2011; Johnson et al., 2012).
Globally it has been observed that nitrate accumulation in water bodies is regulated
by its stoichiometric relationship with DOM, as it regulates a suite of microbial
processes that couple both substances (Taylor and Townsend, 2010). This results
in an inverse and nonlinear relationship between nitrate and DOC concentrations
(Goodale et al., 2005). However, such relationships have been assessed with base-
flow conditions. In chapter 8 we assessed to what extent different and contrasting
hydrological conditions fit into this stoichiometric framework, and to what extent
changes in the nitrogen mass fluxes could be related to changes in its stoichiometric
relationship with DOC.

Our results showed that despite most samples followed the nonlinear negative
relationship between the concentrations of DOC and nitrate previously described
in the literature (Goodale et al., 2005; Taylor and Townsend, 2010), flood condi-
tions were an exception, and exhibited a positive linear relationship. We argued
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that, most likely, the reason for this behaviour would be that the rapid downstream
transport during such high flows do not allow for any biogeochemical coupling be-
tween DOC and nitrate, and this may be supported by the low processing efficiencies
found for both in the global mass balances in flood conditions (-14.7% for nitrate
and 5.1% for DOC).

On the other hand, the results of the mass balance study were consistent with
the stoichiometric findings, so that higher retention efficiencies of nitrate were found
at higher DOC:nitrate ratios. The samples from all the hydrological conditions
contributed to this relationship, even though during drought samples were more
dispersed. However, overall these results highlight the role of DOM in coupling the
cycles of carbon and nitrogen.

10.6 Implications and future research

Mediterranean rivers are highly dynamic systems over time due to the large intraan-
ual variability of their flows regime, which have shaped its ecological structure and
function (Gasith and Resh, 1999). In this thesis it has been evidenced that such
hydrological variability, unique of Mediterranean systems, has also a determinant
role in the biogeochemical functioning of rivers with respect to DOM. Whereas dur-
ing extreme high flows downstream transport controls DOM export, during lower
flows in-stream processes dominate over transport and shape the quantity and com-
position of the DOM that is finally exported from the river. Hence, the seasonal
variability of the Mediterranean river flows were found to have a determinant role
in shaping the quantity and quality of DOM which is finally exported to the sea:
From large amounts of highly humified and little processed DOM during short and
intensive storm events, to moderate amounts of protein-like and freshly produced
DOM during baseflow, and small amounts of highly processed DOM during extreme
low flows, that may extend up to half of the days of the year.

As rivers link the carbon cycle of the terrestrial and marine systems, it is of
utmost importance to better understand the consequences that such qualitatative
changes of DOM, derived from the riverine passage, have on the subsequent lability
of DOM in the sea. While there are evidences that marine bacterioplankton can
readily degrade riverine DOM (Bonilla-Findji et al., 2009) even at higher rates
than riverine bacteria (Stepanauskas et al., 1999), the quality of exported DOM
may regulate the relative relevance of bacterial production and CO2 outgassing (Xu
et al., 2014). Therefore, the observed seasonality in La Tordera of the quantity
and quality of exported DOM to the coast may have complex repercussions on the
capacity of bacterial communities to degrade such temporally-changing DOM and,
therefore, to further funnel DOM through the carbon cycle.
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Unveiling the fate of riverine DOM in the sea involves facing a current chal-
lenge of DOM research, which is to better understand the coupling between DOM
composition and the structure and function of bacterial communities. DOM and
bacteria have a close relationship as substrate - consumer, however such relation-
ship, far from being straightforward, is intricate and recursive (Judd et al., 2006;
Docherty et al., 2006) due to the plasticity of bacterial communities in their carbon
metabolism, allowing them to use DOM pools of different compositions (Rochelle-
Newall et al., 2004). A better understanding on the adaptability of bacterial com-
munities to changing characteristics of DOM may provide a better understanding
on the lability of DOM, a concept that still remains relative to the specific bacterial
communities and DOM pools sampled in every study.

Also, a better understanding of the coupling between DOM and bacteria may
provide a further understanding of the underlying processes controlling the biogeo-
chemical processing observed in this thesis. In this sense, this thesis contributed
to expand the current knowledge about DOM transport and reactivity in lotic sys-
tems by providing direct evidence of in-situ generation/retention of DOM fractions
along a Mediterranean river. However, our field-based approach did not allow to
discern the specific biogeochemical processes (namely bacterial and photochemical
degradation) that are directly controlling the observed retentions/productions, nor
the relative importance of each of them. Therefore, the findings of this work could
be expanded by better understanding the controls that the bacterial communities
exert on DOM composition and concentration.



Chapter 11

General conclusions

PART I

Chapter 4: Self-Organising Maps and correlation analysis for the
analysis of large and heterogeneous EEM data sets.

