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Gully Processes in Coastal British Columbia: The Role of Woody Debris
M.J. B, T.H. M,  M.E. O

Introduction

The Gully Management Problem in Coastal British
Columbia Large tracts of forested terrain in coastal
British Columbia are dissected by gullies. These
steep channels are typically less than 1 km in length
and 3–30 m in depth, and have a V-shaped crosssectional form. Because of their steepness and instability, gullies are important sources of both sediment
and large woody debris (LWD) for downstream
areas in coastal British Columbia (Chatwin et al.
1994). Much of this material is delivered by debris
flows, triggered by relatively small debris slides on
steep, unstable gully walls.
It is now widely acknowledged that logging
activities have greatly increased the delivery rate of
both sediment and LWD from gullies, principally by
increasing the frequency and magnitude of gully
debris flows. The result in many cases has been
unacceptably high debris loadings to downstream
areas (Wilford and Schwab 1983; Rood 1984;
Roberts and Church 1986). The need for better
forest management practices in gullies prompted the
B.C. Ministry of Forests to develop the Gully
Assessment Procedures (Hogan and Millard, this
volume). The procedures are designed to assess the
likelihood of debris slides, debris flows, and fluvial
transport of sediment and woody debris occurring,
and recommend the best practicable strategies to
minimize gully instability. It is generally recommended that excess woody debris produced by
logging operations be removed if the potential for
either water transport of debris or debris flow is
deemed significant. Indeed, post-harvest clearance of
LWD is now common practice in coastal gullies.
However, despite the acknowledged importance of
woody debris in the sediment dynamics of gullies,
there are very few quantitative data on the real-time
in-gully interactions between sediment and coarse
woody debris. This study reports data on the effects

of woody debris in both logged and unlogged gully
channels, including observations on the effects of
woody debris removal from gully channels following
timber harvest.
Overview of Processes in Forested Gullies Gullies
have long been recognized as distinct landforms
during routine terrain mapping in British Columbia
(Howes and Kenk 1988), but it is only in the past
15 years that their geomorphic significance have
been fully appreciated (Wilford and Schwab 1983;
Rood 1984, 1990; Krag et al. 1986; Howes 1987;
Buchanan and Savigny 1990; Millard 1993; Chatwin
et al. 1994; Oden 1994). Some of this awareness
stems from work conducted earlier in forested
terrain in other parts of the Western Cordillera
(e.g., Swanston and Swanson 1976; Dietrich and
Dunne 1978; Swanson et al. 1982).
Gullies combine features of both hillslopes and
stream channels, and therefore a wide variety of
processes tend to occur within them. Hillslope
processes include debris slides and debris flows, creep
and ravel, and significant fluvial transport of sediment and LWD. All of these processes are affected by
timber harvesting to varying degrees. The rate of
supply of LWD is usually greatly increased by the
breakage of trees during tree falling, and by trimming
and log-bucking. This debris slides down steep gully
sidewalls and becomes concentrated along the gully
channel (Fig. 1). Coupled with increased LWD
production is a greater sediment supply by debris
slides from steep gully walls. These small landslides
increase in frequency following harvest because of
yarding disturbance to sidewalls and through root
decay leading to loss of soil strength over time (Sidle
et al. 1985). Debris-slide scars, in turn, promote
accelerated fine sediment production by surface
erosion and ravelling. In summary, an acceleration
in the supply rate of both LWD and sediment tends
to occur following harvest.
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Typical logged gullies in lower Macmillan
Creek, north Moresby Island. Gullies are
classed as “slash-full,” but have not yet
produced debris flows.

Much of this increased debris load is stored along
the gully channel, since water flow depths in gullies
are probably less than 0.2 m. Large pieces of woody
debris retard the flow and tend to promote sediment
deposition. Although some reworking of the LWD
and sediment load stored along a gully channel can
occur by fluvial transport during periods of high
runoff, only a debris flow is capable of removing all
of the stored material as a single catastrophic event.
Most gully debris flows are triggered by debris slides
that start on steep gully walls during winter rainstorms (Krag et al. 1986; Fannin and Rollerson 1993).
Debris flows usually run the full length of a gully,
since channels are steep (15–30°) as well as confined.
The total volume of material moved by a debris flow
usually depends more on entrainment of material
from a gully channel than on the volume of the
original debris slide triggering the flow. This fact was
first widely publicized by Swanston and Swanson
(1976) in the context of forested gullies. Because of
sediment entrainment along the gully channel, a
small debris slide of about 100 m3 can produce a
debris flow totalling several thousand cubic metres
(Fannin and Rollerson 1993). Entrainment of the
surcharge debris load produced by logging operations
accounts for the large volume of many debris flows
that scour the clearcut sections of gullies.
After the passage of a debris flow, a gully channel
is usually scoured to bedrock or to less erodible
material such as basal till, and the process of debris
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recharge must begin anew. Sediment supply to a
gully is usually large directly following a debris flow,
since the sidewalls are scoured and undercut by the
passage of the flow, which increases the area of bare
soil. Since the gully is also temporarily devoid of
woody debris, finer sediment derived from erosion
of scoured gully walls is readily removed by fluvial
transport. Eventually, the input of fresh LWD creates
obstructions along the channel, which become new
sediment storage sites. Woody debris is therefore an
important regulator of sediment movement and
storage, and is one of the main factors controlling
the magnitude of future debris flows. For this
reason, the control of LWD in gullies, both during
and after timber harvest, is an important issue
having long-term implications for sediment
management in coastal British Columbia. Gully
processes were the central focus of this study.
Study Objectives To evaluate the possible benefits
of LWD removal from gullies following timber
harvest, data on the rates of sediment production,
storage, and delivery were gathered from gullies in
both logged and unlogged terrain. This study reports
results from two separate investigations conducted
in the period 1990–1993.
The process study was designed to measure realtime differences in sediment production, storage,
and delivery in both logged and unlogged gullies.
Gullies were studied in two geologically distinct
environments—the Queen Charlotte Islands and the
southern Coast Mountains—to assess the influence
of logging and terrain factors in gully processes. The
main objectives of the process study were to:
1. compare the temporal patterns of sediment
storage and discharge in gullies fully loaded with
logging debris, with those in gullies cleared of
logging debris following harvest;
2. make recommendations concerning various strategies for LWD management in logged gullies; and
3. investigate variations in sediment output from
gullies over a range of geologic conditions.
Examples of the main types of gullies investigated
in the process study are illustrated in Figure 2.
A second component, the synoptic study, was
designed to complement the process study by investigating differences in debris recharge rates between
logged and unlogged gullies over periods of several

2a.

2b.

2c.

  Photographs of representative gullies in the three main treatment groups:
(a) Logged slash-full gully M2 (left) and logged torrented gully M1 (right), in upper Macmillan Creek. Note the
contrast in woody debris loadings and the highly scoured sidewalls of the recently torrented gully.
(b) Logged slash-clear gully C10, Coquitlam basin. Note that channel is scoured clear of fine sediment following
removal of woody debris.
(c) Unlogged, old-growth gully in Gregory Creek, Rennell Sound area showing typical large woody debris
accumulation.

decades. Gullies were studied in the Rennell Sound
area of southwestern Graham Island, Queen
Charlotte Islands. The main objectives of the
synoptic study were to:
1. estimate the volumes of debris stored in logged
and unlogged gullies in the period since the last
documented debris flow;
2. estimate from (1) the recharge rates of clastic and
woody debris in logged and unlogged gullies over
periods of several decades; and
3. consider the effects of converting old-growth to
second-growth forests on debris recharge rates
in gullies.
Study Areas

Process Study Field Areas Study areas were selected
in the Queen Charlotte Islands and the southern
Coast Mountains to ensure that research findings
could be extended to a large area of coastal British
Columbia. Macmillan and Deena creek basins on

north Moresby Island were considered typical of the
weak sedimentary and volcanic rocks that underlie
large areas of gullied terrain on the Queen Charlotte
Islands (Fig. 3). Macmillan Creek is a 6.2-km2 basin
containing more than 20 steep gullies discharging
directly into the main stem channel (Fig. 4).
Approximately two-thirds of the basin was logged
during the 1970s and, since then, at least four
significant debris flows have occurred, all associated
with gullies. The basin is underlain below about
300 m by shales and friable sandstones of the
Cretaceous Haida Formation, and above that level
by conglomerates and sandstones of the Cretaceous
Honna Formation (Sutherland-Brown 1968).
Exposures along gully channels indicate that much
of the basin is mantled with compact basal till,
capped with about 1–2 m of unconsolidated
colluvium derived from till and bedrock weathering.
Given the lack of a floodplain along Macmillan
Creek, debris fans are generally absent from the
mouths of the gullies.
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Rennell Sound area

Graham Island

Queen
Charlotte
City
Sandspit

Macmillan Creek area
Deena Creek area

0

20
kilometres

Moresby Island

  Locations of study areas within Queen Charlotte Islands.

