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Abstract It is generally supposed that specific sediment yield declines as
the area drained increases. In British Columbia this hypothesis does not
gear to apply and sediment yields increase at all spatial scales up to 3 X
km?. This effect results from the dominance of secondary
remoblllzatxon of Quaternary sediments along river valleys over pnmary
denudation of the land surface in catchments larger than 1 km?. The
present .study uses lake sediments to establish late Holocene sediment
yields for three small catchments (less than 1 km?) that straddle the alpine-
subalpine ecotone (1620 to 1850 m above sea level) in the Pacific Ranges
of the Coast Mountains of British Columbia. Sedlment yields for the three
catchments range from 0.005 to 0.220 t km year'! and show an increase
in yield with a decrease in elevation. The sediment yields established are
orders of magnitude lower than regional rates for larger scale basins. These
results are not inconsistent with the scale effects noted for the sediment
yields of larger basins in British Columbia and confirm the existence of
low yields in small pristine alpine and subalpine catchments.

THE CONVENTIONAL MODEL

At present, it is widely held that specific sediment yield — the quantity of
sediment passing a monitored river cross section per unit area drained upstream
of that section per unit time — decreases with increasing catchment area
(Schumm, 1977; Milliman & Meade, 1983; Walling, 1983). This inverse relation
between specific sediment yield and catchment area (Fig. 1) has been explained
in terms of decreasing slope and channel gradients and increasing opportunities
for deposition associated with increasing catchment size. A useful discussion of
the variation of this relation for catchments of different spatial scales in different
environments is provided by Walling (1983), who subsequently reviews many
of the problems and limitations of relating on-site rates of erosion and soil loss
within a catchment to the sediment yield at the catchment outlet.

There are, however, cases where this conventional model does not apply
(e.g. Happ et al., 1940; Douglas, 1967; Carson et al., 1973; Neill & Mollard,
1982; Ashmore, 1986). For example, in the 360 km?> Coon Creek basin in the
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Fig. 1 The conventional model of specific sediment yield (based on Church et
al., 1989).

Driftless area of Wisconsin, USA, there was severe upland erosion during the late
nineteenth and early twentieth centuries. Most of this sediment was deposited in
river valleys and Trimble (1981, 1983) estimated, using a sediment budget
approach, thatonly 5% of eroded material was removed from the catchment. Soil
conservationmeasures inthe 1930sreduced upland erosion, butsediment yield was
notreduced accordingly due to the remobilization of sediment stored in valley-fill
deposits. Consequently, contemporary sedimentyieldispoorlyrelated toupstream
erosion and the specific sediment yield increases downstream in many instances.

The conventional model also does not appear to work in glaciated British
Columbia (Slaymaker, 1972, 1987; Church & Slaymaker, 1989; Church et al.,
1989). This paper reports on new and previous research on clastic sediment
yield at different spatial scales in British Columbia, with particular reference
to the Lillooet River system.

SEDIMENT YIELD IN BRITISH COLUMBIA: A REVIEW

In western Canada, recorded sediment and solute yields range from the
equivalent of 3 to 1290 t km? year! (Slaymaker, 1987). Modal values for
Canada east of the Cordillera are 3 to 130 t km™ year™!, except in those basins
that are highly agriculturally disturbed or where urban land development is
occurring. In the Cordillera itself the full range from 3 to 1290 t km? year!
is experienced, but with modal values from 26 to 530 t km? year™! (Slaymaker,
1987). The most intriguing observation is that the lowest yields in the
Cordillera (3 to 26 t km? year!) occur in the unglacierized headwater
tributaries. This observation contradicts the conventional model referenced
earlier, but it is consistent with the recorded measurements of slope processes
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which have individually accounted for less than 3 t km? year! when
extrapolated to drainage basin scale (Caine, 1974; Slaymaker, 1977).

