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PREFACE

In 1995, British Columbia implemented a Forest Practices Code that made

watershed assessment mandatory in community watersheds and on selected

high-value fish streams. A guidebook was published in 1995 to prescribe the

method by which watershed assessment was to take place. The hydrologists

who developed this guidebook based the procedure on their professional

opinions of the manner in which hydrologic processes are altered by road-

building and logging. There was a need to verify the guidebook with

research. A research program was put in place in the Nelson Forest Region 

to verify various concepts that were incorporated into the guidebook. Also,

research programs were put in place elsewhere in the interior to better un-

derstand hydrologic processes that are occurring in interior watersheds. This

workshop has been organized to update those who do the assessments and

those who use the assessments on the most recent research findings.
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Watershed Processes in the Southern Interior of British

Columbia: Background to Land Management

MICHAEL CHURCH AND JUNE M. RYDER

ABSTRACT

The factors that govern morphology and processes along stream channels are

the amount and timing of water delivery to the channel, the amount and cal-

ibre of sediment delivered, the gradient over which the channel flows, and

the conditions of bank vegetation and wood supply to the channel. A funda-

mental distinction must be recognized between low-order, headward

drainage basins and larger, higher-order ones. Headward basins are the

source of channeled streamflow and much of the sediment that moves

through the drainage system. Trunk streams combine drainage from many

headward channels. Headward channels are coupled to slopes that deliver

sediment inputs directly; trunk streams are buffered from adjacent slopes by

a valley flat. Headward channels are subject to episodic major disturbance,

usually in the form of landsliding. Trunk channels experience the attenuated

effect of disturbances at many places in the headwaters. Sediment delivery

and onward transfer occur frequently in such channels. Exceptions occur.

Headward channels sometimes are flat, and may drain extensive wetlands.

Conversely, many valley streams are incised into and at least partially con-

fined by high banks composed of Pleistocene sediments. Diagnosis of land

surface conditions and actions to ensure soil and landscape stability should

be focused upon hillslope stability in headward drainage basins. Along val-

leys, the focus of attention must be the stream channel and riparian zone.

Consequently, hydrological watershed assessment is an appropriate manage-

ment tool in relatively small, upland drainage basins, but in larger drainage

systems the major management tool for uncoupled channels should be

stream channel stability assessment.

INTRODUCTION

Morphology and processes in a stream channel are the outcome of specific

governing conditions, of which the principal ones are the amount and timing

of water delivered to the stream channel, the amount and calibre of sediment

delivered to the channel, the gradient over which the water flows, and the

conditions of bank vegetation and (in forests) supply of wood to the channel

(see Church 1992). Gradient is very important, for it determines the power of

the water as it moves downslope, and hence the ability of the stream to move

sediment and modify its channel.





These conditions change systematically through the drainage network

(Schumm 1977, reviewed in Church 1992). Tributary confluences create step

increases in area drained, and hence in water flows. Because of variations 

in runoff timing between tributaries, flows become relatively less variable

downstream. The gradient of the channel declines more or less systematically

downstream as well. The consequences for sediment transport are complex.

The ability of the stream to move large material (competence) declines as

gradient declines—so large material is left behind—even as the capacity of

the river to move volumes of sediment increases. These changes have impor-

tant consequences for channel morphology, for channel stability, and for

aquatic habitat.

For land-management purposes, a fundamental distinction must be 

recognized between headward, low-order drainage basins and larger, higher-

order basins (Figure 1). The former are often characterized by relatively steep

slopes that are coupled directly to steep stream channels; the latter include
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  Map and schematic views of a drainage basin to illustrate the concept of “coupling” between a
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hydrographs to illustrate the attenuation of variations in flow down the system. On the left side of
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trunk stream channels on low gradients that are buffered from adjacent

slopes by a valley flat, which is often a floodplain (Rice and Church 1996).

(However, an important exception occurs in interior British Columbia

where headmost drainage often occurs on uplands of modest relief.) Head-

ward drainage basins are the source of channeled streamflow and of much of

the sediment—inorganic and organic—that moves through the drainage sys-

tem. In the long run, they export sediment; but, in the short run, substantial

accumulations may occur along steep channels. Headward channels consti-

tute the large majority of all stream channels, by number and by cumulative

length (Figure 1). Trunk streams combine drainage from many headward

channels. Part of the sediment load that they receive is stored for more or less

extended periods along the valley in alluvial fans and floodplains. The nature

of fluvial disturbance is different between these two landscape elements.

RUNOFF GENERATION

Streams exist because of the need to evacuate water from the surface of the

land. Watershed processes are forced by the pattern of runoff. The incidence

of runoff is controlled by weather at synoptic, seasonal, and longer-term

scales. However, the timing and magnitude of runoff are also influenced by

factors such as topography (including surface elevation and slope steepness),

by the permeability of surface materials, and by the vegetation cover. The lat-

ter two factors may exhibit large variability at scales of only a few metres.

In interior British Columbia, high runoff is promoted by four weather sit-

uations. Heavy rain may occur during summer convectional (often thunder)

showers or during frontal precipitation, especially in autumn. What consti-

tutes “heavy rain” depends on the duration of rainfall. Convectional showers 

typically create the highest rates of rainfall, but only for short periods (pre-

cipitation exceeding 5 mm in 10 minutes would be relatively heavy), whereas

frontal storms can accumulate large total rainfall by long persistence (greater

than 50 mm in 24 hours). In fact, long-duration storms of lower average pre-

cipitation intensity often produce the greatest runoff because precipitation

continues for much longer than the time for runoff generation and the soil

may become thoroughly saturated during such storms. Summer showers

often fall onto dry soil and create a relatively small runoff response. Howev-

er, convectionally augmented rain on fronts during large summer storms

may create significant floods and mass wasting.

A third significant weather situation is snowmelt, which creates high

runoff between April and June. Timing depends on location in the province,

topography, and annual seasonal weather patterns. Because of the energetic

limitations of melt rate, however, snowmelt does not create the potentially

highest flows (Church 1988). Finally, rain-on-snow, when snowmelt and

rainfall-generated runoff occur simultaneously, may create the largest flows

of all. Contrary to common belief, the energy for snowmelt comes not from

rainwater (the specific energy of water being only a small fraction of the en-

ergy of fusion), but from turbulent energy exchange over the snow surface

and from condensation of moisture from the atmosphere onto the snow sur-

face. Hence, storms accompanied by high winds, which facilitate these

processes, are most prolific.





Topography substantially modulates runoff patterns. Interior British 

Columbia is a land of plateaus and mountains. In plateau areas, water stor-

age on the upland surface in bogs and small lakes (including numerous

beaver ponds) may substantially moderate runoff rates and prolong seasonal

flows in summer. An important contrast occurs between plateaus and moun-

tains at the time of snowmelt. In mountains with long, continuous slopes,

the snowline retreats upward, and from southerly to northerly exposures, in

a more or less orderly fashion, producing a prolonged, moderate freshet. The

highest mountains carry glaciers that sustain meltwater runoff through the

summer. In contrast, in plateau country, a large portion of the upland sur-

face experiences snowmelt within the same time period, so a relatively short,

high freshet may occur downstream, depending upon how much water can

be retained on the upland.

Extreme runoff events are rare in individual headwater streams because

the incidence of extreme water input is rare at any particular spot in the

landscape. The most extreme rain, even in a large storm, is relatively local-

ized in the landscape (Figure 2). However, extreme runoff events are

common regionally because many storms deliver heavy precipitation some-

where along their path. Downstream, channels receive flows from many

tributaries (i.e., from a large upstream area), so they more frequently experi-

ence comparably severe events. But, since flood waves disperse downstream,

runoff is comparatively less extreme farther from headwaters (see the

sketched hydrographs in Figure 1).

Runoff commences on hillslopes that are usually mantled by thin surface

materials composed of till or colluvium. Rock outcrops are common. Under

forest cover, the surface usually consists of a permeable forest soil (O hori-

zons over weathered till or loosely packed colluvium), but permeability

generally decreases with depth. Water infiltrates the soil, then moves laterally

downslope over relatively impermeable materials (Figure 3). It may seep
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  Schematized occurrences of the incidence of heavy event precipitation,
located on a drainage basin map to emphasize the localized nature of
individual events and the common effect in trunk channels
downstream.



along the bedrock surface or along the top of unweathered till or other com-

pact, fine-grained material. It commonly exploits root channels, animal

burrows, and other connected discontinuities in the soil body (e.g., DeVries

and Chow 1978). The result is generally rapid, shallow subsurface flow wher-

ever there is any appreciable topographic gradient (cf. Whipkey 1965; Beven

and Germann 1982). As the result, water reaches channels relatively quickly

and the event hydrograph is of short duration, but features a relatively sharp

rise and high peak.

Overland flow is not common on natural land surfaces (because undis-

turbed forest soils have infiltration capacity that is even higher than extreme

precipitation rates), but occurs if the land surface is effectively impermeable,

as on rock outcrops, exposed impermeable soils (usually old landslide scars),

hydrophobic (e.g., peaty) soils following summer drought, frozen soil, and

compacted soil (e.g., paths). The result is an even more peaked hydrograph

and “flash floods.”

Water runs directly downslope at rates proportional to the gradient and 

to the hydraulic conductivity of the flow path. It drains away from spurs and

ridges, and concentrates in depressions and slope-base concavities (Figure 3),

where the water table is at relatively shallow depth. Where the water table in-

tersects the surface, seepage and springs occur. This initiates surface streams.

On upland surfaces, low gradients create poor drainage conditions, so stand-

ing water frequently occurs on the surface in bogs and ponds, and runoff
may be highly delayed and long and drawn out.
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  The pattern of hillslope drainage, in profile and in plan, and a profile to show the interception
of downslope subsurface drainage by midslope roads.



PROCESSES IN STREAM CHANNELS

Headwater channels receive water and sediment inputs directly from adja-

cent slopes and streambanks. Where adjacent slopes are steep, direct inputs

of sediment may occur from well upslope and may include boulders and

even larger blocks. In mountain terrain, headwater channels are usually steep

and flanked by steep slopes. In the interior, headwaters may be on upland

surfaces of low relief, but most streams steepen dramatically when they flow

off the plateau surface toward the valley trunk streams. In this discussion, at-

tention will be focused on steep reaches because this is where most sediment

recruitment occurs and most land management problems arise. 

Steep, headward reaches are subject to episodic major sediment delivery,

usually in the form of landsliding. Studies of slope erosion in the Pacific

Northwest, with results from both coastal and interior sites, yield the range

of results shown in Table 1. (The figures are generalized to order of magni-

tude values based on the results of many studies.) When account is taken of

the limited area occupied by landslides—typically less than 1% of the land

surface—it is apparent that the episodic landslides themselves are the most

significant means of sediment delivery downslope. However, lesser processes

also contribute to recharging hillslope hollows and gullies over decades or

even centuries, which may eventually lead to a major failure.

As the consequence of storm and precipitation characteristics, meteoro-

logical forcing of such failures is relatively rare at any particular place in the

landscape, although it is common regionally. Once in the channel, large de-

bris may remain for a long time, since ordinary stream flows are incapable of

moving it. The result is a stable step-pool structure (Figure 4), prevalent in

channels with gradient greater than about 4% (Grant et al. 1990; Chin 1999),

often reinforced by wood steps (Keller and Swanson 1979). The steps trap

finer material. Hence, channels may accumulate stores of sediment over 



  Sediment mobilization and yield from hillside slopes

Mobilization rate Yield rate to stream channels
Process Forested slopes Cleared slopes Forested slopes Cleared slopes

Normal regime

Soil creep (including animal 1 m3/km/y* 2x 1 m3/km/y* 2x
effects)
Deep-seated creep 10 m3/km/y* 1x 10 m3/km/y* 1x
Tree throw 1 m3/km2/y — — —
Surface erosion: forest floor <10 m3/km2/y <1 m3/km2/y
Surface erosion: landslide scars, >103 m3/km2/y 1x >103 m3/km2/y 1x
gully walls (slide area only)
Surface erosion: active road — 104 m3/km2/y — 104 m3/km2/y
surface (road area only) (road area only)

Episodic events

Debris slides 102 m3/km2/y 2-10x to 104m3/km2/y to 10x
Rock failures (fall, slide) No consistent data: not specifically associated with land use

* These results reported as m3/km channel bank. All other results reported as m3/km2 drainage area. Results are generalized from
a table that originally appeared in Roberts and Church 1987.



periods varying from years to centuries (e.g., Megahan 1982), and then re-

lease substantial portions of it during an extreme event. Sediment movement

down steep channels often occurs as debris flow because, once the frame-

work boulders begin to move, all the material in the channel becomes

unstable. Debris flows may be triggered by landslides (which dam the chan-

nel for a short period and accumulate an extreme charge of water), by

extreme storms (usually after a prolonged wet period), or, rarely, by seismic

shaking (see VanDine 1985 for a general review). In southern interior British

Columbia, debris slides and flows often occur during the characteristic early

summer wet period, when extreme, convectively augmented rainfall may

occur locally (a useful inventory of events and analysis are given by Toews
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1991). Often, contributory runoff is augmented by or derived primarily from

snowmelt.

Mass wasting processes deliver to the stream channel material with a wide

range of sizes, from silts and clays to the largest detached blocks (see material

texture sketches in Figure 1). Finer material (up to medium gravel) can, of

course, be mobilized in the channel by much smaller flows than those neces-

sary to move the large debris. This material (termed “wash material,”

because it is easily washed downstream and does not persist in the channel

bed) is moved by normal high flows sufficiently frequently that it is com-

monly supply-limited. Consequently, significant quantities are moved only

when they are available in the channel bed, commonly for a season or a few

seasons after a landslide into the channel, or during spring runoff after win-

ter’s freeze and thaw. Glacial delivery of fine material is, of course, much

more persistent. At the other extreme, upland channels on low gradients 

may transfer very little material other than particulate and dissolved organic

matter.

This picture of headwater channel behaviour, emphasizing the episodic 

nature of significant sediment movement, reconciles the superficially contra-

dictory observation that they are the source of most of the sediment and

other debris that moves through stream systems, and yet they are also the

source of high-quality water supplies.

A trunk valley channel receives water and sediment from many headward

channels. Such channels experience the integrated effect of episodic disturb-

ance at many places in the headwaters. Sediment delivery and significant

onward transfer occur frequently in such channels, but the relative severity

of individual events is attenuated by the dispersive effects of increasing travel

distance from the source (of both water and sediment). Sands and gravels,

evacuated from headward channels as wash material, become the normal bed

material on the lower gradients, but can be remobilize by normal high flows.

Significant bed-material transport occurs during frequently recurring

snowmelt and rainstorm flood events—on average once or twice a year in

gravel-bed reaches, and much more frequently in sand-bed channels.

Much of the sediment delivered from headwater channels—including the

largest material—is deposited at slope base along the edge of trunk valleys, in

the form of debris flow fans or alluvial fans (Figure 5). Farther down the sys-

tem, material is stored in channel bars (Figure 4) and floodplain deposits

that subsequently serve to buffer the channel from the immediate effects of

processes on adjacent slopes. Floods may re-entrain material previously 

delivered by fluvial processes, so river bars and banks are major loci of sedi-

ment pickup and the result may be continual change in river morphology.

Along many valleys, as well, there remain substantial deposits of Pleistocene

glacial materials that form additional, sometimes abundant sources of sedi-

ment to the river (e.g., Ryder and Fletcher 1991).

