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Abstract

The potential for rivers to alter the flux of dissolved organic matter (DOM) from land to ocean is widely

accepted. Yet anticipating when and where rivers behave as active reactors vs. passive pipes of DOM stands

as a major knowledge gap in river biogeochemistry, resulting in uncertainties for global carbon models. Here,

we investigate the controls on in-stream DOM dynamics by evaluating changes in DOM concentration and

composition along several reaches of a medium-sized river network over one full hydrological year. Roughly

half of the observations over time and space showed active reactor conditions and, among these, similar pro-

portion of gains and losses was measured. High water residence times promoted the active over passive

behavior of the reaches, while DOM properties and nitrate availability determined whether they supplied or

removed DOM from the river. Among different DOM fractions, protein-like DOM both of terrestrial and

aquatic origin seemed to drive bulk DOM patterns. Our study emphasizes the role of water residence time as

a physical constraint for in-stream processes, and provides new insights into the key factors governing the

net balance between in-stream gains and losses of DOM in rivers.

The riverine flux of dissolved organic matter (DOM) from

terrestrial ecosystems to the ocean is a major component of

the global carbon cycle (Battin et al. 2009; Ciais et al. 2013).

Yet our ability to predict the fate of DOM relies on an accu-

rate comprehension of the in-stream biogeochemical pro-

cesses that supply and remove DOM from rivers. River

networks have been identified as active conduits through

which DOM can be not only transported but also produced,

buried in sediments, or mineralized and emitted to the

atmosphere (Cole et al. 2007; Aufdenkampe et al. 2011; Ray-

mond et al. 2013). Still, whereas relevant DOM processing

has been reported in some bioassays and field studies

(Mcdowell and Fisher 1976; Dawson et al. 2001; Guillemette

and del Giorgio 2011), many others have found limited evi-

dence of DOM alteration in rivers (Hanley et al. 2013; Kotha-

wala et al. 2015; Wollheim et al. 2015). Therefore,

unraveling the factors that promote in-stream processing of

DOM (i.e., removal and/or generation) vs. its passive trans-

port downstream is essential for a better understanding of

the role of rivers in DOM cycling.

Among possible factors, the time DOM spends in the

system has been usually invoked as a major constraint for

in-stream DOM processing in small to medium-sized river

networks (Temnerud et al. 2007; Ågren et al. 2014; Kothawala

et al. 2015). In fact, from a strictly physical point of view, the

ratio between reaction and transport timescales determine the

opportunity for in-stream processes to occur (Oldham et al.

2013). At the same time, the chemical composition of DOM

may influence its fate because reactivity can be highly

variable among DOM fractions (Cory and Kaplan 2012).
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In this sense, the measurement of DOM composition is

essential to understand bulk DOM patterns across rivers (Jaff�e

et al. 2008; Wollheim et al. 2015). Several other extrinsic

factors such as inorganic nutrient availability (Taylor and

Townsend 2010; Wickland et al. 2012), microbial community

composition (Arnosti 2003), ambient temperature (Raymond

and Bauer 2000), irradiance (Stubbins et al. 2010), and chemi-

cal interactions with dissolved metals (Sharp et al. 2006) may

also influence DOM processing. Therefore, both the distribu-

tion of residence times and the nature and kinetics of DOM

reactions have been suggested as key factors determining

when and where river networks are either passive conduits or

active reactors of DOM (Battin et al. 2008; Raymond et al.

2016). However, in spite of some experimental and modeling

studies focused on DOM processing (Dawson et al. 2001; Wor-

rall et al. 2006; Temnerud et al. 2007; Tiwari et al. 2014;

Palmer et al. 2016; Wollheim et al. 2015), the controls on the

in-stream dynamics of DOM remain unclear, hampered by

the complexity of tracing DOM changes under natural

conditions.

