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The Stuart-Takla FisheryIForestry Interaction Project was initiated to provide a com- 

prehensive understanding of the watershed processes that could be used to effectively 
manage the natural resources of north-central British Columbia. Objectives, techniques 
and methods are discussed, and results from 1990-94 are presented here for the salmon 
spawning gravel and bedload movement studies of this project. Freeze-core samples for 
Gluskie, Forfar, Kynoch, and Bivouac creeks indicated that a typical armoring layer of 
coarser gravel was only present on the surface of the streambeds during June and July, 
because sockeye salmon (Oncorhynchus nevka) spawning during July and August scoured 
fine particles from the bed and mixed the gravels that had been sorted during the 
May-June floods. Streambed sediments were coarser in Gluskie Creek and in upstream 
sections of the other creeks where gradients were steeper. This spatial variability of sed- 
iment size produced an inverse correlation between geometric mean particle size of the 
bed and depth of salmon redds (r = -0.50). The positive relationship each year between 
mean particle size of the streambed over a redd and adjacent to it indicated that spawn- 
ing salmon substantially altered gravels by removing fine particles (mean intercept = 

c8.3) and that they conditioned areas of small gravel at nearly twice the rate of areas with 
coarser gravel (slope = +0.71). Most transport of streambed sediment occurred as bed- 
load during May and June (snowmelt) and August (salmon spawning), with salmon 
producing 10-39% of this transport. The number of spawners was also related to the vol- 
ume of bedload transport during August (r2 = 0.50). Beaver dams across Kynoch Creek 
caused fine sediments to settle on the surface of the streambed; these fine sediments 
reduced the incubation success of salmon eggs and alevins during 1992,1993 and 1995. 
A complex interrelationship has evolved among the physical and biological processes of 
these ecosystems, which must be understood and quantified before the effects of forest 
harvesting can be understood. 
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Introduction 
British Columbia (B.C.) watersheds produce 

valuable renewable resources such as timber, 
salmonids, wildlife, and grasslands. Resource pro- 
duction within these ecosystems is so interrelated 
that harvesting one often affects the others 
(Hartman and Scrivener 1990; Meehan 1991; Naiman 
1992). Effective and successful management of these 
public properties requires a comprehensive under- 
standing of the physical and biological processes in 
the ecosystems. In B.C., most previous research has 
been conducted in productive coastal forests includ- 
ing the Carnation Creek Experimental Watershed 
Project on Vancouver Island (Poulin and Scrivener 
1988; Hartman and Scrivener 1990), the Fish Forestry 
Interaction Program (FFIP) in the Queen Charlotte 
Islands (Chatwin et al. 1991) and a synoptic survey 
in Barkley Sound (Brown et al. 1987). 
Comprehensive Coastal FishIForestry Guidelines 
were, developed from this knowledge (British 
Columbia Ministry of Forests and Lands et al. 1992). 
Intensive studies of forest herbicide-use have also 
been concluded in coastal areas (Reynolds et al. 
1993). Research in the interior of B.C. has been lim- 
ited to areas such as Slim Creek (Slaney et al. 1977; 
Choromanski et al. 1993). Coastal trees, soils, geolo- 
gy, climate and salmonid habitats are very different 
than those of sub-boreal forests of the central interi- 
or (Bustard 1986; H a r h a n  and Scrivener 1990; 
Macdonald et al. 1992). 

The Stuart-Takla FisheryIForestry Interaction 
Project (STFFIP) was initiated during 1990 to provide 
research knowledge of ecosystem processes so that 
the Forest Practices Code and FisheryIForestry 
Guidelines could be improved for the interior of B.C. 
(British Columbia Ministry of Forests and Lands et 
al. 1992). This project is an integrated, multi-disci- 
plinary, long-term, and multi-watershed study, 
whose results promote a n  understanding of ecosys- 
tem complexity as it relates to salmonid, timber and 
wildlife production (Macdonald 1998). The 
streambeds of Bivouac, Gluskie, and I(ynoch-water- 
sheds (34-76 km2) are being studied during pre-log- 
ging (4+ yrs) and post-logging periods, while Forfar 
watershed (36 kmz) is being studied in its pristine 
state. A large population of sockeye salmon 
(Oncorhynchus nerka) uses the streambeds of these 
watersheds for spawning from late July to early 
August and for incubation of their eggs from August 
to May, During August or September of some years, 
beaver (Castor canadensis) established winter territo- 
ries by building low dams across the flood plains of 
these small streams. Pools developed that extended 
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200 to 300 m upstream, covering some of the salmon 
redds, flooding the surrounding area of deciduous 
riparian vegetation, and providing beaver runs and 
food storage under winter ice and snow. These 
beaver dams are usually washed away when melt- 
ing snow produces flood conditions during the fol- 
lowing spring. 

