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Abstract 11 

Bankfull discharge is often assumed to be an annual, or relatively frequent event for all rivers, 12 

but for headwater streams in mountain environments this assumption is not always well-13 

supported by evidence. Long-term records of streamflow and detailed channel surveys indicate 14 

that bankfull discharge frequencies for headwater streams in southern British Columbia can vary 15 

significantly, from occurring multiple times per year to less than once per hundred years. 16 

Hydroclimatic regime, drainage basin size, watershed physiography and local channel gradient 17 

are correlated with the frequency of bankfull discharge, with snowmelt-dominated systems in 18 

smaller and steeper watersheds having greater return periods than low-gradient, large, and 19 

rainfall-dominated catchments. The utility of assuming that bankfull discharge is a frequent 20 

event, or correlates well with a specified return period, for headwater streams is questionable. 21 
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1. Introduction 28 

The bankfull discharge is commonly defined as that discharge in which an alluvial stream is 29 

full to the top of the bank without overtopping it (Wolman and Leopold, 1957; Williams, 1978; 30 

Radecki-Pawlik, 2002; Navratil et al, 2006). In theory, stream banks form a distinct geomorphic 31 

feature which can be identified in the field, making determination of bankfull discharge 32 

apparently straightforward. However, numerous alternative methods of definition of the top of 33 

bank exist based on geometric, morphologic, biologic, and statistical analysis methods 34 

(Williams, 1978). Even when a common method of defining what constitutes bankfull is used, 35 

however, there exists significant natural variation in the frequency of occurrence and duration of 36 

bankfull discharge.   37 

In general, the bankfull discharge is assumed to be a common event. Wolman and Miller 38 

(1960) assumed the bankfull discharge to be equal to the mean annual flood. However, they 39 

warned that this would not be the case for smaller upland streams. In subsequent literature, the 40 

equivalence of the bankfull discharge and the mean annual discharge, which has a return period 41 

between one and two years depending on the distribution and method of counting peak flows, is 42 

often assumed, and sometimes demonstrated as an average value (Dury, 1961, 1977; Dunne and 43 

Leopold, 1978; Roberts, 1989). However, this represents an averaged value for a large number of 44 

streams. In practice, the return period for bankfull discharge in an individual stream can vary 45 

significantly from this average. For instance, Williams (1978) examined fifty studies and found 46 

that the reported return period for bankfull discharge ranged from a few months to decades.  47 

Likewise, other studies found that return intervals for bankfull discharge varied from 4 months to 48 

7 years (Harvey, 1969; Roberts, 1989; Petit and Pauquet, 1997).  For larger watersheds (>100 49 



km²) in the Pacific Northwest, the mean return period for bankfull discharge varied between 1.2 50 

and 1.5 years, depending on climate, but some watersheds varied significantly from the mean, 51 

with return periods for bankfull discharge of up to 6 years (Castro and Jackson, 2001). Climate 52 

aside, watershed elevation has also been implicated as a control, with frequency of bankfull 53 

discharge declining for high-elevation watersheds (Jarrett, 1990). 54 

Researchers have attempted, with mixed success, to relate the frequency of bankfull 55 

discharge to channel and basin characteristics in order to predict the bankfull discharge. Steeper 56 

channel gradients have been correlated with increased return periods for bankfull discharge 57 

(Kilpatrick and Barnes, 1964; Williams, 1978). Increasing return periods for bankfull discharge 58 

have also been correlated to smaller watersheds, both across the landscape (Andrews, 1984) and 59 

moving upstream within catchments (Castro and Jackson, 2001). However, in low-gradient 60 

catchments, the opposite effect has also been documented, with smaller watersheds having more 61 

frequent bankfull discharge than larger ones (Petit and Pauquet, 1997; Dodov and Foufoula-62 

Georgiou, 2005). 63 

Effects based indirectly on lithology have also been reported (Harvey, 1969; Petit and 64 

Pauquet, 1997). Rivers in permeable, karstic terrain where peak flows are caused by rising 65 

baseflow had return periods for bankfull discharge of 2-6 years, while rivers developed on 66 

impermeable lithologies where peak flows are caused by increases in quickflow had return 67 

periods for bankfull discharge of 1.5 years or less. 68 

From the above examples, it is evident that the literature relating bankfull discharge to 69 

basin and channel characteristics is sometimes contradictory. For instance, studies show both 70 

increases and decreases in the return period of bankfull discharge with increasing watershed area. 71 



