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The effects of forest harvesting and best
management practices on streamflow and
suspended sediment concentrations during
snowmelt in headwater streams in sub-boreal
forests of British Columbia, Canada’

J.S. Macdonald, P.G. Beaudry, E.A. Maclsaac, and H.E. Herunter

Abstract: This paper examines suspended sediment concentration and stream discharge during freshet in three small
sub-boreal forest streams (<1.5 m in width) in the central interior of British Columbia for 1 year prior to (1996) and
for 5 years following forest harvesting (1997-2001). Harvesting prescriptions in a 20-m strip beside one stream re-
quired complete removal of merchantable timber (>15 cm diameter at breast height (DBH) for pine and >20 cm for
spruce), while all stems <30 cm DBH were retained beside a second stream. A third stream remained unharvested as a
control. The two riparian treatments were prescribed to test the efficacy of current British Columbia legislation that al-
lows for varying amounts of riparian retention as best management practices for the management of windthrow. Both
treated watersheds were clear-cut harvested (approximately 55% removal) in January 1997, and in the following year,
temporary access roads were deactivated, including two stream crossings in the low-retention watershed. An increase in
peak snowmelt and total freshet discharge was first noted in the second spring following harvest in both treatments and
remained above predicted in all subsequent years. Suspended sediment also increased during freshet following harvest
but returned to levels at or below preharvest predictions within 3 years or less in the high-retention watershed.

Résumé : Ce manuscrit examine la concentration des sédiments en suspension et le débit de crue dans trois petits
cours d’eau de la forét sub-boréale (<1,5 m de largeur) dans le centre de I’intérieur de la Colombie-Britannique, durant
1 an avant (1996) et 5 ans apres la récolte de la forét (1997-2001). La prescription de récolte dans la bande de 20 m
pres d’un cours d’eau impliquait I’enlévement total des tiges marchandes (>15 cm au diametre a hauteur de poitrine
(DHP) pour les pins et >20 cm pour les épinettes), tandis que toutes les tiges <30 cm au DHP étaient retenues le long
d’un deuxiéme cours d’eau. Un troisieme cours d’eau qui n’avait subi aucune intervention a servi de témoin. Les deux
traitements riverains ont été prescrits afin de vérifier ’efficacité de la législation actuelle de la Colombie-Britannique
qui permet la rétention d’une quantité variable comme meilleure pratique d’aménagement pour les chablis. Les deux
bassins traités ont subi une coupe a blanc (approximativement 55 % de récolte) en janvier 1997 et les chemins d’acces
temporaires, incluant deux traverses de cours d’eau dans le bassin avec faible rétention, ont été désactivés. Une aug-
mentation de la pointe de fonte et de I’écoulement total de crue a d’abord été observée durant le deuxieéme printemps
apres la coupe dans les deux traitements et est demeurée au-dessus de la prédiction durant toutes les années subséquen-
tes. La concentration des sédiments a aussi augmenté durant les crues suivant la récolte mais est revenue aux mémes
valeurs, ou en deca des prédictions pré-récolte, en 3 ans ou moins dans le bassin a haute rétention.

[Traduit par la Rédaction]

Introduction sheds is based largely on coastal, rain-dominated watersheds
(e.g., Carnation Creek, Hartman and Scrivener 1990) or inte-

Our understanding of the impact of forest harvesting on rior systems in southern locations in Canada or the United
sediment production and hydrologic response in small water- States (e.g., Colorado, Troendle and King 1987). These and
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other studies describe harvesting-induced increases to peak
flow, daily discharge, and freshet water yield as a conse-
quence of changes to several processes (Van Haveren 1988),
including reduced precipitation interception and transpira-
tion with the loss of foliage (Adams et al. 1991; Spittlehouse
1998) and increased snowpack accumulation in cutblocks
(Troendle and King 1987; Heinonen in press). Compacted
soils associated with logging roads and skid trails will de-
crease water infiltration to the soil and may redirect both
surface and subsurface water flow to the stream sooner and
in larger quantities following harvesting (Luce and Cundy
1994; Hutchinson and Moore 2000). Hydrologic timing may
also be altered when a reduction in canopy cover exposes
the snow surface to greater solar radiation and airflow caus-
ing more rapid melting. Forest regeneration is expected to
mitigate the effects of harvesting and allow hydrological
characteristics to return to preharvest conditions, often re-
ferred to as hydrologic recovery. Recovery in peak flows
and water yields following harvesting have been reported in
both coastal and interior settings (Troendle and King 1985;
Hicks et al. 1991).

