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Abstract

The nutrient input by the Rĥone river into the Mediterranean Sea was measured from June 1994 to May 1995. The
various fractions of N and P (dissolved and particulate, organic and inorganic) as well as chlorophyll and dissolved
silicate concentrations were measured twice a month at Arles, 40 km upstream of the river mouth, in this period. In
addition, some samples were taken when the river was in high flood.

The study shows that nitrogen is mainly present as nitrate (76%). Dissolved and particulate organic nitrogen
represent 8 and 9%, ammonium 5% and nitrite 1% of total nitrogen respectively. Almost half of the phosphate is
particulate phosphate, the largest part of which is calcium-bound phosphate. Orthophosphate represents 31% of
total phosphate.

We estimated the total input of nitrogen, phosphate and silicate as 115–127 kt y�1 (N), 6.5–12.2 kt y�1 (P) and
135–139 kt y�1 (Si) by different methods. For nitrogen an annual input of 92.3 to 96.1 kt of nitrate is found, 1.3
to 1.5 kt of nitrite, 6.3 to 6.7 kt of ammonium, 9.7 to 9.8 kt of dissolved organic nitrogen and 5.3 to 12.7 kt of
particulate nitrogen; for phosphate the annual imput was 2.7 to 3.0 kt of orthophosphate, 1.3 to 1.7 kt of dissolved
organic phosphate & polyphosphate and 2.5 to 7.5 kt of particulate phosphate. While the N-input was mainly in the
form of nitrate, a large part of the phosphate input was particulate-P. Comparisons to previous estimations show
that the mean annual nitrate concentration in the Rhône has increased by about 50% during the last two decades.

Introduction

Nutrient input by rivers contributes considerably to the
nutrient balance of the Mediterranean Sea. The Rhône
is the main river flowing into the western basin of the
Mediterranean Sea. Its mean flow rate of 1690 m3 s�1,
estimated over a 30 y period, is three times higher than
the sum of that of the Ebro (200 m3 s�1), the Arno
(103 m3 s�1) and the Tiber (234 m3 s�1) (Martin and
Saliot, 1992).

The input of nutrients has a direct influence on
primary production in the Golfe du Lion. On an annu-
al basis, around 50% of the primary production in

the Gulf can be attributed to terrigenous input (Coste,
1974, Morel et al., 1990). The nitrogen or phosphate
concentration is generally considered to be a limit-
ing factor for algal production in the Mediterranean
(Berland et al., 1980). An increase in the input may
cause a corresponding increase in primary production
leading to changes in the functioning of the Mediter-
ranean ecosystem. Therefore it is necessary to know
the long-term variability of the input.

The aim of this work is to specify the concentra-
tions of the various fractions (dissolved or particulate,
organic or inorganic) of nitrogen and phosphate in the
Rhône near the estuary, to estimate their input into
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Figure 1. Map of the study area. A = Arles.

Figure 2. Mean daily flow rate and sampling date.

the Mediterranean Sea and to discuss their long term
changes.

Material and methods

The study of the nutrient input by the Rhône into the
Mediterranean Sea was carried out from 01/06/1994
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to 31/05/1995. The various fractions of nitrogen and
phosphate as well as dissolved silicate were measured
twice a month in Arles (Figure 1). Additional results
obtained from discrete sampling during flood are indi-
cated in Figure 2. Chlorophylla and phaeopigment
concentrations were also measured. Samples were kept
cooled and, if necessary, filtered over GF/F membranes
and/or frozen at�20 ˚C before analysis in the labora-
tory.

Chemical analyses

The methods used to determine nutrient (nitrate,nitrite,
ammonium, orthophosphate and dissolved silicate)
concentrations are described in Tréguer & Le Corre
(1975). Particulate and dissolved organic nitrogen and
phosphate are measured according to Pujo-Pay and
Raimbault (1994). Tot-N and Tot-P correspond to
the sum of these various fractions. Chlorophyll and
phaeopigment concentrations are determined accord-
ing to the fluorometric method described by Herbland
et al. (1984).

