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The Po River (Northern Italy) discharge represents a considerable input of the land-derived material
entering the Mediterranean Sea. Most of its particulate and dissolved constituents are supplied to the
sea in response to short-lived climate events. Although these floods exert first-order control on the trans-
port of organic and inorganic elements, both composition and magnitude of the river material are poorly
constrained during high discharge periods. In order to fill this knowledge gap, in this study we carried out
an event response sampling in the Po River in November 2011. Beginning in early November, intense
rainfall occurred in the Po watershed that resulted in a flood of �6000 m3 s�1 (2.5 year return period).
Water samples were collected from the river before and during the flood. Dissolved nitrate, nitrite,
ammonia, and silicate were measured and the particulate material was analyzed for total suspended sed-
iment, elemental composition, d13C, d15N, grain-size, and 137Cs activity.

Our results showed a temporal decoupling between solid and water discharge implying that predicted
sediment loads simply derived from sediment rating curves could potentially give rise to large errors,
especially when calculations are used to understand the sediment export in response short-lived events.
The suspended organic material during high flow was dominated by soil organic matter while high d15N
indicated the influence of an additional 15N-enriched source (e.g., manure, sewage, and algal biomass)
during low discharge. Because the concentrations of nitrite and ammonia were positively correlated with
the content of particulate material in suspension, we inferred that nitrite and ammonia concentrations
were driven by either bacteria activity (ammonification–nitrification) or ionic exchange whose rates were
proportional to concentration of the suspended material. In addition, due to the dilution with nitrate-
poor rainfall, the concentration of nitrate decreased with increasing water discharge. High concentrations
of nitrate were instead attributable to the influx of nitrate-rich water from groundwater that is chroni-
cally contaminated and constitutes most of the baseflow during low flow. Our results indicate that the
event-dominated transport in the Po drainage basin is particularly important for the organic matter sup-
ply as flood events account for at least one-third of the particulate annual export (organic carbon and
nitrogen). Finally, this study has demonstrated the utility of event-response sampling for understanding
the importance of event-dominated transport in rivers.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The export of land-derived constituents from drainage basins
exerts first-order control on the cycling of organic and inorganic
elements in river-dominated coastal margins (McKee et al.,
2004). In recent years several hydrological studies highlighted that
the river export can significantly vary in magnitude and frequency
as a result of episodic discharge (Hatten et al., 2012; Hilton et al.,
2008; Raymond and Saiers, 2010). However, although the stochas-
tic supply from rivers can represent a significant fraction of the to-
tal annual export to the ocean, the chemical composition and flux
of different land-derived constituents are still poorly constrained
during these high-flow periods mainly because there are evident
logistical issues with sampling short-lived events that require
quick-responses and high-resolution sampling.

Human-induced changes have significantly altered both the
composition and magnitude of allocthonous material entering
the coastal regions (Syvitski et al., 2009). For example, the
Mediterranean drainage basins have a long history of human
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settlement and impacts (Liquete et al., 2004; Hooke, 2006). Nev-
ertheless, some of the European rivers maintained their dynamic
nature characterized by episodic discharge (Salles et al., 2008;
Roussiez et al., 2011). Even though this distinctive feature is
currently well known and further confirmed by event-strata in
marine deposits (Palinkas et al., 2005; Bourrin et al., 2008; Tesi
et al., 2011), only a few studies have addressed the composition
and magnitude of the material supplied during short-lived events
from the Mediterranean watershed. In order to fill this knowledge
gap, an event-response sampling was carried out in the Po
watershed (Italy) in November 2011 when the Po River experi-
enced a flood having a return period of �2.5 years (peak
discharge �5858 m3 s�1). Although this event was relatively small
in comparison to the most extreme events observed since dis-
charge measurements started (highest flow ever recorded
�9780 m3 s�1), a flood of this kind with an intermediate fre-
quency has the highest potential for exporting constituents to
the ocean (Wheatcroft et al., 2010). Specifically, based on the
conceptual model of effective discharge (i.e. the discharge that
cumulatively transports the majority of material in a river),
high-frequency events transport too little material to be effective,
while low-frequency events do not occur frequently enough to be
effective (Wolman and Miller, 1960). Therefore, the Po River
November 2011 flood, which has an intermediate frequency, rep-
resents an extraordinary opportunity to investigate the export of
land-derived material in response to event-dominated mobiliza-
tion (Wheatcroft et al., 2010).

Daily samples were collected throughout the November 2011
flood �90 km from the river mouth. The particulate fraction
was analyzed to measure the total suspended sediment, 137Cs
activity, grain-size, elemental composition of organic carbon,
inorganic carbon and nitrogen, as well as stable isotopes of
carbon and nitrogen (d13C, and d15N) while nutrients (N–NO3,
N–NO2, N–NH3, and Si–SiO4) were measured in the dissolved
fraction. Our overarching goal was to characterize the composi-
tion of both bulk particulate and dissolved fractions transported
in response to precipitation in a watershed that has suffered from
a lack of high-resolution data. Focus herein is placed on the
temporal variability of all aforementioned parameters during
the flood event. In addition, this event-response study allowed
us to assess (i) the magnitude and (ii) the transit time of each
constituent during short-lived events as well as (iii) the relevance
of event-controlled transport relative to the annual budget of dis-
solved and particulate elements.
2. Background