Most gravel streambeds consist of a matrix of 
finer material that occupies part of the voids 
between a framework of coarse particles (Church et 
al. 1987). Salmonid eggs and alevins can incubate in 
these voids when adequate space remains for water 
exchange and alevin movement (Dill 1969). 
Typically, framework particles are in contact with 
one another and form a stable, self-supporting struc- 
ture, while matrix particles form 2&30% of the 
remaining total weight (Church et al. 1987). Alluvial 
gravels become matrix supported when the matrix 
exceeds 30%, because all voids are filled and frame- 
work particles become separated from one another 
by matrix. Matrix material is nussing from the sur- I 
face of most streambeds. The coarse surface layer of I 

interlocking framework material is usually 1-2 par- 
ticle diameters thick and it is formed either by the 
scour of matrix particles from the surface framework 
(Sutherland 1987), or by the relatively immobile 
large particles becoming concentrated on the surface 
during deposition (Andrews and Parker 1987). 

The natural physical and biological influences on 
streambed gravels in the study streams must be 
understood before any impacts from forest harvest- 
ing can be assessed. Samples of the streambed and I 
transported bedload from 1990 to 1994 are used here 
to characterize pre-logging gravels of these streams. 
The dynamics of the streambed are then shown in 1 

I 
relation to the hydrological regime, spawning sock- 
eye salmon and beaver activity. Comparisons with 
data from other streams indicated some unusual fea- 
tures in the STFFIP tributaries. The adequacy of our 1 
sampling methods to detect possible changes from 
forest harvesting is also discussed. 

I 
Methods and Materials 

Since 1990, samples of the streambed have been 
obtained from tributaries of Takla Lake and Middle 
River (Fig. 1). Ten samples were obtained and maps 
drawn at each of four sites in the lower 1500 m of 
Gluskie, Forfar, and Kynoch creeks during late 
September each year. Samples were also obtained 
from Forfar and Kynoch creeks during July 1994, 
after the spring flood but before salmon spawning. 
Signs were established at 50-m intervals along each 
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Figure 1. Map showing four experimental watersheds at Takla Lake, some of the stream study sites, the fisheries 
camp (DFO). and logging access roads. 

stream using the lowest site for the adult salmon 
fence as 0 m and hip-chain measurements along the 
thalweg of each stream. Permanent survey hubs 
(20-30) were established at <5-m intervals at three 
about 80-m reaches in each stream. They were used 
to determine annual changes of channel morphology 
and large woody debris (Hogan 1998). Other survey 
hubs were also established to trace the movement of 
magnetized bed material during freshets and salmon 
spawning (Gottesfeld 1998). Many streambed sam- 
ples were obtained from these channel cross sections. 
The signs, annual freehand maps and the survey 
hubs were used to locate the same sample sites every 
year. 

Additional streambed samples were collected 
during 1992,1993, and 1995 when beaver built dams 
at 300, 310, and 340 m, respectively, on Kynoch 

Creek. Samples were obtained from the shallow 
pools upstream of the dams (10-70 m) and from sites 
below the dams. They were compared with samples 
from 300,650, and 700 m on Kynoch Creek and from 
150,260, and 300 m on Forfar Creek. 

A modification of Ryan's (1970) freeze-core tech- 
nique was used to sample the streambed. A 5-cm 
diameter steel probe attached to a sampling pot was 
driven 30 an into the bed (Scrivener and Macdonald 
In press). Acetone and dry ice were added to the pot. 
The acetone, cooled to -60°C and circulated in the 
sampler, froze a 20-30 an diameter gravel core 
around the probe in 25 to 40 minutes (depending on 
stream temperatures). The frozen cores, weighing 15 
to 35 kg, were split into top (1-15 cm) and bottom 
(15-30 an) layers; any rocks that protruded >50% 
outside the core diameter and that were not against 
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the probe were discarded. They were representative 
samples of the streambed because core diameters 
were usually >2-fold larger than diameters of the 
largest particles (mean = 78 mm for 190 cores) and 
because excluded rocks prevented excessive repre- 
sentation of these particles in the samples (Lotspeich 
and Everest 1981; Shirazi et al. 1981). Each layer was 
placed in a labelled polyethylene ore bag and each 
core placed in a burlap sack for transport to the lab- 
oratory (Scrivener and Brownlee 1989). A few sam- 
ples were discarded when the probe became frozen 
to a buried log. Most of the sediment on these cores 
had been lost before the sampler could be extracted 
from the streambed and therefore new cores were 
obtained. 

