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A B S T R A C T   

Catchment lithologies and human activities can cause variations in riverine carbon (C), nitrogen (N), and 
phosphorus (P) loads, and the ratio of these nutrients may affect the primary productivity of rivers and their 
phytoplankton communities. We conducted a comparative study of biogeochemical variations in three major 
European rivers—the Rhine, Danube, and Seine—which reveals the impacts of different carbonate outcrops and 
human impacts (agricultural activities and sewage input) on the changes in the limiting nutrients and phyto
plankton community compositions of flowing water systems. N limitation was observed in the Rhine and Danube 
owing to their low average NO3

– loads (4.04–6.45 mg/L). Although the extensive outcrops of carbonate rocks in 
the Seine catchment result in high average HCO3

– concentrations of ~ 4.68 mmol/L, the elevated inorganic C 
input did not match the high average NO3

– loads (~19.38 mg/L), driven by intensive agricultural activity and 
urban sewage input, demonstrating a potential C limitation on productivity. Our results show that the produc
tivity of the Seine River, determined by the chlorophyll-a concentration, was significantly related to the dissolved 
inorganic carbon (DIC) concentration (coefficient of determination: R2 = 0.68, P < 0.05). Our results demon
strate that changes in DIC content can significantly alter the dominant phytoplankton species in the water col
umn. The high inputs of DIC and aqueous CO2(aq) to the Seine lead to Bacillariophyta proportions that are 
3.96–8.81 % and 19.87–22.56 % higher than those of the Rhine and Danube in the wet and dry seasons, 
respectively. This can be explained by the difference in the efficiency of carbon concentrating mechanisms 
(CCMs) among phytoplankton species. Therefore, to mitigate river eutrophication and improve the quality of the 
aquatic environment, we suggest that future water–carbon management in the flowing water systems with 
abundant nutrients should consider C-limitation alleviation and its potential effect for reducing the abundance of 
harmful algae.   

1. Introduction 

Carbon (C), nitrogen (N), and phosphorus (P) are essential for the 
primary productivity and carbon sequestration of aquatic ecosystems 
(Paerl et al., 2015; Hammer et al., 2019; Shao et al., 2023). Generally, N 
and P have been considered to be the dominant limiting nutrients for 
algal growth in aquatic ecosystems with low nutrient contents 

(Schindler, 1974, Schindler et al., 2016; Howarth and Marino, 2006; 
Paerl et al., 2016). However, C has not been regarded as a limiting 
element in the conventional view (Sterner, 2008; Schindler et al., 2016). 
However, recent studies suggested that aquatic photosynthesis can in
crease the water pH, causing the depletion of aqueous carbon dioxide 
(CO2(aq)). Decreased CO2(aq) in the water column may reduce the pro
ductivity of aquatic ecosystems and result in C-limitation because some 
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algae cannot utilize HCO3
– due to the lack of carbon-concentrating 

mechanisms (CCMs) (Finlay, 2003; Low-Décarie et al., 2014). In this 
case, the high input of dissolved inorganic carbon (DIC, composed of 
CO2(aq), HCO3

– and CO3
2–) can promote the productivity of aquatic plants 

(Zeng et al., 2019a). Thus, C is currently being regarded as a potential 
limiting element for aquatic ecosystems (Bao et al., 2022; Shao et al., 
2023). 

The supply of anthropogenic N and P to aquatic systems has 
increased globally due to increased agricultural N fertilizer usage and 
urban-industrial sewage discharge (Tong et al., 2017; Xuan et al., 2019; 
Yu et al., 2019; Conley et al., 2009; Paerl et al., 2016; Liu et al., 2020). 
These rising inputs of N and P may promote the productivity aquatic 
ecosystems and enhance their carbon sequestration, but they can also 
result in blooms of nuisance algae (such as Cyanophyta) and lead to 
eutrophication (Paerl et al., 2015, 2016; Huisman et al., 2018). The 
contamination of water resources due to eutrophication may subse
quently threaten human health, ecosystem services, and various 
ecosystem functions (Tong et al., 2017; Huisman et al., 2018; Chen et al., 
2019; Noori et al., 2022; Mahdian et al., 2023; Malekmohammadi et al., 
2023). Therefore, reducing N and P loads are major treatments to alle
viate eutrophication in aquatic environments. However, removing the 
anthropogenic N and P from aquatic systems using sustainable methods 
remains a challenging task in water resource management around the 
world (Liu et al., 2020; Czajkowski et al., 2021; Dehestaniathar et al., 
2021; Goodarzi et al., 2022). Compared to N and P treatments, recent 
studies have found that the supply of elevated amounts of DIC to aquatic 
ecosystems can not only increase their productivity and carbon 
sequestration, but it can also reduce the abundance of nuisance algae 
(Bao et al., 2022). Hence, the DIC input is currently becoming a new 
potential water management tool to synchronously enhance the carbon 
sink and mitigate eutrophication in freshwater ecosystems (Ma and 
Wang, 2021; Bao et al., 2022; Lai et al., 2023; Shao et al., 2023; Zhang 
et al., 2023). 

Previous studies of nutrient limitation and eutrophication have 
focused mainly on lakes and reservoirs (Paerl et al., 2011; Smith et al., 
2016; Tong et al., 2017; Schindler et al., 2016; Sun et al., 2022). How
ever, flowing freshwater systems such as rivers and streams are vital for 
nutrient transport from land to sea, and they are also greatly affected by 
eutrophication (Jarvie et al., 2018). However, the analysis of the major 
limiting element in these flowing freshwater systems and the evaluation 
of the influence of elevated DIC input on river eutrophication have 
lagged behind that for lakes and reservoirs (Lewis et al., 2011; Jarvie 
et al., 2018; Shao et al., 2023). Precise knowledge of which environ
mental conditions may cause C, N or P-limitation in rivers, and the 
impacts of the elevated input of DIC for the phytoplankton community in 
flowing water bodies, are major research gaps in recent studies. There
fore, to better manage carbon sequestration and prevent the eutrophi
cation of flowing freshwater systems in the future, additional 
comprehensive studies are needed to detect the relationships between 
primary productivity and major nutrients in the rivers with different 
environmental conditions and to explore whether C-limitation allevia
tion can alter the phytoplankton community compositions. 