2.1. The Po River and watershed

With an average population density of 260 habitant/km2, the Po
watershed (75,000 km2) is one of the most urbanized and agricul-
turally developed areas in Europe while the river is one of the most
important point sources within the Mediterranean watershed.
Over a third of the drainage basin is mountainous whereas the rest
is composed of a wide, low-gradient alluvial plain (Fig. 1a). Its ba-
sin represents the confluence of Alpine (maximal relief �4500 m)
and Apennine (maximal relief �2000 m) streams. The river typi-
cally experiences two seasonal floods driven by rainfall in the au-
tumn and snowmelt later in the spring which generally overlaps
with the rainy season (Palinkas et al., 2005; Tesi et al., 2008). The
river annually supplies �13 Tera (1012) g of sediment (Syvitski
and Kettner, 2007) and �40–50 km3 (Cozzi and Giani, 2011) of
freshwater representing over 25% of total freshwater entering the
Mediterranean Sea via rivers (Ludwig et al., 2009). A third of the
annual flow is regulated by reservoir management for hydropower
and irrigation purposes (Syvitski and Kettner, 2007). Despite this,
the river still experiences short-lived event in response to precipi-
tations (Palinaks and Nittrouer, 2007; Syvitski and Kettner, 2007;
Tesi et al., 2008). In particular in recent decades it was observed
an increased in peak-flow during flood events likely as a result of
massive leeve works along the river network completed in the
1960s rather than consequences of climate change (Zanchettin
et al., 2008). Without the chance of flooding within the watershed,
the flow during short-lived events is constrained between leeves
resulting in higher peak-flows.

The Alpine and Apennine belts resulted from the subduction of
Tethyan oceanic crust followed by the continent–continent colli-
sion between African and European plates that began since the
middle Cretaceous. The Alpine belt contains marine sediment
and continental crust scraped off from both margins, as well as
ophiolites. The majority of the geologic units in the Apennine are
made up of marine sedimentary rocks that were deposited over
the southern margin of the Tethys Sea. At present, the Apennine
watershed is characterized by high sediment yield because of the
nature of the easily erodible material that experiences frequent
landslides (Fig. 1b) (Trigila et al., 2010). As a result, the sediment
yield along the Apennine belt is about one order of magnitude
higher compared to the Alpine belt. On average, the Alpine and
Apennine watersheds combined yield �200 tons of sediment/
km2 y-1 (Cattaneo et al., 2003).
2.2. The November 2011 flood

Since discharge measurements began in 1918 at Pontelagoscu-
ro gauging station (Fig. 1b) there have been only two floods
exceeding 9000 m3 s�1 (1926 and 2000) (Fig. 1s; Supplementary
material). The mean and mode discharge recorded daily at this
station are �1500 m3/s and �1000 m3/s, respectively (Fig. 1s).
Beginning in early November 2011, intense rainfall occurred in
the southwestern portion of the Po River drainage basin
(Fig. 2s; Supplementary material). In this part of the watershed,
local distributaries experienced overflowing banks (e.g., Tanaro
and Orba Rivers, Figs. 1b and 2) because of the high precipitation.
The resultant flood wave took several days to reach Pontelagoscu-
ro station from the western watershed but only a few days to
reach the central-eastern Apennine belt (Figs. 1b and 2). In con-
trast, the water export from the northern regions was relatively
low (e.g., Adda River, Figs. 1b and 2). The highest discharge was
5858 m3/s recorded on the 11th of November corresponding to
a flood return period of �2.5 years (Fig. 1s).
3. Methods

3.1. Sampling

The event-driven transport of particulate and dissolved con-
stituents was monitored between the 4th and the 21st of Novem-
ber 2011 at Pontelagoscuro gauging station located �90 km from
the coast (Fig. 1b). Surface water samples were collected across
the river axis in three locations along the Pontelagoscuro bridge
(i.e., left, middle, and right). These three locations formed an ideal
riverbank-normal transect. The essential elements of the collector
device were a 1 l HDPE bottle (large neck to promote rapid fill-
ing), a rope, and a weight at the end of the rope to allow instan-
taneous sinking of the bottle. The reproducibility of this method
was tested before the experiment (Tesi et al., unpublished data)
and the standard error for replicate measurements of the sus-
pended material was <4%. For 137Cs analyses, large volumes
(25 l) of water samples were collected using a bucket from the
middle of the bridge.



Fig. 1. (a) Drainage basin of the Po River located in the northern Italy. (b) Detail of the Po drainage basin. Symbols show the location of four gauging stations within the
drainage basin. Water samples were collected at Pontelagoscuro gauging station. Areas where landslides are currently active are shown on the map as points (source
Interregional Agency for the Po River, AIPO).
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3.2. Analytical methods

3.2.1. Particulate material
In the lab, samples were processed the same day of the collec-

tion. The following protocol was applied for each 1 l water sample.
Particulate material was kept in suspension in the HDPE bottle
using a magnetic stir bar while a 20 ml aliquot was taken to deter-
mine the total suspended material (TSM). Water subsamples were
filtered on pre-combusted and pre-weighed GF/F filters (0.7 lm
mesh, 21 mm diameter). Filters were dried in the oven (50 �C)
and then weighed. Daily TSM data are reported in mg/l as mean
of each sample location (i.e., left, center, and right) and standard
deviation. After the subsampling, the remaining water collected
on the same day was filtered using a polycarbonate filter (Isopore
Membrane polycarbonate, 0.4 lm mesh, 142 mm diameter) to ob-
tain enough material for the analyses. Polycarbonate filters were
placed in plastic tubes with 50 ml of MilliQ water. Tubes were
capped and shaken until complete detachment of the material
from the filter. Filters were then rinsed and removed from the
Fig. 2. Water levels during the November 2011 flood event measured in 4 gauging
stations during the course of the flood. See Fig. 1 for their locations. During the
flood, samples were collected at Pontelagoscuro gauging station.
plastic tube. Samples were then centrifuged, and the supernatant
removed with a syringe, and the recovered sediment was oven-
dried (50 �C). Samples were then ground using a mortar and pestle
for biogeochemical analyses. An aliquot of unground material was
used for grain-size analyses. Finally, large water samples collected
for 137Cs analyses were filtered using paper filters and placed in the
oven (50 �C). Once dry, river samples were ground and
homogenized.

