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Abstract. Suspended sediment (SS) and organic matter irriver will increase, which will possibly affect brown trout
rivers can harm brown troualmo truttaby affecting the  negatively.

health and fitness of free swimming fish and by causing sil-
tation of the riverbed. The temporal and spatial dynamics

of sediment, carbon (C), and nitrogen (N) during the brown

trout spawning season in a small river of the Swiss Plateadl Introduction

were assessed and C isotopes as well as the C/N atomic ratio

were used to distinguish autochthonous and allochthonoué\ll streams carry some suspended sediment (SS) under nat-
sources of organic matter in SS loads. The visual basic proural conditions Ryan 1991). An increase of SS due to an-
gram IsoSourcewith 13Ct0t and 15N as input isotopes was thrOpOgeniC perturbation, however, has been observed in the
used to quantify the temporal and spatial sources of SS. Orast decades (e.@wens et al.2003. Perturbation includes
ganic matter concentrations in the infiltrated and suspendeéPrestry, pasture and agricultural activities, which enhance
sediment were highest during low flow periods with small Soil erosion processes and hence the sediment delivery into
sediment loads and lowest during high flow periods with hightivers (e.g.Pimentel and Kounangl998. In addition, it
sediment loads. Peak values in nitrate and dissolved organité expected that the frequency and intensity of heavy rain
C were measured during high flow and high rainfall, prob- events in middle Europe will increase due to climate change
ably due to leaching from pasture and arable land. The or{IPPG 2007, enhancing soil erosion triggered by water. Ac-
ganic matter was of allochthonous sources as indicated bgording to model calculations, the sediment supply from the
the C/N atomic ratio andl3C0rg. Organic matter in SS in- Alpine region into the Rhine basin, for example, is expected
creased from up- to downstream due to an increase of pastuf® increase by about 250 %8¢selman et al 2003. Increas-

and arable land downstream of the river. The mean fractiorind SS loads in rivers generally leads to a higher fine sed-
of SS originating from upper watershed riverbed sedimentment infiltration rate in the riverbed graveG(eig et al,
decreased from up to downstream and increased during hig005 Zimmermann and Lapoinfe2005 Schindler Wild-

flow at all measuring sites along the course of the river. Dur-haber et al.2012. SS and fine sediment infiltration (SI)
ing base flow conditions, the major sources of SS are pascan provide a serious threat to aquatic ecosystems includ-
ture, forest and arable land. The latter increased during rainynd phytoplankton, aquatic invertebrates, and salmonid fish
and warmer winter periods, most likely because both trig-(for a review seeBilotta and Brazier2008. Salmonid fish
gered snow melt and thus erosion. The measured increagen be affected by SS in several ways. Their eggs develop in
in DOC and nitrate concentrations during high flow supportSo-called redds, a shallow depression created by the female
these modeling results. Enhanced soil erosion processes dHown trout, where eggs and sperms are deposited. The fe-
pasture and arable land are expected with increasing heavijpale covers the fertilized eggs with gravel. While SS can di-
rain events and less snow during winter seasons due to clitectly impact health and fitness of free swimming fibsle-

mate change. Consequently, SS and organic matter in th@ombe and Jenseﬂ99©, fine sediment infiltration in the
redds can induce siltation of the gravel resulting in a decrease
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the SS were found to be highly variable with minimum val-
ues around 1.5 % at high flow and maximum values around
10.5 % at low flow Echindler Wildhaber et gl2012).

An identification of SS sources is required to improve
site management and possibly restrain the described nega-
tive consequences for brown trouts. Sediment tracer-based
methods have been used to distinguish possible sources in
watersheds. Stable carbon (C) and nitrogen (N) isotopes and
as well as the carbon to nitrogen atomic ratio (€/Mave
been found to be reliable tracers in recent studi@ssfad
et al, 2000 McConnachie and Petticre#006 Fox and Pa-
panicolaoy 2007 Gao et al. 2007 Fox et al, 2010. Stable
isotope compositions as well as Glidre affected by many
factors including soil depth, vegetation, climate and cultural
history (Kendall 1998. By assessing the ratio &tC to1°C,
15N to 14N and Gato Nain the SS as well as in surface soils
of the catchment, conclusions concerning possible SS ori-
gin can be drawn. The isotopic compositions of SS samples
may represent a mixture of potential sources. The propor-
tional contributions of different sources can be assessed by

Willisau

: linear mixing models. The disadvantage of these models is
Riverbed S Lo . -
A Forest generally the limitation in detecting potential sources by the
® Pasture number of isotope tracers. Withisotope tracers; + 1 po-
% Arable land tential sources can be detected. The model is mathematically

under-determined if the number of potential sources exceeds

n+1, resulting in an equation system with less equations than

unknown variables and therefore no single solution is possi-

ble (Phillips and Gregg2003]). Phillips and Gregg2003

Fig. 1. Watershed of the river Enziwigger with the three field developed a a visual basic program callsdSourceto as-

sites A, B and C including their altitude, soil sample spots and theS€SS potential source contributions if more thanl sources

towns Willisau and Hergiswil (Canton of Lucerne, Switzerland). ~ are present. The program examines in small increment steps
all possible combinations of each source contribution, result-
ing in several feasible solutions. This program was used in

in hydraulic conductivity $chalchli, 1995. This affects the this study to quantify source contributions to SS during the

oxygen supply to the developing salmonid embryos in thebrown trout spawning season.

redds negatively, and hence their surviv@atgig et al, 2005 The objective of this study was (l) to assess the temporal

2007a Heywood and Walling2007). The presence of high and spatial C and N dynamics during the brown trout spawn-

organic matter in the IS and interstitial water can additionallying season in suspended and infiltrated sediments and river

disproportionately impact on spawning habi@&r¢ig et al, as well as interstitial water, (Il) the use ot isotopes as

2005. As respiration is strongly dependent on the availabil- well as C/Nato distinguish autochthonous and allochthonous

ity of organic matter, oxygen demand within riverbeds will sources of the organic matter in the SS, and (lll) the use of

increase as the pool of organic matter increases (for a reviewZiot and N isotopes as tracers to quantify the sources of SS

seeGreig et al, 20078. Organic material is derived either with respect to time and space.

from in-stream sources (autochthonous), for example macro-

phyte vegetation or from external sources (allochthonous),

for example leaf litter or runoff from agricultural fieldSéar 2 Materials and methods

et al, 2008.