This demonstrates that results may be strongly regional in nature, likely as the result of differing 72 

histories of landscape evolution; a relationship that applies in one region may be reversed in 73 

another. It implies that results developed elsewhere, even if within the Pacific Northwest, may 74 

not be applicable to British Columbia. Even in British Columbia, results developed for one 75 

region, such as the coast may not be applicable to another region, such as the Rocky Mountains. 76 

Outside of academic papers, the equivalence of the bankfull discharge and mean annual 77 

flood is often reiterated as dogma, particularly in textbooks, undergraduate courses and applied 78 

manuals meant for non-hydrologists. As a simplified concept, this may be acceptable. However, 79 

when such a concept is embodied in design (for example, BC MoF, 2001; US EPA, 2005), such 80 

as when bridges or culverts are constructed using design criteria which assume that the bankfull 81 

discharge is the mean annual flood, over- or under-capacity may become entrenched in the 82 

system, leading to failure. 83 

For this paper, we evaluate the frequency and magnitude of bankfull discharge for small 84 

mountain watersheds in British Columbia. By focusing exclusively on small watersheds, the 85 

potential effects of scaling are minimized, and effects of hydroclimatic regime, channel and 86 

watershed slope can be evaluated. The range of 1 to 100 km
2
 for watershed area was chosen 87 

because these are the smallest watersheds for which gauged data is generally available, and 88 

because this is the range over which we expected a transition from poorly-developed to well-89 

developed alluvial processes (Wohl, 2004).  90 

2. Study Area 91 

We examined every unregulated watershed with drainage area <100 km² and >20 years of 92 

recorded Water Survey of Canada streamflow data in southern British Columbia. Candidate 93 



watersheds were excluded if they were obviously subject to non-fluvial process such as debris 94 

flow, if they were bedrock streams without riparian banks, or if their watersheds or streambanks 95 

had been subject to significant anthropogenic alteration. The remaining watersheds comprised 36 96 

streams (Figure 1 and Table 1) and consisted of forested, mountain headwater streams with 97 

natural or quasi-natural flow regimes and fluvial processes. The watersheds group naturally into 98 

three hydroclimatic zones: firstly the Coast and Mountains (CM) region in southwest British 99 

Columbia, typified by high annual precipitation (>2000mm/yr) and a mixture of rain and rain-on-100 

snow derived peak flows. Secondly, the Thompson-Okanagan (TO) region, in south-central 101 

British Columbia, with relatively low annual precipitation (<1000mm/yr) and peak flows derived 102 

from rain-on-snow and snowmelt processes. Finally, the Kootenay-Columbia (KC) region, in the 103 

southeast part of British Columbia, with precipitation intermediate between the CM and TO 104 

regions (generally 1000-2500mm/yr), and peak flows predominantly resulting from snowmelt 105 

alone. Each hydrometerologic region shows a distinct uniform trend in unscaled (absolute) 106 

discharge with increasing drainage area, shown in Figure 2 for mean annual flow. 107 

In addition to the <100 km² watersheds described above, Harris Creek in the TO region was 108 

included as a study site because it is a relatively well-studied gravel bed stream (Hassan and 109 

Church, 2000, 2001), with a drainage area of 225 km², making it useful as a calibration site at the 110 

upper bound of the studied watersheds. 111 

In each watershed, study reaches were selected as close as possible to the Water Survey of 112 

Canada (WSC) stream gauging location. All locations had stream reaches selected that were 113 

alluvial single-thread, gravel-bed channels with well-defined banks. Stream morphology ranged 114 

from riffle-pool through plane-bed and step-pool to cascade-pool in the steepest reaches 115 

(Montgomery and Buffington, 1997). Most watersheds had some associated valley flat adjacent 116 



to the banks, but the extent of the valley flats were generally limited; colluvial inputs from 117 

adjacent hillslopes to stream channels were possible in all the studied reaches, but none of the 118 

reaches selected had colluvial stream morphology. 119 

All studied watersheds had some level of past or present forest harvesting. None were 120 

extensively logged (>50% clearcut) at the time of the study, but many had previously been 121 

harvested and were forested largely with mature second growth. In the TO and KC regions, 122 

many watersheds had some level of mountain pine beetle (Dendroctonus ponderosae) infestation 123 

as well. Riparian vegetation, including mature trees, was present along the banks of all the 124 

studied reaches. 125 

3. Methods 126 

3.1 Hydrologic data analysis 127 

In each studied watershed, data on daily average and instantaneous peak flows over the 128 

period of record were obtained from WSC. Record length at individual gauges ranged from a 129 

minimum of twenty years to over 60 years. The annual maximum series of instantanous peak 130 

flows was extracted from the data for each watershed and analysed using the Consolidated 131 