In this study, we examine the role of in-stream processes

on the net removal and generation of DOM, with a focus

on the physical and biogeochemical factors that promote

active DOM processing vs. passive transport. Using a reach-

scale approach, we traced changes in DOM concentration

and composition along several reaches of a medium-sized

river network over one full hydrological year. Changes in

DOM composition were assessed by optical spectroscopy

and used to disentangle the potential role of different sour-

ces on bulk DOM dynamics. Our main hypothesis was that

water residence time (RT) would be a key factor on

promoting active DOM processing over conservative trans-

port, modulated by the composition and origin of DOM.

Therefore, we predicted a positive relationship between RT

and the magnitude of DOM changes along the reaches, and

aquatic DOM sources to be more relevant for bulk dynamics

than terrestrial DOM.

Methods

Study site

We conducted this study in the Fluvi�a River, located in

the North-East of the Iberian Peninsula (Fig. 1). Fluvi�a’s

main stem is 97 km long, with a mean flow of 3.6 m3 s21 at

the basin outlet (data from 2004 to 2014; Catalan Water

Agency). Its river network drains a 990 km2 catchment cov-

ered by mixed forests (79%), agricultural (18%), and urban

(3%) areas. The catchment geology is mostly calcareous,

with some areas (< 15%) of siliceous materials (Cartographic

and Geological Institute of Catalonia 2006). Climate is typi-

cally Mediterranean, with air temperatures ranging from 68C

to 268C over the year and precipitation mainly occurring in

autumn and spring with an annual mean of 660 mm (data

from 2004 to 2014; Catalan Water Agency).

A set of 12 linear reaches were defined across the river

network, covering from headwaters to lowland reaches

(Fig. 1). All study reaches were chosen as to avoid point

sources or tributaries along the reach, and their length was

defined as a compromise between having water residence

time high enough to detect changes in DOM, and homoge-

neity of environmental conditions (i.e., canopy cover,

morphology, and subcatchment land use). Due to the

widespread abundance of small retention structures in
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Fig. 1. Map of the Fluvi�a river catchment, with all studied river reaches indicated by heavy black lines. Yellow solid circles indicate the upper and lower
ends of the reaches. The location coordinates of the study reaches are given in Supporting Information Table 1. The upper right panel shows the situation
of the catchment in South-Western Europe. The lower right panel shows enlarged views of some of the study areas for visual clarity. Red dashed lines rep-

resent weirs. Note that reach 5 is a weir-delimited reach with two inflows.
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Mediterranean river networks (Garc�ıa-Ruiz et al. 2011), we

purposely included four reaches (2, 5, 8 and 12 in Fig. 1

and Supporting Information Table 1) delimited by a small

weir in their lower end. The presence of such weirs pro-

moted an increase in residence time from an average of 8 h

in weir-free reaches to an average of 29 h in weir-delimited

reaches. A detailed morphometric and physicochemical

description of the selected reaches is shown in Supporting

Information Table 1.

Field and lab methods

Each reach was sampled 10 times during a hydrological

year (from November 2012 to November 2013), which was

characterized by a dry winter followed by rain storms in

spring and a summer drought. Most of the samplings were

done at base flow conditions, whereas two spring samplings

(27 March 2013 and 01 May 2013) coincided with high flow

periods. At each sampling, we collected stream water from

the upper and lower end of the reaches. Three replicate

water samples for dissolved organic carbon (DOC), chloride,

and dissolved nutrient concentrations (i.e., nitrite, nitrate,

and phosphate) were filtered in situ through pre-rinsed and

pre-combusted 0.7-lm filters and placed into 125 mL poly-

ethylene bottles. Water samples for DOM optical spectrosco-

py were collected in 11 mL polypropylene tubes after

filtering through pre-rinsed 0.2-lm nylon filters. All plastic-

ware was previously rinsed several times with filtered water

to avoid contamination. Samples were transported to the lab

in cool and dark conditions and kept in the fridge (48C in

the dark) until analysis. In addition, field probes were used

to measure water temperature, conductivity, pH, and dis-

solved oxygen.

DOC concentration was analyzed within 1 d of sample

collection by high-temperature catalytic oxidation on a Shi-

madzu TOC-V CSH analyzer (Shimadzu Corporation, Japan).