Six gullies were selected for monitoring on the
south flank of middle Deena Creek: two unlogged
gullies (D3, D4) and two slash-full gullies (D1, D2)
in upper Shomar Creek, and two slash-clear gullies
(D5, D6) in the headwaters of a nearby unnamed
basin (Fig. 5). Most of the Deena map area was
logged in the late 1980s and early 1990s, and during
this period at least two large debris flows originated
in clearcut gullies (Fig. 5). The terrain is similar to
that in Macmillan basin and is characterized by steep
gullies discharging directly into main-stem streams.
However, there are geologic differences between the
two basins; the northeastern half of the Figure 5 map
area is underlain by andesitic volcanic units of the
Jurassic Yakoun Formation (Sutherland-Brown 1968),
which weathers to a more clay-rich debris than that
found in Macmillan basin. The southwestern half of
the area is underlain by carbonates and argillites of
the Jurassic-to-Triassic Kunga Group. A clayey till of
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generally unknown thickness mantles most slopes.
Climatically, the Deena Creek study area is probably
similar to Macmillan Creek in that the general aspect
of both areas is northerly and most of the instrumented gullies are located between 350 and 450 m
above sea level.
Coquitlam basin, located 15 km northeast of
Vancouver, is typical of the till-mantled, crystalline
intrusive-rock terrain of the southern Coast
Mountains (Fig. 6). The monitored gullies are
located on the northwest side of upper Cedar Creek
basin, underlain by coarse-grained intrusives
(gabbro to quartz-diorite) generally massive and
resistant to erosion (Roddick 1965). Gullies often
follow zones of finely fractured rock, some of which
may be fault lines. Much of the topography is
mantled with basal till, 1–5 m thick, though many
knob-shaped bosses of crystalline rock crop out in
the upper and mid-slope sections. Colluvial material

  Macmillan basin study area, north Moresby Island, Queen Charlotte Islands.
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  Deena Creek study area.

54

  Coquitlam basin study area.

usually mantles bedrock and till to a depth of less
than 2 m. Large colluvial fans have accumulated at
the mouths of most of the gullies. Much of the area
above 850 m is old-growth forest and was high-lead
logged during the late 1980s and early 1990s. Several
debris flows occurred in Cedar Creek basin during
the large rainstorms in November 1990. Two of the
flows, one of which initiated in an unlogged area,
ran the full length of two instrumented gullies and
destroyed the gully monitoring equipment.
Table 1 summarizes the attributes of all
instrumented gullies in Macmillan, Deena, and
Coquitlam basins. Despite the variety of terrain and
geologic conditions in the three study areas, the total
sample of gullies is relatively homogeneous with
respect to morphology. Most gully gradients are
close to 30°, and with the exception of gullies C5
and C8 in Coquitlam basin, most are 3–4 m in
depth. Gully lengths, and therefore drainage areas,
are more variable.

Synoptic Study Field Area Twenty-nine gullies were
investigated for the synoptic study in four basins
draining to Rennell Sound, namely Bonanza Creek,
Gregory Creek, Riley Creek, and Shelly Creek (Fig. 7).
Most of the area is underlain by weak volcanic and
sedimentary rocks of the Jurassic Yakoun Formation.
Also present are carbonates and argillites of the
lower Mesozoic Kunga Group (Hesthammer et al.
1991). All of the formations weather rapidly and
have a low resistance to surface erosion and mass
movement (Alley and Thompson 1978; Wilford and
Schwab 1983). Although the area has been glaciated,
most of the steeper slopes now lack glacial deposits
and the dominant surficial material found cropping
out on gully walls is colluvium. Debris torrents from
gullies have reworked these colluvial blankets to
produce thick colluvial aprons and fans in most of
the basins.
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Process study: gully characteristics

Basin
Macmillan

Deena

Coquitlam

a
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Gully

Treatment
typea

Channel
length
(m)

Channel
slope
(deg)

Gully
depth
(m)

Gully
width
(m)

Drainage
area
(ha)

M1

LT

150

36

3.5

10

0.20

M3

LT

240

20

3.0

10

0.24

M9

LT

120

25

2.5

9

0.10

M12

LT

170

30

3.5

11

0.19

M2

SF

260

31

4.0

13

0.34

M8

SF

180

19

3.0

12

0.21

M10

SF

170

26

2.0

15

0.25

M11

SF

120

27

3.0

12

0.15

M4

U

100

33

3.0

10

0.10

M5

U

100

31

2.5

12

0.12

M6

U

80

31

2.0

5

0.04

M7

U

80

30

2.5

11

0.09

D1

SF

140

29

3.5

6

0.22

D2

SF

90

29

3.0

6

0.13

D3

U

110

30

5.0

17

0.19

D4

U

120

28

4.0

12

0.15

D5

SC

60

18

3.5

10

0.09

D6

SC

80

28

4.5

10

0.06

C3

LT

230

20

4.5

18

0.49

C5

LT

170

24

10.5

27

0.55

C6

LT

230

32

3.5

13

0.35

C4

SF

140

29

4.0

21

0.42

C8

SF

190

34

1.0

12

0.29

C1

U

120

28

2.0

14

0.17

C2

U

105

27

4.5

17

0.20
0.19

C7

U

140

26

4.5

14

C10

SC

45

30

2.5

10

0.07

C11

SC

80

30

4.0

13

0.12

Mean:

130

28

3.5

13

0.19

Stand. dev:

55

4

2.0

5

0.10

LT = logged-torrented; SF = logged, slash-full; U = unlogged; SC = logged slash-clear.

  Rennell Sound study area, showing locations of gullies sampled in the synoptic study.
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The physical characteristics of gullies in the
synoptic study are summarized in Table 2. Apart
from the fact that gullies investigated in the synoptic
study are longer than those in the process study, the
two groups of gullies are similar in terms of their
attributes. These similarities allow comparisons to
be made between the results of the two studies
below, under “Discussion.”
The Process Study