1. Self-organizing map (SOM) analysis coupled with a correlation analysis allows
an analysis both at the object and at the variable level. Hence, it serves not
only to explore the differences in fluorescence properties between samples, but
also helps to identify particular fluorescence components.

2. SOM analysis is robust to the presence of outliers. That is, samples with very
distinct features are discerned while having little effect on the ordination and
classification of the other samples. This distinct property makes it possible to
work with heterogeneous data sets.

3. The correlation analysis performed on the SOM Excitation-Emission Matrix
(EEM) prototypes has an enhanced capacity to detect fluorophores that are
represented at only low levels in the original EEM data set.

4. SOM analysis coupled with a correlation analysis of the component planes
expands the toolbox of the fluorescence dissolved organic matter (DOM) re-
searchers by enabling the analysis of complex and heterogeneous EEM data
sets. This may open new possibilities for advancing our understanding of
DOM character and biogeochemical behaviour.

PART II

Chapter 5: Preliminary assessment of spatiotemporal patterns of
DOM quality and quantity in La Tordera
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5. Along the main stem, the river exhibited three reaches with a consistent dif-
ferentiated DOM character: the headwaters, the region near the town of Sant
Celoni, and the low part of the river flowing between the bend of Fogars de la
Selva and the river mouth.

6. In the headwaters, DOM has an eminent humic-like character coming from the
drainage of the surrounding terrestrial catchment. During flood conditions,
this character is transferred downstream.

7. Near Sant Celoni, there is a shift in the DOM quality, expressed as a pre-
dominance in the protein-like component C2. A concomitant increase in the
chlorides and nutrients content of the water suggests that this shift in the
DOM quality is caused by the direct outlets of a waste water treatment plant
(WWTP) and possibly other industries in the beginning of the river reach.

8. In the lower part of the river, high water residence times and light availabil-
ity favour the conditions for in-stream DOM production and transformation,
which results in an increased Fluorescence Index (FI) and predominance of
the protein-like EEM component C1.

9. Whereas flood conditions induce an homogenisation of the DOM character
over the longitudinal dimension, baseflow and drought favour spatial differen-
tiation resulting from the influence of the local characteristics of the river at
every reach.

10. The hydrological antecedents of a drought period determine the magnitude of
the spatial differentiation of DOM character. A longer previous dry period
contributed to an amplification of the longitudinal differentiation.

11. This suggests a seasonal role of the river with respect to DOM, shifting be-
tween transporter and transformer. Such alternation in the transport and
processing of DOM can have further implications for the understanding of the
carbon cycling at higher scales, and may contribute to the ongoing debate on
the role of inland waters on the global carbon cycle.

Chapter 6: Multivariate exploration of DOM quality and reac-
tivity in the main stem of La Tordera

12. The homogenisation of DOM properties observed along the river length dur-
ing flood conditions has been effectively found to be due to a conservative
transport.

13. The longitudinal patchiness in DOM properties that appears at lower flows do
not only reflect the successive mixing with tributaries providing DOM with
varying properties, but are also due to the occurrence of in-stream processing.
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14. The lowland sites, located between Fogars de la Selva and the river mouth,
exhibited a downstream DOM gradient mainly driven by in-stream processing.

15. The headwater sites exhibited consistently a humified humic-like character
irrespective of the hydrological conditions, with conservative transport being
the main driver of DOM downstream evolution.

16. The sites from the middle reaches were found to respond to a more intri-
cate relationship between physical mixing and processing, due to the high
frequency of tributary inputs providing a variety of water types, from low to
highly polluted.

PART III

Chapter 7:Water balance in the middle reaches of La Tordera

During flood, high and low baseflow:

17. Most of the water inputs to the main stem of La Tordera come from the
natural drainage of the terrestrial catchment, mainly through the creeks of
Arbúcies and Santa Coloma.

18. The main stem discharge is the result of the sum of the previous water inputs
received upstream. This indicates a minor interaction between the river and
the underlying alluvial and groundwater aquifers.

19. Under these circumstances, the cumulative approach is useful to predict lon-
gitudinal changes in water and conservative solutes along the main stem.

Conversely, during summer drought:

20. Most of the water inputs to the main stem come from anthropogenic sources
(either WWTPs or industries). The contribution of these inputs may be
essential to maintain the flows in certain sections of the river.

21. The river exhibits important interactions with the underlying aquifers, linked
to the geo-tectonic structure of the physical environment. Because of that,
there is an important spatial heterogeneity of the hydrological behaviour of
the river, alternating between a gaining and a loosing character.

22. Despite the occurrence of a net infiltration of water over the whole length of
the river reach, there are some specific spots that have an effluent character,
located consistently with previous findings in the literature.
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23. Under these circumstances, a reach-by-reach approach has been found to be
necessary to predict longitudinal changes in water and conservative solutes
along the main stem, in order to take into account local water gains and
losses.

