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Abstract

In this study, dissolved organic carbon (DOC) data and optical properties (absorbance and
fluorescence) of DOM, weekly collected in the Arno River for 2 years, are used to investigate the
main processes determining DOM temporal dynamics in a small Mediterranean river, with torrential
hydrology and medium-high human impact, and to quantify the contribution of this river to Med Sea
carbon budget. A clear seasonal cycle of DOM, with DOC values ranging between 170 and 490 uM,
was observed. Optical properties indicates that DOM quality in the river is different depending on the
season; terrestrial humic-like substances prevail in winter, when discharge and floods are the main
drivers of DOM concentration and quality, whereas autochthonous protein-like substances prevail in
spring and summer, when biological processes dominate.

Our results provide a robust estimate of the DOC flux to the Med Sea (9.6-10° g DOC yr?) and
of its range of variability (12.95-10° - 5.12-10° g DOC yr?). The 80% of this flux was generally
delivered during autumn/winter with significant amounts ascribed to single flood events (up to 26%
in 2014).

This study, by providing a rich dataset on water quantity and quality and by quantifying the
importance of the hydrological regime on DOC transport, represents an important step toward a

quantitative modeling of the Arno River.
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1. Introduction

The importance of riverine dissolved organic matter (DOM) in the marine ecosystem is widely
recognized, being the primary source of reduced carbon to the coastal environment (Raymond and
Spencer, 2015), controlling the functioning of the microbial food web (Crump et al., 2009) and the
bioavailability of metals and other toxic compounds (Aiken et al., 2011). In rivers, DOM dynamics
is determined by the interactions between the biological processes (biosphere), the inputs from the
land (lithosphere), the weather and atmospheric inputs (atmosphere) and human activities
(antroposphere), as well by physico-chemical modifications within the river itself. Riverine DOM
originates from autochthonous (phytoplankton, aquatic plants, heterotrophs) and allochthonous (soil
leaching, rocks weathering, atmospheric inputs) sources, as well as by anthropic activities (industries,
wastewaters, intense agriculture and breeding farms) (Del Giorgio and Pace, 2008; Elliott et al., 2006;
Fasching et al., 2014; Fisher et al., 2004; Griffith and Raymond, 2011). Before reaching the coastal
area, DOM undergoes several modifications due to photodegradation (Meng et al., 2013; Opsahl and
Benner, 1998; Shiller et al., 2006; Xie et al., 2004), flocculation (Asmala et al., 2014), and/or removal
and transformation by heterotrophs (Fasching et al., 2014; Findlay, 2010; Retelletti Brogi et al.,
2015). These processes determine the dynamics of DOM in the rivers and have a strong impact on
the quantity and quality of DOM reaching the sea and therefore on the release and/or sequestration
of CO- at the river mouth (Battin et al., 2008; Bianchi et al., 2013). In the last decades, a big effort
has been done in order to characterize riverine DOM (Nebbioso and Piccolo, 2013; Sleighter and
Hatcher, 2008; Spencer et al., 2012; Ward et al., 2013) and to estimate global riverine carbon fluxes
(Cauwet, 2002; Dai et al., 2012; Ludwig and Probst, 1996). Many studies focused on the impact of
floods and extreme events (Bianchi et al., 2013; Hitchcock and Mitrovic, 2015; Raymond et al., 2016;
Wagner et al., 2019; Zuijdgeest et al., 2016) because of the expected increase of such events due to
climate change and the impact they have on the global carbon cycle (Reichstein et al., 2013; Yi et al.,
2015).

In the Mediterranean Sea (Med Sea), the riverine contribution to the total DOM pool is expected
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to be particularly relevant because of its long coastline (46 - 10° km), high population density along
the coasts, and its small size. However, when the riverine dissolved organic carbon (DOC) fluxes are
divided by the total water volume of the Med Sea, the estimated flux (0.17 —0.19 - 10° g DOC yr*
Km) (Santinelli, 2015) is comparable to values estimated for the oceans (0.14 — 0.18 - 106 g DOC
yr! Km?3) (Cauwet, 2002; Dai et al., 2012). Only a few studies report DOM dynamics in
Mediterranean rivers (Berto et al., 2010; Butturini et al., 2016; Gomez-Gutiérrez et al., 2006; Gonnelli
et al., 2013; Kaiser et al., 2004; Louis et al., 2009; Panagiotopoulos et al., 2012; Para et al., 2010;
Pettine et al., 1998; Retelletti Brogi et al., 2015; Sempéreé et al., 2000; Vignudelli et al., 2004); among
these, only 5 studied DOM temporal variability in the Po, Rhone, and Tagliamento rivers (Berto et
al., 2010; Kaiser et al., 2004; Panagiotopoulos et al., 2012; Pettine et al., 1998; Sempéré et al., 2000).
These studies focused mostly on DOC concentration, whereas, to the best of the author’s knowledge,
there is no study reporting temporal variability of DOM quality in any Mediterranean river.

The optical properties (absorption and fluorescence) of the chromophoric and fluorescent
fractions of DOM (CDOM and FDOM) can track changes in DOM quality by providing information
on its main sources, redox state, biological reactivity and molecular weight (Fellman et al., 2010;
Miller et al., 2009; Mladenov et al., 2008; Weishaar et al., 2003). Being rapid, cheap and requiring
minor sample pre-treatment (only filtration), these techniques allow for extensive sampling programs
(Jaffé et al., 2008), helping in the identification of the main processes driving DOM variability.

This study aims at investigating the main processes affecting DOM temporal dynamics in the
lower part of the Arno River before mixing with the seawater, and to give a robust estimate of the
contribution of Arno River to DOC fluxes to the Med Sea.

