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Increasing dissolved silica trends in the Rhine River:
an effect of recovery from high P loads?
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Abstract The development of river dams and further
human activities (causing increased nitrogen (N) and
phosphorus (P) nutrient loads), are responsible for a decline
in dissolved silica concentrations (DSi) in many river
systems. Here, the impact of the reduction of N- and
P-concentrations on DSi is examined for the Rhine River.
During the last decade of the twentieth century, annual
average DSi concentrations increased by ~70% in the
Rhine at Bimmen/Lobith, whereas nitrate (NO;3) and
phosphate (PO,4) concentrations decreased by approxi-
mately one third. Accordingly, decadal changes in nutrient
elemental ratios shifted the river system from DSi-limita-
tion to P-limitation. Specifically, a seasonal DSi-concen-
tration increase is observed from May to December for the
Rhine River (with exception of June). Observed increases
in DSi concentration are probably due to improvements
in water-basin and land-use management, specifically a
reduction in point-source P discharge, leading to P-limiting
conditions for diatom growth. Data of the warm season
suggest that as the system is moving through the transition
from P-excess to P-limitation conditions, P-limitation
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according to the elemental ratio DSi/total phosphorus (TP)
is occurring later than for the ratio DSi/PO,4-P. Latter ratio
will be buffered around ~ 16:1 during growing season.
Reduction of N fertilization is less relevant, as N-limitation
with respect to DSi is not achieved, even at the end of the
analyzed period, but N-limitation may be reached in the
future. Analysis of discharge-DSi relationship supports
the hypothesis that DSi increase is affected by increasing
P-limitation during the warm period and not only due to
hydrological reasons. Results suggest, however, that the
influence of hydrological parameters needs to be addressed
in research for DSi concentration changes due to changed
nutrient loads. Despite an overall increase in water tem-
perature of 3°C over a 50-year period, no correlation with
temperature was found for the last two decades of the
twentieth century, for which DSi-data were available. In
conclusion, in case of eutrophied river systems with excess
of P, P-reduction may lead to an increase of DSi concen-
trations under certain conditions. This in turn is expected to
impact not only DSi-sensitive coastal-zone ecosystems
impacted by eutrophication but the carbon cycle as well.

Keywords Silica - Trend - Rhine - Nutrient limitation

Introduction

River damming and eutrophication are reported to be
responsible for declining dissolved silica (DSi) concentra-
tions in many fluvial systems (Rahm et al. 1996; Conley
et al. 2000; Humborg et al. 2002, 2004, 2006; Friedl et al.
2004). The DSi source in rivers is predominantly the
terrestrial land system. A number of factors, including
lithology, runoff, gradient of slope, fertilization, and land
cover, constitute major controls on the flux of DSi from
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terrestrial land into fluvial systems (Bluth and Kump 1994;
Semhi et al. 2000a, b; Hartmann et al. 2007, 2010; Beusen
et al. 2009; Jansen et al. 2010). During the growing season,
DSi concentrations decrease typically stronger in the main
branches of river systems than in small tributaries or
headwaters. This seasonal pattern occurs as DSi is trans-
ferred to amorphous, biogenic silica (BSi), primarily due to
the blooming of diatoms (c.f. Admiraal et al. 1990, 1994,
Vansteveninck et al. 1992; Fulweiler and Nixon 2005).
Typical first-order controls on DSi concentrations in main
branches are influenced by ecosystem composition, nitro-
gen (N) and phosphorus (P) concentrations, flow regime,
and light availability (to some part controlled by suspended
matter concentration), which influence photosynthesis and
respiration rates (e.g., Sferratore et al. 2005). N and P can
be limiting factors influencing the rate of transformation
from DSi to BSi (Garnier et al. 2006; Billen and Garnier
2007; Billen et al. 2007). Increasing water residence time
and flow regulation (due to lakes, reservoirs and weirs,
river damming) is responsible for an increase in transfor-
mation rates. The sedimentation of “new” BSi in lakes,
flood plains, or reservoirs [where it is referred to as the
“artificial lake effect” (Humborg et al. 2006)] can remove
large proportions of transported DSi. Conley et al. (2000)
demonstrate the importance of this effect for Scandinavian
catchments where average DSi concentration is inversely
related to total lake or reservoir area.

Anthropogenic increase of fluvial nutrient loads often
shifts aquatic systems from N- or P-limitation to DSi-
limitation (Turner et al. 2003; Garnier et al. 2006; Billen
and Garnier 2007). River basins characterized by high N
and P loads are primarily located in industrialized countries
and or regions dominated by intensive agricultural activity
(e.g., Seitzinger et al. 2002, 2005), whereas less populated
regions experience lower nutrient loads (e.g., Depetris et al.
2005). High P-concentrations are normally found in river
basins with insufficient sewage treatment (point sources) or
high contribution of suspended matter P (diffuse) (Garnier
et al. 2006). By releasing significant quantities of dissolved
inorganic nitrogen (DIN) and P, human activity also
influences coastal-zone DSi fluxes. This finding is con-
firmed by a 1970-1990 Baltic Sea study that used non-
parametric time series analysis to identify significant DSi/
DIN ratio trends (Rahm et al. 1996). However, in that
study, decreasing DSi trends could not be clearly linked to
changes in river input or DSi/DIN trends in analyzed river
systems. Coastal ecosystems may be significantly affected
by decreased DSi fluxes into the coastal zone due to lim-
itations in the growth of diatoms, a major phytoplankton
class in the phytoplankton—-zooplankton—fish food web
(Turner 2002; Kristiansen and Hoell 2002; Harashima et al.
2006; Harashima 2007) and that is replaced by nonsili-
ceous algae (Billen and Garnier 2007). Diatom abundance
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influences also marine carbon burial rates (Buesseler et al.
2007; Harashima 2007). However, atmospheric deposition
can also contribute significant amounts of dissolved Si to
coastal ecosystems or regional seas, particularly if impac-
ted by anthropogenic emissions, dust storms, or both
(Hartmann et al. 2008). The global spatial distribution of
river DSi flux is discussed elsewhere (c.f. Diirr et al. 2009;
Beusen et al. 2009).