Chapter 8: Carbon and nitrogen mass balance: Linking DOC
and nitrate

24. Retention predominated for the dissolved nitrogen and organic carbon solutes.
However, the efficiencies of the net retentions in the river were different ac-
cording to the hydrological conditions: it was maximal during drought and
minimal during flood.

25. During flood, even though the processing efficiencies were the lowest among
hydrological conditions, in absolute terms it was the date in which the largest
amount of nitrogen and dissolved organic carbon (DOC) mass was retained
and released, respectively. This emphasizes the importance of such extreme
events, even if they last just for some few hours or days (as floods).

26. dissolved organic nitrogen (DON) had a distinct behaviour with respect to
dissolved inorganic nitrogen (DIN) and DOC, as it exhibited high net reten-
tions in all hydrological conditions, as well as an important spatial variability
in its processing.

27. In space, the retained mass consistently increased downstream in all hydro-
logical conditions. However, the main nitrogen solute removed in every survey
differed. From flood to drought, they corresponded to nitrate, DON and am-
monium.

28. In terms of removal efficiencies, spatial patterns were not clear and had an
important longitudinal variability.

29. In space, after the confluences with the WWTP inputs, there was a reduced
retention efficiency both for DOC and dissolved nitrogen.

Regarding the coupling between DOC and nitrate:

30. In La Tordera, the stoichiometrical relationship between DOC and nitrate
streamwater concentrations was consistent with that observed in the major
Earth aquatic systems, especially during baseflow conditions.

31. During flood, the general nonlinear negative trend was shifted to a linear
positive relationship.
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32. Results of the mass balance were consistent with the stoichiometric findings,
and showed that nitrate processing changed into higher retention efficiencies
at higher DOC:nitrate ratios. In this case, the drought period did not follow
the general trend and showed a weak relationship between nitrate processing
and DOC:nitrate stoichiometry.

33. Results emphasize the determinant role that hydrology plays in the definition
of longitudinal patterns of carbon and nitrogen biogeochemical processing, as
well as in the definition of its coupling.

Chapter 9: Downstream processing of DOM: changes in its reac-
tivity and composition

34. Hydrology is a key environmental factor that determines the transport and
reactivity of DOM in the studied Mediterranean river.

35. Whereas in terms of DOC and DON the river was found to behave as a pipe
during flood and high baseflow, and as a sink during drought, in terms of
fluorescence composition the river behaved as a pipe during flood, as a source
during baseflow, and as a sink during drought.

36. Even though a reactive transport of fluorescence DOM during flood could not
be assessed with enough confidence, there were evidences of some protein-like
depletions and humic-like generations during the riverine passage.

37. During baseflow conditions there were important generations of protein-like
components which triplicated (high-baseflow) and doubled (low-baseflow) the
inputs. Humic-like components were also generated, although at lower effi-
ciencies.

38. In drought conditions, all four fluorescence components exhibited retentions
along the river length, with the only exceptions of segments under the influence
of anthropogenic inputs, in which retentions were reduced or even inverted to
generations.

39. In space, during flood and baseflow DOM processing occurred in the final seg-
ments of the river reach. Contrastingly, during drought DOM reactivity took
place homogeneously along the river reach, except in the anthropogenically-
influenced segments.

40. In our field observations, the degree of DOM processing could not be predicted
from its initial characteristics (i.e. initial intensities and character in terms of
optical indices).
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41. Some of our findings support recent revisions of traditional views, providing
observations which are in line with studies reporting a dual role of bacteria
as both consumers and producers of fluorescence DOM and a recalcitrant
character of in-stream produced components.
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Evaluation of the capacity of
DOM optical variables to
quantify mixing processes

Introduction

One of the main challenges for unveiling the role of dissolved organic matter (DOM)
in rivers, is to understand its sources and fate. In this context, spectroscopic DOM
measurements have found their success, because of their ability to detect DOM
moieties from different sources in a DOM mixture, and to track them after mixing.
This fingerprinting capacity has been used and addressed in a number of studies,
aiming at tracking downstream the impact of sewage (Baker, 2001; Borisover et al.,
2011; Carstea et al., 2009), farm wastes (Bilal et al., 2010; Ruggiero et al., 2006;
Naden et al., 2010), the contribution of different flowpaths to the river discharge
during stormflow events (Fellman et al., 2009b; Hood et al., 2006; Nguyen et al.,
2010) or to discern an authochthonous versus allochthonous production of DOM
(Battin, 1998; McKnight et al., 2001). For that, a large variety of discrimination
indices have been used, like the Fluorescence Index (FI) (McKnight et al., 2001;
Carstea et al., 2009), the Humification Index (HIX) (Nguyen et al., 2010), the Spe-
cific Ultra-Violet Absorbance (SUVA) (Hood et al., 2006) and the intensity or ratio
between parallel factor analysis (PARAFAC) components (Fellman et al., 2009b;
Borisover et al., 2011), as well as between fluorescence components determined by
fluorescence regional integration (FRI) (Bilal et al., 2010).