An analysis of the various fractions of particulate
phosphate has also been carried out on the suspend-
ed matter collected during four three-day sampling
periods (14, 15 and 16 Oct. 92, March, May and
June 1993). The protocol used is that of Golterman &
Booman (1988) and of De Groot & Golterman (1990).
Concentrations are expressed as mg l�1 (N, Si) or�g
l�1 (P). N and P concentrations in particulate matter
are expressed as mg g�1. Loadings are expressed as t
y�1 (N, P or Si).

Input calculation

The input into the Mediterranean Sea corresponds to
the mass fluxes entering the estuary area (in tons per
year). They have been estimated by the two most clas-
sical (Walling & Webb, 1985; Thomas & Meybeck,
1992) and two other methods (�) which only differ
from the precedent in the estimation of the particulate
fluxes.

Method 1: based on the calculation of weighted
average
The fluxes are calculated from the concentrationsCi

(mg f�1) andci (mg g�1) of the different variables list-
ed above, the concomitant flow ratesQi and suspended
matter concentrationsSi, and the total water and solid
flow rates over the year studied (respectivelyQ� etS�).

The latter were estimated, from records of mean daily
water and solid flow rates, at 70 109 m3 and 14 106 t
(Pont & Bombled, 1996).

The method amounts to the estimation of the year-
ly dissolved fluxFd from a water discharge weighted
average concentrationCEd, and of the yearly particu-
late fluxFp from a sediment discharge weighted aver-
age concentrationCEp.

For dissolved compounds:

CEd =

Pn

i=1Qi ·CiPn

i=1 Qi

For particulate compounds:

CEp =

Pn

i=1Si ·ciPn

i=1Si

with n: number of samples andFd = Qo ·CEd;Fp =

So ·CEp:

Method 1�: As method 1 but considering particulate
fluxes as dissolved fluxes.

Method 2: based on a linear interpolation
The annual flux is the sum, over the year, of the product
for each period j between two samples, of the mean val-
ue for two successively measured concentrationsCdj

(or cpj) by the mean value of the mean daily flow rate
Qi (or solid flow rateSj) measured during this time
interval:(kj �1) days (i.e. extrapolation of concentra-
tion).

For dissolved compounds:

Fd =

n�1X

j=1

Cdj;Qj(kj � 1)

For particulate compounds:

Fp =

n�1X

j=1

cpj; Sj(kj � 1)

Method 2�: As method 2 but considering particulate
fluxes as dissolved fluxes.

For methods 1 or 2, the total input of a compound is
equal to the sum of its dissolved and particulate fluxes:
F = �Fd + �Fp

Methods 1� & 2� do not take into account the state
(dissolved or particulate) of the compounds studied.
The fluxes are calculated by adding up the fluxes of
the various compounds all calculated as if they were
dissolved coumpounds.
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Results and discussion

Hydrology

The mean flow rate of the Rhône river calculated for the
period 1961–1994 is 1690 m3 s�1 (s.d. = 320,n= 34).
the minimum and maximum annual discharge mea-
sured being 1064 and 2388 m3 s�1 respectively.

The annual cycle studied is characterized by a mean
annual flow rate of 2220 m3 s�1 which corresponds to
a high flow rate, by a minimum flow rate of about
1000 m3 s�1 and by numerous floods, one of which
was exceptional on the 6th of November 1994: the
probability of this event is once in 30 yr. Figure 2 gives
daily flow rate and times of sampling.

The yearly inputs are calculated from concentra-
tions and flow rates. Concentrations are measured at
Arles and flows at Beaucaire, the distance between the
two places is about 20 km (Figure 1). The branching
off of the Rĥone river near the mouth is considered to
have no influence on the input, as the water flow is
divided but the concentrations are similar in the ‘Petit
Rhône’ and in the ‘Grand Rĥone’.

Several reservoirs are located even in the lower
part of the Rĥone basin, which influence the rela-
tion between flow rate and suspended matter. The lake
of Geneva which intercepts about 7000 km2 of the
drainage area retains the major part of the suspended
matter of glacier origin.

Otherwise, inter-annual variations of the flow rate
are significant: the mean annual flow rate can double as
the values of the minimum and maximum show during
the period 1961–1994. This means that extrapolation
to other years is only allowed if the relation between
concentration and flow rate is known.