The model for British Columbia has been mainly developed for
catchments greater than 1 km?. The present study uses lake sediments to derive
late Holocene sediment yields for three small unglacierized alpine-subalpine
catchments less than 1 km? in the Coast Mountains. These catchments are
believed to be representative of their respective altitudinal zones in
southwestern British Columbia.

STUDY AREA AND METHODOLOGY

A detailed description of the study area and the methodology used can be found in
Owens & Slaymaker (1992). Only the salient points will be described here. The
lakes studied -- Gallie Pond, Middle Lake and Ash Lake (50°24'N 122°57'W) —
straddlethe alpine-subalpine ecotone, approximately 120 km north of Vancouver,
British Columbia, inthe Pacific Ranges ofthe Coast Mountains (Fig. 2). The alpine
zoneishere defined as the altitudinal zone abovetheupper limitof continuous forest
or above the timberline (Love, 1970). Table 1 describes the morphometric
characteristics of the lakes during the summer of 1989. The present mesoscale
climate is cold perhumid and annual precipitation exceeds 1800 mm. The local
bedrock consists of the Late Cretaceous Gambier Group metasediments and quartz
diorite of the Coast Plutonic Complex. The vegetation is areally dominated by
alpine tundra with some tree islands at the elevation of Gallie Pond and more
continuous stands of conifers (mainly mountain hemlock) around Ash Lake.

To define the spatial variability of sedimentation in the lakes, several
sediment cores were collected from each lake. In total, 56 cores were collected:
23 from Gallie Pond, 16 from Middle Lake and 17 from Ash Lake. Core
correlations and chronology were established by the presence of Bridge River
tephra which was identified using criteria described in Reasoner & Healy
(1986) and radiocarbon dated at c. 2350 years BP (Read, 1977). This enabled
sediment accumulation per unit time to be calculated. A comprehensive lake
sediment budget was developed to assess the relative contributions from various
sources. Corrections were made for non-catchment eroded material (organic
matter, biogenic silica, lake bank material and regional aeolian dust) and for
outflow losses (see Owens & Slaymaker, 1992). No contemporaneous
assessment was made of solute fluxes, though earlier work on Gallie Pond has
estimated the general magnitude of these at c¢. 3 t km? year! (Slaymaker,
1987), several orders of magnitude greater than the clastic sediment flux.

LAKE SEDIMENT-BASED SEDIMENT YIELDS

Table 2 shows that the corrected sediment yield for each catchment ranges from
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Fig. 2 The location of the study area in British Columbia.

0.005 to 0.220 t km? year'!. These values show an increase in sediment yield
with a decrease in elevation. The Gallie Pond catchment is above the timberline
and has the lowest sediment yield, while Ash Lake catchment is below the
timberline and has a sediment yield two orders of magnitude greater. Middle
Lake, which lies approximately midway between the two, has a yield that is
intermediate in magnitude. This situation is the converse of conventional
wisdom, which has assumed that, because of the incomplete vegetation cover,
the high precipitation intensity and the high energy environment of the alpine
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Table 1 Morphometric characteristics of the study lakes in the summer of 1989.

Gallie Pond Middle Lake Ash Lake
Altitude (m a.s.l.) 1850 1710 1624
Surface area (m?) 901 600 618
Maximum length (m) 54 35 43
Maximum widi® (m) 21 28 22
Max. water depth (m) 1.23 0.48 0.55
Water volume (m?) 505 96 142
Catchment area (km?) 0.023 0.202 0.022
Catchment: lake ratio 26:1 337:1 36:1

zone, sediment yields in unglacierized alpine catchments should be relatively
high (e.g. Fournier, 1960; Biidel, 1968; Young, 1974). According to these
workers, the lack of vegetation above the timberline is likely to promote an
increase in soil detachment and transportation by direct raindrop impact and
increases the likelihood of overland flow by reducing infiltration and soil
binding. Furthermore, areas of bedrock and surficial material are exposed
directly to atmospheric weathering. An inverse relation between specific
sediment yield and elevation has also been suggested for the Colorado Front
Range, where studies have shown that above the timberline material is
essentially contained within the catchments, while below, sediment yields are
higher as a result of larger-scale fluvial and colluvial processes (Bovis, 1978).