In this study, we selected three major European rivers—the Rhine, 
Danube, and Seine— which were impacted by different lithologies 
(carbonate vs non-carbonate) and human activities (agricultural activ
ities and sewage leakage). These rivers have different carbonate area 
proportions and land use patterns, which lead to large gradients of the C, 
N, and P inputs to their phytoplankton communities. From the summer 
of 2018 to the spring of 2019, we performed a comparative analysis of 
the nutrient loads (C, N, P), Chlorophyll-a (Chl-a) concentration, 
phytoplankton community structure, and stable carbon isotopes of 
inorganic and organic carbon at different sampling locations. The 
selected rivers and measured parameters were intended to achieve three 
major research objectives: (1) Test the assumption that low dissolved N 
and P loads via catchment management can lead to the N or P limitation 
of productivity in flowing freshwater systems. (2) Verify that the 

limiting nutrient of a flowing freshwater system subjected to high dis
solved N and P loads, may change to C due to the control of the 
ecosystem C:N:P stoichiometry. (3) Confirm that C inputs can substan
tially alter the composition of phytoplankton communities in flowing 
water bodies, and a higher DIC input may trigger the succession of the 
phytoplankton community and reduce the abundance of harmful algae. 

2. Materials and methods 

2.1. Conceptual framework of this research 

This study was performed during 2018–2019 on three major Euro
pean rivers—the Rhine, Danube, and Seine. To achieve our research 
objectives, we systematically organized the field investigations, water 
samplings, and in situ and laboratory measurements. To better present 
the conceptual framework for this research, a schematic diagram of the 
methodology is shown in Fig. 1. In Sections 2.2–2.5 we give details of the 
study sites, field investigation, laboratory analysis, and modeling 
methods. 

2.2. Study sites and field sampling 

The Rhine River originates in Lake Toma, Switzerland, and flows for 
1233 km before discharging into the North Sea. The average discharge is 
2300 m3/s, and the drainage area of the Rhine River Basin is ~ 185,300 
km2, covering major parts of Switzerland, Germany, Luxembourg, 
France, and the Netherlands, and parts of Western Austria and southeast 
Belgium (Hartmann et al., 2011; Demirel et al., 2013). The Rhine River 
Basin lithology ranges from siliciclastic sedimentary rocks to alluvial 
deposits. Carbonate rocks cover 19.1 % of the drainage area and are 
distributed mainly in the upper and middle parts of the basin (Hartmann 
et al., 2007). 

The Danube, with a drainage area of 796,250 km2 and mean 
discharge of 6,500 m3/s, is the second largest river in Europe. The 
Danube flows from the Black Forest Mountains in southwest Germany to 
the Black Sea, with the total length of 2,857 km. The river can be divided 
into three sections: the upper 1,066 km, middle 860 km, and lower 931 
km (Sommerwerk et al., 2010). In the upper Danube, carbonate rocks 
cover 24.5 % of the catchment (Hartmann et al., 2007). 

The Seine River is 1047 km long, with a drainage area of 67,500 km2 

between the Poses station and the last lock before the estuarine section. 
Sedimentary rocks comprise up to 97.5 % of the basin, including 78.2 % 
of various carbonate rocks, such as chalk and limestone (Meybeck, 
1998). The Seine River Basin contains a large proportion of cultivated 
land (75.8 %), and a relatively small urban area (2 %). Intensive agri
cultural practices and urban wastewater make the Seine River one of the 
most nitrogen-loaded rivers in the world (Billen et al., 2001, Sebilo et al., 
2006). 

Due to the local climate, the discharges of the Rhine, Danube (upper) 
and Seine vary seasonally, enabling division into a wet season (January 
to June) and a dry season (July to December). To compare the within- 
stream biogeochemical changes under different hydrological condi
tions, we collected water samples during low flow conditions in July 
2018 in the dry season (Summer) and high flow conditions from 
March–April 2019 in the wet season (Spring). Water samples were taken 
from the Rhine at six locations (R-B-1, R-B-2, R-B-3, R-B-4, R-K-1, R-C- 
1); from the Danube at four locations (D-P-1, D-P-2, D-V-1, D-B-1); and 
from the Seine at four locations (S-P-1, S-P-2, S-R-1, S-R-2). The sam
pling locations were selected according to key hydrological points 
(Rhine: Constance, Karlsruhe, and Cologne; Danube: Passau, Vienna, 
and Budapest; Seine: Paris and Rouen), as shown in Fig. 2. The use of 
these locations enabled us to divide the rivers into different sections and 
to study the differences between the sections. The daily discharges of the 
Rhine (at Cologne), Danube (at Passau), and Seine (at Paris) (the 
gauging stations had available data for the sampling sites within the 
study periods) were obtained from the Global Runoff Data Centre (http 
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Fig. 1. Schematic diagram of the research methodology used in this study.  

Fig. 2. Location map showing the drainage areas of the Seine, Rhine, and Danube. Sample locations are indicated by a circle and number. The distribution of 
carbonate terrain follows the global karst aquifer map (Goldscheider et al., 2020). 
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s://portal.grdc.bafg.de/) and the French Ministry of Ecology, Sustain
able Development and Energy (https://www.hydro.eaufrance.fr). 

Physicochemical water parameters were measured using a water 
quality meter (WTW3430, Germany), including water temperature (T), 
pH, electrical conductivity (EC, 25℃), and dissolved oxygen (DO), with 
the resolution limits being 0.01 ◦C, 0.01, 0.1 μS cm− 1, and 0.01 mg L-1, 
respectively. The probes were calibrated using the pH standards of 4.0, 
7.0, and 10.0, and the EC standard of 1413 μS cm− 1. The DO probe was 
calibrated using water-saturated air. 

Water samples for analysis of major cations and anions were 
collected in 20 ml acid-washed high-density polyethylene bottles, using 
0.45-μm acetate fiber filters. The cationic samples were acidified to a pH 
below 2.0, with concentrated HNO3, to prevent precipitation and 
complexation. Water samples for total nitrogen (TN) and total phos
phorus (TP) were stored in 100 ml acid-washed brown glass bottles with 
Teflon-lined screw caps. Samples for estimating total organic carbon 
(TOC) were collected in 50 ml brown glass bottles, and heat-treated at 
450℃ for a minimum of 4 h to remove residual carbon. The pH of the 
TOC samples was lowered using hydrochloric acid (37 %, Suprapur) to 
inhibit bacterial and algal growth and to remove inorganic carbon. 
Before collecting the experimental samples for analysis, all sample 
bottles and filters were rinsed and flushed thoroughly with sample 
water. After sampling, all bottles were transferred to the laboratory, 
stored in a refrigerator, and analyzed as soon as possible. 