Schindler Wildhaber et a(2012) reported in a study on 2.1 Study site and general setup

sediment dynamics in a small Swiss headwater river of the

Swiss Plateau with a native brown trds&lmo truttapopu-  The river Enziwigger is a small canalized river located near

lation an SS increase from up- to downstream. This findingWillisau, Canton of Lucerne, Switzerland with a total wa-

could be related to an increased shear stress attributable tershed area of about 31Rn{Fig. 1). The flow regime

a higher water level down the stream and/or to a higher fineof the Enziwigger is not affected by hydro-power facili-

sediment input from the arable land in the lower part of theties and there is no waste water treatment plant located

catchment. Furthermore, organic carbon concentrations ofbove Willisau. Like most rivers in the Swiss Plateau, its

0 05 1 2km
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morphology is strongly modified: Only 5% is close to natural site, six manure samples close to site B and C, and 5 riverbed
or natural, 21 % is little affected and 74 % is strongly affected sediment samples from the upper most accessible reach of
or even artificial, including terraces that have been insertedhe river were collected. No surface water ran at the upper
to prevent deep channel erosion and scouring of the bed dumost accessible reach of the river during dry periods, which
ing flood events (classified with the Swiss modular stepwiseallowed sediment sampling with a simple corer. It is assumed
procedure for ecomorphology afteliitte and Niederhauser that these sediments represent mainly the original bedrock
1998 EBP-WSB-Agrofutura2005. molasse. Downstream riverbed sediments were not sampled,

The bedrock of the watershed consists of Upper Freshas those samples would possibly represent a mixture of the
water Molasse. The soil types are mainly (stagnic) Cam-other four sources. Source samples that are not independent
bisols and Leptosols (classified according to WRBSS would complicate the modeling results.
2006). The mean annual temperature in Willisau is 5 Water level at the three sites was measured every 15 s with
with a mean annual rainfall of 1050 mm. Mean annual rain-pressure transmitter probes (STS Sensore Technik, Sirnach)
fall on the peak of the mountain Napf, where the river En- and logged at 10 min intervals. Air temperature und precipi-
ziwigger originates, is 1700 mm per year (1961-2007; dataation was measured near site B at the town Hergiswil (Big.
from MeteoSwiss). by a private company (KELAG #nzli Elektonik AG) in

SS, IS and water samples were collected at three siteS min intervals on behalf of the Canton of Lucerne. Air tem-
named A, B and C; from up- to downstream (Fig.dur- perature for site A and C was calculated from these data by
ing the brown trout spawning season from November 200%assuming an increase of mean air temperature by pes
to end of March 2010. The sites had an altitude of 757, 625100 m in altitude eser et al.20095.
and 583 m above sea level. For more information regard-
ing the characteristics of the river and the three sites, se@.1.2 Sample analyses
Schindler Wildhaber et a(2012.

Soil and sediment samples were dried aP@0 Grain size
2.1.1 Sample collection distributions of the IS and SS were assessed with the stan-
dardized sieve techniques, grains with a diamet8@ pum

SS were sampled with 6 time-integrated SS samplers at eaclvith a sedigraph (Micrometrics 100, Coulter Electronics,
site following Phillips et al.(2000. The aperture of the SS Germany). Grain size fractions were classified according
samplers were about 60—70 mm above the riverbed. IS same the German soil taxonomy: Clay2 um, silt; 2—63 um
ples were collected in 6 sediment baskets per site. SS sanand sand: 63 um-2mmSponagel et al.2005. Organic
plers and sediment baskets were both emptied in a weeklynd total carbon (6¢ and Got) of the IS was measured
interval. The basket's sediment was sieved with a 4 mm sievédy a Leco RC612 multiphase analyzegd; Ciot, total ni-
and the basket refilled with the remaining coarse sedimentrogen (TN) and C and N isotopes of SS and soil sam-
during each sampling event. Sedimert4 mm were taken ples were measured with a continuous flow isotope ratio
to the laboratory for further analyses. The term infiltrated mass spectrometer (Thermo Finnigan, Germany) in line with
sediment (IS) refers to the total sedimer2 mm infiltrated  a FLASH Elemental Analyzer 1112 (Thermo Finnigan, Italy)
during one week in the sediment basket and suspended sedbllowing standard processing techniques. FergGnaly-
ment (SS) refers to the total amount of sediment caught durses, inorganic carbon was eliminated with HCI vapor. Sta-
ing one week in the SS samplers. For a detailed descripble isotope ratios are reported Asvalues per mil (%o)
tion and discussion of the used methods for SS and IS seas:6 X = [(Rsampl¢/ Rstandard — 1] x 1000 whereX is 13C or
Schindler Wildhaber et a{2012). 15N and R = 13C/12C or 15N/1*N. Standard reference ma-

