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ABSTRACT 12 

Precipitation and catchment characteristics of mountainous headwaters can vary largely within 13 

short distances. It remains unclear how these two factors determine the contribution of event 14 

water and pre-event water to stormflow. We investigated this in five neighboring headwaters 15 

with high annual precipitation amounts (>2000 mm y-1) in a steep pre-alpine region in 16 

Switzerland. Rainfall and streamwater of 13 different rainstorms were sampled (P: 5 mm 17 

intervals, Q: 12 to 51 samples per events) to perform a two-component isotope hydrograph 18 

separation. Pre-event water contributions based on δ18O or δ2H computation were similar. The 19 

pre-event water contributions of headwaters depended largely on rainfall (amount and intensity) 20 

and varied more between events than between catchments, despite clear differences in land cover 21 

between the catchments. Furthermore antecedent wetness was not found to control pre-event 22 

water contribution. With increasing rainfall amount, the proportion of rainfall in runoff increased 23 
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and changed from pre-event to event water dominated. The variable rainfall amount and small 24 

active storage (organic soil horizon, 20-50 cm) resulted in a threshold in the upper soil horizon 25 

with subsequently more variable pre-event water contribution. Our results show the necessity of 26 

sampling in different headwaters and events to better understand controlling factors in runoff 27 

generation. 28 

1. INTRODUCTION 29 

Runoff generation processes vary in space and time. The spatial variation is controlled by 30 

catchment properties such as land-use/cover and geology, while the temporal variation is mainly 31 

controlled by hydrometeorological conditions such as precipitation and soil moisture. 32 

Understanding this spatiotemporal variability of runoff processes as a function of precipitation 33 

and catchment characteristics is important for predictions of streamflow quantity and quality. 34 

As part of the water itself, the stable isotopes δ18O and δ2H, are valuable conservative tracers in 35 

the two end-member mass balance approach (also called two-component isotope hydrograph 36 

separation, IHS) to study how catchments transform rainfall into runoff. Using IHS allows the 37 

stormflow hydrograph to be separated, and to discern to which degree rainfall (event water) and 38 

water, that has been stored in the catchment before the event (pre-event water), contribute to 39 

stormflow (Klaus and McDonnell, 2013; Sklash et al., 1976). 40 

IHS has however frequently been performed only in single headwaters (e.g., Jordan, 1994; Lyon 41 

et al., 2008; McDonnell et al., 1990; Pellerin et al., 2007; Penna et al., 2014; Renshaw et al., 42 

2003; Vitvar and Balderer, 1997). From several IHS studies in forested headwaters, the general 43 

perception developed that pre-event water dominates the peak discharge (Buttle, 1994; Klaus and 44 

McDonnell, 2013). However, the value of an IHS study in one catchment and one event is 45 

limited. Such studies are criticized for not providing further insights into hydrological processes 46 

(Burns, 2002). With advances in laser spectroscopes, measuring the composition of both stable 47 

isotopes δ18O and δ2H has become relatively easy and the price per sample has decreased (Lis et 48 
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al., 2008; Penna et al., 2010). This development has made it possible to investigate more 49 

catchments or events. Few early IHS studies compared different catchments (Rodhe, 1987) and 50 

only recently has IHS been used to compare neighboring headwaters (Laudon et al., 2007; Onda 51 

et al., 2006) and/or many events (Hrachowitz et al., 2011; James and Roulet, 2009; Lyon et al., 52 

2008; McGlynn et al., 2004; Roa-García and Weiler, 2010; Segura et al., 2012). Several of these 53 

runoff generation studies found a more variable event and pre-event water contribution, contrary 54 

to the presumed dominance in pre-event water found in the single headwater studies. Casper et 55 

al. (2003), James and Roulet (2009), Kienzler and Naef (2008), Pellerin et al. (2007) and Penna 56 

et al. (2014), could relate an increase of event water to rainfall sum, intensities and duration (see 57 

also Klaus and McDonnell, 2013). In forested headwaters, trees not only affect the amount of 58 

spatiotemporal throughfall (Gerrits et al., 2010) and isotopic composition (Allen et al., 2015), but 59 

also affect the subsurface connectivity (Weiler et al., 1998). Interception and transpiration of 60 

trees together with higher infiltration capacities of the soils can have a delaying effect on stream 61 

response, and pre-event water dominates the stormflow (Buttle, 1994; Klaus and McDonnell, 62 

2013; Roa-García and Weiler, 2010). Roa-García and Weiler (2010) observed higher pre-event 63 

water fractions in wetlands compared to forest and grasslands.  Other studies have also observed 64 

higher event water fractions in wetlands (Laudon et al., 2007 and McCartney et al., 1998) and in 65 

grasslands (Bonell et al., 1990). Infiltration capacity, soil type, storage potential of soils (Geris et 66 

al., 2014) and macropore distribution (Buttle, 1994) are important controlling factors in runoff 67 

generation processes. High responsive headwaters with shallow soils of less than a metre have 68 

generally limited water storage in the soil mantel (Pearce et al., 1986). Sueker et al. (2000) 69 

observed higher event water contributions on steep slopes. In different studies from around the 70 

world, described in Buttle (1994) or Jordan (1994), it is difficult to observe a relationship 71 

between event water contribution and geology. On the other hand, Onda et al. (2006) however 72 

did not observe a significant relation between soil depth and event water, but found that 73 

headwaters with “permeable“ geologies (larger number of cracks and fissures) had a lower event 74 

water contribution. 75 
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Brown et al. (1999) and Shanley et al. (2002) observed that event water contribution increases 76 

with catchment size, while no relation was found by either James and Roulet (2009) or McGlynn 77 

et al. (2004). Seasonality and the state of the system affect flow pathways (Hinton et al., 1994; 78 

Penna et al., 2014). Casper et al. (2003), James and Roulet (2009) and Jordan (1994) found that 79 

dry antecedent conditions with low connectivity result in higher event water contribution while 80 

McGlynn et al. (2004) found the opposite. 81 

Pre-alpine headwaters are characterized by a large spatiotemporal variability of precipitation and 82 

variation in land cover, topography and geology (Gurtz et al., 1999). Despite the heterogeneous 83 

catchment characteristics, baseflow processes in neighboring pre-alpine headwaters can be 84 

similar (Fischer et al., 2015). During stormflow however, it remains to be quantified how the 85 

variability of precipitation and catchment characteristics controls runoff processes in these 86 

headwaters. 87 

In this study we investigated a steep pre-alpine region with high annual precipitation amounts 88 

(>2000 mm y-1) in Switzerland using IHS for five neighboring headwaters and 13 different 89 

rainstorm events. The objective was (1) to assess differences in pre-event water contribution 90 

between headwaters and different events, and (2) to relate these differences to rainfall, catchment 91 

and antecedent characteristics. 92 

2. METHODS 93 

2.1 Study area 94 

The study area, the Zwäckentobel, is a pre-alpine catchment in Switzerland and approximately 95 

40 km south of Zurich. The climate is humid with a mean annual temperature of 6°C. The mean 96 

annual precipitation is 2300 mm y-1, of which half falls during the snow free season (Jun-Oct). It 97 

rains approximately every second day and about one third of the annual precipitation falls as 98 

snow (Stähli and Gustafsson, 2006). The mean annual actual evaporation is approximately 300 99 
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mm y-1 (Menzel et al., 2007). The mountain streams respond quickly and can have high 100 

discharges with large amounts of sediment transport (Turowski et al., 2009). After rainfall 101 

events, the streams return to baseflow within approximately one day. 102 

The Zwäckentobel, is a 4.3 km2 south-north oriented headwater catchment. The east facing side 103 

of the catchment is steep with frequent landslides and an ephemeral stream network. 104 