Experimental Design The process study was
conducted in the period 1990–1993 to measure the
seasonal and year-to-year differences in sediment
production, storage and output across four groups
of gullies (Fig. 2):
a) logged, slash-full (SF): no logging debris
removed, no debris flows since harvest
b) logged, slash-cleared (SC): no debris flows since
harvest; logging debris removed by conventional
yarding, followed by hand cleaning
c) logged, “torrented” (LT): logged, formerly slashfull gullies with at least one debris flow since
harvest
d) unlogged (U): old-growth gullies with natural
debris loads and no recent debris flows.
Gully groups (a) and (b) allowed the effects of
logging debris removal to be assessed directly. Group
(c) allowed post-torrent sediment yield to be compared with that of SC gullies. Group (d) provided a
control comparison for Group (a).
The original experimental objective was to have a
balanced, replicated design involving three replicate
gullies in each of the four treatment groups (a)–(d),
giving a total of 12 gullies in each study area. This
design was subsequently modified since available
funds permitted the clearing of LWD and logging
slash from only two “treated” Group (b) gullies in
each study area. Macmillan basin (Figs. 3–4) afforded an accessible area containing unlogged, slash-full,
and many logged-torrented gullies. In this basin,
four gullies in each of Groups (a), (c) and (d) were
monitored. However, since Macmillan basin had
been logged some 15 years prior to the start of this
study, it was not a suitable basin for slash-clear
gullies, given that the term “treated gully” in this
study refers to debris removal concurrent with or
shortly after the yarding of timber. Conversion of
the slash-full gullies to slash-clear status in
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Macmillan basin many years after logging would
have entailed the release of considerable volumes of
sediment stored behind the slash barriers.
Accordingly, treated gully sites were sought in areas
where timber harvesting was in progress on North
Moresby Island during 1990/91.
Two gullies were selected for logging debris
removal in the southeastern part of Deena Creek
basin (Fig. 5). Machine cleaning (with an American
100 grapple yarder), supplemented by hand removal
of LWD pieces down to 5 cm diameter, was completed in September 1991. Because of geologic and
terrain differences between Macmillan and Deena
basins, two additional slash-full and unlogged gullies
were selected in Deena basin, in close proximity to
the slash-cleared gullies, to provide control for the
two slash-cleared gullies. The total number of gullies
in Deena basin was then six, yielding a Moresby
Island total of 18 instrumented gullies.
In Coquitlam basin (Fig. 6), gullies in each of
groups (a), (c), and (d) were instrumented during
summer 1990. In summer 1991, two SC gullies were
skyline-logged, then cleared of logging debris with
the yarder and hand cleaning. This yielded a total of
11 instrumented gullies in Coquitlam basin. Destruction of two gully installations in Coquitlam basin by
debris flows during the November 1990 rainstorms
forced their abandonment in Coquitlam basin.
Consequently, the sample size of gullies suitable for
treatment-group comparisons in all field areas
combined, over the period 1990–1993, was unavoidably reduced from 29 to 26. However, the debris flow
events provided a basis for comparing chronic,
fluvial rates of sediment delivery with the more
catastrophic debris flow process (see “Discussion”).
Field Installations and Measurements: Process
Study Each gully in the process study was
instrumented to provide information on all three
components of the gully sediment budget: sediment
input, changes in sediment storage, and sediment
output. A quarterly program of site monitoring was
maintained at most sites during the period March
1990 through November 1993. Sediment input was
assessed from arrays of erosion pins (25-cm spikes)
inserted at right angles to gully sidewall slopes at
locations where surface erosion seemed to be most
active. Each pin array consisted of 15–20 pins, with
numbered tags, installed over areas of several square
metres to provide a local average erosion rate for

  Synoptic study: gully characteristics

Basin
Bonanza

Gregory

Riley

Shellyb

Shields Bay

a
b

Gully

Treatment
typea

Channel
length
(m)

Channel
slope
(deg)

Gully
depth
(m)

Gully
width
(m)

Drainage
area
(ha)

B1

LT

900

24

5.0

9

0.61

B2

LT

230

19

6.0

9

0.17

B3

LT

780

24

3.5

8

0.43

B4

LT

280

20

4.5

9

0.17

G1

U

220

29

6.0

14

0.20

G2

U

340

23

6.0

12

0.29

G3

U

230

17

6.0

12

0.19

G4

U

240

17

6.0

12

0.20

G5

U

250

23

6.0

16

0.24

G6

U

510

17

9.0

15

0.61

G9

U

410

21

5.0

11

0.31

G10

U

180

25

7.0

15

0.18

G11

U

280

28

7.5

17

0.32

G12

U

50

35

6.0

14

0.05

R2

LT

160

30

3.0

6

0.06

R3

LT

260

32

5.5

11

0.19

R4

U

350

24

5.0

12

0.28

R5

U

300

29

4.0

7

0.16

R7

LT

340

27

2.0

5

0.11

R8

LT

320

29

5.0

11

0.23

R9

LT

330

27

3.0

7

0.15

R10

LT

310

27

3.5

8

0.10

R12

LT

390

21

3.0

8

0.20

R13

LT

250

27

1.0

2

0.04

R14

LT

150

29

2.0

6

0.06

S1u

U

120

38

9.5

14

0.14

S1l

LT

180

32

3.5

8

0.10

SB1

LT

130

27

2.0

5

0.05

SB2

LT

190

25

2.0

6

0.07

Mean:

300

26

4.5

10

0.20

Stan. Dev:

180

5

2.0

4

0.15

LT = logged-torrented; SF = logged, slash-full; U = unlogged; SC = logged slash-clear.
Lower case u indicates unlogged section of gully; lower case l indicates logged section of gully.
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each eroding soil patch. Each gully contained several
such arrays. In addition, periodic inventories of
small slides and slumps were conducted to supplement the erosion pin results. To convert erosion
rates derived from pin surveys were converted to
volumes, pin array areas were multiplied and then
supplemented by the estimated volumes of small
slumps. Division by the total area of each pin array
yielded an annual rate of equivalent surface lowering
in mm/yr.
Sediment storage changes along gully channels
were estimated from measured cross-sections at sites
where net accumulation or net removal of material
appeared to be taking place. Given the morphological complexity of most of the gully channels, it was
considered impractical to apply the measured
cross-sectional area changes to a representative
length of gully channel to calculate volume changes
for a particular gully reach. These were normalized
by the width of the given cross-section to yield
values in m3/m per year.
Sediment output from each gully was determined
from the volume of sediment and woody debris
stored behind a porous geocloth screen secured
across a gully channel (Fig. 8). (In Coquitlam basin,
somewhat larger sediment traps were established in
some gullies by using sediment catchment basins
excavated on the upslope side of logging roads.)
Reinforcing rods driven into the gully channel upslope of the geocloth screen were used to measure
the changing level of accumulated material over a
given time interval. To convert this depth of

deposition to a volume, the depth values were
applied to representative areas (of the order 0.5 m2)
around each deposition bar. The total volume of
material trapped behind each screen was then
normalized by the gully drainage area as m3/ha.
In the more actively eroding gullies, periodic
excavation of sediment was required to prevent
overtopping of the screen in the ensuing measurement period. Gully M1, a logged-torrented example
in Macmillan basin, proved to be anomalous in its
extremely high rate of sediment delivery, which
resulted in complete burial of the geocloth screen on
several occasions. From 1992 until the end of the
study, net sediment output from this gully was
estimated by resurveying several channel crosssections downstream of the original geocloth screen.
Inspection of geocloth screens during high flow
periods indicated some loss of sand, silt, and clay
around the margins of certain of the screens (for
example, those in gullies M3 and M8 in Macmillan
basin). As the geotextile aged, its permeability
decreased as a result of fine sediment plugging the
pores. In effect, the geotextile became a small dam,
and sediment settled out in the pool upstream. At
times of high flow, water was observed flowing over
the screen. Results from Coquitlam basin suggest
that about 30% of all suspended fine sediment (silt
and clay) was lost from the trap because of fine
sediment remaining in suspension as water passed
over the trap.
A morphological description of each gully was
completed using compass, hip-chain and tape
measure, supplemented with photogrammetry and
electronic distance measurement. Gullies longer
than about 250 m were generally avoided, since the
sediment screens installed across each gully would
likely have been overwhelmed by either water or
sediment discharges.
The Synoptic Study

  View of lower M1 gully, a torrented channel in
upper Macmillan Creek basin, showing typical
geocloth screen installation. Channel is 6 m
wide at the screen.