Following forestry operations, sediment sources become
more available and suspended sediment appears in elevated
levels in local watercourses. Suspended sediment concentra-
tion is positively correlated with water discharge but is sub-
ject to hysteresis during events and on a seasonal time scale,
particularly when sediment supply sources are limited
(Paustian and Beschta 1979; Cheong et al. 1995). Suspended
sediment concentrations will increase following forestry op-
erations and their persistence may depend on hydrologic
recovery (Lewis et al. 2001). Most studies that detect a post-
forestry increase in sediment can trace the source to a spe-
cific activity such as road and (or) ditch construction, slash
burning, or slope failure (Slaney at al. 1977; Jordan 2001;
Hudson 2001). While in use, forest roads can also generate
large amounts of suspended sediment (Reid and Dunne
1984). The episodic nature of sediment supply processes
(e.g., in-stream erosion or road runoff during high flows),
the tendency for the contribution of some sediment sources
to lag behind the land-use impact (e.g., upslope failures fol-
lowing root decomposition), and high background levels
from natural sources complicate the examination of the im-
pacts of forestry operations on suspended sediment concen-
trations and their persistence (Henderson and Toews 2001).

While it is commonly acknowledged that forestry activi-
ties can have an influence on hydrological budgets and sus-
pended sediment concentrations, much of our knowledge is
based on research from large systems in coastal or southern
interior settings. Unlike southern watersheds, hydrological
regimes in northern boreal settings tend to be snowmelt
dominated and have lower levels of precipitation, which has
consequences for both peak flow timing and suspended sedi-
ment production. First-order streams tend to store sediments
for briefer periods and have lower sediment yields than
higher order systems in valley bottoms where glacial depos-
its prevail (Church et al. 1989; Church 1995). Small streams
are conduits for water, sediment, nutrients, and biota, con-
necting upland catchments to forest and aquatic ecosystems
at lower elevations. Their ecological importance has recently
been recognized (e.g., Sidle et al. 2000), but they currently
only receive minimal protection by most land-use regula-
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tions despite harvesting routines that in one pass can com-
monly encompass entire catchment areas (Young 2000). An
examination of harvesting impacts in small interior water-
sheds in sub-boreal forests is essential.

The proliferation of riparian zone management regulations
in the Pacific Northwest of North America (Young 2000) is
evidence to the importance that society places on riparian
forests for providing a link between terrestrial and aquatic
ecosystems and protecting water quantity and quality
(Gregory et al. 1991; Gilliam 1994; Brosofske et al. 1997).
The riparian zone may include vegetation that shades the
stream, intercepts sediment flow, or contributes organic mat-
ter to the floodplain or channel (e.g., leaves, wood, dissolved
materials). They may also contain many of the highest
nontimber resource values in the natural forest (British
Columbia Ministry of Forests 1995). The Forest Practices
Code of British Columbia legislation specifies riparian man-
agement area widths of 20 and 30 m for streams with bank-
full widths of less than 3 m without fish and streams less
than 1.5 m with fish, respectively. Harvesting within the ri-
parian management area (RMA) may follow best manage-
ment practice (BMP) objectives that specify the retention of
all trees within 10 m of the stream bank on windfirm sites.
In areas prone to windthrow, a variety of variable retention
prescriptions are permissible if as many windfirm trees as
possible are maintained. The application of these objectives
is flexible and subject to various interpretations and fre-
quently result in the removal of all commercial vegetation.
Consequently, they have proven to be controversial, and their
effectiveness for protecting aquatic ecosystems has been
questioned.

This paper examines flow volume and timing and sus-
pended sediment concentrations during spring freshet in
three first-order tributaries in the sub-boreal forests of cen-
tral British Columbia. The experiment incorporated variable
retention forest harvesting techniques to RMAs adjacent to
two of the creeks to test the efficacy of the Forest Practices
Code. Data collection began 1 year prior to harvesting in the
treatment watersheds and an unaltered watershed and contin-
ued annually for 5 years following harvest to provide insight
into both annual patterns of natural variation and the persis-
tence of forestry-induced hydrologic and sediment distur-
bances. The influence of stream crossings and access roads
in one of the treatment watersheds was also examined.

Materials and methods

Study location

This study was conducted in three small headwater tribu-
taries of Baptiste Creek, located near the north end of
Trembleur Lake in the Fort St. James Forest District in the
interior of British Columbia (Figs. 1 and 2). Present-day
landforms and surficial materials are largely a result of the
last Pleistocene glaciation, known as the Fraser Glaciation.
Terrain throughout most of the watershed is gently to moder-
ately sloping; hummocky or rolling in detail; and generally
bedrock-controlled, including hummocks and glacial
lineations (Collett and Ryder 1997). The sites are at the
northern end of the Sub-Boreal Spruce Biogeoclimatic Zone
(Engelmann Spruce — Subalpine Fir Zone at high eleva-
tions). Average annual precipitation in the experimental
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Fig. 1. Stuart-Takla Fisheries—Forestry Interaction Project study
area showing the experimental watersheds. The headwater stream
study cutblocks are denoted with circles in the Baptiste water-
shed.

