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Abstract We provide data on nutrient export for 28
rivers in southwestern Europe and analyze long-term
changes in the context of anthropogenic pressures
and regulation policies. Special attention is given to
seasonal variations, because the integrated annual
values that are usually provided do not allow us to
establish comparisons with seasonal phytoplankton
dynamics. The eutrophication risk associated with
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river inputs is addressed by means of an indicator
(Index of Coastal Eutrophication Potential, ICEP,
Billen and Garnier, Mar Chem 106:148-160, 2007).
An overview of the temporal evolution and the intra-
annual variability of the ICEP is discussed for specific
rivers and integrated coastal regions. The annual
dynamics of the eutrophication indicator is analyzed to
delimit those periods when the risk of eutrophication is
particularly high. The trends in nutrient fluxes and
coastal phytoplankton are compared by means of a
case study (Seine Bay). The decrease in phosphorus
matches a general decrease in phytoplankton biomass
in the summer. However, sustained high values of
nitrogen still foster the emergence of harmful algal
blooms, and we found an increase in the summer
abundance of dinoflagellates. The abatement of phos-
phorus alone is not enough to shortcut harmful blooms
and toxic outbreaks in the Seine Bay. A reduction in
nitrogen inputs may be necessary to effectively
minimize eutrophication problems.

Keywords River inputs - Coastal zone -

N:P:Si stoichiometry - Eutrophication - Seasonality -
Europe

Introduction

Coastal areas play a fundamental role in the function-
ing of marine ecosystems. These are strategic,
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transitional areas in which terrestrial and oceanic
factors come together, whose dynamics determines a
wide variety of natural resources. River inputs are
among the major physical drivers of coastal dynamics.
Apart from their effects on buoyancy and vertical
stratification, land-derived fresh waters carry inor-
ganic and organic compounds that can trigger the
growth of marine organisms. This natural supply of
nutrients by rivers, however, has dramatically
increased in the last few decades as a consequence
of various factors, notably the extensive use of mineral
fertilizers in agriculture and the step-up of urban
pressure along the coast (EEA 2005, 2010). The
cumulative effects of global change, including climate
change, increased population, and more intense
industrialization and agribusiness will likely magnify
the pressure in estuarine and coastal waters (Rabalais
et al. 2009).

Sustained nutrient overload can lead to the emer-
gence of eutrophic coastal waters and result in a series
of undesirable effects. Nutrients spur the growth of
phytoplankton, and excessive algal growth increases
the amount of organic matter settling to the bottom
(Jgrgensen and Richardson 1996; Cloern 2001). In
turn, high concentrations of organic matter increase
oxygen consumption, which may eventually cause
oxygen depletion of bottom waters and drive drastic
changes in community structure or death of the benthic
fauna (Conley et al. 2007; Diaz and Rosenberg 2008).
Further, nutrient excess can promote the risk of
harmful algal blooms (HABs) that cause seawater
discoloration, foams, death of fish and benthic fauna,
or shellfish poisoning of humans (e.g., Montresor and
Smetacek 2002). Besides the oversupply of nutrients,
at the core of many eutrophication problems, distur-
bances can also be linked to changes in the relative
composition of nutrients. Changes in the N:P and Si:N
ratios can induce shifts within the plankton assem-
blages, favoring the dominance of specific groups of
plankton and ultimately fostering the emergence of
algal blooms (Officer and Ryther 1980; Smayda 1990;
Justic¢ et al. 1995; Billen and Garnier 2007).

River fluxes have largely evolved in western
European countries since the beginning of the 20th
century. Inputs closely follow changes in neighboring
human activities, and three phases can be broadly
distinguished: an early stage of nearly pristine/undis-
turbed waters, with scarce or inexistent nutrient
excesses, a second phase of very high nutrient loads,
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and a later period of stabilization and/or partial
reduction of inputs (EEA 2001). Time boundaries
between these three stages differ among European
regions, as do the rates of change and the apportion-
ment of nutrients.

Previous studies assessing long-term changes in
freshwater quality (Bouraoui and Grizzetti 2011) and
official reports on eutrophication issues in European
waters (e.g., EEA 2001, 2002; OSPAR 2003) have
mostly focused on annual nutrient concentrations and
average yearly or winter fluxes. This approach is
clearly useful to describe large temporal variations,
but it may be insufficient to assess further impacts on
the marine ecosystem. At best, winter concentrations
signal the magnitude of the annual chlorophyll peak,
but they do not provide any information on summer
trends, the time when numerous noxious episodes take
place.

The present work aims to fill in some gaps in the
study of eutrophication in European coastal waters.
First, we focus on a geographical area (southwestern
Europe) where large-scale, comparative studies are
less abundant than in other parts of Europe, such as the
North Sea or the Baltic Sea. River quality monitoring
programs started somewhat later in many parts of
southwestern Europe and therefore, until recently,
studies were limited by the few data available (e.g.,
EEA 2001). Second, even though coastal dynamics are
tightly constrained by seasonal features, intra-annual
changes in river inputs are seldom analyzed. Further
insights into seasonal variations in river discharge and
related nutrient fluxes may provide a better under-
standing of their influence on coastal phytoplankton.
Third, we pay particular attention to the relative
proportion of nutrient elements in freshwater inflows,
and specifically to the content of silica (Si) in relation
to nitrogen (N) and phosphorus (P). Unlike N and P,
the Si concentration in the water is mainly linked to
natural processes of rock weathering and erosion and
the influence of anthropogenic activities is limited (as
evidenced, for instance, in the Seine River by Sferra-
tore et al. 2006; Garnier et al. 2006). Nonetheless, the
silicic load of rivers can be affected by dams (through
increased retention) and by increased loading of N and
P, because nutrient enrichments enhance production,
and thus sedimentation, of diatoms in reservoirs and
along the river continuum (Conley et al. 1993;
Humborg et al. 2006; Garnier et al. 2010 and
references therein). As a result, the ratios of N:Si
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and P:Si have greatly changed over the past decades.
The relative scarcity of silica can be related to shifts
between phytoplankton groups, notably with the
substitution of diatoms by other plankton algae that
do not have silica requirements, such as flagellates and
dinoflagellates. Besides the fact that some of these
organisms are HAB-forming species, this type of
change in the community structure has many impli-
cations in terms of biogeochemical cycles (Humborg
et al. 2000; reviews by Anderson et al. 2002; Glibert
et al. 2010).

Our main objectives are: (i) to provide an overview
of river inputs in southwestern Europe from the 1990s
to the present, with a special emphasis on seasonal
variability and differences between coastal fronts; (ii)
to assess major changes in the proportion of N, P and
Si and, on this basis, calculate an index of coastal
eutrophication potential (ICEP, Billen and Garnier
2007); (iii) to compare, by means of a case study
(Seine Bay), whether temporal trends in the eutrophi-
cation index match changes in coastal phytoplankton.

Materials and methods
River databases

Data used in the present study were obtained from
several water authorities and hydrographic confeder-
ations in France, Italy, Spain, Portugal and Belgium.
We have compiled the most recent information
available on four different coastal fronts: the Atlantic
coasts of Portugal and France, the eastern part of the
English Channel (France, Belgium), the western
Mediterranean coast (Spain, France, Italy) and the
northern Adriatic coast (Italy). Beyond the difference
in climatological and biophysical characteristics, these
coastal fronts encompass a group of European regions
with different socioeconomic features (Metzger et al.
2010) that are very interesting to compare within the
context of nutrient fluxes. Table 1 specifies the data
source, available time period and the catchment area
of all the rivers included in the study.

In order to accurately assess freshwater fluxes and
their associated nutrient inputs, we systematically
selected those gauging stations that are located close to
the river mouth and specifically those where nutrient
concentrations are regularly measured. When infor-
mation on water quality was not available for the same

location, we used data from the nearest station
representative of the river’s outlet (e.g., no major
tributaries located downstream from the selected
station). Water quality data sets consisted mostly of
monthly measurements and were rather heterogeneous
across different river basins: a large set of chemical
and biological parameters was available for some
stations, but scarce or very short time series existed for
others, such as for some of the Italian catchments.
Roughly, we used a basic set of quality parameters that
comprised data on inorganic macronutrients (i.e.,
phosphate, nitrate, nitrite, ammonium and silicate),
total phosphorus (TP), total nitrogen (TN) and fresh-
water chlorophyll.