When a core contained salmon eggs, the number 
of eggs was categorized as a few (1-8), scattered 
(about 12), or a distinct redd (>20). The depth range 
of egg clusters was measured to the nearest 0.5 cm 
with a metre stick as the freeze-core was split and 
bagged. During early October, a shovel and collect- 
ing net were also used to sample salmon eggs from 
redds within beaver ponds and from redds above 
and below the ponds. In the field, the proportion of 
live (clear-eyed eggs) to dead eggs (opaque) was cal- 
culated for each sample and most samples were pre- 
served in Stocker's solution. 

Data from coastal streams were obtained and 
treated in a similar manner (Scrivener and Brownlee 
1989; Hartman and Scrivener 1990). We had 
obtained freeze-cores annually from Carnation 
Creek between 1973 and 1989 and they were com- 
pared with the STFFIP samples. 

In the laboratory, each layer was oven dried at 
105°C. The mean diameter and weight of the largest 
rock were obtained before the layer was passed 
through a sample splitter with 24 mm dividers. 
Particles too large for the splitter were weighed; after 
1990, the weight of these particles retained on a 50- 
mm sieve was also determined. Split portions of the 
sample were weighed and one portion was passed 
through five nested sieves (9.55,2.38,1.19,0.298, and 
0.074 mm) using a Ro-Tap Model T-674 testing shak- 
er (Scrivener and Brownlee 1982). Separated compo- 
nents were weighed and all weights were entered 
into the VAX computer database at the Pacific 
Biological Station, Nanaimo, B.C. This analysis sep- 
arated particles into medium and small cobbles; 
large, medium, and pea gravels; coarse, medium, 
and fine sands; and silt--clay components as classi- 
fied by the U.S. Department of Agriculture 
(Scrivener and Brownlee 1982). 

Geometric mean particle size (Dg; Platts et al. 
1979) was calculated for each layer of each freeze-core 
using 

Equation 1 Dg = dlw1 ' dZw2 * O dnWn 

Where d = the geometric mean diameter between two 
adjacent sieve sizes and w = the proportion of the 
layer retained by the smaller sieve. The largest "d" 
was calculated using the diameter of the largest rock 
and the size of the nearest smaller sieve. When this 
rock was >I00 mm, the equation was expanded using 
the rock's weight and size to calculate an additional 
"d" and "w". When it was <50 mm, an element was 
dropped from the equation. 

A cumulative particle size distribution of each 
layer was calculated as the sample percentage smaller 
than each size category. Each distribution was fitted 
to 

Equation 2 Percent = a + b'l0g,~S1ZE 

using Shirazi's technique (Shirazi et al. 1981). Where 
Percent = the inverse probability transformation that 
the percentage of the sample is smaller than a given 
mesh SIZE, a = intercept of the regression line, b = 
slope of the line, and SIZE = mesh size in mm. These 
equations were statistically sigmficant representations 
of the distributions even with only nine or ten points 
(If n = 9, P <0.05 when R2 20.45). They also predicted 
>80% of the variability for 695 of 960 distributions 
(mode R2 = 0.83). Twelve equations had R2 <0.70 and 
most of these samples contained exceptionally large 
rocks (>128mm). They were recalculated and the R2 
value improved after excluding the weight of the large 
rock. Thus, these equations could accurately predict 
the percent of sample finer than any mesh size. 

A Fredle Index (Fi; Lotspeich and Everest 1981) 
was calculated for each layer of every freeze-core 
using 

. 
Equation 3 Fi = - 

where Dg was calculated using Equation 1, and d7v 
dZ5 were calculated as particle size diameter at the 
75% and 25% percentile, respectively, using Equation 
2. Thus, Fi provided a single measure incorporating 
mean particle size in a layer and associated variation 
of particle sizes around the mean. 