British Columbia

N 540 50.90

watersheds is 500 mm, with 160—-400 mm falling as snow.
Peak discharge is largely controlled by spring snowmelt in
late April to early June depending on the year, and lowest
flows occur during winter. Ice usually covers the streams in
November, and the growing season is short compared with
that of the coastal zones in British Columbia. This research
is a component of the Stuart-Takla Fisheries—Forestry Inter-
action Project, a multidisciplinary research program estab-
lished to investigate forestry treatments in watersheds near
Takla Lake (Macdonald et al. 1992) (Fig. 1).

Study design

The experimental design is based on the classic paired-
watershed approach (Bates and Henry 1928) applied to three
first-order creeks (Table 1). Approximately 55% of two of
the three watersheds upstream of the hydrologic stations on
each stream were harvested following a low riparian reten-
tion treatment in B5 (removal of all merchantable timber,
>15 cm DBH for pine and >20 cm for spruce within 20 m of
the stream) and high riparian retention treatment in B3 (re-
moval of merchantable timber >30 cm DBH within 20 m of
the stream) (Table 2). Both cutblocks were approximately
55 ha. The B5 cutblock was contained entirely within the B5
watershed, whereas the B3 cutblock extended into two adja-
cent watersheds (Fig. 2). The B4 watershed was left
unlogged to serve as a control. Initially, the high-retention
treatment preserved approximately half of the original can-
opy cover and nearly twice that of the low-retention treat-
ment. Widespread windthrow in the winters of 1997, 1998,
and 1999 along the road right-of-ways and in B3 reduced
canopy density to below 10% (Macdonald et al. 2003). Har-
vesting followed established techniques and was performed
by Canadian Forest Products Ltd. using feller—bunchers and
skidders. Felled trees were skidded downslope to landings
and existing haul roads. Limbs and residual wood debris was
left on the snow following harvest. A 5-m machine exclu-
sion zone along the streambanks and an effort to fall and
yard riparian trees away from the streams were generally
successful at maintaining riparian understory vegetation in
both watersheds. On BS5, two road crossings using culverts
were the only locations a haul road crossed any of the creeks
above a hydrologic station (Fig. 2). One of these culverts
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Fig. 2. Small stream study sites in the Baptiste watershed. Thick
lines denote watercourses, broken lines denote roads, dotted lines
denote flume catchment boundaries, and circles denote sampling
stations. Cutblocks are shaded, with their size (ha) noted.

was removed during road deactivation activities in the fall of
1997, causing substantial soil disturbance and exposing
steep, unstable banks 3 m in height. No erosion control mea-
sures were taken to reduce sediment delivery at this cross-
ing.

At each hydrologic station in the three watersheds, a 9-in.
(1 in. = 2.54 cm) Parshall flume (Parshall 1936) was in-
stalled in the stream immediately below the cutblocks (B3,
B5) and at a similar elevation in B4. Six-inch Parshall
flumes were also installed on B3 and BS5 just above the up-
per edge of the cutblocks (data not shown). Stage height was
measured using a 1-m capacitative water-depth probe. The
concentration of suspended sediments in the water column
passing through the flume was measured using a combina-
tion of an optical backscatter turbidity probe and a pump-
driven water sampler. Measurements of stage height and tur-
bidity were made every 10 s and averaged over a 15-min
period. The collection of water samples was electronically
triggered at preset turbidity levels, allowing intensive sam-
pling during periods of high turbidity and very limited sam-
pling during periods of clear flows. Total suspended
sediment (TSS) samples were collected on filters, dried and
weighed, and used to establish a relationship between the
concentration of suspended solids and the turbidity readings
obtained from the turbidity probes. TSS included both or-
ganic and inorganic material.

During the snowmelt period (defined by the period that
flow exceeded base flow from graphical analysis), the flume
sites were visited approximately weekly to maintain the in-
struments, collect water samples, and reset the samplers.
Snowpack water equivalency was measured several times
each spring in a road clearing near the upper boundary of
BS5. During site visits, we walked the length of the harvested
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Table 1. Physical characteristics of the three study watersheds.