When the time series of TP was shorter than that of
PO, we fitted a linear regression between the two
variables, specific for each river. Provided that the
regression model fitted the data well, we applied the
resulting equation to fill in the gaps of the TP data
series. When no data on total phosphorus was avail-
able, the concentration of total phosphorus was
calculated from phosphate concentrations applying
the formula in Garnier et al. (2010), calculated for a
global database. Interestingly, when plotting together
all data used to calculate the specific regressions
between TP and PO,>~ we obtained the equation:
TP = (1.57 x P-PO,>7) + 0.09 (N = 5664; R> = 0.49;
p < 0.001), very close to that obtained by Garnier
et al. (2010) for an extensive group of world rivers
(TP = (1.5 x P-PO4*7) + 0.1).

TN values were calculated as the sum of N-NO3 ™,
N-NO,™ and N Kjeldahl; when the latter was not
provided, we used the formula in Garnier et al. (2010),
which determines TN from the concentration of
N-NO;™ according to the following relationship:
TN = (1.2 x N-NO37) + 0.1. In those rivers for
which the data set was complete, we tested whether
estimates of TN using the formula by Garnier et al.
(2010) matched the actual concentration of TN
measured in the water. We found that, in general,
estimates based on nitrate concentrations slightly
underestimated the amount of total nitrogen. This
was particularly severe in a few French Mediterranean
rivers, where calculated values could be ca. 30 %
lower than measured concentrations (i.e., in those
catchments with little agricultural land and where N
inputs were mostly related to urban sewage). Overall,
concentrations of TN obtained with the equation in
Garnier et al. (2010) accounted for approximately
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Table 1 Data source, catchment area and available time period for each of the rivers included in the study

Coastal front River Catchment  Data source Time period
area (km?) - -
River flow Quality
English Channel Scheldt 21,860 International Scheldt Commission 1990-2005 1977-2008
(www.isc-cie.org), VMM (www.vmm.be)
Somme 6,223 Eau France-MEDD (www.eaufrance.fr) 1970-2010 1970-2010
Seine 75,989 Eau France-MEDD (www.eaufrance.fr) 1985-2007 1985-2009
Orne 2,948 Eau France-MEDD (www.eaufrance.fr) 1984-2010 1985-2009
Atlantic (France) Aulne 1,687 Eau France-MEDD (www.eaufrance.fr) 1976-2010 1979-2010
Blavet 2,057 Eau France-MEDD (www.eaufrance.fr) 1983-2008 1979-2010
Vilaine 10,490 Eau France-MEDD (www.eaufrance.fr) 1970-2010 1976-2010
Loire 116,981 Eau France-MEDD (www.eaufrance.fr) 1971-2010 1976-2010
Dordogne 23,902 Eau France-MEDD (www.eaufrance.fr) 1971-2010 1997-2009
Garonne 55,703 Eau France-MEDD (www.eaufrance.fr) 1989-2010 1971-2009
Adour 16,861 Eau France-MEDD (www.eaufrance.fr) 1970-2010 1992-2009
Atlantic (Portugal)  Douro 97,682 SNIRH (http://snirh.inag.pt/) 1990-2010 1990-2010
Tagus 81,947 SNIRH (http://snirh.inag.pt/) 1990-2001 1990-2010
W Mediterranean Segura 19,525 CEDEX (http://hercules.cedex.es), CH Segura 1990-2010 1997-2010
(www.chsegura.es)
Jucar 21,578 CEDEX (http://hercules.cedex.es), CH Jucar 1990-2010 1990-2009
(www.chj.es)
Ebro 85,000 CEDEX (http://hercules.cedex.es), CH Ebro 1980-2008 1981-2008
(www.chebro.es)
Aude 5,226 Eau France-MEDD (www.eaufrance.fr) 1987-2010 1986-2010
Orb 1,556 Eau France-MEDD (www.eaufrance.fr) 1966-2010 1981-2010
Herault 2,625 Eau France-MEDD (www.eaufrance.fr) 1971-2010 1976-2010
Vidourle 827 Eau France-MEDD (www.eaufrance.fr) 1969-2010 1981-2010
Rhone 96,619 Eau France-MEDD (www.eaufrance.fr) 1987-2009 1987-2010
Touloubre 1,576 Eau France-MEDD (www.eaufrance.fr) 1997-2010 1988-2010
Gapeau 566 Eau France-MEDD (www.eaufrance.fr) 19612010 1985-2010
Argens 2,762 Eau France-MEDD (www.eaufrance.fr) 1971-2010 19712010
Arno 8,228 IDROPISA (www.idropisa.it), SIRA TOSCANA 1990-2009 1997-2009
(http://sira.arpat.toscana.it/sira)
Tiber 17,375 UIM (www.idrografico.roma.it), ARPA LAZIO 2000-2010  2005-2007
(www.arpalazio.net)
N Adriatic Po 71,057 ADB PO (www.adbpo.it), ARPA 1990-2008 2003-2010
EMILIA-ROMAGNA (www.arpa.emr.it)
Adige 12,100 ADB ADIGE (www.bacino-adige.it) 2007-2008  2007-2008

90 % of measured TN concentrations on the Atlantic
coast and were somewhat lower (~75-85 %) for the
Mediterranean littoral.

Until recently, the concentration of silicate was not
routinely measured in many monitoring programs and
thus the time series provided were often limited to a few
years. In those cases, we used the available measure-
ments to calculate the concentration of silicate during
an average year. Monthly values from this average year
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were then used to complete the time series. When there
was no information whatsoever on the concentration
of silica (four rivers: Dordogne, Po, Arno and Jucar),
we used an average value of 3.9 mg Si-SiO, L™, as
suggested by Ludwig et al. (2009) for river basins within
the 12-20 °C temperature range. Table 2 shows the
average concentration of silicate for the 28 rivers in the
study. The silicic load of rivers can be affected by dams
and by increased in-stream consumption due to
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concomitant high concentrations of N and P. Dam
construction took place mostly before the 1990s on
European rivers, so no substantial changes with regard
to dam retention are to be expected during the study
period. On the other hand, some variations related to
river eutrophication might have occurred. Most of the Si
data used to calculate average monthly concentrations
come from recent surveys and correspond to a period of
low or medium nutrient inputs with respect to the
previous years (with a few exceptions). If Si depletion
due to river eutrophication was substantial, then our
inferred values of Si concentration would be higher than
the actual ones and the P:Si and N:Si ratios would be
underestimated. Data on freshwater chlorophyll pro-
vides an ancillary tool to evaluate the importance of
river eutrophication and the corresponding silica deple-
tion along the river continuum.

Nutrient fluxes

Nutrient fluxes were calculated as the product of
monthly concentrations of TP, TN and Si, and monthly
accumulated flow. River discharge is most frequently
provided in the form of average daily flow (m® s~ '), so
we calculated accumulated daily discharges
(m® day™") and then obtained the monthly river flow
as the sum of daily values. Further, to allow compar-
isons between different river basins, nutrient fluxes
were re-scaled per square kilometer, dividing the flux
by the area of the corresponding catchment.

We compared the nutrient fluxes thus obtained with
those calculated using flow-adjusted concentrations, as
described by Verhoff et al. (1980) and recommended
by Walling and Webb (1985). We applied the formula:

N flux = Q, - (K- Z (GCi-Q)/ZQ)) (1)

where K is the conversion factor to take the recorded
period into account (e.g., 365 days), C; the instanta-
neous concentration, Q; the corresponding instanta-
neous water flow, and Q,, the mean water flow for
the period considered (annual, summer or winter).
Flow-adjusted concentrations are commonly used
when assessing annual fluxes, e.g., for the Seine River
(Némery et al. 2005) or, more generally, in the
commission guidelines of the OSPAR Convention
(Convention for the protection of the marine environ-
ment of the North-East Atlantic, OSPAR 1998),
but they are not valid when estimating monthly
inputs because quality monitoring programs typically

Table 2 Average annual (+standard deviation) and seasonal
silicate concentration for the 28 rivers in the study during all
available years

Si-Si02 (mg L™h All year S w

Scheldt 221 £0.86 1.67 2.75
Somme 3.66 + 0.65 3.61 3.71
Seine 3.06 £ 1.10 2.69 3.43
Orne 4.30 + 0.82 427 433
Aulne 321 £ 1.13 2.60 3.81
Blavet 4.07 £ 1.23 3.53 4.60
Vilaine 3.04 £1.17 2.32 3.76
Loire 4.28 + 1.41 3.38 5.19
Dordogne 3.90 £ 2.20 3.90 3.90
Garonne 2.50 £ 0.55 2.29 2.73
Adour 2.26 + 0.31 2.29 2.23
Douro 1.63 + 1.27 0.36 2.89
Tagus 446 + 1.14 4.20 4.72
Segura 5.08 + 1.86 4.11 6.03
Jucar 3.90 £ 2.20 3.90 3.90
Ebro 1.96 £ 0.64 1.73 2.20
Aude 315+ 1.14 4.00 2.31
Orb 2.79 £ 0.73 3.17 2.41
Herault 2.87 +£ 0.54 3.27 2.48
Vidourle 3.00 + 0.93 297 3.03
Rhone 2.64 + 0.43 2.28 3.00
Touloubre 4.15 + 0.79 3.51 4.79
Gapeau 4.22 + 0.89 4.47 3.98
Argens 4.09 £ 0.66 4.06 4.12
Arno 3.90 £+ 2.20 3.90 3.90
Tiber 3.02 £ 1.29 2.39 3.65
Po 3.90 £+ 2.20 3.90 3.90
Adige 1.50 + 0.81 1.36 1.63

S Stands for summer (May—Oct) and W for winter (Nov—April).
For those rivers that did not have documented silica
measurements (Dordogne, Po, Arno and Jucar), an average
value of 3.9 mg Si-SiO2 L™' was considered according to
Ludwig et al. (2009)

conduct just one sampling per month. Nonetheless, we
examined whether our annual values tallied with those
obtained applying the equation above and found a very
good correspondence between them (R* = 0.97,
<10 % difference for most rivers).