Interstitial water samples for dissolved organic carbonterials are PDB limestone for C and air for N. The sam-
(DOC) and nitrate analyses were obtained in approximatelyples were corrected to internal standards EDBASC =
two week intervals in 12 mini piezometers per site. The mini —30.3 %o, §1°N = —1.1%0) and AO-1, ammonium oxalate
piezometers were 300 mm deep and perforated in the lowes13C = —17.0%. and §1°N = 32.7%0). The precision re-
160 mm. They were designed aftaxter et al (2003 and  ported for$13C and §1°N analyzes was 0.1 %.. DOC was
are described in detail i8chindler Wildhaber et a(2012. measured with a TOC-Analyzer 5000A (Shimadzu Corpo-
The interstitial water samples represent the water at the depthation), nitrate with an ion chromatograph with a Metrosep
of the burried eggs in natural redds. Water samples were fil-A Supp 5 column (Metrohm AG).
tered in the field with 0.45 um filters and laboratory analyses
were conducted the following day. Soil samples for isotope2.1.3 Data interpretation
and organic matter analyses were collected in forest, pasture
and arable land with erosion evidences (Rig.Soil profiles  Differences between two groups of data were tested with the
were determined at each sampling spot to ensure sampling @&tudent'st-test. ANOVA was performed to determine sig-
representative areas. In total, 40 topsoil samples of the wanificant differences between three or more groups. The rela-
tershed were analyzed. Additionally, an algae sample of eackionship between a response variable and a possible predictor
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wlA — Yottt G_regg 2003. Thu;, .the means of the_ possible solutions
£ o ss = with standard deviations are reported in this study. Source
E 40 4 g increments of 1% and mass balance tolerance levels of
2 . © +0.1 %o were defined. In few cases, where no solution was
£ a found with these defaults, mass balance tolerance level was
s 2 T setto 1 %.
12
€ 0l®
g o 9 3 Results and discussion
2 ° =
5@ “7 . 3.1 Spatial and temporal dynamics of Gyg in sediments
S 7 and of DOC
0
ke 21 Corg concentrations of the IS samples were significantly
2 2 3 smallest at the upstream site A (mearl.7+1.3%). The
E "7 = highest mean &g concentration in IS was found at site B
5 "o (3.0 2.5%). IS at the most downstream site C had a mean
S M Corg concentration of 3+ 1.8 % (Tablel). Overall, the as-
121 ° - ’ sessed grg concentrations of the IS are relatively loBear
210D .- D B et al. (2008 reported in a review organic matter concentra-
B 15 1 TN, ) tions of infiltrated fine sediment from 13 rivers in Europe.
“Zas0 - 5 Concentrations ranged from 3.4 % to 24.5 % with a mean of
gz 285 4 :f: 13 %. Heywood and Walling2007) measured 15 % &g in
oo BN = infiltrated fine sediment.
: : : — -2 Corg concentration of the SS showed a similar spatial pat-
01.11.2009  01.12.2009 01.01.2010  01.02.2010 01.03.2010 tern as Grg concentration of the IS: the smallest concentra-

. . . on i
Fig. 2. Sediment, nutrient and isotope composition dynamics duringt'ons were assessed at site A with a mean of 5.1%, site B

the field period. Plotted are mean values of all samples from all thre@Nd C had significant higher concentrations with means of
sites.(A) Water level at site B, the weekly infiltration of sediment 6.6 and 6.5 %, respectively (Tablg. Again, these concen-
<2mm (IS) and the weekly suspended sediment (@)Corgand  trations are relatively lowAcornley and Sea1999 assessed
TN of IS and SS{C) C/Na ands°N of SS;(D) §13C of Corg and 25 t0 40 % Gyg in the SS during low flows in summer and 15
Ctot of the SS. to 20 % during high flows in autumn in two rivers in Hamp-
shire, England, which were also brown trout spawning habi-
tats. The relatively low &g concentrations could partly be
variable was assessed by linear regression models, backiue to an instrumental bias of the SS samplehsllips et al.
ward stepwise linear regression models were used with se2000 reported that SS samplers underestimate smallest SS
eral possible predictor variables. Relationships of data whictparticles to some extent. This would also include the light
were not normally distributed were tested with the Spearmarweighted organic material. They concluded, however, that
rank correlation test. Significance level for all statistical anal-the mean grain size does not statistically differ from point
yses was set at 0.05. samples and that SS samplers collect statistically represen-
The visual basic progrartsoSourcewas used to quan- tative samples. The weekly assesseg Concentrations of
tify soil and sediment source contribution to SBhillips  the SS are about four times higher than the concentrations
and Gregg 2003. This program is available free at inIS. This is probably due to the low specific gravity of or-
http://lwww.epa.gov/wed/pages/models/stablelsotopes/ ganic material, holding it longer in suspension than inorganic
isosource/isosource.htand has been successfully applied material Gear et al.2008. The degradation of &g is con-
in different studies (e.gPhillips et al, 2005 Gibbs 2008 sidered to be negligible (see Segt3). The increase of &g
Phillips and Gregg2003. The program examines all pos- in IS and SS from up to downstream can be explained by
sible combinations of each source contribution (0—100 %)the higher percentage of agriculturally exploited land down-
in user-defined increment steps. Combinations that sum ugtream of the watershed. Site A is surrounded by forest and
to the measured isotopic compositions within a specifiedpasture, while dominant land use at site B and C are arable
tolerance are considered to be feasible solutions fronmfarm land and pasture, which were both regularly manured.
which the range of potential source contributions can be Cqg concentrations and the total amount of IS and SS
determined. Reporting the mean of the feasible solutionsshowed remarkable inverse dynamics (RjglS and SS gen-
would only lead to misinterpretation of the results since erally increased with increasing water levelg{Zoncentra-
every feasible solution may be the correct oReillips and  tions in IS and SS showed a significant inverse relationship
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Table 1. Mean values and standard deviation at the three sites sampled of organic and inorganic cagpandGnorg) in infiltrated
sediment (IS) and suspended sediment (SS), dissolved organic carbon (DOC) in the river and the interstitial (int.), total nitrogen (TN) in IS
and SS, nitrate in the river and interstitial, @N3Corg, §13Cior ands1°N of SS. The sample numbers are given in parentheses.