Frequency Analysis (CFA) program (Pilon and Harvey, 1994). CFA fits six distributions to the 132 

data: generalized extreme value, triple lognormal, log-Pearson Type III, Wakeby, Weibull and 133 

nonparametric. For each watershed, the distribution that best fit the observed data was selected 134 

and used to evaluate the return periods for instantaneous peak flow events.  135 

In a few of the surveyed watersheds, a partial record of instantaneous peak flows was 136 

available, supplemented by a longer record of daily maximum flow. For these watersheds, the 137 

dates for which instantaneous and daily maximum floods coincided over the overlapping period 138 



of record was used to estimate a ratio of daily maximum to instantaneous peak flow for the 139 

watershed, and this ratio was used to estimate the missing instantaneous peak flow values from 140 

the observed daily maximum values. 141 

For two watersheds (Harris Creek and Noons Creek) the WSC gauge was some distance from 142 

the surveyed reach – in Harris Creek because the gauge is located on private farm land below the 143 

forested watershed, and in Noons Creek because suburban development has obliterated the WSC 144 

gauge site and we surveyed an undisturbed adjacent reach. For both of these watersheds, we 145 

calculated the ratio of watershed area at the gauged site to watershed area at the surveyed site, 146 

and scaled the observed peak flows by this ratio raised to the 0.75 power (based on a 147 

regionalization of peak discharge values by Eaton et al., 2002) 148 

3.2 Field methods 149 

3.2.1 Channel surveys  150 

Fieldwork was conducted during periods of low flow in the summer of 2006 and 2007, when 151 

unrestricted access to the channel could be obtained. At each site, we selected a representative 152 

stream reach of approximately 100-200m length, with relatively homogenous width, gradient, 153 

sediment characteristics and riparian vegetation. Using a total station, we surveyed (Dutnell, 154 

2000; McCandless and Everett, 2002) between 9 and 16 cross-sections on each reach. In one 155 

case, on the Albert River, where a massive LWD jam was present in the channel, and where the 156 

channel above and below the jam seemed significantly different, twenty-four cross-sections were 157 

surveyed, twelve above the jam and twelve below. The cross-sections were generally located at 158 

least one channel width apart, spaced more or less evenly. However, the need to obtain clear 159 

lines of sight meant that perfectly even spacing could not be obtained. Small obstacles such as 160 



brush were cut or pruned to obtain a clear line of sight, but large trees were not cut down to this 161 

end. 162 

In general, the cross-sections were surveyed well beyond the channel banks. In most cases, 163 

for smaller streams this meant that the entire width of the valley flat was surveyed. For some of 164 

the larger streams, especially those with inactive terraces and wide valley flats, it was impossible 165 

to survey the entire width of the valley flat because of dense vegetation that prevented line of 166 

sight from valley wall to valley wall. In these cases, the survey was extended to the limits of the 167 

line of sight away from the channel in both directions. This usually included one of the valley 168 

walls at the edge of the survey, to a height above all alluvial sediment. 169 

Identification of channel banks can be a contentious subject, and has been much-discussed in 170 

the literature (Wolman, 1955; Wolman and Leopold, 1957; Leopold et al., 1964; Williams, 1978; 171 

Andrews, 1980; Richards, 1982; Dutnell, 2000; Radecki-Pawlick, 2002; Navratil et al., 2006). 172 

Rather than selecting one indicator of bankfull and applying that to every cross-section, even 173 

where it might be locally inappropriate, the surveys were designed to capture multiple definitions 174 

of bankfull (Johnson and Heil, 1996; Radecki-Pawlik, 2002, Navratil et al.; 2006). In practice, 175 

geomorphic and morphologic indicators such as prominent slope breaks at the top of bank, or the 176 

elevation of point bars, can be distinguished directly from the surveyed cross-section and require 177 

no special geomorphic training to recognize. In the field, however, care was also taken to 178 

identify on the surveyed cross-section the most apparent locations of the left and right bank on 179 

each cross section. Where two locations appeared equally valid as the top of the bank, or where 180 

the bank seemed indefinite and upper and lower limits of a potential bank needed to be defined, 181 

more than one potential location for a single bank were noted. The water surface elevation was 182 



also noted on the channel cross-sections so that it might be possible to check measured stage 183 

against recorded discharge for those watersheds with active stream gauges.  184 

3.2.2. Measurement of in-channel sediment. 185 

Measurement of in-channel sediment within each reach was subdivided into two 186 

components; measurement of surface sediment and measurement of subsurface sediment. For 187 

both surface and subsurface sediment, the methodology and rationale of Bunte and Abt (2001) 188 

was used as a standard reference. 189 

The primary method used to measure surface sediment was photogrammetric, using the 190 