With generally declining gradient downstream, competence limitations

sort the stream-transported material, so that the largest is left behind and a

gradient in material size is established down the system. Processes of channel

filling and cutting in the floodplain, facilitated in the forest by the formation

and dissipation of log jams (Keller and Swanson 1979; Hogan et al. 1998),

progressively create a complex channel and wetland landscape that forms 

superior habitat for salmonid fish and many other aquatic and semi-aquatic

creatures. Paradoxically, the onward movement of sediments, which creates

continual change along the channel system, is an essential process for the





creation and maintenance of this habitat. On the other hand, where the

channel is incised and confined within substantial Pleistocene deposits, it

usually maintains a simple morphology, with relatively little fluvial sediment

storage. Such reaches generally provide much less productive habitat.

DISTURBANCE DUE TO LAND USE

Because of the distinct character of water flows and sediment transfer be-

tween headwater and valley-floor streams, disturbances associated with land

use influence each environment in distinct ways (cf. Whiting and Bradley

1993; Grant and Swanson 1995). Appropriate monitoring and management

activities are different.

In headwaters, land use on adjacent slopes may change both runoff and

sediment delivery to the stream channels. Changed runoff to a channel may

change the incidence of “extreme” (channel-evacuating) events, while a

changed rate of sediment delivery to the channel may change the size and

frequency of recurrence of major sediment-evacuating events.

The step structure formed by interlocked large clasts and wood in many

channels makes them relatively insensitive to incremental changes in runoff.1

Similarly, on uplands the prevalent low gradients and large areas of standing

water absorb incremental changes with relatively small changes in flow regime.

Significant, destabilizing changes to runoff most often are the consequence



             colluvial/alluvial
fan

Floodplain

  Sediment storage at the transition from headwater to valley-bottom reaches in
the form of colluvial or alluvial fans and floodplain deposits.

1 Zimmermann, A. and M. Church. 2001. Channel morphology and bed stresses during spring
runoff in a step-pool channel. Geomorphology. In revision.



of changed drainage structure, almost entirely associated with road construc-

tion and creation of skid trails (Megahan 1987; Montgomery 1994). Major

causes are diversions via road ditches, redirection of subsurface drainage to

surface drainage at road cutbanks (Figure 3), and the establishment of sur-

face drainage along skid trails and yarding tracks.

Changed sediment delivery rate from mass wasting may be the conse-

quence of harvesting on tenuously stable hillside slopes, poor harvest

practices in and around gullies, and failures in road sidecast. Substantial mo-

bilization of fine sediment may occur along ditches, from road and skid track

surfaces, and from gullying in sidecast (reviewed in Montgomery 1994; of re-

gional relevance is Anderson and Potts 1987). Where these sediments reach a

slope-base flat, they may go back into storage, but along steep, headwater

channels, they usually land directly in the channel.

The circumstances surrounding disturbance of both runoff and sediment

supply in headwater streams represent a relatively fortunate situation because

all of them are well understood and can be avoided by the implementation of

suitable land classification and forest engineering practices, if there is a will

to do it. The single most important preventive action is high-quality road

management, including route selection, engineering, and operational main-

tenance.

In valley bottoms, incremental runoff and/or changed runoff timing may

increase the peak flows, while increased sediment delivery from upslope may

create significant aggradation and may destabilize channels at slope base and

beyond.

Incremental runoff in areas from which trees have been removed is a con-

sequence of reduced transpiration (reviewed in Hetherington 1987) and snow

loss (by sublimation or evaporation from trees), hence Equivalent Clearcut

Area () may be important. However, summary effects on late-winter

snow accumulation may be complex due to wind effects and the possibility

for overwinter melt (Hetherington 1987). From the perspective of flood

flows, a major effect of the changed water budget works through increased

soil moisture storage levels before storms (Harr et al. 1975; Hetherington

1987). This would lead to larger runoff during the first storms after a pro-

longed dry period (typically, early autumn storms), and to increased peak

runoff during moderate floods. On the other hand, water yield from major

storms occurring on already thoroughly wetted land are unlikely to be affect-

ed in a major way. In the interior, spring rain-on-snow may yield notably

high flows (MacDonald and Hoffman 1995), especially where the ground re-

mains frozen.

Changed runoff timing is the consequence of changed drainage pattern

and earlier upslope snowmelt following land clearance. Because of the den-

dritic structure of the drainage network, with successive confluences of flow

from different parts of the drainage basin, and because of the effect of eleva-

tion and exposure on the normal course of snowmelt, the summary effect on

runoff timing of road construction and land clearance depends sensitively on

where, in the drainage basin, the activities occur. To make a simplified exam-

ple, upslope road construction and clearance may accelerate runoff timing

within storms, and advance seasonal snowmelt so that upland streamflows

catch up with runoff from lower parts of the basin, resulting in substantially

increased flood flows downstream. On the other hand, similar activities at

low elevation may have no comparable effect. On the land, these effects—

especially storm runoff formation—are exceedingly sensitive to such highly

variable natural factors as land surface detention, soil hydraulic conductivity,





and channeled flow resistance, so that attempts to study them have often led

to complex outcomes that are difficult to interpret.

Changed sediment delivery to valley streams results from upslope mobi-

lization of sediment and from direct disturbance of the channel bed and/or

banks along the valley reach. The most sensitive zone in the fluvial landscape

is the slope base region where much of the sediment delivered from upland

channels is first deposited. Persistent aggradation on fans and in the up-

stream parts of trunk valleys may create highly unstable stream channels

there. However, control of sediment sources relatively rapidly creates degra-

dation and stream channel incision through the deposits. Farther down the

system, strongly dispersive effects associated with the relatively slow onward

transfer of streambed material (the larger material in the sediment load)

spreads these trends out over longer periods. On larger rivers, it is often diffi-
cult to determine the ultimate source of transient instability, which may

persist at modest intensity for many years or decades. 

In contrast to streambed material, fine sediments move quickly through

the stream system. The effects of headwater yield of fine sediment are quickly

reflected in reduced water quality and streambed siltation for a long distance

downstream. However, the elimination of sources may clear up the system

relatively quickly as well. Control measures must be taken at the source.

MANAGEMENT IMPLICATIONS

In headward drainage basins, appropriate diagnosis of land surface condi-

tion, and actions to ensure soil and landscape stability and ecosystem

integrity, should be focused upon hillslope stability and drainage formation.

Land-use activities should be designed to minimize changes to hydrological

pathways on slopes, and to avoid incremental slope instability and disturb-

ance of the natural channels. Hydrological watershed assessment and slope

stability assessments are the appropriate tools to achieve these objectives in

relatively small, upland drainage basins with a high proportion of slope-

coupled channels.

Downstream—in reaches with valley flats or floodplains—appropriate di-

agnosis of water-related problems must be focused on the stream channel

and riparian zone. Channel bank condition is the key to overall channel sta-

bility once sediments are reduced to sizes that are relatively frequently

mobilized (i.e., mobilized by frequently recurring flows) (Millar 1999). Ap-

propriate land management should be concentrated on maintaining the

natural rate of sediment transfer along stream channels. The most important

action is the maintenance of streambank integrity. An implication of these

requirements is that in larger drainage systems the major management tool

for uncoupled channels downstream should be stream channel stability as-

sessment.

These management requirements lead to recommendations loosely based

on drainage basin size because of the characteristic association of certain

topographies and certain processes with limited ranges of drainage area, 

and because of the hierarchical nature of drainage networks. For example,

drainage basins of order 1 km2 area will nearly always exhibit headward chan-

nel characteristics. Channel characteristics are determined by hillslope

processes unless they are wetland type headwaters within upland valleys, on





plateaus, or in extensive bottomlands. Watershed assessment procedures are

most appropriate, and gully assessment will often be required. Channel as-

sessment is not worthwhile. In wetlands, interruptions of drainage associated

with roads (which may become dams) require special attention.

At order 10 km2, a drainage basin may have a limited valley-bottom reach

of low (<1%) or moderate (<4%) gradient. These channels still experience

highly variable flows. There may be considerable valley-bottom sediment

storage, and channels may be only partially coupled to adjacent hillsides.

Channels at this scale are most sensitive to increased upland production of

sediment because a substantial portion of it is delivered to these channels

and comes to rest there. Transient episodes of aggradation and degradation

are most severe there. The channels exhibit great structural complexity.

These are often the headmost channels occupied by significant fish popula-

tions. Woody debris jams are often effective in diverting flows and

intercepting sediments. Both watershed and channel assessments will 

ordinarily be required.

At order 100 km2, channels usually exhibit valley flats and uncoupled

stream channels in their downstream (“distal”) portions. Flows are strongly

modulated seasonally, but are less variable than in headwaters. At this scale

and in larger basins, sediment dispersive effects (which, for channel bed-

forming material, are very strong because of the limited mobility) condition

episodes of sediment aggradation and degradation to be persistent, but of

only moderate intensity. The chance to identify the individual sediment

sources that create these trends becomes severely limited in basins larger

than a few hundred square kilometres. Channel assessment procedures are

appropriate, but, because of the long time scale for sediment dispersion, inte-

grated watershed assessments will rarely be useful at drainage scales beyond

30 km2 or so. Of course, assessments will still be conducted in many of the

individual tributaries.

Because of topographic variability, however, decisions about appropriate

watershed diagnostic procedures must be taken on a watershed-by-water-

shed basis. For example, many streams in both plateaus and mountains may

have low-gradient headwaters (within hanging valleys in the mountains)

with steeper gradients downstream, where the channel descends toward the

main valley. In the gorge, steep sideslopes may be directly coupled to the

channel and it is here that slope stability assessments are most critical. 

Channel assessments may be applicable along the headwater stream if it is

fish-bearing, but no assessment may be necessary if the channel downstream

is steep and rocky, with fish barriers. Many valley-bottom streams have ex-

tended “partially coupled” reaches where the stream undercuts steep bluffs
or is confined against steep, unstable banks by tributary alluvial fans. The

floodplain is discontinuous. Appropriate methods for assessing the state of

such channels and their contributory watersheds need to be selected in light

of these conditions. For the same reason, the diagnostic exercise is best con-

ducted as an investigation of the actual land condition, and hydrological

regime and patterns of sedimentation as well. This is an expert process.

In comparison, when expert experience is lacking, index assessments serve

a useful function to direct attention systematically toward frequently critical

conditions. In the long run, however, they form a poor basis for continuing

land management. Index assessments are based upon observed statistical as-

sociations of conditions and events. In view of statistical variance, certain

proportions of judgements are bound to be wrong. Thus, outcomes are





asymmetric. A successful land management decision preserves land and soil

resources, water quality, and ecosystem structure for future use and further

decisions. On the other hand, a decision based on a misleading outcome may

foreclose that option for a more or less protracted period when soil or chan-

nel degradation follow. As land use continues, the cumulative effect of poor

decisions degrades the overall land resource. Depending upon how conserva-

tive the decision system is (which will depend upon the perceived profitabili-

ty of resources), this asymmetry will become evident more or less quickly. As

long as there is pressure to increase resource production, the problem will re-

main unless actual land management is based more directly upon analysis

and understanding of physical conditions and processes. Progress in this di-

rection is the objective of this workshop.

SUMMARY

The factors that govern morphology and processes along stream channels are

the amount and timing of water delivery to the channel, the amount and cal-

ibre of sediment delivered, the gradient over which the channel flows, and

the conditions of bank vegetation and wood supply to the channel. In the in-

terior of British Columbia, watershed processes are forced by water inputs

resulting from summer convectional storms, larger-scale frontal precipita-

tion, snowmelt, and rain-on-snow. Each of these sources is more or less

seasonal in character. In the long run, the greatest runoff results from large

storms and from rain-on-snow, since these can deliver the greatest volumes

of water to the surface over a period that persists for longer than the time of

runoff formation.

For land-management purposes, a fundamental distinction must be 

recognized between low-order, headwater drainage basins and larger, higher-

order ones. Headward basins are the source of channelled streamflow and of

much of the sediment—inorganic and organic—that moves through the

drainage system. Trunk streams combine drainage from many headward

channels. The former are often characterized by relatively steep slopes that

are coupled directly to stream channels; the latter include trunk stream chan-

nels that are buffered from adjacent slopes by a valley flat, which is often a

floodplain.

Coupled channels receive sediment inputs directly from adjacent slopes

and headward hollows. Therefore they are subject to episodic major disturb-

ance, usually in the form of landsliding. Meteorological forcing of such

events is relatively rare at any particular place in the landscape, though it is

frequent regionally. Events able to evacuate substantial volumes of the larger

material that lands in the channel are even more rare. Consequently, head-

ward basins export sediment in the long run, but, in the short run, substan-

tial accumulations may occur along steep channels. Accumulation may occur

over periods varying from years to centuries, but much of it may be released

during a single extreme event. Sediment movement down steep channels

often occurs as debris flows. Much of this material comes to rest on debris

cones, but the finer part moves into the valley bottom where it may be stored

for more or less extended periods in alluvial fans and floodplains.

Trunk channels experience the integrated effect of episodic disturbance at

many places in the headwaters. Sediment delivery and significant onward





transfer occur frequently in such channels, but the relative severity of indi-

vidual events is attenuated by the dispersive effects of increasing travel

distance from source (of both water and sediment). The proximal (up-

stream) valley reaches, closest to the sediment sources, represent the most

sensitive part of the drainage system, for sedimentation trends here can be

abruptly altered, depending on the pattern of sediment delivery. Sediment is

remobilized from channel bars and stream banks during normal snowmelt

and rainstorm floods, leading to continually changing channel morphology.

On larger rivers, it is difficult to determine the ultimate source of transient

instability, which may persist at modest intensity for many years or decades.

Exceptions occur. Headwater channels on the plateaus may be flat and

may drain extensive wetlands. In the mountains, similar headwaters some-

times occur in hanging valleys. Conversely, many valley streams are incised

into, and are at least partially confined by, high banks composed of Pleis-

tocene sediments that represent additional sediment sources. 

Appropriate diagnosis of land surface condition and actions to ensure soil

and landscape stability and ecosystem integrity should be focused upon hills-

lope stability in headward drainage basins. Land-use activities should be

designed to minimize changes to hydrological pathways on slopes, and to

avoid incremental slope instability and sediment delivery to stream channels.

Along valleys, the focus of attention must be the stream channel and riparian

zone. Appropriate land management should concentrate on maintaining the

natural rate of sediment transfer along stream channels. The most important

action is the maintenance of streambank integrity, for this controls overall

channel stability. An implication of these requirements is that hydrological

watershed assessment is an appropriate management tool in relatively small,

upland drainage basins with a high proportion of slope-coupled stream

channels, but that in larger drainage systems the major management tool for

uncoupled channels should be stream channel stability assessment. Because

the character of individual reaches may vary from the dominant pattern—

with low-gradient headwater reaches and confined reaches along trunk

valleys—the actual choice of diagnostic tools and management prescriptions

should be made on a reach-by-reach basis.
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Overview of the Development of 

from Point Scores to Freeform Analysis

STEVE CHATWIN

ABSTRACT

The Interior Watershed Assessment Procedure () is an assessment of

the cumulative impacts on a watershed from past forest harvesting practices.

The current methodology (B.C. Ministry of Forests and B.C. Ministry of En-

vironment 1999) is only one of many possible methods of assessing

watersheds. This paper reviews other approaches to watershed assessment,

discusses the history of watershed assessment methods in British Columbia,

describes the rationale for selecting the current approach, and makes some

predictions about the future of the art of watershed assessment. 