Transported bedload was collected in four to six 
empty buckets that were buried in each of Gluskie, 
Forfar, Kynoch, and Bivouac creeks. The 20-L plastic 
buckets were buried along a single cross section near 
the stream's mouth (station 50-300 m; Fig. 1). The 
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Figure 2. Mean distribution of particle sizes in the top 
(0-15 cm) and bottom layers (15-30 cm) of 
178 freeze-core samples that were collected 
from Forfar Creek during 1990 to1993. Both 
axes have a Log,, scale. 

plastic lids of the buckets were level with the 
streambed and they contained 5 x 10 cm cut slots 
until June 27, 1993 and 7 x 7 cm cut slots thereafter. 
Every few days during periods of rapid bedload 
movement, depth measurements of the sediment that 
settled in the buckets were obtained. Notes were 
made of any sediment deposited on top of the lids or 
any erosion from around the buckets. After each ero- 
sional event, a bucket's elevation was adjusted or the 
bed around it was levelled if the lid was no longer 
flush with the streambed. Each bucket was lined with 
a polyethylene ore bag so that collected sediments 
could be easily removed. Any contents were emp- 
tied five times each year and a sub-sample was saved 
for particle-size analysis using the same procedures 
described for freeze-core samples. Sampling periods 
coincided with the end of winter (April 20-26), the 
end of spring freshet (around June 30), the beginning 
of sockeye spawning (July 25-31), the end of sockeye 
spawning (around August 15), and the beginning of 
winter (October 2-10). Volumes collected in the buck- 
ets were extrapolated to the total channel width, and 
total volumes transported were calculated for each 
channel cross section. 

These studies of bedload movement were 
designed to complement the magnetic rock studies by 
Gottesfeld (1998). We quantified the particle size dis- 
tribution of bedload and the total volume passing a 
specific cross section of each stream. Movements of 

magnetic rocks are used to quantify distance moved 
and the deposition pattern of bedload in relation to 
the size of individual particles. 

Results and Discussion 

Streambed Characteristics 

The streambeds of our study streams contained 
framework-supported gravels. Particles of frame- 
work size, >24 mm in diameter, formed >50% of 
freeze-core weights, while matrix particles (<2.38 
mm) were <18% (Fig. 2). That is, framework particles 
were likely in overlapping contact, since matrix was 
<30% of most freeze-cores, and matrix particles likely 
did not fill the voids within the framework, since 
matrix is <20% of a freeze-core (Church et al. 1987), 
and thus space must be available for incubating 
salmonid eggs and alevins, and for water circulation. 
A similar pattern was obsemed for our coastal com- 
parison (Hartman and Scrivener 1990). 

Both large and small particles were rare in STFFIP 
tributaries. Medium cobbles (dia. >I00 mm) were 
collected only occasionally in Forfar (Fig. 2) and 
Kynoch creeks. They were slightly more common in 
Gluskie Creek (Scrivener and Macdonald 1996). 
Particles of fine sand, silt, and day (<0.3 mm) usual- 
ly formed 1-1.8% of the freeze-cores (Fig. 2). Silt and 
clay particles (<0.074 mm) comprised <0.3% of the 
samples and they were very rare in the top 15 cm of 
the streambed. The rarity of these fines was surpris- 
ing as there are large areas of lacustrine deposits 
within each watershed (Ryder 1995). Comparable 
areas from 0.2 to 4.0 km in Carnation Creek had sim- 
ilar quantities of fine sand, but more silt and clay (Fig. 
3). This was also surprising because coastal soils are 
shallow with fewer sources of these fines and because 
coastal soils and streambeds are frequently scoured 
during the numerous winter freshets (Hartman and 
Scrivener 1990). 

Typically, riverine gravels have a coarse surface 
layer of 1 to 2 particle diameters thickness (Church et 
al. 1987), and a distinct layered pattern (Carling and 
Reader 1982; Scrivener and Brownlee 1989), but these 
characteristics were rare in STFFIP tributaries. This 
surface armoring layer consisted of structurally inter- 
locking particles that resisted stream flow and tended 
to stabilize the bed. Large keystone particles must be 
moved by scouring flows before the bed can be mobi- 
lized (Reid and Frostick 1984). This surface layer typ- 
ically produced Fi values in the top layer that were +2 
or +3 of those in the bottom layer of freeze-cores (Fig. 
4). In contrast, Takla freeze-cores from September 
samples showed few size differences between top 
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Figure 3. Mean distribution of particle sizes from the 
top (0-15 cm) and bottom layer (15-30 cm) 
of 384 freeze-cores from 0.2 to  4.0 km of 
Carnation Creek (a coastal stream) collected 
between 1973 and 1981, before many 
logging impacts were observed. A Log,, 
scale is used for both axes. 