Digital Gravelometer photo analysis program (Graham et al., 2005). To collect surface sediment 191 

photos for analysis, in addition to a Canon A620 digital camera, a frame and tripod were used. 192 

The frame had approximate dimensions of 1.0m by 0.7m, and was placed on exposed sediment. 193 

The tripod was used to position the camera above the frame at a sufficient distance to image the 194 

entire frame. Before taking each sediment photograph, the area within the frame was hand 195 

cleared of leaf litter, twigs and other debris that might obscure the sediment. A nylon tarpaulin 196 

was used to shade the camera, frame and tripod from direct sunlight, thus preventing unwanted 197 

shadow/sunlight contrasts in the photo that could be mistaken for grain boundaries. 198 

Between three and forty photographs were taken in each studied reach. The original 199 

objective was to take between seven and ten photographs in each reach. However, in some of the 200 

studied reaches, so little sediment was present and exposed that only three or four locations could 201 

be found in which enough sediment to place the frame could be found. On the other hand, in 202 

some studied reaches where significant expanses of exposed sediment were present, many more 203 



than ten sediment photos were taken, including some duplicate photos of the same sediment, to 204 

allow for analysis of factors such as microscale variability and effects of photo processing. 205 

In reaches where significant expanses of exposed sediment were present (primarily the 206 

larger watersheds in the study), a pebble count of 100 stones from a 10mx10m 5mx20m grid, or 207 

linear count was made in addition to the photographs (Wolman, 1954). The purpose of making 208 

the Wolman pebble count was to allow comparison of results from the Graham et al. (2005) 209 

photogrammetric method to the older Wolman method. Wolman counts could not be made in 210 

many of the studied reaches, however, because the areas of exposed sediment were too small to 211 

permit a sufficient grid for counting stones to be laid out. 212 

The original intent of the study was to sample subsurface sediment once per studied 213 

reach. However, the same constraints which affected the measurement of surface sediment also 214 

affected the measurement of subsurface sediment. In the reaches with little sediment exposed, it 215 

was not possible to measure subsurface sediment because too little sediment existed to 216 

volumetrically sample in a statistically significant manner. However, generally speaking, in these 217 

reaches, the larger stones in the surface sediment were in direct contact with bedrock or with 218 

immobile lag beneath the channel, meaning that an armour layer of coarser surface sediment 219 

overlying finer subsurface sediment did not exist and thus obviating the need for a subsurface 220 

sediment sample. 221 

At the other end of the scale, in some reaches with abundant exposed surface sediment, 222 

subsurface sediment samples were not taken because of the size of the largest exposed clasts. 223 

Bunte and Abt (2001) recommend that the largest clast in a volumetric sample comprise no more 224 

than 0.5% of the total mass, or 3% of the mass of a subsample if subsamples are taken and 225 



pooled. In some of the studied reaches, the largest stones had diameters > 1.0m, and a significant 226 

fraction of stones present had diameters greater than 256mm. This posed two difficulties: firstly, 227 

samples containing these stones would have to be unfeasibly large in order to meet the Bunte and 228 

Abt criteria, and secondly, the largest stones were actually too large and heavy for a two person 229 

field crew to move.  230 

After eliminating those streams where not enough sediment was present to take a 231 

statistically volumetric sample, and those streams where the sediment was too coarse to permit 232 

volumetric sampling, approximately one-third of the studied streams remained. In these streams, 233 

volumetric samples were taken. The average mass of the samples was approximately 350-400 234 

kg. Clasts larger than 32mm b-axial diameter were hand sieved and weighed in the field. The 235 

remaining sediment was mixed to randomize it and then a subsample of approximately 10kg was 236 

taken for laboratory analysis.  237 

In addition to volumetric samples of in-channel sediment, the original intent was to also 238 