Site A Site B Site C
Corg IS (%) 17+13(29)* 30425 (30)* 23+1.8(27)
Cinorg IS (%) 21+0.4 (29) 2440.8 (30) 21409 (27)
Corg SS (%) 51+ 1.9 (29) 66+ 2.7 (16) 65+ 1.7 (27)
Cinorg SS (%) 21+0.3 (29) 23+0.7 (16) 20+0.4 (27)
DOC river (mg 1) 2.1+0.6 (6) 18+0.8(7) 32+1.7 (7)*
DOC int. (mg 1) 2.0+0.6 (36)* 25+1.1(27) 254 1.0 (29)
TN IS (%) 02+0.1(17) 02+0.2 (15) 0240.1 (14)
TN SS (%) 04+0.1 (18)* 0.5+ 0.3 (16) 05+0.2 (12)
Nitrate river (mgt1) 5.240.7 (7)* 8.9+ 0.6 (7)* 9.0+ 1.2 (7)*
Nitrate int. (mg 1) 49406 (34  89+05(27)* 9.0+ 0.6 (29)*
CIN atomic IS 12+20(17) 168+3.7 (15) 148+ 2.9 (14)
CIN atomic SS 16+21(18)  153+3.1(16) 158+ 2.1 (12)
83Corg SS (%) —280+05(18) —281+09(16) —27.8+0.9 (15)
813Ciot SS (%) —20.1+28(18)* —218+26(16) —229+3.0(12)*
S15N SS (%0) —04+09(18)* 20+1.1(16)* 18+0.6 (12)

* Differs significantly from the two other sites (ANOVAz < 0.05).

with water level and total IS and SS (F&p, b). Lowest Gg The mean values of the measured DOC concentrations of
concentrations in IS (about 0.1%) were measured duringhe river and interstitial water samples were around 2Thg |
high flows in January and peak concentrations during basat all sites (Tablel). No significant differences in DOC con-
flows in February (about 6 to 8 %,; Figa). Minimum Gyg centrations in the river water and the interstitial water close
concentrations of the SS were also measured in January artd the brown trout eggs were assessed. DOC values around
were around 1.5 % and maximum at the end of February witl2 mg - represent a good mean water quality during the
concentrations around 10 % (Figh and3b). A decrease of measured winter period in terms of DOC classified with the
particulate organic carbon with increasing SS is reported inSwiss modular stepwise procedure for chemistrie¢hti,
studies worldwide@nstad et a].2000 Meybeck 1982 Gao = 2010. DOC values of the measured samples at site A never
etal, 2007 Zhang et al.2009. The pattern can be explained exceeded 4 mgt; thus, they were always in the category
by a dilution of Gy during high sediment loads with min- “good water quality” (iechti, 2010. DOC values in river
eral matter derived from terrigenous soil erosion or remobi-and interstitial water at site B and C exceeded 4 Mgdt
lizing of mineral matter of the riverbedbang et al.2009. three out of seven sampling dates. This indicates a “mod-
Corg has a very low specific gravity holding it longer in sus- erate” water quality in terms of DOQ.igchti, 2010. One
pension than inorganic material, thus during base flow, theof these relatively high values was assessed at the beginning
Corg proportion increases compared to heavier inorganic maof December during a high flow following strong precip-
terial. The significant relationship between the concentratioritation. During heavy precipitation, previously unsaturated
of Corg in IS and SS and the silt and clay fraction (sedimentlayers of the soil and river channel get connected to the
<63 um) of IS and SS support this assumption (Bm. Silt drainage network. This delivers further carbon to the stream
and clay are also held in suspension more easily than sedas new sources of DOC in upper organic soil horizons are
ment in the sand fraction. assessed with rising water tabl&agvson et al.2010. Oth-

It is assumed that the concentrations gffn the ISand  erwise, DOC can also be exported with near-surface soil
SS are low enough that they do not have negative effects onunoff and/or overland flow generated during the storm event
the developing brown trout embryos in the river Enziwigger. (Inamdar et al. 2004. DOC values>4mg ! were also
Only during long periods of low flow with enhancedg  measured in February during low flow conditions but with
concentrations in the SS and IS@might induce a negative  relatively high temperature (mean daily temperature around
environments for the brown trout embryos. A high concentra-5°C), which followed a cold period with mean temperature
tion of Corg can additionally block interstitial pore spaces, re- below freezing point. Biological activity might have been
duce gravel permeability and promote the growth of biofilms, increased due to the higher temperature, resulting in an in-
leading to a decrease of oxygen availabilitgréig et al, crease of DOCQawson et al.2008 or DOC is flushed out
2005. from arable land to the river through infiltrating melt water

(Hornberger et al.19949).
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— o ing to the Swiss modular stepwise procedure for chemistry
10 Al Ko 0§ B | k-om (Liechti, 2010. All but one measurement at site A was below

P Io% this threshold concentration. The only sample exceeding this
concentration was taken at high flow. This indicates nitrate
leaching during high flow from the nearby pasture. Nitrogen
leaching during storm events was described by other authors
(e.g. Inamdar et al.2004 Wagner et al.2008. All sam-

ples at site B and C exceeded the concentration of 5.6 g
and two and three out of seven samples, respectively, even

Corg (%)

0 200 400 600 800 0 50 100 150

Infiltrated sediment (g) Suspended sediment (g) exceeded 8.4 mgil 8.4 mg I—l is set as threshold concen-
o R-osp<00s| = S R-097 pe005 . tration between the category “moderate” and “unsatisfying”
10w RE=051p<00s] ¥ 10K K093 pe00s| water quality in terms of nitrate_{echti, 2010. Thus, the ni-

trate concentrations of the river and interstitial water are too
high, which is most probably due to manuring of the arable
land and pasture at the two downstream sites. Nitrate concen-
trations in the interstitial water at the depth of brown trout
eggs were not significantly different from nitrate concentra-
tions in the river water. The lack of chemical gradients might
0o 02 o4 o6 os indicate strong river water flux to the brown trout eghyia(-

Clay and silt (%) N (%) colm et al, 2003.