Water samples (1 L volume) were collected and filtered through a 47 
mm GF/F filter to determine the Chl-a concentration. Qualitative 
phytoplankton samples were collected using a handheld phytoplankton 
net with a 64 μm mesh size in surface waters, and 1 L water samples were 
collected for quantitative phytoplankton analysis. Phytoplankton sam
ples were preserved in Lugol’s iodine solution with 2 % final 
concentration. 

2.3. Laboratory analyses 

Samples of anions, cations, and total organic carbon (TOC) were 
transported to the Institute of Applied Geosciences, Karlsruhe Institute 
of Technology, for analysis. The concentrations of potassium (K+) and 
sodium (Na+) were determined using ion chromatography (ICS-1100, 
Thermo Fisher Scientific), while concentrations of calcium (Ca2+) and 
magnesium (Mg2+) were determined using flame AAS (Perkin–Elmer 
3030B). Concentrations of chloride (Cl-), sulfate (SO4

2-), and nitrate 
(NO3

–) were determined using ion chromatography (ICS-2100, Thermo 
Fisher Scientific). TOC was determined by oxidative combustion at 
850 ◦C and subsequent determination of carbon dioxide (Vario TOC 
cube, Elementar Analysesysteme GmbH). Due to their instability, HCO3

– 

concentrations were determined in situ using titration with an Aqua
merck alkalinity test kit with a resolution of 0.05 mmol/L, and each 
sample was titrated 2–3 times. 

The water samples for TN and TP determination were digested with 
alkaline potassium persulfate and neutral potassium persulfate, respec
tively, and then analyzed using ultraviolet spectrophotometry (Ebina 
et al., 1983). 

Water samples for δ13CDIC measurements were injected into pre- 
cleaned 100 mL glass vials with no air bubbles or headspace. The sam
ples were stored at 4 ◦C until analysis after adding one drop of saturated 
HgCl2 solution to prevent microbial activity. The preserved samples for 
δ13CDIC analyses were acidified with pure phosphoric acid, and the 
extracted CO2 was purified using a vacuum line after cryogenic removal 
of H2O using a liquid nitrogen-ethanol trap. The POC samples were 
captured on Whatman GF/F filters and combusted with CuO powder in 
evacuated 9 mm quartz tubes at 850 ◦C. The yields of CO2 on a vacuum 
extraction line were used for the δ13C measurements. 

Chl-a was concentrated from the water sample by vacuum filtration 
and then extracted using an acetone 90 % solution. Chl-a concentrations 
were determined using an ultraviolet spectrometer according to the 
standard methods established by the Ministry of Environmental 

Protection of China. 
The preserved phytoplankton samples were concentrated to a vol

ume of 30 ml. After mixing, 0.1 ml of the concentrated samples was used 
for counting and identifying the phytoplankton species using a phyto
plankton counting chamber at 400 × magnification. 

2.4. Calculation of CO2 partial pressure, CO2(aq) concentration, and 
saturation index of calcite 

The CO2 partial pressure (pCO2), CO2(aq) concentration, and the 
saturation index of calcite (SIC) of river water were calculated using 
PHREEQC Interactive 3.4.0 (Parkhurst and Appelo, 1999). The 
measured pH, water temperature, and the concentrations of K+, Na+, 
Ca2+, Mg2+, HCO3

–, Cl-, SO4
2-, and NO3

–, were used as the inputs. 
pCO2, assumed to be in equilibrium with the sampled water, was 

calculated as: 

pCO2 =
(HCO-

3)(H
+)

KHK1  

where the parentheses denote species activity in mol⋅L− 1, which is 
related to concentrations by the activity coefficient γ, and KH and K1 are 
the temperature-dependent Henry’s Law and first dissociation constants 
for CO2 gas in water, respectively. 

SIC was calculated as: 

SIC = log10

[
(Ca2+)(CO2-

3 )

KC

]

where KC is the temperature-dependent equilibrium constant for calcite 
(Drever, 1988; Stumm and Morgan, 1981). If SI > 0, the water is over- 
saturated for the mineral; if SI < 0, the water still has a calcite corro
sion capacity; and if SI = 0, equilibrium is reached. 

2.5. Stable carbon isotopes 

The δ13C values of DIC and POC (δ13CDIC and δ13CPOC) were analyzed 
using a MAT-252/253 (Thermo Fisher Scientific) mass spectrometer at 
the Institute of Geochemistry, Chinese Academy of Sciences. The data on 
carbon isotope ratios were measured and reported per mil relative to the 
international standard Vienna Peedee Belemnite (VPDB). The instru
mental accuracy of the δ13C measurements was greater than 0.06 ‰. 
δ13C was calculated as δ13Csample = (Rsample/Rstandard-1) × 1000, where R 
is the 13C/12C ratio of the sample or standard. 

3. Results 

3.1. Physiochemical and stable carbon isotope characteristics of the river 
water samples 

The basic physicochemical and isotopic parameters of the three Eu
ropean rivers studied were different (Supplementary data Table. 1). The 
water temperature of the three rivers ranged from 5.3 ◦C to 24.7 ◦C, with 
the lowest and highest values occurring in the Rhine in spring and in the 
Danube in summer, respectively. The Seine River had the lowest mean 
water pH value of 7.98 and DO concentration of 103.0 %, while the 
mean pH of the Rhine (8.18) and the mean DO concentration of the 
Danube (114.8 %) were the highest. The HCO3

– concentrations of the 
three rivers were 131.2–305.0 mg/L during spring and summer. The 
highest mean HCO3

– concentrations (285.6 mg/L) occurred in the Seine 
and the lowest (156.6 mg/L) in the Rhine. The mean pCO2 and CO2(aq) of 
the Seine were ~ 2914 ppmv and ~ 115 μmol/L, respectively, and were 
almost 2–3 times higher than those of the other two rivers. Relatively 
high nitrate concentrations, ranging from 18.6 mg/L to 21.1 mg/L, were 
observed in the Seine; these values are similar to those reported in a 
previous study which found that the NO3

– concentration of the Seine was 
~ 20 mg/L (Brion and Billen, 2000a). The lowest nitrate concentration 
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was detected in the Danube River (~4 mg/L), and such a low content 
was also detected by Hartman et al (2007). The Seine also had the 
highest PO4

3- concentrations among the three rivers (20–132.7 μg/L), 
while the Rhine had the lowest (19.9–87.5 μg/L). 