Approximately ten perennial streams drain the remaining part of the Zwäckentobel. One of the 105 

streams is the 0.7 km2 Erlenbach catchment (WS04) which has been the subject of numerous 106 

studies since 1964 (Hegg et al., 2006). In 2009 the streams of WS07, WS10, WS11, and WS19 107 

(0.09 to 0.21 km2) were additionally gauged (Figure 1a and Table 1). Common features for all 108 

headwaters (WS04-WS19) are alternating steep slopes of more than 20° and flatter areas along 109 

the main axis, originating from erosion deposits like soil creep and landslides. The steep terrain 110 

and high transport capacity of streams created step-pool channels (Molnar et al., 2010) cutting 111 

into the alluvium of weathered bedrock (Keller, 1970). As a consequence, a riparian zone is 112 

lacking (Hagedorn et al., 2001). 113 

The geology of the Zwäckentobel has three different types of tertiary flysch: Wild-, Waeggitaler- 114 

or Schlieren flysch. The different facies consist of different calcareous sedimentary layers of 115 

schist, marl or sandstone (Hantke, 1967; Hsü and Briegel, 1991) with creeping gleysols (0.5-2.5 116 

m) on top (Figure 1b). The spatial distribution of shallow soils (depth ≤ 1m) was taken from 117 

Fischer et al. (2015). The soils have a high silt and clay content resulting in a low matrix 118 

permeability but a high drainage capacity in macropores and the organic layer of 20-50 cm 119 

(Feyen et al., 1999). 120 

The land cover of the Zwäckentobel was classified by Fischer et al. (2015) into forest, partly 121 

forested, meadows and wetlands (Figure 1c). The dominant tree species in the Zwäckentobel is 122 

Norway spruce with a plate shaped root network with an approximate root depth of one metre, in 123 

wet areas. Non-forested locations within the catchment are generally wetter and consist of 124 
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bushed and/or swampy meadows or wetlands (Rinderer et al., 2012). During the summer months 125 

meadows in the upper part (above 1450 m) of WS04 and WS19 are used as alpine pastures. 126 

2.2 Instrumentation 127 

Precipitation was measured at 14 locations (Figure 1a).  Two of the rain gauges are situated in 128 

the Erlenbach catchment (WS04) and have been measuring precipitation since 1964 (WG-01; Ott 129 

Pluvio, OTT Hydrometrie AG, Switzerland and TB-14; Joss-Tognini tipping bucket, Lamprecht 130 

meteo, Germany). The remaining 12 rain gauges (Davis II rain collector-tipping bucket; Davis 131 

Instruments Corp., USA with Odyssey data logger; Dataflow Systems, New Zealand) were 132 

distributed over the Zwäckentobel in the open field at a height of 1.5 m above ground level and 133 

measured rainfall during the period 2009-2011. Barometric pressure and air temperature were 134 

measured at WG-01 and WS19 (Keller DCX-22, Keller AG Switzerland, Figure 1a). 135 

In the Erlenbach catchment (WS04), stage/discharge has been measured with a concrete flume 136 

from 1984 to present (Hegg et al., 2006). The headwaters WS07, WS10, WS11 and WS19 and 137 

the Zwäckentobel outlet (ZT) were gauged in 2009 (Keller DCX-22 pressure and temperature 138 

sensors, Keller AG Switzerland, Figure 1a). Due to the frequently changing stream morphologies 139 

it was impossible to derive rating curves. In the vicinity of WG-01, groundwater levels have 140 

been measured since 1992 in a screened groundwater well and with an Ott-groundwater data 141 

logger (OTT Hydrometrie AG, Switzerland, Figure 1a). 142 

2.3 Event sampling  143 

In headwaters WS04, WS07, WS10, WS11 and WS19, different rainfall-runoff events were 144 

sampled during the snow free season of 2010 and 2011 (Table 2 to 4). Before each rainfall event, 145 

a grab sample was taken from each stream to determine the pre-event water composition. 146 

Rainwater samples for isotope analysis were collected with eight sequential rainfall samplers 147 

(adapted after Kennedy et al., 1979 containing 12x100 ml honey jars, each representing 5 mm of 148 

liquid precipitation, Figure 1a). At the catchment outlets of WS04, WS07, WS10, WS11 and 149 
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WS19, automatic samplers collected streamwater samples (ISCO 6712 with 24x1 L-bottles and 150 

Liquid Level Actuator, Teledyne Isco, USA, Figure 1a). The different automatic samplers started 151 

after the water level of the streams rose more than 1 cm and sampled six samples every 10 min 152 

during the rising limb, followed by 18 samples every 60 min. This sampling scheme allowed the 153 

rising limb to be sampled with a high temporal resolution, while taking at least one sample as 154 

close as possible to the maximum discharge peak, such as in event 2 (Figure 2, left). For large 155 

events, it was attempted to collect the water samples from the full automatic samplers. These 156 

samplers were reprogrammed and restarted (sampling interval 120 or 240 min) to capture parts 157 

of the falling limb of the hydrograph, such as in event 11 (Figure 2, right). To improve sample 158 

handling and avoid sample contamination (Wassenaar et al., 2014), we chose not to use mineral 159 

oil in rain and stream water sample bottles, and rather collected all samples directly after a 160 

rainfall event to prevent fractionation. In the field, rainfall and stream samples were filled in a 20 161 

ml-glass for transport and storage (20 ml-glass with cap and additional Teflon/rubber septum). 162 

Excess water from all sampler tubing, bottles and tipping buckets was removed, i.e., dried as 163 

well as possible to prevent inter event contamination. Due to malfunctioning of some automatic 164 

samplers (e.g., air bubbles or sediment in the water level actuators or power failures when 165 

temperatures fell below 5°C), not all events were sampled equally for all streams. The number of 166 

water samples for stable isotope analysis per stream and event ranged from 7 samples (short 167 

events) up to 54 samples (for long events). The number of sampled events varied per stream 168 

from 6 to 11 (Table 3). 169 

2.4 Water sample analysis  170 

The collected water samples were analyzed for their stable isotope composition at the stable 171 

isotope laboratory of the University of Zurich, Department of Geography. All water samples 172 

were filtered (0.45 μm filter 25 mm PTFE Syringe Filter, Simplepure USA) and pipetted in a vial 173 

(1 ml into a 1.5 ml 32×11.6 mm screw neck vials with cap and PTFE/silicone/PTFE septa) prior 174 

to analysis. Samples were analyzed with a Cavity Ring-Down Spectroscope-Picarro L1102-i 175 



Spatial runoff generation mechanisms in pre-alpine headwaters 

 8 

Liquid Analyser (1st generation analyser, Picarro Inc., 2008). The analysis scheme of Penna et al. 176 

(2010) was followed, and values were reported as δ-values in per mille (‰) relative to Vienna 177 

Standard Mean Ocean Water (VSMOW). Most samples could be measured with a precision for 178 

δ2H of < 0.5‰ and for δ18O of < 0.1‰. Due to some technical issues with the spectroscope, for 179 

some samples the accuracy for δ2H was >1‰ while for δ18O it remained < 0.1‰. 180 

2.5 Isotope hydrograph separation 181 

For the different rainfall-runoff events a IHS was used to quantify the fraction of pre-event water 182 

in storm runoff,  (eqs.1 and 2) (Sklash and Farvolden, 1979).  183 
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The symbol C describes the stable isotope composition of stormflow (streamwater), baseflow 186 