Major temperate rivers typically show highest DSi lev-
els during winter because phytoplankton DSi uptake is
lowest in that season (Admiraal et al. 1994, Ietswaart et al.
1999). Thus, an increase in average DSi concentrations of
eutrophied rivers should preliminarily be due to increases
in DSi during the blooming season. Accordingly, a sig-
nificant reduction of fluvial N- and P-load may trigger a
DSi-concentration increase during the growing season if
N- and/or P-limitation is achieved. Garnier et al. (2006)
cited limiting elemental ratios for diatoms as 1:1 for DSi/
DIN and 1:16 for DSi/total phosphorus (TP). Nevertheless,
literature lacks good estimates for the DSi/DIN or DSi/P
threshold that must be surpassed to raise DSi concentra-
tions during the growing season for rivers in recovery from
anthropogenic syndromes (such as eutrophication) back to
their natural stage (c.f. Meybeck 2003). Recent reviews of
anthropogenic changes in DSi concentrations and fluxes to
coastal zones often focus on diminishing DSi concentra-
tions that are due to damming and eutrophication (e.g.,
Humborg et al. 2006) but not on DSi increases, which may
occur if tributaries contribute higher DSi fluxes that are not
consumed by phytoplankton within the river mainstem.
Such an increase could be triggered by changes in the
controlling factors on weathering or the additional release
of DSi by changes in system hydrology, land cover, or the
use of fertilizer in agriculture.

Due to improved water management, a reduction in
point and general nutrient inputs is observed in many water
basins, even though many rivers in the EU still suffer from
high N- and P-loads (Mostert 2003; Stalnacke et al. 2003;
Meybeck 2004; Hartmann et al. 2006). The EU Water
Framework Directive (WFD) (Mostert 2003) stipulates that
improved water quality (“good water status”) within the
EU should be achieved by 2015, and each country should
develop national management strategies to achieve the
WFD objectives. When legislation becomes effective,
either abrupt changes in water quality parameters or tran-
sition trends can often be observed (c.f. Hartmann et al.
2006). For some rivers, noticeable water quality improve-
ments were observed in the late 1980s and early 1990s. In
Germany, for example, N fertilization was reduced in the
late 1980s (Staffel-Schierhoff 2001) and the Rhine Action
Plan led to the construction of new sewage treatment plants
in the early 1980s. As a result, DIN concentrations have
declined since 1990 in the Rhine, whereas the PO4-P and
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TP decline started earlier in the 1980s (Radach and Patsch
2007; Hartmann et al. 2007).

In this study, we tested the hypothesis that a significant
reduction in Rhine N- and P-concentrations correlates with
increasing DSi concentrations. Specifically, limiting DSi/N
and DSi/P molar ratios are included to test whether they
function as thresholds. If a reduction in N and/or P in fact
triggers a DSi increase, then DSi levels should increase in
other regions characterized by decreasing eutrophication.
The resulting increased DSi input to coastal zones could
then counterbalance the negative effect on DSi caused by
the world-wide ongoing construction of reservoirs.

This paper is organized as follows: Details on the Rhine
River data are described in “Data”, including data analysis
techniques (seasonal and trend analysis). Trend and time
series analysis results are presented in “Results”. Identified
trends and implications are discussed in “Discussion”,
emphasizing the relation between N, P, and Si as well as
other analyzed parameters (i.e., temperature and discharge).

Data

The Rhine originates at Lake Toma in Switzerland. It is
1,230-km long and has a catchment of 185,300 km?
upstream of Bimmen/Lobith, discharging 2,380 m® s .
The catchment’s hydrology, biogeochemistry, and geo-
chemical baselines have recently been reviewed by Kempe
and Krahe (2005) and Hartmann et al. (2007). This study
uses data from the Rhine monitoring station Bimmen/
Lobith at the German—Dutch border (Fig. 1). The Rhine
data were provided by the Federal Institute of Hydrology,
Koblenz (BFG) for 1953-2002. Most samples were taken
every two weeks, covering temperature, pH, DSi, nitrate
(NO3), nitrite (NO,), ammonia (NHj3), phosphate (POy),
chlorine (Cl), sulfate (SO,), calcium (Ca), magnesium
(Mg), potassium (K), sodium (Na), dissolved organic car-
bon (DOC), total organic carbon (TOC), total nitrogen
(TN), and TP. Monthly average values of concentrations,
pH and temperature were calculated.

Overall and seasonal trends were calculated for each
station using the EU-IMPACT project trend analysis soft-
ware (Libiseller and Grimvall 2002; Stalnacke et al. 2003).
Specifically, monotonic (seasonal) trend analysis (non-
parametric Mann—Kendall test) was performed on all
parameters throughout the observation period. The 2005
version of the trend analysis software was used because of
its capability to determine two-sided trend tests. The 5%
p-level criterion was selected to identify trend significance.
Two time periods were compared for the Rhine River. The
first lasted from 1978 to 1989 and is characterized by a
decline of TP and PO4-P concentrations since the early
1980s. The onset of the second period (1990-2001)
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Fig. 1 Location of the monitoring site Bimmen/Lobith for the Rhine
River. A comparable analysis was conducted for the Neckar River
system with similar results as here shown for the Rhine River [shown
in the rectangle (b)]

coincides with the decline in DIN (dissolved inorganic
nitrogen: nitrate plus nitrite plus ammonia) concentrations.
With these data, we tested our hypothesis that decreasing
N- or P-concentrations correlate with an increase in DSi
concentrations with respect to nutrient limitation of di-
atoms. DSi values, however, are only available from 1978
to 2001 for Bimmen/Lobith.

