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Long-term trends in Swiss rivers sampled continuously over 39 years
reflect changes in geochemical processes and pollution
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Abstract
Long-term changes of 14 water constituents measured in continuously and water discharge proportionally collected samples of four
Swiss rivers over a period of 39 years are analyzed using several statistical techniques. Possible drivers and causes for the identified
trends and shifts are explained by consideration of catchment characteristics and anthropogenic activities. Water temperatures
increased by 0.8–1.3 °C, whereas water discharges remained largely unchanged. Concentrations of alkalinity, total hardness, Ca,
and Mg regulated by dominant carbonate lithologies in catchments increased by up to 10%.We attribute this change to an increase
in the partial pressure of CO2 in the subsurface, provoked by increasing temperatures. Re-oligotrophication processes in lakes also
influence the behavior of alkalinity and silicic acid. In contrast to concentrations, most loads did not change significantly, due to
their large variances. Therefore, no changes in overall weathering rates of carbonate rocks can be detected. The outgassing of CO2

in rivers from the place of carbonate dissolution to measurement stations amounts up to 6% (mean) of CO2 sequestered (mean
1.1 mol m−2 a−1) by the weathering of rock minerals. Changes in alkalinity/Ca/Mg ratios indicate an increase in calcite precipitation
over time. Total nitrogen concentrations and loads peaked at the end of the 1980s and then decreased up to 50%, while NO3

concentrations showed almost no changes. This dynamic matches the changes in the agricultural N balance. Concentrations and
loads of Na and Cl increased up to 60% due to an increase in the various uses of rock salt.
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Introduction
Evolution of river monitoring and water quality
assessment

River monitoring in industrialized countries in the sense of
regular surveillance of water constituents was initially imple-
mented whenever river water use was impaired by pollution.

A few citations may illustrate the history of such monitoring.
The 140-year nitrate record of the River Thames represents
one of the earliest and longest studies (Howden et al. 2010;
Worrall et al. 2015). In Germany, the history of water surveil-
lance of the Elbe and Rhine rivers started in the early nine-
teenth century (Schwandt et al. 2010). After World War II,
riparian countries of the Rhine started a common river moni-
toring program (the International Commission for the
Protection of the Rhine (Mostert 2009) and the International
Working Group of Public Water Supply Companies using
Rhine Water (IAWR; http://www.iawr.org). The concept of
the US National Water Quality Assessment (NAWQA)
Program refers to 100 years of water quality data collection
by the US Geological Survey (Hirsch et al. 1988). Monitoring
data relating to chemical and biological conditions in the high-
ly impacted and small Glatt River documents the evolution of
pollution and of protection measures taken in Switzerland
starting in 1933 (Zobrist et al. 2011). All these cited river
surveillance programs, as well as numerous national pro-
grams, started in the 1970s, collect grab samples in more or
less regular time intervals, mostly monthly. This sampling
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procedure introduces a notable uncertainty in the calculation
of fluxes (loads) due to diurnal, weekly, and seasonal fluctu-
ations in flow and particularly during flood events. Numerous
methods with extended discussions have been published to
determine the Bbest and realistic^ flux in rivers from concen-
trations in grab samples and more frequently measured water
discharge, for example (Hirsch 2014; Worrall et al. 2013, and
references therein).

In the last 20 years, river monitoring has been expanded to
integrated water quality management especially by including
ecological assessments, as in the European Water Framework
Directive (WFD) OJL 327 (22 December 2000, pp. 1–73;
http://ec.europa.eu/environment/water/water-framework/index_
en.html or in the revised Swiss law on Water Protection of 1991
https://www.admin.ch/opc/en/classified-compilation/19910022/
index.html.

The realization of integrated water quality management re-
lies on a profound knowledge of drivers governing water qual-
ity and on data characterizing the catchments and their water
regimes in detail (Hirsch et al. 2006; Bundi et al. 2000b).

Analyzing the time series of geochemical water constitu-
ents obtained from long-term river monitoring programs has
attracted recent interest and has revealed changes in local and
global cycles of geogenic elements. For example, changes in
dissolved inorganic carbon fluxes to the oceans may affect the
global biogenic carbon cycle and the sequestration and release
of CO2 by rivers and lakes (Raymond and Cole 2003; Perrin
et al. 2008; Raymond et al. 2008; Worrall et al. 2012; Stets
et al. 2014; Lauerwald et al. 2015 and others).

Aim of this study

In the present work, we systematically analyze a 39-year
dataset of the National Long-term Surveillance of Swiss
Rivers (NADUF) program consisting of physical indicators,
of the most important geochemical water constituents and of
the main nitrogen species. We apply several statistical
methods to visualize and quantify long-term changes in con-
centrations and loads (fluxes). No best-fit method for deter-
mining loads is needed, since the sampling technique pro-
duces continuous water discharge-weighted samples. Time
series are tested for monotonic trends, abrupt changes, and
similarities. These statistical results combined with a detailed
knowledge of the Swiss environmental system provided the
basis for the identification of drivers and causes of detected
changes. Possible drivers, such as anthropogenic inputs and
global warming, might affect geochemical processes, such as
weathering rates, CO2 sequestration, CO2 evasion, and min-
eral equilibria. Our data evaluation centers on four large Swiss
catchments of the rivers Rhine, Rhône Aar, and Thur. The
present work includes the most recent datasets of the monitor-
ing program and analyzes the long-term data series in a more
comprehensive manner than earlier evaluations cited below.

Methodology and methods

The National Long-Term Surveillance of Swiss Rivers
monitoring program

In Switzerland, the renewed water protection law established in
1971 mandated an improved river-monitoring program for
chemical constituents. At the beginning of 1974, a novel sam-
pling system was implemented that allowed the collection of
integrated, water discharge-weighted samples over periods of 1
or 2 weeks. With this type of continuous and water-discharge
proportional sampling, proper mass flows (loads, fluxes) can be
determined.

The NADUF program https://www.bafu.admin.ch/bafu/en/
home/topics/water/state/water–monitoring-networks/national-
surface-water-quality-monitoring-programme–nawa-/national-
river-monitoring-and-survey-programme–naduf-.html was
launched to evaluate the effectiveness of water protection
measures at the federal level and to survey changes in the
water composition of representative Swiss rivers. In addition,
the data obtained in the NADUF program substantially
increased the scientific value of the hydrological information
base of the country.

Sampling stations are located along the main rivers of the
country that represent the headwaters of important Central
European rivers, particularly the Rhine and the Rhône. Stations
are also situated along tributaries of large lakes bordering the
Alps, at the Swiss border, and along selected smaller rivers.
Since the beginning of the program, several data evaluations
have been performed in various contexts and have been pub-
lished as listed on the NADUF homepage. Using NADUF data,
it was possible to quantify the effects of protective and curative
measures, such as the marked decrease in phosphorus loads in
Swiss rivers and lakes after the ban of phosphates in laundry
detergents in 1986 (Siegrist and Boller 1999; Jakob et al. 2002;
Zobrist and Reichert 2006). The alpine rivers are less affected by
anthropogenic inputs but exhibit unique characteristics, such as
low nutrient exports and higher physical than chemical
weathering rates. These results add valuable information about
processes in less populated areas (Zobrist 2010). Extended dis-
cussions of the temporal trends of dissolved and total organic
carbon in the main rivers have revealed the complexity involved
in interpreting small changes (Rodriguez-Murillo et al. 2015).

The NADUF sampling system also simultaneously provides
samples for specific studies with different targets, such as the
monitoring of heavy metals (Zobrist et al. 2004), micro-
pollutants (Stoll and Giger 1998; Ahel et al. 2000; Giger et al.
2006), isotopes (Schuerch et al. 2003), or herbicides (Moser et al.
2017).

The NADUF program is integrated in the national surveil-
lance of surface water quality https://www.bafu.admin.ch/nawa
which includes the cantonal surveillance programs and which is
based on a modular concept (Bundi et al. 2000a). Data obtained
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from the permanent and temporary NADUF stations can be re-
trieved from http://www.eawag.ch/en/department/wut/main-
focus/chemistry-of-water-resources/naduf/.