(pre-event water) and rainfall (event water) indicated with subscripts S, PE and E respectively. 187 

The incremental intensity mean (McDonnell et al., 1990) was used to account for the event water 188 

(Eq.3). Here Ii is the rainfall intensity and δi is the stable isotope composition of the 189 

accompanying precipitation. Some sequential rainfall samplers malfunctioned during some 190 

events. Therefore the nearest sequential rainfall sampler, which sampled the majority of the 191 

events, was assigned to each headwater (WG-1 for WS04 and WS07, TB-6 for WS10 and WS11 192 

and TB-10 for WS19) to be used in the IHS.  193 
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For each of the thirteen events, the uncertainty of the pre-event water contributions was 195 

quantified based on Eq.4 (Genereux, 1998)	with a confidence level of 0.05. The symbols	 ,  196 

fPE and fE represent the uncertainty in the pre-event water, and the fraction of pre-event and event 197 

water respectively. WCE is the uncertainty in event water and estimated using the standard 198 
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deviation of the collected stable isotope composition of the nearest sequential rainfall sampler. A 199 

dataset that had been collected during a previous baseflow snapshot campaign by Fischer et al. 200 

(2015) was used to quantify the uncertainty of pre-event water WCP.  For each headwater 201 

catchment the baseflow samples within the catchment were used to calculate the standard 202 

deviation of the stable isotope composition. Streamwater uncertainty, WCS, was based on the 203 

laboratory precision of repeat measurements. 204 
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2.6 Data analysis 206 

For each sampled event, three proxies were used to describe the antecedent conditions of the 207 

study area (Table 2). Based on rain gauge WG-01 (1998-2011), the antecedent precipitation 208 

index, with seven days prior to an event (API7), was calculated. Additionally the antecedent 209 

discharge (AQ1; WS04) and groundwater level (AGL1; long term groundwater well near WG-01) 210 

were derived, both for one day prior to an event. From 14 rain gauges, the mean and standard 211 

deviation of different rainfall characteristics were derived for each event. In WS04, the 212 

maximum discharge Qmax was derived and the runoff coefficient was additionally computed by 213 

subtracting the baseflow from the total stormflow divided by the event rainfall sum, analogous to 214 

Burch et al. (1996). Baseflow was defined as a straight line from the rise of the hydrograph to the 215 

inflection point where the hydrograph in the semi-logarithmic domain flattens. For every event, 216 

the exceedance probabilities of maximum event discharge (WS04, 1998-2011) and event rainfall 217 

sum (WG-1, 1998-2011) were determined (Figure 3). 218 

In addition to standard representation of the IHS (hydrograph, precipitation, air temperature, 219 

stable isotope and calculated pre-event water) we related the rainfall characteristics, antecedent 220 

conditions and baseflow, one day before an event (WS04), to the observed minimum  (near 221 

the maximum discharge) using a linear relation to explain differences in pre-event water. 222 
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Additionally five types of multiple linear regression were performed where for each type, the 223 

rainfall characteristics, antecedent conditions and baseflow one day before an event (WS04), 224 

were added stepwise to relate to the observed minimum 	to explain differences in pre-event 225 

water. 226 

3. RESULTS 227 

3.1 Sampled event characterization 228 

Thirteen rainfall-runoff events were sampled during the snow free seasons of 2010 and 2011 (see 229 

Table 2). The events covered a wide range of different rainfall and peak discharge magnitudes 230 

observed during the time period 1998-2011 (Figure 3). The mean hourly rainfall intensities of all 231 

rain gauges of the Zwäckentobel varied between 1 and 6 mm h-1 with a maximum of up to 18 232 

mm h-1 and a large spatial variability (Table 2). The discharge of WS04-WS19 responded to 233 

rainfall with a delay of 10 min up to one hour for the different events (Table 2). Each of the 234 

events had different antecedent wetness conditions with API7 ranging from wet to dry (Figure 4). 235 

The baseflow one day before an event (AQ1) was below 0.1 up to 16 l s-1 km-2. The groundwater 236 

levels before an event (AGL1) were between -12 cm to -42 cm below ground surface. 237 

3.2 Stable isotopes and hydrograph separation of sampled storm events  238 

The isotopic composition of all isotope water samples followed the global meteoric water line 239 

(GMWL) and no fractionation was observed (Figure 5a). The IHS was performed using both δ2H 240 

and δ18O, which mainly resulted in 60 similar pre-event fractions with only two exceptions: 241 

WS04 event 9 and WS19 event 5 (Table 3, 4 and Figure 5b). Because both isotopes resulted in 242 

rather similar computed pre-event water contributions, only the computations based on δ18O are 243 

shown in the following. 244 

The δ18O in pre-event water varied for the different streams and the different events by 0.5-1‰ 245 

(Table 3 and Figure 6). The δ18O in event water varied for the different sampling locations by 0.5 246 



Spatial runoff generation mechanisms in pre-alpine headwaters 

 11 

and 2‰ and the temporal variability of events was 2 up to 12‰ (Table 3 and Figure 6). The δ18O 247 

difference between pre-event water and streamwater samples near the peak was about 0.5-2‰ 248 

and up to 0.5-4‰ for some larger events (Table 3 and Figure 6). 249 

The minimum fraction of pre-event water (fPE) for the different streams and events varied from 250 

0.01 up to 0.9 and occurred half an hour before or after a maximum water level (Figure 6). For 251 

some events the rainfall, pre-event or streamwater sample compositions were too similar to allow 252 

the fraction of pre-event water to be calculated (Table 3). In events where IHS was possible, the 253 

uncertainties in the minimum fraction of pre-event water (WfPE) were between ±0.1 up to ±0.9 254 

(Table 3). 255 

3.3 Comparison of three headwaters and events 256 

The three headwater catchments with the best data coverage (WS04, WS10 and WS19) were 257 

selected for a more detailed comparison. In event 3, the maximum event rainfall sum was 258 

recorded above WS10, while different rainfall gradients were observed in WS04 and WS19 259 

(Figure 7a and 7d). The rainfall intensities were moderate and spatially equal (Table 2 and Figure 260 

7a) and the hydrograph had multiple peaks (Figure 8, left column). After the maximum water 261 

level was reached, the air temperature decreased to 0°C, and the rainfall changed to snowfall. 262 

The δ18O in event water of sampler WG-1, TB-6 and TB-10 started with a similar value but 263 

decreased to different minimums (Table 3 and Figure 8, left column). During the rain free period 264 

after the first peak, streamwater samples were missing because the automatic water samplers 265 

were full. Shortly before the maximum water level, all samplers were restarted two times. The 266 

δ18O in pre-event water and streamwater were similar for WS04 and WS10 while for WS19 it 267 

was slightly more depleted (Table 3 and Figure 8, left column). The fraction of pre-event water 268 

decreased rapidly after the start of rainfall to a minimum of 0.2, 0.36 and 0.27 respectively 269 

(Figure 8, left column). During the second peak, WS04 and WS19 had dominant event water, 270 

while WS10 had a higher fraction of pre-event water. During the recession of the hydrograph, 271 
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the fraction of pre-event water rose irregularly due to short additional rainfall that 272 

instantaneously increased the  fraction of event water. 273 

In event 5, the rainfall amount and intensities increased from WS04 towards WS19 (Table 2 and 274 