Results

Nonparametric monotonic trend analysis for monitoring
stations and monotonic seasonal trends (Tables 1 and 2)
show that nutrient concentrations correlate negatively with
DSi concentrations. For the Rhine River, the period with
maximum nutrient pollution, from the end of 1978 to 1989
(period 1) is compared with the later period of recovery,
from 1990 to 2001 (period 2). These two observation
periods allow to evaluate the trends in nutrient concentra-
tions (Hartmann et al. 2007).

Monotonic trends for period 1 and 2

For the Rhine River, a significant trend in DSi concentra-
tions was observed in period 2 (accompanied by a
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NM MK p

NM MK p

Temperature

DSi/TP
NM MK p

DSi/PO,-P
NM MK p

NM MK p

PO,-P

NO»-N
NM MK p

NH,-N
NM MK p

DSi/DIN
NM MK p

NO;-N
NM MK p

NM MK p

DSi

Table 1 Monotonic trend analysis for all monitoring stations
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Chemical definitions can be found in the text

NM nonmissing values, MK Mann—Kendall standardized test outcome. [talics positive values indicate an increasing trend, bold italics negative values indicate a decreasing trend

p Significance values of the test statistics

* Significant trends on the p level of 5%

decreasing trend in NO5-N, PO,4-P, and TP concentrations
and a significant increasing trend in the DSi/DIN, DSi/PO,4-
P and DSi/TP ratios), but a significant DSi trend was not
observed in period 1 (although a significant increasing
trend in NO3-N and decreasing trend in PO4-P and TP were
observed). More details are provided in Tables 1 and 2. In
both periods, additional decreasing NH4-N, SO,4, DOC, and
TOC trends were observed. In period 2, a decrease in major
ions (Cl, Na, and K) was observed, whereas no significant
trends were observed in period 1. Ca and Mg trends were
not apparent in periods 1 and 2. However, small Ca
increases and small Mg decreases were observed (close to
the 0.05 p-level detection threshold) in period 2. Significant
temperature trends were not apparent in either time peri-
ods, although a clear increasing trend is detected for the
entire available temperature time series (1954-2001)
(Table 3). This trend accounts for a temperature increase of
approximately 3°C over a 50-year period, and upward
seasonal trends for all months except September.

At station Bimmen/Lobith, regression analysis yielded
an average DSi-concentration increase of 0.14 mg
Si17'a~! within the 12-year observation of period 2.
Annual average concentrations at the beginning of obser-
vation period 2 (1990-1992) were 1.5, 3.9, 1.26, 0.1, and
0.26 mg 1”! for DSi, NO3-N, NH,-N, PO4-P, and TP,
respectively, and 2.6, 2.7, 0.1, and 0.07 mg 17! for DSi,
NOs-N, NH4-N, and PO,4-P, respectively, at the end of the
observation period (1999-2001) and 0.21 mg1™' TP in
1994/1995. This represents a 73% increase in annual DSi
concentration and a 31% and 30% decrease in NOs-N and
PO,4-P concentration, respectively (not discharge-weigh-
ted). DSi/DIN and DSi/PO4-P atomic ratio increased from
below 0.2-0.5 and 1741, respectively, at the end of period
2. DSi/TP ratio increased from 7 at the beginning to 13 in
1994/1995. Data for TP were not available at the end of
period 2. Time series of nutrient ratios (Fig. 2) revealed a
transition period from DSi-limitation to P-limitation from
1995 to 1997, when DSi/PO,-P ratio was >16 and DSi/TP
was <16 during the nongrowing season (autumn to winter).
From 1995 to 1998, summer DSi/PO,-P ratios decreased
during the growing season to about 16:1 but were clearly
above this ratio from 1999 onward, reaching annual mini-
mal values >30. During period 1, N-limitation with respect
to P is given during the growing season and is substituted by
P-limitation with respect to N in period 2 (Fig. 3).

Seasonal Rhine analysis

During period 1, a seasonal analysis in January identified a
significant upward trend for DSi and a decreasing NO3;-N
trend in January and February. However, a significant trend
in the DSi/DIN ratio was not observed in period 1 except
for the DSi/TP ratio in January/February and the DSi/PO4-P
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Table 2 Seasonal monotonic trend analysis for Bimmen/Lobith, Rhine
Month DSi NO;-N DSi/DIN PO,-P DSi/PO,4-P DSi/TP Discharge