INTRODUCTION

The first attempts at watershed assessment in British Columbia began in the

late 1970s, soon after clearcutting became established as the dominant silvi-

cultural system in the province. Over the ensuing 20 years a number of

methods for watershed assessment have been tried. Evaluating the present

and potential future impacts of extensive forest harvesting on aquatic re-

sources is a very complex task. A challenge in all jurisdictions where water-

shed analysis has been used is to balance the task of trying to understand the

complex processes in the watershed versus the practical need to conduct

these analyses in a timely and cost-efficient manner. This dilemma is particu-

larly relevant in British Columbia, where 10 000 new cutblocks are harvested

annually and forest harvest activities are taking place in hundreds of water-

sheds in any one year. This paper reviews the history of watershed assess-

ment in the province and attempts to explain how we arrived at  (B.C.

Ministry of Forests and B.C. Ministry of Environment 1999).

WATERSHED ASSESSMENT MODELS

There are at least seven types of watershed assessment models that have been

tried in British Columbia, four as operational tools and three within a re-

search context. The seven models, with an example for each, are listed in

Table 1, and a brief description of each type follows.





The “critical threshold” method is setting “a percentage of watershed cut” 

restriction on the amount of harvesting that can take place in a watershed

over a set period of time. One of the first attempts at regulating harvest rates

for hydrological values was described in Watershed Management Considera-

tions for Operational Planning in  39, Graham Island (Toews and Wilford

1978). The authors recommended “distributing harvest and restricting the

rate of cut to 33% of a watershed in 25 years.” Twelve years later, the Okana-

gan Guidelines (B.C. Ministry of Forests 1992) specified critical limits of a

“maximum of 30% of a watershed harvested since 1965” and a “maximum of

20% of a community watershed since 1965.” 

Slightly more sophisticated examples are establishing Equivalent Clearcut

Area () limits. The  method establishes a threshold of a certain per-

centage of the watershed in a clearcut condition, but gives credits for second

growth, thus allowing more harvest over time. Prior to 1995, a number of wa-

tersheds in British Columbia had total clearcut area limits of 30% of the

watershed.

Critical threshold models are attractive to forest planners because they are

simple and can be incorporated into timber supply and planning models.

The method assumes, however, that all watersheds are hydrologically similar.

As rates of harvest approached these limits in most watersheds, there was a

desire to develop methods that were more tailored to individual watershed

characteristics. Hydrologists also expressed concern that these methods were

essentially concerned with peak flows as the primary focus and gave no con-

sideration to riparian, landslide, or channel instability impacts.

Process Models are computer simulation models that are based on a theoret-

ical understanding of watershed processes, which are described in equations

and used to simulate water flow and sediment production over time. The

Distributed Hydrological Soil Vegetation Model () described by

Whitaker et al. (2001) is the best example of a hydrological process model.

Distributed process models take into account the distribution of topogra-

phy, soil, vegetation, and climate characteristics across the watershed by

characterizing the watershed by pixels or polygons. These models have large

data requirements and long calibration periods, which make them very ex-

pensive. The  model for Redfish Creek, for example, cost in excess of

$60 000. The models work well for flow simulation, but usually do not

model other watershed processes. 

Process models are best as research or validation tools—for example,

 was used by Whitaker et al. to test the Peak Flow Index (this publi-

cation). They are impractical for routine watershed assessment purposes in

their present configuration.

Process Model

Critical Thresholds



  Types of watershed assessment models

Types Examples

Critical thresholds Okanagan Guidelines
Expert systems Coastal Watershed Workbook
Process models 

Empirical models 

Indicator models  1
Professional assessments  2
Integrated landscape unit assessments no examples available



A second group of models is empirical models, where watershed processes

are estimated from empirical correlation with observations. One example of

this is the Fish/Forestry Interaction Model () (Marmorek et al. 1998),

which attempts to model mass wasting, and changes in riparian, stream

channel, and fish habitat in coastal watersheds.

An example from the  model (Figure 1) shows large woody debris

() volume in the watershed declining over a 125-year period, but total

sediment storage rising. Estimating the number of landslides that contain

large trees and that enter a stream each year produces the graph. The num-

bers are not physically based, but are derived from general correlations

observed in the watershed

Empirical models are best suited for strategic planning or research pur-

poses. They are also useful for understanding the sensitivity of different

processes or for looking at long-term trends. 

An expert system method uses the collective knowledge of a group of experts

to determine the numerical thresholds for ranking indicators of watershed

sensitivity. An example of this approach is the Watershed Workbook: Forest

Hydrology Sensitivity Analysis for Coastal Watersheds (Wilford 1987).

The workbook asks 12 questions about the watershed. Each possible an-

swer was previously ranked from –3 to +3, based on “expert opinion” and

then the 12 answers were rolled up for an overall watershed sensitivity rating.

The algorithms behind the system were not process-based and are not trans-

parent but were “black box.” The final answer was intended only as a “red

flag” to trigger more detailed analysis.

The Watershed Workbook method was eventually abandoned for a num-

ber of reasons. It was intended as a filter to identify watersheds where more

detailed investigation was needed, but the filter was too coarse, and resulted

in most watersheds with a significant amount of prior harvest being identi-

fied. Because the algorithms were “black box” there was no useful informa-

tion coming from the analysis that could be used in the more detailed

investigation. Finally, the analysis was not useful for solving problems be-

cause the descriptive data were hidden.

Expert System

Empirical Models
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  Modelling the change in sediment storage (SED) and large woody debris (LWD) storage over
time in Carnation Creek (from the FFIPS model).



Indicator models use point scores of measured watershed characteristics or

land-use patterns to score the overall watershed health or impact of harvest-

ing on the watershed. The original  Level 1 analysis is an example of an

indicator model (B.C. Ministry of Forests and B.C. Ministry of Environment

1995).

 1 (B.C. Ministry of Forests and B.C. Ministry of Environment 1995)

was introduced with the Forest Practices Code of British Columbia Act, which

provided the first legal requirement for conducting watershed assessments in

British Columbia. All of the province’s 475 community watersheds, and cer-

tain watersheds designated as high-value fishery watersheds, were required to

have watershed assessments completed within 3 years. 

It was realized that there were insufficient professional resources experi-

enced in watershed assessment to complete hundreds of watersheds in such a

short time period. We also realized that a large percentage of these water-

sheds may not have any significant problems, and so professional resources

were best directed at those that did have problems. Therefore, a filter ap-

proach was adopted.

The 1995 version of  was a three-level filter system:

Level 1: An office-based reconnaissance overview of the watershed based on

indicators of watershed impact

Level 2: A channel stability assessment, triggered by a moderate or high Level

1 score

Level 3 A detailed field assessment of mass wasting, erosion, riparian condi-

tion, and stream channel stability, triggered by a moderate or high

score in Level 2.

Level 1  was designed as an indicator system that could be completed

by a forest technician with basic map and airphoto skills. It was based on 
measurements of watershed attributes that were considered proxies for wa-

tershed health. The questions were grouped into “hazard indices” for peak

flow, sediment, landslides, and riparian condition. Each hazard group had

two to four basic measurements (such as length of road on unstable slopes),

which were individually scored and then rolled up to produce a hazard score

for each hazard (Table 2).

The scoring for the individual measurements as well as the algorithm for

rolling up the scores into a hazard score was done through look-up matrices

and algorithms. The algorithms and scores were designed by experienced hy-

drologists working with results from 20 watersheds that were either research

watersheds or were well known because of detailed field assessments in the past.

Indicator Models
—IWAP  1



  The indicators and scoring key for the mass wasting hazard group in IWAP 1 (B.C. Ministry of
Forests and B.C. Ministry of Environment 1995).

Score

Impact category Indicators 0 0.2 0.4 0.6 0.8 1.0

11. Landslides
(no./km2) 0 0.04 0.08 0.14 0.24 >0.4

12. Roads on unstable
Mass wasting slopes (km/km2) 0 0.06 0.12 0.20 0.30 >0.4

13. Streambanks logged
on slopes >60%
(km/km2) 0 0.06 0.12 0.20 0.30 >0.4



The Level 1 resulted in scores for the hazards of peak flow, sediment, land-

slides and riparian condition. If the score for suspended sediment was more

than 0.5 then a sediment source survey was triggered. If any of the other haz-

ards was more than 0.5 then a Level 2 channel assessment was triggered. No

attempt was made to “roll up” the individual scores into an overall water-

shed score. In an attempt to address cumulative affects, matrices were

produced that paired one hazard score against another.

The Kootenay-Boundary Land Use Plan (Kootenay Inter-Agency Man-

agement Committee 1997) also adopted the Level 1 indicator system for

domestic watersheds. Adopting a smaller list of four critical indicators 

(Table 3), the method allowed an overview assessment of 2000 domestic 

watersheds in a short period of time.

The Level 1 method was successful in analyzing a large number of water-

sheds over a 1-year time period. A compilation of the  Level 1 results

from 1400 sub-basins (Carver and Teti 1998) examined whether the results

appeared reasonable based on the distribution of scores and average hazard

levels. The authors found that there was a good distribution of hazard scores

from 0 to 1.0, but there was some skew. Surface erosion hazard was usually

high, and riparian hazard was also often high. They were unable to deter-

mine whether this was due to actual hazard levels or whether the scoring

system needed adjustment. Looking at average individual hazard scores for

all s (Figure 2), Carver and Teti found that the means ranged from 0.2

(landslides) to 0.55 (surface erosion). A Level 2 analysis was triggered in

about 50% of the watersheds. In conclusion, the distribution of scores and

hazard levels was found to be reasonable and was conservatively segregating

watersheds into the desired groups. Furthermore, the chance of a Type II

error—passing a watershed when there was actually a problem—was consid-

ered low.

Level 1  had a number of strengths as a watershed assessment tool. 

It was a consistent repeatable method—no matter who did the analysis, the

same result was recorded. It provided a logical filtering of watersheds into

no-problem/possible-problem groups. Hundreds of watersheds were ana-

lyzed in a year, which would not have been possible using field-based

methods. Professional resources were saved for those watersheds that poten-

tially had problems, rather then spending time in watersheds with no

potential problems. The analysis was very inexpensive, particularly for those

Licensees with good  capability. As hundreds of watershed were complet-

ed, it gave a useful regional picture, allowing between-watershed

comparisons of hazards to be made in order to prioritize watersheds. Finally,

the method was very easy to audit, because the results were quantitative and

repeatable.



  Indicators for watershed risk in domestic watersheds in the Kootenay-
Boundary Land Use Plan (Kootenay Inter-Agency Management
Committee 1997)

Indicator Low Moderate High

Equivalent clearcut area () <0.3 0.3 to 0.4 >0.4
Road density (km/km2) <1.5 1.5 to 2.1 >2.1
Stream crossings (no./km2) <0.4 0.4 to 0.6 >0.6
Roads on unstable slopes (km/km2) <0.15 0.15 to 0.30 >0.3



Unfortunately, there were also problems with the Level 1 . The  1

was constructed as a three-part system, where Level 1 triggered field assess-

ments; but in most cases only a Level 1 was completed and watershed

recommendations were made from that analysis alone. It was found that the

“process” of plan referral after each stage of the three-part  took too

long to complete and industry wanted a more efficient process with a single

set of referral comments. The intent of the hazard scores was a “red flag” sys-

tem, but instead the scores became goals, such that no development was

permitted that resulted in a score greater than 0.5. The  1 Guidebook

recommends that the process be guided by an interagency “round table,” but

this was not common. Recurring Recommendations on the Forest Develop-

ment Plan were repeatedly omitted from the  1 reports. When Forest

Development Plan recommendations were made they were often identical to

the “interactive matrices” in the  1 Guidebook that were intended only

as examples. Many professionals doing follow-up fieldwork found numerous

instances where false positives occurred. Finally, it was felt that the scores

were too generic, and if the system was to be retained then regional variabili-

ty must be taken into account.

Other criticisms of the  1 process came from the Watershed Restora-

tion Program (). While not initially intended for restoration program

purposes, the  had been adopted by  for prioritizing watershed

restoration. However, it lacked the needed detail for this type of use, and

most  planners did not find  1 to be a useful tool.

In summary, the  1 procedure has been very useful for the initial

sorting of watersheds, and for implementing an assessment procedure in a

very short period of time. However, as familiarity with the watersheds grew,

there was a desire for a single integrative procedure that provided a depth of

information for proper resource management. 

As a result of the problems with the implementation of  1, a new 
procedure was introduced in 1999. A professional assessment was required in

all watersheds following the structure described in the  Guidebook

Professional
Assessments—IWAP  2
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  Average values of IWAP Level 1 scores, by hazard group (after Carver
and Teti 1998).



(B.C. Ministry of Forests and B.C. Ministry of Environment 1999). Mandato-

ry components of the new procedure were:

• A Watershed Advisory Committee to review the results of the assessment

and make recommendations must be established.

• The assessment must be completed by a qualified professional.

• Field work must be done.

• A Watershed Report Card, which parallels the data inputs into 
Level 1, must be completed.

• Recommendations must be made to direct the forest development plan.

There are numerous advantages to the new procedure. The information

gathered and the assessment made is more reliable because it is conducted by

a professional and is unique to that watershed. Similarly, the recommenda-

tions are germane to that specific watershed. The process is not iterative, but

instead a single product with final recommendations is produced.

There are, however, some problems with the new procedure as well. Un-

like  1, it is very difficult to audit the results. There are few controls, so

the potential for bias exists. Likewise, it is difficult to compare the results be-

tween watersheds for regional priority setting.  2 is significantly more

expensive compared to  1, but not if all three levels of  are com-

pleted. The expense is particularly high for “no-problem” watersheds

because they still require professional assessment. Finally, there has been

some problem in finding enough qualified professionals, but this has not

been as significant as envisaged.

A limited amount of quality assurance of  2 reports has been carried

out to date. The recommended methods described in the guidebook are

largely followed and there is an overall consistent approach and consistent

amount of field time between professionals. The exception to this is the

stream channel stability component, where method and amount of detail

collected in the field differ significantly. Within any watershed there is con-

sistent information collected and sensitivity assessments generally appear

consistent. The emphasis placed on the peak flow hazard varies from profes-

sional to professional. The role of the Watershed Advisory Committee differs

widely. In isolated watersheds it appears that the Committee just rubber-

stamps the professional assessment; in other watersheds the Committee takes

a more active role.

It is risky to predict the future, but the next stage for watershed assessment

will probably be some type of integrated landscape unit plan. Landscape Unit

Plans that integrate watershed assessment, riparian assessment, and biodiver-

sity objectives are now being considered in a Code Pilot Area project. The

watershed will be zoned into management polygons, and objectives will be

set for each management unit. As well as meeting objectives for that unit, the

overall landscape unit or watershed objectives would also have to be met.

The first pilot of this approach is being developed for an Okanagan water-

shed over the next two years.