Concentration analysis:

The results obtained for the different variables mea-
sured between June 1994 and May 1995 are given in
Table 1. They concern arithmetic means as well as
standard deviations, minimum and maximum values,
weighted average concentrations, medians and quan-
tiles, and total number of analyses. The discharge-
weighted averages of Tot-N, Tot-P and dissolved sili-
cate are respectively 1.73 mg l�1 (N), 0.12 mg l�1(P)
and 1.99 mg l�1(Si). Nitrogen is mainly present as
nitrate (76%). Org-Ndissand Npart account respectively
for 8% and 9% of Tot-N, ammonium for 5% and nitrite
for 1%. The major part of the phosphate is Ppart. o-P
represents only 31% of Tot-P.

Figure 3. Npart concentration versusQ. Data from El Habr (1987)
and from this study.

Figure 4. Npart concentration versusQ. Data from El Habr (1987)
and from this study.

Considering the importance of Ppart, it seems essen-
tial to specify the various forms present, in order to
estimate their fate in the Golfe du Lion. Table 2 gives
the results of four analyses of the P-fractions carried
out on the suspended matter sampled between Oct. 92
and June 1993. All flow rates were somewhat below
the average, but not exceptionally. Iron-bound P ranged
between 5–34%, Ca-bound P between 43–56%, Acid
Soluble Organic P between 6–28% and NaOH Solu-
ble Organic P between 11–13%. Ca-bound P is there-
fore the largest fraction, which is due to CaCO3 being
formed in the Rĥone. The ratio between Iron-bound
P and Iron extracted can not be explained: two values
fall in the usual range (1:10–1:20), but especially the
very high value in June can not be explained. It seems
likely that the system is not yet in chemical equilibri-
um. Many more data are needed in order to predict the
quantity of bio-available P transported by the Rhône. In
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Table 1. Characteristics of variable measured in the Rhone river during the period June 1994 – May 1995.

Variables Units Arithmetic Standard Minimum Maximum Water-discharge Sediment-discharge Median and quantiles n

mean deviation weighted average weighted averageQ10 Q25 Q50 Q75 Q90

concentration concentration

Instantaneous fow rate m3 S�1 2847 1702 836 9431 1238 1635 2448 3420 4707 40

Suspended matter mg l�1 311 848 8.5 5200 683 14 31 70 285 694 39

Nitrate mg l�1 (N) 1.34 0.43 0.82 2.26 1.32 0.90 0.99 1.15 1.72 1.96 40

Nitrite mg l�1 (N) 0.020 0.005 0.010 0.034 0.019 0.015 0.016 0.020 0.023 0.026 39

Ammonium mg l�1 (N) 0.09 0.05 0.004 0.18 0.091 0.020 0.061 0.097 0.134 0.148 39

org-Ndiss mg l�1 (N) 0.14 0.08 0.00 0.51 0.14 0.07 0.09 0.13 0.17 0.21 38

Npart mg l�1 (N) 0.12 0.09 0.02 0.45 0.16 0.04 0.05 0.09 0.16 0.24 40

Npart mg g�1 (N) 1.69 1.51 0.09 7.47 0.38 0.25 0.76 1.27 2.08 3.28 39

Tot-N (Sum) mg l�1 (N) 1.70 0.49 1.04 3.01 1.73 1.16 1.32 1.53 2.10 2.40 37

o-P �g l�1 (P) 44 29 9 195 38 19 29 41 53 61 40

org-pdiss & poly P �g l�1 (P) 23 12 2 55 19 9 13 22 31 36 36

Ppart �g l�1 (P) 55 43 4 186 67 12 24 40 76 121 40

Ppart mg g�1 (P) 0.76 0.51 0.02 2.17 0.18 0.07 0.39 0.72 0.97 1.34 39

Tot-P (Sum) �g l�1 (P) 117 50 43 231 124 63 80 110 143 195 34

Silicate mg l�1 (Si) 1.89 0.50 0.84 2.74 1.99 1.20 1.59 2.06 2.25 2.46 39

Chlorophylla �g l�1 2.2 2.1 0.4 13.3 0.7 1.2 1.8 2.7 3.6 40

Phaeopigments �g l�1 1.5 1.4 0.1 8.4 0.3 0.6 1.3 1.8 2.6 40
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Table 2. Characteristics of 4 samples of suspended matter collected in
1992/1993, with special attention to fractionation of Ppart.