Can. J. For. Res. Vol. 33, 2003

Flume Stream Average
Water-  Size  catchment Elevation  Channel gradient  channel Surficial Dominant
shed (ha) area (ha)® Aspect range (m) length (m) (degrees) width (m) materials® texture
B3 43 29 NwW 980-1340 1373 26 0.60 Basal till Silty-sand
B4 48 36 NW 980-1340 1200 30 0.85 Basal till Silty-sand
BS5 150 79 N 980-1300 2093 7 1.38 Basal till Silty-sand

“Corresponds to the area of the watershed upstream of the sampling flume.

"Typically, the basil till consists of a fine-grained matrix of sand (about 45%), silt (about 37%), and clay (about 18%) surrounding

and supporting clasts of a variety of sizes, shapes, and rock types.

Table 2. Forest types, logging operations, and riparian treatments
in the three study watersheds.

% of Length of
Dominant  watershed channel
tree clear-cut harvested  Riparian
Watershed  species” harvested  (m) treatment”
B3 BI, Sx 55 900 High retention
B4 BIL, Sx, PI Unlogged Unlogged Unlogged
B5 BIl, Sx, Pl 53 1060 Low retention

“Bl, Abies lasiocarpa (Hook.) Nutt. (alpine fir); Sx, Picea glauca x
Picea engelmannii (hybrid white spruce); Pl = Pinus contorta Dougl. ex
Loud. var. latifolia Engelm. (lodgepole pine).

"See text for treatment prescriptions.

creeks in an attempt to locate any point sources of sediment
entering the creeks.

Preharvesting data collection began in the spring of 1996.
The cutblocks were harvested in January 1997. Post-
harvesting data have been collected at the flume sites since
that time. The initial results describing the effects of the first
year after harvest are presented in Beaudry (1998a). This re-
port summarizes all of the results to date, including observa-
tions for an additional 4 years following harvest (i.e., 1998—
2001).

Analysis methods

Stream discharge was computed using the stage—height re-
lationship unique to the two Parshall flume sizes according
to predetermined regression equations (Parshall 1936). Opti-
cal backscatter turbidity measurements were converted to
suspended sediment concentration at all sites and all water
levels encountered using the following linear regression:

TSS = 0.44(OBS) + 1.25,
R?2 =0.64, SE =4.17, n = 32

where TSS is the concentration of total suspended solids
(ppm) and OBS is the signal (mv) sent from the turbidity
probe. This method for calibrating the OBS signal was used
in previous analyses (Beaudry 1998b).

Regression analysis was used to generate preharvest rela-
tionships during the snowmelt period between the control
stream (B4) and the two treatment streams (B3 and B5) to
estimate expected untreated levels for both stream discharge
and TSS during the treatment periods. Prediction limits
(95%) about the estimated values were included to assist in
evaluating the alteration in values following harvest (Sokal
and Rohlf 2000). This approach was used by Hornbeck et al.
(1993). The regression residuals met normality and homo-

scedasticity requirements, so no transformations were per-
formed. Owing to the brevity of the freshet and the single
year of available pretreatment data, we were forced to use
daily average values and tested for autocorrelation using the
Durbin—Watson statistic (d) at o = 0.05. If present, auto-
correlation violates the parametric assumption of independ-
ence among replicates and leads to an underestimation of
error level in the regression predictions. Positive autocorre-
lation was present in the TSS regressions where d was less
than the lower significance limit d;, (d = 0.46-0.89; n = 25,
di = 1.29, dy; = 1.45) but was inconclusive for the discharge
regressions where d fell between the upper and lower signif-
icance limits for the d statistic (d = 1.32-1.33; n = 25, d| =
1.29, dyy = 1.45), indicating that the TSS regression predic-
tions presented are less precise than the least-squares confi-
dence limits imply. Additional preharvest years and data
would have alleviated this problem and allowed an auto-
regressive correction while also providing more insight into
natural variability patterns among years for both discharge
and TSS. However, constraints to harvesting timing imposed
by the forest company were beyond our control.

Results

During spring freshet of 1996, both treatment watersheds
(B3, B5) had preharvesting hydrographs and suspended sedi-
ment relationships that closely matched those of the control
watershed (B4) (> = 0.84-0.98, Table 3; Figs. 3 and 4).
There were differences in mean daily freshet discharge dur-
ing the years following harvesting, particularly in BS (com-
parison of regression coefficients among years, Table 3; %
yield, Table 4; Fig. 3). Peak discharges increased as well and
followed a pattern similar to mean daily water discharge
during the entire freshet period (Table 4). However, a 1-year
delay in these effects after harvesting coincided with the
large amounts of logging slash observed on the snow follow-
ing harvesting.