Integrated Landscape
Unit Plans—The Future

of WAPs





SUMMARY

This paper demonstrates that the art of watershed assessment is an evolving

one. Watershed Assessment in British Columbia has evolved from threshold

methods (1980s) to expert systems (1986), to indicators (1995), to profession-

al assessment (1999). Research contributions to watershed assessment have

come from process and empirical models that test the sensitivity of different 

factors and examine long-term trends. The papers that follow in these pro-

ceedings examine many of the assumptions currently made in watershed

assessment and will contribute to the continued evolution of the procedure.
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Using Indicators to Assess Hydrologic Risk

MARTIN CARVER

ABSTRACT

In British Columbia, forest managers employ indicators for evaluating hy-

drologic constraints. Although the Watershed Assessment Procedures

provide the most visible example of this, broader administrative levels such

as Land and Resource Management Plans and Timber Supply Reviews also

make use of hydrologic indicators to support decisions. Unfortunately, the

way indicators are used often does not take full advantage of current knowl-

edge, nor does it always support transparent decision-making with scientific

information clearly separated from social values. This paper reviews British

Columbia’s use of hydrologic indicators and provides practical options for

improving the quality of hydrologic information provided to decision-makers.

In assessing forest-management options, decision-makers require clear 

expression of possible hydrologic outcomes. How these outcomes are best

presented for consideration in decision-making is influenced by the spatial

scale under consideration, data availability at this scale, data quality, analytic

capabilities, and the current level of scientific knowledge. The literature

demonstrates the prevalence of indicator and process models. The present

version of the Watershed Assessment Procedure has moved away from a 

reliance on indicators to a greater focus on professional opinion based on

limited field work. This shift may be suitable at the scale of specific water-

sheds, but it does not address broader management planning scales. The use

of Equivalent Clearcut Area as a single indicator of hydrologic impact con-

tinues to be evident in British Columbia at all management levels despite

knowledge that Equivalent Clearcut Area can be only weakly linked to hy-

drologic impact.

A host of challenges is preventing the effective use of indicators in hydro-

logic assessment in British Columbia. The uncertainty and complexity asso-

ciated with hydrologic linkage mechanisms present real challenges to the

applied scientist when attempting to articulate potential hydrologic out-

comes to decision-makers. Data availability/quality and computational

power continue to be significant modelling issues. Evaluation of results and

of the procedure itself have been lacking in British Columbia and yet form a

cornerstone of effective adaptive management.

It is suggested that a preferred approach for supporting broad manage-

ment decisions is a risk-assessment framework that provides a clear separa-

tion between scientific interpretation and value-based choices. A systematic

evaluation of indicators linked to applied research would be required, along

with standardized measures of hydrologic impact. It is concluded that until

reliable process models can be developed and detailed data are available on 





a broad basis, indicators will continue to be an essential basis for making 

forest-management decisions.

1 INTRODUCTION

Hydrologic information is vital to forest management over a wide range of

spatial scales: site-specific operational concerns (culvert installations, bridge

crossings, drainage requirements at seepage sites, etc.), assessments of small

watersheds (<5 km2), planning for medium and large watersheds (5–500, and

>500 km2), and strategic planning at regional (e.g., Land and Resource Man-

agement Plans or Timber Supply Reviews) and provincial scales. The tools

available for considering hydrologic constraints vary with scale:

• Under 5 km2 (site and small watershed): Assessment involves professional

consideration of site-specific issues (not addressed here).

• 5–500 km2 (medium watershed): Watershed Assessment Procedure

().

• Over 500 km2 (large watershed, regional, provincial): Few tools available;

sub-watershed  application.

In its initial version, the  contained an initial Level 1 screening filter

developed as a mapping exercise (B.C. Ministry of Forest and B.C. Ministry

of Environment 1995). Due to problems in its application, this office-based

screening approach was abandoned. The current version of the  is best

suited for medium-sized watersheds and requires field work (B.C. Ministry

of Forests and B.C. Ministry of Environment 1999). Recommendations are

provided by an experienced professional based on map work (including indi-

cators) and field work. This approach appears successful for the 5–500 km2

spatial scale. Due to the new requirement for field work, it is problematic to

apply the  over larger scales. At larger scales, assessment is generally for

strategic planning and necessarily excludes field work. Currently, few tools

are available at these scales. Crude assumptions tend to be made—often in

relation to Equivalent Clearcut Area ()—to yield planning limits. It is

widely recognized that the assumptions are weakly correlated to hydrologic

impact (see Carver and Utzig 2000);  however, in the absence of other tools,

this approach persists.

In an effort to identify patterns in forest development, Carver and Teti

(1998) presented a descriptive summary of  (Level 1) results. They found

a high degree of variability both in terms of (natural) site factors and the ap-

plication of management across British Columbia and across forest regions.

They also noted that no single indicator correlated well on its own to hydro-

logic impact.

A study was commissioned by the Arrow Forest District to develop a hy-

drologic risk-assessment framework for use in broad-scale planning (Carver

and Utzig 2000). The approach given in the present paper is based on the

work provided in that earlier study. Indicators form a focus in this frame-

work because of the need for an office-based assessment. Although the work

was specifically developed in the Nelson Forest Region, the concepts and

framework are applicable across British Columbia.





There are three objectives of this paper:

1. Review available approaches to assessing hydrologic risks (at strategic

planning scales).

2. Explain benefits and identify challenges to using indicators in forest-

development planning.

3. Propose a framework for addressing hydrologic constraints in broad-scale

planning.

2 MODELLING APPROACH

The modelling approach presented in this paper is described below, includ-

ing the risk-assessment framework and a summary of the site and

management factors considered.

Figure 1 illustrates a general approach to risk assessment where environmen-

tal values are of concern (adapted from B.C. Ministry of Environment, Lands

and Parks 2000). The approach involves selecting and characterizing envi-

ronmental values of interest (in this case water, aquatic habitat, and riparian

values), and characterizing management regimes that create pressures that in

turn affect the environmental values. 

Indicators are used as a surrogate measure of the changes in risk associated

with pressures interacting on the chosen environmental values. The interac-

tions between management and the environmental values are modelled

2.1 Risk-assessment
Framework

1.1 Objectives



Select and
Characterize

Environmental Values

Define and
Characterize Proposed
Management Regimes

Model Interactions between
Proposed Management and

Environmental Values

Report Results

Identify Risk-reduction Strategies

Identify Indicators Identify Associated Pressures

Revise Management
Plan to Reduce Risk

  Illustration of the general risk-assessment framework used in
environmental assessment.



based on current knowledge. Cause-and-effect mechanisms identified during

the assessment may suggest risk-reduction strategies for consideration by

forest managers.

Risk can be defined variously. Here, hydrologic risk is defined as the prob-

ability of an adverse outcome (e.g., increased sedimentation, flooding). The

word “hazard” is sometimes used synonymously with this concept of risk. In

this paper, the term hazard will be used to suggest the potential, on a local or

site basis, for an event to occur that could contribute to a deterioration in an

environmental value (e.g., landslide hazard). A hydrologic indicator is de-

fined as a parameter that can be measured, observed, or derived, and that

provides a pattern or trend in aspects of a hydrologic regime (aquatic envi-

ronment) of a watershed.

The physical basis of any model must include consideration of both site and

management factors. In the present application, environmental values of in-

terest are those resources associated with the aquatic environment and

potentially affected by the management activities under consideration—

water quality, quantity, and timing, aquatic habitat, and property in affected

areas. Four hydrologic outcomes are identified that can affect these values:

increased peak flows, reduced low flows, increased suspended sediment, and

channel destabilization.

2.2.1 Site factors A wide range of watershed characteristics act and interact

to produce background hydrologic hazards. Table 1 presents a summary of

many of the site factors of concern in terms of their effect on causing the

four hydrologic outcomes: peak flow increase, low-flow decrease,

sedimentation,  and channel instability.

2.2 Modelling Factors



  Watershed characteristics that shape background hydrologic hazard

Flow hazards Sediment hazards

Peak-flow regime Sediment regime
• Extent of natural forest cover ( buffers) • Terrain instability (bedload)
• Soil moisture storage • Soil erodibility (suspended load)
• Low-elevation lakes/wetlands (flow buffers) • Channel stability (see below)
• Fire disturbance • Fire disturbance
• Basin morphology • Glaciers

• elevational distribution • Low-elevation sediment traps (e.g., lakes)
• aspect/elevation complexity
• drainage density
• basin size and shape

• Climatic influences Channel stability
• precipitation amount/distribution (rain/snow) • Channel type
• intensity/duration/frequency of storm events • Peak-flow regime (see left)

• Fire disturbance
Low-flow regime • Flood disturbance
• Glaciers and long-duration snow fields • Low-elevation sediment traps (e.g., lakes)
• Wetlands, high-elevation lakes • Terrain instability
• Subsurface water storage
• Elevational distribution
• Precipitation amount/distribution (rain/snow)



2.2.2 Management factors and process linkages Figure 2 illustrates the way

in which the two primary management activities—forest harvest and road-

building—may bring about (negative) hydrologic outcomes that can affect

the aquatic values of concern. This flowchart emphasizes the multiple

outcomes possible from forest management. There is general agreement in

the scientific community that these management linkages exist as indicated

here (e.g., see Church 1996); however, disagreement is likely regarding their

magnitude and importance given a specific landscape and under a specific

management regime.

Many of these processes indicated here occur simultaneously and, as a re-

sult, their individual outcomes can be obscured or even mitigated by other

processes. For example, although increased rates of snowmelt combined with

drainage diversions and flow interception can reduce water availability for

late-season low flows, studies show that these effects are generally offset by

the increased water availability due to increased snow accumulation and low-

ered transpiration (see Johnson 1998) resulting in increases in late-season low

flows after forest harvest and road-building (assuming that de-watering does

not occur due to high sediment inputs). In this case, these compensating fac-

tors are not persistent; and it has also been shown that after some years of

forest regrowth, low flows can decline to below pre-logging levels (e.g., Kep-

peler and Ziemer 1990). These temporal changes in resource impact should

be considered in the scoring of any proposed rating system.

Figure 2 identifies six processes:

Cut/fill and soil exposure Roads increase sediment production through wa-

terborne erosion and mass wasting. Active surfaces of forest roads and skid

trails represent exposed areas where sediment is produced due to abrasion,

rilling, and in some cases, gully erosion. These effects can be mitigated with



Management Process Linkage Hydrologic Affected
activity mechanism outcome resource

Cut/fill & Enhanced Increased Reduced
soil exposure waterborne suspended water quality

erosion sediment
Drainage

Road- diversion Increased
building frequency of Channel Lost or damaged

Subsurface landslides destabilization aquatic habitat
flow

interception Loss of coarse
woody debris Damaged

Loss of riparian Increased property
function peak flows

Advanced
Forest Increased rate timing of Reduced

removal of snowmelt runoff Reduced low seasonal
flows water

Locally increased Increased availability
snowpack/decreased water yield Off-setting
evapotranspiration

  A flow chart illustrating the linkage between forest development and hydrologic impacts.



surface materials, road deactivation, revegetation, and disuse. Mass wasting

can result directly from road construction—for instance, where a fillslope

fails. Cutbanks can be undermined and have the potential to cause chronic

sediment sources contributing directly to ditch lines. Enhanced production

of fine sediment increases suspended sediment concentrations, especially

during significant freshet rain-on-snow events. Enhanced delivery of coarse

sediment to streams can destabilize channels, resulting in, among other out-

comes, a further increase in recruitment of fine sediment due to streambank

erosion.

Drainage diversion The drainage system associated with the road network

can significantly modify the natural drainage pattern. Water can be routed to

drainage features and hillslopes that otherwise would not experience the

flow. These new flows can initiate landslides or gullying, delivering sediment

to streams. In addition, diverted drainage can advance the timing of runoff,
thereby increasing peak flows and potentially decreasing late-season low

flows.

Subsurface flow interception Roads can bring subsurface flows to the sur-

face, routing them to the drainage network. In addition, the road network

acts as an extension to the drainage network, efficiently routing runoff to the

natural drainage network (Wemple et al. 1996). Both of these processes have

the effect of advancing the timing of runoff and serving to potentially in-

crease peak flows and decrease late-season low flows. However, in the

low-flow case, there may be compensation of these effects resulting from di-

minished transpiration losses. In any case, this mechanism is most likely to

occur when roads pass through wet sites and/or require deep cuts (slopes

with gradient over 40%).

Loss of riparian function Harvesting in the riparian zone may reduce bank

stability through direct disturbance and loss of root strength. Harvesting in

the riparian zone may remove sources of coarse woody debris that may be

necessary for channel stability. Other effects such as increased temperature

due to the removal of the riparian vegetation are not considered in this

analysis.

Increased rate of snowmelt Openings in the forest (due to harvesting and

roads) increase the melt rate of the snowpack through greater exposure to

solar radiation. Very small openings and partial cutting areas may experience

an intermediate melt rate in relation to extensive clearcut areas. Similar to

the effect of flow interception, a faster melt rate has the potential to increase

peak flows and decrease late-season low flows, depending on the aspect and

elevation of the openings. Note, however, that other processes occurring 

simultaneously may adjust the (net) outcome significantly. For example, al-

though increased snow accumulation (see next point) can enhance the effect

of increased melt rates on peak flows (i.e., make them higher), decreased

evapotranspiration can diminish or often reverse the effect of melt rate on

low flows where extensive openings are created through forest harvest (see

Johnson 1998).

Increased snowpack and decreased evapotranspiration Openings in the

forest—whether due to harvesting or to roads—generally increase winter snow

accumulation through the loss of canopy snow interception and sublimation.

The enhanced snow pack results in higher total basin runoff, which in turn

can increase peak flows. The effect of harvesting is temporary—as the trees





grow and canopy closure occurs, hydrologic recovery takes place, resulting in

a gradually diminishing effect. In contrast, the effect of roads is permanent

unless site rehabilitation/revegetation is accomplished. In general, enhanced

snowpacks increase low flows, but it is suspected that 5–10 years after initial

harvest, depending on the type of new vegetation, reduced low flows can

occur if water-uptake behaviour has changed. Increased flows also result

from decreased evapotranspiration.

Small openings (less than five tree heights in diameter) can yield a snow-

pack different from that of large openings due to wind effects, and in some

colder climates, sublimation from the ground. Given moderate wind and

temperature regimes, the snowpack within small openings (one to five tree

heights in diameter) is roughly equivalent to that of large openings.1 In com-

bination with the intermediate melt rate of small openings, it is generally

expected that openings under five tree heights in diameter result, overall, in 

a potential for affecting peak flows. This effect is intermediate between full

canopy closure and large openings. The snowpack in very small openings

(less than one tree height in diameter) may differ from that of small/large

openings due to the higher relative significance of edge effects. Note that the

effect of enhanced snowpack can be mitigated by the use of single-tree selec-

tion. Extremely large openings can result in a reduced snowpack if wind

scour is significant.

These hydrologic outcomes cause resource impacts, as shown in Figure 2.

Reduced low flows have been observed only rarely, and they affect mainly

water quantity for consumption/irrigation and fish habitat (greater docu-

mentation exists of increased low flows). In contrast, increased peak flows

can affect property directly through flooding, and they can also indirectly

affect domestic water quality and fish habitat through channel destabiliza-

tion. The degree to which these effects occur as a result of management will

vary depending on the relative intensity, duration, and extent of the impacts

resulting from the forest-management regime applied.

2.3.1 Strengths The strengths of environmental indicators include their

flexibility, low cost, and general simplicity and ease of application (e.g.,

Westland Resource Group 1995 and Canadian Council of Forest Ministers

1997).

Flexibility A variety of indicators is available, both in the form of directly

measurable quantitative data and indirect qualitative evaluations of related

factors. New tools are becoming available (e.g., the Watershed Ranking Tool)

and existing data are being updated (e.g.,  ). It is generally quite

straightforward to update indicator data as the knowledge base improves. 

In addition, indicators are frequently consistent with related planning and

monitoring approaches, and hence can be easily integrated into other assess-

ment frameworks.