60

Experimental Design The second phase of the
project, termed the synoptic study, was conducted in
the period 1992–1994 and focussed on patterns of
sediment build-up in gullies over time spans of
several decades. This approach was designed to
complement the relatively short time-frame of the
process study. Gullies were investigated in the
Rennell Sound area of southern Graham Island
(Fig. 7) with the objective of comparing rates of

debris recharge between logged and unlogged
gullies. The calculation of debris recharge rates
required knowledge of the elapsed time since the last
debris flow in a given gully. Good dating control was
a major factor favouring the Rennell Sound area,
where there existed a high frequency of recent debris
flows in both logged and unlogged areas, as well as
previous investigations of debris flow ages (Wilford
and Schwab 1983; J. Schwab, unpublished data).
Twenty-nine gullies were used in the synoptic study
(Fig. 7). Although the study areas used in the process
and synoptic studies do not overlap, the similarity in
geologic and terrain conditions between north
Moresby Island and southwestern Graham Island
allows the longer-term synoptic study to complement the process study.
Measurement Procedures: Synoptic Study Determination of debris recharge rates in logged and
unlogged gullies was based on the volume of LWD
and sediment stored along the gully channel and the
time elapsed since the last debris flow event. An
important assumption was that all of the preexisting debris fill along a gully had been scoured
out by the last debris flow. Examination of recently
torrented gully channels confirmed the validity of
this assumption (Fig. 9). Debris fill volumes were
calculated from measured cross-sections at 25-m
intervals along the gully channel. Although the
surface area of various debris prisms along a gully
could be accurately surveyed, there was less certainty
as to depth. In most cases, the cross-sectional shape
of a debris prism was well approximated by either a
triangle or a trapezium. The longitudinal shape was
idealized as a uniformly tapering triangle. The
validity of these assumptions was tested by
excavation through the fill material to bedrock in a
number of gullies. Based on 20 such excavations in
nine gullies, the observed average cross-sectional
area was 0.87 m2 (standard deviation 0.02 m2), and
the estimated mean area was 0.71 m2 (standard
deviation 0.07 m2). These tests show that the
methods used to estimate the cross-sectional areas of
debris prisms yielded fairly reliable results.
The total debris volume stored in a gully was
obtained by summing the individual debris prism
volumes, then normalized by gully area to yield
recharge as m3/ ha as well as by gully length (m3/m).
Annual average yields (m3/ha per year) were obtained by dividing area-normalized volumes by elapsed

  Torrented gully scoured to bedrock after recent
debris flow in Bonanza Creek basin, Rennell
Sound.

time since the last debris flow. In some cases, forestindustry and B.C. Ministry of Forests personnel
were able to recall from memory or written records
both the year and month of occurrence of debris
flows. In addition, unpublished investigations by
J. Schwab (B.C. Ministry of Forests, Smithers, BC)
revealed the occurrence of major cycles of debris
flows in the years 1891, 1917, 1935, and 1978
(J. Schwab, pers. comm., 1992; Schwab, this volume).
Both dendrochronology and air photograph analyses
were then used to corroborate this evidence, and to
search for additional debris flow dates.
A chronological sequence of air photographs over
the period 1935 to 1989 was used to constrain the
time span within which known events could have
occurred. This record of vertical air photographs
was supplemented in summer 1992 with aerial
oblique images of selected gullies in Bonanza,
Gregory, and Riley creek basins. Tree-ring dating
confirmed many of the dates previously noted by
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Schwab and narrowed the time intervals obtained
from the air-photograph record. Most debris flows
were dated either by determining the age of alder
stands in areas previously scoured by debris flow, or
by dating impact scars on older trees growing close
to the margins of a debris flow channel.
Results

Normalized sediment output (m3/ha)
35
Slash clear
30

25

Torrented

20

Process Study Results
15
Unlogged
10
5

Slash full

Normalized sediment output (m3/ha)

40
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Torrented
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Aug–93

Apr–93

Dec–92

  Cumulative mean sediment output for
Coquitlam basin gully groups, 1990–1993,
based on material trapped by geocloth screens.

Normalized output (m3/ha)
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Apr–92
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Aug–90

0
Apr–90

Sediment Output from Gullies The sediment outputs measured from gullies over a three-year period
are shown as cumulative curves in Figures 10–12. All
values are normalized as m3/ha by dividing by gully
contributing area (Table 1). Variations in the slopes
of the cumulative curves show that most gully types
have a peak of sediment production and delivery in
the autumn and winter quarters when maximum
precipitation and runoff occur. Minimum values
tend to occur during the summer period of least
precipitation. Significant variations in total sediment
output are evident across the gully types in each
study area. Over the entire period of record,
logged-torrented gullies showed the highest output

5
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4

25
3

20
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2
Unlogged
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Unlogged
1
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0

  Cumulative mean sediment output for
Macmillan basin gully groups, based on
material trapped by geocloth screens.
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  Cumulative mean sediment output for Deena
basin gullies, 1990–1993, based on material
trapped by geocloth screens.

values in all three study areas; however, both Figures
11 and 12 show that, in the period 1991–1993 when
slash-clear gullies operated, they had the highest
sediment output. Unlogged gullies are third in rank
order of sediment production and delivery, with
logged slash-full consistently showing the least
output of sediment in all three study areas.
The similarity in rank ordering of gully sediment
responses within different geographic areas suggests
that geologic differences between the study basins
have a lesser effect on gully sediment output than do
differences in either land-treatment effect (i.e., logged
versus unlogged) or mass movement history
(i.e., torrented versus non-torrented). High sediment
outputs from torrented gullies are explained in part
by a lack of LWD—and hence sediment storage
sites—and in part by the high rates of sediment
production from recently scoured gully walls. In
slash-cleared gullies, high sediment output was
apparently related more to channel erosion than to
sidewall erosion. Removal of logging debris
disturbed the gully channel sufficiently to release
sediment that otherwise would have been stored
behind LWD. Low sediment outputs from slash-full
gullies are explained by the high trap efficiency of
thick LWD fills. Moderate sediment outputs from
unlogged gullies are attributable to the relative
stability of naturally vegetated gully walls, and to the
development of fluvial sediment pathways through
the decaying LWD fills.
Sediment Storage in Gullies Changes in debris
storage in gullies were derived from repeated
measurements of 15–20 points at each of several
channel cross-sections in gullies. As noted earlier, it
was not possible to report actual volume changes in
gully reaches because of uncertainty in extrapolating
changes upstream and downstream from the
measured cross-section. Results reported in Tables 3
and 4 show normalized changes (m3/m of crosssection width) in Queen Charlotte gullies over the
period of record. Negative values indicate net
erosion, positive values net deposition. Table 5 gives
average values by both geographic area and gully
treatment group. In most cases, negligible changes
were recorded in slash-full and unlogged gullies;
however, both logged-torrented and slash-clear
gullies registered significant sediment losses. These
results emphasize the importance of LWD in
regulating sediment storage. In particular, the lack

of LWD in torrented gullies in Macmillan Creek
reflects the fact that most LT gullies in this basin had
been scoured by debris flows in the 5–8 years prior
to the inception of the process study. Significant
sediment recharge had not yet occurred, since most
channels were totally devoid of LWD at the start of
the study. In the slash-clear (SC) gullies in Deena
Creek (Table 4), significant erosion of channel bed
materials was evident following machine and handcleaning operations.
In Coquitlam basin, over a similar period of
record (Table 6), negligible changes were also noted
in both unlogged and slash-full gullies, consistent
with the Queen Charlotte results. The response of
Coquitlam slash-clear gullies was also similar to those
in Deena Creek. Gullies C10 and C11 in Coquitlam
showed very rapid scour of their channels down to
bedrock or an armoured bouldery surface within a
few months of the completion of machine and hand
cleaning (as clearly seen in Figure 11). However, a
significant difference in Table 6, relative to the Queen
Charlotte results in Tables 3 and 4, is an appreciable
net gain of material in two of the logged-torrented
gullies in Coquitlam basin. This may reflect the
much coarser calibre of colluvial materials in
Coquitlam basin, as well as the existence of large
granitic boulders which provided fine-sediment
storage sites along many channels. By contrast, the
less competent bedrock materials in the Queen
Charlotte gullies disintegrated almost completely to
gravel or finer sizes. Queen Charlotte colluvium and
till materials generally lacked large boulders, and
thus were more readily eroded by fluvial transport.
Sediment Input to Gullies The available data on
sediment inputs (Table 7) are based on repeated
measurement of erosion pin arrays established
within obviously eroding patches of exposed
mineral soil along gully sidewalls. Each of the data
points in the table represents an average value from
hundreds of individual pin measurements within
each gully. The data are somewhat more difficult to
interpret than the channel storage data just
described because of concerns about a lack of areal
coverage, since it was neither possible nor desirable
for reasons of site disturbance to monitor every
patch of eroding soil within a gully. Given estimated
errors of at least ± 2 mm per year, all values in
Table 7 have been rounded to the nearest 5 mm. The
values are average rates of surface lowering in the
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  Cross-sectional area changes in Macmillan basin gullies, 1991–1993