Stations

This study analyzes data from sevenNADUF stations situated on
the rivers Rhine, Rhône, Aar, and Thur (Fig. 1). The chosen
stations have been in operation continuously for 30 to 39 years,
resulting in time series of about 780 to 1000 biweekly data points
per station. The main characteristics of the catchments and the
time periods under examination up to 2013 are shown in Table 1.
The two border stations, Village-Neuf/Weil (VW) on the Rhine
and Chancy (CH) on the Rhône, represent the main water out-
flow of Switzerland. In each of these two catchments, approxi-
mately 76% of the out-flowing water has its source in the coun-
try. Together, they represent 85% of the total Swiss water export.
Regarding area, approximately three quarters of each catchment
area are located in Switzerland. Together, these parts of catch-
mentsmake up 86%of the Swiss territory (41,285 km2). In terms
of inhabitants, in each catchment approximately 78% of the pop-
ulation lives in Switzerland, making up 95% of the total Swiss
population (8.1 million, 2012). The partition features and the
geomorphology shown in Fig. 1 indicate that the Swiss

contribution determines the character of the two rivers at the
two border stations.

Catchment characteristics (attributes)

Climate

The catchments are situated in a temperate-humid climatic zone
with higher precipitation rates in summer than in winter.
Estimated precipitation rates in the catchments studied varied
from 1.2 to 1.4 m3 m−2 a−1 (m a−1). Measured water discharge
of the rivers averages between 0.9 and 1.2 m a−1. These dis-
charges are larger than those in the US Appalachian rivers
https://pubs.usgs.gov/of/1987/ofr87-242, e.g., Mohawk River
0.57 m a−1 (Godwin et al. 2003), or those in lowland
European rivers, e.g., Rhine River mouth 0.36 m a−1, River
Elbe 0.15 m a−1. https://www.iksr.org/wasserrahmenrichtlinie/
bewirtschaftungsplan-2015.

The important water sources of the rivers are situated in the
alpine and peri-alpine regions, which exhibit low evapotranspi-
ration rates. These regions are covered by snow in the winter; as
a result, water discharge peaks early in summer. The water
discharge of rivers situated downstream of the lakes, the
Rhône at Chancy (CH), the Rhine at Rekingen (RE), the Aar

Fig. 1 Geomorphologic map of Switzerland and the location (orange
filled circles) of the seven stations of the NADUF program selected for
the present study. The red lines delimit river catchments. The Swiss

border is shown in green. The purple background marks the Rhine
catchment and the yellow background the Rhône catchment
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at Brugg (BR), and the Rhine at Village-Neuf (VW) responds
only slowly to heavy rainfalls. In contrast, the alpine rivers
Rhône at Porte-du-Scex (PO) and Rhine at Diepoldsau (DI)
and the pre-alpine river Thur at Andelfingen (AN) show clear
peak flows. Presently, rivers in their lowland area are almost
entirely channelized and often hold hydropower stations.
Nevertheless, the rivers exhibit a clear water flow velocity
and turbulence that result in nearly 100% mean oxygen satura-
tion; see the NADUF webpage.

Lithology

The underlying bedrock and the unconsolidated zones of the
catchments studied consist mainly of Mesozoic limestone
(calcite and dolomite, with Triassic intrusions of anhydrite/
gypsum). Zones with crystalline rocks and schist (slate) for-
mation, so-called BBündner Schiefer,^ predominate in some
alpine headwater areas, particularly in the Rhône catchment
(Gnägi and Labhart 2017). Due to historic glaciations, most
soils around the Alps are relatively young (< 12,000 years
B.P.). The most developed soils are Cambisols and Luvisols
covering the drained and rather stable areas.

Land use

Land uses in the different catchments vary considerably
(Table 1). Areas with intensive agriculture (meaning heavily
fertilized land) consist of about two thirds of grasslands uti-
lized for dairy and animal farming, and one third of arable
land, producing various crops. These types of areas make up
little of the alpine catchments, but occupy nearly half of the
Thur catchment and contribute significantly to diffuse inputs
of N and P into rivers (Zobrist and Reichert 2006). The unfer-
tilized areas, which are covered by vegetation and are exten-
sively used, e.g., as alpine grasslands, bush land, and parks,
are more common in the alpine regions. The percentage of
barren land (no vegetation and surface waters) varies consid-
erably. The fraction of areas with dense forests of a mix of
deciduous and coniferous trees, depending on altitude and
forest management, varies moderately. The inputs from the
last three types of land use represent approximately the natural
input of nutrients and geochemical constituents. Over the past
30 years, the changes in land uses were limited. Urban land,
which occupies only a minor fraction of the country, has in-
creased distinctly at the cost of agricultural land. However,
these changes, as well as shifts in the partition of uses and of
crops planted, are modest. The catchments of the stations sit-
uated at the Swiss border include some areas of neighboring
countries; see Fig. 1. These areas exhibit comparable geomor-
phologic and structural properties as Switzerland. Therefore,
the land use characteristics extrapolated from the Swiss part of
the catchment result in a reasonable characterization of the
whole catchment.Ta
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Pollution

The potential pollution impact by the population can be
expressed as a percentage of wastewater produced in relation
to the mean water discharge. It varies from 0.6% in the alpine
Rhône to 2.8% in the Thur, assuming 300 L of wastewater per
capita per day. The estimation of the total N load of the waste-
water input to surface waters suggests that this load has not
changed substantially since 1980; results of evaluated loads
are listed in Suppl. Table 5. The higher overall pollution load
caused by the population growth from 6.2 to 8.1 million in
Switzerland and the increased connection of sewers to treat-
ment (70% in 1975 to nearly 100% in 2013) was compensated
approximately by the more efficient N elimination in treat-
ment plants. Unfortunately, there exists hardly any data that
clearly indicates a decrease in the overall discharge of N with
wastewater into rivers, which was achieved successively by
the introduction of denitrification processes in treatment plants
in the past 10 years.

Fertilizer containing reduced N species (Nred), especially
manures, may produce strong acid in soils, thus dissolving
the carbonate minerals and producing alkalinity. Overall in
Switzerland, the use of manures and mineral N fertilizers has
decreased by 17 kt N (11%) and by 25 kt N (33%) (Spiess
2011) since 1990, resulting in a decrease of approximately
1.60 and 2.35 g N m−2 to intensively used agricultural land.
This reduction in fertilizer use is the result of a politically
induced obligation imposed to farmers. According to this ob-
ligation, farmers should limit the use of fertilizers according to
the requirement for a fair crop yield in relation to the quantity
and timing of fertilizer applications in regard to the available
stock of N in the soil.

Liming of agricultural land, i.e., application of calcareous
material, is rarely implemented, since most soils are located
over unconsolidated calcareous rocks or moraines. https://
www.bfs.admin.ch/bfs/de/home/statistiken/raum-umwelt/
ressourcen/umweltindikatorensystem/emissionen-und-
abfaelle/stickstoffbilanz.assetdetail.324482.html.

Over the last 30 years, the average atmospheric deposi-
tion of sulfur over Switzerland decreased significantly from
approximately 46 to 6 mmol m−2. This distinct reduction is
due to the decline of sulfur dioxide emissions in middle-
European and especially in Eastern-European countries
(Berge et al., 1999). The deposition of oxidized N dimin-
ished from 50 to 35 mmol m−2, and that of Nred decreased
only slightly from 85 to 72 mmol m−2 http://www.emep.int/
mscw/mscw_data.html. The decrease in the Nred load and
the increase of the pH in the wet deposition (Federal
Office for the Environment 2015) have reduced the total
acidifying atmospheric inputs by 60 mmol H+ m−2 over
the last 30 years. https://www.bafu.admin.ch/bafu/de/home/
themen/luft/publikationen-studien/publikationen/nabel-
luftqualitaet-2016.html.

In contrast to many industrialized countries, Switzerland
has only a few large industrial plants with large emissions of
pollutants.

The neighboring countries have undertaken similar efforts
to reduce pollution as those made by Switzerland; therefore,
the changes in the Swiss areal pollution loads are representa-
tive for the entire catchments at the border stations.

Sampling and analytical methods

Sampling

For the data presented in this study, continuous, biweekly
samples were collected. Each sample consists of thousands
of subsamples, which are taken proportionally to the water
discharge of the river. The unique sampling apparatus is de-
scribed in detail in the Suppl. Material. It provides a water
discharge-weighted concentration in each sample analyzed.

The examined concentration distributions in the cross sec-
tions of the rivers are almost uniform in respect to the location
of the intake. Therefore, the samples taken are representative
for the river at the station, except for small deviations at the
stations Village-Neuf and Weil. The relocation of station
Village-Neuf 2.7 km upriver to the international Rhine sur-
veillance station at Weil (Ruff et al. 2013) may have provoked
small shifts of geochemical parameters. However, these min-
imal changes do not influence the results of our evaluation.

Water discharge, water temperature, and pH are measured
continuously on-site at the sampling station.