2.3 Indicators



1 D.A.A. Toews, Research Hydrologist, Nelson Forest Region, B.C. Ministry of Forests, Nelson,
B.C., Pers. comm., 2000.



Cost/timing Due to their relative availability, indicators can provide an 

efficient means of initial assessment. They can be tailored to available budget

and timelines, and can often be applied with available information. Where

they are unavailable, this fact can be useful in identifying research needs.

Simplicity Indicators offer objective measures of environmental condition.

They are accessible and understandable by both decision-makers and the

public—positive characteristics given the complex and controversial nature

of watershed hydrology.

2.3.2 Challenges Challenges associated with the use of environmental

indicators include the lack of a complete knowledge base, variability in

watershed characteristics and management regimes, availability and quality

of data, and the development and calibration of adequate assessment

techniques.

Knowledge Watershed hydrology is a relatively new science and a work in

progress. Knowledge is incomplete and will likely remain so for some time to

come. Generalizations can remain difficult, challenging the applied scientist’s

ability to establish reliable cause-and-effect linkages between management

and hydrologic outcomes (Figure 2).

Variability The site factors listed in Table 1 suggest a considerable degree of

natural variability—potentially obscuring effects due to management. In ad-

dition, management is highly variable in British Columbia’s forest industry,

both in terms of the “standards of the day,” and the quality and extent of im-

plementation.

Data Data availability and quality are concerns that all models must consid-

er. Depending on the scale of the assessment, a variety of data sources are

available (provincial, regional, district). Data quality is highly variable.

Calibration Consistent measures of impact are necessary to calibrate the 

indicators to hydrologic risk. Given the absence of standardized hydrologic

impact data, it is necessary to develop strategies for their systematic collec-

tion. Possible sources include research, channel assessments, hydrometric

records, flooding information, and anecdotal information. Where impact

data cannot be interpreted from existing sources, a program of targeted field

work can be pursued.

Evaluation The objective measures of impact also support a program of

model evaluation. An adaptive-management framework with a constructive

feedback loop provides a system of progressive evaluation and opportunity

for model improvement. A risk-assessment framework can provide a clear

separation of science and values, and can greatly benefit evaluation.





3 ASSESSMENT APPROACHES

Cumulative effects are defined in various ways in the literature. According to

Sidle and Hornbeck (1991), “…the concept of cumulative effects encompass-

es those environmental changes caused by the interaction of natural

ecosystem processes with the effects of land use activities distributed through

time or space, or both.” Summed effects differ from cumulative ones in that

interactions are involved.

Modelling approaches found in the literature can be summarized as being

of three types:

• process models,

• indicator models, and 

• checklists/surveys.

Process-based models begin from a theoretical understanding of system

behaviour. Given the diversity of natural systems and the complex interac-

tions that are being modelled, process-based models are generally complex,

have high data requirements, and typically emerge from a research environ-

ment. However, they often provide greater accuracy and broader application

across different landscapes and management regimes. Other models use in-

dicators that correlate—at times crudely—to resource degradation. These

approaches seek to select indicators that link environmental pressures to

changes in environmental values. They tend to be simple to use but narrow

in scope, and require recalibration if applied to a different landscape and/or

management regime. Checklist/survey approaches are considered too sub-

jective to be of use in the current situation.

Between the mid-1980s and the present, approaches have been developed to

address the cumulative hydrologic effects of forest development in British

Columbia’s Crown forests:

• Watershed Workbook (Wilford 1987)

• Initial  Level 1 (B.C. Ministry of Forests and B.C. Ministry of Envi-

ronment 1995)

• Interim  (B.C. Ministry of Forests and B.C. Ministry of Environment

1998)

• Domestic Watershed Guidelines (Kootenay Boundary Land Use Plan)

• Revised  (B.C. Ministry of Forests and B.C. Ministry of Environment

1999)

These approaches use different suites of indicators, as shown in Table 2.

The approaches use forest-development indicators in different ways to yield

interpretations of hydrologic hazards (e.g., Chatwin 2001).

Ideally, an assessment approach will have a strong theoretical basis that is fo-

cused on the landscape and management regime under consideration. The

approach should be grounded in the understanding that current research

and detailed modelling can provide and should include consideration of spa-

tial attributes. It must be simple in application, and capable of exploiting

geographic information system capabilities and available data. It is likely that

an indicator approach will be most feasible; however, those indicators selected

3.3 Need for a New
Approach for Broad-

scale Strategic Planning

3.2 Existing
Approaches in British

Columbia

3.1 Summary of
Existing Approaches





should be tied to relevant physical processes that correlate with impact 

(Figure 2). It would be best implemented in terms of an adaptive-

management framework. Ongoing evaluation, as knowledge and data 

improve, would give the rating system the capacity to evolve, thereby 

improving the precision and accuracy of its indications.

The structure should be established so that the results are amenable to 

interpretation in a risk-assessment context so that “science” and “policy” 

can be separated clearly. The model would bring to the forefront the conse-

quences of decisions, and illuminate likely outcomes and their desirability.

The model would encourage the distribution, and a collective sharing, of re-

sponsibility for managing identified risk by making explicit the factors that

pose risk to environmental values/resources.

In developing management indices, one index cannot adequately repre-

sent the hydrologic complexity. However, if the indices are poorly formulat-

ed or lack data or a physical basis, it may be more appropriate to acknowl-

edge the lack of understanding and simply use crude “back of the envelope”

calculations based on general indicators such as basin  and road density.



  Indicators used to assess cumulative hydrologic effects: existing approaches in British Columbia

Initial Revised Kootenay-
 Interim  Boundary

Indicator Units Level 1  (May/99) Land Use Plan

Extent of logging

% of watershed % (ha/ha) ✓ ✓

 (H60 weighted) none ✓ ✓ ✓ ✓

Road density

In entire basin km/km2 ✓ ✓ ✓ ✓

Above the H60 line km/km2 ✓

On erodible soils km/km2 ✓

Within 100 m of a stream km/km2 ✓

On erodible soils and within 100 m of stream km/km2 ✓

On unstable slopes km/km2 ✓ ✓ ✓ ✓

As high sediment source km/km2 ✓ ✓

Density of stream crossings no./km2 ✓ ✓ ✓

Channel / riparian

Stream logged % (km/km) ✓ ✓

Fish stream logged % (km/km) ✓

S1/S2/S3/S4 streams logged % (km/km) ✓

Stream logged on slopes >60% % (km/km) ✓

Streams with unstable channel % (km/km) ✓ ✓

Other
Density of landslides no./km2 ✓ ✓ ✓ ✓



4 PROPOSED NEW APPROACH

A framework is proposed for a risk-assessment model consistent with the di-

rection provided in Section 3.3. Physically based, transparent, and easy to

modify, the rating system illuminates the risks inherent in policies and man-

agement practices. It employs both site and management factors, and is

employed in an adaptive-management framework.

Table 3 suggests data that may be appropriate for addressing the many fac-

tors included in the risk rating scheme.

A variety of data sources is available, depending on scale and forest region

(full, partial, potential coverage):

• Watershed Atlas • Satellite imagery

• Watershed Ranking Tool • Forest cover mapping

•  ,  • Natural disturbance types

• Bedrock/soil/terrain mapping • Water quality/quantity data

• Region-specific studies (e.g., • Forest Development Plans

terrain attribute study) • Silvicultural data (/)

• Terrain stability mapping • Climate data

• Biogeoclimatic Ecosystem

Classification mapping

4.2 Data
Considerations

4.1 Framework



  Factors to be rated and their associated potential data sources

Regime Factor of interest Surrogate for modelling purposes

Climatic regime (precipitation, Biogeoclimatic subzones
, storm frequency, etc.) Index of aspect/elevation complexitya

Snowmelt patterns Glaciers and snowfields
Low-flow generators Wetlands, high-elevation lakes
Vulnerability to  % naturally forested

Susceptibility to disturbance Basin morphologya

Soil moisture storage Soil depth/texture
Flow/sediment buffering Wetlands & lakes
Channel vulnerability Channel indexa

Vulnerability due to fire Recent fire history;  patterns

Sediment yield due to mass wasting Class III, IV, and V terrain stability and 
Sediment yield due to surface erosion Waterborne-erosion potential: M, H, VH

(includes delivery)
Flood disturbance Flood history

Debris-flood potential
Sediment input Glaciers

Peak flows Total road density
Channel stability Roads on erodible soils
Suspended sediment Roads on unstable soils
Low flows Roads near streams

Quality of road constructiona

Peak flows, low flows Weighted 
Channel stability, suspended sediment Riparian logging

a These items represent data interpretations that require some analysis and development.
 = evapotranspiration.  = Natural Disturbances Types.  = Landslide-Induced Stream Sedimentation.
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Nested, hierarchical keys are proposed as the basis for a rating system of hy-

drologic risk (see Figure 3. This format is amenable to easy modification as

knowledge increases, and hence is appropriate in an adaptive-management

context. It is also highly transparent in regard to the weighting of hydrologi-

cally important factors. Where interactions are important, separate

combined factors can be included.

The four keys are provided in Tables 4a through 4d. The keys for peak

flow and low flow can be completed independently of other keys to yield

risks that higher peak flows and lower low flows could occur due to a specific

level of forest development in a specific watershed. The risk of peak-flow

changes can be used in the channel stability key to yield a rating of the risk

that the channel will be destabilized. Lastly, the risk to channel stability can

be put into the suspended sediment key to yield a rating of the risk of in-

creased suspended sediment.

With the risk-rating keys developed conceptually and the input data in place,

calibration follows. Calibration is best done in an iterative way with both

input and impact data. An adaptive-management framework facilitates the

effective integration of impact data during model development and calibration.

The rating system assumes a base case defined by the historic range of nat-

ural variability. This may be difficult due to a lack of data and may rely on

professional judgement. To strengthen the rationale used to establish the rat-

ings, consistent measures of watershed impact are needed, preferably in each

of the four categories. A measure of peak-flow change is extremely difficult

to gather because data are sparse, and where data are available, analysis for

changes in peak flows due to forest development is difficult. Hence for the

peak-flow key, it is suggested that reliance be made on the research literature

4.4 Calibration

4.3 Rating Keys



Peak Flows

Factors Low Risk ❷ ========== ❹  High

large ––––––––––––––––––––––––

high ––––––––––––––––––––––––––

present –––––––––––––––––––––

low ––––––––––––––––––––––––––

large ––––––––––––––––––––––

low ––––––––––––––––––––––––––

low ––––––––––––––––––––––––––

low ––––––––––––––––––––––––––

BASE MORPHOLOGY

ASPECT/ELEVATION
COMPLEXITY

FLOW BUFFERS

NATURALLY FORESTED
(% of basin)

SOIL MOISTURE STORAGE

OVERALL BASIN
ROAD DENSITY

ROADS ON WET SITES &
ON SLOPES > 40%

ECA (H60 WEIGHTED)
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Factor Low Risk  ❷  ============❹  High

RISK OF INCREASED PEAK
FLOWS

SEDIMENT TRAPS
MAJOR FLOOD DISTURBANCE
FIRE VULNERABILITY

CHANNEL VULNERABILITY

SEDIMENT YIELD DUE TO
TERRAIN INSTABILITY
OVERALL BASIN ROAD DENSITY
ROADS NEAR STREAMS

ROADS ON UNSTABLE SOILS
WITH DELIVERY POTENTIAL
ROADS UPSLOPE OF
UNSTABLE SOILS
RIPARIAN LOGGING
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low –––––––––––––––––––––––––––

present –––––––––––––––––––––
distant ––––––––––––––––––––––
low –––––––––––––––––––––––––––
low –––––––––––––––––––––––––––

low –––––––––––––––––––––––––––

low –––––––––––––––––––––––––––

low –––––––––––––––––––––––––––

low –––––––––––––––––––––––––––

low –––––––––––––––––––––––––––

low –––––––––––––––––––––––––––

RISK TO CHANNEL STABILITY

SEDIMENT TRAPS

GLACIERS
SEDIMENT YIELD DUE TO
SURFACE EROSION
FIRE SUSCEPTIBILITY

BASIN ROAD DENSITY
ROADS NEAR STREAMS

ROADS ON UNSTABLE SOILS
(WITH DELIVERY)
ROADS ON ERODIBLE SOILS
(WITH DELIVERY)
RIPARIAN LOGGING

Nested
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Factors Low Risk ❷  =========== ❹  High

low –––––––––––––––––––––––––

low –––––––––––––––––––––––––

present ––––––––––––––––––––
present ––––––––––––––––––––

low –––––––––––––––––––––––––
low –––––––––––––––––––––––––
low –––––––––––––––––––––––––

low –––––––––––––––––––––––––

low –––––––––––––––––––––––––

low –––––––––––––––––––––––––

Factor Low Risk ❷  =============== ❹  High

RISK TO CHANNEL STABILITY

WETLANDS & HIGH-ELEVATION
LAKES
PRECIPITATION
AMOUNT / DISTRIBUTION
ELEVATIONAL DISTRIBUTION

GLACIERS & SNOW FIELDS
SUBSURFACE WATER
STORAGE
OVERALL BASIN ROAD

ROADS ON WET SITES & ON
SLOPES > 40%

ECA (H60 WEIGHTED)

low –––––––––––––––––––––––––––––

low –––––––––––––––––––––––––––––

low –––––––––––––––––––––––––––––

high –––––––––––––––––––––––––––––

high –––––––––––––––––––––––––––––

present –––––––––––––––––––––––

present –––––––––––––––––––––––

low intensity ––––––––––––– high
rainstorms                             rainstorms

large variation ––––––––– small
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  Illustration of relationships between nested rating keys.





B) Channel stability factors Low risk ← = → High risk

Risk of increased peak flows low high

Sediment traps present absent
Major flood disturbance distant recent
Fire vulnerability low high
Channel vulnerability low high
Sediment yield due to terrain low high

instability

Overall basin road density low high
Roads near streams low high
Roads on unstable soils with low high

delivery potential
Roads upslope of unstable soils low high
Riparian logging low high

C) Low flow factors Low risk ← = → High risk

Risk to channel stability low high

Wetlands & high-elevation lakes present absent
Precipitation amount/distribution low-intensity high-intensity 

rainstorms rainstorms
Elevational distribution large variation small variation
Glaciers & snow fields present absent
Subsurface water storage high low

Overall basin road density low high
Roads on wet sites & on slopes low high

>40%
 (H60 weighted) high low

  Rating keys for determination of risk due to peak flow, channel stability,
low flow, and suspended sediment

A) Peak flow factors Low risk ← = → High risk

Basin size large small

Aspect/elevation complexity high low

Flow buffers present absent

Naturally forested (% basin) low high

Soil moisture storage large minimal

Overall basin road density low high

Roads on wet sites & on slopes low high
>40%

 (H60 weighted) low high
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(see Section 4.2.2). Assessment of channel-stability ratings can be developed

and applied particularly to watersheds for which there is already significant

forest development. Available channel assessments, flooding records, anec-

dotal information, and field work (if necessary) can be used in the

assessments. The suspended-sediment key can benefit from an impact assess-

ment based on water-quality data, water-user interviews, and professional

opinions provided in  reports. Water-user interviews, in addition to the

research literature, can be used for the low-flow key. Where the appropriate

impact index is weak, a limitation of the rating system is suggested.