Index of coastal eutrophication potential
The ICEP is a synthetic indicator proposed by Billen and

Garnier (2007) to assess the potential of river systems
for coastal eutrophication. Briefly, the index considers
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(after several authors; see Billen and Garnier 2007 and
references therein) that many coastal eutrophication
problems are the consequence of the new production of
non-siliceous algae sustained by nitrogen and phospho-
rus delivered in excess over dissolved silica, with regard
to the requirements for diatom growth. Accordingly, it
represents the carbon biomass potentially produced in a
coastal water body through new production sustained by
the riverine flux of N or P delivered in excess over Si. It
is based on the Redfield molar C:N:P:Si ratios
(106:16:1:20, Redfield 1934; Redfield et al. 1963) and
can be calculated by the equation:

ICEP (N) = [Npy/(14 x 16) — Sip, /(28 x 20)]
x 106 x 12

(2)

ICEP (P) = [Pry/(31 x 1) — Sipy /(28 x 20)]
x 106 x 12

(3)

where Pg, Npix and Sig, are, respectively, the mean
specific fluxes of total nitrogen, total phosphorus and
dissolved silica delivered at the outlet of the river basin,
expressed in kg P km ™2 day ', in kg N km~? day "
andinkg Si km~? day~'. The ICEP is thus formulated
in units of kg C km™? day ', i.e., carbon per day, as is
common for marine primary production, and by units
of watershed area, to allow comparisons between
rivers. Broadly, a positive value of the ICEP indicates
an excess of nitrogen or phosphorus over the require-
ments for diatom growth, hence a favorable condition
for the development of harmful non-siliceous algae.
Negative values indicate that silica is present in excess
over N and P and thus, on the basis of our view, less risk
of eutrophication. Note that the index does not take into
account specific features of the receiving coastal
waters, but simply represents the potential eutrophica-
tion impact of river inputs.

Unlike previous studies by Billen and Garnier (2007)
for the Seine River and by Garnier et al. (2010) for a
group of world rivers, here we do not examine annual
fluxes but rather assess intra-annual, seasonal variations.
Seasonality is of great importance both in relation to
river flow regimes and to investigate the response of
plankton, as the dynamics of planktonic organisms is
naturally constrained by seasonal features (light avail-
ability and water column mixing, for instance). Accord-
ingly, in addition to analyzing the monthly dynamics we
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obtained seasonal index values by grouping the original
data into two categories: a winter period (November—
April) and a summer one (May—October).

Further, both P-ICEP and N-ICEP were considered.
The growth of phytoplankton may be alternatively
limited by P or N depending on the N:P ratio of
available nutrients. The lowest value between N-ICEP
and P-ICEP should therefore be taken into account
(Garnier et al. 2010). However, as argued by Garnier
et al. (2010), owing to the high biochemical adaptation
capacity of phytoplankton to low phosphate availabil-
ity (induction of algal phosphatase), P may be actively
and rapidly remobilized in marine waters (bacterial
and zooplankton mineralization) where nutrient stocks
are usually above the Redfield ratio. Additionally, the
ratio of N to P may vary largely throughout the year
and thus when elucidating seasonal patterns, it is
convenient to consider both indicators.

Coastal phytoplankton data

To go further, we have examined whether changes in
nutrient fluxes and the variations observed in the index
of eutrophication potential match changes in coastal
phytoplankton biomass. Very detailed data on phyto-
plankton could be obtained for the Seine Bay, in
northwestern France. This area is particularly valuable
for a number of reasons: it is a regularly sampled site, it
is representative of a highly anthropogenically dis-
turbed environment (Billen et al. 2001) and the nutrient
fluxes are among the highest ones within our study.
Data on phytoplankton biomass along the Normandy
coast, including the Seine Bay, were from the French
RHLN network and were kindly provided by the
IFREMER (French Research Institute for Exploration
of the Sea). Detailed information on phytoplankton
species came from the REPHY monitoring program
and was also furnished by the IFREMER.

Statistical analyses

We split the data into several 5-year periods in order to
examine whether there have been significant changes
in river flow, nutrient fluxes and freshwater chloro-
phyll during the past two decades. We consider that
5-year intervals are useful to detect average changes
and temporal trends, because a 5-year period includes
dry and wet years, and therefore the minimum and
maximum flow values are considered. Time series for
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some rivers were unavailable or incomplete before the
1990s, and corrected, revised records were not always
accessible after 2007 (see Table 1). Taking into
account the available data, we decided to select two
distinct periods: 1991-1995 and 2001-2005. The time
lag may bring out the effects of environmental policies
in Europe (cf. the Water Framework Directive,
Directive 2000/60/EC), which have evolved tremen-
dously over the last decade, and the improvements in
wastewater treatment technologies, which for the most
part were not available during the early 1990s.
Differences between time periods were assessed by
means of nonparametric Mann—Whitney U tests.
Beyond the decadal change, we were interested in
assessing the seasonal characteristics and the temporal
evolution of the ICEP indicators, and the parallel trends
in coastal phytoplankton. We used the nonparametric
Seasonal Kendall test (SK test, Hirsch et al. 1982),
because this is a very powerful tool used to analyze
temporal trends taking into account seasonal variations.
SK tests were applied to P-ICEP, N-ICEP, and to the
case-study marine phytoplankton data, including chlo-
rophyll a, total microphytoplankton, diatoms, dinoflag-
ellates and the concentration of a few potentially toxic
species. The SK test was performed to detect significant
monotonic trends; it can be used for time series of data
with seasonal variations, missing values, tied values, or
values below the limit of detection, and does not require
data normality (Yu et al. 1993; Lassaletta et al. 2009).
The SK test applies the Mann-Kendall test to each
season separately, and then combines these results in an
overall statistic. All SK tests were performed with an
MS Excel® tool developed by Libiseller (2004). The
significance level was set at 0.05 except for the trend
analysis, where we used p < 0.10 (as is commonly
used in nonparametric analyses when data vary greatly,
Yu et al. 1993; Hodgkins and Dudley 2006). Statistica
(StatSoft Inc., Tulsa, OK, USA) was used to compute
the Mann—Whitney U tests and other statistical analyses.

Results
River flow characterization
Annual flow regime

A good characterization of the annual flow regime is
an important factor to be considered because the

dynamics of nutrients and pollutants that are mainly
transferred through diffuse sources is directly related
to changes in the river flow, and because it exerts a
dilution effect on those compounds coming from point
sources. For most rivers, we have gathered daily flow
data over at least 15 years (for the 1990-2005 period;
see Table 1), including dry and wet conditions.

In most cases the winter season, in this study the
period between November and April, concentrates
over two-thirds of the annual river flow (on average
72 % of the total annual discharge). This asymmetry is
particularly pronounced in the small streams of the
Atlantic coast, such as the Sevre-Niortaise, Lay,
Falleron or the Aulne rivers, where winter flow can
account for over 85 % of the annual discharge
(Table 3). In contrast, there are some highly regulated
rivers where summer flow can be as high as winter
flow (notably on the southern Mediterranean coast,
e.g., the Jucar, where droughts are a climatic feature
and flow regulation is common practice) or rivers
where the base flow is naturally high and water
discharge is more evenly distributed throughout the
year (e.g., the Somme, the Rhone and the Po rivers).

Interannual differences in river flow related to dry
or wet conditions are also remarkable: in the largest
rivers, such as the Rhone, the Po and the Loire rivers,
maximum fluctuations are about =50 %, but the range
of variation increases in medium and small streams,
for which we can find steep decreases (—80 % in the
Jucar, Vidourle and Gapeau) and huge increases,
sometimes two- or threefold the flow of an average
year (e.g., the Herault, Argens, Vilaine, Somme, Seine
and Douro).

