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Abstract The chloride concentration in Lake Constance,
by volume the second largest lake in Europe, has increased
by a factor of 2.4 during the past 40 years. Based on a
chloride budget for the year 2006, we estimated total
chloride imports to the catchment at 101 kt year™'. Road
deicing salts contributed 52%, waste water 23%, farming
11%, soil weathering 9%, precipitation and solid waste
incineration 3% to this import. River monitoring programs
in Switzerland, Germany, and Austria in 2006 traced an
average total chloride export from the catchment into Lake
Constance of almost 70 kt and an export from the lake of
56 kt. About one-third of this load to the lake originated
from the Alpine Rhine catchment (Switzerland), and about
60% from various smaller tributaries in Austria and Ger-
many. The average annual import of chloride to Lake
Constance for the years 1995-2007 was 60 kt, the export
almost 57 kt. This budget is in good agreement with the
observed increase in the chloride content of the lake and
thus confirms the appropriateness and quality of the long-
term monitoring program conducted by Swiss, German and
Austrian laboratories. For the year 2006, we estimated that
about 65% of the chloride spread onto roads for deicing
and manure on cultivated land reached the lake within the
year of their application. The missing 35% remained
transiently in the soil and groundwater of the catchment.
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Introduction

Sodium chloride (NaCl) is used widely and in large
amounts by the human society for various purposes.
Despite the broad field of applications, only little is known
about its sources and paths through anthropogenic systems,
its behavior in the drainage basins of lakes, its effects on
aquatic ecosystems, and the man-made acceleration of its
environmental cycling (Klee and Graedel 2004).

Natural sources of chloride in freshwaters are (1) marine
spray transferring NaCl into the atmosphere, transport as an
aerosol by winds, and wash out by precipitation, and (2) the
weathering of rocks. However, chloride in surface waters is
to a large extent of anthropogenic origin, increasing with
population density, the density of roads, intensification of
farming, and solid waste incineration as the main sources.
In several regions, the release of chloride is quite sub-
stantial. Since some freshwater systems in the northeastern
United States approach 25% of seawater salinity, Kaushal
et al. (2005) warned of a serious loss of drinking water
resources and pointed to an increasing risk for freshwater
life.

In countries with strong winters, NaCl applied for road
deicing dominates all other sources of chloride release and
can harm lake ecosystems (Novotny et al. 2008a). Kelly
et al. (2008) reported a threefold concentration increase of
chloride in a New York creek over 20 years and estimated
that deicing salts, sewage, water softeners and natural
background contributed 91, 4, 3 and 2%, respectively. In
New Hampshire streams, Trowbridge et al. (2010) showed
that >90% of the chloride originated from road salt.
Imported loads amounted to 45-98 t CI~ km™? year™ ' and
were correlated with development in the watershed.
Lundmark and Olofsson (2007) analyzing the salt content
in soils along a major Swedish highway, discovered some
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45% of the salt spread in the soil on both sides of the
highway. A basin-wide estimation by Thunqvist (2004)
estimated that the road salt accounted for half of the river’s
salt load. Novotny et al. (2008b) estimated that only about
22% of the road salt applied during the winter was exported
from the drainage area but 78% remained transiently in the
watershed. Similarly, Eyles and Meriano (2010) and
Meriano et al. (2009) estimated that approximately half of
the deicing salt applied in a city in Ontario, Canada,
accumulated transiently in the groundwater and was later
released as baseflow into streams during summer.

Degradation of groundwater resources is a major concern
in growing urban areas, as elevated chloride concentrations
are indicative of anthropogenic impact (Kelly 2008), and
even approach the limits of drinking water quality standards
(Howard and Maier 2007). Surveys in the Greater Toronto
Area documented a strong relationship between increasing
chloride concentration in the groundwater and urbanization
(Williams et al. 1999; Howard and Maier 2007).

The water quality standard for chloride in the EU
directive on surface water regulations is 0.25 g L™' (EPA
2001). Hart et al. (1991) suspect adverse biological effects
when salinity exceeds 1 g L™'. In outdoor mesocosm
experiments, Petranka and Doyle (2010) showed that
zooplankton (cladocerans and copepods) and frog eggs as
well as hatchlings did not survive at concentrations >1.2
and >4.5 g L™, respectively. They further concluded that
habitats affected by increased salt concentrations favored
salt-tolerant insects.