sample the bank material, because it was anticipated that there might be cases where the texture 239 

of the bank material and bed material was significantly different, for instance, a gravel bed but 240 

sandy banks. In practice, this was only observed in two or three of the studied watersheds. In the 241 

remaining watersheds, the bed and bank material appeared to be similar, or the bank material 242 

contained significant amounts of non-fluvial material such as bedrock or compact basal till that 243 

would have been difficult to sample. Because of the small number of watersheds where bed and 244 

bank material appeared to differ, it was recognized that any sample of bank material would not 245 

be statistically significant, so bank material samples were not taken. 246 



In addition to the surface sediment photographs, between 20 and 100 oblique 247 

photographs were taken of each studied reach. The purpose of the oblique photographs were to 248 

document bank materials, channel pattern, bankfull indicators, channel landforms such as bars 249 

and bed material sorting, and to record any anomalies present in the channel (such as 250 

anthropogenic debris, large glacial erratic, or other similar features). In any case where possibly 251 

interesting or unusual features occurred in or along the channel, one or more oblique photos were 252 

taken.  253 

A sketch map was drawn by hand of the studied reach for each watershed. The location of 254 

landmarks such as bedrock outcrops, LWD jams, bridges, roads, and stream gauges was 255 

indicated on the sketch maps. Each surface sediment photograph and oblique photograph was 256 

assigned a number, and the numbers were added to the sketch map in order that the location of a 257 

particular photograph could be determined at later dates. 258 

3.2.3 Measurement of large woody debris 259 

The amount of LWD in the channel can be an important control on sediment transport, and 260 

adds to flow resistance. LWD has other properties in the channel, such as contributing riparian 261 

habitat function, but these were considered unimportant for this study. The main purpose of this 262 

LWD survey was to allow comparison of woody debris abundance between studied watersheds. 263 

Therefore, the sampling procedure was primarily designed to be internally consistent rather than 264 

designed so as to compare results to those of other studies primarily concerned with LWD 265 

function. The primary reference used for the methodology of sampling LWD was the TFW 266 

Ambient Monitoring Program Manual (1994). 267 



Over the length of the studied reach or reaches, the total number of pieces of large woody 268 

debris was counted and the length and median diameter of each piece were measured. The survey 269 

distinguished three types of LWD: logs, rootwads and LWD jams. Logs have a minimum 270 

diameter of 0.1m and a minimum length of 1.0m. Rootwads are less than 2m long with a 271 

minimum diameter of 0.2m where the stem and roots meet, and the roots must be detached from 272 

the ground. Where the definitions of rootwads and logs overlap, pieces meeting both criteria 273 

were defined as logs. LWD jams are composed of multiple logs and/or rootwads together with 274 

smaller debris. The overall dimensions of a jam (length, width and breadth) and its porosity were 275 

measured to determine the volume of the jam. Length was measured with a nylon 30m 276 

measuring tape. Diameter was measured at the approximate midpoint of each piece of LWD 277 

using a 5m steel tape. Jam porosity was visually estimated to the nearest 10%. The distance of 278 

each piece upstream of the start of the channel survey was measured using a hip chain in order to 279 

allow evaluation of local variations in LWD density along the studied reaches.  280 

Measurements distinguished between LWD which is within the active channel (Zones 1 and 281 

2 of TFW, 1994), and LWD which overhangs the channel but is not within the active channel 282 

(Zones 3 and 4 of TFW, 1994). Where LWD was partially buried in bank or channel sediments, 283 

only the exposed portion was measured. Likewise, where a large piece of LWD such as a fallen 284 

tree occurred with the majority of its length well outside the active channel and only a small 285 

portion within, the volumes of the two portions were measured separately. 286 

Decay classes for each piece of woody debris or average decay for LWD jams were not 287 

estimated using the 5-class system of Robison and Beschta (1990). Their rationale for estimating 288 

decay is to allow for possible correction where there is much fresh LWD in the channel and the 289 

observed conditions may not correlate with historic LWD abundance during the gauged period of 290 



record. In the field, a single qualitative decay class was noted for each surveyed reach, using a 291 

simplified three-class system: no obvious decay trend (a mixture of wood from fresh to heavily 292 

decayed), mostly fresh wood (where in-channel wood density had probably increased over time), 293 

or mostly old wood (where in-channel wood density had probably decreased over time). 294 