Despite the numerous evidences that fluorescence measurements can serve as
a good tool to track DOM from different sources, most studies have remained at
a qualitatiave stage. Only few examples can be cited that tested the capabilities
of fluorescence metrics to quantify mixing processes at subtle levels, and, most of
them highlighted that their use should be critically examined (Yang and Hur, 2014).
In order for a variable to have good discrimination capabilities, it should follow a
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property balance principle; that is, it should exhibit a linear response at intermedi-
ate mixtures of two or more DOM sources. Some studies, like in Hur et al. (2006),
Korak et al. (2014) and Yang and Hur (2014) tested the discrimination capacity of
a several optical metrics using an end member validation approach was used. That
is, well-defined end-member samples were used to create intermediate artificial mix-
tures at known proportions in order to check the capacity of different indices to
predict their values for intermediate mixtures. Hur et al. (2006) evaluated a total
of 18 metrics corresponding to HPLC-SEC chromatograms, fluorescence and ab-
sorbance spectra. Yang and Hur (2014) tested the property balance of PARAFAC
components, absorption coefficients, spectral slopes, peak ratios, HIX and FI, and
Korak et al. (2014) tested the performance of fluorescence components determined
by visual peak-picking, as well as the FI index. Their work shows that not all the
variables are equally valid for predicting mixtures by mass-balance. Property bal-
ance was found to be well preserved for fluorescence components, either determined
by PARAFAC (Yang and Hur, 2014) or visual peak picking (Korak et al., 2014).
However, the discrimination capacity of indices based on spectral ratios showed a
variety of behaviours. Hur et al. (2006) observed a good property balance for SUVA
and a fulvic- to protein-like ratio, whereas FI and HIX have not been found to ex-
hibit a linear behaviour with respect to end-member mixing ratios (Hur et al., 2006;
Yang and Hur, 2014).

As self-organizing map (SOM) analysis is a novel approach to determine Excitation-
Emission Matrix (EEM) components, we consider it necessary to evaluate the be-
haviour of such components in mixing processes. Also, given that there are few
previous studies testing the discrimination capacity of optical indices, and that
there are some disparities in their results, we also test the performance of SUVA,
FI and HIX. For the SOM components, we used two methods to quantify them:
maximal fluorescence intensity, and regional integration. The former method sim-
ply takes the maximal fluorescence intensity of every component region, and follows
the traditional peak-picking approach; while the latter integrates the area under the
surface of every component region using a Riemann summation as described in Chen
et al. (2003). This will allow to compare the performance of the two quantification
methods in mass-balance calculations.

Objectives

The specific objectives of this appendix are:

• To test the source discrimination capacity of the fluorescence components
determined using Self-Organising Maps and correlation analysis (chapter 4).
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• To test the best quantification of SOM components in order to optimise their
discrimination capactiy: maximal intensity of regional integration.

• To test the property balance performance of other optical variables, namely
SUVA, FI HIX and Biological Index (BIX), in order to provide more experi-
ences to the scientific literature.

The results of this analysis will provide the basis to decide which variables are
suitable to be used in the DOM mass-balance study, chapters 9.

Procedures

In order to verify the linear relationship of an optical variable during DOM mixing
from different sources, we performed two artificial mixture banks. The first one
used as end-members a sample from the effluent of the waste water treatment plant
(WWTP) of Sant Celoni, and a pristine river water, corresponding to the creek
of Fuirosos. The second mixture bank used as end-members the same WWTP
effluent, with a slightly impacted river water, corresponding the creek of Pertegàs.
The WWTP of Sant Celoni and the creek of Pertegàs are located upstream of site
A3 (Figure 3.5), the creek of Fuirosos corresponds to site A6 (Figure 3.5).

End-member samples were collected in the field as described in section 3.3.
Every pair of end-members were mixed at proportions of 100:0, 99:1, 90:10, 70:30,
50:50, 30:70, 10:90, 1:99, 0:100; and after that, all mixtures were analysed for EEM
fluorescence, absorbance spectra and dissolved organic carbon (DOC) concentration
as described in section 3.3. Next, expected values at intermediate mixtures were
calculated according to standard mass-balance calculations:

Cpredicted =
C1 × V1 + C2 × V2

V1 + V2
(11.1)

where C corresponds to a spectral variable or index, C1 and C2 the values of the
spectral variable of each end-member and V1 and V2 the proportional volumes of
each end-member in the mixture. Finally, the expected values were compared with
the measured ones by linear regression.
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Results and discussion