Considering the total Mediterranean Sea water discharge budget (van Apeldoorn and
Bouwman, 2012), only 5 rivers have a discharge higher than 300 m® sec™ (41% of the total discharge),
10 rivers have a medium discharge (150-300 m? sec?, that is 16% of the total) and 87 rivers are small
(discharge 15-150 m® sec?, that is 29% of the total) as the Arno River (86 m3 sec?). The Arno river

is characterized by a typical torrential hydrological regime as indicated by the high annual variability
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in discharge and frequent flooding during high rain periods (Caporali et al., 2005; Regional
Hydrological Service database, www.sir.toscana.it). It features high DOC concentration (Retelletti
Brogi et al., 2015; Santinelli, 2015), due to the medium-high anthropic impact along its course. As a
matter of fact, according to the EU statistics (EU statistics, 2015), the Tuscany region has a higher
values of artificial land cover (40.3%) with respect to the EU28 average (36.3%). In this study, the
Arno River was therefore considered as a case study for DOM dynamics in small Mediterranean

rivers with torrential hydrology and medium-high human impact.

2. Methods
2.1 Characterization of the study area

The Arno River rises within the Mt. Falterona (1358 m above sea level) in the northern
Apennines and reaches the Tyrrhenian Sea, covering a total length of 241 km with an average
elevation of 353 m above sea level and an average discharge of 82.44 m3 sec™. With a drainage basin
of 8228 Km? it is the 5 Italian river for basin extension. The basin is mostly characterized by hilly
area (> 70%, Fig. S1). Most of the geological formations (> 95%) are characterized by low
permeability (i.e. clay, marl, schist, sandstones) making the discharge influenced mostly by the
precipitations, detailed information on the river lithology and mineralogy can be found in Cortecci et
al. (2009) and Dinelli et al. (2005). The basin is located in the temperate climatic zone, with
temperature gradually increasing between January and July/August and gradually decreasing
afterwards until the end of the year. Between January and May there are regular and abundant
rainfalls, whereas heavy rainfalls are unevenly distributed between October and December (Arno

River Basin Authority, www.adbarno.it, accessed on 27.03.2020) . Along its course, the Arno River

flows through several cities, the biggest being Arezzo, Firenze and Pisa (approximately 99.5, 379.5
and 90.5 thousand inhabitants, respectively). It is also affected by several human activities such as
large agricultural sites, covering 50% of the basin area (Fig. 1), and industries such as paper-mills,

tanneries, textile industries and electrochemical plants (Cortecci et al., 2009).
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2.2 Sampling site and samples collection

Water samples were weekly collected in the morning (between 9:00 a.m. and 1:00 p.m), from
January 2014 to December 2015 in the Arno River at one station located in Pisa (Fig. 1, 43.71°N;
10.40°E), 12 Km inside the river mouth. This location was chosen because it is close to the river
mouth, but far enough from the estuary to be not influenced by the seawater. In addition, there is no
any other input after this location, neither tributaries nor significant anthropogenic activities.
Additional high frequency samples (i.e., 6, 12 and 24 h) were collected during a flood event in
February 2016 and are used to assess the uncertainty of the DOC transport computation during the
floods.

Temperature and conductivity were measured by a portable Hanna 9033 conductivity probe
(Hanna Instruments Inc., USA). Daily average river discharge and precipitation are available from

the Regional Hydrological Service (www.sir.toscana.it). Precipitation data from 2002 to 2019 for 122

meteorological stations were collected and averaged to provide the precipitation time-series over the
Arno drainage basin. The meteorological stations used to retrieve precipitation records cover almost
uniformly the plain, hill and mountain areas of the Arno drainage basin, and daily averages were
computed for spatial coverage higher than 90% ensuring that the average is a good estimation of the
water input to the Arno River during flood periods.

To avoid resuspension from the riverbanks, surface water was collected in the center of the river
from a bridge using a cylindrical, 1 liter, acid-washed Teflon sampler. This sampler was specifically
designed in our laboratory by Stefano Vestri and realized by Edi Progetti Srl (Pontedera, Pisa) and
was optimized to collect surface water. Samples were collected within the upper 1 meter to avoid the
interference with the bottom saltwater intrusion. The salinity (derived from the conductivity
measurement) of the collected samples was always <0.5. Detailed information on the sampling and
environmental conditions are given in Table S1.

Samples for DOC, CDOM and FDOM analyses were collected into 2-liter, acid-washed,
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polycarbonate bottles (Nalgene) and kept refrigerated and in the dark. Once in the lab (maximum 1h
from the sampling), samples were filtered through a 0.2 um pore size filter (Whatman Polycap, 6705-
3602 capsules) and dispensed into 3 x 60 ml acid-washed polycarbonate (Nalgene) bottles, used as

analytical replicates. DOC, CDOM, and FDOM were immediately measured after filtration.

2.3 Dissolved organic carbon (DOC) concentration

DOC was measured by high-temperature catalytic oxidation using a Shimadzu Total Organic
Carbon analyzer (TOC-Vcsn) following the method reported by (Santinelli et al., 2015). The
instrument performance was verified by comparison with DOC Consensus Reference Waters
(Hansell, 2005) (CRM Batch #13 nominal concentration of 41-44 uM; measured concentration 42.3
+ 0.9 uM, n=88). The results are shown as the average and standard deviation of 3 analytical

replicates.

2.4 DOM optical properties: absorption and fluorescence (CDOM and FDOM)

Absorbance spectra (230 to 700 nm) were measured using a Jasco UV-visible
spectrophotometer (Mod-7850) equipped with a 10 cm quartz cuvette, following the method reported
by Retelletti Brogi et al. (2015). Absorbance spectra were elaborated by using the ASFit tool
(Omanovic et al., 2019). Absorption coefficients were calculated at 254 (azs4) and 440 nm (aa40). The
Specific Ultraviolet Absorption coefficient (SUVA2s4) was calculated as the ratio between azss and
DOC concentration (Weishaar et al., 2003).