The δ13CDIC values of the Rhine, Danube, and Seine ranged from 
− 10.42 ‰ to − 5.69 ‰, from − 11.75 ‰ to − 9.34 ‰, and from − 12.72 ‰ 
to − 11.66 ‰, respectively. Previous studies reported δ13CDIC values of 
the Rhine and Danube of ~ -10 ± 2 ‰, which are similar to the results of 
this study (Pawellek et al., 2002; Hartmann et al., 2007). The δ13CPOC 
values of the Rhine, Danube, and Seine ranged from –33.64 ‰ to 
− 25.91 ‰, from –33.63 ‰ to − 29.23 ‰, and from –33.91 ‰ to − 27.13 
‰, respectively. The discharges of these three rivers were higher in 
spring and lower in summer, demonstrating clear seasonal variations 
(Supplementary data Fig. 1). 

3.2. Spatial variation of physiochemical parameters, nutrients, and stable 
carbon isotopes 

The physiochemical parameters of these three rivers showed 
different spatial patterns along their courses. For the Rhine, the con
centrations of HCO3

–, Ca2+, NO3
–, TN, and TP from the upper part of the 

catchment at the Lake Constance outlet to downstream near Cologne 
showed increasing trends in both the summer and spring seasons 
(Fig. 3a). Additionally, the concentrations of DO and PO4

3- were incon
sistent along its course. PO4

3- close to the outlet of Lake Constance 
reached nearly 80–90 μg/L, which was almost two times higher than 
that at the downstream sites. As shown in Fig. 3b, the evolution of the 
physiochemical characteristics of the Danube can be divided into two 
sections: above and below Passau. Most parameters showed significant 
changes below Passau, except for pH and DO, where two tributaries (the 
Inn and Ilz Rivers) enter the Danube downstream of Passau. From sites 
D-P-2 to D-B (Fig. 2), the pH, SIc, DO, and CO2(aq) showed different 
spatial patterns. pH, water temperature, DO, SIc, and NO3

– of the Danube 
showed increasing trends in the section between Passau and Budapest, 
especially in the summer season, whereas pCO2, CO2(aq), PO4

3-, TN, and 
TP showed decreasing trends in summer along this section, with no 
apparent spatial changes in spring. In the Seine, decreases in pH, DO, 
and SIc were evident from upstream of Paris to the downstream part in 
Rouen, during the two seasons (Fig. 3c). Steep decreases in pH and DO 

along the Seine were also observed in many previous studies (Brion and 
Billen, 2000a,b; Cébron et al., 2003). pCO2, CO2, and TP showed 
increasing trends along the course of the Seine. The spatial patterns of 
HCO3

–, NO3
–, and PO4

3- of the Seine are different to those of the Rhine and 
Danube. The anions showed substantial increases between the upper 
part of the catchment to downstream of Paris followed by decreases in 
the Rouen section. δ13CDIC and δ13CPOC of the Rhine showed the sub
stantial differences of 1.83 ‰ and 3.89 ‰ in the two sampling periods, 
and differences in δ13CDIC and δ13CPOC between the two seasons were 
also detected for the Danube and Seine. 

3.3. Dynamics of within-stream primary productivity and phytoplankton 
community composition 

The Chl-a concentrations of the three rivers were 0.19–13.49 μg/L, 
with both the highest and lowest values occurring in the Seine (summer 
average = 7.55 μg/L, spring average = 0.65 μg/L). The Chl-a concen
trations of the Danube and Seine were higher in summer than in spring, 
whereas the Rhine had low Chl-a concentrations of 0.71–1.07 μg/L in 
both seasons and did not show consistent spatial patterns. During the 
summer, the Chl-a concentration increased significantly in the Seine and 
Danube and increased by around 4–10 times from the upstream section 
to the downstream section. Similar increases in the Chl-a concentration 
were reported in previous studies of the same section (Passau-Vienna- 
Budapest) of the Danube (Winter et al., 2007). However, the spatial 
changes in the Chl-a concentrations of these two rivers were smaller in 
the spring (Fig. 3). To reveal the potential limiting nutrients of the 
within-stream primary productivity, we employed regression analysis to 
analyze the relationships between the Chl-a concentrations and different 
nutrients in the three rivers. As shown in Fig. 4a and Fig. 4b, the Chl-a 
concentrations of the Rhine and Danube all show positive correlations 
with their N loads (NO3

– or TN). The Chl-a concentrations of the Seine are 
significantly correlated with the concentration of aqueous CO2 (coeffi
cient of determination: R2 = 0.68, P < 0.05) in the water column 
(Fig. 4c), but there were no significant correlations with the N or P loads. 
In addition, TOC showed increasing trends along the courses of the 
Rhine and Danube, and no seasonal differences were observed. In 
summer, the TOC increased significantly from upstream of Paris to 
downstream of the city, followed by a decrease in the Rouen section. The 

Fig. 3. Downstream evolution of physiochemical parameters and biological characteristics of the Rhine (a), Danube (b), and Seine (c) in summer (July) 2018, spring 
(March to April) 2019. Green circles = wet season; purple diamonds = dry season. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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Seine samples had the highest mean TOC (2.99–3.09 mg/L) during the 
two study seasons. 