As large lakes with a long water retention time react
slowly to changing inputs, it is important to better under-
stand the processes that control chloride cycling. In the
Upper Lake Constance—located in the border triangle of
Germany, Austria and Switzerland, the volume-weighted
annual mean chloride concentration increased from 2.5 to
52 mg L' between 1961 and 1987 (Rossknecht 1998;
Petri 2006). A recent ‘Green Report’ no. 35 (IGKB 2007)
on the actual state of Lake Constance reported an all-time
high of 6.1 mg L™" in 2007 without quantifying the sour-
ces contributing to the observed concentration increase.

This work

e specifies and quantifies the various sources contributing
to the lake’s total chloride load.

e cstablishes the lake’s chloride budget based on the
import by the main tributaries in Switzerland, Germany
and Austria, and data on the application of road deicing
salt, urban wastewater, solid waste incineration, and
agricultural livestock.

e confirms that chloride can be strongly retained in a
lake’s drainage basin, and

e demonstrates how seasonal changes in chloride load
and water discharge combined with the alteration of
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lake mixing and stratification affect accumulation of
chloride in Lake Constance.

Materials and methods

Switzerland, Germany and Austria are bordering Lake
Constance, a deep peri-alpine lake of 48.5 km® volume
(see Fig. 1). It is separated into the Upper and Lower Lake
Constance with maximum depths of 254 and 46 m, and
volumes of 47.6 and 0.8 km®, respectively. The corre-
sponding water residence times of the two basins amount to
about 4.3 years and 1 month. About 50% of the catchment
area is in Switzerland and Liechtenstein, 28% in Germany,
22% in Austria, and a tiny part in Italy. The main tributary
is the Alpine Rhine contributing about 64% to the total
annual water load (Table 1).

In order to establish the chloride budget of Lake Con-
stance, we used the following datasets:
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Fig. 1 Map of Lake Constance with bordering countries and main
tributaries
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Table 1 Morphological and hydrographic data for Lake Constance
(LC) and the Alpine Rhine

Upper Lower

LC LC
Surface area (km?)? 473 62
Volume (km*)? 476 08
Max. depth (m)* 253 40
Residence time (year)* 43 0.08
Catchment area (km?)* 10,919 555
Catchment area Alpine Rhine upstream of 6,564

Diepoldsau (Axr) (km?)
Lake Constance, downstream of Diepoldsau (Ag) 3,753

(km?)

Mean water discharge (1997-2007 av.) Alpine Rhine 233.6
(m3 s~y

Mean water discharge (1997-2007 av.) total 366.8

3 —l)c

catchment (m” s

Water withdrawal for drinking water (km3 yeatrfl)d 0.17

 Petri (2006)
b Gauge station Diepoldsau (CH)
¢ Gauge station Neuhausen (CH)

d http://www.zvbwv.de

Bi-weekly monitored chloride concentration profiles
over 12 depths from the long-term monitoring
program of Lake Constance for the period
1961-2007 (IGKB 2007). Annual export loads were
estimated from the mean concentrations of the lake,
corrected for the seasonal chloride depletion of the
surface layer (see below), and the water discharge
measured at the gauge station at Neuhausen (hydro-
logical dataset of the Swiss Federal Office for the
Environment, FOEN 2288).

Chloride concentrations and water discharge of the
Alpine Rhine, the main tributary to Lake Constance,
were measured in bi-weekly composite samples that
were collected quasi-continuously in proportion to
water discharge at the gauge station Diepoldsau
between 1984 and 2009 (Swiss National River
Monitoring and Survey Program, NADUF 2009).
Chloride concentration and water discharge data of
the Austrian tributary Bregenzer Ach in the period
1995-2007 were provided by the Office for Envi-
ronment and Food, and the Office for Water
Economy, Bregenz.