Gully

Crosssection

M1

XS-1

6.02

-1.55

XS-2

5.54

-2.36

XS-4

6

-0.49

M3

M4

M6

M7

M8

M9

M10

M11

M12

a
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Width
section (m)

Cross-section
change (m2/m)

Inclusive
dates

Normalized
change (m2/m)

4/91–11/93
11/91–11/93

0.17

XS-6

8.10

-5.17

-0.64

XS-1

5.91

0.10

4/91–11/93

0.02

8/91–11/93

0.06

4.60

0.27
0.07
0.68

XS-1

2.97

XS-2

4.82

XS-3

3.90

0.01
8/91–11/93

-0.28
8/91–11/93

-0.12

-0.07

0.01

U

-0.01

U

0.02

U

-0.02

SF

-0.02

LT

-0.01

LT

0.02

SF

-0.03

SF

0.05

LT

3.80

0.16

3.16

0.01

0.00

XS-3

5.80

-0.41

-0.07

XS-1

3.03

0.14

3.00

-0.01

XS-1

3.84

-0.22

XS-2

2.94

0.07

XS-1

7.15

-0.30

XS-2

6.82

-0.09

-0.01

XS-3

5.70

-0.07

-0.01

XS-4

6.60

-0.04

-0.01

XS-1

2.60

-0.02

XS-2

3.80

0.11

0.03

XS-3

3.45

-0.18

-0.05

XS-1

4.24

-0.05

XS-2

2.72

0.06

0.02

XS-3

3.57

0.23

0.06

3.52

0.04
-0.40

8/91–11/93

0.04

XS-2

5.78

LT

0.23

XS-1

XS-1

0.03

-0.56

XS-2

XS-2

LT

-0.08

1.02

11.30

-0.25

-0.43

.87

XS-2

Gully
typea

-0.26

XS-5

XS-3

Mean
(m2/m)

0.05
-0.00

8/91–11/93

-0.06
0.02

8/91–11/93

8/91–11/93

8/91–11/93

8/91–11/93

-0.04

-0.01

-0.01

0.01
-0.07

XS-1

3.20

0.01

XS-2

3.77

0.36

8/91–11/93

0.10

XS-3

7.83

0.32

0.04

LT = logged-torrented; SF = logged, slash-full; U = unlogged; SC = logged slash-clear.

0.00

  Cross-sectional area changes in Deena basin gullies, 1991–1993

Gully
D1

D2

D3

D4

D5

D6

a

Crosssection

Width
section (m)

Cross-section
change (m3/m)

Inclusive
dates

Normalized
change (m3/m)

XS-1

4.95

-0.02

XS-2

8.30

0.10

0.01

XS-3

3.38

0.11

0.03

XS-2

3.47

0.07

XS-2

2.91

-0.03

-0.01

XS-3

8.00

0.41

0.05

XS-1

1.80

0.11

XS-2

4.42

-0.08

8/91–11/93

8/91–11/93

8/91–11/93

Gully
typea

0.01

SF

0.02

SF

0.02

U

-0.02

U

-0.02

SC

-0.06

SC

-0.00

0.02

0.06
-0.02

XS-1

2.35

-0.14

4/91–11/92

-0.06

XS-2

7.60

0.04

6/91–11/92

0.01

XS-3

6.26

-0.08

8/91–11/92

-0.01

XS-1

3.35

0.02

11/91–11/93

0.01

XS-2

4.01

-0.10

-0.03

XS-3

3.39

-0.18

-0.05

XS-1

2.63

-0.15

XS-2

3.15

-0.19

11/91–11/93

Mean
(m3/m)

-0.06
-0.06

LT = logged-torrented; SF = logged, slash-full; U = unlogged; SC = logged slash-clear.

  Cross-sectional area changes in Queen Charlotte gullies, 1991–1993

Gully treatment groupsa

Basin
Macmillan

LT
(m3/m)

SF
(m3/m)

U
(m3/m)

-0.062

-0.007

0.003

0.017

-0.001

-0.041

0.005

0.001

-0.041

Deena
Regional means
a

-0.062

SC
(m3/m)

Basin mean
(m3/m)
-0.022
-0.008

LT = logged-torrented; SF = logged, slash-full; U = unlogged; SC = logged slash-clear.
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  Cross-sectional area changes in Coquitlam gullies, 1991–1993

Gully
site
C2

C3

C5

C6

C10

C11

a
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Crosssection

Width of
section
(m)

Cross-section
area change
(m2)

Inclusive
dates

Normalized
cross-section area
change (m3/m)

XS-2

5.7

0.00

XS-3

4.7

-0.32

10/91–5/93

-0.07

XS-4

4.2

0.04

0.01

XS-5

5.8

0.23

0.04

XS-1

6.3

0.09

10/91–5/93

0.00

7.6

0.11

0.01

XS-3

10.1

-0.01

-0.00

XS-4

7.0

0.30

0.04

XS-5

8.0

-0.02

-0.00

XS-2

10.0

0.21

10/91–5/93

0.02

XS-3

7.8

0.15

11/91–5/93

0.02

XS-4

7.0

0.14

0.02

XS-5

8.0

0.20

0.03

XS-6

5.7

0.03

0.01

XS-1

5.3

-0.18

XS-2

3.8

-0.14

-0.04

XS-3

4.7

0.06

0.01

XS-1

3.4

-0.32

XS-2

3.3

-0.43

10/91–5/93

Gully
treatmenta
U

-0.00

0.01

XS-2

10/91–5/93

Site
mean
values (m3)

LT

0.01
LT

0.02

-0.03

LT
-0.02

-0.09

SC

-0.13

XS-3

3.7

0.11

0.03

XS-4

4.5

-0.51

-0.11

XS-1

3.7

-0.09

XS-2

4.0

-0.29

10/91–5/93

-0.07

XS-3

5.8

-0.20

-0.03

XS-4

5.3

-0.27

-0.05

LT = logged-torrented; SF = logged, slash-full; U = unlogged; SC = logged slash-clear.