Table 2 Clastic sediment yields for the three catchments based on lake
sedimentation over the last 2350 years (yields have been corrected for non-
catchment derived material and for outflow losses).

Catchment Area Altitudinal range Clastic sediment yield
(km?) (m) (t km year™)

Ash Lake 0.022 1624-1850 0.220

Middle Lake 0.202 1710-1970 0.030°

Gallie Pond 0.023 1850-1900 0.005

*This is probably an underestimate of the true value (Owens & Slaymaker, 1992).

Field measurement of the operation of individual contemporary
geomorphic processes in the Gallie Pond catchment (Jones, 1982), when
integrated over the whole catchment, account for significantly more sediment
flux (0.3 to 1.2 t km? year™!) than the lake sediment-based sediment yield (0.005
t km? year™!) (see also Souch & Slaymaker, 1986). This catchment appears to
have a stream subsystem that is decoupled from the hillslope subsystem, with
material eroded from the hillslopes going into storage. Such a phenomenon has
also been suggested for catchments above the timberline in the Colorado Front
Range (Bovis & Thorn, 1981; Caine & Swanson, 1989), the central Pyrenees in
Spain (Diez et al., 1988) and the Polish Tatra Mountains (Kotarba et al., 1987).
In the Middle and Ash lake catchments, which have steeper slopes and a greater
relative relief (260 m and 226 m, respectively, compared to ¢. 50 m for the
Gallie Pond catchment), the fluvial and hillslope subsystems may become
periodically linked by episodic large scale mass movements such as debris flows
and rock avalanches (Jordan & Slaymaker, 1991).
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Fig. 3 Specific sediment yield as a function of drainage area for fluvial
suspended-sediment records in British Columbian rivers (adapted from Church
& Slaymaker, 1989) and lake sediment-based yields in alpine and subalpine
catchments (this study).

The sediment yields for the three catchments studied are orders of
magnitude lower than the regional rates for larger catchments (Fig. 3). This
result is not inconsistent with the hypothesis for British Columbia of scale
controls on clastic sediment yield. Figure 3 illustrates specific sediment yield
as a function of catchment area for British Columbian rivers and for the
catchments examined in this paper. The main trend for undisturbed catchments
has a local range of between one-half and one order of magnitude in yield. This
is probably due to variable Quaternary and bedrock geology (Church &
Slaymaker, 1989). The trend for glacial rivers superficially conforms to the
conventional model. However, most of the sediment yield is derived from the
glacial headwaters, and the apparent decline in specific sediment yield
downstream may be mainly a consequence of the increase in nonglacierized
catchment area (Church e -al., 1989). In the larger catchments, the major
sources of sediment are Quaternary deposits stored along the river banks and
immediate valley walls. Consequently, contemporary sediment yields in these
catchments are more a result of processes that operated in the Quaternary than
of contemporary denudation of the land surface. Specific sediment yield
decreases with increasing area for catchments greater than c. 3 X 10* km? in
size as the rivers in these catchments generally flow in relatively wide valleys
with flood plains or have developed major sediment accumulations along the
channels. These features sometimes protect non-alluvial banks from fluvial
attack, so that the recruitment of sediment becomes less continuous and less
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intensive (Church er al., 1989).

CONCLUSION

Sediment yields for the three small alpine-subalpine catchments range from
0.005 to 0.220 t km™? year'! and show an increase in yield with a decrease in
elevation. In the catchment above the timberline a large proportion of the
material eroded from the hillslopes goes into storage, while for the catchments
below the timberline the hillslope and fluvial subsystems are better linked.
When placed in a regional context, sediment yields are low and support a
hypothesis for British Columbia of scale controls on sediment yield. In larger
catchments sediment is being reworked from storage zones along river banks
and valley walls.