The highest peak discharge occurred in 1997 in all three
watersheds, coincident with the largest snowpack in the
6 years of observation (Figs. 3 and 5), although the B5 data
set is incomplete because of datalogger failure during high-
est flows. The largest increase in mean daily discharge dur-
ing freshet relative to the control stream exceeded 100% and
occurred in B5 in 2000 and 2001, although 2001 calcula-
tions are based on a nonsignificant regression relationship
(Table 4). Neither of these years had abnormally large spring
snowpacks based on our 6-year database. The increase in
each year’s water discharge in B3 (the high riparian reten-
tion treatment) was lower than that in B5 but, like in B5,
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Table 3. Regression equations describing the discharge and total
suspended sediment (TSS) relationships between the high- (B3)
and low-retention (B5) treatment watersheds and the control (B4)
before harvesting operations.

Relationship 1996 1997 1998 1999 2000 2001

Discharge
B3 vs. B4 (y = 0.328x + 0.0055)“
RC 0.328 0.285 0.514 0.536 0496 0.275
r 0.92 0.88 0.70  0.80 0.94 0.66
25 33 13 43 34 26
B5 vs. B4 (y = 2.213x + 0.0133)“
RC 2213 1.958 4219 3875 3.612 1.31°
r 0.98 0.80 0.82  0.79 0.84 0.08
25 28 13 38 34 26
TSS
B3 vs. B4 (y = 1.079x — 1.33)°
RC 1.079 1.400 1.120 0.438 0.81> 1.200
r 0.84 0.92 093  0.54 0.21 0.69
n 25 27 13 41 23 17
BS5 vs. B4 (y = 1.021x — 0.48)°
RC 1.021 1.270 2323 1465 0.525 0.812
r 0.85 0.58 0.81 0.77 0.62 0.91
n 25 27 13 41 23 17

Note: Regressions were performed for each postharvest year.
Comparison of regression coefficients among years provides insight into
the effects of harvesting and recovery time on the response variables. RC,
regression coefficient; r?, coefficient of determination; n, sample size
(days).

“Preharvest equation is given in parentheses.

’Indicates a poor relationship between the control (B4) and treatment
stream. These values should be interpreted with caution.

was highest in 2001. In the 5 years following harvest, there
was no indication of hydrologic recovery in either water-
shed. The timing of peak flow did not appear to be altered
by harvesting. Peak flows generally occurred at the same
times as peak flow in B4, the control. On occasion, a bi-
modal distinction in peak flow occurred in stream BS5, with
the initial peak relative to B4 advanced by 5 days in 1999
and 14 days in 2001 (Fig. 3).

Prior to forestry operations, peak suspended sediment
concentrations in all three watersheds were between 25 and
30 mg/L (1996; Fig. 4). Concentrations increased on the ris-
ing limbs of the hydrographs each year in each creek, re-
gardless of the presence of a harvesting treatment, such that
equivalent discharges had different sediment loads depend-
ent on their timing (1998 data presented as an example,
Fig. 6). Immediately following harvest, more fine sediment
was mobilized in both treatment systems than predicted from
preharvest relationships (regression coefficients, Table 3;
% yield, Table 4; Fig. 4). Windthrow events in the RMAs
may have contributed to TSS concentrations, particularly in
B3, but this effect was not observed during streamside sur-
veillance. Increased TSS persisted for only 2 years in the
high-retention watershed and for 3 years in the low-retention
watershed, after which there was a decrease in TSS in both
treatments to levels that were frequently below predicted
from the preharvesting relationship. This drop in TSS levels
to below those predicted by the control stream may also re-
flect a natural disturbance event in B4 that exposed new sed-
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iment sources during the experimental period. The greatest
TSS was produced in BS5, particularly in the second
postharvest year (1998), when a 74% increase in TSS yield
was detected during freshet (Table 4). Peak concentrations
were in excess of 80 mg/L, more than twice the predicted
concentrations (Fig. 4). They occurred in association with
discharges that exceeded 0.2 m?/s (Fig. 3) and substantial
soil disturbance from the removal during the previous fall
(1997) of one of the two culverts in B5.

Discussion

Based on the observed increase in water discharge during
freshet following forest harvesting in this study, we can
speculate that the cutblocks in the two treatment watersheds
accumulated more snow than adjacent forested areas.
Heinonen (in press), working in a neighbouring watershed,
described snow water equivalent accumulation in a cutblock
as typically exceeding forested areas by 51%, based on 6
years of continuous data. Increased snow accumulations are
likely responsible for the increase in peak flows and mean
daily discharges observed in the treated watersheds. How-
ever, this supposition is challenged by an absence of a
change to peak flow or mean daily discharge during the first
postharvest year. It is possible that our winter harvesting
treatments, because they occurred following the period of
maximum annual growth (and associated transpiration), did
not affect groundwater levels or streamflow until the follow-
ing winter and spring (Adams et al. 1991; Hicks et al. 1991).
This, along with the insulating effect of the slash that was
left on the snow following the harvest, may explain the lack
of an alteration in freshet output timing or peak discharge in
B3 and possibly B5 (where some data were missing) during
the first postharvest freshet.