Variables Units Oct 92 March 93 May 93 June 93

Flow rate m3 s�1 1100 780 1350 1590

Suspended matter mg l�1 400 230 182 179

org-C mg g�1 4.2 8.2 29.0 17.0

org-N mg g�1 0.3 0.9 2.8 2.1

Tot-Fe mg g�1 4.6 7.4 15.0 23.0

Tot-P �g g�1 200 490 454 1200

Fe(OOH)extr �g g�1 400 770 40 510

Fe(OOH)�P �g g�1 47 30 20 405

CaCo3�P �g g�1 90 210 250 570

Acid Soluble Organic P (1)�g g�1 123 73

Residual Organic P (2) �g g�1 50 150

(1) + (2) �g g�1 70 150 173 223

Sum of fractions �g g�1 207 390 443 1198

the Golfe du Lion, a shift may occur from iron-bound
P to calcium-bound P due to the greater salinity and
high calcium concentration and higher pH of the sea
water, while most of the incoming o-P may precipitate
as both inorganic forms.

The nutrient concentrations varied during the peri-
od studied. The maximum factor of variation is 3 for
Tot-N, 6 for Tot-P and 3 for dissolved silicate. These
fluctuations are much greater if one considers the var-
ious fractions of nitrogen and phosphate, the maximal
fluctuations concerning the dissolved and particulate
organic fractions. The concentrations of nitrate show a
maximum in winter and a minimum in summer where-
as there is no marked seasonal variation in the other
nitrogencompoundsas was already noticed by Coste &
Raimbault (1993). The other variables measured dur-
ing the period of study do not show significant seasonal
variations either. Furthermore, there is no linear rela-
tionship between the mean daily flow rate and any of
the variables studied, except for Npart which showed a
significant relationship. Figures 3 and 4 show the con-
centrations of Npart and Ppart as functions of the flow
rate (data of El Habr (1987) and from this study). With
a linear regression of the typey=ax, a slope of 3.7 to
4.5 10�5 is obtained for Npart and of 1.5 to 2.1 10�5

for Ppart at the 95% confidence threshold (R2 = 0.60 for
nitrogen (n= 69) and 0.06 for phosphate (n= 66)). The
relation obtained for Ppart is not significant, due to the
fact that Ppart comprises several organic and inorganic
compounds, while Npart is mainly organic.

Comparison with other rivers

Table 3 indicates the median value of the frequency
distributions of concentrations found in other rivers. It
shows that the concentrations of dissolved nutrients in
the Rĥone are clearly higher than those measured in 60
non-pollutedmajor rivers (Meybeck, 1995), particular-
ly as far as nitrogen is concerned (12, 20 and 7 times
higher for nitrate, nitrite and ammonium, respectively).
The median value is 4 times higher for o-P. On the con-
trary, for particulate fractions, nitrogen and phosphate
are about 2 times less concentrated in the turbid Rhône
river. This is partly related to the fact that Npart and
Ppart median values are actually much different from
the sediment discharge averages because of increasing
sampling during flood period.

Input in the Mediterranean Sea

Table 4 presents the mass fluxes estimated according to
the four methods proposed. Considering the maximum
and minimum values obtained by these methods of
estimation for each variable, an annual N-input of 92.3
to 96.1 kt as nitrate is found, 1.3 to 1.5 kt as nitrite,
6.3 to 6.7 kt as ammonium, 9.7 to 9.8 kt as org-Ndiss

and 5.3 to 12.7 kt as Npart; an annual P-input of 2.7 to
3.0 kt as o-P, 1.3 to 1.7 kt as org-Pdiss/poly-P and 2.5
to 7.5 kt as Ppart.

