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1 Introduction 14 

Numerous small scale sites have been selected and studied in an attempt to describe 15 

hydrological processes occurring at scales of the order of few tens to few hundreds of meters. 16 

These studies cover a wide range of climate, terrain morphology, and soil and bedrock 17 

characteristics. Conceptual models developed at such scales usually require the use of a heavy 18 

instrumentation to sample both in time and space both state variables and fluxes. They also 19 

sometimes require more invasive methods as the only validation. From selected studies (Freer et 20 

al. 1997,Freer et al.  2002) usually involving a trench to be dug to monitor throughflow, it appears 21 

clearly that the variability of hydrological response between hillslopes is large. Three main causes 22 

have bee identified to explain this variability:  23 

Temporal variability 24 
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Variations in soil water content in the saturated or unsaturated states have been found to play a 25 

major role in defining subsurface flow pathways, thus controlling the lateral inflow to the stream 26 

network (McGlynn et al. 2002). Freer et al. (2002) found that the filling of storage in the lower 27 

part of the soil profile yields a threshold constraint for the development of a water table and 28 

lateral flow to develop and reach the stream network. 29 

Topographic controls 30 

Previous studies at the slope scale related throughflow variability with topography. Anderson and 31 

Burt ( 1978) identified convergent topography areas as major control on inflow sources. McGlynn 32 

and Seibert ( 2003) also stated that in shallow soil systems with poorly permeable substratum 33 

hillslope dynamics are predominantly controlled by topography. Freer et al. ( 2002) studied the 34 

through flow at the bottom of a hillslope along a 20m long trench and related throughflow 35 

variability to bedrock topography. 36 

Underground controls 37 

At lager scales, other studies suggested that bedrock beddings would play a major role in leading 38 

groundwater to the stream network, thus explaining the inflow pattern (Huff et al. 1982). 39 

Genereux et al. ( 1993) related bedrock fractures to two perennial springs providing significant 40 

lateral inflow to the stream. Moreover, he put forward the fact that water coming from outside the 41 

geographic boundaries of the study site fed the two springs due to a favourable spatial 42 

organization of the bedrock. 43 

 44 

Studied processes and drawn conclusions among these studies were as diverse as the studies 45 

themselves, which raises the question whether hillslopes show an idiosyncratic response to their 46 

local climatic and morphologic forcing. Few studies aimed at defining similarities and 47 

dissimilarities between hillslope behaviours (Uchida et al. 2006). Carey and Woo ( 2001) 48 

explicitly compared four hillslopes within the Wolf Creek Basin, Whitehorse, Canada. Inter-slope 49 

variability in hydrological response has been found to be controlled by snowmelt timing and rate 50 



during the freshet season and by the slope water storage capacity during the drier summer period. 51 

Other studies (Ferguson. 1999,McCartney et al. 2006) attributed the observed spatial variability 52 

of hillslope response to the spatial variability of water input, often dominated by snowmelt 53 

processes. Beven ( 2006) argued that in some cases, the inter-slope variability in water 54 

contribution was purposely ignored to end up with a more convenient representation when 55 

modeling at larger scales. 56 

 57 

One interesting fact about the last body of studies addressing the control of bedrock topography 58 

on slope water contribution is that, as the scale of processes increases (deeper flow paths), the 59 

scale of the study increases as well to capture these processes. As a result, investigation methods 60 

rely less on invasive methods and more on integrated measurements of hydrological processes 61 

such as, for instance, the flow increment along a stream reach. This method will be used in the 62 

present study and described in more details further down. 63 

We aim at identifying the nature of first order controls on slope contribution to the stream 64 

network. 65 

We hypothesize that along the water year, any of the three types of controls aforementioned is 66 

dominant in controlling the spatial variability of inflow to the stream network. 67 


     The input variability is dominant during the snowmelt season 68 


     The topographic variability is dominant over the range of medium wetness states 69 