Corg (%)
Corg (%)

Fig. 3. Relationship betweendg and(A) total IS <2 mm;(B) total
SS;(C) clay and silt fraction of sedimenrt2 mm andD) TN. Solid

circles and solid lines: Infiltrated sediment, stars and dotted lines:
SS. Dashed lines i(A) and(B) are the 95 % confidence intervals. Mean C/Naof SS are between 12.5 and 21.8 (Flg). C/Na

generally decrease with increasing decomposition while
815N values increaseQonen et al.2008. The correlation
between mean C/Aland mears'®N of SS is significantly
3.2 Spatial and temporal dynamics of TN in sediments  negative p = —0.8). This inverse relationship can also be
and of nitrate seen in Fig2c.
C/Na of the IS do not differ significantly from C/&lof
TN increased similar to &4 from the upstream site A to the the SS. Mean C/bwere between 14.2 and 16.8 for IS and
two downstream sites B and C (Taldlg most probably due SS at all three sites (Tablp. Values are similar to data re-
to the increased sediment input from manured arable langborted for worldwide rivers Nleybeck 1982, continental
and pasture. The increase of TN in the SS from site A withUS rivers Onstad et a).2000, and in the Zhujiang River,
a mean of 0.4% to site B and C with means around 0.5 %China ghang et al.2009. Mean C/M of arable land, pas-
was significant (Tabld). The percentage of TN in SS was ture and forest soil samples were between 10.7 and 16.8 (Ta-
about 4 times higher than in the IS, thus showing the saméle 2). C/Na of the analyzed algae as autochthonous sources
pattern as 4. The temporal dynamic of TN concentrations of organic matter were significantly smaller with a mean of
of IS and SS showed the same characteristics as el 9.1+ 0.8. The highest concentration of autochthonous or-
namic (Fig.2b): low levels at high discharge and high sed- ganic matter would most likely occur during low flow con-
iment yield and high levels at low discharge and low sed-ditions. No significant correlations between @/&hnd SS or
iment yields (see previous section for explanation of thisIS and between C/&land water level at the sites were found.
pattern). Overall, a highly significant relationship between Consequently, the measured @/df IS and SS pointed to an
TN and Gyrg concentration of captured sediments was foundallochthonous origin (e.g. soil or litter) of the organic mat-
(Fig. 3d). The linear regressions betweegdand TN gives  ter in sediment. C/B were excluded from further sediment
a y-intercept for IS of 0.0940.08) and for SS of D+0.2 tracer modeling because of the missing significant relation-
(Fig. 3d). These small intercepts indicate mainly organic TN ships between C/alof the SS and water levels at the sites.
in these sample®nstad et a).2000.
Nitrate concentrations in the river and the interstitial water 3.4  Spatial and temporal dynamics of Gyorg in
increased significantly from site A with a mean of 5.2 and sediments
4.9mgl1, respectively, to site B and C with means for river
and interstitial water of 8.9 and 9.0 mgtl (Table1). Nitrate IS and SS had aijferg concentration around 2 % at all sites
concentrations for the two arable sites B and C did not differ(Table 1, Fig. 2b) due to carbonaceous bedrocks in the area.
significantly. A nitrate concentration below 5.6 mg repre-  No significant differences betweenngyg concentrations of
sents a “good” water quality with respect to nitrate accord-the IS and SS as well as between the three sites were found,

3.3 Spatial and temporal dynamic of C/Na

Biogeosciences, 9, 198%996 2012 www.biogeosciences.net/9/1985/2012/
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Table 2. Range (mean) of C/& §13Corg, 813Cior ands 1N values of algae, manure, and riverbed sediment (riverbed S) as well as of forest,
pasture and arable land soils of the watershed.

C/Na §13Corg (%o) 813Ctot (%o) S15N (%o)
Algae @ = 4) 7.9-9.6 (9.1)* —414—31.1 (—35.0)* —40.1-16.7 (24.3) —0.7-3.5 (2.1)*
Manure ¢ = 6) 14.6-34.9 (20.8)* —287—253(—27.9) —29.0—25.7 (—27.9) 7.4-11.9 (8.9)*
Riverbed S¢=5)  12.1-25.5(17.8) —28.1—26.7 (—27.3) —32—0.7(-19)* —59—3.44(-4.7)*
Forest ¢ = 14) 13.4-31.8 (16.8) —284—26.8 (—27.5)* —287—11.0 (—23.0) —4.0-4.7 (-0.8)*
Pastures = 12) 11.4-26.1 (13.9) —29.2—27.8(—286) —29.5—20.7 (—27.6)* —1.0-6.4 (3.0)
Arableland ¢ =8)  9.5-11.3 (10.7)* —285—27.1(—27.8) —283—19.9(—259) 4.3-7.7 (6.0)*

* Differs significantly from the five other potential sources (ANOVA< 0.05)

which is consistent with a steady pH value of the river wa-  Riverbed sediment in the upper watershed &i&€; val-

ter around 8.2 at all site. Thejfgry concentrations varied ues as high as-0.7%. due to enrichment with carbonate.
only marginally during the season and no correlation be-The carbonate contents of the sediment were between 2.2 and
tween Gnorg cONcentrations and the total IS, SS and the maxi-3.4 %. In parallel®N was depleted resulting °N values

mal water level during the week was assessed @ij.Con-  around—5 %o (Table2, Fig. 5). These low values indicate
sequently, the concentration of6g Of IS and SS can notbe  young, poorly-decomposed materidldnen et al. 2008.