Chloride concentration and water discharge data of
the German tributaries Schussen, Argen, Rotach,
Seefelder Aach, Stockacher Aach and Radolfzeller
Aach in the period 1995-2007 were provided by the
Landesanstalt fiir Umwelt, Messungen und Naturs-
chutz Baden-Wiirttemberg (LUBW), Germany. The

monitored tributaries cover more than 96% of the
water discharge to the lake (Gurtz et al. 1997). The
German and Austrian tributaries were monitored
since 1995 and 1989, respectively, with about 40 and
15 individual samples annually. For the major
tributaries Argen and Schussen, a water discharge
dataset with daily values was provided, from which
we estimated the chloride load for 2006 based on
derived concentration—discharge relationships as
described in Moosmann et al. (2005).

A list of water discharge data and person equivalents
from sewage treatment plants discharging directly
into the lake was provided from the Swiss Federal
Office for the Environment (FOEN). E. Butscher
(Umwelt und Energie, Lucerne) provided informa-
tion on representative chloride concentrations in
urban wastewater. Based on 9 wastewater treatment
plants and about 30 measurements each during
the period 2000-2007 about 22 + 8 g CI™ per day
and population equivalent (PE) was estimated
during the summer months, corresponding to about
8 kg CI~ year ' per PE.

The Cantonal Office for Environment and Energy, St.
Gallen, provided an extensive dataset on livestock in
Switzerland, Germany, Austria and Liechtenstein for
the years 1980-2007. To estimate the livestock
within the lake’s drainage basin in 2006, we

e considered the information provided by the
Canton of St. Gallen for the individual villages
situated in the lake’s catchment,

e added the total numbers obtained for the Canton
Graubiinden, Liechtenstein and Vorarlberg,

e but included only 50% of the total livestock
registered in the German states of Bayern and
Baden-Wiirttemberg corresponding to the approx-
imate fractions of their land located within the
lake’s drainage basin.

The Environmental Protection Bureaus of the Can-
tons of St. Gallen, Thurgau and Graubiinden
provided data on deicing salt applied in the
catchment of the Alpine Rhine and along the
southern shore of Lake Constance. Corresponding
data from the German districts Ravensburg, Fried-
richshafen and Konstanz were supplied by the
Landesanstalt fiir Umwelt, Messungen und Naturs-
chutz Baden-Wiirttemberg, Germany (LUBW).
Numbers from Vorarlberg (A) were taken from the
internet (Vorarlberg 2009).

The chloride loads from the solid waste incineration
plants Buchs (SG) and Trimmis (GR) were calculated
from the weight of incinerated waste. Weekly or
bi-weekly routine measurements from the operating
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company results in a minimum of 6 g C1~ kg~ ' and a

maximum of 9.5 g CI~ kg~' waste. We used the
mean value of 7.8 ¢ C1” kg~ for our estimation.
(Data from Amt fiir Umwelt und Energie, St. Gallen,
and Amt fiir Natur und Umwelt, Graubiinden).

9. Eight diverse manure samples were collected from
farms with different composition of livestock, and
analyzed for total dissolved phosphorus (TDP), total
dissolved nitrogen (TDN) and chloride using stan-
dard analytical methods (DEW 2002).

10. Chloride concentration in rainwater was estimated by
averaging the mean annual concentrations observed
in 2007 at five representative monitoring stations
from the Swiss National Air Pollution Monitoring
Network (NABEL 2007).

11. Sixteen water works around the lake withdraw an
annual average of 172 million m? for drinking water
supply (Bodensee-Wasserversorgung).

The budget of chloride for Lake Constance, therefore,
balances contributions of domestic waste water Lgewer
exhaust washing water of solid waste incineration plants,
Lincin, Toad deicing salt, Lpeicing, chloride leached out of
soil, Lg;, chloride imported by precipitation, Lpyecip: With
the export through the outlet, L, and the withdrawal for
drinking water supply, Lws:

A[CI]

VAt

= Lsewer + Lincin + LDeicing + Lsoil
+ LPrecip - Lout - LWS (1)

V is the volume of the lake and A[C1™]/At the change in
the lake’s average chloride concentration during the time
span At.