Measurements, analytical methods, and data processing

Immediately after arrival at Eawag, a portion of each sample is
filtered (using a washed 0.45-μm cellulose-nitrate filter). The
filtered and unfiltered portions are stored at 4 °C until analysis.
The water constituents measured in the 2-week-integrated
samples examined in this study are alkalinity (Alk), total hard-
ness (TH), Ca2+, Mg2+, Na+, K+, SO4

2−, Cl−, silicic acid
(H4SiO4), NO3

−, and total nitrogen (TN). The methods used
conform to the ISO/EN methods for water analysis and are
summarized in http://www.eawag.ch/en/department/wut/
main-focus/chemistry-of-water-resources/naduf/.

All measured data in the monitoring program are subject to
extensive quality control procedures before transfer into the
data bank. Considering the effect of the concentration smooth-
ing in continuously collected samples, strongly deviating and
non-plausible values were deleted. The influence of modifica-
tions in analytical methods has been re-examined carefully in
the context of this work, as described in the assessment report
of analytical modification in the Suppl. Material. The contin-
uously and online measured parameters water discharge, wa-
ter temperature, and pH were averaged over the exact time
period of each water sampling. Overall, the long-term
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NADUF dataset can be considered reliable and consistent in
terms of sampling, analytics, and data treatment.

Time series analysis

The Seasonal Mann–Kendall test (results not shown) and an
earlier data evaluation using a combined sinusoidal and linear
regression revealed significant seasonal fluctuations and
trends (Zobrist et al. 2004). Based on studies of the detection
and the estimation of changes in water quality by Esterby
(1996) and Hirsch et al. (1991), we have chosen a method that
separates seasonality and smoothes long-term changes as best
suited for our study. To comprehensively assess the long-term
changes in the time series, we applied additional statistical
methods designed to detect significant monotonic trends and
abrupt changes (shifts), as explained below. Where possible,
the calculations were implemented with the corresponding
programs of the statistical open source software R (R
Development Core Team 2011), available from http://stat.
ethz.ch/CRAN. The methods used are as follows.

The seasonal trend decomposition procedure based on local
regression

STL is an iterative non-parametric procedure developed by
Cleveland et al. (1990) that considers every value, measured
in a time series with a constant time interval of observation, as
a sum of three interpretable components: (1) the seasonal
component (high-frequency part), (2) the trend component,
that is, the long-term change (low-frequency part), and (3)
the remainder component (random variation = residual). The
STL method estimates the smoothed long-term fluctuation
and the seasonality by local regression (LOESS), which can
be visualized graphically. The best-suited smoothing parame-
ters (window widths) for the simulation were 1 year for the
seasonality and 5 years for the long-term fluctuation, corre-
sponding to 27 and 130 data points. A distinct longer smooth-
ing period, such as 10 years, would mask meaningful infor-
mation. In our work, we denote the values estimated for the
low-frequency component (long-term change) as the 5-year
STL trend component.

The STL procedure cannot be applied if data points are
missing. For most of the chemical parameters studied, missing
data amounted to only 0.5 to 2% for the four stations DI, PO,
RE, and VW, with hardly any sampling interruption.
However, 5 to 11% of the biweekly observation data were
missing at the three stations BR, AN, and CH, due to inter-
ruptions caused by reconstruction work. Total nitrogen often
exhibits a higher quota of non-available data than the other
parameters. In order to process these datasets, missing chem-
ical data was interpolated using the non-parametric projection
pursuit regression procedure.

Projection pursuit regression

In principle, this method is based on a linear combination of a
non-linear transformation of explanatory variables (Friedman
and Stuetzle 1981). In our case, water discharge, water tem-
perature (both also measured during times of missing data),
date, month, and differences in the water discharge from pre-
vious dates were used as predictors for missing data. Values
modeled with PPR fit visually very reasonably into the gaps of
time series; see the example in Suppl. Fig. 1. Therefore, PPR
is a well-founded interpolation technique for producing con-
tinuous and complete time series for analysis by STL.
Additionally, PPR can be used as an additional quality control
method to assess odd values.

Estimation of the linear long-term changes and trends

The slopes of the linear trend in the time series were estimated
using the parametric linear regression of the STL 5-year trend
components, as visualized in Figs. 3 and 7. The small skew-
ness in the distribution of the STL trend components, as
displayed in Suppl. Fig. 2, does not affect the results of the
linear regression calculation (Suppl. Tables 1a and b). The
statistical significance of coefficients was assessed according
to the counts of years instead of the counts of data points, in
order to account for the autocorrelation in the time series of the
STL 5-year trend component. Slopes were estimated for the
period from 1983 to 2013, consisting of about 900 data points.
This period represents the longest common interval for all
seven stations, thus enabling a proper comparison of the time
series analyzed.

STARS test for abrupt shifts

To identify abrupt changes (regime shifts) in time series, the
sequential t test analysis between means of data segments
(STARS test) (Rodionov 2004) was applied to annual means
and biweekly data. The chosen segment length was 10, with a
significance level of p = 0.01. The STARS tests were also used
to detect artificial synchronous shifts in concentration time
series provoked by a modification in analytical methods, as
presented in the Suppl. Material BReport analytical methods.^

Confidence intervals of the STL trend component

The confidence intervals (Conf I) of the 5-year STL trend
component of time series were estimated as the propagated
error sum of the 95% confidence interval for the analytical
error and for the standard deviation (stdev) of the STL remain-
der (Eq. 1). Both confidence intervals were calculated for the
count of observations in 5 years. This mode of calculation
underrates the total confidence interval in the first and last 2-
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year period of the time series. However, it does not impact
information contained in the graphs.

Conf Itotal ¼ Conf Ianal errorð Þ2 þ Conf Istdev remð Þ2
� �1=2

ð1Þ

Standardization

To analyze the similarities of time series between rivers, stan-
dardized (normalized) values, zi, for each 5-year STL trend
component value, xi, were calculated. They are obtained in
relation to the arithmetic mean xav of the whole STL trend
time series and the standard deviation sd (Eq. 2). The resulting
values of zi are displayed graphically as time series.

zi ¼ xi−xavð Þ=sd ð2Þ

Mineral equilibrium

The calculations of the mineral saturation states and of the
calcite–carbon dioxide equilibrium were performed using the
free equilibrium speciation model Visual MINTEQ, available
at https://vminteq.lwr.kth.se/

Results and discussion

Water discharge and water temperature

Time series of the standardized 5-year STL trend components
for water discharge depict a very similar fluctuation pattern at
all stations (Fig. 2a). Linear regression indicates a significant

yearly decrease for the Rhône at CH of 1.9 m3 s−1 a−1 and for
the Rhône at PO of 0.4 m3 s−1 a−1 from 1983 to 2013 (Table 2).
Decreases at the other stations are too small to be statistically
significant. It is interesting to note that the two Rhône catch-
ments exhibit a distinctly larger area of glaciation (8% at CH,
14% at PO) than the other catchments (0 to 2%). A detailed
hydrological study would be needed to reveal unequivocal dif-
ferences between catchments and to determine the causes. The
synchronous pattern of fluctuations between water discharge
and precipitation rate in Fig. 2a reflects the basic hydrological
relationship between discharge and precipitation.

The curve characteristics of the STL 5-year trend compo-
nents for water temperature (Fig. 2b) are less uniform than
those of the water discharge among the rivers studied.
Importantly, the water temperatures increased over time, with
a distinct upward shift for all stations in the period from 1987
to 1989 (Fig. 2b). Long-term changes in the irregularly fluc-
tuating curves depicted in Fig. 2b could be assessed by two
statistical methods:

1. Applying linear regression over the whole period from
1983 to 2013: The increase of water temperature
amounted to 0.027 ± 0.003 °C a−1 (i.e., 0.8 ± 0.1 °C in
30 years) in the alpine and peri-alpine rivers (Table 2),
with no lakes in the catchment (stations DI, PO, and
AN). For the other stations, which are situated down-
stream of large lakes, the slopes were between 0.035
and 0.044 °C a−1 (i.e., 1.0 to 1.3 °C in 30 years). Similar
long-term linear rates of temperature increases were found
in rivers situated in other regions of the world with com-
parable climate conditions, such as in England and Wales
(Orr et al. 2015), in East coast rivers in USA (Kaushal
et al. 2010), in Germany (Arona et al. 2016), and in
Austria (Webb and Nobilis 2007). In the period from

Fig. 2 Time series of standardized 5-year STL trend components a for
water discharge (Q) and annual precipitation rate (Pr) and b for water
temperature (WT) and annual air temperature (Air). For station
abbreviations and mean water discharges, see Table 1. Mean water

temperatures 1983–2013 in degree Celsius: Rhine stations, VW 12.5,
RE 11.7, DI 8.0; Rhône stations, CH 11.6, PO 7.2; Aar station BR 11.9,
Thur station AN 10.7. Mean air temperature of the 12 Swiss climatologic
basis stations, 7.3 °C in the period 1983 to 2013
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1990 to 2013, the increases were smaller; they varied
between 0.017 and 0.035 °C a−1, except at station PO
where it was insignificant.