Analytical precision for DOC (0.04 mg C L21) was deter-

mined from the standard deviation of identical samples

reanalyzed. Dissolved chloride, nitrite, nitrate, and phos-

phate concentrations were analyzed by ionic chromatogra-

phy (IC5000, DIONEX, U.S.A.) with a relative standard

deviation at 1 ppm of 0.84%, 0.62%, 1.12%, and 1.18%,

respectively.

Excitation-Emission matrices (EEMs) were obtained using

a fluorescence spectrophotometer (F-7000, Hitachi, Japan)

with a 1-cm quartz cuvette. EEMs were collected by measur-

ing fluorescence intensity across the excitation range set

from 248 nm to 449 nm and the emission range set from

250 nm to 550 nm, both at 3 nm increments. All EEMs were

read in sample to reference signal ratio mode, and were cor-

rected for instrument-specific biases after calibrating the

instrument with Rhodamine B solution. EEMs were blank

subtracted using the EEM of Milli-Q water measured every

10 samples. Fluorescence spectra were then corrected for

inner filter effects using UV-visible absorbance spectra

measured on an Agilent 8453 spectrophotometer (Agilent

Technologies, Germany). The integral of the water Raman

scatter peak at excitation 350 nm was used for EEMs intensi-

ty calibration into Raman Units (RU; Lawaetz and Stedmon

2009).

Water residence time

We estimated the water residence time (RT) of the reaches

at each sampling date by combining discharge measure-

ments and river morphology data. We measured discharge at

both ends of the reach with an acoustic Doppler velocity

meter (Flow Tracker, YSI, U.S.A.). Then, the average water

velocity along the entire reach was calculated using the

hydraulic modeling software HecRas 2.2 (US Army Corps of

Engineers), which was fed with the measured discharge and

the cross-sectional morphology of the reach measured every

ca. 100 m (data provided by the Catalan Water Agency). The

RT of the reach at each sampling date was then calculated

by dividing the reach length by the average water velocity

along the reach. Since there were only few cross-sections

available for the weir-delimited reaches, the RT in these sys-

tems was calculated by dividing the volume (calculated from

digitized bathymetric maps) by the measured discharge.

Data analysis

In-stream processing of DOM

We used the river reach as the fundamental unit to evalu-

ate in-stream DOM dynamics across the river network. The

net change in DOC concentration (DDOC; mg C L21) at

each reach and sampling time was calculated as the differ-

ence between the down and upstream DOC concentrations.

Hence, positive values indicate DOC net gain, whereas nega-

tive values indicate DOC net loss. This approach does not

allow us to recognize the specific in-stream biotic and abiotic

processes responsible for the observed net DOC changes.

Thus, DOC gains include algal DOC production and release

from particulate detritus, whereas DOC losses include biolog-

ical and photochemical mineralization as well as flocculation

and sedimentation processes.

A fundamental assumption in our calculations is that the

study reaches were well-mixed systems in steady state during

sampling, and that no major lateral inputs influenced the

measured DOM variations. We used chloride as a conserva-

tive tracer to identify observations potentially influenced by

unmeasured lateral inputs (e.g., groundwater, uncontrolled

point sources). Observations showing chloride concentration

variations higher than 5% between the up and downstream

ends of a reach were considered likely to receive significant

lateral inputs, and were therefore discarded for subsequent

analyses. Following this criterion, we discarded 46 out of 120

observations. All data reported in descriptive tables and

throughout the text refer to the dataset after removing these

observations.

Given that the analytical precision of DOC measurements

was 0.04 mg C L21 and that the error of a subtraction
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propagates as the root of the sum of the squared error of the

terms, any absolute variation in DOC below 0.06 mg C L21

could not be considered different from zero. Therefore,

observations with an absolute value of DDOC below 0.06 mg

C L21 are hereafter referred to as passive pipes, whereas those

above it are referred to as reactors. Note however that we do

not use the term passive pipe to refer to the total absence

but to extremely low processing of DOM (it is indeed diffi-

cult to imagine any natural river reach without some DOM

transformations, just those that are below the detection limit

of the analytical approach, or that have equally balanced

generation and degradation).