Our 4-year mean estimate of a 59-61% increase in freshet
discharge and peak flow for stream B5 (disregarding the
2001 data) is somewhat larger than most published values.
Van Haveren (1988) detected a 50% increase in mean daily
freshet discharge following the clear-cutting of 100% of an
81-ha watershed in Colorado. In the same region, Troendle
and King (1987) reported an average increase in peak flow
of 50% following a clear-cut of 36% of a 41-ha watershed.
These increases were lower than our estimates from the low
riparian retention watershed, but much higher than our esti-
mates from the high riparian retention site, despite Troendle
and King examining comparable amounts of timber har-
vested from a watershed of a similar size. This disparity
among studies and between our riparian treatments may sim-
ply reflect a natural range of hydrologic response to forest
harvesting as a result of inherent differences among water-
sheds. For instance, the B5 watershed, while equivalent in
many characteristics to B3 (Tables 1 and 2), had a slightly
different aspect and shallower gradient and, therefore, was
exposed to more direct solar radiation, which increased the
latent energy to the snowpack (Beaudry and Golding 1987,
Berris and Harr 1987). This may have caused greater
snowmelt rates and higher peak flows and may have been re-
sponsible for the apparent temporal desynchronization of the
snowmelt process in the clearcut and forest in 1999 and
2001 (Verry et al. 1983). Moreover, the BS watershed may
have shallower soils and shallower, faster flow paths than the
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Table 4. Changes in discharge and total suspended sediment (TSS) from predicted levels
(according to preharvest regression relations with the control stream, Table 3) following
harvesting in both treatment watersheds.

Discharge TSS

B3 vs. B4 B5 vs. B4 B3 vs. B4 B5 vs. B4
Year % yield % peak % yield % peak % yield % peak % yield % peak
1997 1 2 15 -8 8 42 35 104
1998 3 43 42 66 8 13 74 125
1999 2 50 75 125 43 —44 46 90
2000 2 30 104 62 —49¢ 56¢ =25 -15
2001 29 20 193¢ 367¢ =50 12 25 3

Note: Changes are expressed as the difference in daily mean between the actual and predicted values,
summed for the snowmelt freshet period (% yield in the table). Percent difference in peak levels is also
provided. Not all data were available for BS in 1997.

“Indicates a poor relationship between the control (B4) and treatment stream. These values should be
interpreted with caution.

Fig. 3. Average daily water discharge (m?/s) during the snowmelt freshet period before (1996) and after timber harvesting activities in
two treatment watersheds in the Stuart-Takla region. Year and starting date of the event are noted with its duration in days provided in
parentheses. The actual discharges (solid line) are compared with estimates of discharges had harvesting not occurred using an unhar-
vested control (broken line). Prediction limits (grey line) (95%) about the estimated values were included to assist in the evaluation of

the postharvest effects. Note the differences in discharge scale between B3 and BS5. Missing 1997 BS5 data resulted from datalogger
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B3 watershed (Story et al. 2003), suggesting that snowmelt
could provide a greater contribution to peak flow in B5 than
in B3.

The large amount of riparian retention in the B3 water-
shed was unlikely to be the primary factor responsible for
the depressed peak flow response relative to B5. Although
the variable source area concept suggests that forestry activi-
ties within the riparian area will have a disproportionately

high influence on freshet hydrology relative to activities in
the rest of the watershed (Hewlett and Hibbert 1967), more
recent research suggests that the proportion of peak flow at-
tributed to overland flow from riparian areas to headwater
systems becomes trivial as the regolith becomes saturated
(Sidle et al. 2000). However, it is reasonable to speculate
that the compacted road surfaces (i.e., two stream crossings
and log landing adjacent to B5) provided conduits for over-
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Fig. 4. Average daily total suspended sediment concentrations (TSS) (mg/L) during the snowmelt freshet period before (1996) and after
timber harvesting activities in two treatment watersheds in the Stuart-Takla region. Year and starting date of the event are noted with
its duration in days provided in parentheses. The actual TSS concentrations (solid line) are compared with estimates of TSS had har-

vesting not occurred using an unharvested control (broken line). Pre

diction limits (grey line) (95%) about the estimated values were in-

cluded to assist in the evaluation of the postharvest effects. Note the differences in TSS scale between B3 and BS.
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land flow not present in the B3 watershed and contributed to
increased peak flow runoff.