The input of Tot-N is 115-127 kt and the input of
Tot-N is 6.5-12.2 kt for the year studied. The nitrate
input represents about 80% of the Tot-N input while
that of o-P is only about 25-45% of the Tot-P. There-
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Table 3. Medians of frequency distributions of nutrient concentrations or contents for: (1) 60 non-polluted rivers (Watershed>100 000 km2)
(Maybeck & Helmer 1989 in Meybeck, 1995). (2) References in Meybeck 1993; (3) This study.

Nitrate Nitrite Ammonia org-Ndiss Npart Npart o-P org-Pdiss & poly P Ppart Ppart Silicate�

mg l�1 mg l�1 mg l�1 mg l�1 mg l�1 mg g�1 mg l�1 mg l�1 mg l�1 mg g�1 mg l�1

Non-polutted rivers (a) 0.1 [0.001] 0.015 0.26 0.35 2.3 0.01 [0.015] 0.17 1.1 5.0

Mackenzie (2) 0.1 0.1 0.2 1.4

Amazone (2) 0.17 <0.02 0.2 0.32 0.024 [0.015] [0.16] 3.2

Seine (2) 4.3 1 0.5 0.3 0.40

Rhône (3) 1.15 0.02 0.10 0.13 0.09 1.3 0.041 0.022 0.040 0.6 2.06

� Transformed in mg l�1 of Si in this table.

Table 4. Estimation of nutrient input (kt of N, P or Si per year) by the Rhône river into the Mediterranean
Sea using different calculation methods: methods 1� & 2� as method 1 & 2 but assuming the same transport
model for particulate and dissolved compounds (see method section).

Nitrate Nitrite Ammonia org-Ndiss Npart Tot-N o-P org-Pdiss & poly P Ppart Tot-P Silicate

Method 1 92.3 1.3 6.3 9.7 5.3 115 2.7 1.3 2.5 6.5 139

Method 1� 11.2 121 4.7 8.7

Method 2 96.1 1.5 6.7 9.8 12.7 127 3.0 1.7 7.5 12.2 135

Method 2� 8.7 123 3.8 8.5

Minimum 92.3 1.3 6.3 9.7 5.3 115 2.7 1.3 2.5 6.5 135

Maximum 96.1 1.5 6.7 9.8 12.7 127 3.0 1.7 7.5 12.2 139

fore the o-P flux represents less than half of the Tot-P
input into the Mediterranean Sea. Given the rapidi-
ty of the exchanges between the particulate and the
dissolved fractions of phosphate (De Groot, 1992;
Moutin, 1992), it is necessary to calculate the Tot-P
input as the sum of all fractions.

The two methods used to estimate the dissolved
compounds fluxes give essentially equivalent results
(Table 4). This is mainly related to the relatively dense
sampling which makes the choice of the method to
estimate the fluxes less crucial. On the contrary, for the
particulate compounds, there is a difference of about a
factor 3 between the maximum and minimum values
obtained by the four methods of estimation. This is
awkward in the case of phosphate for which the par-
ticulate fraction is far from negligible. The transport
is different for dissolved and particulate compounds
which led us to use two different calculations to evalu-
ate their respective fluxes: one based on the evaluation
of the total water flow rate over the year and the oth-
er based on the evaluation of the total solid flow rate
(method 1). In the second case, it implies that there is
a constant relationship between the variables studied
and the concentration of suspended matter. That is true
when the concentration of suspended matter does not
exceeds 150 mg l�1. In this case, Npart concentration in

suspended matter is equal to 2.28 mg g�1 with a con-
fidence interval of 0.34 and the Ppart concentration in
suspended matter is equal to 1.16 mg g�1 with a confi-
dence interval of 0.11 (�= 0.05). On the contrary, when
the concentration of suspended matter exceed 150 mg
l�1, it seems that it is poor in nitrogen (Figure 5) and the
relationship with Ppart is not linear (Figure 6): method
1 probably underestimates Npart and Ppart inputs. The
fact that Ppart & Npart concentrations (mg.l�1) increase
more or less linearly with flow (Figures 3 and 4) lead
us to prefer methods 1� or 2� to method 1 to estimate
particulate nutrient fluxes. Method 2, which permits to
take into account the variability of the fluxes of sus-
pended matter, seems to be the most appropriate for
the quantification of particulate fluxes (Npart & Ppart)
and total fluxes (Tot-N & Tot-P). For dissolved com-
pounds, good results are obtained with method 1 which
is of easy use.