To calculate DOC net change rates (mg C m23 h21) we

divided DDOC by the RT of the corresponding reach and

sampling date. Same calculations were applied to the intensi-

ty of the six fluorescence components (see next section) in

order to evaluate the in-stream gains and losses of different

DOM fractions.

Optical indices and PARAFAC modeling

Parallel Factor Analysis (PARAFAC) was applied to decom-

pose EEMs into underlying fluorescence components follow-

ing the description by Stedmon and Bro (2008). The model

included a total of 250 samples, 130 of which were collected

at other locations within the same river network and includ-

ed to increase the power of the analysis. Rayleigh scatter was

replaced by a band of missing data prior to analysis. Poten-

tial model outliers were evaluated by examining residuals

and leverage of each sample, and five samples were removed.

The number of components best describing the dataset was

initially assessed by checking randomness of residuals and

visually examining the spectral shape of components. Then,

the model was validated through split-half analysis and ran-

dom initialization with 15 iterations. A six-component mod-

el was finally found to provide a robust description of the

DOM fluorescence across our dataset. The position and spec-

tral shape for the six components (referred as C1–C6

throughout the main text) are shown in Supporting Informa-

tion Table 2 and Supporting Information Fig. 2, respectively.

All PARAFAC steps were run in MATLAB 2012a (MathWorks,

Massachusetts, U.S.A.) using the DOMFluor toolbox (Sted-

mon and Bro 2008). The modeled components were then

compared to previous studies available in the OpenFluor

database (Murphy et al. 2014).

Four humic-like (C1–C4) and two protein-like (C5 and

C6) fluorescence components were identified across our data-

set, with C2, C3, C4, and C5 being among the most com-

monly observed components in aquatic ecosystems (Murphy

et al. 2014). C1 and C2 are located in the fluorescence region

that usually define the ubiquitous humic-like Peaks C and A

(Coble 1996), respectively, and are related to high molecular

weight humic substances of terrestrial origin (Fellman et al.

2010). C4 is similar to Peak M, which have been previously

associated to low molecular-weight, humic-like substances

both of terrestrial and aquatic origin. C3, the most red-

shifted component in our study, has been previously related

to terrestrial humic-like DOM in tropical and boreal systems

(Stedmon and Markager 2005; Yamashita et al. 2010).

Protein-like C5 and C6 spectra resemble those of tryptophan

and phenylalanine free amino acids, respectively, and have

been classified as originating from microbial DOM sources

(Fellman et al. 2010).

In addition to PARAFAC modeling, we also calculated sev-

eral optical indices that provide information about the ori-

gin of DOM as well as its aromaticity and degree of

humification. The humification index (HIX; unitless) was

calculated as the ratio between the peak area under the fluo-

rescence emission spectra 435–480 nm and 300–345 nm, at

an excitation wavelength of 254 nm (Zsolnay et al. 1999).

HIX values increase with the extent of DOM humification.

The biological index (BIX; unitless) was calculated by divid-

ing the fluorescence intensity emitted at 380 nm by that at

430 nm for an excitation of 310 nm (Huguet et al. 2009),

with higher BIX values corresponding to a higher autochtho-

nous character and to the presence of freshly released DOM

(Huguet et al. 2009; Wilson and Xenopoulos 2009). From

the absorbance spectra, we calculated the specific UV absor-

bance at 254 nm (SUVA254; L mg C21 m21), an indicator of

aromatic carbon content (Weishaar et al. 2003), by dividing

sample absorbance at 254 nm by DOC concentration and

cell length. Finally, we also calculated the slope of the absor-

bance spectra between 275 nm and 295 nm, which has been

inversely related to DOM average molecular weight (Helms

et al. 2008).