I Fredle index of freeze-cores 

Figure 5. Distribution of Fredle lndices obtained in the 
top and bottom layers of freeze-cores that 
were collected from Forfar and Kynoch 
Creek each September from 1990 to  1994. 
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Figure 4. Distribution of Fredle lndices from the top 
and bottom layers of freeze-cores collected 
from an area of intense spawning by chum 
salmon in the upper estuary of a coastal 
stream, Carnation Creek, 1981 to  1985. 

and bottom layers (Fig. 5). The armoring layer in 
Carnation Creek was evident for both the particle 
size (Fig. 3) and Fi distributions (Fig. 4). Pea gravel 
(<9.55 mm), coarse sand (<2.38 mm), and medium 
sand (4.19 mm) also did not increase with depth in 
the STFFIP tributaries (Fig. 2) as they did in 
Carnation Creek (Fig. 3). STFFIP freeze-cores from 
July samples had surface layers that were slightly 
coarser than bottom layers (Fig. 6) indicating that at 
least a thin armoring layer existed after the 
streambed was influenced by snowmelt peak flows. 
A thin armor layer was developed by the hydraulic 
processes of the June floods, but it was destroyed 
during August by the digging activity of spawning 
sockeye salmon (Fig. 5). Presumably, the streambed 
remained well mixed throughout most of the year 
(August through May) when freshets were rare. 

Spatial differences in the streambed were also 
observed among the STFFIP tributaries. Freeze- 
cores from Forfar and Kynoch creeks appeared simi- 
lar, but Fi values were smaller than those of Gluskie 
Creek (Fig. 7). The distribution from Gluskie Creek 
was shifted towards the larger values probably 
because medium cobbles occurred more frequently 
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Figure 7. Fredle lndices from both top and bottom 
Figure 6. Distribution of Fredle Indices obtained for layers of freeze-cores obtained from 

top and bottom layers of freeze-cores that Kvnock. Forfar and Gluskie creeks. 1990 to 
were collected from Kynoch and Forfar 
creeks during July 1994. 

in their freeze-cores (Scrivener and Macdonald 
1996), but Fi values were still greater for Gluskie 
Creek when these extreme values were excluded 
(Wilcoxon two-sample test, P<0.001). The streambed 
also became coarser with distance upstream in the 
channel from the mouths to the road bridges. The Fi 
mode increased from 4.0 at the delta to 6.5 at 1500 m 
on Kynoch Creek and from 4.5 at 300 m to 7.0 at 
1370 m on Forfar Creek (Wilcoxon two-sample test, 
P<0.001). Gradient in Forfar and Kynoch creeks 
increased approximately 0.3% between the mouth 
and the sampling sites 1 to 1.5 km upstream. The 
gradient increased more quickly in Gluskie Creek 
because topography confined the channel within 
0.6 km of the mouth. Channel gradient is often 
directly correlated with median diameter of the bed 
material and steeper reaches often have a capacity to 
transport more sediment than is supplied to them 
(Simons and Simons 1987). Sediments are also 
stored at depths in fluvial fans near the mouths of 
streams (Hey 1987; Reid and Frostick 1984). Thus, 
upstream channels are zones of degradation and ero- 
sion that leave coarse substrates, as fine material is 

transported downstream where large clasts can be 
buried in deep sediment deposits (Church et al. 
1987). 

Streambeds in the STFFIP watersheds provided 
better incubation substrates for salmonid eggs than 
most of those reported in the literature. The median 
graphic mean diameter (DSo) was 22 mm for 135 dif- 
ferent spawning gravels (reviewed by Kondolf and 
Wolman 1993), while it was 30 mm for tlus study 
Half of the literature means were between 10 and 
27 mm for graphic means, and between 8.7 and 
24 mm for geometric means. The geometric mean 
was >22 mm for Takla spawning sediments and par- 
ticles >I00 mm in diameter were rare. Particles 
>I00 mm were commonly found in 43 of the 135 
spawning gravels used by spawning Chinook salmon 
(Kondolf and Wolman 1993). These characteristics 
could explain why the Takla tributaries produced 
survivals from potential egg deposition to fry emer- 
gence of 1935% (G. Smith, DFO, New Westminster, 
B.C., personal communication), while survivals of 
5-19% are reported for other interior and coastal 
populations of sockeye salmon (Foerster 1968). 
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Figure 8. Relationships observed between mean 
depth of a salmon redd and geometric mean 
particle diameter (Dg) of the top layer and 
total freeze-core containing sockeye salmon 
eggs from Kynock, Forfar and Gluskie creeks 
during 1992. 