Geographical distribution of freshwater inputs:
contribution of each river to the total

Although not all existing rivers are included in the
study, we have managed to obtain data from the largest
catchments in each of the four coastal fronts exam-
ined; we can hence provide a good overall description
on riverine fluxes to their adjacent coastal zones.

In the western Mediterranean basin, the Rhone
River is clearly the chief contributor to freshwater
fluxes and is responsible for approximately 70 % of
the total inputs analyzed. The Ebro River (NE Spain)
and the Tiber River (Italy) are the next two largest
streams studied, with 12 and 7 % of the total inputs,
respectively (Table 3). Two rivers were studied in the
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Table 3 Average annual (+standard deviation) and seasonal
river flow (Hm? year™") for the 1990-2010 period

Annual S w
Eng. Channel
Scheldt 4,399 + 1,309 1,426 2,973
Somme 1,119 £ 423 485 630
Bresle 230 £+ 63 105 124
Seine 17,560 + 6,175 5,623 11,937
Touques 161 £ 40 65 96
Dives 257 £ 114 79 179
Orne 887 + 350 231 654
Seulles 80 + 31 18 62
Aure 199 £ 66 38 161
Vire 496 £+ 176 87 401
Taute 109 + 33 26 83
Douve 508 £ 152 108 400
Sienne 266 £+ 107 56 210
See 196 £ 73 56 139
Selune 285 £ 118 77 208
Couesnon 230 £ 115 49 180
Rance 82 £ 42 14 68
Arguenon 25 £ 10 4 21
Gouessant 45 +£ 19 8 37
Trieux 168 £+ 50 36 133
Atlantic (FR)
Leguer 196 + 56 41 157
Aulne 774 £+ 200 124 650
Odet 150 £ 43 29 121
Laita 472 + 134 103 369
Scorff 162 £ 45 35 127
Blavet 851 + 262 185 666
Vilaine 2,349 £+ 1,114 403 1,958
Loire 26,633 £ 8,246 7,051 19,582
Falleron 37 £ 17 4 33
Lay 427 + 91 38 388
Sevre Niort. 404 £+ 100 61 342
Seudre 40 £ 8 11 29
Livenne 79 £ 20 15 63
Dordogne 8,218 £+ 1,927 2,534 5,683
Garonne 16,367 & 4,504 5,505 10,942
Leyre 489 + 154 148 341
Ste. Eulalie 147 £ 63 31 116
Adour 9,589 + 1,815 3,435 6,151
Atlantic (PT)
Douro 15,602 + 8,128 3,589 12,013
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Table 3 continued

Annual S w
Tagus 8,835 + 3,405 1,882 5,580
W Medit.
Segura 7+ 10 1 5
Jucar 638 + 281 344 300
Ebro 8,746 + 2,797 2,816 5,930
Agly 179 + 136 46 133
Aude 1,028 + 491 299 729
Orb 739 + 408 193 547
Herault 1,094 £ 652 315 786
Lez 95 + 33 26 66
Vidourle 253 £ 146 73 172
Vistre 117 £ 41 44 73
Rhone 52,284 + 9,207 21,213 31,072
Touloubre 83 + 11 50 33
Huveaunne 32 £22 10 22
Gapeau 106 £ 66 23 83
Argens 482 £+ 267 149 353
Arno 2,410 + 680 585 1,825
Tiber 5,150 + 1,293 1,984 3,166
N Adriatic
Po 45,617 + 12,613 22,413 23,205
Adige 6,691 + 2,342 2,974 3,035

S Stands for summer (May—Oct) and W for winter (Nov—April)

northern Adriatic, the Po and the Adige; the Po River
is plainly the major stream in the region and one of
the largest rivers in southern Europe (only after the
Rhone), and therefore a dominant forcing factor in the
nearby coastal area. In the eastern English Channel
and on the Atlantic coast of France, freshwater inputs
are more regularly distributed across the territory: the
Loire and the Seine rivers make up ca. 50 % of the
total inflows, but the Garonne, Adour and Dordogne
rivers also have a significant share (about 10-17 %
each). The Douro and the Tagus are the two major
streams on the Portuguese coast; the Douro River
provides the largest contribution, with a flow equiv-
alent to that of the Seine River (Table 3).

Decadal comparison and seasonal variations
In general, river flows have not undergone substantial

changes and average flow values are similar for the
two periods studied (Table 4, p > 0.05 in most cases).
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Table 4 Average flow and nutrient fluxes for the 1991-1995 and 2001-2005 periods in SW European rivers

Q (Hm3 yearfl)

N-TN (Tn month™})

P-TP (Tn month™!)

91-95 01-05 91-95 01-05 91-95 01-05

Seine Bay 19,121 22,082 n.s. 9,433 12,078 wk 995 455 Hokk l
Scheldt 4,636 4,312 n.s. 2,851 2,290 n.s. 279 150 Hokk l
Somme 1,171 1,398 n.s. 437 493 n.s. 17 13 n.s.

Seine 16,826 19,498 n.s. 8,489 10,807 ok 915 417 ok l
Orne 759 1,100 n.s. 530 628 * 14 10 n.s

Aulne 793 664 n.s. 576 385 n.s. 9 6 * l
Blavet 793 849 n.s. 851 601 n.s. 15 9 wk l
Vilaine 2,354 1,752 n.s. 1,635 1,306 n.s. 60 29 Hokk l
Loire 29,019 27,232 n.s. 9,685 11,903 n.s. 1,138 803 n.s
Dordogne 9,270 7,451 n.s. - 1,445 - - 28 -

Garonne 20,231 15,926 n.s. 5,792 2,915 ok 224 142 wk l
Adour 10,358 9,035 n.s. 2,317 1,588 n.s. 114 91 n.s

Douro 11,045 18,847 n.s. 1,266 2,784 wk 73 155 wk 1
Tagus 8,424 - - 715 2,218 n.s 280 198 n.s

Segura 7 4 n.s - 2 - - 0 -

Jucar 850 449 * 174 48 * 12 1 Hokk l
Ebro 8,364 9,613 n.s. 2,384 2,408 n.s 149 70 Hokk l
Aude 1,246 1,075 n.s. 247 213 * 33 10 wk l
Orb 788 696 n.s. 111 113 n.s. 52 5 wAE l
Herault 1,164 941 n.s. 101 68 n.s. 40 4 ek l
Vidourle 243 288 n.s. 40 29 n.s. 1 n.s.

Rhone 57,013 49,953 n.s. 11,262 9,947 n.s. 559 438 Hokk l
Touloubre - 91 - - 26 - - 2 -

Gapeau 88 78 n.s. - 24 - 2 2 n.s.

Argens 382 399 n.s. 45 46 n.s 6 3 wkE !
Arno 2,675 2,671 n.s. - 994 - - 41 -

Tiber - 5,256 - - 2,357 - - 121 -

Po 52,348 44,495 n.s. - 9,473 - - 642 -

Adige - - - - - - - - -

Summary of statistical results (Mann—Whitney U tests) for the difference between the two 5-year periods examined. Arrows on the

right show the increasing or decreasing trend

% p < 0.001; ** p < 0.01; * p <0.05, n.s. (not significant) refers to p > 0.05

Changes in river flow are closely related to climato-
logical conditions and dry/wet cycles, and longer
periods of time may be necessary to detect significant
changes (Pekarova et al. 2003, 2006). There has been,
however, a short-term decrease of flow in some
Mediterranean streams, namely the Segura and the
Jucar, possibly because these catchments have suf-
fered from extensive and recurrent droughts in the past
few years (Andreu et al. 2009; Barcel6 and Sabater
2010 and references therein) or owing to the intensive

water usage and the construction of barrages for
irrigation (Lehner et al. 2001; Wriedt et al. 2009).
Bouraoui et al. (2010) found that no major trends
appeared in the freshwater fluxes to the Mediterranean
Sea between 1980 and 2000, in spite of a significant
increase in temperature and a partial decrease of
precipitation observed in the basin; in particular,
no trends were detected in the discharge of the Rhone,
the Po and the Ebro rivers. Ludwig et al. (2003, 2009)
focused on a longer period (1960-2000) and found a
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general decrease of riverine freshwater discharge in
the Mediterranean region (with the exception of the
Rhone and the Po), mostly related to dryer and warmer
conditions, and river damming. Conversely, wetter
conditions may be the cause underlying the temporary
flow increases observed around the English Channel
during the last period, 2001 being particularly wet.

Nutrient loads and Index of coastal eutrophication
potential

While no critical variations have occurred in terms of
river flow, conspicuous changes in nutrient load could
be widely observed across Europe between the 1990s
and the 2000s (Fig. 1).