Results and discussion

As Fig. 2 shows, the mean annual chloride concentration of
the Upper Lake Constance increased mainly in three phases,
by 2.5 mg L' between 1968 and 1980, by 1.8 mg L'
between 1985 and 1988, and by another 1.2 mg L™’
between 2003 and 2007. Short periods of decreasing con-
centration occurred between 1980-1985, 1988—1990, and
1992-1996 by 0.7, 0.8, and 0.7 mg L~!. A Mann—Kendall
trend test confirms the general upward trend with # = 0.68
and p = 3.9 x 107'". The annual mean chloride concen-
trations of the Alpine Rhine and of the remaining catchment
both show the increasing tendency as well. The mean
concentrations calculated from monitoring data of seven
major tributaries in Germany and Austria exceeded the lake
water concentration about twofold, and the concentration of
the Alpine Rhine about three to fivefold.
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Fig. 2 Mean annual concentration of Cl” in the Upper Lake
Constance from 1961 to 2007 (red circles). Concentrations are
calculated as weighted averages from monthly samples over the
whole water column at the deepest site. Mean concentrations of the
Alpine Rhine (blue squares) were calculated from NADUF data.
Concentrations for the remaining catchment were estimated from
monitoring data of the rivers Argen (D), Schussen (D), Rotach (D),
Stockacher Aach (D), Radolfzeller Aach (D), and Bregenzeraach
(A) available since 1995 (green diamonds)

A more detailed look at the hydrological regime of the
Alpine Rhine since 1984 in Fig. 3a shows strong seasonal
variations with minimum water discharges in winter and
peak flows in summer. Contrary to the winter minima
varying quite regularly with a frequency of 0.2 year ',
the amplitudes of the summer peaks did not show an
obvious regularity. The chloride load (Fig. 3c) often
peaked in early summer when the water discharge
(Fig. 3a) was low. However, additional sharp and high
peaks appeared in all seasons. The increasing trend in
chloride concentration in Lake Constance shown in
Fig. 2, and the increasing trend in chloride load (Fig. 3c)
opposing the long-term trend of the water discharge
(Fig. 3a) are indications that the increased chloride load
to the lake is not due to increased river discharge. The
seasonal Mann—Kendall test confirmed the increasing
trend for chloride concentration and load with ¢ = 0.23,
p=26x10"° and r = 041, p = <22 x 107'°, while
the trend of the water discharge was very weak with
t = 0.016, p = 0.69.

Chloride behaves conservatively in surface waters, i.e.,
it does not participate in biogeochemical processes, and its
uptake by phytoplankton is negligible compared to the
large reservoir. Thus, the steady state chloride concentra-
tion in the lake must equal the mean input concentration of
all tributaries, [Cl™];, independent of the lake’s flushing
rate. However, as shown in Fig. 4, the surface water con-
centration, [Cl™ ]y, during the stratification period can be up
to 25% below the depth averaged concentration, [Cl™ ] ,ean:
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[C7 ]

Baver = [le] (2)

This is a consequence of the high import of CI™ during
winter and early spring (see Fig. 3c) when the lake is not
stratified. With progressing stratification, the tributaries
carry lower Cl™ loads and, together with rain, remain in the
lake surface layer causing its transient chloride depletion.
As a consequence, the annual average chloride concentra-
tion of the water leaving the lake via its outlet is about 7%
lower than the average lake concentration, resulting in
Paver = 0.93. This is an important process contributing to
the accumulation of chloride in the lake in spite of its
conservative behavior.

Apart from the C1™ export via the lake’s main outlet, the
drinking water withdrawal by 16 water works amounting to
172 million m? year™", or 1.0 kt of C1™ in the year 2006 is
the only considered sink. A possible but likely insignificant
influence of groundwater to the lake’s Cl~ balance was
neglected due to the sparseness of data.

Due to the law of mass conservation, the chloride con-
centration in the lake can only increase at times when the
average concentration of all tributaries exceeds the lake’s
surface water concentration. In case of the Alpine Rhine,
this situation prevails only during a few winter months
(compare Figs. 2, 3b, 4). During these periods, however,

mean
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Fig. 4 Seasonal depletion of the chloride concentration at the lake’s
surface, [Cl™],, compared to the mean concentration over all depths,
[C1™ ]inean, from 1995 to 2007. The ratio is expressed as § = [C1™]o/
[Cli]mean

water discharge of the Alpine Rhine is minimal and thus
carries only a small load (Fig. 3c). For the rest of the year,
the Alpine Rhine dilutes the lake water with respect to
chloride, suggesting that it cannot explain the chloride
concentrations increasing up to the present level.