-0.08

-0.02

SC

-0.04

  Average erosion pin response by gully treatment group, 1990–1993

Study area

Treatment groupa

Average erosion rate (mm/yr)

Coquitlam basin

LT
SF
U

15
10
5

LT
SF
U
SC

25
20
10
10

Macmillan and
Deena basins

a

SC value refers to period March 1992–November 1993 only.

soil patches monitored; they do not reflect average
erosion rates over the entire gully sidewalls, but give
some idea of typical rates of change within the most
rapidly eroding sidewall areas.
The highest group means in Table 7 occur in the
logged-torrented (LT) category, followed in rank
order by slash-full (SF), slash-clear (SC), and
unlogged (U) gullies. Since many SF gullies were
logged at least 10 years prior to the inception of this
study, the implication is that healing of bare soil
areas caused by yarding disturbance takes a
significant time to complete. Slash-clear gullies have
relatively low erosion values, which may reflect the
relatively careful logging practices used in these
gullies. The highest erosion pin values in loggedtorrented gullies in both study areas reflect the
relatively recent scour of sidewalls below the root
depth of most shrubs. Significant erosion by
rainsplash, overland flow, dry ravelling, and frost
action occurs before the gully walls eventually
become revegetated.
Sediment Transport During the November 23, 1990,
Debris Flows in Coquitlam Basin During the
autumn and winter of 1990/91, several large storms
occurred in the southern Coast Mountains, causing
numerous debris flows. The storm of November 23,
1990, caused a total of 19 debris flows in Coquitlam
basin alone, nine of which occurred in Cedar Creek
basin. Most of these debris flows initiated in oldgrowth forest areas, then scoured the clearcut sections
of the affected gullies. Two of the monitored gullies
experienced debris flows (gullies C1 and C6; Fig. 6),
causing complete destruction of the gully-monitoring
installations. The C1 event initiated in old-growth

forest and therefore may be regarded as a natural
event. The C6 event initiated within the clearcut
portion of the gully. Both debris flows were surveyed
in early December 1990, shortly after their occurrence, to assess the total volume of material involved
(Table 8). These surveys indicated about 1.2 m3/m of
LWD derived from logging in gully C6. This debris
and its associated sediment are estimated to have
increased the magnitude of this event by
approximately 20%.
The occurrence of the events within monitored
gullies allows a comparison of the quantities of
material moved by chronic, non-catastrophic fluvial
events and episodic mass-transport events. Normalized by gully length, the C1 debris flow yielded
3.5 m3/m of scoured channel length and the C6 flow
yielded 5.9 m3/m, for an average of 4.7 m3/m from
both flows (Table 8). Using somewhat larger gullies
on the Queen Charlotte Islands, Fannin and
Rollerson (1993) calculated typical debris yields of
5–10 m3/m. Thus, the events in C1 and C6 are
probably typical of debris flows in the smaller-sized
  Volumes of November 1990 debris flows,
Coquitlam basin

Gully

Initial
Transport Deposited
failure zone volume volume
volume (m3)
(m3)
(m3)

Total
volume
(m3)

C1

400

1340

-170

1560

C6

220

900

-230

890

Mean volume:

1230
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gullies considered in this study. The average volume
from the two debris flows was 1230 m3 (Table 8). By
comparison, the average fluvial sediment yield calculated from Coquitlam basin sediment traps in
gullies was only 2.7 m3/yr. (This figure ignores slashfull gullies which registered virtually zero output
over the period of study.) Assuming a recurrence
interval of 50 years for such debris flows (as suggested by the work of Schwab, this volume), episodic
sediment export by debris flows over a 50-year period
would be 9 times greater than the cumulative fluvial
transport of sediment (i.e., 1230 m3 versus 135 m3).
However, many old-growth gullies contain apparently
undamaged trees 300–400 years old, growing close to
the margins of gully channels. In these cases, debris
flow frequency may be of the order 500–1000 years
and fluvial sediment output would equal or exceed
the debris flow sediment output.
Synoptic Study Results As noted previously, the
principal objective of the synoptic study was to
estimate the rates of sediment and woody debris
recharge following torrenting in a representative
sample of 13 unlogged and 16 logged gullies in the
Rennell Sound area of southwestern Graham Island
(Fig. 7). Gully fill volumes were estimated from a
combination of profile surveying and outright
excavation of fills in 15 of the 29 gullies, then
normalized by gully drainage area to yield m3/ha.
Annual average debris recharge rates (m3/ha per
year) were obtained by dividing each normalized
storage volume by elapsed time since the last debris
flow (Table 9). During the gully surveys, separate
inventories were kept of both coarse woody debris
(CWD) and clastic sediment. All data are rounded to
the nearest five units.
Recharge Rates of LWD and Clastic Sediment From
Table 9 it is evident that after a debris torrent has
occurred, LWD is delivered to unlogged, old-growth
gullies at a rate more than twice that of clearcut
gullies. It is worth re-emphasizing that this assumes
that the original surcharge load of LWD from
logging has already been removed by a post-harvest
debris flow, which was the case in all examples
reviewed here. The LWD supply rate in old-growth
gullies is related to the higher potential for windthrow of branches and entire trees in mature to
over-mature forests. The inference is that, until
second-growth forest reaches maturity, lower rates
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of LWD input should be expected relative to those of
old-growth gullies. It is not known whether clearcut
gullies are likely to recover to the background rates
of LWD supply found in old-growth gullies over the
80- to 100-year rotation period typical of coastal
harvesting. The supply rate of clastic sediment to
clearcut gullies is roughly double that observed in
old-growth gullies (Table 9). However, the clearcut
standard deviations are much higher, indicating
much more variability in this gully group. The
reason for this is that surface erosion rates typically
produce a right-skew distribution in which the
mean and variance are correlated. The higher LWD
supply in unlogged gullies offsets the lesser rate of
sediment supply, to yield a total debris supply rate
that is some 75% of the clearcut figure (Table 9,
mean values).
These simple comparisons of LWD and sediment
recharge rates ignore the differences in mean debris
recharge times between the two sub-samples of
gullies. For example, in logged gullies, the mean
elapsed time since the last debris flow was 7 years,
and the earliest documented event was 14 years old
at the time of the 1992 surveys (i.e., 1978). In unlogged gullies, the mean elapsed time is 21 years and
the earliest event is 75 years old (i.e., 1917). Since
the earliest documented debris flow in the logged
sample is only 14 years old, recharge rates were recompared over this common time scale. For clastic
sediment, the mean rate of recharge in clearcut
gullies is almost double that recorded in old-growth
gullies over the 14-year period of common record.
However, the high variance in both samples precludes a statistically significant distinction. Given the
lower rates of LWD input to clearcut gullies, the
higher rate of sediment recharge in this gully group
implies much higher rates of sediment delivery. This
is explained by the greater instability of gully
sidewalls and bank tops where vegetation has been
removed, and by higher sediment production from
hillslopes disturbed by logging operations (Schwab
1983; Rood 1984; Sidle et al. 1985).
The changing rates of sediment recharge over the
entire 75-year period of record are shown in
Figure 13. The data indicate a decline in the rate of
recharge over time within both gully groups, with
the suggestion of a steeper rate of decrease in
recharge rate in clearcut gullies. This is consistent
with the progressive stabilization of gully walls with
time, causing a decrease in sediment supply.

  Recharge rates of LWD and sediment in Rennell Sound gullies

Gully

LWD
recharge
(m3ha-1yr-1)

Sediment
recharge
(m3ha-1yr-1)

Total
recharge
(m3ha-1yr-1)

Total
recharge
(m3m-1yr-1)

Time since
last debris flow
(yr)

Unlogged
G1

10

135

145

0.14

14

G2

10

140

150

0.13

14

G3

30

120

150

0.13

14

G4

15

130

145

0.13

14

G5

<5

20

20

0.03

75

G6

<5

20

20

0.03

57

G9

20

40

60

0.06

14

G10

<5

40

40

0.13

14

G11

30

95

125

0.16

14

G12

<5

50

50

0.08

14

R4

<5

90

90

0.11

6

R5

<5

70

70

0.04

10

S1u

<5

30

30

0.05

8

Means:

10

75

85

0.09

21

Standard Dev:

10

45

50

0.05

20

Clearcut
B1

25

530

555

0.42

1

B2

25

195

220

0.19

8

B3

0

75

75

0.05

10

B4

<5

75

75

0.06

6

R2

0

195

195

0.15

3

R3

<5

60

60

0.06

11

R7

<5

210

210

0.11

2

R8

<5

25

30

0.03

7

R9

<5

60

65

0.04

14

R10

<5

165

170

0.18

7

R12

10

300

310

0.28

1

R13

<5

90

90

0.05

8

R14

<5

40

40

0.03

14

S1l

<5

135

140

0.14

8

SB1

0

65

65

0.04

8

SB2

<5

15

15

0.01

8

Means:
Standard Dev:

5

140

145

0.12

7

10

130

135

0.11

4
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Sediment recharge rate (m3/ha/yr)
1000
Clearcut
Old growth
R = 385 t-0.80

100

10

1

10
Elapsed time since last debris flow (years)

100

  Rate of sediment recharge in logged and
unlogged Rennell Sound gullies over the
period, 1917–1992. Rates are based on the
volumes of clastic material stored in gullies,
normalized by gully contributing area and time
since last debris flow.