Fluorescence excitation-emission Matrixes (EEMs) were obtained using the Aqualog
spectrofluorometer (Horiba) with a 10x10 mm quartz cuvette. Excitation ranged between 250 and
450 nm at 5 nm increment, emission was recorded between 212 and 620 nm every 0.8 nm with an
integration time of 5 seconds. The EEMs were subtracted by the EEM of Milli-Q water and corrected
for the inner-filter effect (Lakowicz, 2006). Rayleigh and Raman scatter peaks were removed by using

the monotone cubic interpolation (shape-preserving) (Carlson and Fritsch, 1989) and EEMs were
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normalized by the integrated Raman band of Milli-Q water (Aex= 350 nm; Aex= 371-428 nm; Lawaetz
and Stedmon, 2009). Fluorescence intensities are therefore reported as Raman Units (R.U.). PARAIlel
FACtor analysis (PARAFAC, drEEM Toolbox, Murphy et al., 2013) was carried out on the EEMs
and resulted in a 5-component model (Fig. 6, Tab. S2). The validation of the PARAFAC model was
performed by visual inspection of the residuals, split-half analysis and percentage of explained
variance (99.5%). The relative contribution of each component (% C) was calculated as the

percentage of each component on the total fluorescence (sum of all the 5 components in each sample).

2.5 Heterotrophic prokaryotes abundance (HPA)

Samples for Heterotrophic Prokaryotes Abundance (HPA) were fixed for 10 min with a mix of
paraformaldehyde (PF, 1%) and glutaraldehyde (GL, 0.05%), frozen in liquid N2 and stored at -80 °C
until the analysis. Once thawed, samples were stained with SYBR Green (Invitrogen Milan, Italy) 10
3 dilution of stock solution for 15 min at room temperature. Heterotrophic prokaryotes (HP) cell
concentrations were estimated using a FACSVerse flow cytometer (BD BioSciences Inc, Frankyn
Lakes, USA) equipped with a 488 nm Ar laser and standard filter set. Data analysis was performed
using the FCS Express software and HP discriminated from other particles based on scatter and green

fluorescence from SYBR Green (Balestra et al., 2011).

2.6 Statistics
Linear, logarithmic, power law regression analysis and Pearson correlation analysis between
the variables were computed using Sigma Plot (Systat Softwares Inc, USA) and Origin (OriginLab

Co, USA) software and considered significant for p<0.05 (t-test).

3. Results

3.1 Arno River Discharge and Temperature
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Discharge ranged from 13 to 1806 m? sec™ in 2014 (average 138 m® sec™) and from 7 to 629
m? sec? in 2015 (average 50 m® sec?). It is noteworthy that these values well represent the high
variability of the Arno River discharge. If the data recorded in the last 17 years are taken into

consideration (validated discharge data from the hydrological regional service, www.sir.toscana.it,

between 2001 and 2018), 2014 has the second highest discharge, whereas the 2015 has the second to
last discharge (Fig. S1) in agreement with the different precipitation regimes in the two years
compared to the climatology (Fig. 2). The Arno water discharge regime reflects the succession of
raining and dry seasons in the region, and a rapid response of discharge peaks was generally observed
after relevant precipitation events (Fig. 2).

In order to investigate the importance of the hydrological regime to the annual DOC transport,
flood events were identified by daily discharge higher than 250 m®s™ (i.e., ~3 times the annual mean
river discharge of the last 18 years) lasting for at least 3 consecutive days. Eight flood events were
recorded (Tab. 1), showing the very high inter-annual variability between the two investigated years.
Large and intermediate flood events, with typical return period of 4.5 and 1.5 years, were recorded in
2014, whereas only small flood events (Tab. 1) and minor peaks in discharge were observed in
February, March and late October 2015 (Fig. 2 and Tab. 1).

The temperature in the river ranged between 7°C and 27°C in 2014 and between 4°C and 32°C
in 2015 (Fig. 2). In 2014, the temperature increased constantly from January to mid-June, it ranged
between 23 and 27 °C from mid-June until the end of August and then it decreased until the end of

the year. In 2015, the temperature kept increasing to reach its maximum on July 241",

3.2 Heterotrophic prokaryotes abundance

HPA ranged between 0.72-10° and 7.8-108 cells mI in 2014 and between 0.74-108 and 9.6-10°
cells mI'tin 2015. High Nucleic Acid (HNA; Bouvier et al., 2007; Fig. S3) accounted for >50% of
total counts in all the samples. In both years, HPA showed variable but low values until May, when

an increase was observed (Fig. 3). In 2014 values were almost constant until August, followed by a
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sharp peak (7.8 - 10° cells mIY), whereas in 2015, HPA increased constantly from May to July, when
the highest value was observed (9.6 - 108 cells mI™Y). In both years, after the peak, HPA markedly

decreased, with values never rising again till the end of the year.

3.3 DOC concentration and fluxes

DOC concentration ranged between 168 and 468 UM (average 309 = 90 uM) in 2014, and
between 183 and 488 uM (average 305 + 84 uM) in 2015. In 2014, DOC was lower than 200 uM
between January and March, excluding the flood events, when it increased up to 300 uM (Fig. 3). It
steeply increased between April and June, then it ranged between 380 and 440 uM until August when
a 132 uM decrease was observed followed by a 175 uM increase. The highest concentration (468
M) was observed in mid-October. In November, DOC was relatively high, whereas in December it
decreased again to 200 uM. In 2015, between January and March, DOC showed slightly higher and
more variable values than in winter 2014 (Fig. 3). It constantly increased from April to August, when
it reached its annual maximum (488 uM). As observed in 2014, DOC decreased at the end of August
(-173 puM), increased in September (+76 uM), it stayed relatively stable in October and decreased
steadily towards the end of the year.