3.2.4 Watershed-scale geomorphic parameters 295 

We measured relief differential (elevation difference from surveyed reach to highest point in 296 

watershed), watershed area, watershed length (distance from surveyed reach to furthest point in 297 

watershed) from 1:20,000 scale BC provincial TRIM maps and used these parameters to 298 

compute Melton ruggedness ratio (relief/area
0.5

), relief ratio (relief/length) and shape parameter 299 

(area/length
2
).   300 

3.3 Data processing 301 

3.3.1 Grain size analysis 302 

Sediment photos were analysed with the Digital Gravelometer program (Graham et al., 303 

2005). We found that in cases where sediment contained appreciable amounts of granitic or 304 

gneissic rock, with speckled appearance, analysis of unprocessed photos tended to interpret a 305 

single large clast as a pile of coarse sand. Therefore, we preprocessed sediment photos with 306 

Adobe Photoshop, manually blurring the visible portions of speckled casts into a single 307 

homogenous colour. Once preprocessed in this manner, we were able to obtain values from the 308 

Digital Gravelometer output that corresponded to our manually collected Wolman counts. 309 

Digital Gravelometer has a lower size bound below which it cannot effectively differentiate 310 

grain size. For these photos, this corresponded to 8.5mm on average. While this reduces its 311 

effectiveness in evaluating proportions of sand and fine gravel, we were primarily interested in 312 



describing the distribution of the coarse fraction of sediment; the effect of the lower truncation 313 

on the proportions of the D50, D84 and D90 was minimal. To characterize each surveyed reach, the 314 

individual photos were pooled for analysis, with the resultant grain size parameters recorded; 315 

thus the D50 value for the reach represents a reach-averaged value, while the D100 recorded 316 

corresponds to the largest grain in any of the photos. There is likewise a practical upper bound to 317 

the Digital Gravelometer analysis imposed by the size of the photo and frame, somewhere 318 

>1200mm; these large and largely immobile clasts were measurable by Wolman counts and 319 

uppermost size classes of the Digital Gravelometer output adjusted accordingly. 320 

3.3.2 Survey data processing 321 

We imported our total station survey data (X and Y coordinates, elevations, and notes such as 322 

bank indicator) into ArcMap 9.2 and used a beta version of HEC-GeoRAS 4.2 (USACE, 2008) 323 

to designate straight line segment cross-sections through the surveyed cross-sections, which were 324 

never exactly straight. Corrected cross-sections were analysed using WinXSPro 3.0 (Hardy et al, 325 

2005). Reach-averaged bank elevation slope (bankfull gradient) was used as channel gradient. 326 

Manning’s n was estimated using the Jarrett method (Jarrett, 1984, 1990); some of the streams in 327 

this study outside the range of widths and gradients for which Jarrett’s method was originally 328 

developed, but are within the range for which subsequent work has demonstrated the Jarrett 329 

method to provide a reasonable estimate of n (Marcus et al, 1992; Curran and Wohl, 2003). 330 

For each cross-section, using the previously determined slope and Manning’s n values, we 331 

estimated a range of bankfull discharges with WinXSPro, using the upper and lower bounds of 332 

the surveyed bankfull indicators. Within the bankfull range, we used coincident bankfull 333 

indicators, as well as graphical indicators such as discontinuities in the slope of the calculated 334 



stage-discharge relationship, as indicators to evaluate a best estimate of bankfull for each cross-335 

section. We then plotted the range of bankfull values for each cross-section in sequence for each 336 

reach and determined the bankfull value which best fit the entire reach (Figure 3). 337 

To reduce the dependence of bankfull discharge on watershed area and provide a 338 

dimensionless value for comparison between watersheds, we evaluated the ratio of bankfull 339 

discharge to two-year peak discharge (Qbf/Q2) as determined from the best-fit flow frequency 340 

analysis. We also used the frequency analysis to evaluate the return period of the bankfull 341 

discharges. 342 

4. Results 343 

Tables 2 and 3 present measured and calculated parameters for the watersheds in question. 344 

For streams with known bankfull magnitudes, such as Harris Creek, the results obtained were 345 

reasonable approximations of previously published values. Measured parameters of interest 346 

include area, relief, length, Melton ratio, shape parameter, relief ratio, bankfull channel width, 347 

channel gradient, LWD density (expressed as m³/m of channel length and m³/m² of channel area 348 

across flow) and channel sediment surface D50 and D84. Calculated or estimated parameters 349 

include estimated Q2, estimated Q100, estimated Qbf magnitude and frequency, Qbf/Q2 ratio 350 