Figure 7b and 7e) and the hydrograph had two peaks (Figure 8, middle column). The δ18O in 275 

event water of sampler WG-1 and TB-6 had a similar range, but were temporally different, while 276 

TB-10 was more depleted (Table 3 and Figure 8, middle column). The δ18O in pre-event water 277 

and streamwater samples in WS04 and WS10 were alike and became more enriched towards the 278 

first peak of the hydrograph, while WS19 was more depleted. In all streams, the fraction of pre-279 

event water decreased rapidly towards the first peak and increased during the intra event of six 280 

hours. With the onset of the rain, the streams responded fast and WS04 had the highest recorded 281 

discharge out of the 13 events sampled (Figure 2). The fraction of pre-event water was 0.3 for 282 

WS04 and WS19, during the first and second peak. In WS10, the fraction of pre-event water 283 

during the first peak was 0.72 and decreased during the second peak to 0.55. After the maximum 284 

water level the different automatic water samplers were full, and were not restarted, and 285 

therefore further observations were missing.  286 

Event 12 had an average and evenly distributed event rainfall sum and intensity (Table 2 and 287 

Figure 7c and 7f) and the hydrograph had multiple peaks (Figure 8, right column). The δ18O in 288 

event water of sampler WG-1 and TB-10 were alike, while more depleted in TB-06 (Table 3 and 289 

Figure 8, right column). The δ18O in pre-event water in WS04, WS10 and WS19 were alike and 290 

the streamwater increased on average 1‰ during events. The rising limb wasn’t sampled due to 291 

technical problems and started just at the maximum water level. The three different headwaters 292 

had fractions of pre-event water ranging from 0.51 to 0.6 and increased gradually during the 293 

falling limb to 1 (Table 3 and Figure 8, right column). 294 
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3.4 Explanatory factors of pre-event water fractions 295 

In WS04, WS10 and WS19 the minimum fraction of pre-event water decreased with increasing 296 

event rainfall sum (Figure 9, left column). To a lesser extent, the minimum fraction of pre-event 297 

water decreased with increasing maximum hourly rainfall intensities (Figure 9, right column).For 298 

both WS04 and WS19, the fraction of pre-event water in event 3, 5 and 12 was lower compared 299 

with WS10 (Figure 9). In addition, no relation between antecedent wetness and minimum 300 

fraction of pre-event water was observed (Figure 9). The relation between the minimum fractions 301 

of pre-event water was supported by the regression analysis. The rainfall sum correlated best 302 

with the minimum fraction of pre-event water in studied headwaters and for the individual 303 

headwaters (Table 5). Rainfall intensity correlated less with the minimum fraction of pre-event 304 

water and added little information in combination with rainfall sum to explain the pre-event 305 

water. The antecedent wetness indices API7, AGL1 and AQ1 correlated only weakly with the 306 

minimum pre-event fraction. No significant relation between pre-event water and different 307 

catchment characteristics was found (analysis not shown). 308 

The runoff coefficient was only available in WS04 and examined for temporal changes in 309 

relation to event rainfall sums (Figure 10). For events with rainfall sums less than 50 mm, the 310 

runoff coefficient was below 0.5 (Figure 10). With increasing event rainfall sum, the runoff 311 

coefficient increased to 0.7 (P= 110 mm), while the fraction of pre-event water decreased to 0.1. 312 

The overall pattern of the runoff coefficient in relation to event rainfall sums resembled the 313 

power law relation defined by Burch et al., (1996) (Figure 10). 314 

4. DISCUSSION 315 

4.1 Assessment of pre-event water contribution 316 

In our studied headwaters we observed large spatial variability in rainfall sum, intensity and 317 

stable isotope composition for the large events, over relatively short distances (100 m). The 318 

spatiotemporal variability of δ18O in event water was larger compared to the spatial variability of 319 
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δ18O in pre-event water and streamwater samples. These observations support the idea that small 320 

forested headwaters are often erroneously assumed to have homogeneous rainfall patterns 321 

(Goodrich et al., 1995) and isotopic compositions of precipitation (Holko et al., 2012; Lyon et 322 

al., 2008). Lyon et al. (2009) found that the spatial and temporal variability of the isotope 323 

composition may result in different fractions of pre-event water, depending on the use of δ18O or 324 

δ2H in the IHS. In this study, however, the differences between fractions of pre-event water 325 

computed based on δ18O and δ2H were smaller (±10%) compared to the large difference reported 326 

by Lyon et al. (2009).  Furthermore, the differences in fraction of pre-event water using δ18O or 327 

δ2H were generally smaller than the IHS error propagation estimates. The large uncertainties 328 

were the result of, as Genereux (1998) suggested, small differences in δ18O between event water 329 

and pre-event water. Large differences in δ18O between event and pre-event isotopic composition 330 

are generally expected in summer months and therefore summer is considered as the favorable 331 

season to perform an IHS (Vitvar and Balderer, 1997). This benefit however was not always so 332 

strong for the 13 studied events and an IHS was not always possible. This could have been 333 

caused by the altitude of the studied headwaters above 1100 m. This altitude resulted in a 334 

temperature decrease towards 0°C with snowfall, even during summer, for certain events. The 335 

lower temperatures resulted in a more depleted isotopic composition compared to the average 336 

seasonal isotopic compositions. With high soil surface temperatures, the snow melted 337 

immediately and contributed to runoff generation. Late summer events, such as event 3 or 13, 338 

had lower air temperatures and the snow cover persisted, and acting as an extra storage of 339 

precipitation. As a consequence, the stormflow magnitude in relation to its rainfall sum 340 

decreased. During snowmelt no fractionation was observed in stream samples. However we 341 

cannot exclude that fractionated melt water was diluted by pre-event water, or that snow melt 342 

contributed to delayed stream flow. 343 

The isotope composition of rainfall was sampled with a higher resolution compared to many 344 

other studies (e.g. sampling locations, temporal resolution and events). Nonetheless, due to the 345 
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observed spatial variability of stable isotopes in precipitation and stream samples, using the 346 

nearest rain gauge for each headwater in the IHS might have introduced an incomplete 347 

accounting of event water in space and time, as described by Buttle (1994). This might have been 348 

the case for large events with large spatial gradients of rainfall amounts, intensities and stable 349 

isotopes. Furthermore, forest interception and throughfall can result in changed isotopic 350 

signatures (Allen et al., 2015; Saxena, 1987). Since the rainfall was sampled only in the open 351 

field this might have influenced the IHS results. Despite the incomplete sampling of rainfall and 352 

uncertainties in the fraction of pre-event water, the general pattern of fast response and recession 353 

of the hydrograph, and fraction of pre-event water, were analogous with plotscale tracer 354 

experiments by Feyen et al. (1999), Weiler et al. (1998, 1999) and two events described by 355 