The weekly DOC concentration values were linearly interpolated and multiplied by the daily
water discharges to obtain the riverine daily DOC flux. By averaging over the year, the estimated
mean annual DOC fluxes were 12.95-10° g DOC yr! in 2014 and 5.12-10° g DOC yr! in 2015. It is
noteworthy that large and intermediate flood events (Tab. 1), which occurs typically during winter,
can significantly contribute to the annual flux of DOC to the coastal Tyrrhenian Sea. As an example,
in 2014, 26% of the annual DOC flux was transported by one single large flood event (30/Jan/2014,
Tab. 1). Due to the high variability of DOC values in winter, and the relevance of flood events for the
precise calculation of the DOC fluxes, it is crucial to assess the uncertainty of the DOC flux estimation
during the flood events. A flood event, occurring in winter 2016, was therefore analyzed with high

frequency DOC (6, 12 and 24 hour samplings) and water discharge data (15 and 30 minutes data, Fig.
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4). The flood event started on February 13th, lasted 6 days, according to the aforementioned flood
event criteria and showed a fast response to the precipitation event (Fig. 4). During the flood event,
DOC concentrations remained pretty constant (i.e., coefficient of variation of 8%), with an average
of 324 uM, and were different from the values before and after the flood event (mean difference of
40%). The DOC flux, computed by integrating the high frequency DOC and discharge data after
linear interpolation of the DOC on discharge times, was equal to 1360-10° g for the 6-day flood event.
Its uncertainty was evaluated by sub-sampling the high frequency DOC and river discharge data to
the frequency regularly used in the 2014-2015 analysis. Thus, DOC flux was re-evaluated using daily
discharge data and each of the high frequency DOC measurements during the flood period. The
ensemble average was 1332-10° and the standard deviation, that provides the accuracy level in the
case of a single DOC value available during the flood event, was 100-10% g DOC. Further, the
difference of the ensemble mean with respect to the high frequency calculation was less than 40-10°
g DOC, allowing us to conclude that the uncertainty of DOC flux calculation, based on daily discharge

and weekly sampling, can be less than 5%.

3.4 DOM optical properties
3.4.1 Absorption

The azs4 ranged between 12.2 and 46.6 m™ in 2014 and between 14.1 and 42.2 m* in 2015. A
good correlation was found between axss and DOC when the whole dataset was taken into
consideration (Fig. 5a, Tab. 2). The as4o ranged between 0.2 and 2.7 m™ in 2014, and between 0.6 and
2.0 mtin 2015. Similar to azs4, a good, although weaker (R? = 0.82), correlation was found between
ass0 and DOC (Fig. 5b; Tab. 2). However, when the two years were taken into consideration
separately, a slightly different slope was observed for the correlation between DOC and as4o (Fig. 5b),
but not for that between DOC and azss. The SUVAzs4 ranged between 5.2 and 8.1 L m™* mg™? in 2014

and between 6.1 and 8.2 L m™* mg? in 2015.
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3.4.2 Fluorescence EEMs and PARAFAC analysis

In order to identify the 5 components validated by the PARAFAC analysis, their spectra were
compared with those stored in the OpenFluor database (similarity score > 0.96) (Murphy et al., 2014b)
or reported in the literature (Table S2).

Component 1 (Aex: <250/305, Aem: 408; Fig. 6) show excitation and emission maxima similar to
the “marine” or “microbial” humic-like substances (C1lmn) (Lambert et al., 2016; Maie et al., 2014;
Meng et al., 2013; Murphy et al., 2011; Parlanti et al., 2000; Yamashita et al., 2015b). Spectral
characteristics of component 2 (Aex: <250/380, Xem: 494; Fig. 6) are typical of the terrestrial humic-
like substances (C2w) (Lambert et al., 2016; Maie et al., 2014; Meng et al., 2013; Murphy et al.,
2014a; Parlanti et al., 2000; Yamashita et al., 2015b). The emission peak of component 3 (Aex:
<250/350, Aem: 435; Fig. 6) is at intermediate wavelengths between Clmn and C2u, suggesting its
identification as terrestrial fulvic-like compound (C3), in agreement with Lapierre and Del Giorgio
(2014). Excitation and emission peaks of component 4 (Aex: 280, Aem: 335; Fig. 6) are typical of
protein-like compounds (C4p) (Gongalves-Araujo et al., 2015; Hur and Cho, 2012; Lambert et al.,
2016; Meng et al., 2013; Murphy et al., 2006; Parlanti et al., 2000; Stedmon et al., 2011). The
identification of component 5 (Aex: 265, Xem: 330; Fig. 6) is controversial since its excitation and
emission maxima are very similar to those of protein-like compounds (Ferretto et al., 2017; Maie et
al., 2014; Meng et al., 2013; Yamashita et al., 2015a), but its spectral characteristics are also similar
to those of synthetic and/or toxic compounds (Gonnelli et al., 2016; Kothawala et al., 2014; Li et al.,
2013; Nie et al., 2016; Parlanti et al., 2000) such as naphthalene in water (Beltran et al., 1998; Ferretto
et al., 2014). As a matter of fact, naphthalene is currently used by industries (e.g. tanneries) active
along the drainage basin of the Arno River. Therefore, the C5 component has been attributed to a
mixture of proteins and polycyclic aromatic hydrocarbons (C5pan).

A good linear correlation was observed between C1mn and C4p (Tab. 2) supporting that both are

produced in situ, and between C2# and C3¢ (Tab. 2), supporting that both have a terrestrial origin. In
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contrast, C5pan does not correlate with any other components. All the components, except C5pan,

showed a good correlation with DOC (Tab. 2).

3.5 Main drivers of DOM dynamics in the Arno River
In order to investigate the main processes affecting DOM dynamics in the Arno River, the
correlations between the measured parameters were studied focusing on specific periods (Tab. 3 to

6).

3.5.1 Winter

In 2014, between January and March, a good correlation was found between the discharge and
most of the other parameters, except for temperature, C4p, and C5pan (Tab. 3). In 2015, the correlation
between discharge and (i) DOC, (ii) absorption (a2s4 and asao), and (iii) FDOM were weaker than in
2014 (Tab. 4). In both years, DOC correlated well with FDOM, (all components except C5pan, and
C4,in 2015, Tab. 4). C1lmn showed a good correlation with the terrestrial components (C2t and C31n)
whereas no correlation was found between Clmh and C4p (Tab. 3 and 4).

In 2014, the relationship between discharge and DOC showed a better fitting with a logarithmic
curve with respect to the linear fitting (Fig. 7a). In both years, C4, decreased following a power-law

function with increasing discharge (Fig. 7b).

3.5.2 Spring-summer

In both years, between April and July/August, the correlation between the discharge and the
other parameters was weak (Tab. 5 and 6), except for DOC, that showed a good power-law function
fitting with the discharge (Fig. 8).