In the following we draw a detailed picture of all rele-
vant sources that constitute the chloride concentration in
Lake Constance (Table 2).
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%

Total catchment

kt CI~ year™'

kt C1~ year™'

Remaining catchment

%

kt C1~ year™'

Catchment of River Rhine

Table 2 Sources of chloride and loads released in the Alpine Rhine catchment, the remaining catchment, and the total catchment for the year 2006 (winter 2005/2006)
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3,753
1.14

6,564
1.92

Area (km?)

Annual average precipitation (1961-1990) (m year ")

1,987,000
183,000

943,000
80,000

Person equivalents (PE)
Livestock units (LU)

Wastewater load per PE (kg C1~ PE~! year™!)

Chloride

42 42

oad from manure (kg C1~ LU~ year™")

0.86
0.16

0.86
0.16

oad from weathering (without precip.) (g C1~ m~2 year ')

oad from precipitation (g CI~ m—>)

23

26 234

13

15.9

19

7.54
3.36
5.65
2.02
19.3

oad from wastewater

11

11.3

7.87
3.23
0.68
329

oad from manure

8.87
2.70

522

14

oad from weathering (without precip.)

oad from precipitation

Chloride

Chloride

Chloride

Chloride

Chloride

Chloride

52

54

47

Chloride applied for road deicing

2.79

101.3

2.79
40.7

Chloride load from incineration plants

100
69

100

60.6

100

Estimated sum of inputs

69.7*

70

42.3

56

22.8

Total Cl™ load monitored from tributaries (2006)

 The value for the CI~ load of the total catchment includes direct input from STPs into the lake (4.6 kt year™') and precipitation directly on the lake area (0.1 kt year™ ")

Tributaries

The River Rhine contributes about 35% and the German
and Austrian tributaries add the remaining 65% to the total
annual chloride input to Lake Constance. From 1995 to
2002, the total measured loads approximately matched the
estimated export, whereas from 2003 to 2006 the import
exceeded the export (Table 3). This agrees well with the
observation that from 1995 to 2002 the in-lake chloride
concentration decreased but increased afterwards (Fig. 2).
Figure 5 depicts the progression of the lake’s chloride
content starting out from the content in the year 1994 and
adding the annual difference between monitored input and
output (Table 3), and compares it with the lake’s chloride
content obtained from the biweekly monitoring program.
The striking consistency of the two datasets indicates that
the presented budget considers all relevant sources with
excellent accuracy.

Urban wastewater

Applying the estimated annual release of 8 kg CI™ per
person equivalent to the population of 943,000 in the
catchment of the Alpine Rhine suggests that wastewater
contributed 7.54 kt year~' corresponding to about 1/3 of
the annual C1™ load of the Alpine Rhine. Eighteen sewage
treatment plants discharge directly into the lake and thus
were not included in the river monitoring. They treated
wastewater of 578,000 inhabitants (Federal Office for the
Environment, FOEN) releasing 4.62 kt C1™, or 6-10% of
the total annual chloride load to Lake Constance (Table 3).

Solid waste incineration

In Switzerland, solid waste is incinerated. The exhaust of
the incineration plants is washed with water, which after
treatment is released to surface waters. In 2006, the
incineration plants from Buchs and St. Gallen released
1.99 kt C1~ year ', and Trimmis 0.80 kt C1~ year '. No
solid waste incineration plants exist in the German and
Austrian parts of the catchment of Lake Constance.

Weathering and atmospheric input

A representative average chloride concentration in rain-
water was calculated from five stations of the Swiss
National Air Pollution Monitoring Network (NABEL
2007) covering rural and urban areas. Data collected since
1985 showed a significant initial decrease of chloride
concentrations in the rainwater of urban areas that
remained approximately constant since 1995. We estimated
an average concentration of 0.16 g m™. Long-term aver-
age annual precipitation (1961-1990) on the whole
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Fig. 5 Chloride content of Lake Constance calculated from biweekly
lake monitoring data (diamonds, bold line). Circles (dotted line)
depict the progression of the lake’s chloride content estimated from
tributaries monitoring, direct inputs, and export (data from Table 3),
starting from the content in 1994 (250 kt)

catchment is 1,559 mm year_l (CRU 1961-1990). The
Alpine Rhine sub-catchment receives 1,919 mm year_l,
corresponding to a chloride load of 2.02 kt year™'. The
remaining catchment precipitation of 1,138 mm year '
adds another 0.68 kt year™'. In order to estimate the pre-
cipitation directly onto the lake surface, we used the
30-year average precipitation of 1,309 mm at the station St.
Gallen (Switzerland), resulting in an annual chloride input
of 0.10 kt CI~ year™'. All data are presented in Table 2.