Particulate organic carbon (POC), and d13C analyses were carried
out on dried samples after acid treatment (HCl, 1.5 M) to remove
the inorganic fraction (Nieuwenhuize et al., 1994). Total carbon
(TC), particulate nitrogen (PN) and d15N was carried out on
untreated sediment. Analyses were performed using a Finnigan
DeltaPlus XP mass spectrometer directly interfaced to a FISONS
NA2000 Element Analyzer via a Conflo II. The internal standards
for isotopic measurements were IAEA-CH7 (polyethylene,
�32.15‰) and IAEA-N-1 (ammonium sulfate, +0.4‰) for d13C and
d15N, respectively. Errors for replicate analyses of the standards
were ±0.05‰ and ±0.2‰, respectively. Particulate inorganic carbon
(PIC) was estimated by the difference between TC and POC. PIC,
POC, and PN values are reported as weight percent (wt%) whereas
stable isotope data are presented using the conventional delta nota-
tion (d).

Sediment subsamples for grain-size analyses were placed in
plastic tubes and treated with H2O2 to remove the organic material.
Measurements were carried out on sediment samples dispersed in
4% sodium hexametaphosphate electrolyte solution using a
Multisizer 3 Coulter Counter. The instrument was equipped with a
100-lm aperture tube that measures size of particles from 2 to
60 lm in diameter. Data are presented as median value (D50) in lm.

Dried samples for radionuclide analyses were placed in plastic
containers and counted by gamma spectrometry. Gamma
emissions of 137Cs were counted at 661.7 keV photopeak for ap
proximately 24 h using Ortec germanium detectors (Ortec HPGe
GMX-20195P and GEM-20200) calibrated against a sediment
spiked with the Amersham reference standard solution QCY48A
by using the same counting geometry. Activities were decay-
corrected for the time of collection. Data are presented as Bq/kg
(Bq, Becquerel is decay per second). The detection limits was
0.9 Bq/kg.
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3.2.2. Dissolved nutrients
About 40 ml of each sample was filtered in situ to remove the

suspended sediment using pre-combusted and rinsed GF/F filters.
Samples were kept cool until the arrival in the lab where they were
immediately frozen (�16 �C). Dissolved inorganic nutrients analy-
ses were performed using a SysteaEasyChem Plus analyzer follow-
ing the United States Environmental Protection Agency methods
(1983) for ammonium (N–NH3), nitrite (N–NO2) and nitrate
(N–NO3). The method described in the FAO Fisheries Technical
Paper 137 (1975) was used for silicate (Si–SiO4). Data are reported
in lmol/L as daily average (i.e., left, middle, and right) and
standard deviation expect for the first two samplings when water
samples were only collected from the center of the bridge.
4. Results

4.1. Total suspended sediment, grain-size, and 137Cs

Total suspended material (TSM) data were presented in Table 1
and Fig. 3s (Supplementary material) as mean and standard devia-
tion of samples daily collected along the riverbank-normal tran-
sect. The standard deviation of TSM data was relatively small
(average standard error �6%), despite the fact that the river is
230 m wide in that section. In the early stage of the flood, the
TSM showed a sharp increase on the 8th of November
(�943 ± 78 mg/l) (Table 1 and Fig. 3s, Supplementary material).
However, this peak occurred three days before the highest water
discharge that was observed on the 11th of November when the
TSM instead dropped to �259 ± 12 mg/l (Table 1 and Fig. 3s, Sup-
plementary material). The range of grain-size data exhibited rela-
tively narrow values throughout the event although there were
some significant temporal trends. The river suspended particles
exhibited the smallest diameters (D50 �6.5 lm) during high flow
conditions whereas the coarsest material (D50 �9 lm) was ob-
served in the final stage of the flood (Table 1 and Fig. 3s, Supple-
mentary material). The lowest 137Cs activity (6.1 Bq/kg) was
measured at the beginning of the flood whereas the highest value
(20.4 Bq/kg) was observed at the end of the event (Table 1 and
Fig. 3s). Nevertheless, the 137Cs data did not exhibit a clear tempo-
ral variability during the course of the flood.

4.2. Nutrients

The concentration of nitrate (N–NO3) exhibited an opposite
temporal trend relative to the water discharge (Table 2 and
Fig. 3s, Supplementary material). The highest values were mea-
Table 1
Bulk composition of suspended sediment collected at Pontelagoscuro gaugin station durin
samples were collected in three different locations along the Pontelagoscuro bridge.