A very good linear correlation was found between the temperature and almost all the measured
parameters, except SUVA2s4. A good linear correlation was also found between the HPA and most

of the parameters, with the best fitting for temperature, DOC, C1mh and C, (Tab. 5 and 6).
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In 2015 all the correlations were weaker than in the previous year (Tab. 6). It is important to
highlight that in 2015 the correlations with the HPA were significant only when the data collected
between April and July 2" are taken into consideration, that is the period when a continuous growth

was observed.

4 — Discussion
4.1 The impact of floods on DOM dynamics

The good linear correlation observed between DOC, CDOM, FDOM and discharge in the first
months of both years (January to March) (Tab. 3 and 4) suggests that in this period DOM dynamics
is mainly controlled by the river discharge, with a significant role of the floods. The increase in DOC
concentration with discharge can be mostly attributed to the increase in the water level, caused by the
high discharge, and consequently to the soil leaching, as well as to the heavy rains washing out the
soil. The very good correlation found between DOC and C2w and C3¢ supports the terrestrial
character of the DOM in this period. This is further supported by the good linear correlation between
the SUVA2s4 and both discharge and DOC (Tab. 3 and 4) indicating that the DOC present in the river
has high aromatic content and high molecular weight. The exponential decrease of C4p at increasing
discharge (Fig. 7b), indicates that this autochthonous component is mainly diluted by the large water
volume at the beginning of the floods. Interestingly, in 2014 when the river discharge was higher than
500 m® sect the best fitting between discharge and DOC, CDOM (azs4, as40) and the terrestrial FDOM
(C2w and C3sm) was logarithmic, suggesting that when a large volume of water has flowed through
the soil, most of its reservoir of organic matter has been leached.

Surprisingly, between January and March, DOC concentrations were higher in 2015 than in
2014 even if the discharge was similar (Fig. 7a). This difference can be attributed to the timing of
flood events. In 2013, the Arno River had a very high average discharge (132.7 m® sec't) with several
big winter floods (discharge > 500 m® sec?, Fig. S4). As a consequence, at the beginning of 2014, a

large portion of the watershed had already been flushed and, when the big floods occurred in February
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of 2014, the DOC stock of the watershed was reduced, leading to a lower amount of DOC transported
into the river. In 2014, instead, the winter average discharge (October — December) was lower than
in 2013 and only one flood event occurred in November, the DOC reserve in the soil was, therefore,
less depleted than in 2013 and a higher amount of DOC was leached in the river during the floods
event in 2015, even if they were less intense than in 2014. The logarithmic correlation between DOC
and river discharge in 2014 supports this hypothesis since when the discharge was higher than 500
m? sec™ the addition of water did not increase the DOC concentration in the river. The DOC
concentrations higher in winter 2015 than 2014 may be also attributed to a higher biological activity
in 2015 than in 2014, releasing DOC as suggested by the good correlation between DOC and the
autochthonous FDOM components (R?= 0.76 for C1mn and 0.91 for C4y), observed in 2015, when
the floods are excluded. The higher percentage of autochthonous FDOM (C1mn+C4p) in 2015 than in

2014 (Fig. 9) further supports this hypothesis.

4.2 In situ DOM production dominates in spring and summer

The good correlation between temperature and DOC, CDOM, and FDOM, between April and
July 2014 (Tab. 5) and between April and August 2015 (Tab. 6), suggests that the increase in
temperature is directly and/or indirectly the main driver of DOM dynamics.

In this period, the very low discharge causes a high water residence time that, combined with
the seasonal temperature increase, can stimulate biological activity (Brown et al., 2004; Gillooly,
2001; Gillooly et al., 2002), producing DOM. The in-situ DOM production is, indeed, often attributed
to autotrophic activity (Carlson and Hansell, 2015; Romera-Castillo et al., 2010), enhanced during
spring phytoplankton blooms. In our study, this hypothesis is supported by the predominance of the
autochthonous FDOM components (C1mn and C4p) over the terrestrial one (C2# and C3y) (Fig. 10).
We also observed abundant virus-like particles (VLP) while analyzing bacteria by flow cytometry in
samples from the summer (Fig. S3). Although the samples were not processed according to a virus-

specific staining protocol (e.g. Brussaard et al., 2010), their occurrence may suggest viral-induced
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algal lysis, possibly leading to DOM release (Sheik et al., 2014). Additional measurements, including
primary productivity and phytoplankton abundance, are needed in the future to confirm this
hypothesis.

The increase in temperature can also favor particle dissolution with an additional release of
DOM (Raymond and Spencer, 2015).

High temperature, combined with high DOM concentrations, stimulates heterotrophic activity
as also shown by the good linear correlation between DOC and HPA (Tab. 5 and 6). In addition, the
good correlation between HPA and the autochthonous components (C1mh and C4p), suggests that HP
also contribute to FDOM release. However, we cannot exclude that the observed predominance of
the protein-like components is due to photobleaching of humic-like substances, enhanced by the high
spring/summer irradiation and to the high residence time of riverine water. DOM photobleaching
affects the humic-like substances more than the protein-like ones, and stronger effects can be
observed at longer wavelengths (Osburn et al., 2014, 2009). Photobleaching could, therefore, reduce
the fluorescence of humic-like components making the protein-like substances dominant.

DOC dynamic is different in the spring/summer of the two years. In 2014, DOC increases
between April and the end of June, then it remained at about 400 uM until the end of August. In 2015,
instead, it constantly increases between April and August (Fig. 3). Interestingly this trend corresponds
to the trend in temperature (Fig. 2). The lower and more variable temperature in 2014 than in 2015
was probably caused by the anomalous rainier weather in summer 2014 (Ratna et al., 2017). This
good correspondence between DOC and temperature trends suggests that weather conditions can be

a crucial factor affecting DOM dynamics in riverine ecosystems.