2. Quantifying changes as shifts, the STARS test indicated a
significant upwards shift during the period from 1987 to
1989 of 0.41–0.54 °C in the alpine Rhine, in the Rhône,
and in the subalpine river Thur, with no lakes in the catch-
ment. At the station downstream of the lakes situated on
the Swiss Plateau, the upwards shifts amount to 1.0–1.3 °C
(Suppl. Table 2). These differences in shifts, as well as in
linear increases per year, between river stations situated
upstream and downstream of lakes (Fig. 1) point to the
role of lakes (stagnant waters) in the warming-up surface
waters. For example, in Lake Geneva, situated between
stations PO and CH, the water temperature at a depth of
five meters increased at a rate of 0.06 °C a−1 in the period
from 1983 to 2013 (Barbier et al. 2017). Also a shift of
about 0.7 °C from 1987 to 1989 can be observed visually.
Abrupt water temperature increases in the late 1980s
coincided with those found in other rivers, as well as in
lakes across Switzerland (North et al. 2013) and in
groundwater (Figura et al. 2011). In both types of wa-
ter, the changes in water temperature occurred at the
same time and the shifts ranged from 0.4 to 1.3 °C. An
equivalent observation was made in soils at 10 meteo-
rological stations; the local temperatures at a depth of
25 cm experienced an average upward shift of 0.7 K in
1988 (R.E. Hari, personal communication, November
2014). It is now established that the observed abrupt
shifts in water and air temperature and in various pa-
rameters of other earth systems reflect a climatic re-
gime shift over large areas occurring in the northern
hemisphere in the late 1980s (Reid et al. 2015). In
the context of these cited observations, it is interesting
to note that the upward shifts in the alkalinity, NO3,
and total nitrogen concentrations coincided approxi-
mately with that of the water temperature.

The results obtained by the two statistical approaches indi-
cate reasonably well that each method only treats one facet of
the temperature evolution displayed in Fig. 2b.

In Fig. 2b, the evolution of the annual mean air temperature
estimated for Switzerland, smoothed over 5 year by the
LOESS procedure, was similar to those for water temperature,
indicating that the rising water temperature is associated with
the increase of the air temperature (Webb and Nobilis 2007;
Reid et al. 2015) (http://www.meteoswiss.admin.ch/home/
climate/swiss-climate-in-detail/Swiss-temperature-mean/
Data-on-the-Swiss-temperature-mean.html).

At each station, the slopes of the monthly water tempera-
ture increases were significant from April to June and were
higher than in the other months of the year (Suppl. Fig. 3).
This finding goes along with the observation that evolution of

plant growth or start of blossom has shifted into an earlier time
of the year (http://www.meteoschweiz.admin.ch/home/klima/
klimawandel-schweiz/vegetationsentwicklung/lange-
phaenologische-beobachtungsreihen.html).

Geochemical water constituents

Weathering of the rock-forming minerals calcite, dolomite,
anhydrite/gypsum, silicates, halite, and sylvine governs con-
centrations and loads of the main geochemical species alka-
linity, Ca, Mg, SO4, and H4SiO4, and to a lesser extent of K,
Na, and Cl (Stumm and Morgan 1996; Drever 1997; Zobrist
2010; Szramek et al. 2011; Lauerwald et al. 2013 and others).
These natural processes may be affected by diverse anthropo-
genic activities (Stets et al. 2014), such as the eutrophication
processes in lakes (Mueller et al. 2015; Bürgi 2015), the use of
fertilizer in agriculture (Perrin et al. 2008), the application of
de-icing salt (Godwin et al. 2003; Raymond et al. 2008), the
input of wastewater containing ammonia, atmospheric depo-
sition (Kaushal et al. 2013), climate change (Lauerwald et al.
2013), and urbanization (Kaushal et al. 2013). Based on these
factors of influence (drivers), which are rather well known in
the river system studied (described in the BCatchment
characteristics^ section), we will comprehensively discuss
the identified changes in concentrations and loads, particularly
in regard to geochemical processes.

Trends in concentrations and loads

Figure 3 shows the time series of the 5-year STL trend compo-
nents of concentrations for total hardness, alkalinity, Ca, Mg,
SO4, and H4SiO4. They represent the datasets in a summarized
form, indicating concentration ranges and ratios (values are
reported in Suppl. Table 4). Notable are the high concentrations
of SO4 in the Rhône at stations PO and CH and in the alpine
Rhine station Di. They are due to dissolution of gypsum/
anhydrite deposits in the Bündner schist formations of the
catchments. The sum of Ca, Mg, alkalinity, and SO4 concen-
trations accounts for approximately 90% of the ionic content.
At the measured pH conditions (Table 4) observed, alkalinity
embodies almost completely the hydrogen–carbonate concen-
tration HCO3

− (Stumm andMorgan 1996). The smoothed time
series of concentrations in Fig. 3 depict irregular fluctuations
and changes over themeasuring period, which are clearly larger
than the 95% confidence intervals. Overall, nearly all concen-
trations of these geochemical species exhibited a small but
statistically significant and mostly positive linear increase
(trend) in the range of a few microequivalent per liter per area
from 1983 to 2013 (Table 2). These trends correspond to a
change of 0.6 to 3‰ per year for total hardness, alkalinity,
and Ca, respectively, and up to 8‰ per year for SO4, H4SiO4,
and Mg. For comparison, many rivers in the Eastern US and in
theMississippi catchments also exhibit an increase in alkalinity,
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often at a higher linear rate than that stated in Table 2 (Kaushal
et al. 2013; Stets et al. 2014; Raymond et al. 2008, and others).

In the Thames River, the reconstructed increase in Ca concen-
trations is in the range of those reported in Table 2 (Worrall
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et al. 2012). These authors state that various anthropogenic
drivers, such as agricultural practice, recovery of acidification,
and changes in catchment attributes such as land use and cul-
tivation or urbanization, are responsible for the observed
changes in alkalinity and Ca.

Concerning abrupt shifts, only alkalinity indicated a
small upward shift in the range of 1% in the years
between 1989 and 1991 (Suppl. Table 2), which does
not substantially affect the numerical values of the
slopes cited above. Also noteworthy is that the shifts
in alkalinity continued for 1 to 2 years after the increase
of the water temperature.

The changes of loads, expressed as slopes of linear regres-
sion (Table 3), were less often statistically significant than
those of concentrations. The combined effect of the variances
in concentration and especially in water discharge (see Figs.
2a and 4) distinctly increases the statistical requirement for a
significant slope in the regression calculation. However, if
changes were significant, they can be substantial, for example,
the changes at station CH and the changes in Na, Cl, and total
nitrogen at most stations, as discussed in more detail below.

At all stations, the standardized time series of 5-year STL
trend components of loads for geochemical species displayed
an oscillation similar to that of water discharge, as shown
exemplarily for total hardness in Fig. 4. It indicates the deter-
mining factor of the water discharge in the long-term changes
of loads for geochemical species. The transport limitation for
alkalinity has been shown and discussed for the Mississippi
river by Raymond et al. (2008).

The time series with yearly means of loads of geochemical
species do not exhibit abrupt shifts. The STARS test does not
indicate a significant shift due to the strong variation in loads
displayed in Fig. 4.Ta
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Mineral equilibria of alkalinity, Ca, Mg, and H2CO3 in water

The chemical equilibrium calculations using Visual MINTEQ
for the weathering reactions (Suppl. Table 3) indicated a 1.5- to
6-fold (except at PO) supersaturation for calcite in river waters
(Table 4 (a)). This represents a well-known phenomenon in
waters originating from carbonate lithologies (Drever 1997;
Szramek and Walter 2004 and others). A supersaturation factor
of less than 1 log unit can usually persist in river waters and
does not provoke fast calcite precipitation (Szramek andWalter
2004). In winter, supersaturations were slightly higher and in
summer slightly lower than the means in Table 4 (not shown).
The saturation index for the mineral Bdolomite ordered^ indi-
cated a small supersaturation or undersaturation depending on
the river. The saturation index for Bdolomite disordered^ al-
ways remained in a high state of undersaturation (not shown).
As pH and water temperature were increasing, the supersatura-
tion of calcite and dolomite also increased, except at station CH.
At all stations, the equilibrium concentration of CO2 in river
water (H2CO3) was 1.5- to 3.6-fold oversaturated with respect
to the equilibrium of atmospheric CO2 with water (Table 4 (a)).
These CO2 concentrations ranged between 17 and 20 μmol L−1

(corresponding to pCO2 of − 3.452 atm, Mount Loa, Hawaii)
depending on the mean water temperature of the river.