As shown in Fig. 5, these three rivers clearly demonstrate changes in 
phytoplankton community composition between the two sampling 
seasons, as well as different spatial patterns along their courses. Among 
the three rivers, the Rhine had the highest abundance of Cyanobacteria 
and Chlorophyta (10–64 %, average of 34 %. The quantity of Bacillar
iophyta was highest in the Seine (47–100 %, average of 78 %), followed 
by the Danube (average of 66 %). All three rivers showed a higher 
proportion of Bacillariophyta in spring, whereas Cyanobacteria and 
Chlorophyta increased significantly in summer. In the Rhine, the 
phytoplankton community was dominated by Cyanobacteria and 
Chlorophyta at the outlet of Lake Constance (site R-B-4). Along the 
course to below Cologne, the major phytoplankton species in the water 

column were replaced by Bacillariophyta, which increased from 35 % to 
81 % in summer, with changes also occurring during spring. In the upper 
section of the Danube, above Passau, the relative abundances of Cya
nobacteria and Chlorophyta were lower than those of Bacillariophyta in 
summer; however, Cyanobacteria and Chlorophyta were the dominant 
phytoplankton species in the Vienna section. Bacillariophyta abundance 
decreased to ~ 33 %, while Chlorophyta increased from nearly 28 % to 
46 % between Vienna and Budapest. The phytoplankton community 
composition in the Seine demonstrated another spatiotemporal pattern. 
In summer, Bacillariophyta accounted for 63 % of the total phyto
plankton biomass above Paris, while Cyanobacteria and Chlorophyta 
dominated the phytoplankton community within the section flowing 
through Paris, while Bacillariophyta increased from 56 % to 93 % along 
the Rouen section. In contrast, Bacillariophyta dominated the 

Fig. 4. Relationships between major nutrient concentrations (C, N, P) and Chl-a for the Rhine (a), Danube (b) and Seine (c). Violet circles denote the summer (July) 
2018 data, and grey diamonds denote the spring (March to April) 2019 data. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 

Fig. 5. Downstream evolution of dominant phytoplankton community compositions in the Rhine (a), Danube (b), and Seine (c) in summer (July) 2018 and spring 
(March-April) 2019. 
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phytoplankton community structure in spring at all sampling sites in the 
Seine (Fig. 5). 

4. Discussion 

4.1. Natural and anthropogenic sources of DIC 

The most important factors determining the geochemical fluxes of 
water bodies on land are the catchment lithology, climate, and land use 
(Meybeck, 1987; Bluth and Kump, 1994; Gislason et al., 2009; Zeng 
et al., 2019b). The major ions in river water are controlled mainly by 
continental weathering processes. River water with high HCO3

– loads is 
primarily in areas with carbonate lithologies (Meybeck, 1987). The 
HCO3

– concentration ([HCO3
–]) in a carbonate-dominated catchment may 

be several times higher than that of silicate-dominated catchment 
(Gaillardet et al., 1999). The differences in [HCO3

–] among the Rhine, 
Danube, and Seine rivers and their spatial patterns are examples of such 
a lithological control. The Seine has an extensive area of carbonate 
outcrops in its upper drainage area (Fig. 2). Nearly 78.2 % of the car
bonate area resulted in the highest observed [HCO3

–] (285.5 mg/L) 
among the three rivers. A previous study found that the [HCO3

–] in the 
Seine has a single source, and that the carbonate weathering rate is 20 
times faster than that of silicate (Roy et al., 1999). However, this high 
[HCO3

–] may not be driven solely by natural weathering processes; for 
instance, previous studies have demonstrated that oxidative nitrogenous 
fertilizer derived from agricultural activities was responsible for a sub
stantial proportion of the carbonate dissolution in the Garonne River in 
southwestern France (Perrin et al., 2008). However, among the three 
rivers in this study, the observed δ13CDIC values of the Seine suggest that 
most of the HCO3

– in the Seine is derived from dissolution by carbonic 
acid rather than by nitric/sulfuric acid. The most negative δ13CDIC values 
in the Seine can be attributed to the stronger soil respiration in the 
upstream part of the drainage area. The drainage area around the Paris 
section, from sites S-P-1 to S-R-2, is the most productive agricultural 
region in Europe. Higher soil CO2 input and more 13C-depleted signals 
from C3 plant metabolism have resulted in the lowest δ13CDIC values 
observed in the Seine water column. The more positive δ13CDIC values 
observed in the Rhine and Danube can be explained by the major control 
of carbonate weathering within these silicate-dominated catchments. 
Although carbonate rocks are less extensive than silicate rocks in the 
Rhine and Danube drainage areas than in the Seine, these two rivers still 
exhibit considerable HCO3

– loads, which can be attributed to the ubiq
uitous occurrence of carbonate minerals in silicate rocks, or to the 
calcareous soils within areas of silicate terrain due to the faster kinetics 
of carbonate weathering compared to silicate weathering (Liu et al., 
2011; Zeng et al., 2022). The dominant influence of carbonate weath
ering on DIC concentrations in rivers in silicate terrain is suggested by 
the carbon isotope signals. Previous studies found that the high δ13CDIC 
values of the Rhine and Danube may be the result of the 1:1 mixture of 
carbonate rock and bacterially-derived carbon (Pawellek et al., 2002; 
Hartmann et al., 2007). Carbonate weathering can lead to the occur
rence of 13C-enriched DIC in river systems, which is caused by the 
dominant influence of minor carbonates on δ13CDIC in silicate catch
ments (Barth et al., 2003), because carbonate dissolution may generate 
most of the alkalinity load in areas of silicate terrain. Higher elevation 
and lower vegetation productivity, soil respiration within the thin soil 
layer, and the C3/C4 vegetation balance in the drainage area, could also 
lead to positive δ13CDIC values. The significant control of lithology, soil 
respiration, and vegetation productivity of HCO3

– loads and δ13CDIC is 
observed in the Rhine and Danube (Fig. 3a and 3b). The Rhine originates 
in the Swiss Alps, where the δ13CDIC values (R-B-1 to R-B-4) are higher 
and close to those indicative of a carbonate weathering origin. Two 
reasons may account for this δ13CDIC enrichment. Along the course of the 
upper Rhine, carbonate outcrops are widely distributed in this alpine 
area, which causes the 13C enrichment of DIC. Additionally, from sites R- 
B-1 to R-C-1, the depleted δ13CDIC may be attributed to the increase in 

vegetation productivity and soil respiration from the alpine area to the 
area downstream, and/or to the increasing area of silicate rocks. The 
[Ca2+] and [HCO3

–] values upstream of Passau (site D-P-1) (which is the 
confluence of the mainstream and the Inn and Ilz tributaries) were 
several times higher than downstream (site D-P-2). As shown in Fig. 3, 
the high alkalinity loads in the upper Danube can be attributed to the 
dissolution of Mesozoic carbonates (Pawellek and Veizer, 1994; 
Pawellek et al., 2002). The drainage area upstream of Passau, a fertile 
plain region in Germany, is mostly occupied by forests and cultivated 
land; thus, this drainage area generates high DIC loads and lower δ13CDIC 
values before the mainstream joins with the Inn and Ilz. The upper Inn 
River originates in the Alps and contributes a large volume of water to 
the mainstream. The higher altitude and lower soil respiration and 
carbonate dissolution in the Alps lead to more positive δ13CDIC in the 
Inn, resulting in δ13CDIC enrichment downstream of Passau (D-P-2). In 
summary, the DIC loads and carbon isotopes in these three major Eu
ropean Rivers reflect the controls of lithology, land use, and geo
morphology. Additionally, our results confirm the previous conclusion 
that high DIC inputs can be attributed to chemical weathering–derived 
loads due to the large area of carbonate rocks within the drainage areas. 