EEM components

The EEMs of the end-members and some of the intermediate mixtures are shown
in Table 11.1. The EEM of Fuirosos exhibited two peaks centered at λex = 240 and
350 nm for λem=450. These correspond to peaks A and C (Coble, 1996), largely
reported for streams draining forested catchments (Hudson et al., 2007; Vazquez
et al., 2011). On the other hand, the end-member from Pertegàs had an additional
peak at λex, λem = 290, 420, closer to the coordinates previously identified as peak
M (Coble, 1996). This third peak lied near peak C with slightly higher intensity,
therefore confering a shoulder-like shape to peak C. Finally, the end-member from
the WWTP had a clearly distinct EEM shape. It showed 5 peaks, 3 of them centered
at λem = 425 nm and exciting at λex = 320, 270 and 240; whereas the other two
were centered at λem = 350 nm, exciting at λex = 285 and 240 nm. The first
three appeared at the lower emission range for humic-like substances, whereas the
latter two appeared to the coordinates attributed to tryptophan-like material. The
humic-like and the protein-like moieties appeared with similar intensity, what has
been identified as a typical feature of sewage DOM (Baker, 2001; Henderson et al.,
2009). Throughout the intermediate mixtures between the WWTP and Fuirosos or
Pertegàs, it can be seen that the characteristic shape of the WWTP was already
apparent at low proportions of this end-member.

In Table 11.2 there is a summary of the linear regression models between the
measured and the predicted values of the EEM components. In the first two groups
of rows appear the results for the EEM components determined by SOM. It is
noticeable that both types of quantification (i.e. maximal intensity or regional inte-
gration) have very high goodness-of-fit values (r2 > 0.9900) and mean % differences
lower than 10%. This indicates the good ability for both quantifications to predict
the composition of end-member EEM mixtures. Moreover, the slope remains near
1, indicating that there is no consistent pattern toward over- or underestimating
the predicted values with respect to the actual ones.

Despite the high performance of the SOM components under both types of
quantification, a closer look to the mean % differences between the predicted and
observed values, indicates that in the quantification using maximal intensity values,
the mean % differences are slightly higher than in the quantification using regional
integration. Such trend is statistically significant for the Pertegàs - WWTP mixtures
(t-test, p < 0.05). Therefore, regional integration would be preferable to picking the
maximal intensity of a SOM region, as it seems to be able to provide more accurate
predictions.
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Fuirosos - WWTP Pertegàs - WWTP

variable r2 slope
mean %
difference∗

r2 slope
mean %
difference∗

C1.vol 0.9970 0.974 7.80 0.9983 1.009 5.98
C2.vol 0.9966 0.963 7.97 0.9981 1.01 6.63
C3.vol 0.9986 0.985 2.36 0.9966 1.025 5.49
C4.vol 0.9987 0.998 1.9 0.9974 1.009 4.13

C1.int 0.9945 0.961 9.36 0.9973 0.999 5.92
C2.int 0.9965 0.959 6.83 0.9945 1.002 6.46
C3.int 0.9980 1.004 2.31 0.9699 1.044 9.9
C4.int 0.9943 1.016 5.83 0.9976 1.017 7.58

FI 0.9745 1.000 1.29 0.8236 0.921 3.89
HIX 0.4848 0.533 40.99 0.4891 0.561 46.54
BIX 0.5161 0.532 6.48 0.5592 0.637 7.98

SUVA 0.0355 1.066 6.09 0.1855 0.663 2.90

Table 11.2 – Summary of the linear model parameters for the different variables
evaluated. ∗ Percentage differences between the predicted and the measured values.

Among fluorescence components, the mean % difference between actual and pre-
dicted values remains similar for the four components in the intermediate mixtures
of Pertegàs : WWTP. However, in the intermediate mixtures of Fuirosos : WWTP,
the protein-like components (C1.vol and C2.vol, C1.int and C2.int) have a higher
% difference than their corresponding humic-like components. This is evident in
the two types of EEM components determination (maximal intensities and regional
integration), but slightly more accentuated with the components determined by
maximal intensity. This indicates that while the humic-like fraction behaves con-
sistently in a linearly additive way, the protein-like substances are more prone to
non-linearity additions in mixtures. In order to better understand this phenomena,
it is worth doing an attentive inspection of the expected versus the actual values
of the intermediate mixtures (Tables 11.3, 11.4 and 11.5). In there it can be seen
that those mixtures containing the highest proportions of river water with respect
to WWTP water (99:1 to 70:30), also have the highest mean % differences between
the actual and the predicted vaues. This is especially notorious for protein-like
components, which can have mean % differences up to 20 - 50 %. In contrast, di-
lutions from 50:50 to 1:99 (predominance of WWTP water) have very low mean %
differences (< 5%) indicating very accurate predictions in this range.

This asymetry over the range of mixing proportions could be attributable to the
large differences between the end-members. However, this asymetric response was
also evident in many of the variables evaluated by Hur et al. (2006), even though
they were working with two end-members of more similar nature (humic acids and
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fulvic acids, standards from the International Humic Substances Society (IHSS) and
Sigma-Aldrich respectively). According to that, this asymetry is more likely to be
independent of the original composition of the end-members, and more subject to
the behaviour of fluorescence to mixing processes.