The next point of discussion refers to chemically reactive CO2

in the subsurface. Equilibrium calculations by Visual MINTEQ
allow estimating the H2CO3 concentration in the subsurface
where the initial dissolution of minerals occurs, denoted here as
Bnative H2CO3.^ This concentration can be regarded as the min-
imum average concentration of H2CO3 (equivalent to the partial
pressure of CO2, pCO2) needed to achieve measured concentra-
tions of alkalinity, Ca, and Mg by the dissolution of calcite and
dolomite. It presents a proxy for the average H2CO3 in the sub-
surface (soil, aquifer) for which hardly any data exists. The
Bnative H2CO3^ concentration, that is, pCO2, is calculated at
the equilibrium condition where the saturation index of calcite
equals zero. For this evaluation, corrected concentrations of Ca
minus SO4, Cacorr, have to be used. Cacorr represents the part of
Ca that results from the dissolution of calcite and dolomite. The
part of Ca due to the gypsum/anhydrite dissolution does not
count in this approach. The contribution of silicate weathering
to the Mg and Ca concentrations is small and can be ignored,
because of the dominant carbonate lithology; see also BChemical
weathering rates^ section. At the chemical condition of Bnative
H2CO3,^ the measured Mg concentrations indicated a distinct
undersaturationwith respect to dolomite. Themeasured increases
in water temperature, alkalinity, Mg (Table 2), and Cacorr
(Suppl. Table 4) resulted in a slight increase in Bnative H2CO3^
at some stations (Table 4 (b)). This increase reflects the effects of
intensified microbial degradation activities and accelerated plant
growth, due to the temperature increase in soil and groundwater,
as has been documented by Macpherson et al. (2008). These
authors have reported a 20% increase in the modeled partial

pressure of CO2 in an undisturbed karst aquifer in the period
from 1991 to 2005. They did not provide a clear forcing mech-
anism, but they have suggested a strong influence of enhanced
soil respiration. Time series showing increasing concentrations of
alkalinity and total hardness in unconfined aquifers not recharged
by rivers in the Canton of Zürich in Switzerland corroborate the
hypothesis of increasing subsurface Bnative H2CO3^ concentra-
tions (www.awel.zh.ch/internet/baudirektion/awel/de/wasser/
messdaten/gw_qualitaet.html#s-dosten).

Drivers responsible for changes in alkalinity and Ca
concentrations

Taking the rivers studied into consideration, we suggest that
two drivers may have promoted the increase of the long-term
concentrations of alkalinity and Ca and one driver has pro-
moted their decreases as documented below.

1. The increased microbial activities in the subsurface,
caused by increased temperature, has led to slightly in-
creasing Bnative H2CO3^ concentrations, which give rise
to higher concentrations of alkalinity, Ca, and Mg in the
equilibrium with calcite and dolomite.

2. At stations downstream of lakes, the re-oligotrophication
process in lakes also contributed to the alkalinity and Ca
increases. The well-established decrease in phosphate con-
centrations in Swiss lakes has lowered the production of
phytoplankton, which reduces the calcite precipitation in-
duced in the lake. As a consequence, epilimnetic concentra-
tions of alkalinity and of Ca are increasing (Mueller et al.
2015). In the Lower Lake Constance (western arm of the
lake), the alkalinity and total hardness have risen significant-
ly in the top layer 0 to 5m by 3.8 resp. 3.5μeq L−1 a−1 from
1996 to 2014 (H. Ehmann, Water Protection Office, State
Thurgau, personal communication, December 2015). These
changes were in the same range as those in the downstream
Rhine station RE (Table 2). At station RE, about 80% of the
water originates from the upstreamLake Constance (surface
area 571 km2, water volume 51 km3, water residence time
4.3 a). In LakeGeneva (surface area 580 km2, water volume
89 km3, water residence time 11.3 a), located in a geograph-
ically similar situation as Lake Constance, the concentra-
tions of alkalinity and Ca in the top layer (0 to 50 m) only
indicated an upward tendency (Barbier et al. 2017), estimat-
ed from lake data retrieved from https://si-ola.inra.fr. The
reason for the different result could be that the re-
oligotrophication process has not proceeded as far as in
Lake Constance. In fact, the concentration of dissolved re-
active phosphorous in Lake Geneva has not yet come down
to the natural level of a few micrograms as in Lake
Constance, after the pollution induced peak of about
80 μg P L−1 in the early 1980s in both lakes https://www.
bafu.admin.ch/bafu/de/home/zustand/indikatoren.html.
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3. The decreases in the strong acid inputs into the subsur-
face, as a result of the diminishing use of N fertilizer and
the decreasing atmospheric deposition, lowered the quan-
tity of acids available to weather calcite and dolomite.
Consequently, the amount of alkalinity, Ca, and Mg pro-
duced was decreasing.

In rivers with no lakes upstream, the balance between driver
1 and driver 3 regulates the changes in alkalinity, Ca, and Mg.
In the alpine rivers Rhine and Rhone, at stations DI and PO, the
Balkalinity increasing^ driver 1 is dominating. The reverse
holds in the Thur at station AN, where driver 3 is dominant.

At the Rhine stations RE and VW, situated downstream of
Lake Constance and Lake Geneva, the two Balkalinity
increasing^ drivers outbalance the Balkalinity diminishing^
driver. The changes reported at the Rhône station CH and at
the Aar station BR (Tables 2 and 4) do not provide a clear
conclusion with respect to these drivers. Concentrations of
alkalinity were increasing, but that of Ca did not change sig-
nificantly at station CH, but decreased clearly at station BR.

CO2 outgassing from rivers

The positive difference between the concentrations of Bnative
H2CO3^ and H2CO3 determined in the rivers indicates a clear
outgassing of CO2 over the flow path of the water from the
location of initial carbonate dissolution to themeasuring station.
This difference includes CO2 generated by the biogeochemical
processes on the flow path of water, such as the degradation of
allochthonous and autochthonous organic carbon (not known
quantitatively), the acid produced by nitrification of ammoni-
um, and the part of CO2 formed by the precipitation of calcite in
lakes. Estimated annual fluxes per catchment area of CO2

outgassing varied greatly from 268 mmol m−2 a−1 at station
ANwith no lakes in the catchment to 3 mmol m−2 a−1 at station
CH situated downstream of the large LakeGeneva (Table 4 (c)).
The negative flux at station PO reflects a special situation of this
alpine catchment. Here, calculated Bnative H2CO3^ (Table 4)
indicated an undersaturation with respect to H2CO3 in river
water, which might be due to a large portion of surface runoff
originating from snow and ice melting. Consequently, water
will absorb CO2 on the flow path and the H2CO3 concentration
increases. Under this condition, the calcite in river water at
station PO was more or less equilibrated (Table 4). This result
is in contrast to the distinct oversaturation at the other stations.

In the literature, a diffusion model is usually implemented to
estimate the flux of outgassing (evasion) CO2. In this model, the
flux is calculated as the difference between partial pressure of
CO2 (pCO2) in the river (calculated with measured pH and water
composition) and the atmospheric pCO2 multiplied by a not
univocal gas transfer velocity of CO2 (Raymond et al. 2012;
Geldern et al. 2015 and many others). Flux obtained per area
of surface water is converted to flux per area of the catchment

by estimating the water to catchment area ratio; see, for example,
Geldern et al. (2015). These authors applied the diffusion model
in a Bavarian river situated in a catchment of 1040 km2, about
300 km northeast of Switzerland, and exhibiting a carbonate
lithology. They reported a median CO2 evasion rate of
145 mmol m−2 a−1 calculated over the catchment area. In this
case study, evasion rates per river area fell by a factor of 25 from
the source to the outlet station. For comparison, the mean global
CO2 evasion rate estimated by Lauerwald et al. (2015) amounts
to 410 mmol m−2 a−1, assuming a land surface area of 132 ×
106 km2. Application of the diffusion flux method to our rivers,
using a gas transfer coefficient K of 6.3 m day−1, resulted in a
CO2 transfer per catchment area in the range from 34 to
306 mmol m−2 a−1 (Table 4 (c)).

It is interesting to note that some values of the two ap-
proaches (Δ concentration, diffusion) were in a similar range,
although they were based on different models. To make this
difference more clearly understandable, our proposed method
(Δ concentration) to quantify CO2 outgassing estimates the
gas transfer over the flow path from the origin to a measuring
station, while the diffusion model estimates the quantity of
CO2 that could be transferred from the water at the station to
the atmosphere. A thorough discussion of this discrepancy
between the two models goes beyond this work.