     The deeper ground structures control the spatial variability of inflows during the base flow 70 

period 71 

For sake of consistency with the integrated measurements of flow increment, we will only use 72 

simple, non invasive and preferably remotely sensed variables to explain the spatio-temporal 73 

pattern of slope contributions to the stream network. 74 

 75 



2 Study site 76 

Investigations were carried out in the 17.4 km2 Cotton Creek Experimental Watershed 77 

(CCEW) located in the Kootenay Mountains, in south-eastern British Columbia, Canada (Figure 78 

2). This study is part of a larger research project investigating snowmelt, runoff and sediment 79 

transport processes under forest disturbance (including logging practices and the ongoing 80 

mountain pine beetle epidemic). Mean annual precipitation in the area is 650 mm, with snow 81 

accumulation and melt being the dominant hydrological processes (Jost et al. 2007). 82 

The streamflow regime is characterized by a snowmelt-induced freshet with peak flows typically 83 

occurring in May, followed by a prolonged recession limb ending between September and 84 

October. Responses to rainfall events are superimposed on the main recession limb, with time 85 

scales ranging between a day and a week (Figure 2). The months of September and October are 86 

normally dominated by a baseflow period with no major rain events and fairly constant 87 

streamflow. 88 

Harvesting activities in the CCEW date back 70 years and currently, 34% of the watershed is 89 

harvested, creating a patchwork of forested and deforested areas (see Fig. 1). The areal coverage 90 

of species is 51% Lodgepole pine (Pinus contorta), 6% Engelmann spruce (Picea engelmannii), 91 

and 5% alpine fir 92 

(Abies lasiocarpa). Most often, the riparian vegetation has been preserved in its original state. It is 93 

mainly composed of Engelmann spruce (Picea engelmannii), and balsam fir (Abies lasiocarpa) at 94 

higher elevations where the foothills are steep and the riparian zone poorly developed, and 95 

western red cedar (Thuja plicata) in the wetter and flatter lower part of the watershed. Deciduous 96 

trees such as alder (Alnus tenuifolia), trembling aspen (Populus tremuloide) and willow (Salix sp.) 97 

will often be the dominant understory riparian vegetation, especially in disturbed areas (old 98 

logging roadbeds and skid trails). 99 

Stage is recorded continuously on a 15 min time step at seven stream gauges, installed in a nested 100 

design within the perennial part of the stream network of CCEW. Discharge was measured using 101 



slug injections of salt following Moore ( 2005), and rating curves were developed to convert stage 102 

records to streamflow. 103 

CCEW encompasses two second order streams draining two main basins, Elk (EL) and Cotton, 104 

(CO). Elk and Cotton streams each encompass two first-order streams, Elk North (EN), Elk South 105 

(ES) Cotton North (CN) and Cotton South (CS). An additional stream gauge has also been 106 

installed on the main stem of the Elk stream (Figure 3). 107 

 108 

3 Methods 109 

3.1 Experimental design 110 

3.1.1 Flow increments calculation 111 

Flow increments were computed as the difference in discharge at two different locations within 112 

the stream network. The stream reach defined between the two discharge measurement locations 113 

drains an area that we will name sub-basin in this study (Figure 4). Since the flow increment is an 114 

integrated measure of both water fluxes towards the stream and away from the stream along the 115 

stream reach, it can be either positive or negative. Negative flow increments characterize net 116 

loosing reaches while positive flow increments characterize net gaining reaches. We acknowledge 117 

that the magnitude and spatial pattern of gross fluxes towards and away from the stream network 118 

is of utmost importance when investigating solute transport processes. However, since ultimately 119 

the scale of interest is that of the meso-scale basin, we purposely did not sample spatial variability 120 

at scales smaller than the reach in the stream network. As for any integrated measurement, the 121 

flow increment summarizes the observed variability, yet has the advantage of being part of a 122 

larger investigation scheme compatible with basin scales within the tens of square kilometres. 123 