Weiler et al. (1999). Our study observed a high variability in fraction of pre-event water between 356 

the different events, which is opposite to the perception that humid-forested headwaters have 357 

dominant pre-event water during the peak discharge (Buttle 1994). This underlines the idea that 358 

when neglecting the spatial and temporal variability of rainfall characteristics and isotopic 359 

composition, one might get an incomplete picture of runoff processes. 360 

4.2 Rainfall as a dominant factor in runoff processes 361 

The frequent rainfall marked the headwater's wet character and its spatiotemporal dynamic. The 362 

fast hydraulic response of the streams and decrease of the fraction of pre-event water indicated 363 

the strong connection between rainfall and runoff. A statistical evaluation of controlling 364 

mechanisms was not possible because of the irregularly sampled dataset (due to technical and 365 

logistic constraints). Instead, the minimum fraction of pre-event water was available for most 366 

sampled events. Buttle (1994) used the minimum fraction of pre-event water to compare 367 

different studies around the world and concluded that pre-event water dominated the peak 368 

discharges. Similarly the minimum fraction of pre-event water was used in our study watersheds 369 

to compare processes that occur during the peak discharge. Despite the uncertainty, the minimum 370 

fraction of pre-event water, used as a qualitative proxy, indicated the overall pre-event or event 371 
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water contribution during stormflow and could be related to explanatory variables. Rodhe (1987) 372 

found a decreasing relation of fraction of pre-event water with increasing snowmelt (for six 373 

headwaters distributed throughout Sweden with 2-6 snowmelt events per headwater). A similar 374 

decreasing relation of the fraction of pre-event water with increasing rainfall sums was observed 375 

for plot scale experiments (Kienzler and Naef, 2008; Weiler et al., 1999), in a single urban 376 

catchment (Pellerin et al., 2008), and in a single pre-alpine headwater (Penna et al., 2014). Our 377 

study confirmed this relation and proved the validity in neighboring headwaters with different 378 

catchment characteristics (WS04-WS19). Renshaw et al. (2003) instead described a positive 379 

relation of the fraction of pre-event water with increasing precipitation, which might be caused 380 

by the smaller event rainfall sums and resulted in dominant pre-event water contribution. 381 

Considering all sampled events of WS04-WS19, the minimum fraction of pre-event water 382 

largely depended on the rainfall sum and to a smaller degree to the rainfall intensity. For 383 

individual streams the relation of minimum fraction of pre-event water and rainfall sum was even 384 

stronger. In WS07 and WS11 the fewer possible IHS didn’t allow for a statistical analysis. But it 385 

is likely that in these headwaters the rainfall sum would also be a strongest predictor. The strong 386 

relation of rainfall sum and the fraction of pre-event water together with the spatial distribution 387 

of rainfall explained to a large degree the differences in pre-event water of WS04-WS19. 388 

Compared to Blume et al. (2007), the error made by separating the hydrograph of WS04 into fast 389 

flow and baseflow was small due to the clear difference in antecedent baseflow and higher (by 390 

orders of magnitudes) stormflow. The runoff coefficient of the different sampled events in WS04 391 

was also similar to the power law defined by Burch et al. (1996). Separating the runoff into fast 392 

flow and baseflow is extensively criticized (Klaus and McDonnell, 2013), since it does not 393 

represent the observed dominant pre-event water contribution in forest headwaters (Buttle, 1994; 394 

McGlynn et al., 2002). However, the combination of the runoff coefficient with the minimum 395 

pre-event water contribution, provides additional useful information. Instead of separating the 396 

hydrograph into fast and slow runoff processes, the runoff coefficient described the volume of 397 
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discharge produced due to a certain amount of precipitation. In combination with the IHS, it 398 

became visible that the volume of discharge contained a certain fraction of event water and both 399 

similarly increased with increasing precipitation.  400 

4.3 Catchment characteristics as secondary factors in runoff processes 401 

The observed variable fraction of pre-event water in WS04-WS19 was different compared to the 402 

more stable observations made in catchments with a similarly high annual precipitation amount 403 

(>2000 mm y-1) such as the Maimai (McGlynn et al., 2002) or H. J. Andrews catchment 404 

(McGuire and McDonnell, 2010). The differences in fraction of pre-event water might be due to 405 

the differences in land-cover. The Maimai and H. J. Andrews catchment are predominantly 406 

forested compared to the mixed land cover (meadows, forests and large percentage of wetlands 407 

20-50%) of the Zwäckentobel. A higher pre-event water contribution was observed in stormflow 408 

of forested catchments compared to wetlands (Laudon et al., 2007; McCartney et al., 1998) or 409 

grasslands (Bonell et al., 1990). Plot scale experiments found differences in runoff processes for 410 

different soils (Feyen et al., 1999) and land covers (Weiler et al., 1998). However no strong 411 

relation between the fraction of pre-event water and land cover could be noticed when comparing 412 

WS04-WS19 with each other. A small influence of land cover on runoff processes was 413 

noticeable for only some events. In WS10 and WS11 (steeper slopes, shallow soils, smaller 414 

amount of wetland and large forested areas), for the larger events, a slightly higher pre-event 415 

water contribution and additional weaker relation of pre-event water with rainfall was observed 416 

compared with WS04, WS07 and WS19. Instead a faster response with higher event water 417 

contribution was noted in WS19 (constantly grazed short grass, compacted topsoil layer with low 418 

infiltration, storage and interception compared with natural grass).  419 

Another factor that might explain the differences in pre-event water between the Maimai and H. 420 

J. Andrews catchment and the Zwäckentobel, are the differet subsurface characteristics. The 421 

vertical cracks of the Maimai and more permeable soil types of the H. J. Andrews facilitate rain 422 

water infiltration and fill up the subsurface topography resulting in a subsurface threshold with 423 



Spatial runoff generation mechanisms in pre-alpine headwaters 

 18 

dominant pre-event water. The Zwäckentobel instead has shallow gleysols with a low matrix 424 

permeablity, small active storage and dominant stormflow in the organic soil horizon (20-50 425 

cm), similar to the soils of a nearby hillslope described by Schneider et al. (2014). In the 426 

Zwäckentobel, a typical riparian zone was lacking but the large area of wetlands were prominent 427 

elements of passive storage (Fischer et al., 2015). These elements are activated during the 428 

rainfall events and release the stored pre-event water. With increasing rainfall sum, at 429 

approximately 50 mm, a change from pre-event dominated to event dominated runoff was found 430 

(Figure 10). Hydrometric and isotopic observations of the soil profile were missing. However we 431 

hypothesize that with increasing rainfall the shallow soils saturate and reach, at approximately 50 432 

mm, the maximum storage capacity of the soil (in agreement with soil water retention and 433 

moisture information before and during plot scale sprinkling experiments by Feyen et al. 434 

1996;1999). As a result, the distributed wetlands fully connect through preferential flowpaths 435 

(creeping soils, animal burrows or old roots and ephemeral streams), any additional rainfall by-436 

passes the shallow soils and participate in streamflow. This would explain that with increasing 437 

precipitation, the amount of runoff produced by the precipitation increases and the fraction of 438 

pre-event water decreased. The variable rainfall with additional small storage (organic soil 439 

horizon, 20-50 cm) results in a near surface dependent threshold with subsequently more variable 440 

pre-event water contribution, showing similarities to the Babinda model described by Bonell et 441 

al. (1998). The connectivity of distributed wetlands is better described by the hydrogeomorphic 442 

model of Sidle et al. (2000), where spatially distributed passive sources progressively become 443 

active and connected with the flow network.  444 

Beside the previously described implicit role of catchment characteristics in runoff processes, no 445 

relationship between the fraction of pre-event water and catchment characteristics was found in 446 

WS04-WS19 or the study of Burch et al. (1996) or Taylor and Pearce (1982). A reason could be 447 

that in events where observations (stream response and runoff processes) and explanatory 448 

variables (precipitation and catchment characteristics) are both spatially variable, it is difficult to 449 
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determine the dominant influencing factor on runoff processes. Furthermore, it was likely that 450 

the frequent precipitation together with the catchment characteristics meant that the headwater 451 

was in a continuous wet state; therefore any potential influence of catchment characteristics on 452 

runoff processes was not visible in the data. A similar reduced effect of wet antecedent 453 

conditions and flow through the upper soil horizon was observed by Shanley et al.(2002). This 454 

may also explain why, despite each event having different antecedent wetness conditions, no 455 

clear relation of pre-event water contribution and antecedent proxies was observed. This is 456 

opposite to the findings of Casper et al. (2003), James and Roulet (2009), Pellerin et al. (2007) 457 

and Shanley et al.(2002). Furthermore, we also didn't observe a seasonal change in fraction of 458 

pre-event water as had been observed in different pre-alpine headwaters (McGuire and 459 