Recently, resource managers have emphasized the impor-
tance of hydrologic recovery as a land-use planning tool
(Ziemer and Lisle 1998), and yet increased snowmelt accu-
mulation and peak flow following forest harvesting may per-
sist for a considerable time. In the Fraser Experimental
Forest in Colorado, water yield increased with snowpack

Fig. 6. Sediment output during the rising and falling limbs of the
snowmelt hydrograph in the three experimental streams to pro-
vide an example of event hysteresis in 1998. S, the beginning of
an event; F, the end of an event; TSS, total suspended sediment.
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water equivalency and melt period and decreased with time,
but recovery to preharvest levels was predicted to take 80
years (Troendle and King 1985). Hudson (2000) reported re-
covery of snow accumulation and melt processes in coastal
montane areas taking decades. Variable retention and other
harvesting approaches that minimize impact to shrubs and
noncommercial trees and maximize opportunities for
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regrowth will allow transpiration processes to recover
quickly (5 years on the coast, Ziemer and Lisle 1998). How-
ever, full canopy regrowth and the recovery of natural rain-
fall interception and snowpack processes occur more slowly
particularly in northern boreal and sub-boreal settings and
(or) at higher elevations (Beschta et al. 1987). Lack of ap-
parent hydrological recovery after 5 years in our study is not
surprising despite the retention of understory riparian vege-
tation and the presence of relatively few roads.

Total suspended sediment concentrations are often larger
during the rising limb of the storm hydrographs in coastal
watersheds and decline at equivalent discharge with seasonal
progression (e.g., Paustian and Beschta 1979). In interior
British Columbia sub-boreal settings, sediments stored on
hillslopes and in the channel through the winter low-flow
period are most likely to be mobilized as water levels rise
during the first large snowmelt event in the spring (Cheong
et al. 1995). The hysteresis in our study streams are de-
scribed as type 2A curves (Fig. 6) caused by a depletion of
sediment during the early runoff period as a result of small
supply or an intense initial event (Williams 1989). The gla-
cier deposits that are the primary sediment supply for many
streams are less prevalent in small upland watersheds typi-
fied by this study than in valley bottoms (Jordan 2001).

Several studies have reported an increase in suspended
sediment following forest operations, particularly during
storm events or during the spring snowmelt period (Leaf
1970; Everest et al. 1987; Brownlee et al. 1988; Ryan 1991).
Following forestry operations, increased stream power can
destabilize woody debris or be redirected by discarded log-
ging slash, releasing stored sediment, increasing bank ero-
sion, and increasing the overall sediment supply during
spring freshet. These processes are exacerbated if falling and
yarding and (or) channel-crossing activities actually take
place in the channel or on the active floodplain.

A harvesting prescription that retains a large portion of
the riparian vegetation and requires all operations to be lo-
cated well back from the active channel (e.g., 5-m machine-
free zone) uncouples forest harvesting activities from some
stream channel processes and is less likely to create large
sources of sediment. As a result of this and the absence of
stream crossings in the high-retention cutblock (B3), TSS
concentration rarely exceeded levels predicted from pre-
harvesting data. In general, when smaller portions of the ri-
parian forest are retained (e.g., B5), a greater opportunity
exists for channel disturbance and increased sediment supply
from in-stream and riparian sources (Dykstra and Froehlich
1976; Steinblums et al. 1984). However, this hypothesis may
be too simplistic. Riparian leave strips have been shown to
be ineffective protection when point sources such as roads
transport sediment to the stream (Slaney et al. 1977). Obser-
vations of sediment sources from creek walks along the
length of B5 identified the major sources of sediment as a
stream crossing and a nearby log landing. Other significant
point sources of sediment were not found along the entire
channel of either stream, despite substantial riparian wind-
throw following harvesting, particularly in B3 (Macdonald et
al. 2003), nor was there any obvious evidence of channel in-
stability (e.g., channel and (or) bank erosion or woody
debris redistribution). Christie and Fletcher (1999) traced
multi-element geochemical anomalies in stream sediments to
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stream crossing and ditch sources in these watersheds. In
1997, the snowmelt runoff from the B5 landing carried large
amounts of surface sediment via the road surface to the
creek crossing. In the fall of 1997, after the culvert at this
crossing was removed and no erosion control measures were
taken to reduce sediment delivery, TSS exceeded predicted
levels for 3 years, particularly in 1998.