Date Discharge TSM D50
137Cs TN

m3/s mg/L lm Bg/kg % l

11/4/2011 898 34 ± 3 6.8 n.a. 0.36
11/7/2011 2625 744 ± 23 8.4 6.0 ± 0.49 0.15 1
11/8/2011 3818 943 ± 78 7.9 13.3 ± 0.69 0.18 1
11/9/2011 4551 614 ± 17 6.6 15.8 ± 0.86 0.15
11/10/2011 5459 410 ± 17 6.7 15.3 ± 0.86 0.14
11/11/2011 5800 259 ± 12 6.9 15.1 ± 1.59 0.15
11/12/2011 5281 203 ± 2 7.0 12.1 ± 1.62 0.15
11/13/2011 4209 206 ± 1 7.2 10.9 ± 1.43 0.13
11/14/2011 3433 226 ± 13 10.5 15.6 ± 1.73 0.14
11/15/2011 2707 205 ± 7 8.2 13.1 ± 1.49 0.13
11/16/2011 2284 170 ± 16 9.5 14.1 ± 2.29 0.18
11/17/2011 1965 144 ± 12 7.6 20.4 ± 2.26 0.28
11/21/2011 1472 103 ± 19 8.7 13.5 ± 2.52 0.22
n.a. not available
sured during low flow conditions whereas the lowest values were
observed during the peak discharge. The concentration ranged
from 101 ± 11 to 210 lmol/L. At the beginning of the flood, both ni-
trite (N–NO2) and ammonia (N–NH3) exhibited a sharp increase
consistent with the TSM trend. The highest values were observed
on the 8th before the peak flow (2.4 ± 0.2 and 9.7 ± 1.1 lmol/L,
respectively) (Table 2 and Fig. 3s, Supplementary material). After
the 8th, both nitrite and ammonia decreased as the hydrograph de-
creased reaching concentrations consistent with values previously
observed during base flow conditions (1.1 ± 0.1 and 1.9 ± 0.5 lmol/
L, respectively) (Table 2 and Fig. 3s, Supplementary material). Sili-
cates (Si–SiO4) showed a sharp drop at the beginning of the flood
followed by a steady increase throughout the event (Table 2 and
Fig. 3s, Supplementary material). Values ranged from 79 to
126 lmol/L corresponding to the first two days of measurements
in the river.

4.3. Particulate organic matter

Organic carbon (POC) and total nitrogen (PN) exhibited the
highest concentrations during low discharge periods, in particular
before the flood event (2.87% and 0.36%, respectively) (Table 2 and
Fig. 3s, Supplementary material). As the flow increased the concen-
trations decreased reaching values relatively steady (�1.25 and
�0.15%, respectively). The inorganic carbon (IC) concentration
exhibited three distinct peaks during the time-series. The first
was observed at the beginning of the event (�2.9%), the second
after the peak discharge (�2.4%), and the last one in the latter stage
of the event (�2.5%) (Table 2 and Fig. 3s, Supplementary material).
Nitrogen stable isotopes (d15N) exhibited a temporal trend consis-
tent with the POC and PN concentrations. The most enriched com-
position was observed during low flow conditions (d15N 4.5‰),
whereas the most depleted value was measured at the peak of
the flood on the 11th of November (d15N 1.2‰) (Table 2 and
Fig. 3s, Supplementary material). Finally, the carbon stable isotopes
(d13C) did not exhibit either a clear temporal trends or correlation
with water discharge. Values were relatively depleted and ranged
from �28.2‰ to �26.0‰ (Table 2 and Fig. 3s, Supplementary
material).
5. Discussion

5.1. Total suspended sediment transport during the flood

One of the most remarkable features of the time-series is the
decoupling between TSM and water discharge (Table 1; Fig. 3s,
g the November 2011 flood. Data are shown as mean and standard deviation when

OC IC d13C d15N C/N

g/L % lg/L % lg/L ‰ ‰

124 2.87 979 2.8 957 �28.2 4.5 9.2
124 1.20 8920 3.0 22,581 �27.7 1.9 9.3
726 1.44 13,583 2.1 19,643 �27.1 1.8 9.2
902 1.25 7657 1.7 10,615 �27.6 1.8 9.9
585 1.18 4842 1.6 6684 �27.4 1.2 9.7
393 1.17 3026 1.7 4398 �27.0 1.3 9.0
298 1.13 2297 2.4 4920 �26.5 1.6 9.0
266 1.07 2205 2.3 4682 �26.6 1.5 9.7
318 1.19 2686 1.8 4158 �26.9 1.3 9.8
276 1.23 2535 1.8 3794 �27.2 1.6 10.7
308 1.39 2361 2.1 3513 �27.2 1.7 8.9
398 2.52 3639 2.5 3668 �26.0 2.9 10.7
221 1.89 1939 2.5 2540 �27.5 2.3 10.2



Table 2
Concentration of nutrients in water samples collected at Pontelagoscuro gauging station during the November 2011 flood. Data are shown as mean and standard deviation when
samples were collected in three different locations along the Pontelagoscuro bridge. Standard deviation refers to replicates along the river axis.

Date Discharge m3/s N–NO3 lmol/L N–NO2 lmol/L N–NH3 lmol/L Si–SiO4 lmol/L

11/4/2011 898 210 1.0 2.6 126
11/7/2011 2625 143 1.9 7.4 79
11/8/2011 3818 134 ± 6 2.4 ± 0.2 9.7 ± 1.1 106 ± 2
11/9/2011 4551 113 ± 5 1.6 ± 0.1 8.4 ± 2.3 99 ± 8
11/10/2011 5459 101 ± 11 1.3 ± 0.1 7.5 ± 1.9 104 ± 3
11/11/2011 5800 105 ± 7 1.3 ± 0.1 5.9 ± 1.5 108 ± 26
11/12/2011 5281 111 ± 11 1.2 ± 0.1 4.4 ± 1.9 105 ± 14
11/13/2011 4209 122 ± 6 1.3 ± 0.2 3.1 ± 1.6 116 ± 8
11/14/2011 3433 116 ± 13 1.0 ± 0.1 3.0 ± 1.5 109 ± 17
11/15/2011 2707 118 ± 22 0.9 ± 0.2 3.1 ± 1.5 110 ± 29
11/16/2011 2284 133 ± 36 1.1 ± 0.1 4.5 ± 2.1 122 ± 25
11/17/2011 1965 142 ± 14 1.1 ± 0.1 1.9 ± 0.5 124 ± 11
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Supplementary material). The TSM exhibited the highest concen-
tration on the 8th of November (�950 mg/L) whereas the peak of
the water discharge occurred 3 days later on the 11th. After the
8th of November, the concentration of suspended material rapidly
decreased reaching relatively steady values (�200 mg/L). A decou-
pling like this could suggest two processes that are relatively com-
mon in fluvial systems: (i) significant dilution of TSM as the rain
increases coupled with (ii) threshold limitations on sediment sup-
ply from the drainage basin (Hicks et al., 2000). In order to account
for the effect of dilution, suspended sediment concentrations (mg/
L) were converted in sediment fluxes (tons/s) combining together
TSM and river discharge data (Fig. 3a). However, despite this con-
version, the overall temporal pattern does not change and there-
fore this might suggest that after the 8th, TSM decreased because
of erosion threshold limitations on sediment supply. If this was
the case, the sediment supply limitation must have been particu-
larly significant during the November 2011 event, although this
flood was not particularly extreme while the current literature
on the Po River has never mentioned this specific aspect before.