used to draw any conclusions about the origin of the sedi-The riverbed sediment probably originates mainly from the
ments. bedrock molasse. Very lowdg concentrations with a mean

of 0.2 % support this assumptiodt3Cyyt of the forest soils
varied highly (Table2). Two of the six forest samples above
site A had carbonate contents around 1.5 %. Those two soils
were enriched in3Cy resulting in§13Cyo; values around
—14 %o. The remaining forest soil samples contained no car-

3.5 Carbon and nitrogen isotopes for tracing suspended
sediment sources

813Corg values of SS were around28.0+ 0.9 % and did

r es O _ bonate resulting i813Cyot similar to §*3Corg around—28 %o
not differ significantly between the three sites (Tali)e (Fig. 5). 13Cit values of the forest soils upstream of site B
81300@ values of soil and sediment samples from the catch-

, . and C were around-26 %.. Again, carbonated soils iferg
ment were |3n the same rangem(TaﬁDe Algae were highly  5raund 0.3 %) were enriched}ACior compared to decarbon-
depleted int Corg resulting ind~Corg values between-41

13 _ 0rg ated soils. Mean'®N of the forest soil samples above site
and—31 %o. Thus,"*Corg isotopes indicate an allochthonous A \was 2 5%,.. The downstream forest soil samples around
origin of the organic matter in SS, supporting the conclusiong;ie B and C were enriched wifsN (meanssN = 1.5 %o).

13 :
drawn from C/Na. §™°Crot values of the SS decreased sig- A gecrease 085N with increasing elevation and declining

nificantly from upstream (mean site A.-:Z0.0.%O) to down- temperature has been assessed in several studies (for a review
stream (mean site C—:22:9 %o), indicating dlffe'ren.t'source seeAmundson et a).2003 and can be explained by poorly-
contributions to the sediments (Takly The significantly  gecomposed material. The steep slopes of the forests above
highers™N values at sites B and C with means ®2 1.1 gjie A can have an additional influence on the B3N val-
and 18- 0.6 %, respectively, support this assumptié®N  es. The soil residence time decreases with increasing slope
mean ,Of site A= _0'4# ,0'9 %o, Tgblel). , and thereforé°N values decreasémundson et a).2003.

SS isotope compositions varied highly during the brown 513C,o; values of pasture and arable land soil samples were
trout spawning seasod*3Cyo; values increased with higher ponveen-19 9 and—29 5 % at all sites (Tabl2, Fig.5). Dif-

; 15
water level and hlgher amount Of_SS_ W_h“g’corg _and(S N ferences between sites and between pasture and arable land
values decreased (Fi@c, d). This indicates different SS 813C,t were not significant. Again, highét3Ci; values

sources related to the discharge pattern. Linear regressioere assessed in carbonaceous séi&N of pasture and
models showed significa:r;t relationshipzs for all three sitesyaple land was significantly higher than in the forest. The
between water level angt Cégt values R . 05110 0.95)  gjgnificantly highess SN values were assessed in arable land
and between water level adcPN values R = 0.51100.66,  \yith a mean of 6.0 %o (Tabl€). These high values are at-
Fig. 4). No S'%Q'f'ca”t relationship was found bet\ivgeen Wa- triputable to an acceleration of soil N loss through enhanced
ter level andi™>Corg. The relatively smalllgange a™Corg  decomposition rates because of cultivatidmundson et a).
values ¢29.9 t?5—26-5 %0) compared t6-"Crot (=25.6 10 5003, Additionally, manure is commonly enriched N
—13.8%0) and5™N (2.2 to 3.6 %) might be a reason for  (aAmundson et a).2003 Alewell et al, 2008. The manure

this missing significance. For this reason onlyt@nd N gampjes, which were collected on arable land at site B and
isotope compositions were used for further tracer modelinge had a meas®N of 8.9 %o (Table2).

ands3Corg values were excluded.
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3N (%o)

5 10 15 20 10 20 30 40 50 10 20 30 40 50
Water level (cm)

Fig. 4. Relationship between maximal mean daily water level of a weels&#hot ands15N values of the weekly captured SS at the three
sites. Dashed lines are the 95 % confidence intervals.

These findings lead to the assumption that during high flow(e.g.Fox and Papanicolag@007. This was not the case for
and high SS loads with high'3Cit and low 815N values  §13Ciy, but it did apply tos1°N. This is, however, probably
(Fig. 4), SS source is mainly the riverbed sediment in the up-not attributable to physical fractionation but due to the fact
per watershed. During low flow and low SS loads with lower that the mean sediment size as well as the source contribu-
813Ciot and highes™®N values (Fig4), SS sources are soils tions varied in dependence of the water level.
of forests, pasture and arable land (F&). The IsoSource SS at site A can possibly originate from forest and pas-
program was used to quantify the proportion of the differentture soils or from riverbed sediment of the upper water-
sources Phillips and Gregg2003. While interpreting the  shed.813Cy; and 15N values of the three possible sources
results, it is recommended to concentrate on the distributiorare clearly distinguishable (Fi@), resulting in well-defined
of the feasible solutions rather than focus on a single valudsoSourceoutcomes (Fig6). During base flow, the majority
such as the mean to avoid misrepresenting the uniqueness @iip to 75t1 %) of the SS originated from pasture soils. These
the resultsRhillips and Gregg2003. percentages were relatively constant during the entire spawn-