Several examples of research in the Nelson Forest Region supporting such

calibrations are provided in these proceedings. Gluns (2001) describes his ob-

servations of snowline retreat during freshet and its timing in relation to

occurrence of peak flow. Jordan (2001a) provides preliminary observations

from a regional study attempting to calibrate landslide frequency to terrain

attributes. Jordan (2001b) describes water-quality measurements that, com-

bined with data from other regional monitoring, may be useful in developing

expectations of sedimentation rates in relation to watershed and development

factors. Henderson and Toews (2001) and Bird (2001) have looked in detail at

specific sites at the sediment-source and riparian components of a watershed

assessment. Their work may be useful in developing generalized patterns of

potential watershed impact. These types of research projects should help

provide practical interpretations on which to base scoring in the risk-

assessment keys at a scale at which decision-making is taking place.

In the proposed approach, calibration of the risk ratings is carried out to

yield interpretations, as per Table 5. In this table, “significant changes to the

hydrologic regime” is interpreted to mean the occurrence of one or more of

the following as a result of forest development:

• increased peak flows (greater than 10%),

• significant changes in channel stability,

• significant changes in water quality, and/or

• significant changes in aquatic habitat,

where “significant” refers to being outside the natural range of variability or

beyond a defined threshold.

4.5 Interpretation



  Continued

D) Suspended sediment factors Low risk ← = → High risk

Risk to channel stability low high

Sediment traps present absent
Glaciers present absent
Sediment yield due to surface erosion low high
Fire susceptibility low high

Basin road density low high
Roads near streams low high
Roads on unstable soils low high

(with delivery)
Roads on erodible soils low high

(with delivery)
Riparian logging low high
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Table 6 provides suggested general responses in relation to risk level. 

This table can be used as a guide. After risk ratings have been determined,

the implications for forest management may justify follow-up field work to

investigate rating accuracy and better select the management response.

In the absence of field information, and as a planning tool, these risk in-

terpretations can enable better resource use and allocation. They should not,

however, be interpreted as a replacement for site-specific watershed studies.

No matter how well calibrated the risk-assessment tool becomes, knowledge

gaps will likely persist and can continue to result in misdiagnoses at certain

sites.

5 CONCLUSIONS

This paper has reviewed the use of hydrologic indicators in British Columbia

within the general context of approaches available for assessing hydrologic

risk. The benefits and challenges associated with using indicators in hydro-

logic risk assessment were presented, specifically in regard to the application

of broad-scale strategic planning such as the Timber Supply Review. A prac-

tical option for improving the quality of hydrologic information provided to

decision-makers has been presented.

Four conclusions can be reached from this paper:

1. There is a need for improved consideration of hydrologic risk in develop-

ment planning over various scales.



  Definitions of risk ratings

Risk Probability of significant
rating Definition hydrologic impact (%)

Very low is highly unlikely to <5

Low is unlikely to 5–25

Moderate may 25–50

High is likely to 50–75

Very high is highly likely to >75

The assessed
level of forest
development

have caused, or
cause in the 
future, changes
to the hydrologic
regime.

  Potential responses in relation to risk outcome

Risk rating Possible response

VL Few or no constraints
L Minor constraints
M Modify development; consider field worka

H Modify and/or defer development; consider field worka

VH Defer development and rehabilitate; consider field worka

a Where a rating is designed to suggest caution in pursuing further development, it may be
appropriate to pursue field work to investigate the watershed-specific need to modify and/or
defer development.



2. Indicators offer the potential to better utilize existing hydrologic informa-

tion to support improved decisions and, in the short term, provide a

recognition of risks inherent in those decisions.

3. Challenges exist to using indicators, notably the lack of systematic mea-

sures of impact.

4. A framework is available to initiate the development of a provincial ap-

proach.
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Effects of Changes in Forest Cover on Streamflow:

A Literature Review

ROB SCHERER

ABSTRACT

The Interior Watershed Assessment Procedure that is used in British Colum-

bia relies heavily on the use of Equivalent Clearcut Area as a tool to estimate

potential hydrologic impacts of forest development on peak flows. The pur-

pose of this literature review was to summarize the results of numerous

watershed experiments that have explored the relationship of changes in for-

est cover to changes in spring freshet peak flows, the timing of peak flows,

water yield, and low flows. This review included only snowmelt-dominated

watersheds that are situated within western Canada and the United States

and that could be related to watersheds located within the central and south-

ern interior of British Columbia. The review indicated highly variable

changes in: peak flow (ranging from no change to 66% increase), peak-flow

timing (ranging from no change to 18 days advancement), water yield (rang-

ing from no change to 111% increase), and low flow (ranging from no change

to 37% increase). Also, there was no consistent relationship between forest-

cover removal and the above hydrologic variables.

1 INTRODUCTION

The Interior Watershed Assessment Procedure () (B.C. Ministry of

Forests and B.C. Ministry of Environment 1999) that is used in British 

Columbia relies heavily on the use of Equivalent Clearcut Area () as a

tool to estimate potential hydrologic impacts of forest development on peak

flows. The purpose of this literature review was to compile the results of 

numerous watershed experiments that have explored the relationship of

changes in forest cover to changes in spring freshet peak flows that are relat-

ed to the effects of managed disturbances (e.g., logging and road-building) 

as well as natural disturbances (e.g., wildfire and defoliation by insects).

Streamflow data that related to forest-cover changes and the timing of peak

flows, annual water yields, and low flows were also included in this literature

review. The intent in compiling this information was to improve the general

understanding of the use of  as a tool in the determination of potential

changes to streamflows and to improve management guidelines for interior

British Columbia watersheds.

This review included only snowmelt-dominated watersheds that are situ-

ated within western Canada and the United States and that could be related





to watersheds located within the central and southern interior of British 

Columbia. More than 40 papers were reviewed for this project; 17 papers met

the local criteria for this report. 

2 METHODS

Watershed catchment studies were summarized by location, forest type, ele-

vation range, general watershed aspect, average annual streamflow, drainage

area, percent forest removed, average percent change in annual water yield,

average percent change in maximum peak flow generated during the spring

freshet period, average annual peak-flow advancement (days), average per-

cent change in low flows, and forest-cover removal method (e.g., silviculture

system or natural disturbance type). 

Data were compiled as recorded in the literature for average changes in

annual maximum peak flow, timing of peak flow, annual water yield, and

low flows. Graphing and simple linear regression were used to determine if

there was a direct relationship between streamflows and forest-cover removal.

All of the regressions were forced through the origin since no removal of for-

est cover was assumed to have no effect on streamflows.

Multiple linear regression using backward variable elimination was used

to explore if there was a relationship between streamflow changes with the

amount of forest cover removed and drainage area. This relationship was ex-

plored since the common belief is that detectable increases in streamflows

(i.e., peak flows and water yields) are inversely related to the drainage area of

a watershed. That is, the smaller the watershed area, the larger the increase

detected in streamflow at a certain level of forest cover removed. Relation-

ships using other variables were not recorded in this assessment since the

data set was relatively small due to gaps in the data.

Rain-dominated peak flows during summer months were not included 

in this analysis. No attempt was made to separate the impacts of roads on

streamflows from the impacts of forest removal since there was limited re-

search that addressed only the impacts of roads. 

It should be noted that the amount of forest cover removed was assumed

to be directly related to . No attempt was made to account for hydrologic

recovery in the various studies reviewed since information relating to the tree

regeneration on individual treatment units within a study watershed was not

documented in the literature. The above assumption should be valid since

most of the post-treatment streamflow data were collected over a 2- to 20-

year period, making the amount of hydrologic recovery over the study

period small.

For research studies that identified the amount of basal area removed

(e.g., partial harvest cutblocks), the amount of forest cover removed was

based on the following criteria for calculation of : 0–30% basal area re-

moval was considered as 0% forest cover removed; 30–60% basal area

removal was considered as 50% forest cover removed; and greater than 60%

basal area removal was considered as 100% forest cover removed. These cri-

teria were based upon the original Interior Watershed Assessment Procedure

Guidebook (B.C. Ministry of Forests and B.C. Ministry of Environment 1995)

for calculation of .





For the purposes of this project, relevant articles included statistical analy-

sis of streamflow changes that could be related to snowmelt-dominated

watersheds within the central and southern interior of British Columbia.

Therefore, the literature review was confined to watersheds that met the fol-

lowing criteria:

• predominantly covered with coniferous forest types such as lodgepole

pine, Engelmann spruce, Douglas-fir, white fir, subalpine fir, ponderosa

pine, and grand fir,

• utilized controlled experiment techniques (e.g., paired watershed studies

with post- and pre-treatment comparisons, double mass curves, or time

series analysis), and

• located within Utah, Idaho, Colorado, eastern Oregon, eastern Washing-

ton, east side of Rocky Mountains in Alberta, central British Columbia,

and Arizona.

3 MAJOR FINDINGS 

The review findings are summarized in tabular format in Appendix 1. It

should be noted that the studies were compiled and summarized as pub-

lished. No judgement was made on the quality of the research and no

attempt was made to add further data that were not already published. 

In climates where snow melt is a major factor in generating peak flows, for-

est-cover removal has been shown to have a significant effect on snow

accumulation, and the timing and rate of snow melt (Golding and Swanson

1986; Troendle et al. 1988; Hardy and Hansen-Bristow 1990). One of the typi-

cal assumptions that has been used in the  is that there is a direct

relationship in an increase in peak flow with the amount of forest cover re-

moved. However, based upon this literature review, the relationship between

the amount of forest cover removed to the increased peak flows is highly

variable, as shown in Figure 1. In non-statistical terms, the average percent

3.1  Peak Flow
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increase in peak flow ranged from no increase to a maximum increase of

66%, and correlated poorly with the amount of forest removed. This poor

correlation is highlighted in the relatively large standard error of the estimate

(i.e.,  = 24.6%). The standard error of the estimate gives an indication of

how far the observations are spread around the regression line. The scatter in

the plot is not unexpected, however, given the wide range in watershed size

and watershed characteristics. 

This wide variation in response is also consistent with a literature review

completed by MacDonald et al. (1997).1 MacDonald et al. compiled more

than 120 publications that represented more than 60 research sites and 120

treated catchments. This literature review included data from coastal and in-

terior watersheds as well as data for changes in peak flows that were

generated throughout the entire year. As shown in Figure 2, there is not a

consistent relationship between the percent of a basin that had been harvest-

ed with the percent change in peak flows. The peak-flow increases greater

than 150% occurred generally in the growing season when wetter antecedent

soil-moisture conditions can occur after forest harvesting. MacDonald et al.

also stated “… that peak flows are generally much smaller during the grow-

ing season and this means that a small increase in absolute discharge can

yield very large increases in percentage terms.”

Our data were further analyzed by using multiple linear regression to de-

termine if there was a relationship between changes in peak flow to the

amount of forest cover removed and the drainage area of the studied water-

sheds. At a 95% significance level, drainage area was not significant in

explaining the percent change in peak flows. Therefore, based on this infor-

mation, drainage basin area does not appear to be a factor in explaining the

relationship between changes in peak flow and the amount of forest cover re-

moved. 



1 MacDonald, L.H., E.E. Wohl, and S.W. Madsen. 1997. Validation of water yield thresholds on
the Kootenai National Forest, final report.  Colorado State University, Fort Collins, Colorado.
Unpublished Report.
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Forest-cover removal has been shown to have a significant effect on snow ac-

cumulation and on the timing and rate of snow melt. It has been shown that

the ratio of snow melt rates in the forest to those in the openings ranges be-

tween 0.4 and 1 with 0.7 being the most frequent value (Winkler 1999). Given

this faster rate of snow melt in forest openings one might expect to see an ad-

vancement in the timing of peak flows. However, based on this compilation

of research literature, the average date at which peak flows occurred in the

post-treatment periods ranged from an advancement of 18 days to no change

in the date of peak compared to the control watersheds (Figure 3). Once

again the response to changes in forest cover was found to be highly variable.

It is generally understood that manipulation of vegetation cover has a direct

impact on the interception and evapotranspiration components of the hy-

drologic cycle. Annual water yield increases with a reduction in forest cover

related to natural or managed disturbances. Several research papers have

shown the general relationship of increased annual water yield associated

with forest removal (Hibbert 1967; Bosch and Hewlett 1982; Stednick 1996). 

In this report, a graphical relationship of increased water yield with the

percent forest cover removed for snow-dominated watersheds is shown in

Figure 4. Similar to the data shown for percent changes in peak flow, the per-

cent increase in water yield related to the amount of forest cover removed is

also highly variable. The average percent increase in annual water yield

ranged from no increase to a maximum increase of 111%, and correlated

poorly with the amount of forest removed. This poor correlation can be seen

in the large standard error of the estimate (i.e.,  = 30%) that was calculated

for the simple linear relationship. 

3.3  Annual Water
Yield

3.2  Timing of Peak
Flows
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The simple linear relationships found in our data are similar to Stednick’s

(1996) compilation of literature. Stednick found a significant relationship 

(r-square = 0.01,  = 66 mm, p-value = 0.0001) between the amount of for-

est cover removed and the unit increase in annual water yield. Stednick’s

study was based upon 35 watersheds within the Rocky Mountain/Inland 

Intermountain region of the United States, and yielded the following stated

relationship:

The Rocky Mountain/Inland Intermountain region data suggest that a

15% harvest area results in a measurable annual water yield increase.

When 50% of the catchment was harvested, annual water yield increase

ranged from 25 to 250 mm and complete harvesting (100%) increased an-

nual water yields from zero to over 350 mm. The results are variable,

especially above 30% harvested. 

Similar to the peak-flow data, multiple linear regression was used to de-

termine the relationship between the increased water yield with percent

forest cover removed and the drainage area. Once again, drainage area was

not significant in explaining the variation in the percent increase in annual

yield. 

Increases in low-flow amounts are cited as being related to the reduction in

evapotranspiration as result of the removal of forest cover. The loss in evapo-

transpiration subsequently increases the available volume of water that can

generate low flows. In this review of literature there was limited research that

explored the effects of forest-cover removal on low streamflow periods (sum-

mer and fall). Six of the articles reviewed included an analysis of low-flow

data. These studies showed that the average low-flow increase ranged be-

tween 37% and zero  (Figure 5). None of the studies showed a decrease in low

flows.

3.4  Low Flows
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4 CONCLUSION

Based upon research conducted east of the Cascade and Coast Range moun-

tains within western Canada and the United States, it is clear that the

removal of forest cover as a result of either natural or managed disturbances

can have an impact on streamflows. However, the research has shown that

the response of peak flows, annual water yields, and low flows to changes 

in forest cover are highly variable. Streamflow changes range from being 

insignificant to large, with no apparent direct correlation with the amount of

forest removed as the sole variable.