Phosphorus inputs

The load of phosphorus has significantly decreased
with regard to the 1990s in most European rivers (on
average, —16 % in the Atlantic, —39 % in the eastern
English Channel and —53 % in the Mediterranean
littoral, Table 4). The highest P reductions have
occurred in low-flow Mediterranean streams, i.e., the
Jucar, the Orb and the Herault, followed by rivers in
Brittany (the Vilaine, Blavet), and large rivers such as
the Garonne and the Seine, where the abatement is also
huge in absolute numbers (on average ~400-500
Tn P month_l). In accordance, there are nowadays
many negative P-ICEP values found on both the
Mediterranean and the Atlantic coasts (Fig. 2a), which
means that, at the present time, phosphorus is limiting
with regard to silicate in most river systems. Long-
term monthly data were not available for the Po and
the Adige rivers and decadal changes could not be
assessed in the northern Adriatic, yet the index
remains negative in the Po River for the 2001-2005
period. Ludwig et al. (2010) provide data on annual
and S5-year P fluxes since the 1970 for a few
Mediterranean rivers, including the Po, which can be
directly compared to our results. According to these
authors, there has been a remarkable decrease of P in
the Rhone and the Ebro rivers after the 1990s, as we
also observe, while minor changes occurred in the Po
during the same period, mostly because large P
reductions had already taken place some years before,
notably after 1985.

In absolute terms, the highest P-ICEP values are
currently observed in the Vidourle River (over
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Fig. 1 Map of Europe showing average river flowsp
(Hm? year_l) in a The Atlantic and b The Mediterranean and
The northern Adriatic coastal fronts. Inset bar charts show the
corresponding average 5-year nutrient loads (Tn/month). Silica
(yellow bars) and nitrogen (N-TN, orange bars) are displayed
on the same y-axis; phosphorus (P-TP, blue bars) has a different
scale. Dark-shaded bars indicate nutrient fluxes between 1991
and 1995 and pale bars represent nutrient fluxes between 2001
and 2005. (Color figure online)

12 kg C km? day™") and in the Scheldt River
(7 kg C km? day™"), but there are some interesting
differences between the two streams: the Vidourle
is smaller (average flow, 288 Hm?> year_1 for the
2001-2005 period) and shows particularly high P
concentrations in the summer, which suggests a
domestic origin; the flow of the Scheldt is 15 times
greater (about 4,312 Hm’ y~' for the 2001-2005
period) and the highest P concentrations are recorded
in the winter time. High winter values hint at the
existence of a large diffuse source of P, likely exported
from soils treated with animal manure. Differences in
the timing and the magnitude of the flow are important
factors to be considered because they involve differ-
ences in the extent of the area potentially affected and
point out the most sensitive periods of the year.

Further, seasonal variations of the P-ICEP are not
uniform across coastal fronts (Fig. 2b, c). In the
Mediterranean, some rivers show higher index values
in the summer (the Ebro, Rhone, Gapeau, Argens and
Arno), but in others the maximum P excess occurs
during the winter (Herault, Orb, Touloubre and Tiber).
In the Atlantic, P-ICEP summer values are consis-
tently higher than winter ones. In fact, the reduction of
P inputs during the past decade has had a particularly
relevant effect on winter P-ICEPs because the index
computes, by definition, the relative excess of P with
regard to Si, and Si inputs tend to be greater in the
winter when the river flow is more abundant. Never-
theless, whether the indicator is maximum in summer
or winter is also related to the type of source and will
be fully discussed below.

Nitrogen inputs

N fluxes have remained steady or decreased with
regard to the 1990s in the Mediterranean (—19 % on
average) and in several Atlantic streams, but some
increases are found in large rivers such as the Loire,
the Douro and the Tagus. The two Portuguese rivers
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show the highest decadal variations, with increases of
over 120-200 %. Note, however, that differences
between time periods are not statistically significant
for the Loire and the Tagus owing to high intra-annual
variability. It is also remarkable that the Orne, the
Seine and the Somme, all three flowing into the
English Channel and confined within a small geo-
graphical area, have increased their N fluxes by
approximately 20 % since the 1990s. According to the
5-year average fluxes in Ludwig et al. (2010), N inputs
have remained steady in the Po after the 1990s.

Regardless of the increasing or decreasing decadal
trends, the N-ICEP index is positive in almost all
cases, indicating a clear and widespread N excess with
respect to silicate (Fig. 2a). In the Mediterranean, the
highest N-ICEP values are observed along the Italian
coast (Arno and Tiber rivers). The largest absolute
values are found in Brittany and along the eastern
English Channel, where the index reaches about
40 kg C km? day .

With regard to seasonal variations, N-ICEP values
are systematically higher in winter (Fig. 2b, c). The
seasonal asymmetry is very clear in the Atlantic rivers,
but it is somewhat smoothed in the Mediterranean.
This is consistent with the fact that N sources are
mostly of a diffuse origin and thus directly linked to
the corresponding flow regime.

Time series data and average standard year

The analysis of the time series is useful to pinpoint
those rivers where there have been drastic shifts in the
concentration of nutrients or where the dynamics of N
and P has clearly diverged, and so to determine the
points of inflexion, also in the light of changes in
human activities within the watersheds. In the Med-
iterranean, there was a rapid decrease of P inputs in the
Rhone, the Ebro, the Jucar, the Orb and the Herault
rivers after the mid-1990s (Table 4). Similar abate-
ments have occurred on the Atlantic coast (the
Garonne, Blavet, Vilaine, Seine) since the beginning
of the 2000s. At the Somme River, positive P-ICEP
values were continuously observed before 1995 but
shifted to negative values after 1999. N-ICEP changes,
either increases or decreases, have been much more
progressive in time. Additionally, the time series
allows us to see to what extent annual and seasonal
average values correspond to regular cycles, steady
monthly values, or are the result of spiky, fluctuating
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Fig. 2 N-ICEP and P-ICEP for several rivers in southwestern p-
Europe. a Average value for the 1991-1995 and 2001-2005
periods; b average summer and ¢ winter values during the same
5-year periods. For N-ICEPs, orange symbols represent positive
values and yellow circles represent negative values; for
P-ICEPs, light blue indicates positive values and dark blue
negative values. (Color figure online)

dynamics. In this regard, Mediterranean rivers tend to
have large, uneven variations over the years studied,
with alternate periods of positive and negative ICEP
values, while more regular cycles are found in the
Atlantic (e.g., the Loire, Vilaine, Blavet and Seine),
particularly for N inputs. Part of this variability is
linked to the characteristic hydrological regime of
Mediterranean versus pluvial oceanic streams, as
previously observed with seasonal features.

To better illustrate the differences between coastal
fronts, we selected four characteristic rivers (the
Seine, the Loire, the Ebro and the Rhone) and we
analyzed their time series in greater detail (Fig. 3).
Further, using all data available for each river we
calculated an average year to identify the dominant
intra-annual variations and to determine whether there
are particularly susceptible periods of the year when
the excess of N or P with regard to Si reaches maximal
values.

In the Seine and the Loire, we can clearly distin-
guish two opposite trends: P-ICEP values have largely
decreased over the years, notably by the end of the
1990s, but concomitant N-ICEP values have increased
(Table 5). In the Seine, with the exception of a few
short periods, positive values for both N- and P-ICEP
are always found, meaning that the risk of eutrophi-
cation remains high. In the Loire, negative P-ICEP
values occur in the winter, at the times when N-ICEP
is highly positive, whereas positive P-ICEPs are
regularly observed in summer and autumn; the limited
overlap between positive periods of both indicators
suggests alternate nutrient limitations and restricts the
periods of potentially high eutrophication risk. In the
Rhone and the Ebro, the P excess has decreased and N
has remained steady or slightly decreased over time;
P-ICEP is consistently negative in both rivers (except
for some episodic winter peaks in the Rhone), which
may indicate that phosphorus exerts some control on
the eutrophication risk. The eutrophication potential
is, in any case, moderate to low with regard to the
Atlantic rivers.



Biogeochemistry (2013) 113:481-505

493

N-ICEP (kg C-km?.d")

P-ICEP (kg C-km?.d"")

Aulne
(34)

Adour
(1)

Scheldt
1991-1995 ) 1991-1995
L
Somme
I
Adige
~Po
br
e
. Gapeau
Douro » HiIRAMN Tiber 1. Douro & Tiber
(1) e Hemu{t o 1
o Aude| (2))
/& Ebro (B) § ) Fntne
(S\ - @ orb Y 02
b 3 L] (5) Vidourle
Y W kn
Segura o™ Segura @
2001-2005 2001-2005

Scheldt
@) Ly

Somme
Seine (-2)
@ e
.