Algae samples were excluded from the modeling becauséng season with an overall mean of 57 %, even though the
C/Na and 813Cqrg values indicated none or minimal au- catchment was temporarily covered with snow (FégTa-
tochthonous C contributions. As described in Sect.], ble 3). The percentage of SS deriving from the upper water-
riverbed sediment samples were only taken in the uppeshed riverbed sediment increased significantly with increas-
most accessible reach of the rivEiox et al.(2010 noted ing maximal mean daily water level of a week (linear regres-
that transformation of nitrogen could occur during tempo- sion, RZ = 0.69). The highest values with up to B2 0.8 %
rary storage of sediments in the streambed, thus potentiallpf the SS originating from the riverbed sediment in the upper
masking their provenance. The sediment study in the Enziwatershed were measured during the high discharge events
wigger was only conducted during winter time when biolog- in December and January with high SS loads. In general, the
ical activity is low. Consequently, it is assumed that N and smallest part of the SS at site A originated from forest soils
Ciot isotopic compositions would not significantly change with an overall mean of 16 % (Tab®. The contribution of
during the temporary storage in the river. With biotic frac- forest soils increased only after periods of higher temperature
tionation, higher isotope values and lower @¥alues with  and thus snow melting periods (Fi§). Spearkman rank cor-
less organic concentrations are expected. The opposite waelation tests support this assumption with a significant cor-
measured: With less organic material in the sedimeniy relation between SS deriving from forest and maximal mean
values decreased and GINncreased (Fig2). Addition- daily temperature of a weel & 0.26). These findings indi-
ally, decomposition processes triggered higher isotope valuesate the importance of forest-covered land to reduce SS de-
with smaller grain sizes since larger soil particles break intolivery to the river to prevent negative effects of SS on the
smaller particle sizes during these decomposition processesquatic ecosystem.
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Table 3. Mean (range and standard deviation) source contribution (%) to the suspended sediment at the three sites. Riverbed S =riverbed
sediment.

Source Site A Site B Site C
Riverbed S  27.0 (10+0.7-528+0.8) 18.3 (31+2.0-412+1.5) 12.1 (20+1.5-482+0.8)
Forest 16.0 (& 1.7-45+22) 16.8(25+1.9-4914+185) 26.4(36+3.1-409+124)
Pasture 56.9 (28 +1.7-75+1.0) 25.1(38+3.4-640+14.6) 38.0(67+4.6-560+20.7)
Arable land 39.9 (1¥+5.1-704+2.4) 23.5(72+4.5-458+7.7)
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© o D Fig. 6. Total suspended sediment (SS) per week at the three sites
=25 7 + and soil source contribution from the three/four possible sources
30 NN to SS at the three sites, determined with the dual isotope mixing
N

modellsoSource Air temperature was measured close to site B in

Fig. 5. 813Ciot and 815N values of SS and soil samples collected Hergiswil.
above each sites (averadesd). Dashed line: SS regression line.

Arable land represents an additional possible source for
SS at sites B and C. The modeling results of these sitegFig. 6). On average, about 40 % of the SS originated from
have higher uncertainty as there are four{2) possible arable land (Table). The amount of SS originating from
sources for the downstream sites with twd iSotope groups  arable land increased significantly with increasing temper-
and thus, an under-determined equation system. In additiorature = 0.31). The percentages were analyzed by multi-
the distinction of the isotopic compositions of the possible ple regression, using the highest mean daily temperature of
sources was not as clear as at site A (B)g.Nevertheless, a week (Temp), the maximal daily precipitation (Rain), and
some general conclusions were possible. the quadratic terms of the two variables as regressors. The

During base flow conditions, SS at site B originated regression was a rather good fR{= 0.56) with an over-
mainly from arable land followed by pasture and forest soilsall significant relationship and no interactions between the

www.biogeosciences.net/9/1985/2012/ Biogeosciences, 9, 198%55-2012
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variables 4,01 = 20.1, p < 0.05): 640-)
SS from arable lane: 29.7 + 4.5 Temp— 0.35 Temp 6354
—0.5 Rain+ 0.002 Rair? 1)

These results indicate erosion processes on the fallow field
during rainy periods when the fields were neither snow-
covered nor frozen. During high flow conditions, riverbed 615
sediment of the upper watershed was the main source of SS, 610

resulting in a significant positive correlation between SS with 0 20 40 60 g 100 120

riverbed sediment origin and water levgl£ 0.56). The fea- Distance (m)

sible contributions of forest and pasture soils to SS often_. S

overlapped, making the distinction between their Contribu-F.Ig' 7. S_chemr_;mc view qf the groundwater table and bedrock at
. . . o site B with the installed piezometers (P).

tions impossible. Consequently, the mean contribution val-
ues in Table8 have to be regarded with caution. For this rea-

son, statistics were conducted with the sum of the SS fraCtreasing values with higher temperature (linear regression,
tion originating from forest and from pasture soils. Spear- p2 _ 0.49, p < 0.05) and precipitation (linear regression,

man correlations indicate a signifi.cant. de.crease _of SS origig2 _ 0.36, p < 0.05; Table3). Maximum daily precipitation
nating from forest and pastgrg s_0|Is with increasing tgmper-and maximum daily mean temperature of a week together
ature p = —0.31) and precipitationd = —0.21). This in-  explain 749% of the amount of SS originated from arable
crease of forest and pas_ture so_lls sgdlr_nent contributions _d“rland (multiple regressiom < 0.05). Unfortunately, only one

ing drier and colder periods might indicate a transportationgample from an extreme flow event was assessed due to the
of SS with percolating water during snow-covered periods.|oss of SS samplers. Nevertheless, the mean percentage of
Forest and pasture areas upstream to site B are mainly lo5s geriving from the upper watershed riverbed sediment de-

cated on the hi[lside on the right side of the rivgr where thepended significantly on the maximal daily mean water level
bedrock is relatively close to the surface (Fiy. This proba- (linear regressionk? = 0.95). During low flow conditions,

bly triggers a relatively fast subsurface flow. Moist soil in the i erbed sediment accounted for only21.5% of the SS
warmer season and ice formation during the winter on theduring high flow for 482+ 0.8 % (Table3).
right side of the channeled riverbed support the assumption Thegse observations have important implications for arable

that subsurface water and groundwater is draining from thg;nq management strategies. Anticipated warmer winters
hillside to the river. Arable land is located on the flat planesyith more frequent heavy rain eventBPC, 2007) are likely
on the left side of the river. Groundwater modeling as well ;5 annance the SS delivery from arable land at site B and

as observations of riverine groundwater (head, temperaturg; 45 \ell as DOC and nitrate input to the river. Besides the
and electric conductivity) indicate infiltration processes on negative effects on the arable land (loss of soil and organic

the left-sided river board dominating the local groundwater ,sterial to the river), brown trout eggs can be negatively

flow regime Huber et al, 2012 (Fig. 7). Thus, forest and  jnacted by the enhanced input of SS and organic material
pasture soils represent the main sediment sources at site Bsrqig et al, 2005 2007). A possible adaption could be a

during undisturbed conditions. Thus, forest and pasture soilgyiger protecting strip next to the river with natural vegetation
represent basically the main sediment sources at site B duis, greening of the arable fields during the winter.