An alternative approach to address the decoupling between so-
lid and liquid discharge is to investigate the event-driven transport
of water and sediment in terms of source and transit time. Accord-
ing to a report issued by the Interregional Agency for the Po River
Fig. 3. (a) Temporal variability of water discharge and sediment flux during flood
event. (b). Total suspended material vs water discharge during the course of the
flood. The solid line shows the linear fit.
(AIPO), who monitored the 2011 event (http://www.agenziapo.it/
piena/pdf/2012_02_22_rel_piena_nov11.pdf), most of the precipi-
tation occurred in the western portion of the Po watershed
(Fig. 2s, Supplementary material) while the flood wave took
�6 days since the precipitation event to reach the Pontelagoscuro
gauging station from this region (Figs. 1 and 2). To confirm this
we calculated the transit time required to travel the distance (ca.
370 km) between the Tanaro/Orba (westernmost station, Fig. 1)
and Pontelagoscuro gauging stations. Assuming an average veloc-
ity of 1.35 cm/s during the flood (from the base to the peak) based
on flow measurements carried out at Pontelagoscuro (Burnelli
et al., 2006), the time required to travel is about 4 days. This im-
plies that the material from the western region should reach Pon-
telagoscuro not earlier than the 9th of November. Therefore,
although rough estimate, the peak of TSM observed at the early
stage of the flood must necessarily reflect high sediment supply
from nearby sources within the Po watershed rather than thresh-
old limitations. A nearby important potential source of sediment
is the southeastern Apennine belt that is characterized by
recurrent land-slides (Fig. 1b) (Trigila et al., 2010) and the highest
sediment yield of the Po drainage basin (Cattaneo et al., 2003). The
water supply from this region (Fig. 2, e.g. Secchia River gauging sta-
tion, ca. 130 km from Pontelagoscuro) was relatively high during
the 2011 event and it likely reached the Pontelagoscuro gauging
station within 24–48 h after the precipitation event. Conversely,
the northern watershed (Figs. 1 and 2, e.g. Adda River) that is char-
acterized by lower erosion rates (Syvitski and Kettner, 2007), did
not experience intense rainfall (see Supplementary material). This
further supports the hypothesis that the material collected on the
7th and 8th of November was mainly derived from the southeast-
ern Apennine belt justifying therefore the decoupling between sed-
iment and water discharges.

Inorganic carbon (IC) content and 137Cs activity of suspended
sediment could be regarded as useful tools to constrain the source
of the sediment (Du et al., 2012). The Apennine Mountains are
mainly composed of sedimentary rocks characterized by high car-
bonate contents (Cattaneo et al., 2003). We also expect relatively
low 137Cs activity in surface soils from this region as a result of high
erosion rates and sediment yield in the eastern Apennine belt
likely resulted in lowering the initial concentration of 137Cs after
the Chernobyl accident (1986) compared to other regions of the
watershed characterized by low erosion rates (Du et al., 2012). In-
deed, high IC concentration and low 137Cs activity in the initial
stage of the flood seem to support our hypothesis although the
overall temporal trend throughout the event was relatively com-
plex to explicate. These trends probably reflect the intricate system
of sources and tributaries (Fig. 1) whose signals overlap during the
course of the flood as well as the potential resuspension of old
deposits as the hydrograph increases.

http://www.agenziapo.it/piena/pdf/2012_02_22_rel_piena_nov11.pdf
http://www.agenziapo.it/piena/pdf/2012_02_22_rel_piena_nov11.pdf
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The decoupling between sediment load and water discharge in
the Po River was also pointed out by Syvitski and Kettner (2007). In
their study, the authors presented more elaborate scenarios indi-
cating that, as a result of sediment source, the sediment load can
lag behind discharge, lead the discharge, be simultaneous with dis-
charge, or show little correlation. Therefore the predictable rela-
tionship between liquid and solid discharge can be an erroneous
assumption whereas other factors might become as important as
water discharge. For instance, according to our results, the location
of precipitation exerts first-order control on TSM magnitude and
time dependence of sediment yield. As a result, predicted sediment
load simply derived from sediment rating curves could potentially
give rise to large errors, especially when calculations are per-
formed to understand the watershed behavior in response to
event-driven mobilization. In Fig. 4b we showed the correlation
between TSM and discharge and, as expected, the relationship
was low (r2 = 0.48) and not statistically significant (p� 0.05).
Therefore, although we are fully aware that rating curves require
a long times-series of measurements, our data indicate that the
link between sediment load and the water flow in the Po wa-
tershed is not straight forward, at least during short-lived episodes.
This is consistent with previous watershed studies that highlighted
problems and limitations associated with this model (Horowitz,
2003; Walling, 1977).