Long-term pattern of nitrate input

Figure 7 represents the nitrate input by the Rhône river
into the Mediterranean Sea:

(1) calculated by Coste & Raimbault (1993) at four
periods (1968, 1984, 1989, 1990),
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Figure 5. Npart concentration versus suspended matter concentration. Data from El Habr (1987) and from this study, one sample omitted
(x= 5200;y= 0.45).

Figure 6. Npart concentration versus suspended matter concentration. Data from El Habr (1987) and from this study, one sample omitted
(x= 5200;y= 0.09).

Figure 7. Input of nitrate by the Rĥone river into the Mediterranean Sea since 1968.
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Figure 8. Mean annual concentration of nitrate in the Rhône river near the estuary since 1968.

(2) estimated by Tusseau and Mouchel (1995) from
a statistical method and using the data provid-
ed by the Agence de l’Eau Rhône-Méditerrańee-
Corse for the period 1971–1990 (Réseau National
de Bassin (RNB), a French river water survey),

(3) calculated with method 1 from the data of this
study,

(4) calculated with method 1 from the data provided
by the Agence de l’Eau Rhône-Méditerrańee-Corse
for the period 1971–1990 (RNB),

(5) calculated with method 1 from data obtained from
sampling near the estuary for the period 1989–1994
(Réseau National d’Observation (RNO), a French
coastal water survey).

Coste & Raimbault (1993) mentioned that there is no
significant increase in the nitrate flux during their study
period (1968–1990). Tousseau & Mouchel concluded,
from the analysis of their data, that the input increased.
These contradictory conclusions are based on different
approaches and data sets, more precisely on a different
number of observations due to a different sampling
frequency.

To evaluate the possible increase of the nitrate
input, we calculated the mean annual concentration
of nitrate in the Rĥone as the mass flux calculated by
method 1 divided by the mean annual flow rate. This
in order to get rid of the inter-annual variability of the
flow rates. In all cases, it seems that the mean annual
concentrationof nitrate in the Rhône has increased dur-
ing the two last decades (Figure 8). The presence of a
trend was tested with a non parametric permutation test
using a Wald and Volfowitz’s statistic (Good, 1994):
the hypothesis of an absence of trend has to be rejected
(�= 0.0022). The least square estimate of the increase
rate of N is 0.029 mg l�1 y�1with a standard deviation

of 0.006. The steady state noted by Coste & Raimbault
(1993) must be related to the particular hydrological
features of the years included in their study.

Comparison to the total inputs in the Mediterranean
Sea

According to Helmer (1977), the annual load carried
by rivers into the Mediterranean Sea in the early 1970’s
was 600–1000 kt of N and 200–400 kt of P. The input
by the Rĥone river may represent about 10–20% of the
Tot-N and 2–6% of the Tot-P. These fluxes are consid-
erable with regard to the global nutrient balance and
primary production in the Mediterranean Sea, more
especially as Helmer’s estimation is based on data from
a UNEP report (1977) which seem to be overestimated
(Coste et al., 1988).

Conclusion

Input of Tot-N, Tot-P and dissolved silicate by the
Rhône river into the Mediterranean Sea was evaluated
during a one-year period to 115–127 kt of N, 6.5–
12.2 kt of P and 135–139 kt of dissolved silicate (Si).
The N-input is mainly as nitrate (92.3–96.1 kt y�1)
while that of P is for an important part in particulate
form. These quantities can play an essential role in
the nutrient balances and the primary production in the
Golfe du Lion and a non-negligible role at the scale of
the Mediterranean Sea.

The analysis of our data and of the previous estima-
tions leads us to conclude that the mean concentrations
of nitrate in the Rĥone increased during the two last
decades by about 50%. It is necessary to prolong these
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studies and to establish the relation between the nutri-
ent concentration and flow rate more precisely, and to
study the influence of this increase in nitrate input on
the primary production of the Golfe du Lion.
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