Spawning Sockeye Salmon 
Streambed characteristics influenced the depth 

of sockeye salmon redds in the STFFIP tributaries. 
Mean depth of a redd was negatively correlated with 
Dg of the top layer of the freeze-core, but a signifi- 
cant correlation was usually not obtained for the 
total freeze-core (Fig. 8). This relationship persisted 
for every year of the study but variability was 
greater during years with large numbers of spawn- 
ing sockeye salmon (r= -0.41 to -0.48) than during 
years with fewer spawners (r= -0.50 to -0.52). Redds 
with a Dg <I0 were rare during years with large 
escapements, while redds with a Dg >30 were very 
rare during years with a small escapement 
(Scrivener and Macdonald 1996). These results pos- 
sibly indicate that spawning sockeye salmon clean 
fine particles from the streambed covering the redd 
and that they avoid coarse spawning gravels when 
low numbers permitted site selection. Because spa- 
tial differences existed for streambed particle sizes, 
the spatial pattern of redd depths was similar to par- 
ticle size. Redd depths were >3 cm shallower in 
Gluskie Creek than the other streams (Fig. 9) and 
they tended to become shallower with increasing 
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Figure 9. Distributions of egg depth for 191 sockeye 
salmon redds from Kynock, Forfar and 
Gluskie creeks. Individual redds were 
distributed over 4-10 cm in 1990-94 freeze- 
core samples. 

distance upstream from the mouth to the road 
bridges (Scrivener and Macdonald 1996). This prob- 
ably indicates the coarsening of the top 30 cm of the 
streambed as stream gradient increased. 

Among spawning salmonids, most variability of 
redd depth has been related to female size. Species 
with larger individuals tend to use coarser spawning 
gravel and they bury their eggs more deeply in the 
streambed (Van den Berghe and Gross 1984; Crisp 
and Carling 1989; Kondolf and Wolman 1993). 
Within a species, female size differences explained 
>60% of the variability of redd depth among trout 
and Atlantic salmon (Salmo salar) in streams of 
England and Wales (Crisp and Carling 1989), and 
among coho salmon (0. kisutch) in a Canadian stream 
(Van den Berghe and Gross 1984). In these studies, 
3% of redd depth variability was explained by dif- 
ferences of streambed composition. However in STF- 
FIP tributaries, 90-98% of the spawners are of a sin- 
gle age group (42; Smith 1994) and of similar size (SD 
= 1.32-2.05 for 4-yr-old females from the same stream; 
and mean length differences = 0.1-1.2 cm between 
streams during any year; G. Smith, DFO, New 
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Westminster, B.C., personal communicatian). Gravel 
size has an impact on the ability of a female to con- 
struct a redd. The significance of S i s  relationship 
declined during years with high spawner density 
probably because they were forced to use sites that 
were normally avoided and because they interfered 
with each other's activity. 

In an attempt to quantify spawner influences on 
streambed characteristics, freeze-cores containing 
redds (220 eggs) were paired with those from near- 
by sites without eggs. Undisturbed sites adjacent to 
redd sites were selected from a location immediately 
upstream ( 1 4  m), immediately to one side (about 1 
m), or were calculated as the mean of the two. Some 
redds were clustered so freeze-cores from a few 
undisturbed sites were paired with more than one 
redd, and a few of the redds were dropped from the 
analysis because an adjacent undisturbed site that fit 
the criteria did not exist. 

Linear regressions between the Dg of redds and 
of adjacent undisturbed sites explained 3545% of 
the variability in the streambed-during all years 
except 1993 (Fig. 10 a-d). Here, the regression was 
still statistically significant because so many redds 
were found, but the R2 value was of little value as a 
predictor of change (Fig. 10d). Slopes of the annual 
regression lines were steep (near 1.0) during 1990 
and 1992, years of small escapements, indicating a 
consistent removal of fines from all redd types (Fig. 
10 a,c). Slopes were <0.63 during years containing 
large escapements indicating that more fines were 
removed from redds with small particles than from 
redds with large particles (Fig. 10 b,d). 

Modification of fluvial gravel size by spawning 
salmonids has been discussed extensively, but it has 
rarely been observed in the field except immediately 
after spawning. Previous studies have shown both 
streambed modification after spawning and no dif- 
ference between redds and adjacent undisturbed 
sites (reviewed by Everest et al. 1987 and Kondolf et 
al. 1993). Among studies that showed streambed 
changes, particles a mm in diameter (clay, silts, and 
fine and medium sands) were reduced 25-SO%, 
while particles 53 mm (all sands) were reduced only 
15-35% immediately after spawning. In the STFFIP 
tributaries, reductions ranged from 28-50% for parti- 
cles 51.19 mm and from 1040% for particles $2.38 
mm. Other studies have shown little or no change in 
mean particle size of the streambed (Everest et al. 
1987; Kondolf et al. 1993). 

These conflicting results might indicate that 
fine sediments rapidly reinfiltrated salmonid redds. 