Over long time periods (10° years or longer) specific sediment yield may
accurately reflect erosion and primary denudation rates. Here primary
denudation is defined as the progressive exposure of deeper rock structures by
weathering and erosion (Fairbridge, 1968). However, at time scales of 10° to
10* years, this may not be the case and sediment yields in glaciated and
glacierized terrain are dominated by storage effects. Contemporary sediment
(and possibly solute) yields and transfers probably consist of two components:
(@) primary denudation of bedrock;

(b) gain or loss of sediment (and solutes) due to storage effects.
Consequently, in British Columbia, and other similar environments, specific
sediment yield may not equate with primary denudation of the land surface at
any spatial scale, though it will tend asymptotically towards that value as
catchment size decreases.

Acknowledgements This work was undertaken while Phil Owens was a
graduate student at the University of British Columbia. Financial support was
provided by Natural Science and Engineering Research Council of Canada
grant 5-87073 to the second author. The assistance of Wendy Hales and Mike
Rasmussen in the field is greatly appreciated. Figures 1 and 3 were drawn by
Terry Bacon. The authors would like to thank Catherine Souch and Mike
Church for their help throughout the project and Michael Bovis, Jamie
Woodward and Des Walling for advice and comments that have been
incorporated into the manuscript.

REFERENCES

Ashmore, P. E. (1986) Suspended sediment transport in the Saskatchewan River basin. Report
IWD-HQ-WRB-SS-86-9. Environment Canada, Water Survey of Canada, Sediment Survey
Section.

Bovis, M. J. (1978) Soil loss in the Colorado Front Range: sampling design and areal variation. Z.



154 Phil Owens & Olav Slaymaker

Geomorphol. N. F. Suppl. Bd. 29, 10-21.

Bovis, M. J. &qhome, C. E. (1981) Soil loss variations within a Colorado alpine area. Earth Surf.
Processes and Landf. 6, 151-163.

Biidel, J. (1968) Geomorphology - Principles. In: Encyclopedia of Geomorphology (ed. by R. W.
Fairbridge), 416-422. Reinhold, New York.

Caine, T. N. (1974) The geomorphic processes of the alpine environment. In: Arctic and Alpine
Environments (ed. by J. D. Ives & R. G. Barry), 721-748. Methuen, London.

Caine, T. N. & Swanson, F. J. (1989) Geomorphic coupling of hillslopes and channel systems in two
small mountain basins. Z. Geomorphol. N. F. 33(2), 189-203.

Carson, M. A., Taylor, C. H. & Grey, B. J. (1973) Sediment production in a small Aggalachian
watershed during spring runoff: the Eaton basin, 1970-1972. Can. J. Earth Sci. 10, 1707-1734.

Church, M. & Slaymaker, f{ 0. (1989) Disec%uilibrium of Holocene sediment yield in glaciated British
Columbia. Nature, Lond. 337, 452-454.

Church, M., Kellerhals, R. & Day, T. J. (1989) Regional clastic sediment yield in British Columbia.
Can. J. Earth Sci. 26(1),31-45.

Diez, J., Alvera, B., Puigdefabregas, J. & Gallart, F. (1988) Assessing sediment sources in a small
drainage basin above the timberline in the Pyrenees. In: SedimentBudzgets ged. by M. P. Bordas
&D. ]':g Walling) (Proc. Porto Alegre Symp., December 1988), 197- 205. IAHS Publ. no. 174.

Douglas, I. (1967) Man, vegetation and the sediment yields of rivers. Nature, Lond. 215, 925-928.

Fairbridge, R. W. (1968) Denudation. In: Encyclopedia of Geomorphology (ed. by R. W.

airbridg(e)), 261-271. Reinhold, New York.