NM MK »p NM MK »p NM MK »p NM MK »p NM MK p NM MK »p NM MK »p
Bimmen/Lobith (1978-1989)
1 11 2.03 0.04*% 12 2.06 0.04% 11 101 031 12 —151 013 11 179 0.07 11 210 0.04% 12 —041 0.68
2 11 095 034 12 3.09 0.00% 11 —0.08 094 12 —-1.65 0.10 11 1.79 0.07 11 226 0.02* 12 —1.65 0.10
3 11 —023 081 12 1.65 0.10 11 —-0.86 039 12 —-0.82 041 11 0.86 039 11 132 019 12 —0.14 0.89
4 11 023 082 12 0.41 0.68 11 039 070 12 —2.06 0.04* 11 132 0.19 11 1.79 0.07 12 0.96 0.34
5 1 —-156 0.12 12 —-1.65 0.10 11 —1.48 0.14 12 —-192 0.05 11 0.70 048 11 —-023 0.82 12 —-0.55 0.58
6 11 039 070 12 1.23 022 11 0.54 059 12 -2.19 0.03* 11 1.63 0.10 11 1.79 0.07 12 0.69 0.49
7 11 0.00 1.00 12 027 078 11 —-023 0.82 12 —1.51 0.13 11 0.86 039 11 1.01 031 12 —123 0.22
8 11 —-086 039 12 —-0.82 041 11 —1.01 031 12 —1.65 0.10 11 0.70 048 11 0.54 059 12 —1.65 0.10
9 11 1.17 024 12 0.55 0.58 11 0.86 039 12 —1.99 0.05% 11 2.41 0.02* 11 241 0.02% 12 0.41 0.68
10 11 0.00 1.00 12 0.69 049 11 —-023 0.82 12 —-2.33 0.02* 11 1.79 0.07 11 241 0.02*% 12 —0.27 0.78
11 11 —047 064 12 1.10 027 11 0.08 094 12 -137 017 11 0.86 039 11 1.32 0.19 12 —041 0.68
12 12 —-0.07 094 12 1.78 0.07 12 —-0.69 049 12 —-123 022 12 123 022 12 1.51 013 12 0.00 1.00
Bimmen/Lobith (1990-2001)
1 12 082 041 12 —-2.61 0.01% 12 2.06 0.04% 12 —-123 022 12 137 017 6 —0.19 085 12 0.41 0.68
2 12 1.44 015 12 —-1.78 0.07 12 274 0.01*% 12 —2.47 0.01* 12 2.19 0.03* 6 0.56 0.57 12 1.10 0.27
3 12 082 041 12 —=3.02 0.00%* 12 2,61 0.01* 12 —-1.65 0.10 12 1.51 013 6 1.32 019 12 1.92 0.05
4 12 1.92 005 12 —-2.19 0.03* 12 2.19 0.03* 12 096 034 12 123 022 6 1.32 019 12 1.51 0.13
5 12 2.88 0.00% 12 —2.47 0.01* ]2 343 0.00* 12 —0.69 049 12 3.02 0.00% 6 2.82 0.00*% 12 2.06 0.04*
6 12 1.65 0.10 12 —3.29 0.00* 12 343 0.00% 12 —1.51 0.13 12 2.19 0.03* 6 1.69 0.09 12 0.96 0.34
7 12 2.33 0.02*% 12 —1.10 027 12 3.57 0.00* 12 —0.69 049 12 329 0.00% 6 2.82 0.00*% 12 123 022
8 12 3.37 0.00% 12 —2.61 0.01* I2 3.84 0.00% 12 —-096 034 12 3.57 0.00% 6 094 035 12 2.6/ 0.01%
9 12 2.47 0.01* 12 —3.70 0.00*% 12 3.98 0.00% 12 —0.96 034 12 247 0.01* 6 1.69 0.09 12 2.06 0.04*
10 12 2.06 0.04%* 12 —3.15 0.00*% 12 3.29 0.00% 12 —2.47 0.01*% 12 247 0.01* 6 1.32 019 12 2.06 0.04*
11 12 2.19 0.03* 12 —2.88 0.00*% 12 4.25 0.00% 12 —3.15 0.00% 12 3.57 0.00% 6 094 035 12 —-027 0.78
2 12 2.27 0.02*% 12 —2.61 0.01* ]2 4.11 0.00* 12 —2.06 0.04* [2 2.74 0.01* 6 0.94 035 12 0.69 0.49

Chemical definitions can be found in the text. Both monitoring periods considered are distinguished. Positive values indicate an increasing trend, negative
values indicate a decreasing trend. Months with significant DSi trends are marked in italics for comparison

NM nonmissing values, MK Mann-Kendall standardized test outcome
p Significance values of the test statistics

* Significant trends on the p level of 5%

ratio in September (Table 2). On the other hand, for period
2, DSi concentrations increased from May to December
(with the exception of June), whereas DSi/DIN ratios
increased over the entire year; DSi/PO,4-P ratios increased
with the exception of January, March, and April; but DSi/
TP ratios increased only during May and July (TP data are
available only until the end of 1995). July was the only
month that did not exhibit a significant trend decrease for
NOs-N. DSi/DIN ratios increased at Bimmen/Lobith for all
months in period 2. Finally, we compared seasonal patterns
that occured at the beginning of the recovery period to
those occurring at the end of the analyzed period (Fig. 4).
In 2001, the local maxima previously found in the summer
DSi concentration were no longer visible. DSi-limitation
vanished from April/May on and was substituted by P-
limitation with respect to PO4-P. In spring 2001, when no
DSi-limitation was found during spring, DSi/PO4-P ratio

was decoupled from seasonal trend of DSi concentration if
compared with previous years (Fig. 4).

Influence of hydrology

A strong correlation between DSi-and NO;-N fluxes and
monthly mean river discharge was observed (Fig. 5), and
PO4-P fluxes correlated less strongly. Besides the increas-
ing DSi trends, observed DSi flux trends may in part be
due to 1999-2001 Rhine River discharges. A significant
negative trend for discharge was detected in period 1
(p ~ 0.049) and a highly significant positive trend in
period 2 (p < 0.001). The Rhine had an average discharge
of 2,524 m> s 'in period 1 and 2,258 m> s~ in period 2,
and discharges during the warm season (April-September)
were 2,436 and 1,983 m> s_l, respectively. Seasonal trend
analysis is displayed in Table 2, indicating no better
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Table 3 Seasonal trend statistics of temperature for Bimmen/Lobith
using monthly average temperature data from 1954 to 2001

Temperature °C

Month NM MK P

1 48 3.30 0.00*
2 47 2.71 0.01%*
3 48 3.25 0.00%*
4 48 2.49 0.01%*
5 48 242 0.02%*
6 48 2.72 0.01%*
7 48 2.79 0.01*
8 48 4.19 0.00%*
9 48 0.96 0.34
10 48 2.14 0.03*
11 48 3.06 0.00*
12 48 243 0.02%*

NM nonmissing values, MK Mann—Kendall standardized test outcome
(positive values indicate an increasing trend)

p Significance values of the test statistics
* Significant trends on the p level of 5%

explanation for DSi trends than observed nutrient limita-
tion. To discard a possible discharge effect, the Rhine DSi
discharge relationship was analyzed for all four seasons
(Fig. 6). Data sets were separated into a first and second
period for this, considering change points according to
P-limitation. Discharge DSi pattern analysis revealed
increasing DSi concentration with increasing discharge
(Fig. 6). However, the second period, characterized by
P-limitation in the growing season, showed increased
DSi concentrations with respect to the corresponding dis-
charge. Discharge influences as a biasing factor for the
nutrient limitation hypothesis on observed DSi trends in the
main stems were thus discarded.