4.3 Impact of the Arno River on the Med Sea C cycle
The 2 year-data reported in this study, given their representativeness of the river discharge in
the last 17 years, provide a robust estimate of the Arno River C fluxes to the Med Sea and its range

of variability. By using the average DOC concentration in the 2 years and the average discharge of
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the river in the last 17 years, a flux of 9.6-10° g DOC yr* (range 12.95-10° - 5.12-10° g DOC yr?)
was estimated. The 80% of this flux was generally delivered during autumn/winter (i.e., mean daily
fluxes during winter and summer were 38-10° and 11-10° g DOC d*?, respectively), with significant
amounts ascribed to flood events (up to 26% in 2014). This is true also in “dry” years, such as 2015,
when the DOC maximum annual flux was delivered during small flood events.

Our data also show that DOC flux in 2014 and 2015 represented up to 7% of the total estimated
DOC fluxes for the western basin of the Med Sea even if Arno River water discharge is ~2% of the
total river discharges (Santinelli, 2015). In addition, the Arno River DOC yield (DOC flux/basin area:
0.76 - 2.38 g C m2 yr) reached values twice the average DOC vyield of all the rivers discharging into
the Med Sea (1.08 g C m2 yr?, Santinelli, 2015) and it is surprisingly close to the average DOC vyield
calculated for the 30 major world rivers (2.3 g C m2 yrt) (Raymond and Spencer, 2015). These
calculations stress the crucial role of small river in the carbon budget of the Med Sea. Unfortunately,
for most of the rivers discharging into the Med Sea, no precise estimate of DOC fluxes are reported,
since the calculation is usually done by taking into consideration the average discharge and the DOC
concentration measured sporadically (e.g. Santinelli, 2015).

Our data point to a clear seasonal cycle of DOM, with DOC values ranging between 170 and
490 uM within 1 year. Due to the high variability of DOC concentration, the use of only 1 or few
values of concentration can therefore lead to significant over or underestimations of DOC fluxes.

Water quantity and quality discharges can be simulated by hydrological models (such as the
SWAT model, Arnold et al., 2012), that allow for a quantitative assessment of the water discharges
and DOC and nutrients transport and possible changes due to predicted climate changes (e.g. Bhatta
etal., 2019) and alternative management scenario (e.g. Malago et al., 2019). Such models, that require
a huge amount of data on the specific drainage basin domain (e.g., topographic, land use and
management, and meteorological data), should be calibrated and validated. Thus, our results, by

providing a rich dataset on water quantity and quality and by quantifying the importance of the
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hydrological regime on the DOC transport, represent an important step toward a quantitative

modeling of the Arno River.

4.4 Implications for future changes

Numerical models predict that, by 2050, flood events will occur at least twice as frequently
across 40% of the globe (Arnell and Gosling, 2016). For the Arno River, Alfieri et al., (2015) showed
(i) a possible reduction of the average discharge and (ii) an increase of the frequency of flood events
by the end of the 21st century. By reflecting our results on the importance of flood-related DOC
transport against the aforementioned predicted effects of climate change, it is reasonable to
hypothesize that some different scenarios, with considerable impacts on coastal ecosystems, are
expected.

The expected reduction of the average discharge, and consequently the higher residence time
of the water, together with higher irradiation in spring and summer can enhance the photodegradation
processes, increasing the production of CO2 and other hazardous volatile compounds such as reactive
oxygen species. In addition, photochemical processes can change the biological lability of DOM
(Bowen et al., 2020; Mopper et al., 2015) and can affect CDOM, reducing its role in screening the
organisms from harmful UV radiations in coastal ecosystems.

The increase in flood events frequency will increase the pulsed input of unprocessed terrestrial
DOM in the coastal area, as suggested by the ‘pulse shunt concept’ (Raymond et al., 2016). In the
Arno River, during large floods (i.e. discharge > 600 m? sec?, Tab. 1) the water takes less than 3 h to
flow from the sampling station to the coastal area; during minor floods (between 250 and 600 m® sec”
1y the water takes less than 6 h to flow from the sampling station to the sea suggesting that the large
amount of DOM reaches the coastal area without being processed in the lower part of the river. This
input mainly occur in winter, when primary production is at its minimum; riverine DOM may
therefore represents the main source of energy to the coastal ecosystem. The DOM and nutrients

coming from the river can stimulate the heterotrophic prokaryotes activity increasing the amount of
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COq. released by respiration. In addition, the large amount of DOM reaching coastal area in short time
could reduce the amount and quality of photosynthetically active radiation to coastal autotrophic
organisms (Stedmon and Nelson, 2015; Urtizberea et al., 2013), reducing C sequestration through
photosynthesis.

Floods can also have a strong impact on the terrestrial ecosystem, impoverishing the DOM

content of the alluvial soil (Saint-Laurent et al., 2016).

5 Conclusions and future directions

The DOM dynamics and transport are quantified for the Arno River, a typical example of
Mediterranean small rivers with medium-high human impact, which are poorly investigated.

Even if this study only covers 2 years, they are representative of the hydrology of Arno River
in the last 17 years and allows to support that DOM in the Arno River exhibited a clear annual cycle,
calling for a general feature where DOM is dominated by terrestrial compounds in winter, when flood
events markedly affect its dynamics, and by autochthonous compounds in spring and summer.

Our results point to the need for high time-resolved sampling to obtain accurate estimates of
carbon fluxes derived from rivers. The good correlation between DOC and CDOM suggests that
satellite estimates of CDOM could help in obtaining such high time-resolved data.

Regardless of its relatively low water discharge, the Arno River accounted for up to 7% of the
total DOC flux into the western Med Sea in 2014 and 2015, highlighting its relevant contribution to
the C budget of the Med Sea, and calling for a better re-evaluation of small rivers contribution to the
global C cycle. The results showed that 80% of the DOC flux was delivered during the autumn/winter
season and that single winter flood events corresponded to DOC maximum annual flux in both years,
in spite of the marked differences in average discharge and flood intensity, highlighting the crucial
role that flood events play on DOM input into coastal areas and consequently in the C cycle in the

Med Sea.
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Our study provides a rich dataset on water quantity and quality and quantify the importance of
the hydrological regime on the DOC transport, representing an important step toward a quantitative

modeling of the Arno River.
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Figure 1 —Arno river basin location and land cover characterization. The land cover data were derived from
the CORINE Land Cover 2018 (CLC 2018) database and the land cover map produced by using QGIS software.