Fournier, F. (1960) Climat er Erosion. Presses Universitaires de France, Paris.

Happ, S. C., Rittenhouse, G. & Dobson, G. C. (1940) US Deg)t Agric. Tech. Bull. 695.

Jones, P. S. A. (1982) Sediment movement in a subalpine basin in the Coast Mountains of British
Columbia. MSc Thesis, University of British Columbia, Vancouver, British Columbia, Canada.

Jordan, P. J. & Slaymaker, O. (1991) Holocene sediment production in the Lillooet River basin, British
Columbia: a sediment budget approach. Géogr. Physique et Quaternaire 45, 45-57.

Kotarba, A., Kaszowski, L. & Krzemien, K. (1987) High-mountain denudational system of the Polish
Tatra Mountains. Geographical Studies Special Issue no.3, Polish Academy of Sciences,
Ossenlineum, Warsaw, Poland.

Love, D. (1970) Subarctic and subalginc: where and what? Arctic and Alpine Res. 2, 63-73.

Milliman, J. A. & Meade, R. H. (1983) World wide delivery of river sediment to the oceans. J. Geol.

91, 1-21.

Neill, C. R. & Mollard, J. D. (1982) Erosional processes and sediment yield in the upper Oldman River
basin, Alberta, Canada. In: Recent Developments in the Exglanation and Prediction of Sediment
Yield (ed. by D. E. Walling) (Proc. Exeter Symp., June 1982), 183-191. IAHS Publ. no. 137.

Owens, P. N. & Slaymaker, O. (1992) Lacustrine sediment budgets in the Coast Mountains of British
Columbia. In: Geomorphology and Sedimentology of Lakes and Reservoirs (ed. by J. McManus
& R. W. Duck). John Wiley and Sons, Chichester, UK, in press.

Read, P. B. (1977) Meager Creek volcanic complex, southwest British Columbia: Report of activities,
Part A. Geol. Soc. of Can. Pap. 77-1A, 277-281.

Reasoner, M. A. & Healy, R. E. (1986) Identificationand significanceof tephras encountered in a core
from Mary Lake, Yoho National Park, British Columbia. Can. J. Igarth Sci. 23, 1991-1999.

Schumm, S. A. (1977) The Fluvial System. John Wiley and Sons, New York.

Slaymaker, H. O. (1972) Sediment yield and sediment control in the Canadian Cordillera. In: Mountain
Geomorphology (ed. by H. O. Slaymaker & H. J. McPherson), 235-245. Tantalus Press,
Vancouver, British Columbia.

Slaymaker, H. O. (1977) Estimation of sediment yield in temperate alpine environments. In: Erosion
and iS‘zoéid Maiter Transport in Inland Waters (Proc. Paris Symp., 1977), 109-117. IAHS Publ.
no. .

Slaymaker, H. O. (1987) Sediment and solute yields in British Columbia and Yukon: their geomorphic
si%lniﬁcanccreexamined. In: International Geomorphology 1986 (ed. by V. Gardiner), 925-945.
John Wiley and Sons, Chichester, UK.

Souch, C. J. & Slaymaker, H. O. (1986) Temporal variability of sediment yield using accumulations
in small ponds. Phys. Geogr. 7, 140-153.

Trimble, S. W. (1981) Changes in sediment storage in the Coon Creek basin, Driftless Area,
Wisconsin, 1853-1975. Science 214, 181-183.

Trimble, S. W. (1983) A sediment budget for the Coon Creek Basin in the Driftless Area, Wisconsin,
1853-1977. Am. J. Sci. 283, 454-474.

Walling, D. E. (1983) The sediment delivery problem. J. Hydrol. 69, 209-237.

Young, A. (1974) The rate of slope retreat. In: Progress in Geomorphology (ed. by E. H. Brown &
E. Sci Waters), 65-78. Institute of British Geographers Special Pubfyno. 16. Academic Press,

ondon.