Differentiated prediction capacity among SOM components

The high overall capacity of fluorescence components to predict the composition of
intermediate mixtures, implies the assumption that the EEM shape results from
the linear sum of independently fluorescing components. This is indeed one of the
main premises assumed in current DOM research methods, like PARAFAC, peak
picking and the fingerprinting approaches mentioned in the introduction.

However, in this study a further in-depth analysis of the mixing process showed
that the prediction accuracy was unequal at varying proportions of the end-members.
These observations, consistent with findings in Hur et al. (2006), may unveil the
occurrence of intramolecular electronic interactions, which may ultimately affect
the fluorescence of the bulk DOM mixture (Del Vecchio and Blough, 2004; Boyle
et al., 2009).

Whether the fluorescence of bulk DOM results from an non-interactive or inter-
active sum of individual components is currently a matter of debate (Murphy et al.,
2014). The role of electronic interactions such as intramolecular energy transfer,
spectral shifting and charge transfer have been evidenced in laboratory analyses
performed at very controlled chemical conditions (Del Vecchio and Blough, 2004;
Boyle et al., 2009; Ma et al., 2010). On the other hand, the non-interacting additive
approach has predominated in field-based research and has triggered substantial ad-
vances over the last decade (Fellman et al., 2010). In our results, the non-interactive
addition approach appears to have the main role, as it explains more than the 99%
of the data variability, Table. 11.2). However, the influence of non-interactive phe-
nomena may explain the subtle poorer predictions observed in certain end-member
proportions.

Spectral indices

In contrast with EEM components, the spectral indices exhibited a poor capacity
to predict the quality of DOM in intermediate mixtures. Out of the four studied
indicies, FI is the one which has the best linear adjust, with a high r2, a slope of
1 and a very low mean mean % difference (1.29, Table 11.2). The r2, though, is
slightly lower than those observed for EEM components (0.9745). This indicates
that, even though it shows a good linear additive behaviour, its behaviour in mass
balances should be interpreted in terms of trends, rather than for fine quantification
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purposes. The authors of the FI index themselves (McKnight et al., 2001) discourage
the use of this index to quantify the relative proportions of precursor end-members
of a given sample. They state that the quantitative use of FI is influenced by the
DOC concentration and the variation in fluorescence intensity per mg C of the
different fulvic acids. Korak et al. (2014) has found that FI behaves non-linearly
with end-member mixing ratios, and they attribute that to the fact that both the
emission at with peak C has its maximal intensity, as well as its curvature, vary
simultaneously. Because of that, the fluorescence intensities at the coordinates of
the numerator and the denominator used to calculate the FI change at different
rates and this causes the non-linearity behaviour along a mixing gradient. Because
of this reason, Yang and Hur (2014) found that all the metrics based on a spectral
ratio had a poor balance property, and this may also explain what we observe for
the rest of optical indices.

SUVA, like FI exhibited good prediction capability, observed from the low mean
% difference (6.09). However, the very low r2 reveals a lack of linear additivity over
the end-member mixtures. Interestingly, this contradicts the findings of Hur et al.
(2006), who found SUVA to be the best parameters performing linear additions.
In view of the above-mentioned reasoning, this disparity could be due to the fact
that in the set of mixtures used in Hur et al. (2006) the rate of change of DOC
concentration and the absorbance coefficent at 254 nm may be more moderate than
in our case.

HIX has no linear behaviour (r2 =0.4848 and 0.4891) and has extremely low
prediction capacity (mean % difference of 40.99 - 46.54). Therefore, in our study this
variable should be discarded to be used in mass-balance calculations. Similarly, BIX
also showed a poor linear additive character, with an r2 of 0.5161 and 0.5592 and
slopes near to 1, although the average percentage differences between the expected
and the observed values where not as high as for HIX. This poor source discriminant
behaviour is in line with the findings of Yang and Hur (2014) and may also be
explained by the fact that they are calculated as a ratio between two spectral regions
of different rates of change.

Conclusions

The specific findings of this annex include:

• EEM components were found to have a more robust linear additive behaviour
irrespective of their method of determination (maximal intensity or regional
integration). By contrast, the spectral indices, showed a weak (FI) or no
ability (HIX and SUVA) to predict values in mixtures.
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• Among spectral indices, FI was the only one that exhibited linear behaviour.
However, its weak linear fit discourages its use in mass-balance calculations.

• The SOM components determined by regional integration obtained the highest
accuracies in the linear models (r2 > 0.99, mean % difference < 5%). This
further underlines the potential of the use of the SOM analysis resolve EEMs
into meaningful components.