5.2. Nutrients and organic matter

Although sediment and water discharges were decoupled during
the event, other constituents transported by the river, such as dis-
solved nitrate (N–NO3), exhibited a strong relationship with the
Fig. 4. Temporal variability of water discharge, total particulate nitrogen, and (a)
nitrate (N–NO3), (b) nitrite (N–NO2), (c) ammonia (N–NH3) during the November
2011 flood.
water flow. Specifically, the overall temporal variability of N–NO3

during the flood suggested the dilution of N–NO3-rich waters, dis-
tinctive of low flow conditions, with NO3-poor waters as the dis-
charge increases (Fig. 4a). Rainfall collected during a 3-year study
in the Po valley (Ventura et al., 2008) displayed on average rela-
tively low N–NO3 concentrations (�15–50 lmol/L) explaining the
decrease of concentration with increasing flow rate. By contrast,
groundwater in the Po watershed is chronically contaminated by
high levels of nitrate (up to �2000–3000 lmol/L) (Mastrocicco
et al., 2011; Onorati et al., 2006) and, because groundwater consti-
tutes much of the baseflow in streams during low discharge, the
high N–NO3 concentrations can easily be explained as the influx
of N–NO3-rich groundwater as the hydrograph decreases. Agricul-
ture activity, sewage, livestock manure have been extensively dis-
cussed in the literature as the primary anthropogenic factors to
explain the N–NO3 concentration in groundwater in the Po wa-
tershed (Sacchi et al., 2013; Bartoli et al., 2012). Similar dilution
processes were described in other watersheds like in Taiwan, where
the nitrate concentration in rivers decrease during the typhoon sea-
son (Lee et al., 2013). Finally, it is also worth noting that the tempo-
ral trend of N–NO3 did not show any evidence of significant N–NO3

leaching from the top soil in response to the precipitation. If this
was occurred, we should presumably have observed a peak of
N–NO3 either in the early stage of the flood or, at the latest, during
the maximum water discharge. Fertilizers for agricultural purposes
in the Po River watershed are mainly used from January through
May (Ventura et al., 2008) can explain this trend to some extent.

During the flood, nitrite (N–NO2) and ammonia (N–NH3) exhib-
ited temporal trends similar with each other but different com-
pared to N–NO3 ((Fig. 4). Their peaks in concentration occurred
in the early stage of the flood before the peak of water discharge.
As leaching from soil seemed to be negligible according to the con-
centration of N–NO3 that is generally the major product of leaching
from soils used for agricultural and livestock farming purposes
(Bartoli et al., 2012), these high concentrations must therefore be
the result of a different process. Other potential sources of N–
NH3 and N–NO2 could, for example, derive from in situ production
driven by microbiological activity such as ammonification and
nitrification. This hypothesis seems to be supported by the linear
relationship between the concentration of particulate nitrogen in
suspension and the concentrations of N–NH3 and N–NO2 in the riv-
er (Fig. 4) (r2 = 0.79 and 0.94 for N–NH3 and N–NO2, respectively).
Indeed, it is reasonable to expect that, to some extent, the rates of
ammonification and nitrification are proportional to the amount of
bioavailable particulate nitrogen in suspension. This is consistent
with a laboratory study carried out by Xia et al. (2004). In this
study the authors explicitly addressed the relationship between
nitrification and suspended sediment and found out that the rate
of nitrification increases with increasing water turbidity. This
hypothesis would also explain why the microbial activity did not
significantly affect the overall temporal trend of N–NO3 as the
amount of nitrogen processed by bacteria, although important for
N–NO2, is relatively negligible compared to the overall pool of
N–NO3 in the river. In addition, leaching of N–NH3 from clay parti-
cles due to ionic exchange in the river can be another potential
source of N–NH3 (Xia et al., 2004). This latter would eventually
be transformed to N–NO2 and N–NO3 by the nitrification processes.
Although most of the studies dealing with N–NH3 leaching focused
on soil acidity (Cresser et al., 2004; Mian et al., 2009), it is reason-
able to expect that the amount of N–NH3 released in the water is
also driven by the concentration of the particulate material in sus-
pension (Xia et al., 2004). Therefore, based on the linear relation-
ship between N–NH3 and TSM (r2 = 0.85), the effect of ionic
exchange cannot be completely excluded.

Finally, both POC and PN (wt%) exhibited temporal trends com-
parable to N–NO3 (Fig. 3s, Supplementary material) although it is