Surface sediments are disturbed by freshets and 
hydraulically winnowed so that they are coarser than 
sediments at depth (Carling 1984). This occurs dur- 
ing and immediately after autumn spawning in 
coastal streams (Crisp and Carling 1989; Scrivener 
and Brownlee 1989), so any salmonid effect would be 
quickly masked. Reinfiltration rates of fine sediment 
indicated that trout redds could be M y  silted within 
a few days in streams with typical loads of suspend- 
ed sediment (Carling and McCahon 1987); thus, influ- 
ences of spawning usually rapidly disappear from 
coastal streams. In STFFIP tributaries, redds are sub- 
jected to clear base flows, they are covered by ice and 
snow, and there are few predators. These modified 
spawning gravels would persist unchanged for 
months, permitting sockeye salmon to thrive in 
watersheds that are rich in fine sediments (Cheong et 
al. 1995; Sanborn 1994). Long-term effects of spawn- 
ing were recorded for salmonid streams without win- 
ter freshets in Arizona, California, Idaho, and central 
BC (Kondolf et al. 1993). 

Bedload Characteristics 
Sediment is transported in streams as a function 

of discharge and rate and size of the sediment supply. 
It moves either within the water column as suspend- 
ed load or by bouncing or rolling (saltating) along the 
streambed as bedload (Hey 1987). Rates of suspend- 
ed transport are usually calibrated to stream flow or 
discharge (Cheong et al. 1995), but rates of bedload 
transport are more episodic and vary markedly with 
time even at similar flows (Hubbell 1987). 

During both 1991192 and 1992193 water-years, 
80-89% of bedload transport occurred when the Takla 
tributaries were in May /June freshet and when sock- 
eye salmon were spawning (Fig. 11; Scrivener and 
Macdonald In press). Transport rates and total vol- 
umes were often proportional to watershed area dur- 
ing the period of snow-melt (Scrivener and 
Macdonald In press), but they were not proportional 
to area during spawning (Fig. 11). This pattern per- 
sisted even though 1992193 produced nearly twice 
the transport volumes during a much shorter time 
period than were observed during 1991192. 
Spawning salmon caused 20-39% of the movement of 
bed material in Kynoch, Forfar, and Gluskie creeks 
(Fig. 11). In Bivouac Creek, little movement occurred 
during August 1992 when only 81 spawners entered 
the creek, but this changed the following year when 
25 000 spawners were observed (Fig. 12). 

The number of spawning sockeye salmon was 
regressed against the volume of bedload transported 
in the four study streams. With combined data from 
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Figure 10. Relation between geometric mean particle diameter (Dg) for spawned and undisturbed gravels in Gluskie, 
Forfar, and Kynoch creeks during a) 1990, b) 1991, c) 1992, and d) 1993. Regressions are shown as solid 
lines, while dashed lines would represent 1:l ratios. 



Figure 12. Relationship observed between total 
volume of bedload transport during the 
spawning period and number of sockeye 
salmon spawning in Bivouac, Forfar, 
Gluskie, and Kynoch creeks during 1991, 
1992, and 1993 (data from Smith 1994). 

Gluskie Creek. Here, the 0.3-km long delta area con- 
tained the best spawning habitat which appeared to 
be saturated even during years of relatively low 
escapement (Tschaplinski 1994). Upstream areas in 
Gluskie Creek contained larger streambed materials 
(Fig. 7) that probably made redd excavation more 
difficult. When more data are available in future 
years, a separate analysis could be obtained for each 
stream. A similar relationship has not been reported 
elsewhere. Most previous studies were done in 
coastal watersheds where spawning occurred dur- 
ing flood conditions (Hartman and Scrivener 1990; 
O'Leary and Beschta 1981) or where spawner densi- 
ties were low (Van den Berghe and Gross 1984; Crisp 
and Carling 1989). 

The distribution of particle sizes that were trans- 
ported as bedload varied with the season. Our bed- 
load buckets contained only 22% sand, silt and clay- 
sized particles (<2.38 mm) when salmon were 
spawning during August, but these particles formed 
>65% of the bedload during the winter (Fig. 13). 
Distributions of bedload particle sizes were also 
similar to those of the bottom layer of freeze-cores 
collected during the spawning period (Fig. 2 and 13) 
indicating that all particle sizes were being moved 
and that they were moved in proportion to their 
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Figure 13. Mean distribution of particle sizes in the Figure 14. Difference between geometric mean part 
bedload buckets during the winter (October icle size of top and bottom layers (Dg,- DgJ 
to May), spring flood (May and June). of frozen cores from beaver ponds in 
salmon spawning (August), and summer1 Kynoch Creek and from control reaches in 
autumn periods (July and September) for Kynoch and Forfar creeks. Freeze-core 
1991.1992 and 1993. samples were collected during September of 

1992, 1993, and 1995. 

presence in the streambed. Distributions from the 
spring snowmelt and summer/autumn periods 
were intermediate, with the majority of particles 
being larger in size than coarse sand (>2.38 mm; Fig. 
13). Our summer/autumn samples might be atypi- 
cal and contain coarser material than usual because 
the buckets were contaminated by a few late spaM- 
ers during August 1991, and because two unusual 
freshets moved substantial bedload during July 
1993. 