• By comparing between the four components, the protein-like fraction was
found to be more prone to non-linear additivity, despite a good overall linear
fit.
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Fuirosos : WWTP Pertegàs : WWTP
Measured Predicted Diff.(%) Measured Predicted Diff.(%)

C1.vol 100 : 0 2667 2667 n.a.(∗) 2100 2100 n.a.
99 : 1 4709 3137 33.3 3171 2557 19.3

90 : 10 8250 7372 10.6 5747 6667 16
70 : 30 14529 16782 15.5 17760 15800 11
50 : 50 24997 26193 4.7 25668 24933 2.8
30 : 70 34964 35603 1.8 34206 34066 0.4
10 : 90 44216 45013 1.8 44277 43198 2.4
1 : 99 48025 49248 2.5 48242 47308 1.9

0 : 100 49718 49718 n.a. 47765 47765 n.a.

C2.vol 100 : 0 3496 3496 n.a. 2270 2270 n.a.
99 : 1 6100 3973 34.8 3703 2738 26

90 : 10 9512 8267 13 6228 6953 11.6
70 : 30 15720 17808 13.2 18524 16319 11.9
50 : 50 26440 27350 3.4 26667 25686 3.6
30 : 70 36107 36892 2.1 35503 35052 1.2
10 : 90 45132 46434 2.8 45865 44418 3.1
1 : 99 49494 50728 2.4 49824 48633 2.3

0 : 100 51205 51205 n.a. 49102 49102 n.a.

C3.vol 100 : 0 12534 12534 n.a. 9408 9408 n.a.
99 : 1 13561 13077 3.5 8851 9999 12.9

90 : 10 18765 17966 4.2 12547 15322 22.1
70 : 30 26958 28829 6.9 25562 27150 6.2
50 : 50 38396 39693 3.3 41984 38979 7.1
30 : 70 50416 50556 0.2 50820 50807 0
10 : 90 60658 61420 1.2 63079 62635 0.7
1 : 99 65057 66309 1.9 67679 67958 0.4

0 : 100 66852 66852 n.a. 68550 68550 n.a.

C4.vol 100 : 0 7425 7425 n.a. 4474 4474 n.a.
99 : 1 7951 7766 2.3 4633 4843 4.5

90 : 10 10998 10833 1.5 6714 8160 21.5
70 : 30 16344 17649 7.9 17251 15532 9.9
50 : 50 23529 24466 3.9 22833 22904 0.3
30 : 70 31007 31282 0.8 30202 30277 0.2
10 : 90 37937 38098 0.4 37974 37649 0.8
1 : 99 41027 41166 0.3 40960 40966 0

0 : 100 41506 41506 n.a. 41335 41335 n.a.

Table 11.3 – Measured and predicted values calculated using mass balance (Eq.
11.1), for the SOM components determined by regional integration. (∗) n.a. stands
for not applicable.
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Fuirosos : WWTP Pertegàs : WWTP
Measured Predicted Diff.(%) Measured Predicted Diff.(%)

C1.int 100 : 0 0.127 0.127 n.a.(∗) 0.104 0.104 n.a.
99 : 1 0.292 0.147 49.7 0.152 0.123 19.3

90 : 10 0.370 0.322 12.8 0.264 0.295 11.7
70 : 30 0.634 0.713 12.4 0.763 0.677 11.2
50 : 50 1.050 1.103 5 1.154 1.059 8.2
30 : 70 1.469 1.493 1.6 1.458 1.441 1.1
10 : 90 1.868 1.883 0.8 1.850 1.823 1.4
1 : 99 2.019 2.059 1.9 2.003 1.995 0.4

0 : 100 2.078 2.078 n.a. 2.014 2.014 n.a.

C2.int 100 : 0 0.222 0.222 n.a. 0.150 0.150 n.a.
99 : 1 0.309 0.244 21.1 0.224 0.171 23.6

90 : 10 0.485 0.437 9.9 0.335 0.358 6.9
70 : 30 0.770 0.866 12.4 0.859 0.775 9.7
50 : 50 1.223 1.295 5.8 1.380 1.192 13.5
30 : 70 1.644 1.724 4.8 1.601 1.609 0.4
10 : 90 2.077 2.153 3.6 2.073 2.026 2.2
1 : 99 2.257 2.346 3.9 2.256 2.213 1.8

0 : 100 2.367 2.367 n.a. 2.234 2.234 n.a.

C3.int 100 : 0 0.584 0.584 n.a. 0.505 0.505 n.a.
99 : 1 0.590 0.607 2.8 0.385 0.529 37.4

90 : 10 0.809 0.811 0.2 0.595 0.741 24.6
70 : 30 1.151 1.263 9.7 1.189 1.213 2
50 : 50 1.642 1.716 4.5 2.169 1.685 22.3
30 : 70 2.099 2.169 3.3 2.191 2.157 1.5
10 : 90 2.617 2.622 0.1 2.651 2.629 0.8
1 : 99 2.818 2.825 0.2 2.827 2.841 0.5

0 : 100 2.848 2.848 n.a. 2.865 2.865 n.a.