Discussion

The main branch data of the Rhine show that nutrient ratios
were significantly shifting over at least the last decade of
the twentieth century. Trend analysis confirms that a
decrease in DIN, PO4-P, and TP (likely resulting from
increased sewage treatment and changes in agriculture)
is accompanied by an increase in DSi concentrations.
The origin of the “additional” DSi probably is a lower
consumption of DSi (e.g., by diatoms) due to decreased
nutrient availability. This is evidenced by increasing min-
imum DSi concentrations during the growing season
(Figs. 2-6). In the Rhine River, maximal phytoplankton
growth rates occur in spring (Weitere et al. 2005), and
algae growth is mainly controlled by light availability
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sion analysis in DSi concentrations since 1990 for Bimmen/Lobith is
displayed

(Tetswaart et al. 1999). Diatoms are responsible for >80%
of algal biomass at the Bimmen/Lobith station (Schol et al.
2002) and in the Lower Rhine (Weitere et al. 2005). Bac-
teria, flagellates, ciliates, and rotifers contribute only minor
proportions to the algal biomass. However, benthic
organisms are important for recycling BSi in the Rhine
River (Vansteveninck et al. 1992; Schol et al. 2002;
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Sferratore et al. 2005), but the impact of these organisms
could not be determined in this study. Ecosystem func-
tioning (Admiraal et al. 1994; Schol et al. 2002) is likely
responsible for a small summer peak in DSi concentrations
(indicated by a second decline of DSi).

Nutrient limitation

Levels of nutrient fluxes into the river systems declined due
to a reduction in the application of fertilizers in agriculture
(Staffel-Schierhoff 2001) and due to improved sewage
treatment (detailed nutrient time series analysis are pro-
vided in Hartmann et al. 2007). Overall trends in DSi/PO4-
P and DSi/TP atomic ratio suggest that a transition from
DSi-limitation to P-limitation occurs during the warm
season (i.e., DSi/PO4-P >16) and is related to the observed
DSi warm-season trend. N-limitation is excluded as a
possible influence on observed DSi trends because DIN is
present in excess with respect to plankton-available-P since
the 1990s, and at the outlet of the studied catchment, no
N-limitation with respect to DSi could be observed. This
nutrient limitation interpretation is in accordance with
studies of other river systems (Billen and Garnier 2007).
Thus, the seasonal nutrient concentration analysis supports
the hypothesis that decreasing P-concentrations affect the
river’s internal Si cycle. This observation may hold for
other, larger, catchments with a similar flow regime if a
comparable nutrient reduction occurs, resulting in a shift
from DSi- to P- or N-limitation conditions.

In period 1 (1978-1989), average DSi with 2.4 mg
Si 17! is higher than observed in the minimum year 1990
for the Rhine (when DIN started to decrease). Comparison
of DIN/PO,-P and DIN/TP ratios with DSi concentrations
in this period reveals that during the growing season, DSi
concentration stops decreasing when N-limitation with
respect to P (DIN/PO4-P ~16) occurs and the annual
minima of DIN/TP is reached (c.f. Billen and Garnier
2007; Garnier et al. 2007; Billen et al. 2007; Garnier and
Billen 2007). Period 2 is characterized by P-limitation with
respect to N and DSi. This finding emphasizes the obser-
vation that limiting nutrient ratios have impacted DSi
concentrations and thus DSi fluxes in both periods for the
Rhine River. The coincidence of decreasing DSi concen-
trations with DSi/PO,-P ratios >16 can only be explained if
P is available for consumption. Probably, mobilization of
PO4-P from suspended matter (organic and inorganic) is an
additional important P source during the growing season in
the transition period from DSi-limitation during peak
plankton growth to P-limitation (for both PO4-P and TP)
(cf. Clasen et al. 1982; Conley et al. 1995). In general,
three further sources of P, besides dissolved PO,4-P, are
known: first, mineralization of biomass due to respiration
processes; second, mobilization of P and subsequent uptake
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Fig. 5 Relationship between discharge and DSi- and nitrate-N-, and POy4-P fluxes for Bimmen/Lobith. Note that variability in DSi fluxes is much

larger than variability in concentrations

from suspended matter; and third, organic dissolved P (for
which no data are available). TP represents here both DP
and PP (particulate P).

Runoff effect

Besides nutrient limitation, discharge variation constitutes
an important variable in this analysis, since DSi, N, and
P-concentration variability was less than flux variability, and
a positive correlation between DSi flux and discharge exists
for both systems (compare Figs. 2, 5, and 6). It follows that:
(1) nutrient fluxes are highly sensitive to discharge, and (2)
the hydrological regime is another important factor influ-
encing the seasonal growth rate of diatoms. This is because
light availability is in part controlled by hydrology due to its
influence on suspended matter concentration and thus light
intensity in the water column (letswaart et al. 1999).
Accordingly, results show that a logarithmic relationship
exists between DSi concentrations and discharge in each
season. The strong observed increase in DSi concentration in

@ Springer

period 2 can thus to some extent be attributed to low summer
discharge at the beginning of this period, particularly in the
month May and in the period from August to October
(Table 3), as indicated by comparison of DSi concentrations
with DSi fluxes (Fig. 6). In contrast to period 2, period 1 is
characterized by higher discharge values on average, spe-
cifically during the warm season. However, the first half of
period 2 is characterized in general by lower DSi concen-
trations with respect to discharge than the second half (spe-
cifically during the summer season when DSi uptake by
diatoms is high and P-limitation is present). Thus, discharge
may have been contributing in part to calculated average
increases in DSi concentration of ~70% throughout period
2, but the nutrient limitation hypothesis still holds. In addi-
tion, it is concluded that comparably high average DSi in
period 1 if compared to period 2 was in part due to the
observed discharge effect on ecosystem functioning
impacting DSi concentrations.