Statistics

In order to identify the factors determining when a river

reach behaved either as a pipe or a reactor, a two-level cate-

gorical factor was regressed against biogeochemical and

hydrological variables using stepwise multiple regression

analysis on a binary response (referred as “binomial multiple

regression” throughout the main text). Also, a stepwise mul-

tiple linear regression was used to identify which variables

better explained DDOC. All hydrological, physicochemical

and DOM compositional variables described above were

included as explanatory variables in both analyses. Except

for RT that relates to the whole reach, all variables used as

explanatory referred to the upstream end as a representation

of the reach initial conditions. Explanatory variables were

log-transformed when necessary to avoid skewed distribu-

tions, and checked for colinearity before modeling. Since our

dataset included multiple sampling sites and repeated meas-

urements on the same reach, we first evaluated the full mod-

el performance before and after introducing spatial and

temporal error terms using R packages nlme (Pinheiro et al.

2016), lme4 (Bates et al. 2015), and gstat (Pebesma 2004).

Given there was no improvement in terms of Akaike Infor-

mation Criterion (AIC) reduction, we kept the simplest
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model (i.e., without error terms) for the subsequent stepwise

procedure. Optimal models selection was done by backward

elimination based on AIC. In the case of the multiple linear

regression, normality of residuals and homocedasticity were

checked by examining the residuals of the model. The level

of significance was set to 0.05.

To further explore the role of RT in the dynamics of DOM

processing, the rates of net change in DOC were compared

with the water residence time of the reaches. As there is a

common variable (RT) in the comparison, this relationship

might embed a spurious mathematical component. Never-

theless, the dispersion of the common variable to its mean is

fourfold smaller than the dispersion of the unique variable

of the ratio, so relating these variables still provides valuable

information (Kenney 1991). In any case, to keep in mind

this potential artifact in our interpretations, we display a ref-

erence for this mathematical effect in figures.

Spearman’s correlation analysis was used to assess rela-

tionships between continuous variable pairs. A Sequential

Bonferroni correction was used to reduce the probability of

Type I errors in multiple pairwise correlations (Quinn and

Keough 2002). All statistical analyses were performed in R

3.1.3 (R Core Team 2015).

Results

DOC concentration ranged from 0.38 mg C L21 to

4.64 mg C L21 across all the reaches and sampling dates,

with a mean and median value of 1.34 mg C L21 and

1.23 mg C L21, respectively. SUVA254, a compositional index

positively related with aromaticity (Weishaar et al. 2003),

varied across the river network and over time (0.95 – 4.30 L

mg C21 m21), indicating a highly variable and heteroge-

neous DOM composition in our dataset. This was also indi-

cated by a wide range of HIX and BIX values (0.3 – 10.4 and

0.55 – 0.93, respectively; Huguet et al. 2009). A negative cor-

relation between SUVA254 and RT was found (rs 5 20.28,

p 5 0.021, n 5 74). In contrast, BIX values increased with RT

(rs 5 0.31, p 5 0.007, n 5 74), together indicating a tendency

toward fresher and less aromatic DOM with higher RT.

The net change in DOC along the reaches was generally

low, with DDOC values showing a median value of 0.00 mg

C L21 and an interquartile range of 20.07 mg C L21 to

0.06 mg C L21 (Fig. 2a). Of the whole dataset (n 5 74), 51%

of observations had an absolute DDOC above the threshold

for considering DOC variations (0.06 mg C L21; see Methods

section) and, among these, 47% were positive (i.e., DOM net

gain), and 53% were negative (i.e., DOM net loss; Fig. 2a and

Supporting Information Fig. 1). No evident patterns in

DDOC were observed across space or time (Supporting Infor-

mation Figs. 2 and 3). However, there was slightly less DOM

processing during the two high flow events of 27th March

and 1st May, as indicated by very low dispersion of the

DDOC values around zero (Supporting Information Fig. 3).

In agreement with our prediction, a positive relationship

was found between the absolute value of DDOC and RT

across the whole dataset (rs 5 0.39, p<0.001, n 5 74). Accord-

ingly, low RT observations were mostly identified as pipes,

while the proportion of reactors increased with RT (Fig. 2).