C4.int 100 : 0 0.553 0.553 n.a. 0.367 0.367 n.a.
99 : 1 0.580 0.587 1.3 0.351 0.403 15

90 : 10 0.800 0.899 12.3 0.508 0.729 43.4
70 : 30 1.276 1.590 24.6 1.512 1.454 3.8
50 : 50 2.059 2.282 10.8 2.089 2.178 4.2
30 : 70 2.888 2.973 2.9 2.859 2.902 1.5
10 : 90 3.642 3.665 0.6 3.625 3.627 0
1 : 99 3.973 3.976 0 3.937 3.952 0.3

0 : 100 4.010 4.010 n.a. 3.989 3.989 n.a.

Table 11.4 – Measured and predicted values calculated using mass balance (Eq.
11.1), for the maximal intensity of the SOM components (∗) n.a. stands for not
applicable.
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Fuirosos : WWTP Pertegàs : WWTP
Measured Predicted Diff.(%) Measured Predicted Diff.(%)

FI 100 : 0 1.56 1.56 n.a.∗ 1.48 1.48 n.a.
99 : 1 1.55 1.57 0.9 1.49 1.49 0.2

90 : 10 1.63 1.6 1.6 1.64 1.53 6.6
70 : 30 1.72 1.68 2.4 1.83 1.62 11.6
50 : 50 1.82 1.76 3.1 1.88 1.71 8.9
30 : 70 1.89 1.84 2.6 1.91 1.8 5.6
10 : 90 1.94 1.92 0.7 1.92 1.89 1.8
1 : 99 1.95 1.96 0.3 1.93 1.93 0.3

0 : 100 1.96 1.96 n.a. 1.93 1.93 n.a.

HIX 100 : 0 17.64 17.64 n.a. 18.19 18.19 n.a.
99 : 1 8.7 17.53 101.4 10.57 18.08 71

90 : 10 9.67 16.52 70.8 8.79 17.05 93.9
70 : 30 8.66 14.28 64.7 7.7 14.77 91.6
50 : 50 6.95 12.03 73 6.91 12.49 80.7
30 : 70 6.72 9.79 45.7 6.69 10.21 52.7
10 : 90 6.66 7.55 13.2 6.43 7.93 23.2
1 : 99 6.55 6.54 0.1 6.53 6.91 5.8

0 : 100 6.42 6.42 n.a. 6.79 6.79 n.a.

SUVA 100 : 0 3.84 3.84 n.a. 3.74 3.74 n.a.
99 : 1 4.09 3.84 6 3.83 3.74 2.4

90 : 10 3.9 3.83 1.9 4.08 3.76 7.8
70 : 30 4.34 3.81 12.2 3.8 3.81 0.3
50 : 50 4.48 3.79 15.3 4.11 3.86 5.9
30 : 70 4.2 3.77 10.2 4.22 3.91 7.3
10 : 90 3.95 3.75 5.1 4.01 3.96 1.2
1 : 99 3.9 3.74 4.1 3.93 3.98 1.2

0 : 100 3.73 3.73 n.a. 3.98 3.98 n.a.

BIX 100 to 0 0.65 0.65 n.a. 0.64 0.64 n.a.
99 to 1 0.80 0.66 17.8 0.75 0.64 14.6

90 to 10 0.80 0.67 15.2 0.79 0.66 16.7
70 to 30 0.79 0.71 9.6 0.82 0.70 15.2
50 to 50 0.84 0.75 10.2 0.83 0.73 11.2
30 to 70 0.83 0.79 4.4 0.84 0.77 7.8
10 to 90 0.84 0.83 0.5 0.86 0.81 5
1 to 99 0.85 0.85 0.6 0.84 0.83 1.3

0 to 100 0.85 0.85 n.a. 0.83 0.83 n.a.

Table 11.5 – Measured and predicted values calculated using mass balance (Eq.
11.1), for spectral indices. ∗ n.a. stands for not applicable.
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el balanç h́ıdric., 2004.

Hang Vo-Minh Nguyen, Jin Hur, and Hyun-Sang Shin. Changes in Spectroscopic
and Molecular Weight Characteristics of Dissolved Organic Matter in a River
During a Storm Event. Water Air and Soil Pollution, 212(1-4):395–406, 2010.
ISSN 0049-6979. doi: 10.1007/s11270-010-0353-9.

H Ogawa, Y Amagai, I Koike, K Kaiser, and R Benner. Production of refractory
dissolved organic matter by bacteria. Science (New York, N.Y.), 292(5518):917–
20, May 2001. ISSN 0036-8075. doi: 10.1126/science.1057627. URL http://www.

ncbi.nlm.nih.gov/pubmed/11340202.
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