Even though discharge influences concentrations to
some extent, the hypothesis “DSi increases are due to
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Fig. 6 Comparison of the discharge—DSi relationship at Bimmen/
Lobith for the four seasons. First and second half of period 2 are
compared, and for better visibility, the log-regression function of each

nutrient limitation” is not rejected. Differences in flux
patterns, nutrient concentrations and elemental ratios were
clearly characterized by seasonality at all times. It is con-
cluded from this observation and from presented results
that analysis of concentrations instead of flux values (due
its large variability and dependence on discharge) is
appropriate. In addition, alternating wet and dry years
influence DSi fluxes (Fig. 5). This is because extreme
hydrological events (in dry and wet years) affect DSi, N,
and P fluxes more than concentrations alone. As average
annual DSi concentrations increase, effects on both coastal
and estuarine ecosystems (including the Rhine delta) are
possible. This is because DSi availability has a pronounced
impact on coastal-zone ecosystem structures (Harashima
et al. 2006; Harashima 2007).

Further effects

At the beginning of period 2, very low DSi values (close to
the detection limit) were observed in May. Those low DSi

discharge (m®s™)

subsample is plotted (best fit). For winter, one observation from
period 2 was discarded for calculating best fit regression, as it falls out
of range for the winter distribution pattern (discharge/DSi: 3,700/1.5)
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Fig. 7 Water temperature at Bimmen/Lobith station increased by
0.07°C per year. The line indicates the linear regression trend

values were accompanied by a following breakdown of
diatom population in June (c.f. Admiraal et al. 1994; Schol
et al. 2002), evidenced by an increase in DSi. Because of
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these breakdowns in diatom population, no positive trend
for June was detected for the Rhine River. The discovered
trends in autumn can be linked with increases in the ele-
mental nutrient ratio DSi/PO,4-P. Temperature changes are
excluded in this analysis as a major factor influencing
possible diatom growth changes, since the 1990-2001
temperature did not change significantly in either river
system. However, a significant increase in the Rhine River
temperature over a period of five decades was observed
(~3°C; Fig. 7), which may have impacted ecosystem
functioning. Sewage plant DSi contributions can likely be
rejected, as their estimated overall contribution was <2%
of the total DSi input into the rivers (Van Dokkum et al.
2004).

Conclusion

It is suggested that the observed increase in DSi concen-
trations is primarily due to improvements in water basin
and land use management (i.e., a reduction in the appli-
cation of N fertilizer and improved sewage water treat-
ment). It was shown that decreasing PO4-P concentrations
were likely responsible. It appears that instream bioactivity
(due to photosynthesis and decay of diatoms) affects
annual mean DSi concentrations to a greater extent than
discharge. At Bimmen/Lobith, a seasonal increase was
observed from spring to autumn.

Increasing DSi concentration, due to less uptake by
diatoms, results in a decreasing BSi proportion of trans-
ported silica. This should result in higher export of silica
from the river system (in case of constant discharge),
because it can be assumed that on average, less BSi
is retained, e.g., due to sedimentation in flood plains
(Admiraal et al. 1990). Specifically, during warm periods,
DSi export from the system would thus increase. However,
it remains difficult to assess the amount of BSi retained. It
can be assumed that in cold seasons, silica export changes
little due to changes in nutrient ratios, because of low
photosynthesis rates and highest DSi concentrations. It
could be argued that the theoretical BSi content in the river
water should be equivalent to the reduction of DSi con-
centration from high winter concentrations. However, DSi
flux during the cold period dominates due to normally high
discharge during the winter period and low discharge in the
summer season, often reaching its minimum in September.
In addition, it should be considered that during warm (and
dry) periods, DSi in waters from the terrestrial system may
increase due to an increased groundwater proportion from
headwaters.

The study of DSi trends will become increasingly
important in light of recent EU efforts to improve water
quality throughout much of Europe within the EU Water

@ Springer

Framework Directive. A significant reduction in river N
and P-concentrations, resulting in N- or P-limitation, is
expected to increase DSi fluxes to the coastal zone, thereby
impacting those coastal-zone ecosystems that are sensitive
to DSi river input and hence also to regional carbon cycles.

Acknowledgments BFG (Federal Institute of Hydrology, Koblenz)
supplied the data. Specifically, Frank Walter is thanked for answering
many questions on data quality and monitoring programs. Claudia
von Bromssen (former Libiseller) provided the trend analysis soft-
ware and was helpful throughout the project. Two anonymous
reviewers and Dan Conley helped to improve a previous version of
this manuscript. This study was supported through the German Sci-
ence Foundation (DFG), project number HA 4472/6-1, and through
the Cluster of Excellence ‘CliSAP’ (EXC177), Universitit Hamburg,
funded through the German Science Foundation (DFG).