Fig. 2. In-stream dynamics of bulk DOM across the gradient of resi-
dence times measured in this study. (a) Relationship between the net

change in dissolved organic carbon (DDOC) and the residence time of
the reaches. (b) Relationship between the rate of DDOC and the water
residence time of the reaches. In both panels positive values indicate net

gain, while negative values indicate net loss. Red shaded area represents
theoretical values of DDOC below the criterion for non-significance

(0.06 mg C L21, See Methods section for details). Thus, data points
inside this region (gray symbols) correspond to pipe observations,
whereas black symbols correspond to reactors. All observations across

space and time are included. Note that in (a), point at coordinates
(13.5, –2.56) was excluded for visual clarity.
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Indeed, all observations with RT above � 18 h behaved as

reactors. DDOC was also negatively correlated with inflowing

DOC (rs 5 20.60, p<0.001, n 5 74). The rates of net DOC

change ranged from 2189 mg C m23 h21 to 164 mg C m23

h21, with a median and interquartile range of 21 and 225

to 14 mg C m23 h21, respectively (Fig. 2b). In the case of

reactors, net rates showed a non-linear trend towards zero

along the RT axis, that is, the rates of net generation and net

removal of DOM declined as RT increased (black symbols in

Fig. 2b).

In contrast to bulk DOM, we found higher frequency of

fluorescence losses than gains, with 64% of the observations

showing a decrease in total fluorescence. Components C1,

C3, and C4 showed almost identical dynamics, as indicated

by the high correlation between their net fluorescence inten-

sity changes (Supporting Information Fig. 4). Conversely,

C2, C5 and particularly C6 showed lower correlation each

with the rest of the components. The rates of removal and

production of the fluorescence components showed a similar

pattern than those of bulk DOM, approaching zero with

increasing RT. However, there were conspicuous differences

between the six components (Fig. 3). Humic-like compo-

nents (C1–C4) behaved similarly and showed very small net

rates of change along the RT axis, indicating limited in-

stream loss and generation. In contrast, protein-like C5 and

C6 appear to be the most reactive fractions, showing the

highest in-stream retention rates. Only protein-like C6

showed marked in-stream generation (i.e., positive net

change), suggesting an autochthonous origin.

The binomial multiple regression analysis indicated that

high RT increased the probability for a reach to be a reactor

over a pipe (Table 1). Then, the multiple linear regression

revealed that RT, DOC, nitrate, and BIX were the variables

most influencing the net change in DOC, explaining up to

75% of DDOC variance (Table 2; Fig. 4).

Discussion

The net in-stream variation of DOC along the study

reaches was generally low, with almost half of the observa-

tions suggesting conservative DOM transport. Such small

variations are in agreement with similar studies conducted

in boreal (Temnerud et al. 2007) and temperate (Palmer

et al. 2016) catchments, where in-stream variations in DOC

Fig. 3. Relationship between the rate of net change in fluorescence
intensity (DComponent rate) for each PARAFAC component (C1–C6)
and the water residence time of the reach. Positive values indicate net

gain; negative values indicate net loss. Color lines are the non-
parametric 10th and 90th percentile regression for each component, as a

representation of the distribution of the data. Note overlapping of some
of the lines (e.g., 90th percentile line of C3 is hidden from view). Gray
circles are the rates calculated for each component and included for ref-

erence. Red shaded area represents theoretical values of net change in
fluorescence intensity below the criterion for non-significance (0.004 RU;
based on repeated measures on the same sample). All observations

across space and time are included.

Table 1. Binomial multiple regression on the reactor vs. pipe
behavior of the study reaches (n 5 74). Coefficient indicates the
increment in the log-odds-ratio corresponding to an increment
of one unit for each explanatory variable. That is, positive coeffi-
cients indicate an increase in the odds of behaving as a reactor
over a passive pipe.

Variable Coefficient Standard error z p

log10RT 2.157 0.702 3.074 0.0021

DOC 0.890 0.522 1.706 0.0879

Temp 0.089 0.052 1.728 0.0839

log10RT, logarithm of water residence time; DOC, dissolved organic car-
bon; Temp, water temperature.