Tagus
(2)

Scheldt
(13)
L ]
ne Somme
Seine
o 7
Aulne |g;e'\ o o
Y -\

Blavet
(26) &)

Vilaine ®
6)

N-ICEP (kg C-km*.d")
1991-1995 Summer

P-ICEP (kg C-km®-d")
B 1991-1995 Summer
ine Sommy Al
Aulne by
0)

Blavet
(U]
Viaine” Loire
(1) ® .
Garonne &

M

Adour
@)=

g

s

Ao

o

Douro,
©°°

Taguss ucar
) (0)
o Segura

Scheldt __
an Ty
L]

Seine  Somme
(15) L (11)
L]

Loire *~
(3) Garonne w
()

2001-2005 Summer

2001-2005 Summer

@ Springer



494

Biogeochemistry (2013) 113:481-505

Blavet
(107)

Vilaine

Scheldt
(31)

N-ICEP (kg C-km?-d")
1991-1995 Winter

Aulne
(]

i (14‘ 20
“\
Bf—}')e‘ :j_ J.-."

Vilaine & # L gire
¢

P-ICEP (kg C-km?.d")
1991-1995 Winter

Scheldt
(22)

Ome . Seine Som)ms

feradt *, ",
gl O Y ®Toulo
\

@

we @

@)
Garonne e
~Po Chaa. T Po
/
ToUloUDre gons Aot
s (2
= Gapeau X
Tiber = _ (6} Tiber
Aude| LI
Ebro (9) | Vidourle iy
©) o Rhone Rhone
Tagus Youcar @ (18) (-4)
0) 1
Segura
Scheldt 2001-2005 Winter 2001-2005 Winter
(24)
o Somme
Ome. ® a(11)
il > Aulne
L 8)
Blavet
= (-10)
Vilaine -

(1) Loire” Dordogne
© ey

D
o =

(0)
£
T
3

e

Fig. 2 continued

[}
o

N
o

ICEPs (Kg C -km2.d")
o335

N}
S}

EBRO

—_-

1991

P e

AlAaa fa

1996

-~

2001

~ v—

B P-ICEP

40
N-ICEP 30 7}

\
o Iz
"20 —‘10
- ‘0 ——t 1111—1‘0
L 20 L0
2006 JFMAMJJASOND

Fig. 3 N-ICEP and P-ICEP time series and average standard year for the Seine, Loire, Rhone and Ebro rivers

@ Springer



Biogeochemistry (2013) 113:481-505 495
Table 5 Summary of statistical results from the trend analysis (seasonal Kendall test)

ICEP-N ICEP-P

All S " All S w

year year
Seine Bay 1.275 1.296 1.286 il 1.200 1.200 1.200 !
Scheldt 1.284 1.257 1.228 1.209 1.250 1.202 !
Somme 1.259 1.246 1.217 1.200 1.200 1.200 !
Seine 1.271 1.268 1.207 1 1.200 1.200 1.200 !
Orne 1.201 1.200 1.202 1 1.200 1.200 1.200 !
Aulne 1.275 1.294 1.208 1.200 1.211 1.200 !
Blavet 1.277 1.208 1.223 1.200 1.202 1.214 !
Vilaine 1.226 1.266 1.204 il 1.226 1.204 1.237 !
Loire 1.212 1.227 1.205 T 1.210 1.233 1.202 !
Dordogne 1.225 1.290 1.270 l 1.252 1.229 1.243
Garonne 1.254 1.253 1.234 l 1.206 1.203 1.246 !
Adour 1.263 1.203 1.298 l 1.238 1.240 1.277
Douro 1.291 1.253 1.280 1 1.258 1.249 1.244 !
Tagus 1.280 1.222 1.216 1.205 1.288 1.243
Segura 1.283 - 1.222 1.241 - 1.271
Jucar 1.284 1.293 1.282 1.201 1.201 1.203 !
Ebro 1.290 1.252 1.255 1.200 1.200 1.200 !
Aude 1.260 1.253 1.206 1.205 1.217 1.201 !
Orb 1.243 1.259 1.229 1.200 1.200 1.200 !
Herault 1.297 1.254 1.244 1 1.201 1.208 1.203 !
Vidourle 1.262 1.267 1.250 l 1.231 1.242 1.243 !
Rhone 1.208 1.229 1.235 1.200 1.200 1.200 !
Touloubre 1.236 1.280 1.293 1.201 1.202 1.202 !
Gapeau 1.250 1.237 1.293 1.217 1.223 1.253
Argens 1.202 1.287 1.202 T 1.286 1.213 1.231 !
Arno 1.210 1.272 1.264 1.289 1.214 1.238 1
Tiber 1.221 1.202 1.217 1.217 1.202 1.202
Po 1.279 1.248 1.251 1.257 1.273 1.288
Adige 1.296 - 1.217 1.296 - 1.202

Bold values are significant at p < 0.1. Arrows on the right indicate the increasing or decreasing trend

The plots on the right in Fig. 3 show the dynamics
of both indicators during an average year. Note that,
regardless of the difference in magnitude, N-ICEP in
all four rivers is clearly related to river flow: it peaks
from late autumn through winter and remains low in
the summer. In general, the P indicator presents less
systematic annual trends because phosphorus inputs
are not so dependent on diffuse sources. Finally, while
N is largely in excess throughout the year in the Seine,
the Rhone and the Ebro, the Loire features large N
pools in the winter but a progressive change toward P
excess during the summer period, a pattern that is

repeated in other Atlantic streams (e.g., the Vilaine,
Blavet and Aulne).

In summary, our data show general P decreases
in most catchments over southwestern Europe,
while minor, if any, simultaneous N reductions.
This is in accordance with previous studies that had
detected decreasing P trends in individual catch-
ments (Garnier et al. 2010; Ibafiez et al. 2008;
Lefebvre et al. 2011) and with recent modeling
results (Grizzetti et al. 2012), and has eventually led
to an exacerbated N imbalance in many river
systems.
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Phytoplankton biomass
Freshwater chlorophyll

Although when talking about eutrophication effects of
river inputs we normally refer to the related problems
in coastal areas, nutrient overload also promotes the
growth of phytoplankton in freshwaters. Changes in
riverine chlorophyll should naturally track changes in

nutrient concentrations and ultimately provide sup-
porting evidence on long-term shifts. Time series of
freshwater chlorophyll were obtained for all rivers in
the study except for the rivers in Spain and Italy, where
only data on nutrient concentration were available. To
allow direct comparisons with nutrient fluxes, we split
the data into 5-year periods and plotted the results on
matching European maps (Fig. 4). There is a wide-
spread decrease of freshwater chlorophyll in all

Fig. 4 Concentration of
freshwater chlorophyll

(ug L") in several
European rivers for the
1991-1995 and 2001-2005
periods. (Color figure
online)
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coastal fronts examined, with an average drop between
the two periods of —54 % for the Mediterranean and
—26 % in the Atlantic and the eastern English Channel
(both of them statistically significant, p < 0.05).
Interestingly, these two values coincide with average
P reductions in their respective coastal fronts (—53 %
in the Mediterranean, —24 % in the Atlantic and the
English Channel).

Coastal chlorophyll: the Seine Bay case-study

Although the Seine accounts for up to 80-85 % of the
freshwater inflow in the area, eight other rivers were
considered to calculate N and P fluxes, covering the
whole bay (namely, the Touques, Dives, Orne, Seulles,
Aure, Vire, Taute, and Douve). Consistent with the
trends observed so far for the eastern English Channel,
the N load in the area remains high, while there has
been a remarkable decrease of P. In accordance, the
N-ICEP index has slightly increased and stabilized
while the P-ICEP has dropped and currently presents
very low or negative values (Fig. 5).
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We analyzed the chlorophyll series for different
stations in the bay (17 in total); the coastal monitoring
program, RHLN, started in 2000 and so data exist only
for the 2000-2010 period. Given the multiplicity of
forcing factors operating at each particular site, and
provided that we search for extensive, generalized
effects, we calculated the average chlorophyll con-
centration for the whole bay. As such, we smoothed
out the local variability and obtained an integrative
variable that could be directly compared with river
inputs. When the Seasonal Kendall test was performed
to search for temporal patterns, two trends emerged
(p < 0.01 in both cases): there has been a significant
decrease of summer chlorophyll during the last
10 years, but simultaneously a mild increase of winter
chlorophyll concentrations (Fig. 5).