McDonnell, 2010; Penna et al., 2014). 460 

The IHS gave good qualitative information on the contribution of rainfall and the fraction of pre-461 

event water, nevertheless many questions on the flowpath, the runoff (Lyon et al., 2008) and 462 

thresholds (Graham et al., 2010) are unresolved. Future studies should validate the connectivity, 463 

interaction and different runoff processes of the headwater internal catchment elements (such as 464 

wetlands or forest). A multiple tracer approach (using similar tracers used by Fischer et al. 465 

(2015), δ18O, Ca and DOC) would allow better understanding of the flowpaths and contributing 466 

sources during stormflow of headwaters, while a finer temporal sampling resolution would help 467 

investigate subtle changes in pre-event water in relation to differences in catchment 468 

characteristics. 469 

CONCLUSION 470 

In this study, 13 rainfall-runoff events of different magnitude and intensity were analyzed in five 471 

neighboring steep and rainfall dominated headwaters, to assess the pre-event water contribution. 472 

The combination of long-term and spatially short-term hydrometeorological measurements, 473 
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together with event water sampling in different neighboring streams and multiple events, 474 

complemented each other and helped to overcome individual limitations.  475 

The pre-event water contribution was found to be temporally variable and depended on rainfall 476 

amount and intensity. Small events had high pre-event water contribution. With increasing 477 

precipitation, the volume of runoff produced by precipitation increased and a change from pre-478 

event to event water dominated runoff processes occurred. The variable rainfall amount and 479 

small active storage (organic soil horizon, 20-50 cm) resulted in a threshold in the upper soil 480 

horizon with subsequently more variable pre-event water contribution. 481 

Despite the differences in catchment characteristics between the neighboring streams at 482 

headwater scale, no significant difference in minimum fraction of pre-event water contribution 483 

was observed. Furthermore none of the antecedent wetness proxies had any explanatory value on 484 

the minimum fraction of pre-event water. This can be explained by the frequent precipitation and 485 

by the catchment characteristics keeping the soil in a wet state.  486 

In contrast to the conventional approach (i.e., studying one headwater with few events), our 487 

results highlight the necessity to study different neighboring headwaters and a wide range of 488 

event magnitudes (many events and many samples), to better understand the dynamic character 489 

and controlling factors in runoff processes. 490 
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TABLES 685 
Table 1 Catchment characteristics of the Zwäckentobel and its five headwaters. 686 

687 
   ZT WS04 WS7 WS10 WS11 WS19 

SHAPE Size  km2 4.25 0.7 0.21 0.23 0.09 0.15 

Altitude         
            

 

max           

mean 

min 
m 

1656 
1360 
1084 

1656 
1342 
1109 

1656 
1468 
1262 

1598 
1432 
1276 

1583 
1421 
1292 

1598 
1494 
1384 

Slope             
 

mean 
max 

◦ 19 
56 

17 
49 

21 
47 

23 
53 

24 
45 

18 
43 

          
GEOLOGY  Waegitaler   29 64 16 0 0 0 

flysch Wild % 17 29 42 0 0 0 

 Schlieren  54 7 42 100 100 100 

Soil depth <1m % 29 44 55 73 74 49 

          

LAND COVER Forest   55 53 53 72 81 18 
 Partly forested % 21 22 27 14 10 1 

 Meadow   24 25 20 14 9 81 

          

 Wetland  % 29 33 28 23 21 51 



Spatial runoff generation mechanisms in pre-alpine headwaters 

 31 

Table 2 Hydrometeorological characteristics of the thirteen sampled events.  1 
event nr. 1 2 3 4 5 6 7 8 9 10 11 12 13 

year 2010    2011         

day-month 8 Sep 17 Sep 24 Sep 4 Oct 29 Jun 8 Jul 14 Jul 15 Aug 24 Aug 27 Aug 4 Sep 18 Sep 6 Oct 

ADS [d] 7 1 5 2 3 5 1 2 3 0 0 1 14 

API7 [mm] 2 50 6 10 24 5 41 23 2 10 9 26 0 

AGL1 [cm] -34 -23 -28 -19 -28 -36 -12 -28 -38 -41 -37 -23 -42 

AQ1 [l s
-1 km-2] 7 16 3 7 10 7 11 7 1 4 0 13 1 

              

P length [h] 10 8 70 10 23 11 30 37 2 19 11 11 33 

P sum [mm] 22  (2.6) 11 (1.4) 109 (16) 10 (1) 84 (19) 25 (1.5) 56 (17) 50 (15) 11.8 (2) 20.4 (1) 51 (11) 25 (2) 31(12) 

P   [mm h-1] 2.2(0.3) 1.3 (0.2) 1.5 (0.2) 0.9 (0.1) 3.6 (0.9) 2.5 (0.2) 2 (0.6) 1.4 (0.4) 6 (1) 1 (0.1) 1.9 (0.4) 1.6 (0.2) 0.9 (0.4) 

P max [mm h-1] 4.5 (0.6) 2.3 (0.3) 7.6 (1.1) 2.4 (0.4) 18 (8.4) 9 (0.9) 6.7 (1.6) 10 (2.7) 10 (3) 7.3 (0.7) 7 (1.4) 6 (1.4) 8.6 (3.5) 

              

H responds [h] 0.6 (1) 1 (0.6) 0.2 (0) 0.3 (0.3) 0.2 (0.1) 0.1 (0.1) 0.3 (0.2) 0.7 (0.3) 0.1 (0.1) 0.4 (0.3) 0.3 (0.2) 0.3 (0.2) 1.3 (0.5) 

Q peak  [l s
-1 km-2] 353 106 1010 53 3004 390 1197 1287 86 334 589 504 509 

              

Q/P [-] 0.35 0.36 0.7 0.29 0.6 0.25 0.68 0.55 0.12 0.25 0.52 0.52 0.28 

Antecedent dryspell (ADS), antecedent precipitation index with seven days prior to an event (API7), antecedent groundwater level (AGL1), antecedent discharge (AQ1), rainfall 
duration (P length), mean event rainfall sum all rain gauges (P sum), mean average hourly rainfall intensity of all rain gauges (P), maximum hourly rainfall intensity of all rain gauges 
(P max), mean stream responds to rainfall of all headwaters (H responds), maximum specific discharge of WS04 (Q peak) and runoff coefficient (Q/P).  Spatial standard deviation is in 
brackets. 
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Table 3 For WS04-WS19 and event 1-13 the number of stream samples n Cs, δ18O [‰] of pre-event water Cpe, 

maximum and minimum event water Ce and maximum and minimum streamwater, IHS based minimum 

fraction of pre-event water fPE and its corresponding uncertainty W . The letters np indicates events 

where an IHS was not possible.  