 124 



3.1.2 Mapping of discharge measurements in space and time 125 

Initially, the whole stream network was spilt into 54 reaches each roughly 200m long. Flow 126 

increments were computed between two contiguous discharge measurement locations. Early 127 

analysis of the dataset showed that flow increments computed over such reach lengths showed a 128 

large uncertainty. This uncertainty arises from the fact that a flow increment is essentially a 129 

difference between two discharge measurements. If discharge measurements are large, their 130 

absolute error bound will be large too. However, the resulting flow increment can be small 131 

relative to discharge measurements but its error bound will depend on that of discharge 132 

measurements at both ends of the study reach. To reduce the uncertainty on flow increments, we 133 

needed to increase their magnitude relative to discharge measurements. One way of doing so was 134 

to select discharge measurement locations further apart within the stream network, thus reducing 135 

the number of reaches down to 23, instead of 54 previously. These 23 reaches each drain a sub-136 

basin with contributing area usually ranging from .05 to 1.1km2.  Three sub-basins were 137 

significantly larger than the others, with contributing area ranging from 1.7 to 2.7 km2 (Figure 5).  138 

We defined three different types of hydrological regimes, snowmelt period, baseflow period and 139 

an intermediate state occurring in July-early August. Between the freshet 2005 and the freshet 140 

2008, we sampled the snowmelt period three times, the baseflow period five times and the 141 

intermediate state twice for a total of ten discharge measurement campaigns. 142 

 143 

3.1.3 Stream gauging and discharge measurements 144 

Discharge was measured using slug injection of sodium chloride (NaCl) following Moore ( 2005) 145 

and using an electric conductivity (EC) probe. Electrical conductivity was used as a surrogate for 146 

NaCl concentration. All measurements were corrected for temperature with the logger’s built-in 147 

compensation curve. A global rating curve between EC and NaCl concentration was developed to 148 

compute the salt breakthrough curve resulting from the slug injection of NaCl. 149 



If all sampling site remained unchanged throughout the four years of measurements, injection 150 

sites were moved up or down along the channel depending on the flow regime to insure proper 151 

mixing. Two campaigns at low (September 5, 2006) and high flow (June 3, 2007) were carried 152 

out using two EC probes placed on each side of the sampling cross section to confirm or infirm 153 

our assumptions of proper mixing. In the vast majority of discharge measurements (97%), the 154 

difference between discharge estimates measured with either probe were within 7% of each other. 155 

Larger differences were, in some cases due to sensor dysfunction. 156 

Typically, a discharge measurement campaign lasted two consecutive days, each day being 157 

allocated to stream gauging within the Elk or Cotton basin (Figure 3). Each basin Elk and Cotton 158 

were gauged entirely over one day. Either second order stream Elk or Cotton was gauged starting 159 

at its outlet and moving upstream to gauge stream flow at the next site until the confluence 160 

between the two headwaters was reached. Then the same procedure was repeated successively 161 

over both headwaters. 162 

Ideally, discharge measurements should be carried out simultaneously throughout the watershed 163 

so as to achieve a ‘sharp snapshot’ of the hydrological spatial pattern of streamflow within the 164 

CCEW. Alternatively, if streamflow is constant throughout the day in any location within the 165 

stream network, discharge measurements could be carried out successively without getting a 166 

‘blurry picture’. 167 

However, evaporation and transpiration processes and radiations, especially during the freshet 168 

season cause the discharge at any given location to fluctuate throughout the day. Figure 7a shows 169 

times at which sites were gauged along the main stem of Elk stream. During that period of time, 170 

discharge at two neighbouring gauging stations shows daily fluctuations (Figure 7b). Since all 171 

discharge measurements were not taken simultaneously, we corrected for theses fluctuations by 172 

fitting a sinusoidal curve onto the hydrographs recorded at the gauging stations for the day of 173 

measurements. Equation 1 shows the formulation of the fitted hydrograph, were t0, Q0, A0, A1 and 174 