We used the data on phytoplankton composition
from the REPHY network to explore whether the
changes in chlorophyll concentration were particu-
larly due to certain phytoplankton species and whether
we could single out groups of organisms that are
especially favored or impaired when nutrient loads in
the bay are high. We focused on two large functional
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Fig. 5 a N-ICEP and P-ICEP in the Seine Bay; b time series of
chlorophyll concentration (integrated value for the whole bay)
and ¢ separated summer and winter chlorophyll values. The map
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@ Springer



498

Biogeochemistry (2013) 113:481-505

groups—diatoms and dinoflagellates—because these
are dominant in the Seine Bay (Belin et al. 1995;
Videau et al. 1998). Again, we integrated the results of
several stations to obtain an average figure for the
entire bay. For dinoflagellates, we observe a general
decrease in average and maximum monthly concen-
trations (Fig. 6), but by splitting the data into summer
and winter periods, a significant increase of summer
abundances can be seen (SK test, p < 0.05). If we
further look at target species that cause problems of
harmful blooms and toxicity (e.g., Dinophysis spp.),
no clear correspondence is apparent between the
number of toxic episodes and the decrease in average
cell numbers, nor with the magnitude of the annual
peak (Fig. 6). For diatoms, both average monthly
concentrations and maximum abundances show non-
significant variations. The potentially toxic Pseudo-
nitzschia spp. show a recent decrease in maximum
numbers and blooming episodes, yet again years of
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Fig. 6 Phytoplankton concentration (cells L™") in the Seine
Bay. a Average and b maximum concentration of diatoms;
¢ maximum cell abundance of the potentially toxic diatom
Pseudo-nitzschia spp. (dark grey) and number of samplings in
which the species is present (light grey). d Average and
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high Pseudo-nitzschia spp. concentrations do not
necessarily coincide with years with a large number
of toxic episodes.

Discussion

Temporal patterns: the importance of seasonal
features

One of the things that we were most interested in
within the present study was the variability of river
inputs throughout the year. Most large-scale studies
addressing river inputs provide annual estimates of
nutrient fluxes but do not give information on seasonal
patterns. Notwithstanding, seasonality is of the highest
importance when dealing with eutrophication issues
because phytoplankton growth is naturally constrained
by factors that follow seasonal cycles.
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Phosphorus comes mainly from industrial and
domestic waste waters, so that inputs do not follow a
seasonal pattern but are rather homogeneous through-
out the year. In the winter, the river flow and the silica
content are naturally high; inputs of P from point
sources are therefore diluted and there is a relative
shortage of P withregard tosilica, i.e., negative P-ICEP
values. In the summer, point sources contribute largely
to the total freshwater flow and P can easily become an
excess nutrient. The reduction of P is hence particularly
effective in the summer, when the risk of eutrophica-
tion due to P overload is higher. On the contrary, N
inputs come mostly from diffuse sources and further
increases occur chiefly in the winter, at the time of high
water fluxes. N can thus accumulate during the cold
period and accumulate into a high stock at the
beginning of spring, enhancing phytoplankton growth
at the coastal zone during the spring bloom.

More precisely, the large N and Si supply during the
winter, together with P, promotes the early growth of
diatoms in spring, which consume only part of the
available N and P but can deplete Si stocks. The excess
pool of N and P can then be consumed by non-
siliceous algae, as occurs in the North Sea with
Phaeocystis spp., a flagellate that appears at the
beginning of spring and is responsible for numerous
episodes of foam formation (Lancelot 1995; Lancelot
et al. 2005; Lefebvre et al. 2011). The larger the
nutrient leftover, the larger the potential bloom.
Subsequent summer freshwater inputs are enriched
in P (and N) but contain relatively less Si. Again, the Si
deficiency can exacerbate the dominance of non-
siliceous organisms in late summer and particularly
favor several groups of flagellates and dinoflagellates
(Guillaud and Ménesguen 1998).

The development of dinoflagellates is indeed
consistent with our results in the Seine Bay, where
these organisms are the cause of periodic fishing bans
(Amzil et al. 2007). The trend analysis showed an
increase of chlorophyll and total phytoplankton cells
in the winter, in parallel with the increase of N fluxes
(SK test, p < 0.05), while a decrease of chlorophyll
was observed in the summer, likely induced by the
drop of P (SK test, p <0.01). Surprisingly, no
significant trends were found for diatom abundances,
although the phytoplankton community in the Seine
Bay (notably the annual spring bloom) is largely
dominated by diatom species (Videau et al. 1998;
Cugier et al. 2005). This may be due to great

intra-annual variability and the fact that we have
averaged several months for a group of stations. When
performing the SK test and separating by month,
significant diatom increases appeared in February,
March and April (SK test, p < 0.1). Even more
interesting, dinoflagellates showed a significant
increase in the summer. This stresses that phosphorus
reductions can help reduce total phytoplankton bio-
mass but are not sufficient to control harmful blooms.
Phosphate is known to be a labile compound rapidly
consumed and recycled by planktonic organisms so
that, provided there is available N, blooms can develop
even in the presence of apparently low P concentra-
tions. The increasing nutrient imbalance may further
benefit specific organisms and deeply alter the marine
trophic network (e.g., Thingstad and Billen 1994;
Schoemann et al. 2005; Glibert et al. 2010).

Although it is clear that a relationship exists between
algal biomass and the N and P load of coastal waters, it is
not possible to conclude the extent to which shifts in
HABs can be attributed to the increase or decrease in
riverine nutrient levels because other factors may be
involved. Thus, hydraulic flushing, stratification, salin-
ity and sediment loading, all related to freshwater
inflows, can act upon the initiation or ending of noxious
blooms by various mechanisms, and they have been
shown to affect a wide range of taxa, including
cyanobacteria, dinoflagellates, diatoms and prymnesio-
phytes (see Roelke and Pierce 2011 and references
therein). Further, the importance of organic nutrient
sources and alternate trophic pathways, such as mixo-
trophy, on eutrophication issues has been recently called
to attention by some authors (e.g., Anderson et al. 2008;
Kudela et al. 2008; Glibert et al. 2010). Little or no data
at all are available to determine the influence of these
factors on most coastal systems. Additional difficulties
relating land-based nutrient inputs to phytoplankton
changes are due to the biological sampling strategy. As
pointed out by Ferreira et al. (2011), sampling is often
designed to capture extreme or problematic events or
time periods, and in places with strong seasonal
variability, it can be limited to samples from the typical
bloom period to try to capture peak concentrations,
usually the spring or summertime growing season. This
happens in some stations of the Seine Bay and hinders
the detection of temporal trends, particularly with regard
to singular toxic species. Ideally, samples should be
taken year round to observe both baseline and bloom
concentrations.
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Spatial patterns: Mediterranean versus Atlantic
rivers

Beyond the common seasonal trends described above,
Atlantic and Mediterranean rivers present a series of
specific characteristics that are worth considering.
First, despite the existing surplus of N with regard to Si
in both coastal fronts, the excess is particularly high in
Atlantic rivers: on average, the N-ICEP is fourfold
higher (~20 vs. 4.5 kg C km™2 day~"). This may be
related to the fertilizer application rates, which were
traditionally higher in northern than in southern
European countries (Crouzet et al. 1999). The lower
excess of nitrogen in Mediterranean streams, however,
does not necessarily mean that catchments are less
overloaded in N than those in other parts of Europe but
instead can be concealed by different hydrological
dynamics. Lassaletta et al. (2012) have shown that in
the Ebro River, a typical Mediterranean catchment
subject to episodic droughts, flow-regulated and
highly channelized, the outflow of nitrogen to coastal
waters is relatively low because most N compounds
are retained within the catchment.