(hereafter simply ‘bankfull ratio’), and estimated stream power at Q2 reference discharge 351 

(calculated as ρgQS, where S= channel gradient). Bankfull ratio tested as significant against 352 

watershed area, channel gradient, Melton ratio, wood volume per meter of channel, bankfull 353 

width and stream power/D84 ratio.  354 

The calculated return periods for bankfull discharge ranged from 1.01 year to >500 years 355 

based on the annual maxima series. When standardized by dividing by Q2, however (Figure 4), 356 



most of the bankfull ratios clustered in the range of 0.5 to 2 times Q2. The KC region showed the 357 

strongest trend of bankfull ratio to area; the TO and CM regions did not show a strong regional 358 

trend. When channel gradient is plotted against bankfull ratio (Figure 5a), the opposite trend to 359 

area is seen. Again, the KC region shows the strongest trend, and TO and CM do not show a 360 

noticeable trend. The same trend is evident when Melton ratio is plotted against bankfull ratio; 361 

Melton ratio is an approximate measure of overall watershed gradient, and complements the 362 

measure of local channel gradient. Channel gradient itself shows a negative trend with watershed 363 

area (Figure 5b) – small watersheds in this study tended to be steeper than large watersheds, 364 

which is often true in mountainous areas. 365 

The ratio of estimated Q100 to Q2 was used as a simple metric for hydrograph shape (slope of 366 

the cumulative peak flow frequency distribution). When Q100 to Q2 ratio was plotted against 367 

bankfull ratio (Figure 6), a relatively strong positive trend is evident, with the watershed 368 

(Ambusten Creek) previously apparently anomalous now less so, although still extreme. 369 

Wood volume per unit length of channel (m³/m) has units of m² and represents roughly the 370 

cross-sectional area of wood exposed to streamflow. When plotted against bankfull ratio (Figure 371 

7a) it is apparent that watersheds with a low volume of wood per meter of channel have a high 372 

variability in bankfull ratio, while watersheds with a high volume of wood per meter have low 373 

variability and cluster in the 0.5 to 2 times Q2 range. However, the same trend is apparent when 374 

bankfull ratio is plotted against channel width (Figure 7b); narrow channels <5m wide have high 375 

variability, and wider channels have low variability. When wood volume per meter of channel is 376 

scaled by channel width (giving units of m³ of wood per m² of channel cross-sectional area, or 377 

essentially depth of wood per unit area of channel), no trend is evident. 378 



The effects of local accumulations of LWD on bankfull discharge can be seen for Albert 379 

River, for which adjacent reaches were surveyed above and below a massive woody debris jam. 380 

For these reaches, watershed area and flood frequency are essentially identical. Localised 381 

aggradation above the jam and degradation below the jam have resulted in differences in reach 382 

gradient. Calculated Qbf above the jam is 11.3 m³/s (0.74 times Q2); below the jam it is almost 383 

double, 21.4 m³/s (1.4 times Q2). These differences in magnitude translate to a frequency of 384 

bankfull discharge of 1 in 1.25 years above the jam and 1 in 7 years below on the annual 385 

maximum series. 386 

The last parameter that showed a significant trend against bankfull ratio was the ratio of 387 

streampower divided by D84. This metric has units of kg/s³, and a value of 10,000 kg/s³ has been 388 

used to discriminate between reaches having well-developed hydraulic geometry and reaches 389 

that do not (Wohl, 2004). We found that this threshold value was significant when tested against 390 

bankfull ratio, again with reaches below the threshold having high but highly variable bankfull 391 

ratio, and reaches below the threshold having much lower variability and with bankfull ratios 392 

clustering into the 0.5 to 2 range (Figure 8). 393 

5.0 Discussion 394 

The range of bankfull discharge values observed in this study is larger than in many 395 

similar studies. Below certain threshold values (channel width of 5m, streampower/D84 ratio of 396 

10,000 kg/s³), the streams in this study appear to have essentially decoupled from the Wolman-397 

Miller (1960) paradigm that relates bankfull discharge to the mean annual flood. Although water 398 

flows in these streams, the process or processes that result in identifiable streambanks do not 399 

appear to bear a meaningful relationship to mean annual flood, except coincidentally. 400 



Alternatively, it may indicate that some of these streams are actively degrading, such that 401 

channel downcutting occurs every year and a new equilibrium bankfull indicator has not yet 402 

formed. Above the threshold values, the variability in bankfull ratio was much less, ranging from 403 