Several studies concluded that road construction and use
contribute disproportionately to the sediment supply and de-
livery to streams, at least in coastal settings (Brown and
Krygier 1971; Reid and Dunne 1984; Everest et al. 1987).
Working in the southeast interior of British Columbia, Jor-
dan (2001) concluded that road surfaces provided the most
important source of development-related sediment, and sedi-
ment yield was lowest in watersheds with granitic-based
bedrock geology. However, Henderson and Toews (2001),
working in the same area, suggest that sediment from natural
sources greatly exceeded that produced from roads. The in-
terior watersheds typified by this study, while perhaps less
susceptible to mass wasting and road runoff events than
those in steeper and wetter ecosystems on the coast, fre-
quently have soils originating from fine glaciolacustrine de-
posits that can increase site sensitivity (Beaudry 1998D).
Based on this study, we concluded that machine-free zones
and both of our riparian treatments will provide adequate
protection to the stream channel from direct physical bank
disturbance. Assuming the use of readily available remedies,
sediment transport from the hillslopes to the stream channel
via roads and ditches can also be minimized. Even without
these remedies, we found that TSS impacts recovered on a
shorter time scale than hydrological impacts as the channel
and access roads—trails stabilized following harvesting.
Other studies have also noted a rapid decline in the impact
of roads following their construction, particularly when us-
age declines or ceases (Reid and Dunne 1984; Henderson
and Toews 2001). This finding is in opposition to the sug-
gestion that sediment recovery is linked to hydrological
recovery in Caspar Creek (Lewis et al. 2001), a link that as-
sumes that channel configuration affects sediment loads to a
greater degree than delivery from hillslopes. Stored sedi-
ments in channels, particularly the lower gradient, coarse-
textured reaches, will be released according to hydraulic
energy regimes, not supply from adjacent riparian areas, and
will take several years to move downstream. Sediment loads
in high gradient headwater tributaries may depend to a great
degree on supply from reach-scale point sources that are ac-
cessed by specific activities, not in association with general
channel or upslope disturbance at a watershed scale. Others
have found that BMPs applied to forestry and other land-use
activities can prevent unacceptable changes to sediment
loads and other forms of pollution in streams (Binkley and
Brown 1993; Welch et al. 1998).

There is a concern that increased streamflow and higher
concentrations of TSS can reduce fish habitat complexity
and eliminate key features. Channel scour, gravel removal,
sediment infiltration, turbidity, and the redistribution of
woody debris can occur at frequencies and magnitudes be-
yond natural regimes and exceed the resiliency of aquatic
communities (Lake 2000; Reice et al. 1990). Suspended sed-
iment loads in our study streams increased, occasionally in
concentrations that exceeded regulatory guidelines, includ-
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ing European Inland Fisheries Advisory Commission (1964),
Canadian Council of Resource and Environmental Ministers
(1987), and the Canadian Council of Ministers of the Envi-
ronment guidelines, that are based on Caux et al. (1997).
When exposed to 100 mg/L or less, several salmonid species
demonstrate impaired feeding and growth (McLeay et al.
1987), sublethal stress responses (Servizi and Martens 1992)
and potential distribution to habitats with lower sediment
levels if available (Sigler et al. 1984; McLeay et al. 1987,
Scrivener et al. 1994). The degree of impact is dependent on
the exposure duration as well as the TSS concentration
(Newcombe and MacDonald 1991). During this investiga-
tion, all events that produced TSS concentrations approach-
ing 100 mg/L were of short duration (<24 h) and infrequent
(e.g., BS in 1998).

Conclusion

Our challenge in the face of resource development pres-
sures in small headwater catchments is to maintain water
quality and natural hydrologic patterns so as to protect local
values and downstream resources. In addition to being habi-
tat for fish and macroinvertebrates and providing a source of
domestic water (Jordan 2001), small streams are important
export sites that provide water, sediment, nutrients, and biota
to downstream sites (Wipfli and Gregovich 2002). Our re-
search found an increase in peak flow and mean daily
freshet discharge following harvesting, particularly in B5. A
delay in the impact until the second postharvest freshet was
attributed to an interaction among winter harvest timing,
snowmelt, and freshet flow generation characteristics. There
was no sign of a hydrologic recovery in the 5-year post-
harvest period. Flow-related changes persisted beyond the
project’s 5-year postharvest sample collection period and
were likely associated with both vegetation loss and road
construction. Increased TSS was detected during the snow-
melt freshet following harvest, most notably in B5 where the
primary source of sediment was traced to a log landing and
stream crossing. Less than 2 years following the deactivation
of the road and crossing site, sediment levels were at or be-
low preharvest levels. The riparian treatments were effective
at protecting stream banks from physical damage, but dis-
ruptions to the channel from windthrow in the high-retention
watershed may eventually contribute to the sediment supply.
BMPs for forestry operations near small streams must mini-
mize physical disturbance to the channel, particularly in re-
gard to stream crossings, road drainage patterns, road
maintenance, and road deactivation.
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