Ratio of Ca to Mg concentration

The ratio of Ca to Mg reflects the relationship between calcite
and dolomite weathering (Szramek et al. 2011). A molar ratio
Cacorr/Mg of 2.84 corresponds to a calcite to dolomite mass
ratio of 1:1. In the alpine rivers Rhine and Rhône at station DI
and PO, the molar ratios were lower than 2.84 (Suppl.Table 4)
and indicate the prevalence of weathered dolomite over calcite.
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Fig. 5 Multiannual means of alkalinity (Alk), water temperature (WT),
and Bnative H2CO3^ in the period from 2009 to 2013 in relation to the
mean altitude of the catchment. Bars indicate the mean seasonal
fluctuations. Those of Bnative H2CO3^ are too small to be visible. For
abbreviations of stations, see Table 1
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At the stations VW, RE and BR molar ratios were higher than
2.84; they express the dominance of calcite weathering. The
significant decreases in the molar ratios of Cacorr/Mg and of
alkalinity/Mg and the increase in the ratios of alkalinity/Cacorr
(Table 4 Supp Info) at stations VW, RE, BR, and CH, which are
situated downstream of lakes, indicated an increasing tendency
for calcite precipitation in rivers and connected lakes (Szramek
et al. 2011). The river Thur did not indicate such a reaction,
although the estimated outgassing rate was high. In the alpine
Rhine at station DI, the change in the three ratios reversed,
pointing to an increasing dissolution of calcite with time.

Effect of altitude on alkalinity, water temperature and Bnative
H2CO3^ concentration

The negative relationships between concentrations of alkalinity,
water temperature, Bnative H2CO3,^ and mean altitude of the
catchment (Fig. 5) clearly infer the effect of the altitude on
alkalinity, water temperature, and calculated Bnative H2CO3.^
Alkalinity decreased by 0.17 meq L−1 per 100 m (Suppl. Fig.
4), water temperature declined by 0.33 °C per 100 m, and
Bnative H2CO3^ decreased exponentially. As displayed in
Suppl. Fig. 4, Ca minus SO4 (Cacorr) decreased synchronously
with alkalinity, indicating a very similar dependency in the
weathering of calcite and dolomite with altitude. The small
fractions of crystalline lithology present in the catchments only
induce a small effect on the concentration ranges of alkalinity in
the altitude profile. At higher-altitude sparse vegetation, thin
soils and low temperatures result in a low microbial activity
in the subsurface. Consequently, less CO2 is produced to
weather rock minerals. Calmels et al. (2014) have found that
in the calcareous Jura Mountains bordering Switzerland, the
change in the type of vegetation from deciduous to coniferous
with altitude also plays an important role in the gradient of CO2.
Lauerwald et al. (2013) and others also reported higher alkalin-
ity concentrations in catchments with a higher proportion of
agricultural land and of carbonate lithology. In our study, the
latter factor only plays a minor role since all catchments are
dominated by calcareous rock. The River Thur exhibited by
far the highest alkalinity, reflecting a Swiss lowland catchment
with a high percentage of agricultural land and the dominance
of carbonates in the underlying bedrock. Figure 5 also demon-
strates that seasonal fluctuations of alkalinity were often smaller
than the differences between means of stations, whereas water
temperatures exhibited the reverse relation.

Chemical weathering rates

The chemical weathering rates of the rock-forming minerals
can be estimated stoichiometrically by apportioning measured
loads (corrected for atmospheric deposition) to the individual
weathering reactions (Suppl. Table 3). Drever (1997) discusses

this allocation procedure in detail. Previous results for some of
the rivers studied were documented (Zobrist 2010).

In the Rhine at station DI, no statistically significant changes
in the loads of the geochemical parameters can be detected, and
therefore no changes in the weathering rates of calcite, dolo-
mite, and silicates could be deduced for this alpine catchment.
Also in the Thur, a river with no lakes in the catchment, no
significant changes in loads were found. In the river Rhône at
station PO, only H4SiO4 loads showed a significant decrease of
10%. The results imply that at these three stations, the observed
increase in the concentrations of total hardness, alkalinity, Ca,
and Mg do not alter the overall chemical weathering rates of
carbonate rocks to a statistically significant degree. Only at
station CH did the loads of all geochemical species decrease
due to the significant decrease in water discharge (13%), which
overcompensates for the increase in concentrations.

In the allocation procedure for the chemical weathering of
gypsum/anhydrite, changes in the atmospheric sulfur deposi-
tion also play a role. At the stations AN, BR, and VW, the
means of the significant decreases in SO4 areal loads corre-
spond approximately to the decrease in the atmospheric sulfur
deposition by 39 mmol m−2 a−1 during the study period. At
stations CH, PO, and DI, these changes were below the preci-
sion of the SO4 areal loads > 450 mmol m−2 a−1. This would
suggest that the weathering rates of gypsum/anhydrite did not
change. The documented increases in water temperature would
increase the solubility of the gypsum by less than 1%, which is
smaller than the precision of the SO4 loads. Therefore, the ob-
served temperature increases cannot provoke a detectable in-
crease in the weathering rate of gypsum/anhydrite.

The weathering reconstruction procedure allows an estima-
tion of the different sources of alkalinity. The weathering of
silicate minerals by CO2 and H+ also produces alkalinity
(Suppl. Table 3). Although incongruent dissolution reactions
of silicates vary greatly (Drever and Zobrist 1992), it can be
assumed that per 1 mol of H4SiO4, approximately one equiva-
lent of alkalinity and one equivalent of the base cation sum (Ca,
Mg, Na, K) are released. The allocation calculations document-
ed that only a few percent (1.5 to 3.5%) of the alkalinity and of
the base cation Ca,Mg, and Na originate from the weathering of
silicates. In contrast, the weathering of silicates in alpine catch-
ments can contribute noticeably to dissolved K. In catchments
exhibiting a distinct percentage of agricultural land (Table 1), K
also derives from fertilizer use. Calculations further indicated
that the acid deposition and nitrification of Nred produced about
5 to 6% of the alkalinity. Still smaller was the contribution of the
acid produced by the oxidation of sulfide-containing minerals,
mainly pyrite, due to the small pyrite content in calcareous rocks
(0.1 to 0.4%). Therefore, the weathering of calcareous minerals
by CO2 produced more than 90% of the alkalinity measured.
Areal loads of alkalinity varied between stations from 1.5 to
3.5 mol m−2 a−1. The long-term means of 2.55 mol m−2 a−1 at
the Rhine border station VWand 2.1 mol m−2 a−1 at the Rhone
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border station CH distinctly exceed the European averages of
0.35molm−2 a−1, but they are higher than those in the Slovenian
Sava catchment (Szramek et al. 2011).

According to the weathering reaction of carbonates, half of
the alkalinity produced originates from the subsurface H2CO3.
Therefore, in the catchments of the Rhine and Rhône, the
weathering of rocks sequesters 1.2 and 1.0 mol m−2 a−1 of
atmospheric CO2. Comparisons with the quantity of CO2

outgassed (Table 4 (c)) disclose that a few percent (Thur
15%) are released to the atmosphere again on the flow path of
the river, as discussed before. A similar percentage of CO2 loss
can be estimated from the data of Geldern et al. (2015) mea-
sured in the Bavarian river.

Mineral equilibrium and dynamics of H4SiO4

The equilibrium calculation using Visual MINTEQ expressed
a minor undersaturation of measured H4SiO4 concentration
with respect to quartz (Table 4). As pH and water temperature
increased, the undersaturation of quartz slightly decreased.
Rather than referring to equilibria with crystalline rock min-
erals (Drever and Zobrist 1992), we think that our data set of
silicic acid indicates interesting aspects that have no yet suffi-
ciently been recognized in literature.

The weathering of silicate minerals in catchments without
lakes (indicated at stations DI, PO, and AN) produced mean
concentrations of H4SiO4 in waters in the range of 0.05 to
0.065 mmol L−1 (Fig. 3). The time series of the trend compo-
nent showed significant negative changes (Table 2). In contrast,
time series at stations downstream of lakes, RE, VW, BR, and
especially CH displayed lower concentration ranges and posi-
tive linear trends, except at station CH where it is negative.