4.2. Sources of N and P 

Rivers with high N and P loads are typically influenced by urban 
sewage or intensive agricultural activity within their drainage areas 
(Meybeck, 1987; Garnier et al., 2006; Seitzinger et al., 2006), while river 
catchments with relatively low human populations typically have lower 
nutrient loads (Depetris et al., 2005). The three major European rivers 
monitored in this study had large differences in their N and P loads, 
reflecting different intensities of human activities in their drainage 
areas. The mainstream of the Seine flows through the metropolitan area 
of Paris, and the central part of its catchment contains some of the most 
productive agricultural land in the world. Thus, the N and P levels of the 
Seine river water are controlled by the intensity of agricultural activity 
and volume of urban wastewater, particularly in the downstream area 
(Billen et al., 2007; Sebilo et al., 2006). A previous study found that the 
major form of dissolved inorganic N in the upstream part of the Seine 
was NO3

– (~20 mg/L), while ammonium (NH4
+) comprised only a minor 

proportion (Brion and Billen, 2000a). In the lower Seine, downstream of 
Paris, most of the ammonium released from arable soils and wastewater 
is rapidly nitrified and there is no evidence of denitrification in the water 
column, as indicated by the results of analyses of ammonium and nitrate 
isotopes (Sebilo et al., 2006). In the Seine, the large-scale conversion of 
NH4

+ to NO3
– via nitrification results in a downstream decrease in dis

solved oxygen levels (Brion and Billen, 2000a,b; Cébron et al., 2003). 
Our results reveal similarly high NO3

–-N concentrations in the water 
body and a rapid decline in DO along the Seine, indicating that the N 
loads (NO3

– + NH4
+) are still maintained at a high level. In addition, we 

detected a significant increase in PO4
3- and TP between sites S-P-1 and S- 

P-2 in the summer season, indicating that the high P loads in the Seine 
are most likely derived from industrial and domestic sewage in the 
urban areas. Although it has been concluded that the dissolved nitrogen 
species and orthophosphate in the Rhine and Danube are mainly derived 
from anthropogenic sources such as agricultural fertilizers, communal 
wastewater, and sewage (Hartmann et al., 2011; Pawellek et al., 2002), 
these rivers exhibit considerably lower NO3

–, PO4
3-, TN, and TP loads than 

the Seine, indicating that the influence of human activities may be less 
than for the Seine. The relatively low N and P inputs in these two rivers 
can be attributed to historical water quality regulation, sewage treat
ment, and the smaller area of cultivated land. For example, less N fer
tilizer usage and the construction of sewage treatment plants from the 
1980 s to the 1990 s (the Rhine Action Plan) have reduced the riverine 
dissolved inorganic nitrogen (DIN), PO4

3-, and TP loads in the Rhine 
(Radach and Patsch, 2007; Hartmann et al., 2007,2011). Catchment 
management and sewage treatment have also reduced the NO3

– and PO4
- 

loads of the Danube (Hartmann et al., 2007). Despite these control 
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policies, anthropogenic N inputs to these two rivers remain significant. 
We detected a trend of increasing NO3

– downstream, whereas the PO4
- 

concentration declined rapidly. This may indicate that sewage controls 
were successful, despite high N-fertilizer usage throughout the Danube 
catchment. The N and P inputs into these three rivers may be derived 
different anthropogenic sources, and their variations confirm that the 
nutrient inputs to flowing water systems respond sensitively to human 
activities. 

4.3. Influence of C, N, and P on planktonic algal productivity 

As is well-documented, river nutrient loads may be affected by land 
use changes, sewage leakage, and atmospheric deposition from the 
surrounding drainage area. Chlorophyll-a (Chl-a) has frequently been 
used as a proxy for productivity (photosynthesis) and algal abundance in 
freshwater ecosystems (Balch et al., 1992; Chowdhury et al., 2017). 
Variations in riverine Chl-a concentration can respond sensitively to 
nutrient inputs such as C, N, and P (Howarth and Marino, 2006; 
Schindler et al., 2016; Sun et al., 2022). In addition, C-N-P is assimilated 
by phytoplankton in stoichiometric ratios, and C:N:P ratios have been 
frequently used to detect the major limiting nutrients for primary pro
ductivity in aquatic ecosystems (Elser et al., 2007). In these three major 
European rivers, maximum Chl-a concentrations occurred in summer, 
which can be attributed to the high temperature, low water turbidity, 
and elevated light penetration during this low flow period. Moreover, 
the seasonal differences indicate that phytoplankton activity in the 
water column is sensitive to external environmental perturbations. The 
regression analysis results (Fig. 4a) show that Chl-a concentrations in 
the Rhine River are better correlated with TN and DIC than with TP. 
Changes in TN/TP and DIC/P did not influence Chl-a, and this phe
nomenon suggests that while rising TN and DIC inputs may both trigger 
increases in Chl-a, N may be the limiting nutrient for within-stream 
primary production in the Rhine. Similarly, Chl-a in the upper Danube 
showed a significant positive relationship with NO3

– loads, rather than 
with DIC or TP, which can also be attributed to the role of N limitation 
(Fig. 4b). N limitation occurring in the rivers with low basic DIC contents 
is observed not only in the Danube but also in low-alkalinity streams in 
the UK (Jarvie et al., 2018). We suggest that the N limitation in these 
rivers can primarily be attributed to the removal of anthropogenic N and 
P via water treatment and the resulting reduction in nutrient loads over 
the last century (Hartmann et al., 2007). In contrast, although the Seine 
had the highest riverine DIC (CO2) load among the three rivers, this 
elevated carbon supply does not match the large NO3