ing undisturbed conditions. Sediments originating in arable
land predominate, however, these natural processes due to
erosion. 4 Conclusions

The majority of the SS during base flow conditions at
site C came from pasture (2917 to 56+ 20%) and for-  The concentration of &g as well as TN in the IS and SS
est soils (2112 to 41+ 12 %; Fig.6). Both fractions in-  varied highly during the brown trout spawning season. The
creased significantly during colder and drier periods (Spearhighest values were assessed during low flow periods with
man rank correlations, pasture vs. precipitatioa —0.39, small sediment loads, the lowest values during high flow pe-
pasture vs. temperatuge= —0.37, forest vs. precipitation riods with high sediment loads. This is suggested to be re-
p =-—0.41 and forest vs. temperatuge= —0.61.) Multi- lated to the dilution with mineral matter deriving from ter-
ple regression models with maximal daily precipitation andrigenous soil erosion or the remobilizing of mineral matter
mean daily temperature of a week could explain 58 % of theof the riverbed. Organic matter concentrations of IS and SS
SS originating from pasture and 61 % of the SS originat-are relatively low. Their impact on brown trout eggs is there-
ing from forest { < 0.05). This indicates again a transporta- fore expected to be low. The organic matter concentration
tion of SS through percolating water from the hillside during of the sediment as well as nitrate in the river and interstitial
snow-covered periods. The percentage of SS deriving fronwater increased from the upstream site A to the two down-
arable land was betweernZ# 4.5 and 458 + 7.7 % with in- stream sites B and C, which is attributable to leaching from

630
Pasture / F t
f‘ Arable land P asture frores

625

620 +

Altitu® (m a.s.l.)

Bedrock
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pasture and arable land. GINind 81300@ values indicate and deposition of suspended sediment in the River Rhine, Hy-
an allochthonous source of the organic matter in the SS dur- drol. Processes, 17, 3225-3244j:10.1002/hyp.1384003.
ing the brown trout spawning seasongGnd N isotopes Baxter, C., Hauer, F. R., and Woessner, W. W.: Measuring
were used to trace the source of SS in respect to time and 9roundwater-stream water exchange: New techniques for in-
space using the visual basic prograsnSource The frac- stalling r_mmmezometers and estimating hydraulic conductivity,
tion of SS originating from the riverbed sediment of the _ |- AM- Fish. Soc,, 132, 493-502, 2003. .
upper watershed increased at all sites during high flow, A1t G- S- and Brazier, R. E.; Understanding the influence of
h . . . suspended solids on water quality and aquatic biota, Water Res.,
site A, these fractions were the highest with values between 42, 2849-2861d0i:10.1016/j.watres.2008.03.Q1Z008.
11.0+0.7 % to 528+0.8 % (mean= 27.0 %). Smallestcon-  conen, F., Zimmermann, M., Leifeld, J., Seth, B., and Alewell, C.:
tributions from the riverbed sediment were detected at site C. Relative stability of soil carbon revealed by shiftssitPN and
The SS source contributions varied between sites during base C:N ratio, Biogeosciences, 5, 123—12#)i:10.5194/bg-5-123-
flow conditions: at site A SS mainly originated from pasture, 2008 2008.
at site B mainly from arable land and pasture, and at site Gawson, J. J. C., Soulsby, C., Tetzlaff, D., Hrachowitz, M.,
from pasture and forest. Increasing winter temperatures and Dunn, S. M., and Malcolm, I. A.: Influence of hydrology and
precipitation lead to a higher contribution of SS from arable ~ Seasonality on DOC exports from three contrasting upland catch-
land at both downstream sites, indicating soil erosion from Ments, Biogeochemistry, 90, 93-11&i:10.1007/s10533-008-
the bare fields during snow-free and snow-melting periods 9234-3 2008. .
The increased DOC and nitrate concentration during highDawson' J- 3. C., Tetzlaff, D., Speed, M., Hrachowitz, M., and
- g Soulshy, C.: Seasonal controls on DOC dynamics in nested up-
flow SUF’PO” thesesoSpurcec'alculatlons. These data indi- land catchments in NE Scotland, Hydrol. Processes, 25, 1647—
cate an increase of soil erosion processes on snow-free pas- 1658 doi:10.1002/hyp.7925010.
ture and arable land during the anticipated warmer winteregp-wsB-Agrofutura:  Ganzheitliche ~Gésserplanung  im
with more frequent torrential rain event®PC 2007). An Einzugsgebiet Wiggertal, Bau- und Umwelt und Wirtschaftsde-
increase of SS and of organic matter concentration in the SS partement des Kantons Luzern und Baudepartement des Kantons
during the brown trout spawning season is a probable con- Aargau, 2005.
sequence. Both of these affect brown trout eggs negativelyox, J. F. and Papanicolaou, A. N.: The use of carbon and
(Greig et al, 2005 20071. nitrogen isotopes to study watershed erosion processes, J.
Am. Water Resour. As., 43, 1047-10649i:10.1111/j.1752-
1688.2007.00087,2007.
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