φ and are respectively the onset of the selected time period, the discharge at this time, two 175 



amplitudes and a phase for the sinusoidal signal. A non linear least square algorithm was used to 176 

fit the model onto the observed hydrograph for the selected period of time (Figure 8). Optimized 177 

parameters were A0, A1 and φ. 178 
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Here, we make the distinction between measurement sites equipped with a continuous recording 180 

gauge and ungauged sites at which only point discharge measurements were carried out. At 181 

gauged sites, once the sinusoidal signal was fitted onto the hydrograph, discharge measurements 182 

were corrected to a reference time arbitrarily chosen being 09:00 PST. At ungauged sites, we 183 

corrected point discharge measurements using the closest neighbouring stream gauge: 184 
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where tmeas. and tref are respectively the time at which the discharge measurement was done and 186 

the reference time 09:00 PST and gauged ungauged refer respectively to continuously gauged 187 

sites versus point discharge sites. 188 

 189 

3.2 Terrain analysis 190 

A 5m DEM was provided for the entire CCEW. Extraction of information from this DEM was 191 

done using the GIS package SAGA coupled with the programming language R. We aim at 192 

explaining the spatial pattern of flow increments using simple remotely sensed variables. In order 193 

to build the statistical model, we needed to extract statistics for every sub-basin. 194 

In a first step, various variables were computed for the whole watershed. They could be grouped 195 

according to their nature. 196 

Input variables: distributed snowmelt and rainfall as well as distributed land use (forested vs. 197 

clearcut) were available at times of stream gauging campaign 198 



Energy variable: slope, channel gradient and vertical distance to the stream network. This set of 199 

variables represents the potential energy available to a drop of water on the slope before it reaches 200 

the stream network. 201 

Connectivity variables: lateral and longitudinal curvatures, distribution of contributing area values 202 

for cells draining directly into the stream network. This set of variables represents the terrain’s 203 

potential for concentrating subsurface flow on slopes before it reaches the stream network. 204 

The DEM was also aggregated to 10, 25 and 50m grid cells to compute the same variables and 205 

explore larger scale topographic structures. 206 

In a second step, gauging sites were located using a real-time signal GPS and sub-basins were 207 

delineated using the D8 algorithm (Figure 5). Sub-basins delineation was used as a mask to 208 

compute statistics for every sub-basin separately, based on the raster of any variable cited above 209 

available for the whole watershed. Statistics were typically mean, median, min and max values, 210 

and upper and lower quartiles. 211 

3.3 Statistical analysis 212 

3.3.1 Principal Component Analysis (PCA) 213 

We ran a PCA in order to explore the variability available in the dataset. The various X’s were the 214 

flow increments, each containing ten observations, the ten discharge measurement campaigns 215 

over the four years of data collection. Since there is a large contrast between flow increments 216 

recorded during the freshet season and that recorded during the baseflow period, the spatial 217 

variability observed during the freshet season not only drowned the spatial variability observed 218 

during the baseflow period but also the temporal variability observed between discharge 219 

measurement campaigns. We used two normalization procedures to give equal weight to all 220 

observations. First we divided every flow increment of the same campaign with the daily 221 

discharge at the main outlet of the watershed. That way (relatively) large flow increments 222 

observed during the freshet season were divided by a (relatively) large daily discharge at the main 223 

outlet the same day and showed similar weight compared to their normalized base flow period 224 



counterparts. Then we used the correlation matrix rather than the covariance matrix to normalize 225 

the temporal variability of flow increments between the reaches over which flow increments were 226 

computed. 227 

 228 

3.3.2 Linear regression 229 

Simple linear regression 230 

Despite the availability of complex, processes-based distributed hydrological models, the scaling 231 

streamflow with contributing area only is still in use in a variety of simpler conceptual 232 

hydrological models. We explained the spatial pattern of flow increment with sub-basin 233 

contributing area only to assess the validity of the specific discharge concept.  234 