Note- Variables shown are those included in the final model after the
stepwise procedure based on the Akaike Information Criterion (see
Methods for further details). Note that some of the included variables

showed a slope that did not significantly differ from zero.

Table 2. Linear multiple regression on the net change in dis-
solved organic carbon (DDOC).

Variable Coefficient Standard error t p

log10RT 20.133 0.035 23.77 <0.001

DOC 20.327 0.027 212.08 <0.001

NO3 0.075 0.012 6.26 <0.001

BIX 20.804 0.238 23.37 0.001

Intercept 5 0.970 6 0.190; R2 5 0.75; F-statistic 5 49.49; p<0.001;
n 5 74.

log10RT, logarithm of the water residence time; DOC, dissolved organic
carbon; NO3, nitrate; BIX, biological index.

Note- Shown are only the significant variables among those included in
the final model after the stepwise procedure based on the Akaike Infor-
mation Criterion (see Methods for further details).
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were detected only at confluences due to sudden changes in

water chemistry. Interestingly, only few studies have

reported net gains of DOM across river networks, and those

that have indicate low magnitude and frequency (Dawson

et al. 2001; Temnerud et al. 2007; Palmer et al. 2016). Con-

trastingly, we found similar frequency for gains and losses,

and the generation of DOM (1 – 164 mg C m23 h21) was

comparable to its removal (2189 to 25 mg C m23 h21), sug-

gesting in-stream losses might be compensated by gains at

the catchment scale, at least at base flow conditions.

Our results indicate that RT was determinant on whether

a reach behaved as a pipe or a reactor (Table 1), with high

RT promoting active processing of DOM over passive trans-

port downstream. This result confirms that RT exerts physi-

cal constraint on the opportunity for DOM to either react or

be produced, which is further supported by the positive rela-

tionship between DDOC and RT. Interestingly, we found

reactor conditions at very short RT (e.g., 2 h), and an upper

boundary for pipe conditions at RT of ca. 18 h. This indi-

cates that DOM dynamics can be influenced by in-stream

processes acting at very short time scales (hours), which is

consistent with daily variations in DOM concentration and

composition reported elsewhere (Kaplan and Bott 1982;

Spencer et al. 2007; Parker et al. 2010).

Since the distribution of RTs in a river network is tightly

modulated by hydrology, in-stream DOM dynamics might be

subject to strong temporal variability. In our case we did not

find a marked temporal pattern, which is not surprising con-

sidering most samplings were done at base flow conditions.

However, from our results one can expect that river networks

will tend to behave as reactors during low flow periods, when

the network RT is high. On the contrary, even though our

dataset does not cover much of high flows, our results point

towards a passive role of river networks during high flow peri-

ods and flooding events. This would be indeed in agreement

with the Pulse-Shunt Concept (Raymond et al. 2016), which

identifies extreme hydrologic events as moments of low in-

stream processing although of high relevance due to the

export of large amounts of labile DOM to the ocean.

Besides RT, the multiple regression analysis indicated that

DOC, BIX and nitrate concentration influenced DDOC (Table

2). The negative effect of DOC on DDOC indicates that high

DOM concentrations enhanced its in-stream net loss. This is

in agreement with DOM decaying according to first-order

kinetics (Olson 1963), which would imply higher DOM deg-

radation in reaches showing higher DOC. It is worth noting,

however, that given the low range of DOC measured in our

study (Supporting Information Table 1) we cannot extrapo-

late this result to other catchments with much higher DOC.

For example, many studies in high DOC systems such as

those influenced by wetlands have reported passive transport

of DOM even though RT was high (e.g., Kothawala et al.

2015; RT up to 2 d), suggesting that other factors rather than

DOC quantity and RT must play a role. Indeed, our results

indicate that DOM composition and nutrient availability

also influenced the net balance between gains and losses.