The red star indicates the location of the sampling station.
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Figure 2 - Upper panel: time-series of daily (black bars) and monthly (light blue bars) precipitation,
and monthly climatology (blue solid line) and 95 percentile (blue dotted line) precipitation over the
Arno River drainage basin. Data from 122 meteorological stations of SIR regional service. Lower
panel: time-series of daily Arno River discharge (black solid line, values exceeding 800 m? sec™ are
indicated on the figure), daily climatology (dotted blue line), time of sampling (vertical grey tin lines)

and temperature at the sampling (red squares).
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797  Figure 4 - High frequency (blue line) and daily (grey bars) discharge of Arno River; daily
798  precipitation (black bars) and concentration of DOC (red dots) in February 2016. Threshold of 250
799  m?3sec? (horizontal dashed black line) identifies the duration of the flood event (i.e., 13-19 February).
800  Values of total DOC flux (FDOC) during the flood event are provided for the high frequency (hf) and
801  daily (d) calculation (details of the calculations are given in the text).
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804  Figure 5 — Correlation between dissolved organic carbon (DOC) and the absorption coefficient at
805 254 nm, azs4 (a) and the absorption coefficient at 440 nm, aa4o (b) in the two years.
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Table 1 — List of the flood events recorded during 2014-2015 sampling period. Each event is
characterized by its starting day, duration, mean daily water discharge, total DOC flux and typical
return period of flood event class to which the event belongs. The return period was computed for
three selected classes of flood events based on the 18-year Arno water discharge time-series: large
(mean water discharge larger than 600 m® s and duration longer than 9 days), intermediate (one of
the two criteria) and small (none of them).

Event start Duration  Average daily DOC flux Return period of flood event classes for
date (days) discharge (106 gC) 2002-2019 Arno discharges time-series

(m3sec?)

Large Intermediate Small

30/01/2014 18 706 3439 45yr
20/02/2014 5 376 376 2.7 months
27/02/2014 10 409 818 1.5yr
18/11/2014 3 640 794 1.5yr
30/01/2015 3 384 266 2.7 months
06/02/2015 3 455 316 2.7 months
26/03/2015 3 361 352 2.7 months

Table 2 — Values of the slope (italic) and R? for the linear correlations between CDOM (absorption
coefficients at 254 nm, azs4 and at 440 nm, ass0), FDOM (Microbial Humic-like component Clmn,
Terrestrial Humic-like component C2#, Terrestrial Fulvic-like component C3i, Protein-like
component C4, and Protein + Polycyclic Aromatic Hydrocarbon-like component C5pan) and
Dissolved Organic Carbon (DOC). For all the correlations reported p < 0.0001.

Clmn C2 C3ts C4p CSpah DOC dosa aa40
Clmh

0.272
C2n 0.39

0.246 0.911
C3m 0.35 0.91

1.507
C4p 0.80 - -

-0.103

C el - ) ) 0.21

124.6 295.1 2929 62.61
DoC 0.71 0.72 0.64 0.48 -

11.480 31.91 31.89 4.698 0.096
Q254 0.56 0.88 0.80 0.27 - 0.92

0.597 1.909 1.917 0.005 0.059
Qa0 0.40 0.84 0.77 - - 0.80 0.94




847  Table 3 — Linear correlations between the measured parameters in winter (January - March) 2014. The slope and the R? of the correlations are reported.

848  The correlations were reported only for R? > 0.2 and p < 0.05.

849  DOC = Dissolved Organic Carbon; HPA = Heterotrophic Prokaryotes Abundance; a2s4 = absorbance at 254 nm; as40 = absorbance at 440 nm; SUVA2z4
850 = Specific Ultraviolet Absorption at 254 nm; C1mwn = Microbial Humic-like component; C2y = Terrestrial Humic-like component; C3 = Terrestrial
851  Fulvic-like component; C4, = Protein-like component; C5pan = Protein + Polycyclic Aromatic Hydrocarbon-like component).

January - March

2014 Discharge Temperature DOC HPA azs4 aa0 SUVA2ss  Clmn C2 C3m C4, C5pan
Discharge
Temperature )
DOC 0.07606 -20.54
0.72* 0.56
HPA
X X X
azsg 0.01032 -2.15 0.118 X
0.89** 0.41 0.93**
440 0.00008 ) 0.009 X 0.007
0.87** 0.82** 0.94**
SUVA2s, 0.00137 ) 0.013 " 0.019 0.147
0.85** 0.62 0.81** 0.90**
Clmn 0.000012 -0.032 0.016 x 0.002 0.135 0.07
0.65 0.47 0.92** 0.81** 0.73* 0.49
C2n 0.000029 -0.063 0.003 X 0.001 0.326 0.19 1.93
0.83** 0.42 0.93** 0.98** 0.94** 0.84** 0.82**
C3m 0.000017 -0.044 0.002 X 0.002 0.199 0.12 1.27 0.63
0.69* 0.51 0.96** 0.92** 0.85** 0.70* 0.86** 0.96**
C4, i 0.024 0.00009 X 0.002 i -0.05 i -0.25 -0.41
0.46 0.46 0.37 0.40 0.47 0.51
C5pah i ) i x i i -0.12 i i i i
0.56

852 * p<0.005, ** p<0.0001, x:

no HPA data in this period



853  Table 4 — Linear correlations between the measured parameters in winter (January - March) 2015. The slope and the R? of the correlations are reported.