Although there are only two data points controlling
the long-term part of the recharge curve, one can
speculate that most gullies might be fully recharged
with material within the time frame of a coastal
forest-harvest rotation.
Discussion

Comparison of Process Study and Synoptic Study
Results Both studies reported here were designed to
provide quantitative data on the effects of LWD on
sediment production, storage, and delivery in coastal
gullies. The process study provided a detailed assessment of the effects of varying concentrations of
LWD, including deliberate removal of LWD following harvest, over a three-year period. The influence
of LWD on the sediment regimen of gullies is seen
in the sediment output data (Figs. 10–12). These
data integrate the net effects of both sediment input
and storage across entire gully groups. Of particular
note are the consistently very low sediment outputs
from slash-full gullies in comparison with all other
gully groups, whereas erosion pin data (Table 7)
suggest that slash-full and logged-torrented gullies
have similar sediment input values, well above those
of unlogged gullies. Together these data on sediment
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input and output imply higher sediment storage in
slash-full gullies, a tendency partly confirmed by the
treatment group means in Tables 4, 5 and 6.
The synoptic study provides up to a 75-year
history of debris recharge in previously torrented
gullies and therefore gives a more reliable picture of
long-term sediment storage. In many cases, the
volumes of channel fill were corroborated by actual
excavation of gully fill material. As the regression
lines in Figure 13 show, the mean fill rate of LWD
plus sediment in both logged and unlogged gullies is
approximately 0.08 m3/m per year. Over a 2.5-year
period comparable to the duration of the process
study, the average recharge would be 0.20 m3/m of
channel length, which reduces to 0.04 m3/m of
channel width when an average channel width of
5 m is used. This value is of the same order of
magnitude as many of the positive values reported
in Tables 4 and 6, indicating a broad similarity of
behaviour across gullies in both the process and
synoptic studies.
It is instructive to compare the above values of
post-torrent recharge with other estimates from
similar environments. Fannin and Rollerson (1993)
estimated average gully debris yields by dividing the
total volume of recent debris flows by the length of
scoured channel, obtaining a mean value of 6.6 m3/m.
In our study, we have calculated 3.5 m3/m and
5.9 m3/m, respectively, for the C1 and C6 debris
flows of November 1990 in Coquitlam basin. These
values are, of course, significantly higher than our
short-term recharge rate of 0.08 m3/m computed
from the synoptic study, since much of the surcharge
load of LWD and sediment derived from logging
had already been scoured from the clearcut sample
of gullies by recent debris flows. When our shortterm recharge rate of 0.08 m3/m is extrapolated, the
Fannin-Rollerson yield represents about 80 years of
recharge, and the Coquitlam about 40–70 years of
recharge. Since debris flows may be more frequent
than this in many gullies, it is likely that the surcharge
load of LWD from logging operations accounts for
the high debris yields obtained from the debris flow
volume calculations. Estimates of LWD surcharge
from logging operations range from 0.4 m3/m by
Froelich (1973) to as much as 1.2 m3/m by Millard
(1993) in non-torrented slash-full gullies in
Coquitlam basin. Many slash-full gullies probably
have LWD loads even higher than this. Thus, logging

operations apparently increase debris flow magnitude by 6–18% if slash is left in gullies, and probably
by as much as 30% if the sediment surcharge load is
included. The volume of woody debris in a gully is
therefore as much an issue as the volume of sediment stored within the woody debris, and in many
cases is volumetrically greater.
Implications for Clearing Woody Debris from
Gullies It is well known that logging results in a
significant increase in the volume of woody debris in
a channel, and that over time sediment is trapped by
this debris. The sediment outputs in Figures 10–12
suggest that removal of LWD from slash-clear gullies
causes an increase in the level of chronic fluvial
sediment output compared with that in logged
gullies which retain their logging debris. This is
attributed both to channel disturbance during gully
cleaning, and to removal of LWD which provides
sediment storage sites. In the event of future debris
flows, slash-clear gullies should produce lessermagnitude events, since higher chronic outputs of
sediment imply lesser volumes of long-term
sediment storage. Woody debris is therefore a critical
factor in gully behaviour, but affects fluvial and
debris flow processes differently. Water transport of
woody debris depends on sufficient discharge to
float and move the debris. Generally, the larger the
channel, the larger the size of woody debris moved.
Water-transported debris tends to develop a
clumped distribution along the length of the
channel, frequently resulting in small wedges of
debris and sediment and the development of a
stepped channel profile. In severe cases, the channel
is filled with debris and sediment, and erosion of the
banks or sidewalls may result.
Of greater consequence is the occurrence of a
debris flow, since the entire debris fill in the gully is
usually scoured away and the surcharge loads of
woody debris and sediment augment debris flow
magnitudes. The decision concerning removal of
woody debris from logged gullies therefore requires
an assessment of the probability of debris flow
occurrence. This is one of the main functions of the
Gully Assessment Procedures within the Forest
Practices Code. As detailed in those guidelines,
several factors must be considered, including the
steepness and drainage area of a gully channel, the