References

Admiraal W, Breugem P, Jacobs DMLH, Vansteveninck EDD (1990)
Fixation of dissolved silicate and sedimentation of biogenic
silicate in the Lower River Rhine during diatom blooms.
Biogeochemistry 9(2):175-185

Admiraal W, Breebaart L, Tubbing DGMJ, van Zanten B, Ruijter De,
van Steveninck ED, Bijkerk R (1994) Seasonal variation in
composition and production of planktonic communities in the
lower River Rhine. Freshw Biol 32:519-531

Beusen AHW, Bouwman AF, Diirr HH, Dekkers ALM, Hartmann J
(2009) Global patterns of dissolved silica export to the coastal
zone: Results from a spatially explicit global model. Glob
Biogeochem Cycle 23. doi:10.1029/2008GB003281

Billen G, Garnier J (2007) River basin nutrient delivery to the coastal
sea: assessing its potential to sustain new production of non-
siliceous algae. Mar Chem 106(1-2):148-160

Billen G, Garnier J, Mouchel JM, Silvestre M (2007) The Seine system:
introduction to a multidisciplinary approach of the functioning of a
regional river system. Sci Total Environ 375(1-3):1-12

Bluth GJS, Kump LR (1994) Lithologic and climatologic controls of
river chemistry. Geochim Cosmochim Acta 58(10):2341-2359

Buesseler KO, Lamborg CH, Boyd PW, Lam PJ, Trull TW, Bidigare
RR, Bishop JKB, Casciotti KL, Dehairs F, Elskens M, Honda M,
Karl DM, Siegel DA, Silver MW, Steinberg DK, Valdes J, Van
Mooy B, Wilson S (2007) Revisiting carbon flux through the
ocean’s twilight zone. Science 316(5824):567-570

Clasen J, Bernhardt H, Hoyer O, Wilhelms A (1982) Phosphate
remobilization from the sediment and its influence on algal
growth in a lake model. Arch Hydrobiol 18:101-113

Conley DJ, Smith WM, Cornwell JC, Fisher TR (1995) Transforma-
tion of particle-bound phosphorus at the land sea interface.
Estuar Coast Shelf Sci 40(2):161-176

Conley DJ, Stalnacke P, Pitkanen H, Wilander A (2000) The transport
and retention of dissolved silicate by rivers in Sweden and
Finland. Limnol Oceanogr 45(8):1850-1853

Depetris PJ, Gaiero DM, Probst JL, Hartmann J, Kempe S (2005)
Biogeochemical output and typology of rivers draining Pata-
gonia’s Atlantic seaboard. J Coast Res 21(4):835-844. doi:
10.2112/015-NIS.1

Diirr HH, Meybeck M, Hartmann J, Goulven GL, Roubeix V (2009)
Global spatial distribution of natural river silica inputs to the
coastal zone. Biogeosci Discuss 6:1345-1401

Friedl G, Teodoru C, Wehrli B (2004) Is the Iron Gate I reservoir on
the Danube River a sink for dissolved silica? Biogeochemistry
68(1):21-32


http://dx.doi.org/10.1029/2008GB003281
http://dx.doi.org/10.2112/015-NIS.1

Limnology (2011) 12:63-73

73

Fulweiler RW, Nixon SW (2005) Terrestrial vegetation and the
seasonal cycle of dissolved silica in a southern New England
coastal river. Biogeochemistry 74(1):115-130

Garnier J, Billen G (2007) Production vs. respiration in river systems:
an indicator of an “ecological status”. Sci Total Environ
375(1-3):110-124

Garnier J, Sferratore A, Meybeck M, Billen G, Diirr HH (2006)
Modelling silica transfer processes in river catchments. In:
Ittekkot V (ed) Role of silica in land—sea interactions. Island
Press, Washington DC, pp 139-162

Garnier J, Billen G, Cebron A (2007) Modelling nitrogen transfor-
mations in the lower Seine River and estuary (France): impact of
wastewater release on oxygenation and N20O emission. Hydro-
biologia 588:291-302

Harashima A (2007) Evaluating the effects of change in input ratio of
N:P:Si to coastal marine ecosystem. J Environ Sci Sust Soc 1:33-38

Harashima A, Kimoto T, Wakabayashi T, Toshiyasu T (2006)
Verification of the silica deficiency hypothesis based on
biogeochemical trends in the aquatic continuum of Lake Biwa-
Yodo River-Seto Inland Sea, Japan. Ambio 35(1):36-42

Hartmann J, Levy JK, Okada N (2006) Managing surface water
contamination in Nagoya, Japan: an integrated water basin
management decision framework. Water Res Manag 20(3):411-
430. doi:10.1007/s11269-006-0323-6

Hartmann J, Jansen N, Kempe S, Diirr HH (2007) Geochemistry of
the river Rhine and the upper Danube: Recent trends and
lithological influence on baselines. J Environ Sci Sust Soc 1:39—
46. doi:10.3107/jesss.1.39

Hartmann J, Kunimatsu T, Levy JK (2008) The impact of Eurasian
dust storms and anthropogenic emissions on atmospheric
nutrient deposition rates in forested Japanese catchments and
adjacent regional seas. Glob Planet Change 61(3-4):117-134.
doi:10.1016/j.gloplacha.2007.08.001

Hartmann J, Jansen N, Diirr HH, Harashima A, Okubo K, Kempe S
(2010) Predicting riverine dissolved silica fluxes into coastal zones
from a hyperactive region and analysis of their first order controls.
Int J Earth Sci 99:207-230. doi:10.1007/3s00531-008-0381-5

Humborg C, Blomqvist S, Avsan E, Bergensund Y, Smedberg E,
Brink J, Morth CM (2002) Hydrological alterations with river
damming in northern Sweden: implications for weathering and
river biogeochemistry. Glob Biogeochem Cycle 16(3):1039. doi:
10.1029/2000GB001369

Humborg C, Smedberg E, Blomqvist S, Morth CM, Brink J, Rahm L,
Danielsson A, Sahlberg J (2004) Nutrient variations in boreal
and subarctic Swedish rivers: landscape control of land-sea
fluxes. Limnol Oceanogr 49(5):1871-1883

Humborg C, Pastuszak M, Aigars J, Siegmund H, Morth CM,
Ittekkot V (2006) Decreased silica land—sea fluxes through
damming in the Baltic Sea catchment—significance of particle
trapping and hydrological alterations. Biogeochemistry 77(2):
265-281