 235 

Multiple linear regression with flow increments 236 

We explained separately the ten spatial patterns of flow increments with the statistics computed at 237 

the sub-basin scale for variables listed above. 238 

Multiple linear regression with Principal components 239 

We used the same approach as that used for the flow increments but in that case, explanatory 240 

variables were the loadings of every principal component for every sub-basin. 241 

 242 

4 Results 243 

4.1 Discharge increments 244 

Flow increments are mapped on Figure 9. Since the discharge measurement campaigns of 245 

September 5, 2006 and September 10, 2006 displayed very similar pattern, the latter was omitted 246 

on Figure 9 for sake of clarity. Red dots indicate a net gaining reach while blue dots indicate a net 247 

losing reach. Dot diameters are scaled with the magnitude of flow increments for a given 248 

discharge measurement campaign, to visually highlight the spatial variability of flow increments. 249 



Figure 10 is similar to Figure 9 with the exception that dot diameters are scaled with all flow 250 

increments across the ten discharge measurement campaigns. As a result, temporal variability of 251 

flow increments is visually highlighted to the detriment of spatial variability within any given 252 

campaign. 253 

 254 

4.2 Simple linear regression: contributing area 255 

Flow increments were explained with sub-basin contributing area only using a linear model. 256 

Figure 11 summarizes this relationship for all ten measurement campaigns. The last plot of figure 257 

11 shows how the strength of the relationship varies, depending on the flow regime. Contributing 258 

area never explain more than 47% of the variability of flow increments. The relationship is weak 259 

during the freshet season, becomes stronger during intermediate flow regimes, typically in July 260 

and August and degrades again from September on, during the baseflow period. 261 

 262 

4.3 Principal component analysis 263 

The first four principal components explained up to 81% of the variance contained in the flow 264 

increment dataset (Table 1). Loadings of all sub-basins for principal component 1 to 4 are shown 265 

in Figure 12.  266 

 267 

4.4 MLR with flow increments 268 

 269 

In progress  270 

 271 

4.5 MLR with PCA loadings 272 

 273 

In progress 274 



 275 

5 Discussion 276 

5.1 SLR specific area 277 

Contributing area alone explained 10-47% of the variance depending on the flow regime, which 278 

doesn’t make it a first order control for slope water contribution to the stream network. Kuras et 279 

al. (2007) found an even weaker relationship between flow increment and contributing area with 280 

coefficients of determination ranging 10-26% under similar climate forcing but for smaller sub-281 

basins in the tenths of hectares). In the present study, the present of few, relatively large sub-basin 282 

increase artificially the strength of the relationship since the linear regression model give more 283 

weight to extreme values. Contributing area explains more at intermediate flow regimes 284 

(occurring in July and August in the CCEW) but is no as strong during the freshet season and 285 

during the baseflow period. 286 

During snowmelt periods, only the saturated fringe below the snow line is hydrologically active 287 

and generates water. At a given time, sub-basin contribution will likely depend more on snowmelt 288 

processes (potential water input and radiation) over a relatively small area than on overall 289 

contributing area. This could be a reason why the flow increment contributing relationship is 290 

weak during the freshet season. 291 

During baseflow periods, the relationship deteriorates because this regime is controlled by deeper 292 

flow paths. Surface topography, on which sub-basin delineation is based, is a good approximation 293 

for the hydrological delineation of the sub-basins as long as flow paths remain shallow and 294 

roughly follow surface topography. During baseflow, the bulk of slope contribution is likely 295 

through deeper flow paths, insensitive to surface topography.  296 

 297 



5.2 Principal component analysis 298 

Since principal components are linear combinations of measurements of physical variables, there 299 

is no straightforward relation between original variables and principal components and they often 300 

lose their physical sense. In the present case, all variables are normalized flow increments; which 301 

implies that principals components are also normalized flow increments. Field observations in 302 

space and time bring a deep knowledge of the dynamics within the watershed and allow for a 303 

possible interpretation of the principal components. 304 

 305 

5.2.1 PC1 306 

PC1 shows a strong polarization of most the sub-basins and hardly any expression of PC1 for the 307 

few remaining sub-basins, highlighting opposite behaviours (Figure 12). Elk South and Cotton 308 