For estimation of natural weathering, we used the export
rate of chloride from extensively used land (extensive
farming, forest, and barren land) of 1 g m™2 year ' from
Zobrist and Reichert (2006), which includes also the load
from precipitation.

Road deicing salt

In Germany as well as in Switzerland, highways are
serviced by the counties/cantons while municipal roads
are the responsibility of municipalities. Collecting infor-
mation on road salt applications was an elaborate task,
and the compiled loads certainly underestimate the true
loads, also because not all municipalities could provide
data and no information from the private sector could be
included. Amounts of salt applications varied by a factor
of five between years but were 7.35, 5.40, 3.73 kt C1™ in
the Landkreis Ravensburg, Friedrichshafen and Konstanz
in 2005/2006 and 5.40 kt C1™ in Bayern in 2008/2009. In
the Vorarlberg region, more than 10 kt of salt (corre-
sponding to 6.0kt Cl7) is used in a hard winter.
According to the available information, road salt appli-
cation reached an all time high in all areas in the winters
2004/2005 and 2005/2006. This may have contributed
significantly to the most recent increase in the lakes
chloride concentration.

@ Springer

As can be seen from Table 2, deicing salt dominated all
other inputs. Furthermore, depending on winter weather
conditions, it is the most variable chloride source but
correlates amazingly well with average winter tempera-
tures (Table 4). According to information obtained from
the St. Gallen Cantonal Office for Environment and
Energy, loads (as NaCl) vary between 2.2 kt (in the warm
winter of 2002/2003) and almost 18 kt (2005/2006, corre-
sponding to 10.9 kt C17). The public works service
administration of the Canton Graubiinden applied
13.1 kt NaCl (corresponding to 7.96 kt C17) in the winter
2005/2006 within the catchment of Lake Constance. The
Canton Thurgau and municipalities in the catchment
applied 1.02 kt CI™, and the Principality of Liechtenstein
applied 0.46 kt of chloride.

If the amount of chloride applied as deicing salts in the
Alpine Rhine catchment (19.3 kt) would be transferred to
surface waters during the four winter months a mean load
of 1.9kg s ' resulted on top of the base load in late
summer and fall. Contrary to this expectation, Fig. 6 shows
that the chloride discharge of the Alpine Rhine raised only
by 0.2-0.4 kg s~ during the period March to June, sug-
gesting that the main fraction of the deicing salt does not
readily flow via street sewers into surface waters but rather
seeps into soils from where it is leached slowly, probably
only during the precipitation-rich spring and summer
month, and possibly only after many years. As shown in
Table 2, input and output of chloride do not balance in the
River Rhine catchment. Even on an annual basis, the input
is almost twice as high as the output (monitored by the
NADUF program). The only possible transient storage for
chloride is its accumulation in the soil, especially along
roadsides and in groundwater. Point sources (Lgewage and
Lincin) that discharge chloride directly into the water, con-
tributed 10.3 kt C1~ year™' to the load determined in the
River Rhine leaving only 12.4 kt C1~ year ' to be washed
out of the soil. Accordingly, in 2006 soil and groundwater
stored 18.0 kt C1~ year .

Agriculture

Apart from deicing salt, manure applied to cultivated land
and the weathering of soil contribute to chloride transfer
from soil to surface waters. In the drainage basins of Lake
Constance, livestock is statistically documented. One live-
stock unit (LU) is equivalent to a dairy cow of 600 kg
weight generating 15 kg P and 105 kg N per year as manure
(FOEFL 1994). We analyzed eight different manure sam-
ples from the Canton of Lucerne and observed average N/P,
CI/P and CIN ratios of 8.3, 2.9, and 0.4, respectively
(Table 5). Based on the CI/N and the CI/P ratios and the
mentioned annual N and P production rates, we estimated
an average chloride excretion of 42 kg year™'. Probably
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Table 4 The annual applications of road deicing salt (expressed in ¢ C17) correlate with the average temperature of December to February