0.5 to 2; however, this decreased variability in bankfull magnitude still corresponds to substantial 404 

variability in bankfull return period. 405 

Although the regional sample sizes are smaller than the total data set, it is apparent that 406 

variability in bankfull flood ratio and trends with area and reach gradient were developed to a 407 

greater degree in the snowmelt-dominated TO and KC regions than in the rainfall-dominated CM 408 

region. Additionally, averaged over regions, TO and KC watersheds had bankfull ratios greater 409 

than 1, while CM watersheds had bankfull ratios less than 1. This is suggestive of process – the 410 

CM watersheds tend to have multiple peak flow events per winter, while the CM and KC 411 

watersheds tend to have a single, or closely associated peak events during spring freshet. 412 

The absence of strong effects of woody debris on bankfull discharge magnitude or 413 

frequency at scales beyond the local (as exemplified by the Albert River values above and below 414 

the massive jam) was somewhat unexpected, especially as in the field there seemed to be a 415 

correlation between low woody debris abundance and deeply incised, coarse-armoured channels. 416 

This apparent correlation is, however, not supported by the data. It therefore appears that either 417 

channel banks and woody debris abundance are in equilibrium, such that the effects of woody 418 

debris are not evident, or that other effects dominate over woody debris abundance. 419 

 Discharge magnitude and frequency are nonlinearly related, and the relationship varies 420 

between watersheds, even closely adjacent ones. For this reason, we have largely confined our 421 

discussion of bankfull discharge to its ratio to Q2 magnitude, rather than focussing on frequency. 422 



It is possible to talk about mean or median regional bankfull ratio magnitude, but misleading to 423 

translate this value into an expected frequency because of the nonlinear correlation between 424 

frequency and magnitude: a 2:1 bankfull ratio may correspond to 10-year return period in one 425 

watershed and 50-year return period in an adjacent one. Nonetheless, in general terms, the 426 

majority of watersheds in this study had a return period for bankfull discharge that was greater 427 

than that of the mean annual flow. 428 

 The effects of  watershed size (scale) and channel gradient in this study are interrelated, 429 

because smaller watersheds tended to be steeper. Although watersheds with any evidence of 430 

debris flow were excluded from the study, it is nonetheless likely that for small watersheds with 431 

steep gradients, at the extremes of the watersheds studied, the watershed processes included both 432 

flood and debris flood (Wilford et al, 2004). As watershed size and channel width increases and 433 

watershed gradient decreases, the variability in bankfull ratio also decreases. 434 

 The mobility of sediment plays an important role in determination of bankfull stage 435 

which cannot be directly addressed in a study of this nature. In particular, large floods tend to 436 

deposit sediment while smaller floods winnow out previously deposited sediment (Andrews et al, 437 

1999). If a large flood deposits sediment and subsequent floods remove some of that sediment, 438 

resulting in a lowering of the channel relative to the banks, the apparent magnitude of the 439 

bankfull discharge may be increased beyond its actual value.  440 

 6.0 Conclusions  441 

 Small mountain watersheds in British Columbia show substantial variability in the 442 

magnitude and frequency of bankfull discharge, with this variability influenced by hydroclimatic 443 

regime, watershed size and channel width and gradient. Below certain threshold values (channel 444 



width of 5m and 2-year stream power/D84 value of 10,000 kg/s³), variability is much greater; 445 

however, for watersheds both above and below this threshold value, the average and median 446 

ratios of bankfull discharge to mean annual flood do not equal unity. There is no evidence to 447 

suggest that the average frequency of bankfull discharge is well approximated by the Q2 for the 448 

streams studied.  449 

 Large woody debris abundance did not exert a significant effect on the magnitude or 450 

frequency of bankfull discharge except over small distances. Where woody debris jams result in 451 

significant aggradation or degradation over a reach, local bankfull stage can be significantly 452 

affected. 453 

 In light of this evidence, the common assumption that bankfull discharge is equivalent to 454 

Q2 or mean annual flood should be carefully re-examined for small streams, particularly where it 455 

is embodied in legislation. For many watersheds, bankfull discharge is substantially larger than 456 

mean annual flood, and structures built without recognizing this are overdesigned; however, 457 

some watersheds have bankfull discharges which occur relatively frequently, and in these 458 

watersheds, the same drainage structures may be under designed. 459 
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