North headwaters are in contrast with the rest of the watershed. These two basins show an early 309 

response to snowmelt as shown in Figure 13. Both headwaters show, at the onset of the freshet 310 

season a mean specific discharge between 60 and 70l.s-1.km2, while all remaining five basins 311 

show a specific discharge no greater than 35l.s-1.km2. PC1 is a representation of the flashiness of 312 

well delineated geographic entities within the whole watershed. 313 

 314 

5.2.2 PC2 315 

PC2, the top part of the watershed is in contrast with sub-basins located at lower elevation. While 316 

Elk South and Cotton North headwater are still consistently producing water, Elk North and 317 

Cotton South are also experiencing snowmelt and are important contributors to stream flow. 318 

Figure 14 show that, in June, the four headwaters actively provide water to the stream network 319 

while, at lower elevations, the three remaining basins do not display such activity. At this time of 320 

the year, snow at lower elevation has usually already melted and the lower sub-basins are poor 321 

contributor of water to the stream network. PC2 represents a more typical spatial pattern of water 322 

contribution to the stream network during the snowmelt period. 323 



 324 

5.3 MLR with flow increments 325 

 326 

In progress  327 

 328 

5.4 MLR with PCA loadings 329 

 330 

In progress 331 

 332 

6 Conclusion 333 

 334 

 In Progress 335 

 336 
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 372 

 PC1 PC2 PC3 PC4 

Variance 7.89 5.89 2.58 2.24 

Proportion of variance (%) 34.3 25.6 11.2 9.7 

Cumulative proportion (%) 34 60 71 81 

 373 

Table 1 : Relative weights of the first four principal components 374 

 375 

376 



Table of figures 377 

 378 

Figure 1: Main climate stations and gauging stations within the Cotton Creek Experimental 379 

Watershed 380 

Figure 2: Response to a) snowmelt and b) rainfall at the CO01 gauging station 381 

Figure 3: Location of discharge measurements. Red dots are the seven continuous stream gauges. 382 

Blue dots are selected cross sections at which discharge measurements have been carried out but 383 

they are not featured with permanent gauges. 384 

Figure 4: Example of reach and associated contributing area 385 

Figure 5: Location of stream gauging locations and associated contributing areas. Distribution of 386 

sub-basin contributing area (n=23). 387 

Figure 6: Period of discharge measurement campaigns. Campaigns carried out on September 5 388 

and 10, 2006 overlap and only one square can be seen on the figure 389 

Figure 7: a) Measurement times on the main stem of Elk stream and b) daily discharge fluctuation 390 

at two neighboring gauging stations. 391 

Figure 8: Sinusoidal model of the hydrograph 392 

Figure 9: Scaled flow increments. Red dots represent net gaining reaches while blue dots 393 

represent net losing reaches. Every campaign has a local maximum to highlight spatial variability 394 

of flow increments at all times 395 

Figure 10: Scaled flow increments. Red dots represent net gaining reaches while blue dots 396 

represent net losing reaches. All campaigns have a global maximum to highlight temporal 397 

variability of flow increments between various flow regimes. The spatial variability of flow 398 

increments can still be observed. 399 

Figure 11: Flow increments explained only with contributing area. The last plot shows the 400 

strength of this relationship depending on the flow regime. 401 



Figure 12: Loadings of the sub-basins for principal components 1 to 4. Dot diameters are scaled 402 

according to the loadings’ magnitude. Red dots indicate positive loadings while blue dots indicate 403 

negative loadings. 404 

Figure 13: Mean specific discharge at the seven stream gauges for all observations recorded for 405 

the month of May for years 2005-2008. 406 

Figure 14: Mean specific discharge at the seven stream gauges for all observations recorded for 407 

the month of June for years 2005-2008. 408 
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