Event  1 2 3 4 5 6 7 8 9 10 11 12 13 

year  2010    2011         

day-month  8 Sep 17Sep 24Sep 4 Oct 29 Jun 8 Jul 14 Jul 15Aug 24Aug 27Aug 4 Sep 18Sep 6 Oct 

WS04 Cpe  -10.5 -10.4  -10.7 -8.45 -9.12 -8.5 -8.5 -8.51 -8.96 -9.01 -9.41 

 Ce-WG01  -4.6 
-6.63 

-8.39 
-16.4 

 -4.61 
-9.35 

-6.89 
-8.95 

-6.89 
-8.95 

-4.26 
-15.22 

-2.9 
-5.27 

-5.39 
-7.59 

-3.15 
-13.33 

-4.37 
-11.77 

-8.89 
-10.47 

 n Cs  23 46  23 15 26 45 10 20 26 29 21 

 Cs  -9.59 
-10.53 

-10.4 
-12.94 

 -7.03 
-8.81 

-8.67 
-9.73 

-8.67 
-9.73 

-8.76 
-10.32 

-8.51 
-8.82 

-8.08 
-9.23 

-8.3 
-9.28 

-8.01 
-9.07 

-9.39 
-9.8 

 fPE   0.83 0.1  0.28 np 0.48 0.32 0.91 0.57 0.84 0.51 np 

 W   ±0.1 ±0.87  ±0.16  ±0.3 ±0.8 ±0.35 ±0.3 ±0.16 ±0.24  

               

WS07 Cpe -10.64  -10.6  -9.39   -9.39    -9.49 -9.39 

 n Cs 24  49  34   9    24 20 

 Cs -8.84 
-10.48 

 -8.84 
-10.48 

 -8.84 
-10.48 

  -9.08 
-10.13 

   -8.31 
-9.49 

-9.33 
-9.85 

 fPE np  0.1  0.61   np    np 0.29 

 W    ±0.87  ±0.14         

               

WS10 Cpe -10.64  -10.42 -10.7 -9.43  -9.35 -9.36 -10.24 -8.45 -8.95 -9.756 -9.73 

 Ce-TB07 -8.32 
-11.63 

 -8.87 
-20.4 

-7.35 
-8.7 

-4.61 
-9.35 

 -3.43 
-9.05 

-3.75 
-14.19 

-2.36 
-5.68 

-4.96 
-7.52 

-3.75 
-12.67 

-4.64 
-11.88 

-5.36 
-10.43 

 n Cs 24  53 24 35  7 6 8 10 20 23 24 

 Cs -10.35 
-10.79 

 -10.42 
-12.42 

-10.27 
-10.88 

-7.38 
-9.44 

 -7.86 
-9.82 

-8.95 
-10.03 

-8.4 
-10.24 

-8.27 
-8.75 

-8.17 
-9.52 

-8.65 
-9.76 

-9.19 
-10.19 

 fPE np  0.36 0.84 0.55  0.42 np 0.67 0.84 np 0.6 np 

 W    ±0.34 ±0.24 ±0.16  ±0.35  ±0.15 ±0.6  ±0.19  

               

WS11 Cpe   -10.52    -9.964 -9.11 -10.5  -9 -9.89 -9.7 

 n Cs   54    15 15 20  23 18 24 

 Cs   -10.16 
-12.29 

   -8.99 
-9.33 

-8.95 
-9.85 

-7.92 
-10.5 

 -8.35 
-9.33 

-8.65 
-9.18 

-9.16 
-10.18 

 fPE   0.49    np np 0.6  0.86 0.57 0.74 

 W    ±0.25      ±0.1  ±0.17 ±0.17 ±0.29 

               

WS19 Cpe -10.46 -10.19 -10.26 -11.3 -9.1 -8.9      -8.79 -8.4 

 Ce-TB10 -8.13 
-11.8 

-5.74 
-7.87 

-8.88 
-17.33 

-7.72 
-9.06 

-5.3 
-9.56 

-5.7 
-9.66 

     -4.75 
-10.88 

-6.32 
-12.14 

 n Cs 24 23 54 24 34 13      22 23 

 Cs -9.8 
-11.04 

-8.92 
-10.46 

-10.26 
-14.32 

-10.35 
-10.89 

-6.82 
-8.54 

-8.55 
-8.75 

     -7.08 
-8.8 

-8.71 
-9.73 

 fPE  0.6 0.68 0.1 0.7 0.3 np      0.51 0.33 

 W  ±0.1 ±0.13 ±0.73 ±0.1 ±0.14       ±0.4 ±0.2 
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Table 4 For WS04-WS19 and event 1-13 the number of stream samples n Cs, δ2H [‰] of pre-event water Cpe, 

maximum and minimum event water Ce and maximum and minimum streamwater, IHS based minimum 

fraction of pre-event water fPE and its corresponding uncertainty W . The letters np indicates events 

where an IHS was not possible.  

Event  1 2 3 4 5 6 7 8 9 10 11 12 13 

year  2010    2011         

day-month  8 Sep 17Sep 24Sep 4 Oct 29 Jun 8 Jul 14 Jul 15Aug 24Aug 27Aug 4 Sep 18Sep 6 Oct 

WS04 Cpe  -66.8 -72.4  -68.7 -66.5 -62.1 -64.6 -57.1 -60.6 -59.8 -56.9 -61 

 Ce-WG01  -26.1 
-45.1 

-53.6 
-123.0 

 -25.4 
-64.1 

-46.1 
-59.8 

-21.8 
-52.6 

-25.6 
-115.6 

-19.7 
-24.9 

-29.7 
-47.6 

-17.3 
-96.0 

-20.8 
-103.6 

-60.3 
-73.2 

 n Cs  23 46  23 15 26 45 10 20 26 29 21 

 Cs  -64.5 
-72.3 

-71.2 
-92.4 

 -47.3 
-61.4 

-57.6 
-66.5 

-46.8 
-62.1 

-59.7 
-73.6 

-57.4 
-59.5 

-53.8 
-62.4 

-55.6 
-62.98 

-52.9 
-61.0 

-62.6 
-66.4 

 fPE   0.85 0.1  0.34 np 0.51 0.26 0.65 0.65 0.9 0.52 np 

 W   ±0.12 ±0.88  ±0.17  ±0.26 ±0.9 ±0.35 ±0.34 ±0.2 ±0.24  

               

WS07 Cpe -71  -73.2  -58.7   -64.6    -60.9 -60.9 

 n Cs 24  49  34   9    24 20 

 Cs -69.8 
-74.2 

 -72.5 
-90.6 

 -51.4 
-62.6 

  -62.4 
-69.6 

   -54.9 
-64.4 

-62.4 
-67.4 

 fPE np  0.1  0.72   np    np 0.29 

 W    ±0.8  ±0.18         

               

WS10 Cpe -73.8  -72.3 -71.3 -72.1  -68.5 -64.6 -70.9 -57.5 -63.3 -60.9 -66.7 

 Ce-TB07 -54.1 
-77.8 

 -29 
-34.4 

-55.1 
-153.7 

-49.5 
-62.9 

 -29.3 
-60.9 

-20.3 
-107.7 

-18.3 
-27.9 

-28.1 
-45.7 

-23.2 
-89.6 

-23.8 
-82.6 

-32.8 
-68.8 

 n Cs 24  53 24 35  7 6 8 10 20 23 24 

 Cs -69.9 
-75.1 

 

 -71.3 
-89.1 

-71.1 
-74.7 

-47.5 
-63.8 

 -51.6 
-68.5 

-62.4 
-69.3 

-54.5 
-70.9 

-55.2 
-58.9 

-56.1 
-64.2 

-57.1 
-66.7 

-60.6 
-63.8 

 fPE np  0.32 0.9 0.55  0.39 np 0.66 0.84 np 0.59 np 

 W    ±0.58 ±0.37 ±0.16  ±0.36  ±0.1 ±0.39  ±0.19  

               