– loads caused by 
agricultural activities, inducing a carbon limitation for within-stream 
primary productivity. Owing to the high proportion of Bacillariophyta 
(mainly CO2 users), the Chl-a in the Seine River is strongly correlated 
with DIC (CO2) rather than with N and P (Fig. 4c). In addition, the C/N 
ratio indicated that the available carbon was the highest in the Seine 
River (2.7–3.7 times higher than that in the other two rivers; Supple
mentary data Table.1). Therefore, our results show that within-stream 
productivity and its limiting nutrients vary in response to changes in 
the ratios of C, N, and P inputs, which can be related to catchment 
properties such as lithology, human activity, land use, and sewage 
treatment. In summary, in the Rhine and Danube (which are relatively 
unpolluted) the major within-stream limiting nutrient for aquatic 
photosynthesis is N—in contrast to the relatively polluted Seine River, 
where the limiting nutrient is C. Therefore, the observed differences in 
the major limiting nutrients in these three major European rivers verify 
our assumption that the low dissolved N or P loads achieved by catch
ment management can lead to N or P limitations on productivity, while 
C may limit the productivity in rivers with high dissolved N and P loads. 

4.4. Phytoplankton community succession due to changes in nutrient 
inputs 

Recent studies have shown that different levels of C, N, and P input 

can alter the major phytoplankton species in slow-flowing water bodies 
such as artificial ponds and reservoirs (Bao et al., 2020; Sun et al., 2022). 
However, for flowing water bodies such as rivers, the mechanisms of the 
response of the phytoplankton community structure to different C-N-P 
inputs are unclear. The results of this study show that changes in C (DIC- 
CO2) and N (TN-NO3

–) loads may significantly alter the dominant 
phytoplankton species in these three European rivers, indicating the 
control of C or N limitation. Previous studies have suggested that Cya
nophyta and Chlorophyta may have more efficient CCMs than other 
algae at low DIC(CO2(aq)), but a high NO3

– input may increase the 
abundance of these two phytoplankton types. For instance, in summer, 
the abundance of Chlorophyta and Cyanophyta rapidly increased in the 
section of the Seine that flows through Paris, accompanied by a trend of 
increasing NO3

– load. Subsequently, in the section downstream of Paris to 
Rouen, the Bacillariophyta abundance increased as NO3

– decreased. 
Indeed, a high input of DIC and lower pH may favor the blooming of 
Bacillariophyta, which prefers to use CO2(aq). As shown in Fig. 6, our 
results for these three major European rivers suggest that a higher DIC 
(CO2(aq)) supply favors the blooming of Bacillariophyta in different 
seasons, indicating that phytoplankton with low-efficiency CCMs may 
benefit from increases in DIC(CO2(aq)). 

The strong control of catchment lithology–driven DIC(CO2(aq)) input 
on the phytoplankton community structure is also indicated by the 
δ13CDIC values (Fig. 7a and Fig. 7b). Higher vegetation productivity, soil 
respiration, and carbonate dissolution lead to higher DIC and δ13CDIC 
values that reflect the 1:1 mixing of soil CO2 and carbonate rock (~-13 
‰). Thus, the proportion of Chlorophyta + Cyanophyta and the lower 
δ13CDIC in the Seine can partly be ascribed to the greater input of the 
carbonate weathering–derived load. However, due to the smaller 
contribution of the carbonate weathering load, the higher δ13CDIC in the 
other two rivers can be attributed to the influence of other processes, 
due to the lower δ13CDIC supply (from weathering-driven DIC), such as 
CO2 exchange (degassing and atmospheric CO2 invasion), and the 
smaller catchment size (Finlay, 2003). Furthermore, we detected large 
differences in the within-stream phytoplankton community structure in 
these two seasons, which can be attributed to the greater influences of 
water temperature, flow rate, light intensity, and water turbidity. The 
Chlorophyta and Cyanophyta abundance of these three rivers signifi
cantly increased in the summer season when the temperature exceeded 
10℃, indicating that warm temperatures may trigger blooms of Chlor
ophyta and Cyanophyta (Paerl and Huisman, 2009; Huisman et al., 
2018). It is worth noting that the proportion of Bacillariophyta in the 
Seine was the highest in the two sampling seasons (average = 78 %), 
regardless of the temperature (Fig. 6). River POC may directly originate 
from the erosion of soil litter and soil organic matter from the catchment 
area (allochthonous source) and may also be generated by the within- 
stream biota (phytoplankton and submerged macrophyte); thus, the 
isotopic signals of river POC are mixed. As shown in Fig. 7c and 7d, our 
results suggest that the δ13C of POC in all three rivers was enriched 
during the spring wet season and depleted during the summer dry sea
son. At the same time, phytoplankton productivity changed significantly 
(Chl-a as a proxy) between the two periods. In the spring season, due to 
the high-water flow and low light penetration, the allochthonous source 
of POC (from the erosion of catchment-derived soil litter and soil organic 
matter) dominated the δ13CPOC in the water column. The discharges of 
the Rhine, Danube and Seine in the spring season were respectively +
49 %, +38 % and + 203 % higher than in summer (Supplementary data 
Fig. 1). As shown in Fig. 7c and Fig. 7d, the δ13CPOC values in these rivers 
were all close to a more negative value of ~ -28.91 ‰, indicating that 
the POC originates mainly from plant-derived organic matter. In 
contrast, the high water flow in the wet season can reduce the DIC up
take by algae and enhance the allochthonous POC transport ability, 
because water turbidity is higher during the high-water stage and there 
is more organic debris derived from vegetation and soils in upland areas 
(Finlay, 2003; West et al., 2011; Clark et al., 2013). For example, Leit
hold et al. (2006) reported that riverine POC in highly turbid rivers is 
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Fig. 6. Relationships between DIC(CO2(aq)) and the proportion of Bacillariophyta in the three major European rivers in summer (July) 2018 and spring (March to 
April) 2019. 