Lakes act as sink for H4SiO4 due to the use of H4SiO4 by
diatoms to build up their skeleton. As diatoms sink and settle, a
fraction of Si is buried in the sediments (Wessels et al. 1999). The
distinct smaller mean concentration of H4SiO4 of
0.026 mmol L−1 at the outflow of Lake Geneva (station CH),
compared to the main inflow (station PO) with a mean of
0.053 mmol L−1, illustrates the elimination effect for H4SiO4

by the precipitation of diatoms. During the re-oligotrophication
phase, the abundance and taxonomic composition of diatoms
changed; specifically, the abundance of sedimenting species de-
clined (Rimet 2009, p. 80; igbk 2014; Bürgi 2015). As a conse-
quence, the overall concentration of H4SiO4 in the lake in-
creased. Concerning our study, the H4SiO4 concentration in the
top layer (0 to 5 m) of the Lower Lake Constance (Untersee, the
Western arm of the lake) increased by 0.3 μmol L−1 a−1 from
1996 to 2013 (H. Ehmann, StateWater Protection State Thurgau,
personal communication, December 2015). This rise is consis-
tent with an increase of 0.36 μmol L−1 a−1 at the downstream
station, RE (Table 2). In Lake Geneva, the H4SiO4 concentration
in the top layer (0 to 50m) decreased by 0.12μmol L−1 a−1 from
1983 to 2013. Also consistently, the downstream station CH

exhibited a linear decrease of 0.19 μmol L−1 a−1 (Barbier et al.
2017), and data for calculation was retrieved from https://si-ola.
inra.fr. This difference in decreasing rates between the two large
lakes may be due to the lower eutrophic state of Lake Constance
than that of Lake Geneva, reflected by the presently lower
concentration of dissolved reactive phosphorous in Lake
Constance of 6 μg L−1 compared to 20 μg L−1 in Lake
Geneva (igbk 2014; CIPEL 2017).

Potassium, sodium, and chloride

Annual means of K concentrations varied from 0.02 to
0.03 meq L−1 in the alpine river at station DI and from 0.06
to 0.08 meq L−1 in the Thur. Standardized 5-year STL trends
(Suppl. Fig. 5) showed steps in time evolution which were due
to modifications in analytical methods (Report in Suppl.
Material). They render interpretation of long-term changes
questionable for K but not for Na.

The average concentrations for Na and Cl ranged from 0.1
to 0.4 mmol L−1. The highest concentrations observed in all
rivers studied amounted to 1.4 mmol L−1 in the Thur. It had
been measured in the biweekly sample after a longer freezing
period. This maximal concentration is similar to that measured
during the winter in the Mohawk River, NY, USA (Godwin
et al. 2003), in a sparsely populated catchment. Cl and Na
concentrations in the range of a few millimoles per liter did
not yet show deteriorating effects on the ecology (Factsheet,
FAQ use of deicing products in Switzerland; http://www.
eawag.ch/fi leadmin/Domain1/Beratung/Beratung_
Wissenstransfer/Publ_Praxis/Faktenblaetter/fb_Streusalz_
Nov2011.pdf) (Ramakrishna and Viraraghavan 2005). This
assessment stands in contrast to much higher values, up to
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Fig. 6 Long-term changes in the annual Cl areal loads in selected rivers
and in the annual sale of salt (NaCl) and road salt (de-icing salt) in
Switzerland. Omitted stations BR and CH display time courses and
ranges similar to those at stations PO and RE. Units are standardized to
the area of the catchments and of the country. For station abbreviations,
see Table 1
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130 meq L−1, measured in US urban streams during winter,
marking the effect of concentrated deicing salts inputs (e.g.,
Kaushal et al. 2005; Novotny et al. 2009).

In the rivers studied, the Na concentrations surpassed those
of Cl by 0.01 to 0.04 mmol L−1. The weathering of siliceous
minerals contributed approximately 0.015 mmol L−1 to the
excess of Na in alpine rivers. The reminder originated from
other sources, such as ion exchange with Ca in soils or the
discharge of industrial wastewater. The concentration ranges
observed and the distinct increases of the Cl concentration
from 2.1 to 4.4 μmol L−1 a−1 (Table 2) clearly reflect the
anthropogenic input of NaCl salt. The salt produced by the
Swiss salt refineries increased from 360 kt NaCl a−1 in the
1980s to presently up to 560 kt NaCl a−1, corresponding to
70 kg a−1 and capita or 232 mmol a−1 per m−2. This represents
approximately the total salt use in the whole country. The
mean of deicing salt sold, almost all NaCl, amounted to
128 mmol m−2 a−1 or to 38 kg NaCl a−1 and capita in the last
5 years. However, salt use varies from year to year (http://
www.salz.ch/de/downloads). As would be expected, the
quantity of road salt applied, displayed in Fig. 6, depends
primarily on the air temperature, the snowfall regime in
winter, and the length of the road networks in a catchment.
Also notable, improved spreading techniques have lowered
the applied quantity of salt per surface area of road, but the
overall use of salt has nevertheless increased.

The time course shown in Fig. 6 for the annual areal loads of
Cl and for salt sold indicated a clear increase (except at station
VW). At this station, the diminishing areal load of Cl, as well as
the decreasing concentrations up to 2000, was due to a change
in production schemes at the numerous chemical plants situated
along the Swiss-German border of the Rhine (Hochrhein). In
Fig. 6, the significant linear slopes of areal loads in rivers ranged
between 2.3 and 4.3 mmol m−2 a−1. Those of total salt and
road salt exhibited similar rates, respectively 3.6 and
3.0 mmol m−2 a−1. From 1983 to 2013, annual Cl loads in rivers
increased on the average by 60% (station BR 9%, station Di
125%). During this period, the total salt produced and used
increased by 53% and that of deicing salt increased by 148%,
while the population grew only by 23%. The areal loads of Cl
correlated significantly and positively with yearly sales of NaCl
(except at stations VWandBR), indicating the driving forces for
the increasing concentrations and loads observed. Yearly peaks
and troughs in areal loads coincided only sometimes with salt
sold, as the sale and the year of application may be different,
especially in the case of deicing salt. In addition, a notable part
of the deicing salt applied remains transiently in soils, ground-
water, and lakes (Kelly et al. 2008; Novotny et al. 2009). In the
catchment of Lake Constance, the remaining part of salt used
made up to 35% of a yearly input (Mueller and Gaechter 2012).
This retardation of Cl and the deferred application of deicing salt
related to the period of sales resulted in an uncertain correlation
between yearly sale of deicing salt and yearly loads in rivers.

The alpine catchment of the Rhine (station DI) and Rhône
(station PO) exhibited quite different results in areal loads and
loads per capita.At stationDI, the areal load of 118mmolm−2 a−1

(mean 2009 to 2013) fell distinctly below those of the other
catchments, except the Thur (230 to 303 mmol m−2 a−1), while
the load per capita remained in the range of the other stations (45
to 61 kg a−1 and capita). At station PO, the areal load of
307mmol m−2 a−1 was in the range of the others stations, where-
as the load per capita was three times higher. This comparison
indicates additional sources of Cl beside road salt in the Rhône
catchment at station PO. There exist two additional sources with
unknown outputs: (1) The catchment exhibits evaporate rocks
containing halite which are a source of Cl. (2) The chemical
industries in the Rhône valley use large amounts of chlorine
(Cl2) for organic synthesis, presently in the range of 20,000 t
per year, corresponding to 65 kg per capita or 54 mmol m−2 a−1.
A part of this chlorine is reduced to chloride and reaches the river
with wastewater. As displayed in Suppl. Material, Report (last
Figure), the small seasonal variation of Cl loads suggests an
important contribution of the last two sources mentioned. For
comparison, the estimations (Zobrist and Reichert 2006) for the
partitioning of the measured Cl areal loads into diffuse and point
sources in Switzerland gave a value of 30 mmol m−2 a−1 for the
natural background, 245 mmol m−2 a−1 for intensively used ag-
ricultural land, and 30 kg per capita (settlement and traffic areas
included). The calculated sum of these export coefficients times
the corresponding area/population for the Rhône catchment only
made up half of the measured loads at stations PO and CH. This
result provides another evidence for the existence of additional Cl
sources in this catchment.

Nitrogen

The time series of the 5-year STL trend components for con-
centrations and loads of NO3 and total N (Fig. 7) have the
following characteristics in common: (1) the distinct and con-
current increase in NO3 and total N concentrations and loads
around 1986; (2) the decrease in differences between total N
and NO3 after 1990; (3) the 95% confidence intervals for the
loads which were greater than those for concentrations; and
(4) a similar pattern of fluctuation of standardized trend com-
ponents which is shown in Suppl. Fig. 6.