Winter Average Ravensburg (kt Friedrichshafen GR SG TG FL
temp. (°) Cl™ year ") (kt C1™ year™ ") (kt C1™ year™") (kt C1™ year™") (kt C1~ year™') (kt Cl~ year ")

1997/1998 2.50 232

1998/1999 0.77 6.78

1999/2000 1.20 4.67 2.58 3.04

2000/2001 247 3.14 121 0.51 0.79

2001/2002 0.90 4.16 2.05 5.70 1.58 0.17

2002/2003  —0.60 3.85 2.62 1.32 0.39 0.43

2003/2004 0.77 6.92 3.60 7.28 2.10 0.50

2004/2005  —1.03 6.73 5.53 6.57 7.26 235 0.47

2005/2006  —2.17 7.35 5.40 7.96 10.9 3.90 0.46

2006/2007 343 2.13 1.18 3.05 5.69 2.01 0.28

2007/2008 1.93 3.54 1.18 4.90 3.90 1.46 0.42

2008/2009  —1.10 7.44 3.67 2.04 0.57

Correl. CoefT. —0.81 —0.88 —0.99 —0.52 —0.39 —0.57
R

No. of 12 10 4 8 10 8
datasets

kt C1~ Deg™' —0.96 —0.80 —0.81 -0.92 —0.23 —0.04

Presented are all regions where we obtained data for several years

GR Graubiinden, SG St. Gallen, 7G Thurgau, FL Principality of Liechtenstein
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Fig. 6 Monthly averages of the chloride loads (kg s~") in the Alpine
Rhine calculated from NADUF monitoring data of the year 2006.
Base loads are assumed from household sewage (0.24 kg s71) and
incineration plants (0.09 kg s™)

due to varying livestock composition and forage quality,
minimum (14 kg CI” year™') and maximum values
(67 kg CI™ year™') deviate considerably from this esti-
mated average. This large variability qualifies the reliability
of the mentioned average based on only 16 analyses.
However, considering the complete lacking of published
information on this subject, we accept it as the best pres-
ently available estimate. In 2006, approximately 80,000 LU

Table 5 Content of P, N, and CI™ in different liquid manure samples

Sample no. TP (gL™") TN (gL™") Cl(gL™") N:P CLP CLN

1 0.78 2.68 1.72 343 220 0.64
2 0.08 1.93 0.65 24.83 8.33 0.34
3 0.63 3.34 1.07 532 1.70 0.32
4 0.04 0.28 0.06 7.57 1.70 0.22
5 0.39 2.21 1.04 5.67 2.68 0.47
6 0.62 242 1.23 393 1.99 0.51
7 0.24 227 0.90 9.59 3.79 0.39
8 0.24 1.53 0.22 6.40 0.94 0.15
Average 0.38 2.08 0.86 8.34 292 0.38

lived in the catchment of the Alpine Rhine (Switzerland and
Liechtenstein), 140,000 in the German, and 43,000 in the
Austrian part of the catchment. Accordingly, farming loa-
ded the cultivated land within these drainage basins with
34,59, and 1.8 kt C1™ yearfl. This estimate of chloride
loading from livestock may double-count some chloride
that enters the watershed through atmospheric deposition
and is incorporated into forage. The error introduced by this
approximation is expected to be small.

As Fig. 7 demonstrates, livestock decreased from 1980
to 2003 but was nearly constant since then. Its absolute
numbers deviate from those mentioned above because the
drainage basin of Lake Constance is only a fraction of the
region on which Fig. 7 is based on. However, as we assume

@ Springer
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Fig. 7 Total livestock summarized from Switzerland, Germany,
Austria and Liechtenstein in the ‘Lake Constance Region’ (which,
in the case of Germany, corresponds only to about 50% to the
hydrological catchment) for the years 1980-2007 expressed in
livestock units (corresponding to 15 kg P and 105 kg N). One cattle,
pig or chicken corresponds to 0.638, 0.131, or 0.007 livestock units,
respectively. (Numbers from Germany were missing in 2006 and
were interpolated between 2005 and 2007.)

that this trend also applies to the catchment of Lake Con-
stance, the presented results suggest that livestock
husbandry cannot explain the most recent increase in the
lake’s chloride concentration.