WS11 Cpe   -72.2    -62.2 -64.6 -72.1  -58.3 -57.6 -60.3 

 n Cs   54    15 15 20  23 18 24 

 Cs   -70.8 
-88.5 

   -60.9 
-64.1 

-65 
-68.7 

-48.3 
-72.1 

 -55.7 
-63.4 

-57.1 
-67.7 

-60.8 
-69.8 

 fPE   0.36    np np 0.55  0.8 0.57 0.74 

 W    ±0.53      ±0.1  ±0.28 ±0.17 ±0.29 

               

WS19 Cpe -69.8 -69.4 -70.2 -74.9 -47.2 -66.5      -46.6 -57.5 

 Ce-TB10 -50.7 
-77.1 

-33.6 
-49.4 

-55.3 
-127.9 

-50.3 
-63.9 

-31 
-67.6 

-15 
-61.8 

     -23.9 
-70.2 

-39.2 
-82.5 

 n Cs 24 23 54 24 34 13      22 23 

 Cs -67.7 
-72.8 

-60.7 
-71.7 

-69.9 
-104.3 

-71.8 
-75.4 

-42.6 
-57.3 

-55.9 
-58.7 

     -46.7 
-60.1 

-57.8 
-65.9 

 fPE  0.68 0.75 0.1 0.87 0.6 np      0.47 0.33 

 W  ±0.1 ±0.14 ±0.8 ±0.27 ±0.35       ±0.15 ±0.2 
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Table 5  Multiple linear relation of pre-event water and different predictors. 

 R2 F p
WS04, WS07, WS10, WS11, WS19    

fPE min = 0.80 - 0.01 Psum 0. 50 30 <0.001 

fPE min = 0.71 - 0.02 Pmax 0.13 4.25 0.04 

fPE min = 0.43  - 0.06 API7 0.03 1.1 0.3 

fPE min = 0.42 - 0.004 AGL1 0.02 0.7 0.4 

fPE min = 0.52 - 0.003 AQ1 0.002 6.2 0.02 

    

fPE min = 0.91 - 0.01 Psum - 0.02 Pmax 0.53 16.2 <0.001 

fPE min = 0.91 - 0.01 Psum - 0.02 Pmax  - 0.004 API7 0.53 10.4 <0.001 

fPE min = 0.91 - 0.01 Psum - 0.02 Pmax - 0.004 API7+0.001AGL1 0.58 9.3 <0.001 

fPE min = 0.87 - 0.01 Psum  - 0.02 Pmax - 0.001 API7+0.004AGL1 - 0.002AQ1 0.64 8.9 <0.001 

WS04  fPE min = 0.92 - 0.01 Psum 0.87 49.9 <0.001 

 fPE min = 0.99 - 0.01 Psum  - 0.01 Pmax 0.88 24.7 <0.001 

WS07  fPE min = 1.1 - 0.01 Psum np   

 fPE min = 1.1 - 0.01 Psum + 0.01 Pmax np   

WS10  fPE min = 0.83 - 0.01 Psum 0.80 20.2 <0.001 

 fPE min = 0.88 - 0.001 Psum  - 0.01 Pmax 0.82 9.07 <0.1 

WS11  fPE min = 0.8 - 0.003 Psum 0.02  0.04 0.85 

 fPE min = 0.85 - 0.003 Psum  - 0.001 Pmax 0.02  0.01 0.98 

WS19  fPE min = 0.73 - 0.01 Psum 0.94 65 <0.001 

 fPE min = 0.78 - 0.001 Psum  - 0.02 Pmax 0.99 >100 <0.001 

minimum fraction of pre-event water (fPE min) , event rainfall sum (P sum), maximum hourly rainfall intensity (P max), antecedent 
precipitation index with seven days prior to an event (API7), antecedent groundwater level (AGL1), antecedent discharge (AQ1) of 
WS04. 
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FIGURES 

 
Figure 1  Map of the Zwäckentobel a) sampling locations in selected headwaters WS04 to WS19, b) geology: three 

different types of flysch and on top the shallow soils ≤ 1 m indicated as hatched areas c) land cover: forest 

and meadows with hatched areas indicating wetlands. Color scheme of Figure 1b and 1c adapted from 

www.ColorBrewer.org. 
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Figure 2 For WS04, sampled events 2 and 11. The top panels show the δ18O in event water (line), streamwater (grey 

squares), pre-event water (triangle) and air temperature (red line). Bottom panels show precipitation 

(inverted, from the top), water level (solid dark line) and fraction of pre-event water fpe (orange circles and 

grey area below the hydrograph). 
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Figure 3 Peakflow exceedance curve (WS04, Q peak > 33 l s

-1
 km

-2
), event rainfall sum distribution (WG-01, Psum >5 

mm) for period 1998-2011 and where circles indicate the sampled events 1-13. 
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Figure 4 Antecedent discharge (blue) and antecedent groundwater level (orange) against antecedent precipitation 

index for the sampled events 1-13. 
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Figure 5  a, inset) All collected rainfall samples (grey circles) and stream samples (black circles) of all headwaters 

and events follow the global meteoric water line. b) Values of the minimum fraction of pre-event water 

computed based on δ18O observations versus the corresponding values that were computed based on δ2H 

observations for the different events and catchments (each catchment is represented by a different color). 

The grey line is where pre-event water computations based on δ18O and δ2H observations would be equal.  
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Figure 6 Hydrometric and δ18
O overview of WS04-W19 and events 1-13. The top panels show δ18

O in event water 

(open circles and colors indicate different rain gauges), streamwater (grey squares) and pre-event water 

(triangle). Bottom panels show precipitation (inverted, from the top), water level (solid dark line) and 

fraction of pre-event water fpe (orange circles). 
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Figure 7 Spatial distribution of event rainfall [mm] for a) event 3, b) event 5, and c) event 12. Circles indicate rain 

gauges where text indicates the maximum event rainfall intensity [mm h-1]. The headwater areal event 

rainfall [mm] is listed in between brackets. Red crosses indicate technical failures of rain gauges or 

sequential samplers. Panels d), e) and f) indicate the accumulated event rainfall [mm] of the different rain 

gauges in WS04 (black), WS10 (grey) and WS19 (orange).  

  



Spatial runoff generation mechanisms in pre-alpine headwaters 

 42 

Figure 8 Detailed hydrometric and δ18
O overview of headwaters WS04, WS10 and W19 and event 3, 5 and 12. The 

top panels show δ18O in event water (line), streamwater (grey squares), pre-event water (triangle) and air 

temperature (red line). Bottom panels show precipitation (inverted, from the top), water level (solid dark 

line) and fraction of pre-event water fpe (orange circles and grey area below the hydrograph). 
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Figure 9 The event rainfall sum related to the minimum fraction of pre-event water fpe (left) and max rainfall 

intensity related to the minimum fraction of pre-event water fpe (right) for WS04, WS10 and WS19. 

Different sizes of circles indicate different antecedent conditions (wet, average and dry) and numbers refer 

to event 3, 5 and 12. 
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Figure 10 The runoff coefficient for catchment WS04 as a function of the event rainfall sum (WG-01). The grey line 

illustrates the Burch et al., (1996) derived relation between runoff coefficient and event rainfall sum. Each 

circle indicates one of the twelve events of this study. The circle size of closed circles indicates the minimum 

fraction of pre-event water of WS04. Open circles refer to events were IHS was not possible or isotope data 

was not sampled.  