Ietswaart T, Breebaart L, van Zanten B, Bijkerk R (1999) Plankton
dynamics in the river Rhine during downstream transport as
influenced by biotic interactions and hydrological conditions.
Hydrobiologia 410:1-10

Jansen N, Hartmann J, Lauerwald R, Diirr HH, Kempe S, Loos S,
Middelkoop H (2010) Dissolved silica mobilization in the
conterminous USA. Chem Geol 270(1-4):90-109. doi:10.1016/
j-chemgeo.2009.11.008

Kempe S, Krahe P (2005) Water and biogeochemical fluxes in the
river Rhine catchment. Erdkunde 59:216-250

Kristiansen S, Hoell EE (2002) The importance of silicon for marine
production. Hydrobiologia 484(1-3):21-31

Libiseller C, Grimvall A (2002) Performance of partial Mann—
Kendall tests for trend detection in the presence of covariates.
Environmetrics 13(1):71-84

Meybeck M (2003) Global analysis of river systems: from Earth
system controls to Anthropocene syndromes. Philos Trans R Soc
B Biol Sci 358(1440):1935-1955

Meybeck M (2004) The global change of continental aquatic systems:
dominant impacts of human activities. Water Sci Technol
49(7):73-83

Mostert E (2003) The European Water Framework Directive and water
management research. Phys Chem Earth 28(12-13):523-527

Radach G, Patsch J (2007) Variability of continental riverine
freshwater and nutrient inputs into the North Sea for the years
1977-2000 and its consequences for the assessment of eutro-
phication. Estuaries Coasts 30(1):66-81

Rahm L, Conley D, Sanden P, Wulff F, Stalnacke P (1996) Time
series analysis of nutrient inputs to the Baltic sea and changing
DSi:DIN ratios. Mar Ecol Prog Ser 130(1-3):221-228

Schol A, Kirchesch V, Bergfeld T, Scholl F, Borcherding J, Muller D
(2002) Modelling the chlorophyll a content of the River Rhine—
interrelation between riverine algal production and population
biomass of grazers, rotifers and the zebra mussel, Dreissena
polymorpha. Int Rev Hydrobiol 87(2-3):295-317

Seitzinger SP, Kroeze C, Bouwman AF, Caraco N, Dentener F, Styles
RV (2002) Global patterns of dissolved inorganic and particulate
nitrogen inputs to coastal systems: recent conditions and future
projections. Estuaries 25(4B):640-655

Seitzinger SP, Harrison JA, Dumont E, Beusen AHW, Bouwman AF
(2005) Sources and delivery of carbon, nitrogen, and phosphorus
to the coastal zone: an overview of Global Nutrient Export from
Watersheds (NEWS) models and their application. Glob Bio-
geochem Cycle 19(4):GB4S01

Semhi K, Suchet PA, Clauer N, Probst JL (2000a) Dissolved silica in
the Garonne River waters: changes in the weathering dynamics.
Environ Geol 40(1-2):19-26

Semhi K, Suchet PA, Clauer N, Probst JL (2000b) Impact of nitrogen
fertilizers on the natural weathering—erosion processes and fluvial
transport in the Garonne basin. Appl Geochem 15(6):865—
878

Sferratore A, Billen G, Garnier J, Thery S (2005) Modeling nutrient
(N, P, Si) budget in the Seine watershed: application of the
Riverstrahler model using data from local to global scale
resolution. Glob Biogeochem Cycle 19(4):GB4S07

Staffel-Schierhoff U (2001) Schadtstoffgruppenorientierte Aktions-
konzepte am Beispiel der Nihrstoffreduzierung. In: Rudolph
KU, Block T (eds) Der Wassersektor in Deutschland - Methoden
und Erfahrungen, Bundesministeriums fiir Umwelt. Naturschutz
und Reaktorsicherheit und des Umweltbundesamtes, Berlin, pp
91-100

Stalnacke P, Grimvall A, Libiseller C, Laznik A, Kokorite I (2003)
Trends in nutrient concentrations in Latvian rivers and the
response to the dramatic change in agriculture. J Hydrol 283
(1-4):184-205

Turner RE (2002) Element ratios and aquatic food webs. Estuaries
25(4B):694-703

Turner RE, Rabalais NN, Justic D, Dortch Q (2003) Global patterns
of dissolved N, P and Si in large rivers. Biogeochemistry
64(3):297-317

Van Dokkum HP, Hulskotte JHJ, Kramer KJM, Wilmot J (2004)
Emission, fate and effects of soluble silicates (waterglass) in the
aquatic environment. Environ Sci Technol 38(2):515-521

Vansteveninck EDD, Admiraal W, Breebaart L, Tubbing GMIJ,
Vanzanten B (1992) Plankton in the River Rhine—structural and
functional-changes observed during downstream transport.
J Plankton Res 14(10):1351-1368

Weitere M, Scherwass A, Sieben KT, Arndt H (2005) Planktonic food
web structure and potential carbon flow in the lower river Rhine
with a focus on the role of protozoans. River Res Appl
21(5):535-549

@ Springer


http://dx.doi.org/10.1007/s11269-006-0323-6
http://dx.doi.org/10.3107/jesss.1.39
http://dx.doi.org/10.1016/j.gloplacha.2007.08.001
http://dx.doi.org/10.1007/s00531-008-0381-5
http://dx.doi.org/10.1029/2000GB001369
http://dx.doi.org/10.1016/j.chemgeo.2009.11.008
http://dx.doi.org/10.1016/j.chemgeo.2009.11.008

	Increasing dissolved silica trends in the Rhine River: an effect of recovery from high P loads?
	Abstract
	Introduction
	Data
	Results
	Monotonic trends for period 1 and 2
	Seasonal Rhine analysis
	Influence of hydrology

	Discussion
	Nutrient limitation
	Runoff effect
	Further effects

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