Fig. 5. (a) Top vs bottom total suspended material. Data from Pettine et al. (1998).
(b) Temporal variability of water discharge and sediment cumulative fluxes
(topduring the November 2011 flood. Sediment cumulative fluxes for bottom
waters, top waters, and average value are shown with three different curves. (c)
Percent cumulative fluxes of water and sediment during the course of the flood.
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unlikely that their concentrations were affected by the same pro-
cesses affecting N–NO3. Low contents of POC and PN during high
discharge (1 ± 0.2%) can be easily explained as an increase of sus-
pended soil-derived organic matter that is transported by the river
in response to the precipitation (Fig. 4a, Supplementary material).
This hypothesis is supported by the biogeochemical data (d13C,
d15N, and C/Nmolar) from the suspended sediment collected during
high flow whose composition is consistent with values commonly
observed in soils at mid-latitudes (Hedges and Oades, 1997). In
contrast, the source of the organic matter transported during low
discharge is more uncertain. The atomic ratio of POC over PN (C/
Nmolar) was relatively similar throughout the event and did not ex-
hibit any statistically significant relationship with the water dis-
charge. Similarly, the d13C did not show any significant
correlation with either organic matter content or river flow. Con-
versely, the d15N was well correlated with POC, PN (r2 = 0.83 and
0.84, respectively) as well as with water discharge (Fig. 4b, Supple-
mentary material). The most depleted values were measured dur-
ing high flow conditions whereas low river discharge was
characterized by relatively enriched values. Fresh water phyto-
plankton, solid and liquid sewage as well as manure products are
common sources of d15N enriched organic matter in rivers. In addi-
tion to having an overlapping d15N signature (Bartoli et al., 2012;
Vuorio et al., 2006), these sources are all potentially important in
the study area (de Wit and Bendoricchio, 2001). For example, the
Po watershed is one of the most populated areas in Europe (aver-
age density population 260 ab/km2) whereas its surface is exten-
sively used for livestock activities (cattle farms mainly located in
the central-northern Italy whereas swine farms dominate the east-
ern region (deWit and Bendoricchio, 2001). Because high turbidity
still persisted at the end of the flood, it is unlikely that algal mate-
rial was important apart from the first sample collected before the
flood on the 4th of November. However, whereas soil-derived or-
ganic matter is clearly the dominant source of the material during
high discharge, both C/N and d13C did not provide strong indication
about the source of the organic fraction collected at low flow rates.
Therefore, none of the aforementioned sources can be completely
ruled out, including soil-derived organic matter.

5.3. Solid and liquid export estimates

In the absence of a reliable rating curve, the cumulative flux of
sediment exported during the November 2011 flood was assessed
based on the cumulative sediment flux showed in Fig. 3a. Data in
between observations were extrapolated based on linear fit. This
approach seems to be fairly reasonable given the overall sediment
flux trend (Fig. 3a). Because the hydrograph had increased since
the 6th of November, while our base flow TSM measurement was
carried out on the 4th of November, sediment flux calculations
were performed from the 6th assuming relatively small changes
in TSM between these two dates. Finally, since our sample collec-
tion method only allowed us to sample water near the surface of
the river, the bottom TSM concentration was assessed based on
the study carried out at Pontelagoscuro by Pettine et al. (1998).
The authors estimated surface and bottom suspended sediment
concentrations at different discharge levels that ranged from
�750 to �3500 m3/s. Their analysis indicated high coherence be-
tween top and bottom samples and based on linear regression
the bottom TSM was on average 22.6% higher compared to the sur-
face waters (Fig. 5a). Fig. 5b shows the sediment cumulative fluxes
calculated from the 6th through to the 21st of November in surface
water and water being transported near the bed (e.g. bottom).
Based on these calculated data, we also estimated an average value
used to assess the total export of particulate material during the
event. According to our calculation, the November 2011 flood ex-
ported �1.61 Tera (1012) g of suspended material, mainly during
the first part of the flood event. Specifically, by the peak of the
water discharge (5800 m3/s, 11th of November) �71% of the total
particulate export had occurred at the Pontelagoscuro gauging sta-
tion (Fig. 5c). This value was significantly higher compared to the
freshwater flux whose cumulative export, calculated for the same
period, was �43%.

As expected, our calculations underline once again the decou-
pling between solid and water discharge. A more exhaustive anal-
ysis of the export throughout the event can be done for each
constituent transported by the river including both particulate
and dissolved phases. In Fig. 5s (Supplementary material) we per-
formed a similar analysis on PN, POC, N–NH3, N–NO2, N–NO3, and
Si–SiO4 (dashed lines). In addition to their cumulative percent ex-
port we also plotted the particulate and fresh water cumulative
fluxes (solid lines). Because nutrients were not available on the
21st of November, the analysis was carried out from the 6th to
the 17th of November, assuming the same boundary conditions
that we used for the previous calculations. According to our calcu-
lations, POC and PN exhibited a temporal trend analogous to the
sediment flux whereas nutrients such as N–NO3 and Si–SiO4

showed a trend consistent with the water discharge. The difference
transport time between particulate constituents and solutes can be
quantified using the shape of their cumulative export. According to
the median value (i.e., 50% of the cumulative export) the delay be-
tween the flux of POC and PN and the flux of N–NO3 and Si–SiO4

was roughly 2-days (Fig. 5s, Supplementary material). It is impor-
tant to highlight that, although the transport of solutes clearly
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reflects for the most part the flow rate, both N–NO2 and N–NH3

were also affected by in situ biological production and/or ionic ex-
change whose rates were instead proportional to the concentration
of particles in suspension (see previous discussion). Therefore,
transit time and supply of N–NO2 and N–NH3 during the event
were essentially the result of the combination between solid and
liquid discharges (Fig. 5s, Supplementary material).