For NO3, the STARS test indicated a significant upward
shift in concentrations in the range of 240 to 480 μg N L−1 in
non-alpine rivers and of 60 μg N L−1 in the alpine Rhône, all
occurring in the period between 1984 and 1987 (Suppl.
Table 2). Upward shifts in NO3 loads also occurred in the
same period, but the relative increases were smaller than those
estimated for concentrations. The 5-year STL trend compo-
nents of total N concentrations highlighted a similar evolution
at all stations, with an increase in the period from 1984 to
1986, followed by a decrease until around 2005 and almost
no change from 2006 to 2013. In the first period, the STARS
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tests indicated significant upward shifts in concentrations
ranging from 180 to 690 μg N L−1, representing 10 to 30%
of the means preceding the shifts. In the period from 1994 to
1999, downward shifts ranged from 240 to 920 μg N L−1 (21
to 31% of preceding means). For loads of total N, the upward
shifts occurred in the same period as for concentrations, but
the years of downward shifts varied between stations (Suppl.
Table 2). At all stations, concentrations and loads of total N
decreased distinctly over the period between 1983 and 2013,

whereas those of NO3 changed less and varied in sign and
between stations (Tables 2 and 3). As discussed, concentra-
tions and loads of N species show a characteristic evolution
and larger changes than the geochemical parameters. This fact
stimulates a discussion about possible causes for these
changes.

In the following, we first present a hypothesis to explain the
common increases of the total N concentrations and loads in
the late 1980s and the decreases in the following years, as
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Fig. 7 Time series of 5-year STL trend components for concentrations
and loads of nitrate (NO3) and total nitrogen (TN). Lower curves (black
and blue) are concentrations, and upper curves (red and green) are loads.
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the first day of the year
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displayed in Fig. 7 and more specifically in Suppl. Figs. 1 and
6. We then discuss the reasons for the observed changes by
providing estimates for the changes of the N input from agri-
cultural intensively used land.

We hypothesize that two simultaneous processes may ex-
plain the notable increase in loads, as well as in concentrations
of N in the period from 1982 to 1987: (1) The increase in the
input of the pollution source Bagricultural net surplus of total
N^ (for a definition, see Suppl. Table 6) provoked a delayed
increase of total N discharged into waters in the early 1980s.
(2) The distinct increase in water and soil temperatures in the
period from 1986 to 1989 (Fig. 2a) accelerated the biological
activities in soils and consequently caused a temporarily
higher discharge of N from agricultural and natural sources,
as was also observed by Rogara (2007). The input from natu-
ral sources represents only a minor fraction of the total N loads
in the non-alpine rivers (Zobrist and Reichert 2006); therefore,
their potential change by the previously discussed temperature
shift will be small and can be ignored.

In order to identify the reason for the increasing and de-
creasing time course of total N loads displayed in Fig. 7, we
compare two different approaches to estimate the N input to
rivers by agriculture from intensively used land (Fig. 8): In the
first approach, the net agricultural surplus of N is estimated
based on the model and data cited in Suppl. Table 6. It is

reported as load per area of agricultural land. In the second
approach, the agricultural input is estimated from measured
loads in rivers minus inputs for the known other sources of N
(wastewater and natural diffuse sources). It is reported as load
per area of catchment. As the considered areas in the two
approaches are not the same, the numeric values obtained
must be different. Now, we assume that the evolution in time
of the two estimates will be similar if the changes in the net
agricultural surplus of N is the main cause for the observed
changes in the total N loads in rivers. In fact, in Fig. 8, a
similar pattern in the stepwise evolution in areal loads of the
net agricultural surplus and that of the load from intensively
used agricultural land (mean of the four stations in the Rhine
catchment downstream lakes) is observed. It indicated that the
upward shift in the late 1980s and the following decrease in
riverine loads, displayed in Fig. 7 and Suppl. Fig. 6, could be
explained by the changes in the net agricultural N surplus. The
small time lag between the two curves reflects the retarded
increases of N in the rivers, due the slow elution process of
N from soil. Also notably, the calculated values for the areal
agricultural load displayed in Fig. 8 corresponded reasonably
well to the reported values, obtained by the MODIFFUS re-
gional emission model for the Swiss part of the Rhine catch-
ment downstream of lakes (Prasuhn and Sieber 2005) or to the
export coefficient from intensively used agricultural land by
Bayes regression in the period 1980–2003 (Zobrist and
Reichert 2006). If the load for wastewater inputs, due to the
application of the denitrification process in some treatment
plants, could reduce the input by 10% in approach 2, the
calculated input from agricultural intensively used land would
increase by 0.15 g N m−2 a−1. This correction could lessen the
difference between the net N surplus and the agricultural areal
load in the last two 5-year periods, in which the introduction
of the denitrification process in the treatment plant was initi-
ated. In conclusion, these considerations, although tentative,
are based on an extensive amount of information and can
semi-qualitatively explain the observed time course of the
measured total N loads in rivers. The result also indicates that
pollution-preventing measures taken in agricultural practices,
as well as in wastewater treatment, have successfully de-
creased the pollution load of N. In Germany, such prevention
measures resulted in a distinct decline of the nutrient inputs of
N and P to surface from the 1980s to the present (https://www.
umweltbundesamt.de/daten/wasser/fliessgewaesser/
eintraege-von-naehr-schadstoffen-in-die).

The different decreases in concentrations and loads of total
N (mainly ammonium and organic N) and NO3 (Fig. 7) over
time can be explained qualitatively by the different changes in
the input of NO3 by wastewater treatment plants. The im-
provement in treatment by nitrification has lowered the input
of ammonium and increased that of NO3, but did not decrease
that of total N substantially. Although no data is available, we
can assume that the NO3 input by agricultural sources has also
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Fig. 8 Comparison of four different methods to estimate the diffuse input
of total nitrogen (TN) by intensively used agricultural land. a Stepwise
evolution of the 5-year means of the areal agricultural net surplus of
nitrogen. b Stepwise evolution of the 5-year means of the diffuse river
agricultural input calculated from measured data. Mean of four catch-
ments (VW, RE, BR, AN) exhibiting more than 29% fertilized land. c
Estimation by Bayes regression from 1980 to 2003 (Zobrist 2006, p. 18).
d Estimation by the MODIFFUS regional emission model of Prasuhn
(2005, p. 54). (Agricultural net surplus of N-net agricultural input of N
minus the emission of N to the atmosphere. Diffuse river input from
agriculture: measured load of TN minus wastewater input minus natural
diffuse inputs. For a detailed explanation, see Suppl. Table 6). Vertical
bars indicate standard deviations a of the means in the 5-year period, b of
the four stations, and c of regression
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decreased. Depending on the relationship of these two inputs
from wastewater and agricultural land over time, measured
loads of NO3 at a station can decrease, increase, or exhibit
no change at all (Table 3). This implies that the evolution of
the overall loads for NO3 and for total N loads in rivers with
time does not proceed concurrently, as is often argued in the
discussion of pollution prevention measures.

Conclusions

The statistical methods applied to the long-term time series of
physical parameters, concentrations, and loads of chemical
constituents made the following possible:

– -To determine the long-term changes in measured data by
eliminating the seasonal variations (by STL) and to com-
pare rivers by standardized time series

– -To estimate monotonic trends from 1983 to 2013 using
linear regression analysis

– -To detect and quantify discontinuities in time series (by
STARS)

A detailed consideration of catchment characteristics, geo-
chemical processes, and quantitative data on environmental
factors and on human activities enabled us to determine the
drivers and the causes/factors responsible for the observed
changes in concentrations and loads in rivers.

The identified trends of geochemical and N species indi-
cated various effects that can be ascribed to global warming
and to consequences of measures taken to reduce pollution.

The rivers studied present a Bhigh water discharge^ system
(± 1 m a−1), and they can be regarded as less impacted anthro-
pogenically in comparison to major Blow water discharge^
rivers in other industrialized and/or agricultural regions, such
as theMississippi (0.2m a−1) or the Thames (0.16 m a−1). As a
consequence, drivers identified in this study do not necessarily
have to agree with those assigned in the large Blow water
discharge^ catchments. However, the results obtained in this
study contribute a new and important component to the
knowledge of different environmental river systems.

The results obtained via extended data evaluation val-
idate the benefit and relevance of this long-term monitor-
ing program based on continuous water-discharge propor-
tional samples. This special sampling system and the data
record make it possible to detect small changes in water
quality and fluxes altering geochemical processes and
ecological systems. This is highly relevant in the national
as well as in the global context of warming effects in
alpine regions. It merits the continuation of the NADUF
program and may support the continuation or start of sim-
ilar program elsewhere, at least with a few benchmark
stations for a large river system (Burt et al. 2010).
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