Overall budget

For 2006, we itemized the various chloride imports to the
total catchment of Upper Lake Constance in Table 2.
Deicing salt, wastewater, manure, soil weathering, precipi-
tation, and solid waste incineration contributed 52, 23, 11, 9,
3 and 3% to the total load of 101 kt C1~ year™ ' within the
catchment. In 2006, the total chloride import to the catch-
ment exceeded its loss via tributaries and direct input to Lake
Constance (69.7 kt year™') by 45% (31.6 kt year™ '), sug-
gesting that this fraction was transiently stored in the soil or
groundwater. Recent investigations by Rhodes et al. (2001)
and Bastviken et al. (2006, 2007) confirm that chloride
originating from deicing salts is not readily washed out
during the following spring but may be retained in the soil
and eluted over many years. This is supported by a study of
environmental consequences of road salt application in
Austria by Wresowar and Sieghardt (2000), and more
recently by Lundmark and Olofsson (2007), who estimated
that about 40 and 45% respectively, of the street salt was
dispersed to the roadside and adjacent land by tires and wind,
explaining why the runoff of deicing salts may be strongly
retarded.

If we subtract the amount of deicing salt
(52.2 kt year™") from the total chloride imports to the
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catchment (101 kt year_l) and divide this difference
(48.8 kt year ') by the average annual water discharge
(1.16 x 10" m? year™"), we obtain the expected average
chloride concentration of the water reaching Lake Con-
stance if no deicing salts were applied in its drainage basin
(4.2 g m™?). Here, we implicitly assume that the use of
deicing salt was negligible before the early 60s. As chlo-
rides are known to behave conservatively in lakes, this
value represents the expected lake concentration. Hence,
the chloride concentration in the lake could have risen from
25gm ™ in 1961 to 42 gm ™ but not to the present
6.1 gm™ if no deicing salts were applied. Road salt
application is, therefore, responsible for an increase of
6.142=19¢ m_3, or 45%, of the observed increase
since 1961. The remaining 55% must be attributed mainly
to household wastewater and changing farming practices. If
all chloride that is emitted in the catchment annually
(101 kt) would reach the lake without delay, the expected
concentration of chloride in Lake Constance would rise to
88 gm .

Summary and conclusions

The good agreement between monitored chloride input by
tributaries, the chloride export from the lake (Table 3) and
the increase in the lake’s concentration (Fig. 5) indicates
that this study has captured all relevant sources of chloride
to the lake. Averaged over the last 13 years, the lake
received a total of 60 kt of chloride per year. The River
Rhine contributed about one-third, and two-thirds origi-
nated from the remaining catchment drained by various
small rivers, as well as via direct wastewater discharge into
the lake. In other words, the largest tributary, the River
Rhine, can neither explain the evolution nor the present
chloride concentration of Lake Constance.

The collected data indicate that in moderate to densely
populated catchments characterized by cold and wet win-
ters, anthropogenic activities, e.g., deicing, wastewater
production and farming, might increase the natural chloride
transport to the lake almost ninefold (Table 2).

Although chloride behaves conservatively, applied as
deicing salt to streets or with liquid manure to cultivated
land, it can be transiently stored in the soil, retarding its
transport to surface waters.

Finally, we conclude that the observed increase in the
chloride concentration in Lake Constance is due to about
45% by road deicing salts, whereas wastewater, farming,
and incineration of solid wastes are responsible for the
remaining 55%.

The present chloride concentration in Lake Constance is
clearly below levels where adverse biological effects
could be traced. However, this work documents that



Chloride budget of Lake Constance

111

anthropogenic activities can increase the fluxes of elements
and accelerate natural element cycling significantly, in the
case of chloride in the Lake Constance catchment, by a
factor of almost nine.

To our knowledge this is the first study dealing with the
chloride budget of a lake with a surface area as large as
470 km? and a drainage basin extending over 11,000 km?.
Obviously, combining gathered puzzle pieces of informa-
tion and interpolating missing links can result at best in an
approximation rather than in a pin-sharp precise picture of
reality. However, if this paper succeeds in stimulating
discussion and provokes additional, possibly controversial
studies, it fully attained its goal.
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