In order to assess the influence of short-lived events on the
annual river budget, we compared the mass transport for each dis-
solved and particulate constituent during the flood with the annual
exports found in literature. As a first step we calculated the
total mass transport from the 6th to the 17th of November
in molar unit: POC (1328 Mega mol) > N–NO3 (424.8 Mega
mol) > Si–SiO4 (382.7 Mega mol) > PN (177.1 Mega mol) > N–NH3

(20.6 Mega mol) > N–NO2 (5.01 Mega mol). Budgets from the liter-
ature are often discontinuous in time as well as incomplete. In
addition, it is important to highlight that the total annual mass
transport of each constituent can significantly vary from year to
year as a function of the water discharge, which does exhibit large
inter-annual variability (Cozzi and Giani, 2011). Regardless of these
limitations and in the absence of the budget for 2011, we used the
published fluxes for 2004 (Cozzi and Giani, 2011) to calculate a
rough estimate. Although only TSM and nutrients were available,
in 2004 the river exhibited a similar hydrograph, a comparable ex-
port of water (42.3 vs 42.8 km3 for 2004 and 2011, respectively)
while the drainage basin had a similar history of precipitation to
2011. During 2004 and 2011, the Po River experienced two floods
having comparable magnitude – one in the fall due to precipitation
and one in the spring due to the combination of rain with snow
thawing – therefore we assume that the spring 2012 flood had a
similar load to the fall 2011 and doubled the exports calculated
for the November 2011 event analyzed here to account for that
unsampled event. The values obtained were then compared with
the 2004 budget published by Cozzi and Giani (2011). Based on
these calculations, our results indicated that the event-controlled
supply in the Po River accounted for �35% and �12–14% of the an-
nual export of TSM and nutrients, respectively. The difference be-
tween particulate and dissolved constituents can easily be
explained by the fact that during flood events the TSM in suspen-
sion can increase up to 2-order of magnitude whereas nutrients
throughout the year exhibit relatively minor fluctuations in con-
centration. Finally, considering the intimate association between
soil organic matter and TSM, as shown in our study (Fig. 5s, Supple-
mentary material), it is reasonable to expect that roughly one-third
of the annual export of terrigenous material in the Po River is also
event-driven as observed for the suspended material.

Our estimates are meant to provide a crude but reasonable
approximation of the impact of short-lived events on the annual
export. However, we understand that our approach might be too
simplistic. Since we compared our results with a different year
while we doubled export calculated for the November 2011 event
to account for the spring flood. The extent of this error is not con-
strainable but what we can provide is another independent esti-
mate. In this new assessment the flux during the November 2011
flood (14 days) was as we initially calculated while the export for
the remaining days (351 days) was calculated using the TSM
(34 mg/l) and discharge (898 m3/s) observed before the flood event
on the 4th of November (Table 1). It is important to highlight that
the discharge on the 4th of November is similar to the mode of the
the Po River (1000 m3/l) and therefore this extrapolation seems to
be fairly reasonable. According to this new estimate, the November
2011 flood accounted for 61% of annual TSM export. This value is
even higher than the previous estimates (35%) and therefore, de-
spite the uncertainties associated with these calculations, our re-
sults indicate that, regardless of the model used, the short-lived
events exert control on the annual export of particulate material.
However, a more accurate estimate of the export in the Po River
can be obtained only via high-resolution sampling throughout
the year and during high discharge. We believed that the event-re-
sponse sampling carried out in February 2011 represented a first
step in this direction.
6. Conclusions

In this study we have investigated the event-controlled export
of particulate and dissolved constituents from the Po River to bet-
ter understand how the land-derived material is transported to the
Mediterranean Sea in response to precipitation. Our results re-
vealed a significant decoupling between sediment and freshwater
discharges during the flood event. Specifically, the flood wave took
about 6 days from the western Po watershed to reach the gauging
station located near the coast. Conversely, most of the suspended
sediment was derived from the southeastern Apennine regions
that experienced comparatively lower precipitation but released
a significant fraction of sediment because of the high sediment
yields. The final result was that the peak of water flux lagged be-
hind the peak of sediment discharge. Therefore, the region where
the sediment is derived exerted first-order control on transit time
and flux magnitude of sediment. This implies that sediment loads
simply based on sediment rating curves can give rise to large er-
rors, especially when fluxes are estimated for short-lived episodes.
According to our calculations, the November 2011 flood exported
�1.61 Tera (1012) g of particulate material. As expected, the decou-
pling between solid and water discharge in turn affected the mass
transport over time of particulate and dissolved constituents car-
ried by the river. As the concentration of particulate soil organic
matter in the river was proportional to the amount of sediment
in suspension, most of the export of particulate organic matter oc-
curred before the peak of the freshwater as observed for the sedi-
ment flux. The total export of organic carbon and nitrogen was
1328 and 177 Mega moles, respectively. Comparing our estimates
with published annual budgets from previous years (Cozzi and Gia-
ni, 2011), the event-dominated transport of suspended material
and soil organic matter account for roughly one-third (�35%) of
the overall annual export. When the annual export was extrapo-
lated based on the data collected before the flood, the relative
importance of the event-domianted export is even higher (�61%
of the annual TSM export). Therefore, regardless of the assump-
tions or calculation used, our results indicate that the event-dom-
inated export of particulate exerts control on the annual export of
particulate material.

In contrast, the export of nutrients exhibited a temporal trend
more similar to the water discharge although their cumulative
mass transport was not simply the result of the water export over
time. For example, N–NO3 exhibited lower concentrations during
high discharges because of the dilution of the baseflow, character-
ized by high N–NO3 contents, with N–NO3-poor rainfall waters. As
the groundwater constitutes most of the baseflow in rivers, the
high N–NO3 concentrations probably indicated the inflow of
groundwater during low discharge. In comparison, the concentra-
tions of N–NO2 and N–NH3 were positively correlated with the
concentration of the suspended material. Based on this evidence,
we inferred the potential effect of microbial activity (ammonifica-
tion and nitrification) and/or N–NH3 ionic exchange whose rates
were likely proportional to the concentration of particulate nitro-
gen or sediment in suspension. N–NO3 were the major nutrients
exported during the flood followed by Si–SiO4 (382.7 Mega mol),
N–NH3 (20.6 Mega mol), and N–NO2 (5.01 Mega mol). The event-
dominated export of nutrients was relatively less important com-
pared to the particulate material accounting for �12–14% of the
annual budget.
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