It is unlikely that further statistical review will determine what the differ-

ences are between the group of studies. In the interim, until our

understanding of the mechanisms that generate streamflows improves, it is

important that  as a predictor of streamflow change be used with cau-

tion. Until the interrelationship of the mechanisms that generate or change

streamflows is clearly understood for a specific watershed,  should not be

used in isolation of a direct understanding of the physical conditions of the

watershed. 
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Forest Average Average Average Average Average Average Average Forest Average
Elevation Annual Drainage removal annual annual annual annual annual low-flow low-flow removal annual

Author range streamflow area (assumed) water water peak flow peak flow peak flow increase increase method precip.
Watershed (Year) Forest type (m) (mm) (km2) (%) (mm) (%) (m3/s) (%) (days) (mm) (%) Aspect (mm)

Ochoco Creek, Berndt et al. Ponderosa 945– N.A. 765 Not 56 N.A. N.A. N.A. N.A. N.A. N.A. CC, SW W 635
Central Oregon (1970) pine 2133 determined

White River, Bethlahmy Engelmann  N.A. N.A. 1974 30 37.9 15.7 20.2 27 0 1.25 9.6 Beetle 
epidemic W N.A
(no har-
vesting)

Colorado (1975) spruce and
subalpine fir

Yampa River, Bethlahmy Lodgepole N.A. N.A. 1564 30 35.2 15.8 0 0 0 1.6 31.5 Beetle  N N.A.
Colorado (1975) pine epidemic

(no har-
vesting)

Brownie Creek, Burton (1997) Lodgepole Average N.A. 21.3 25 147 52 1.6 66 0 N.A. N.A. CC SE 787
Utah pine 3082

Palmer Creek,  Cheng and Douglas-fir,    1400– 71 18 50 83.5  24 N.A. 50 5–18 N.A. 37 Severe  E 1000
southern British Bondar (1984) lodgepole pine, 1750 (April– forest
Columbia Engelmann August) fire

spruce, and
subalpine fir

Camp Creek,  Cheng (1989) Lodgepole 880– 140 33.9 30 29 21 0.25 21 13 N.A. N.A. CC S 600
southern British pine 1920
Columbia

Watershed 1, Fowler et al. Mixture of  1439– N.A. 0.29 43 0 0 0 0 N.A. 0 0 CC NE 1429
NE Oregon (1987) conifers 1617

Watershed 2, Fowler et al. Mixture of  1439– N.A. 0.24 50 0 0 0 0 N.A. 0 0 SW NE 1429
NE Oregon (1987) conifers 1617

Watershed 4, Fowler et al. Mixture of  1439– N.A. 1.18 22 0 0 0 0 N.A. 0 0 CC, PC NE 1429
NE Oregon (1987) conifers 1617

Thomas Creek, Gottfried Mixture of 2545– 82 2.27 13 44 44.8 0.06 59.8 0 fewer no- fewer no- PC, CC S 768
central Arizona (1991) conifers 2819 flow days flow days

Watershed 12, King (1989) Grand fir 1574 440 0.8 36.6 N.A. 80.1 0 0 8 N.A. N.A. CC S 1168
central Idaho

Watershed 14, King (1989) Grand fir 1596 440 0.6 29.2 N.A. 78.7 0.03 35 0 N.A. N.A. CC S 1168
central Idaho

Watershed 16, King (1989) Grand fir 1659 440 0.2 25 N.A. 51.2 0.01 36 0 N.A. N.A. CC S 1168
central Idaho
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Watershed 18, King (1989) Grand fir 1664 440 0.9 33.4 N.A. 52 0.04 34 0 N.A. N.A. CC S 1168
central Idaho

Castle Creek, Lowell Ponderosa 2388– N.A. 3.6 17 Range   29 N.A. N.A. N.A. N.A. N.A. CC SE 639
eastern Arizona (1972) pine 2616 between

36 and 
10 mm

Jack Creek, Potts (1984) Lodgepole 1900– 305 133 35 N.A. 15 0 0 14–21 N.A. 10 Beetle W 347
Montana pine 3000 epidemic

(no har-
vesting)

North Fork to  Rich and Ponderosa  2010– 84 1 73 69 84 N.A. N.A. N.A. N.A. N.A. CC SW 835
Workman Creek, Gottfried pine, white fir, 2356
central Arizona (1976) Douglas-fir

South Fork to  Rich and  Ponderosa  2010– 84 1.3 83 93 111 N.A. N.A. N.A. N.A. N.A. PC,  NW 835
Workman Creek, Gottfried pine, white fir, 2356 wildfire,
central Arizona (1976) Douglas-fir CC

18 watersheds,  Swanson and  Lodgepole pine 1110– 167 7–23.9 35–84 39.2 27 N.A. N.A. N.A. N.A. N.A. CC Vari- 525
Rocky Mountains, Hillman 1770 able
Alberta (1977)

Cabin Creek, Swanson Spruce, fir, and 1730– 310 2.12 21 17 21 N.A. N.A. N.A. N.A. N.A. CC E 840
Alberta et al. (1986) lodgepole pine 2800

Fool Creek, Troendle and Spuce, fir, and 2927– N.A. 2.89 40 82 40 0.055 23 7.5 N.A. N.A. CC N 732
Colorado King (1985) lodgepole pine 3810

Deadhorse Creek, Troendle and Spuce, fir, and 2880– N.A. 2.7 13 0 0 0 0 0 N.A. N.A. CC, PC E N.A.
Colorado King (1987) lodgepole pine 3536

N. Fork to  Troendle and Spuce, fir, and 2880– N.A. 0.41 36 60 29 0.013 50 0 N.A. N.A. CC S N.A.
Deadhorse Creek, King (1987) lodgepole pine 3536
Colorado

Wagon Wheel Van Haveren Not given 2818– 156 0.9 100 24.6 15.4 N.A. 50 0 N.A. N.A. CC NE 535
Gap, Colorado (1988) 3461

Bowron River,  Wei and Lodgepole pine N.A. N.A. 3590 25 0 0 0 0 N.A. 0 0 CC Vari-   N.A.
central British Davidson able
Columbia (1998) N



Forest Average Average Average Average Average Average Average Forest Average
Elevation Annual Drainage removal annual annual annual annual annual low-flow low-flow removal annual

Author range streamflow area (assumed) water water peak flow peak flow peak flow increase increase method precip.
Watershed (Year) Forest type (m) (mm) (km2) (%) (mm) (%) (m3/s) (%) (days) (mm) (%) Aspect (mm)



Forest Influences on Snow: Preliminary 

Results on Effects of Regrowth

RITA D. WINKLER

ABSTRACT

In British Columbia, snow accumulation and snow melt dominate the hy-

drology of most interior watersheds. Both the amount of snow accumulation

and the rate of melt vary with forest cover, and its removal and regrowth. 

For regulatory purposes, the complex relationships between forest cover,

snowpack processes, and the risk of elevated spring flows are currently ap-

proximated by the single forest inventory variable, tree height. Field data

from Mayson Lake and Upper Penticton Creek indicate that tree height

alone explains little of the variability in snow accumulation or melt measured

under various forest cover types relative to the open. Of the inventory vari-

ables measured, crown volume, length, and density explained the largest

proportion of the variability in snow accumulation in the forest relative to

the open, and the square root of basal area was the best predictor of melt.

Work to develop a method of evaluating hydrologic recovery over a broader

geographic area and range of forest cover types continues.

INTRODUCTION

In the interior of British Columbia, melting snow generates the spring hy-

drograph peaks characteristic of most streams. Forest cover removal in

snow-dominated watersheds, through logging, fire, insects, or disease, has

been shown to increase annual water yield and spring peak streamflow

(Bosch and Hewlett 1982). Depending on the size and extent of forest cover

removal, 10–70% greater accumulations of snow (expressed as snow water

equivalent []) have been reported (Golding and Swanson 1986; Toews

and Gluns 1986). Increases in the melt rate vary from none to double (Win-

kler 1999). With forest regrowth, both snow accumulation and melt decrease

relative to the open. Hardy and Hansen-Bristow (1990) found a 34% higher

maximum  and a 76% higher melt rate in the clearcut than in a mature

spruce-fir forest. In a 4-m-tall lodgepole pine stand,  and melt rates were

reduced from those in the clearcut by 4 and 6%, respectively. In a 14-m-tall

lodgepole pine stand,  and melt rates were 14 and 36% less than in the

clearcut. In coastal Douglas-fir, Hudson (2000) predicted “recovery” in snow

accumulation and snow melt combined to be 75% once the stand was 8 m

tall with 45% crown closure.





In British Columbia’s watershed assessment procedure (B.C. Ministry of

Forests and B.C. Ministry of Environment 1999), spring peak streamflows

and forest cover are linked using the concept of “hydrological recovery.” Hy-

drological recovery is defined as “the process by which regeneration restores

the hydrology of an area to pre-logging conditions” (B.C. Ministry of Forests

and B.C. Ministry of Environment 1999). It further explains that complete

recovery involves all components of the hydrologic cycle but “because peak

flows in… interior… areas tend to be generated by conditions of radiation

snowmelt… snowpack recovery is used as an index of true hydrological re-

covery.” Snowpack recovery is evaluated by the average tree height of the

main canopy, a variable that is readily obtainable through the forest invento-

ry system. Though average tree height provides some indication of snow

interception and shade, it does not necessarily reflect crown surface area,

canopy density, or stem distribution, which are stand characteristics known

to influence snowpack processes. In local examples, tree height accounted for

only 9–13% of the variability in the ratio of forest to open snow accumula-

tion and 19–44% of the variability in average melt rates between the study

stands, depending on year. These values indicate that forest characteristics,

or environmental variables, not reflected by tree height have a larger influ-

ence on snowpack processes.

Quantifying the relationships between forest structure and snowpack

processes for forest-planning purposes is the focus of ongoing research

throughout the province. From 1995 through 1997, intensive snow and forest

inventory surveys were undertaken at Mayson Lake and at Upper Penticton

Creek. This paper provides a preliminary summary of the data from both 

locations in mature and juvenile lodgepole pine and Engelmann spruce–

subalpine fir stands, as well as in adjacent clearcuts.

BACKGROUND

Snow accumulation and melt vary from year to year and from location to 

location, and with the weather, geographic position, elevation, aspect, topog-

raphy, and forest cover. Over large distances, elevation is the variable that has

the greatest effect on snow accumulation. However, over small distances, the

influence of forest cover becomes significant (Meiman et al. 1968).

Forest vegetation affects snow deposition, snow redistribution, and the

exchange of energy to the snow surface. Compared to open ground or low-

growing forms of vegetation, forests have large intercepting and radiating

surface areas. For example, the surface area of a boreal spruce-fir canopy has

been approximated as 1800 times larger than that of snow on the ground

(Pomeroy and Schmidt 1993). Consequently, conversion from one cover type

to another could have a large influence on both snow accumulation and melt

(McKay and Gray 1981).

The structure or physical characteristics of a forest vary with species com-

position, site, age, stand health, and silvicultural treatments. Stands are

commonly described by variables such as tree height, stem density, crown

volume, and canopy closure. Since snow accumulation and melt rates under

different forest types have been shown to differ by up to 50% of that in the

open (Bunnell et al. 1985; Toews and Gluns 1986; Winkler 1999) (Table 1), it

is generally assumed that structural differences among forest types contribute

either directly or indirectly to the differences in the snowpack beneath them.





In turn, variations in snow accumulation and melt patterns with year, with

changes in forest cover, and over a watershed are assumed to be reflected in

the spring hydrograph.

Many studies have attempted to quantify relationships between forest

characteristics and snow accumulation or melt. Attempts to collate the litera-

ture are difficult, in part because of the diversity in forest types under which

the research was conducted, but also because of the wide variation in meas-

urement, analysis, and reporting techniques. In a coastal study, Hudson

(2000) concluded that canopy height was a useful index to “recovery,” as

defined for snow accumulation and melt combined. He reported that canopy

height accounted for 48% of the variation in the recovery index among

stands. In a detailed review of the literature, only two studies were found that

attempted to correlate snow melt with forest structure variables. Of these,

only one provided comment regarding the proportion of the variation in

melt explained by the individual canopy variables. Very few studies report

the effects of forest regrowth and juvenile stand structure on snowpack

processes. Two studies (Connaughton 1935; Hardy and Hansen-Bristow

1990) included juvenile stands similar to those found locally (Table 1).

Commonly, researchers have found that linking forest structure to snow-

pack processes is more successful at the stand level than at the plot level and

for broad differences in stand characteristics rather than for smaller varia-

tions such as those attributable to varying stages of stand development.

Rarely have multiple canopy variables been measured repeatedly over an ex-

tensive area or in diverse forest types in the same study.

STUDY AREA

This study was undertaken at two locations: Mayson Lake, approximately 

50 km northwest of Kamloops; and Upper Penticton Creek, about 26 km

northeast of Penticton. At Mayson Lake, four sites were surveyed. All sites



  April 1 snow water equivalent (SWE) and average melt rates, summarized as
the ratio of measurements under forest cover to those in the open, for snow
research in forests similar to those in southern British Columbia

April 1  Average melt rate

Pine1 Spruce-Fir Pine Spruce-Fir

Number of papers reviewed 18 11 4 6

Mature forest cover
Average forest to open ratio 0.8 0.7 0.6 0.6
Range of forest to open ratios 0.6–1 0.5–0.9 0.4–0.8 0.5–0.8

Juvenile forest cover
Average forest to open ratio 1 0.7

(less than 8-m-tall ponderosa pine)
Average forest to open ratio 1 1

(4 m-tall or less)

1 Lodgepole pine, unless otherwise noted.



were on level terrain at an elevation of 1200 m and adjacent to each other.

One site was forested with a mature stand of Engelmann spruce, subalpine

fir, and some lodgepole pine (spruce-fir). The second and third sites were re-

forested with 15-year-old lodgepole pine (pine). One of these two juvenile

stands was thinned to approximately 1000 stems/ha and pruned to a height

of 3 m. The fourth site was clearcut.

At Upper Penticton Creek, five sites were surveyed in two areas located

approximately 5 km apart: 240 Creek and Dennis Creek. The study sites

were: a clearcut and a mature lodgepole pine stand at 240 Creek; and a

clearcut, a mature Engelmann spruce–subalpine fir stand, and a juvenile

stand of Engelmann spruce and subalpine fir at Dennis Creek. All sites were

on level terrain at 1600 m.

METHODS

Snow accumulation and melt were measured at 64 permanent sample points

at each of the Mayson Lake and Upper Penticton Creek study sites during

1995, 1996, and 1997. The sample points at each site were spaced in a 15-m by

15-m grid pattern covering an area of approximately 1 ha. Snow measure-

ments were made within a 1-m radius of the station marker using a standard

Federal snow tube. Peak snow accumulation was represented by the April 1

, and average melt rates were calculated over the period beginning on

April 1 and ending on the date a zero value was recorded.  is the amount

of liquid water that would result from melting a sample of snow, and is

measured using a scale that converts the weight of a snow core to water

equivalent. At Mayson Lake, snow measurements were made every 3–4 days

during the melt period and every 2 weeks at Upper Penticton Creek.

The data collected during this study were analyzed as individual plots and

as stand averages. Using each plot individually provided 576 examples of

snow accumulation and melt under varying forest cover conditions includ-

ing clearcut (384 examples under forest cover and 192 clearcut). The stand

averages provided nine examples (six under forest cover and three clearcut).

Standardized ratios of  and melt rate were calculated by dividing indi-

vidual forested plot and site-average data by the clearcut average for that

location. For example, if the average  in the forest was 6 cm and that in

the clearcut was 10 cm, then the ratio would be 0.6, meaning that 40% less

water was measured in the forest. These ratios allow comparisons between

areas with different snow regimes, including different study locations and

years, as well as comparisons with results reported in the literature.

A detailed forest inventory was completed within 4-m-radius plots cen-

tred at each snow survey station. The inventory included variables describing

the species mix, stem, and canopy. The species mix was thought to reflect

general tree form and distribution. The stem descriptors were intended to

represent stand structure, density, and stage of development. The canopy

variables represented the depth, volume, and extent of foliage in the stand.