Second, dissimilar climatological factors, notably
the pluviometric regime, form the basis for different
intra-annual characteristics. In general, Atlantic
streams present regular annual fluctuations, with a
large winter flow peak and lower values in the
summer. Accordingly, there is a large excess of N
in the wintertime (positive N-ICEP values) that
decreases toward the summer, when the P-ICEP is
highest. This creates a regular interval of overlap
during the warm period, at the time when the growth of
phytoplankton is maximal. In Mediterranean rivers,
freshwater discharge follows similar annual patterns,
i.e., flow is maximum in the winter and lower in the
summer, but cycles are less regular and their magni-
tude varies substantially from year to year. In addition,
winter/summer differences are smoothed in some
rivers due to artificial flow regulation and there are
many episodic flow peaks. Extreme flow peaks (flash
floods) correspond, in most cases, to heavy downpours
that occur in late summer-early autumn and winter
(Estrela et al. 2001; Ludwig et al. 2003). As a result,
the overlapping periods of N and P excess, i.e., the
times of maximal potential eutrophication risk, are
less systematic. Additionally, sediment loads in
Mediterranean rivers are naturally high (Milliman
2001; Ludwig et al. 2003) and this may partly prevent
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phytoplankton growth during flow peaks despite the
accompanying nutrient inflows to coastal waters.
These hydrological differences between Mediterra-
nean and temperate catchments and their influence on
coastal eutrophication are also interesting to consider
in view of climate change. Under climate change
scenarios, hydrometeorological models predict changes
in the timing of flows (a shift from spring snow melt
to winter runoff), a prolongation of the dry period and
an increase of the extreme flows (high and low) across
a large part of continental Europe (Arnell 1999;
Mimikou et al. 1999). Such conditions would thus
approach those found in Mediterranean regions.
Third, the appearance of eutrophic coastal waters is
clearly related to nutrient inputs, but it is also strongly
dependent on the physical characteristics of the
receiving coastal zone (Rabouille et al. 2008). Tidal
range and associated processes (e.g., tidal mixing,
current velocity, light penetration and sediment
resuspension) influence phytoplankton biomass in
estuaries and can help alleviate the effects of nutrient
overload by contributing to a regular exchange with
offshore waters (Monbet 1992). This can be somewhat
advantageous in the Atlantic littoral but not in the
Mediterranean, where tidal range is on the order of
tens of centimeters. Locally, enclosed bays and areas
of confined waters are sensitive areas where excess
nutrients can rapidly foster the emergence of algal
blooms (Tett et al. 2003). The same occurs in bays
sheltered by bar sands and in shallow harbors, because
they favor the formation of cyst seedbeds and hinder
the dispersion of the organisms (Vila et al. 2001).
Local features can modulate the response of algae to
nutrient inputs beyond larger-scale regional patterns
and must be considered when addressing the eutro-
phication risk of specific coastal locations. Likewise,
local characteristics may determine, to a large extent,
the resilience of the system (e.g., Kemp et al. 2005).

General considerations on N and P fluxes

Our study compiles information on 28 rivers subject to
different environmental conditions, both in terms of
socioeconomic factors and in relation to climate and
physical characteristics (Metzger et al. 2010). This
provides a broad spectrum that allows us to identify
general trends and draw conclusions applicable to vast
areas in southwestern Europe. As a whole, our data
show that N has remained stable in most river systems,
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with only moderate increases or decreases from the
1990s until now. Moreover, even in those areas where
the drop of N is significant, the excess N with regard to
Si is remarkable and N-ICEP values remain positive.
This is consistent with the large N enrichment
currently observed in many European freshwater
bodies (Grizzetti et al. 2011). Changes in annual
nutrient concentrations were recently assessed by
Bouraoui and Grizzetti (2011) for a number of
European rivers. The authors also found mixed
increasing and decreasing patterns for nitrate and a
more general decline for phosphorus and ammonium,
yet some discrepancies are found with regard to
specific rivers (i.e., the Seine and the Rhone). Differ-
ences are likely related to the fact that we compute TN
and not only NO;3; ", and most importantly, we analyze
monthly fluxes and not average annual nutrient
concentrations. For phosphorus, there has been a
widespread reduction of terrestrial inputs over the past
few decades and, in most cases, the P-ICEP today is
negative. Negative P-ICEP values point out a deficit of
P with respect to Si (always considering the Redfield
ratio as the reference value) and emphasize the
increasing role of P as a potential limiting nutrient
(Pefiuelas et al. 2011).

Regulation policies aiming at reducing nutrient
inputs to fresh and marine waters flourished in Europe
after the 1990s (e.g., the Nitrates Directive, Directive
91/676/EEC; the Urban Waste Water Treatment
Directive, Directive 91/271/EEC; the Water Frame-
work Directive, Directive 2000/60/EC; or the most
recent Marine Strategy Directive, Directive 2008/56/
EC). The effect of such regulations on N and P inputs,
however, has been quite unequal, as pointed by our
results. This discrepancy is ultimately related to their
different sources and environmental pathways. Nitro-
gen pollution mostly comes from diffuse sources, in
particular the use of fertilizers in agriculture and
stockbreeding practices, while phosphorus comes
largely from point sources, namely domestic waste
waters (EEA 2005). The early ban of phosphates in
household detergents (e.g., Council Directives 73/404/
EEC and 73/405/EEC) and the technical improve-
ments in wastewater treatments plants (WWTPs) have
effectively contributed to the P reduction observed
here. Nitrogen losses from agricultural soils, however,
are more difficult to control, and the efficacy of
available regulation measures is frequently much
lower than expected (Oenema et al. 2005; Bechmann

et al. 2008; Thieu et al. 2010). Nitrogen can be widely
transported through runoff to freshwater streams and
leach from the soil to groundwater reservoirs, where
residence times can be long. Consequently, even if
present N inputs to soils were lower than those of past
years, N abatements in rivers could not be apparent
until several years or decades later (Ledoux et al.
2007; Bouraoui and Grizzetti 2011).

The drop of P inputs in coastal waters has had a
direct effect on the phytoplankton biomass. In the
Seine Bay, our case-study, regardless of many other
interacting factors (the morphology of the coastal area,
prevailing currents, tide intensity, etc.), the decrease of
P matches a significant decrease in summer chloro-
phyll concentrations. The result could be extensive in
many other areas, in particular in Mediterranean
waters where P is traditionally considered the main
nutrient limiting coastal plankton (Thingstad et al.
1998; Thingstad et al. 2005).

The decline of phytoplankton biomass is a positive
sign, albeit a similar direct connection with algal
blooms or toxic episodes is hard to find. Indeed, a
number of phytoplankton species can be responsible
for harmful blooms and the concentration threshold
above which we consider it a HAB and/or a toxic event
can vary depending on the organism involved. Such
complex patterns may require the inclusion of extra
variables, i.e., irradiance, salinity or turbulence, to
adequately foresee the outbreaks (Cugier et al. 2005;
Lancelot et al. 2009). In any case, it appears that P
abatements alone are not enough to control the
noxious episodes in the Seine Bay. Further, the
increasing imbalance between N, P and Si may
aggravate the situation and trigger more frequent,
more toxic or longer-lasting blooms (e.g., Granéli and
Flynn 2006; Conley et al. 2009; Roelke and Pierce
2011 and references therein).

The persistent N disproportion is one of the reasons
why future management efforts should mainly aim at
reducing nitrogen inputs. Further removal of phos-
phorus compounds is technically possible, although
expensive, in WWT facilities (e.g., Chouyyok et al.
2010), yet in view of the present results it may not be
enough to keep the problem in check. Apart from
inducing coastal eutrophication, high nitrate concen-
trations in freshwater systems pose a serious risk to
drinking water supplies, because they can contaminate
both surface waters and shallow aquifers. Most of the
drinking water production would then require either a
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denitrification treatment or drawing water from deeper
aquifers, which would increase its cost. Challenging as
it may be, the step forward should therefore imply a
reduction of nitrogen inputs (Paerl 2009); given that
the EU Urban Waste Water Treatment Directive
(Directive 91/271/EEC) has already been imple-
mented in most European countries, the efforts ought
to focus on land management and likely new agricul-
tural practices (Oenema et al. 2011; Grizzetti et al.
2011).

Conclusions

We provide data on nutrient export for 28 rivers in
southwestern Europe and analyze long-term changes
in the context of anthropogenic pressures and regula-
tion policies. Special attention is given to seasonal
variations, because the integrated annual values that
are usually provided do not allow establishing com-
parisons with seasonal phytoplankton dynamics.
Broadly, there have been considerable phosphorus
reductions in most southwestern European rivers
during the past decade, whereas N inputs show
nonuniform trends, e.g., there is an increase in the
English Channel but a slight decrease in the Mediter-
ranean Sea. Nonetheless, nitrogen is largely in excess
over silica in most of the river systems studied.

We synthesize the eutrophication risk associated
with river inputs by means of an index (ICEP, Billen
and Garnier 2007) and offer an overview on its
temporal evolution and intra-annual variability. Ana-
lyzing the annual dynamics of the eutrophication
index is very interesting because it allows us to delimit
those periods when the risk of eutrophication is
particularly high.

We compare this index of eutrophication potential
with real phytoplankton data from the Seine Bay. The
decrease in P-ICEP matches a general decrease of
phytoplankton biomass in the summer. However,
sustained high values of N-ICEP may still foster the
emergence of harmful algal blooms and we found an
increase in the summer abundance of dinoflagellates.
Changes in riverine nutrient fluxes are likely to affect
coastal phytoplankton, yet direct, causal links are
difficult to determine because alternative factors, such
as increasing temperatures or changes in turbulence
and stratification, may also play a role in the biomass
shifts observed.
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The abatement of P alone is not enough to shortcut
harmful blooms and toxic outbreaks in the Seine Bay.
Further connections with environmental conditions
and a reduction in N inputs may be necessary to
effectively minimize eutrophication problems. Addi-
tional studies with phytoplankton data from other parts
of Europe are envisaged to allow better comparisons
between coastal sites with high ICEPs and the
frequency of blooms or toxic episodes.
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