854  The correlations were reported only for R? > 0.2 and p < 0.05.

855  DOC = Dissolved Organic Carbon; HPA = Heterotrophic Prokaryotes Abundance; a>s4 = absorbance at 254 nm; as40 = absorbance at 440 nm; SUVA2z4
856 = Specific Ultraviolet Absorption at 254 nm; Clmn = Microbial Humic-like component; C2t = Terrestrial Humic-like component; C3s = Terrestrial

857  Fulvic-like component; C4, = Protein-like component; C5pan = Protein + Polycyclic Aromatic Hydrocarbon-like component).
858  *p<0.005, ** p<0.0001

January - March

2015 Discharge ~ Temperature DOC HPA azs4 a0 SUVAzs:  Clmn C2 C3 C4, C5pan
Discharge
Temperature -
0.346
poc 0.69* -
HPA - - -
a 0.045 A 0.119 )
254 0.79* 0.97**
. 0.002 A 0.007 ] 0.061
440 0.83** 0.96** 0.99**
0.005 0.011 0.102 1.652
SUVAzs4 0.85%* B 0.77** i 0.89** 0.88**
-0.034 0.001

Climn i 0.45 0.39 i i i i
) 0.00008 A 0.003 ) 0.023 0.365 0.185 0.984

th 0.48 0.94%** 0.88** 0.84%** 0.66* 0.55*
c3 0.00006 A 0.002 ) 0.015 0.241 0.118 0.712 0.682

h 0.40 0.88** 0.81** 0.77** 0.57 0.59 0.96**
ca -0.001 A ) -1.1-107 ) ] -0.198 ] )

P 0.45 0.42 0.51
C5pah - - - = = = = = = = =

859
860

861



862  Table 5 — Linear correlations between the measured parameters in spring/summer (April - July) 2014. The slope and the R2 of the correlations are

863  reported. The correlations were reported only for R2 > 0.2 and p < 0.05.

864 DOC = Dissolved Organic Carbon; HPA = Heterotrophic Prokaryotes Abundance; a2s4 = absorbance at 254 nm; as40 = absorbance at 440 nm; SUVA2z4
865 = Specific Ultraviolet Absorption at 254 nm; C1mn = Microbial Humic-like component; C2y = Terrestrial Humic-like component; C3 = Terrestrial
866  Fulvic-like component; C4, = Protein-like component; C5pan = Protein + Polycyclic Aromatic Hydrocarbon-like component).

'26‘0‘312' - July Discharge  Temperature DOC HPA a5 a0 SUVAz:  Clmn C2un C3m Cdy CBpa
Discharge
Temperature 0068)11
-1.520 18.52
Doc 0.52 0.81%*
-18600 219695 10254
HPA 0.50 0.71* 0.64*
. -0.167 1.561 0.089 4.14-10°¢
254 0.39 0.64* 0.97** 0.48
. -0.010 0.095 0.005 2.51-107 0.055
440 0.43 0.74** 0.97** 0.56 0.96**
0.004 0.054 0.864

SUVAzs4 ) i 0.42 i 0.60* 0.49
c1 -0.008 0.106 0.006 437107 0.073 1.219 )

mh 0.33 0.59* 0.87** 0.66* 0.84%* 0.76%*
c -0.002 0.028 0.002 ) 0.019 0.343 0.242 0.229

th 0.39 0.58* 0.87** 0.93** 0.89%* 0.68** 0.72%*
3 -0.003 0.0314 0.002 9.12-10® 0.019 0.355 0.189 0.219 0.962

h 0.46 0.68** 0.86** 0.41 0.82%* 0.91** 0.40 0.63** 0.88**
4 -0.018 0.242 0.013 1.03-10¢ 0.145 2.523 ] 2.067 5.972 6.051

P 0.38 0.66** 0.83*%* 0.79%* 0.71%* 0.70%* 0.92%* 0.56* 0.60*
o5 0.006 -0.068 -0.003 2.23:107 -0.028 -0.520 -0.412 -1.392 -1.457 -0.209

pah 0.57%* 0.79%* 0.70%* 0.74%* 0.48 0.53 0.55* 0.46 0.48% 0.66**

867  * p<0.005, ** p<0.0001
868
869

870



871  Table 6 — Linear correlations between the measured parameters in spring/summer (April - August) 2015. The slope and the R2 of the correlations are
872  reported. The correlations were reported only for R2 > 0.2 and p < 0.05.
873  DOC = Dissolved Organic Carbon; HPA = Heterotrophic Prokaryotes Abundance; azs4 = absorbance at 254 nm; as40 = absorbance at 440 nm; SUVAzs4
874 = Specific Ultraviolet Absorption at 254 nm; Clmn = Microbial Humic-like component; C2t = Terrestrial Humic-like component; C3sm = Terrestrial
875  Fulvic-like component; C4, = Protein-like component; C5pan = Protein + Polycyclic Aromatic Hydrocarbon-like component).
876
April - August isch
2015 Discharge Temperature DOC HPA azs4 a440 SUVA2, Clmh C2un C3m C4, C5pan
Discharge
-0.169
Temperature 0.83**
-0.47 16.253
Doc 0.58%* 0.86%*
-61192 464235 39466
HPA 0.44 0.55 0.64*
a -0.179 1.358 0.086 1.20-108
254 0.47 0.76** 0.97** 0.48
N -0.008 0.066 0.004 5.49-108 0.047
440 0.49 0.79%* 0.96** 0.41 0.99%*
SUVAs: - - - - - -
c1 -0.02 0.134 0.008 1.50-107 0.100 2.078 ]
mh 0.52* 0.77** 0.95%* 0.79** 0.95** 0.94**
c2 -0.005 0.031 0.002 2.75-10°8 0.026 0.561 0.067 0.227
th 0.45 0.66** 0.80** 0.56 0.94** 0.96%* 0.35 0.83**
c3 -0.003 0.021 0.001 ) 0.018 0.40 0.308 0.142 0.744
fh 0.35 0.50* 0.51* 0.68** 0.73** 0.37 0.49* 0.84**
ca -0.025 0.169 0.011 1.83-107 0.118 2.442 ) 1.253 4.18 3.55
P 0.50* 0.74** 0.92** 0.72** 0.85** 0.82** 0.94** 0.65** 0.31
cs 6.74:10-4 -0.004 ) ) ) ) ] ) ] -0.018
pah 0.35 0.38 0.33
877  *p<0.005, ** p<0.0001



878