Fig. 7. Relationships between (δ13CDIC or δ13CPOC) and the proportion of different phytoplankton communities in the Rhine, Danube, and Seine rivers. (a) Bacil
lariophyta proportion versus δ13CDIC (with the linear regression line); (b) Cyanophyta + Chlorophyta proportion versus δ13CDIC (with the linear regression line); (c) 
Bacillariophyta proportion versus δ13CPOC; (d) Cyanophyta + Chlorophyta proportion versus δ13CPOC. Solid circles = summer (July) 2018, open circles = spring 
(March to April) 2019. 
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generally allochthonous during the wet season; whereas the low-flow 
period corresponded with periods of high algal productivity and 
biomass (Power, 1992). Rivers with a Mediterranean climate influence 
may have higher rates of within-stream algal production due to the 
warm summer with low rainfall (Finlay, 2003). Indeed, our results 
suggest that the δ13CPOC values of the three European rivers (mainly 
with a Mediterranean climatic influence) were more negative during the 
dry season (summer), with an average of –32.39 ‰. The 13C-depleted 
POC of the three rivers (− 3.48 ‰) from spring to summer may reflect the 
greater input of autochthonous POC produced by aquatic photosyn
thesis. δ13CPOC will become more negative and deviate from the soil 
endmember with decreasing turbidity and enhanced light penetration 
during the dry season, which promotes algal growth (Zhao et al., 2022). 
Thus, we conclude that the δ13CPOC of these three rivers represents 
seasonal changes in aquatic photosynthesis intensity and autochthonous 
organic carbon (AOC) productivity, which are related to temperature, 
water flow, and light penetration. 

Cyanophyta are generally thought to be the major cause of fresh
water eutrophication; hence, blooms of Bacillariophyta can improve 
water quality and potentially mitigate eutrophication. Our results reveal 
that the high inputs of DIC and aqueous CO2(aq) in the Seine led to 
Bacillariophyta proportions that were 3.96–8.81 % and 19.87–22.56 % 
higher than in the Rhine and Danube in the wet and dry seasons, 
respectively. This can be explained by differences in the efficiency of 
carbon concentrating mechanisms (CCMs) among species. Based on this 
finding, we suggest that reducing the C limitation in these river systems 
may drive the succession of phytoplankton from Cyanophyta and 
Chlorophyta to Bacillariophyta, thus potentially improving the quality 
of the aquatic environment. Moreover, all the evidence for these three 
European rivers highlights the following key findings: the potential role 
of an elevated DIC input (driven by carbonate weathering) in controlling 
carbon sequestration and eutrophication in flowing water. 

4.5. Implications for future river water quality management and carbon 
sequestration 

In past decades, excessive concentrations of P and/or N were the 
most common cause of eutrophication in inland waters. Thus, restricting 
the anthropogenic release of N and P to freshwater is a major means of 
maintaining a healthy aquatic environment. Indeed, the results of this 
study suggest that long-term catchment management projects for the 
Rhine and Danube have significantly lowered their N and P loads. 
However, we found that these treatments may also constrain their 
within-stream productivity and carbon sequestration. The Chl-a and 
TOC concentrations in the Rhine and Danube were considerably lower 
than those in the Seine, which had the highest DIC load. The produc
tivity of the Seine was even C limited rather than N or P limited. More 
importantly, the elevated DIC input in the Seine has led to the lowest 
proportion of Cyanophyta in the water column than in the other two 
rivers, although its nutrients loads were the highest. The most significant 
implication of this study is that controlling the DIC input is a potential 
water management strategy in flowing water bodies that synchronously 
enhances the carbon sink and mitigates eutrophication. Additionally, 
our results indicated that the regulation of carbon sequestration and 
eutrophication in streams and rivers should consider the catchment li
thologies and human activities. To manage river quality and eutrophi
cation problems in flowing water bodies, consideration of the potential 
co-limitation of C, N, and P is needed to reduce anthropogenic nutrient 
export and toxic algal growth. We suggest that considering these im
plications can assist local authorities and management agencies to 
develop management strategies for major rivers that reduce anthropo
genic nutrient loads, enhance carbon sequestration, and control river 
eutrophication in the future. Furthermore, our results reveal that the C: 
N:P stoichiometry of aquatic ecosystems determines the dominant 
limiting nutrients of these three major rivers, yet the accurate thresholds 
of C:N:P stoichiometry that lead to shifts in the major limiting nutrients 

have not been rigorously quantified. To determine these thresholds and 
the limiting concentrations of nutrients for large river systems according 
to their specific hydro-chemical backgrounds, it is essential to adopt 
more sophisticated laboratory experiments and modeling work in future 
research. 

5. Conclusions 

We have explored the changes in major limiting nutrients for within- 
stream productivity and the compositions of the phytoplankton com
munities in three major European rivers (the Rhine, Danube, and Seine), 
with different lithologies and land use backgrounds. We found that the 
lower N and P contents in the Rhine and Danube, resulting in potential 
N-limitation along their courses. The Chl-a concentrations in the Rhine 
and Danube were more limited by N inputs (NO3

– or TN) than by P (TP). 
In contrast, the widespread distribution of carbonate rocks and culti
vated land within the Seine drainage area has resulted in the highest DIC 
and NO3

– loads among these three rivers. The Chl-a concentrations in the 
Seine were significantly related to DIC rather than to the N or P loads, 
indicating the major control of C limitation. For the Rhine, Danube, and 
Seine, the decrease in DIC availability was accompanied by an increase 
in Chlorophyta and Cyanophyta and a decrease in Bacillariophyta, due 
to their different CCM efficiencies. In contrast, the high riverine DIC-CO2 

(aq) load of the Seine led to a higher abundance of Bacillariophyta among 
the three rivers. This indicates that changes in nutrient load may result 
in the successional changes of the dominant phytoplankton commu
nities, and that controlling the DIC input is a potential strategy for 
controlling the carbon sequestration and eutrophication of flowing 
water bodies. Therefore, we emphasize that the future control of 
eutrophication and carbon sequestration in rivers should consider both 
catchment geology and human activities, and that consideration should 
also be given to the potential co-limitation of C, N, and P. We also 
suggest that accurate knowledge of C:N:P thresholds that lead to shifts in 
the major limiting nutrients is needed to develop more effective river 
water-carbon management strategies. To determine these thresholds 
and the concentrations for large river systems, more sophisticated lab
oratory experiments and modeling research are needed in future 
research. 
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