steepness and surface area of the sidewalls and
headwall, the thickness of colluvium on sidewalls,
the degree to which sidewalls were disturbed during
harvest and the sensitivity of main-stem channels
downstream of the gully. A major consideration is
cost, since cleaning debris from gullies is expensive
and can only be considered where the benefits justify
the expenditure. Worker safety is also an important
issue. If the likelihood of a debris flow is high, then
woody debris should be cleaned. In some cases,
cleaning debris from gullies may not be financially
feasible and may preclude logging of a gully or
require modified logging methods.
As noted in this study, removal of woody debris
also has physical consequences. Gully channels
cleared of debris in this study responded by eroding
their channel beds, and it is unlikely that this
erosion would have occurred had woody debris
remained in the channel. Thus, an increase in fine
sediment output is to be expected when LWD is
removed. Provided that the long-term, chronic
output of fine sediment is not deleterious to the
receiving channel, there may be a land-management
advantage to clearing logging debris from gullies if
the objective is to reduce the magnitude of future
debris flows. Conversely, if a gully is cleaned to
minimize debris flow volume and a debris flow does
not occur, an environmental cost is incurred from
chronic sediment output from the gully, in addition
to the financial costs incurred.
Recommendations for Clearing Woody Debris The
following recommendations are provided as guidelines for cleaning woody debris. Although the results
presented earlier in this study apply to some of the
recommended treatments, it is important to emphasize that there are as yet no data available to quantify
the effects of many of these recommendations on
sediment storage and delivery in gullies. In any event,
each gully would need to be assessed for the likelihood of debris flow occurrence, as well as for channel
capability to transport woody debris and sediment
by fluvial action. If woody debris is left in a gully
after harvest, it is likely to become incorporated into
the channel structure over time. Prescriptions for
woody debris cleaning should therefore reflect the
current condition of both the woody debris as well
as the channel, as outlined below.
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Recently Logged Gullies (Less than 1 Year After
Harvest) with Moderate to High Water Flows and a
Low Probability of Debris Flows The objectives in
this case are to prevent excess transport of woody
debris downstream, or to prevent woody debris
from diverting flows towards erodible channel banks
and sidewalls. Two cases should be considered:
• Woody Debris that may be Moved by Water Flows
This situation requires that small woody debris be
removed first and large debris left behind. The
greater the water discharge of the gully, the larger
the maximum size of woody debris to be
removed. At present, there are few quantitative
guidelines for woody debris flotation and
transport in gullies.
• Large Woody Debris Directing Water Flow Towards
Erodible Banks or Sidewalls If large woody debris
remaining in the channel will block the channel
and cause bank or sidewall erosion, then some of
the large debris should be removed as well.
Occasional large pieces of debris should be left in
the channel, particularly if removal of the debris
would significantly disturb the channel, or
would disturb natural woody debris present prior
to harvest.
Recently Logged Gullies with High Debris Flow
Potential and Low to Moderate Water Transport
Potential The objective in this case is to minimize
the additional volume of debris and sediment which
could be incorporated into a post-harvest debris
flow. Since there is not sufficient water power to
move most of the debris, much will stay in place
until a debris flow occurs. Channels with high debris
flow potential and more than 2 m3 of woody debris
per metre of channel length should be cleaned to
remove most of the woody debris. The 2 m3/m
guideline is derived from the study by Fannin and
Rollerson (1993). Small gullies that likely have low
water flows typically generate 1–5 m3 of sediment
and debris per metre length of channel in a debris
flow. Channels with greater than 2 m3 of logging
debris will yield an approximate doubling of debris
flow volume per metre of channel length in the
logged area should the gully fail. However, since the
logged, low-flow portion of the gully generates only
a fraction of the volume in a debris flow, the
increase in the final volume of the debris flow is
likely to be less than double.
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Recently Logged Gullies with Moderate to High
Water Transport Potential and Moderate to High
Debris Flow Potential For gullies having significant
water transport and debris flow potential, woody
debris should be managed to consider both hazards.
Small woody debris should be removed. The total
volume of woody debris should be assessed and, if
greater than 2 m3/m, then the total volume should
be reduced to minimize debris flow volume.
Recently Logged, Steep Channels with High Water
Transport Potential Casual observation of some
gullies shows that woody debris loads may occasionally be mobilized causing debris jams or, in the event
of flotation of large volumes of LWD, perhaps even
debris flows. Debris flows mobilized in this manner
are known to have occurred in upper Gordon River
basin, southwestern Vancouver Island. To minimize
this type of activity, removal of all logging-related
woody debris (except for the occasional very large
piece) should be considered in gullies with the
following characteristics:
• steep channels, typically greater than 60% grade
with sufficient water discharge to mobilize large
amounts of woody debris by flotation; these are
likely to be channels wider than 5 m, with peak
flows deeper than 0.5 m; and
• channels developed in bedrock or hard glacial till,
where woody debris has little chance of being
buttressed against flotation by channel deposits.
Gullies Logged more than 5 Years Ago with Moderate
to High Water Transport Potential Gullies that have
not already produced a debris flow within several
years of harvest are likely to have incorporated some
of the woody debris into the channel deposits by
partial burial, and some smaller woody debris will
have been transported farther down the gully or into
lower gradient streams. The objective here should be
to minimize storage of sediment and woody debris
in the gully reach, since this could lead to channel
widening and increased erosion of sidewalls. The
efficacy of LWD cleaning in this situation decreases
as elapsed time since harvest increases, because everincreasing proportion of the woody debris becomes
buried by sediment and incorporated into the
channel structure. All loose, transportable woody
debris should be removed, but buried or partly
buried material should be left undisturbed unless the

part of a log still exposed can be cut and removed. If
erosion of gully sidewalls is occurring, consideration
should be given to removing woody debris that is
directing water flows against the sidewalls, or to placing woody debris in a way that protects the sidewalls.
Gullies Logged more than 5 Years Ago with High to
Moderate Debris Flow Potential, but Low Water
Transport Potential Woody debris in these types of
gullies tends to remain in place over time, unless a
debris flow occurs. There is no significant hazard of
the woody debris initiating a debris flow or causing
erosion. The objective in these gullies is to avoid a
significant increase in the total volume of a debris
flow should one occur. Estimates of the amount of
stored woody debris should be made along the
entire logged gully reaches, and compared to the
total volume of material likely to be generated from
source area to deposition zone (consult Fannin and
Rollerson 1993). If the total volume of a debris flow
would increase by more than 50%, then the woody
debris should be cleaned. If the gully was logged
more than 10 years ago, the volume increase should
be greater than 100% to warrant cleaning. It is
important to consider how much damage to sidewalls
and vegetation will occur before deciding to clean.

number of high flows. This is particularly true of
jams that are wedged into erosion-resistant locations,
such as bedrock sidewalls, or jams that incorporate
pieces of woody debris several metres in length. These
are unlikely to fail or erode until the wood in the jam
becomes rotten. Even in such cases, breakdown of the
jam and gradual release of stored sediment is likely to
occur over a period of many years.
Debris Jams Subject to Moderate to High Water Flows
Jams should have all wood not buried in sediment
removed, so the sediment wedge behind the jam
does not increase in volume over time. If a jam is
located adjacent to erodible sidewalls, part of the
middle of the jam should be notched, to maintain
water flows down the middle of the gully. This will
alleviate erosion of the sidewalls.
Debris Jams in Gullies with High Debris Flow
Potential If a jam is structurally weak (i.e., not
wedged against bedrock or composed of small debris
pieces), sits high in the gully system where channel
gradients are close to 50%, and has a high potential
for future debris flows, the jam should be removed if
practicable so that catastrophic breaching is avoided.
Conclusions

Debris Jams in Gullies Log jams may result from
either debris flows coming to rest or from water
transport of woody debris. Jams may be breached in
three main ways. First, the LWD of the jam itself
may fail and develop into a debris flow as the
impounded saturated sediment is released. In
general, jams tend to occur in areas of net
deposition, so, because of inadequate channel slope,
such catastrophic failure is not likely to occur. A
second, more likely failure mechanism involves a
debris flow from higher up the gully system, which
breaches the jam and incorporates the stored
material into the flow. The first post-logging debris
flow is generally the largest and is also likely to travel
the farthest. Consequently, if a debris jam forms in
the lower part of the gully channel as a result of
from the first post-logging event, subsequent smaller
events are less likely to re-mobilize the jam. Water
flows may erode part or all of the jam in a short
time, or over a number of flood events. If the jam is
very recent, the probability of subsequent jam failure
or release is greater than if the jam has survived a

Despite the acknowledged importance of woody
debris in the sediment dynamics of gullies, there are
very few quantitative data documenting the realtime interactions between sediment and coarse
woody debris in gullies. The study results reported
here provide data on the effects of woody debris in
both logged and unlogged channels, including
observations on the effects of woody debris removal
following timber harvest. A three-year monitoring of
gullies in the Queen Charlotte Islands and the
southern Coast Mountains reveals similar rankorderings of gully types with regard to sediment
output when results are normalized by gully size.
Logged torrented gullies show the highest outputs in
the Queen Charlotte gullies, followed in rank order
by logged slash-clear gullies and unlogged oldgrowth gullies. In Coquitlam basin, slash-clear
gullies have the highest rank. In both study areas,
logged slash-full gullies registered the lowest
sediment outputs over the three-year study period.
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A longer-term synoptic study of sediment
recharge rates over periods of decades in torrented
gullies produced normalized rates of the same order
of magnitude as those noted in the three-year
process study. In both the process and synoptic
studies, variations in sediment output and storage
rate are explained by the variable trap-efficiency of
logging debris for sediment moving down gully
channels in the various types of gullies. This is high
in the case of logged slash-full gullies, very low in
recently torrented or slash-cleared gullies, and
moderate in most unlogged gullies.
The recommendations presented here for postharvest removal of woody debris from logged gullies
emphasize the importance of local assessments of
debris flow and water transport hazards, in addition
to the time elapsed since logging and the sensitivity
of downstream areas to debris loadings. Although
some of the treatments recommended stem directly
from the results presented in this study, many have
yet to be corroborated by measurements of sediment
movement in gullies. An important objective for
future work is to fill these gaps in knowledge to
allow more precise evaluations of the benefits and
costs of woody debris removal.

Gordon Clark. We are especially indebted to Scott
Davidson, who played a major role in field data
gathering for the Moresby Island projects.
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