Species, condition (live or snag), diameter outside bark at breast height (dbh;

1.3 m above ground), height, height to live crown, and crown radius were

noted for each tree. Basal area, crown length, crown-base area, and crown

volume were then calculated for each tree. Individual tree measurements





were totalled or averaged, depending on the variable, to obtain values for

each plot. The fifteen stand-structure variables summarized for each plot

were:

• species

• total number of stems

• number of stems of lodgepole pine

• number of stems of Engelmann spruce and subalpine fir

• number of live stems

• number of snags

• average tree height

• total basal area

• average crown length

• average crown ratio (crown length relative to total tree height)

• crown-base area (estimated from the average crown radius measured in

four directions)

• average crown length to base ratio

• total crown surface area

• total crown volume (an estimate based on crown-base area and crown

length, assuming crown shape to be that conical, which does not account

for overlap between crowns)

• crown closure (measured with a moosehorn)

All ratios of  and melt for each survey station and site were plotted

against all forest structure variables to identify any possible relationships.

Square root transformations were applied to the variables crown volume and

basal area to linearize their relationships with the snowpack variables. Single

and multiple linear regression techniques were used to identify statistical re-

lationships between canopy and snowpack variables. Statistical significance

for all tests was determined using α = 0.01. Regression analyses were com-

pleted using  software ( Institute Inc. 1988). Residuals were plotted to

visually evaluate the assumptions of normality and homogeneity of variance.

The “best” models were selected based on comparisons of the coefficients of

determination (r2), standard errors of the estimate (e), significance of the 

 values, and the residual plots. This study did not include true replicates;

rather, the measurements were repeated over 3 years. Data for each year were

analyzed separately, and each location represented a case study.

Note that it was not the intent of this study to present mathematical rela-

tionships between forest structure and snowpack variables, although from a

forest-operations perspective this is tempting. It should be clear to the reader

that the results presented here represent only six stands. Even though these

six stands were selected because they appear to be typical of extensive forest

cover types and each was intensively sampled, they do not represent a partic-

ularly broad range of conditions. The results of the data analyses presented

here are intended to show those forest structure variables likely to be corre-

lated to snow accumulation and melt in this region. In future, relationships

may be derived from broader surveys focused on the key variables identified

as part of this project.





RESULTS

Snow accumulation and average melt rates varied significantly during this

study, both from site to site and from year to year. Detailed discussions of

this variability can be found in Winkler (1999). The ratios of mature forest to

open April 1  ranged from 0.7 to 0.9. The largest differences between the

forest and clearcut were observed where the predominant tree species were

Engelmann spruce and subalpine fir (0.7 and 0.8) rather than lodgepole pine

(0.9). The ratios of average melt rate under the forest compared to the open

were 0.4 and 0.6 in the mature spruce-fir, 0.8 and 0.9 in the juvenile pine and

1 in the juvenile spruce-fir (Table 2). The results indicated some “recovery”

at Mayson Lake and none at Upper Penticton Creek. The results obtained in

this study are similar to those reported in the literature (Table 1).

The forest structure characteristics of each study stand are provided in

Table 3. These data illustrate the differences in stem density, basal area, esti-

mated crown volume, and crown closure between stands. At Mayson Lake,

the mature spruce-fir stand had approximately 4400 stems/ha, the juvenile

stand 2600 stems/ha (59% of the mature stand), and the thinned stand 1000

stems/ha (23% of the mature stand). The basal area of the juvenile thinned

and juvenile pine stands was 13 and 19% of that in the mature spruce-fir, re-

spectively, and the estimated crown volume was 34 and 58% of the mature.

Average crown closure was 21 and 28% in the juvenile thinned and juvenile

stands and 54% in the mature forest. At Upper Penticton Creek, crown clo-

sure measured with the moosehorn was 0% in the juvenile spruce-fir stand

and 44% in the mature. Stand basal area in the juvenile stand was 12% of that

in the mature spruce-fir. Stocking in the juvenile stand was as high as 78% of

that in the mature stand: 3600 stems/ha compared to 4600 stems/ha.

All stand-structure variables were regressed against standardized April 1

 and standardized average melt rates, first using each plot as an individ-

ual observation and then using site averages (Table 4). The results show that,

at Mayson Lake and Upper Penticton Creek, crown length, crown volume,



  Average April 1 snow water equivalent (SWE), melt rates, and
standardized ratios of forest (F) to open (O) SWE and melt at Mayson
Lake and Upper Penticton Creek

Apr 1  Apr 1  Melt Rate Melt Rate
Location and forest cover (cm) F:O (cm d-1) F:O

Mayson Lake

Clearcut 22 0.99
Juvenile thinned pine 19 0.9 0.92 0.9
Juvenile pine 19 0.8 0.82 0.8
Mature spruce-fir 15 0.7 0.41 0.4

Upper Penticton Creek

Clearcut 37 0.72
Mature pine 33 0.9 0.52 0.7
Clearcut 31 0.65
Mature spruce-fir 24 0.8 0.40 0.6
Juvenile spruce-fir 32 1 0.66 1






  A summary of stand characteristics at the Mayson Lake and Upper Penticton Creek study sites (n=64 at all sites)

Mayson Lake Upper Penticton Creek

Juvenile thinned Juvenile Mature forest Mature forest Mature forest Juvenile
Forest-structure variable mean () mean () mean () mean () mean () mean ()

Tree species pine pine, spruce-fir spruce-fir, pine pine spruce-fir spruce-fir, pine
Total stems/ha 1000 (400) 2600 (1600) 4400 (1400) 6400 (1600) 4600 (1800) 3600 (2200)
Stems of lodgepole pine/ha 800 (400) 1400 (800) 600 (400) 3600 (1200) 0 (200) 400 (600)
Stems of spruce-subalpine fir/ha 200 (200) 1000 (1400) 3000 (1200) 400 (1000) 3800 (1600) 3000 (2200)
Live stems/ha 1000 (400) 2600 (1600) 3600 (1400) 4000 (1000) 3800 (1800) 3400 (2200)
Snags/ha <200 <200 800 (600) 2400 (1200) 600 (600) <200
Average tree height (m) 6.4 (1.5) 4.5 (1.4) 10.1 (3.4) 14.7 (2.5) 6.6 (2.3) 2.8 (0.6)
Total basal area (m2/ha) 8 (10) 12 (6) 62 (24) 58 (12) 48 (22) 6 (6)
Average crown length (m) 3.9 (0.9) 3.8 (1.2) 5.2 (1.5) 4.0 (0.9) 4.1 (1.4) 2.7 (0.6)
Average crown ratio (m/m) 0.6 (0.1) 0.8 (0.1) 0.5 (0.1) 0.3 (0.1) 0.6 (0.1) 0.9 (0)
Total crown base area (m2/ha) 4160 (2100) 5860 (2340) 7420 (2800) 4240 (1380) 8000 (2600) 5440 (3140)
Average height to base ratio (m/m2) 1.8 (0.4) 2.6 (1.1) 3.4 (0.8) 3.7 (0.9) 2.8 (0.7) 2.0 (0.3)
Total crown surface area (m2/ha) 3060 (1400) 2100 (1320) 2540 (1040) 1440 (440) 2060 (1120) 1180 (400)
Total crown volume (m3/ha) 6600 (3660) 11,380 (5180) 19,500 (8760) 6440 (2560) 17,760 (6980) 6820 (4960)
Crown closure (%) 21 (30) 28 (31) 54 (27) 40 (20) 44 (35) 0 (0)



and canopy density each explain a larger proportion of the variability in

April 1  than do the other forest structure variables measured. However,

none of the variables explained more than one-third of the variability among

plots, indicating that other factors may have a larger influence or that the

processes affecting April 1  occur over a larger area than that represented

by the 0.005-ha plots. Over the 3 years, crown length explained 12–18% of the

variability in standardized April 1  among plots, the square root of

crown volume 19–25%, and crown closure 26–28% of the variability.

At the stand scale, depending on the year, crown length, crown volume,

and crown closure explained 79–87%, 67–80%, and 68 to 84% of the variabil-

ity in standardized April 1 , respectively. Of the three stand-structure

variables, crown length was thought to be the most useful. When crown clo-

sure and standardized April 1  were plotted, the wide scatter of points



  A summary of the proportion of the variation in standardized April 1 SWE and standardized
average snow melt rates explained by the forest structure variables measured at Mayson
Lake and Upper Penticton Creek

Among plots Among sites
(n=384) (n=6)

Forest-structure variable 1995 1996 1997 1995 1996 1997

vs. standardized April 1 swe

Total stems 0 0 0.01 0 0 0.04
Stems of pine 0 0.01 0 0.03 0.08 0.05
Stems of spruce and fir 0 0.01 0.01 0.03 0.08 0.12
Live stems 0 0 0 0 0 0.05
Snags 0 0 0.01 0 0 0.02
Average tree height (m) 0.03 0.04 0.07 0.09 0.12 0.13
Basal area (m2/ha) 0.09 0.14 0.17 0.30 0.42 0.50
Average crown length (m) 0.12 0.15 0.18 0.87 0.85 0.79
Average crown ratio (m/m) 0.03 0.06 0.07 0.10 0.19 0.19
Total crown base area (m2/ha) 0.08 0.11 0.11 0.37 0.39 0.51
Total crown volume (m3/ha) 0.17 0.19 0.22 0.66 0.69 0.78
Crown closure (%) 0.28 0.28 0.26 0.68 0.75 0.84

Square root of crown volume 0.19 0.21 0.25 0.67 0.69 0.80

vs. standardized snow melt

Total stems 0.13 0.12 0.13 0.35 0.33 0.32
Stems of pine 0 0 0 0 0 0.02
Stems of spruce and fir 0.06 0.06 0.13 0.14 0.18 0.35
Live stems 0.09 0.07 0.11 0.3 0.32 0.4
Snags 0.11 0.09 0.06 0.26 0.21 0.12
Average tree height (m) 0.20 0.17 0.11 0.44 0.35 0.19
Basal area (m2/ha) 0.38 0.40 0.39 0.89 0.85 0.75
Average crown length(m) 0.13 0.12 0.15 0.74 0.74 0.58
Average crown ratio (m/m) 0.21 0.17 0.11 0.40 0.31 0.17
Total crown base area (m2/ha) 0.06 0.07 0.15 0.34 0.46 0.66
Total crown volume (m3/ha) 0.17 0.20 0.31 0.56 0.69 0.81
Crown closure (%) 0.17 0.15 0.19 0.83 0.88 0.78

Square root of basal area 0.42 0.41 0.44 0.86 0.83 0.74



did not indicate a clear relationship between these variables. From a practical

perspective, crown length is much easier to measure than crown volume.

The square root of basal area explained the greatest proportion of the

variability in standardized snow melt, at up to 44% of that among plots. At

the stand scale, this variable explained 74–86% of the variability in standard-

ized melt. Multi-variate models were also explored. No improvement in the

prediction of either standardized  or snow melt was achieved using mul-

tiple variables rather than the single variables just described.

In contrast, average tree height explained only up to 7% of the variability

in standardized April 1  among plots, and up to 20% of that in melt. At

the stand scale, tree height still explained only up to 14 and 44% of the vari-

ability in standardized April 1  and melt, respectively. Table 5 provides a

summary of recovery for the tree heights of the juvenile study stands expect-

ed according to current guidelines (B.C. Ministry of Forests and B.C.

Ministry of Environment 1999) and from the snow survey data. Problems as-

sociated with oversimplification of complex processes are illustrated by the

results.

Table 5 shows large annual variability in recovery calculated using the

guidebook (B.C. Ministry of Forests and B.C. Ministry of Environment

1999), suggesting that the formula may not be appropriate for the compari-

son of multiple locations. When recovery is averaged over the three study

years, the guidebook values approximate recovery measured as April 1 ,

but overestimate that measured as average melt. This likely reflects the in-

creased interception capabilities of taller trees, on average, but does not

provide an indication of a stand’s ability to shade the surface of the snow-

pack.

A preliminary relationship between crown length and standardized April 1

 is shown in Figure 1, along with the field measurements at the six study

sites in each of the 3 survey years. If these data are indicative of a broader

range of crown lengths than those measured, they suggest that once trees in

stands similar to those studied are taller than 2.8 m, a 10% decrease in April 1

 could be expected under the forest canopy compared to that in the

open for every 0.6-  to 0.7-m increase in crown length.

The preliminary relationship between the square root of basal area and

standardized average melt rate is shown in Figure 2. Again, only portions of

the range in basal area were sampled in this study. The relationship shown

suggests that, for an increase in the square root of basal area/ha of 1.2–1.3, a



  Recovery as provided in, and calculated according to, the Forest Practices Code of British
Columbia, Coastal Watershed Assessment Procedure Guidebook (CWAP), Interior Watershed
Assessment Procedure Guidebook (IWAP) (B.C. Ministry of Forests and B.C. Ministry of
Environment 1999) for the juvenile stands at Mayson Lake and Upper Penticton Creek

Tree Guidebook
Recovery based on Recovery based on

height recovery
measured  measured melt

Stand (m) (%) 1995 1996 1997 1995 1996 1997

Juvenile pine 4.5 25 44 50 28 10 18 0
Juvenile thinned pine 6.4 50 67 33 43 12 35 32
Juvenile spruce-fir 2.8 0 14 0 0 4 0 6



10% decrease in melt rate under the forest canopy relative to the open could

be expected under conditions similar to those at the study sites. Note that the

square root of basal area cannot simply be converted to basal area/ha to spec-

ify corresponding rates of decrease in melt, since the relationship is not

linear.

As is clear from the limited range of survey stands shown in Figures 1 and

2, additional data from diverse forest cover types are required to test these

initial findings and to confirm that the forest structure variables identified

here, either alone or in combination with others, are predictive of the vari-

ability in snowpack characteristics over the region.



1.2

1.1

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0
FO

SW
E 

(c
m

/c
m

)

0 1 2 3 4 5 6

Site average crown length (m)

FOSWE = 1.42 – 0.15 (crown length)
r2 = 0.73 = 1995

SEe = 0.07 = 1996
p = 0.0001 = 1997

  A preliminary relationship between crown length and standardized
April 1 SWE, and field measurements at Mayson Lake and Upper
Penticton Creek.

1.2

1.1

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

FO
M

R 
(c

m
d-

1 /
cm

d-
1 )

0 0.1 0.2 0.3 0.4 0.5 0.6

Site average square root of basal area per plot (m2/50 m2)

FOMR = 1.19 – 0.15 (square root of basal area)
r2 = 0.79 = 1995

SEe = 0.10 = 1996
p = 0.001 = 1997

  A preliminary relationship between the square root of stand basal
area and standardized average melt rate, and field measurements at
Mayson Lake and Upper Penticton Creek.



CONCLUSIONS

Stand variables such as crown length and basal area may be useful opera-

tionally to evaluate potential changes in maximum snow accumulation and

melt following logging and with forest regrowth. Crown length explained 

79–87% of the variability in April 1  among the study stands, and the

square root of basal area explained 74%–86% of the variation in snow melt.

Both variables explained a greater proportion of the variability in forest to

open April 1  and average melt rate among stands than did tree height.

Incorporating stand-structure variables representative of snow interception

and shading under varying forest cover conditions into the current assess-

ment procedure would provide a more hydrologically sound tool for

estimating hydrologic recovery.

To validate and improve upon the preliminary indices described here,

similar data from the Nelson Forest Region will be incorporated into the

study, thus providing information about a broader geographic area and di-

versity of stand types.1 Work to incorporate meteorological variables into the

analysis is also under way.
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