We found a negative statistical effect of BIX on DDOC (Table

2), implying that the higher the BIX the higher the removal

of DOM. Higher BIX values have been usually related to

autochthonous DOM (Huguet et al. 2009; Wilson and Xeno-

poulos 2009), and recent advances on the molecular charac-

terization of DOM have accordingly associated BIX with

small-sized, highly unsaturated organic compounds derived

from aquatic DOM sources (Kellerman et al. 2015). There-

fore, the removal of DOM from the river was favored by the

presence of in-stream produced and lowly altered DOM,

which is supported by the fact that autochthonous compo-

nent C6 showed the highest removal rates in terms of fluo-

rescence intensity (Fig. 3). On the contrary, nitrate

concentrations had a positive statistical effect on DDOC, pro-

moting net DOM gains along the reaches. It is well known

that nutrient availability favors gross primary production in

rivers, with algal growth rates responding to nutrient con-

centration following a Monod kinetics (Borchardt 1996).

Hence, we suggest that reaches receiving higher inputs of

nitrate were more likely to show relevant production of pho-

tosynthates, becoming net exporters of highly reactive DOM

to downstream reaches.

Interestingly, the net rates of DOM removal and generation

approached zero as RT increased (Fig. 2b). In the case of DOM

removal, a slowing down in the organic matter decay with

increasing RT has already been observed along the land to

ocean aquatic continuum (Catal�an et al. 2016). At such a glob-

al scale, this pattern seems to result from a gradual loss of the

most reactive components of DOM as it passes through inland

Fig. 4. Predicted relative to observed net change in dissolved organic
carbon (DDOC). The 1 : 1 line is included for reference. The summary of
the model is shown in Table 2.
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waters, suggesting that intrinsic DOM properties control

decay rates (Catal�an et al. 2016), and thus DOM persistence in

aquatic systems (Kellerman et al. 2015). At the short timescale

we focus, however, the significant correlations between RT

and both BIX (rs 5 0.31, p 5 0.007, n 5 74) and SUVA254

(rs 5 20.28, p 5 0.021, n 5 74) do not support a decrease in bio-

reactivity as a plausible explanation for the observed trend.

Therefore, given the symmetrical relationship between RT and

the rates of DOM loss and generation (Fig. 2b), we hypothesize

that this pattern is the result of catabolic and anabolic reac-

tions balancing each other at high RT. If this holds true, we

might expect a shift in the composition of DOM towards a

more autochthonous character along those reaches with high

RT, because DOM degradation should be compensated by

aquatic DOM sources. Accordingly, using 18 h as an arbitrary

threshold for DOM processing as RT increases, we observed a

decrease in the most bioreactive terrestrial component (C5)

coupled with an increase in autochthonous component C6 at

high RT (Supporting Information Fig. 5). Therefore, whereas

DOM processing at low RT may be constrained by time, higher

RT would facilitate the co-occurrence of opposite reactions

(e.g., primary production vs. heterotrophic respiration),

resulting in lower net DOM variations than expected from sin-

gle processes.

Results reported here provide insight into the role of riv-

ers in the carbon cycle, as we identified the main factors

determining in-stream DOM processing on its way from

land to ocean. In particular, our finding that high RT

increases the odds for river reaches to behave as reactors

provides field-based evidence of the influence of hydrology

on the biophysical opportunity for DOM to react (Battin

et al. 2008; Raymond et al. 2016). However, our study builds

up the binary concept of rivers as passive pipes vs. active

reactors by including the alternation of DOM removal and

generation conditions. Going a step further, we found that

while RT determines the opportunity for in-stream reac-

tions, DOM properties and nitrate availability control the

net balance between removal and generation processes. We

acknowledge that our small spatial representation precludes

any direct extrapolation of our findings to regions other

than Mediterranean climate latitudes. Nonetheless, results

presented here may serve as a template for further under-

standing the complex role of in-stream reactions on the fate

of riverine DOM. As a final corollary, our study stresses the

relevance of in-stream DOM production on river carbon

fluxes, which is often overlooked in current models despite

it may support microbial respiration and energy flow across

trophic levels in freshwaters (Thorp and Delong 2002;

Hotchkiss and Hall 2015).
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