The water-years, 1991192 and 1992193, were 
good indicators of the lower and upper range of bed- 
load transport and spawning activity in these tribu- 
taries. A small snow pack and dry spring during 
1992 produced a moderate spring flood and moder- 
ate bedload movement (Macdonald et al. 1992). 
Poor marine survivals, substantial fishing, and 
warm migration temperatures in the Fraser River 
produced minimum sockeye salmon escapements 
and spawning activity during 1992 (Williams et al. 

1992; Smith 1994). During 1993, a cool spring with 
rain-on-snow events generated peak floods with 
extensive erosion in the channels. Two July freshets 
and decade escapement maximums were also 
observed during 1993. Thus, bedload volume was 
three fold greater in 1993 than during the previous 
summer in our study streams. 

Impacts of Beaver Dams 
Beavers are common in forested areas of north- 

central B.C. They modify stream channel geomor- 
phology and hydrology through the retention of 
sediment, organic matter and water, thus creating 
wetlands and meadows (Naiman et al. 1984). 
Wetlands provide rearing habitat for salmonids, but 
may affect spawning habitats (Meehan 1991). 
Within a few years, streams have retained as much 
as 6 500 m3 of fine sediment and the wetted area of 
channel has increased about 200-fold behind each 
dam (Naiman et al. 1986). Water velocity over and 
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Forfar Creek Kynoch Creek 

Creek and location 

Figure 15. Mean proportion of live-to-dead eggs 
collected from various sites in Forfar and 
Kynoch creeks during late September of 
1992,1993, and 1995. 

within the salmon redds is reduced and there is con- 
cern that the ponds may act as traps for fine sedi- 
ment filling the pore spaces in the incubation grav- 
els. Indeed, our 1992 data indicated that significant 
quantities of fine sand, silt, and clay had accumulat- 
ed at the beaver affected site within four weeks of 
dam construction (Scrivener and Macdonald In 
press). The 1993 dam was built only 10 to 15 days 
prior to freeze-core sampling, so fine sediments were 
not significantly greater statistically at the beaver- 
impacted site than at control sites in Kynoch and 
Forfar creeks. Gluskie Creek data were excluded 
from the analysis because that creek's coarse gravels 
would bias our results. 

The differences between Dg of top and bottom 
layers of streambed samples were compared for 
1992, 1993 and 1995. Analyses of control-site freeze- 
cores showed that large particles were not concen- 
trated on the surface of the streambed and that Dg 
was only slightly greater for the top layer than for 
the bottom layer (Fig. 5 and 14). In contrast, samples 
from the beaver affected sites had greater Dgs in the 
bottom layer than in the top layer (Fig. 14). Hence, 
fine sediments were accumulating on the surface of 
the streambed behind the beaver dams. 

Two months after spawning, survivals of sockeye 
salmon eggs were also lower at the beaver affected 
sites than at any control site (Fig. 15). This pattern 
was consistent for all 3 years. Survival was also 
lower at all sites during 1993. The large escapement 

of sockeye salmon that year caused multiple spawn- 
ing at many sites and continual interaction among 
spawning fish was observed. Salmon eggs are sensi- 
tive to disturbances during the first weeks of their 
incubation (Burgner 1991) and this probably 
increased mortalities at all sites. 

Fine sediments began accumulating behind 
beaver dams in Kynoch Creek within a few weeks. 
Their impacts probably only remained for a single 
autumn and winter of egg incubation. Spring 
freshets and August spawners reconditioned the 
streambed by scouring fines from the incubation 
gravels. Suspended sediment levels in these sheams 
were positively related to stream flow (Cheong et al. 
1995) and concentrations were significantly greater 
during the spawning period (Scrivener and 
Andersen 1994a). 

Beaver impacts on the fauna of aquatic insects 
have been observed, but little has been reported on 
survival of incubating salmonid eggs behind beaver 
dams. A 3-yr study in Algonquin Park, Ontario, 
indicated changes of community and emergence pat- 
terns, and reductions of density for aquatic insects 
when beavers constructed a dam across a small 
stream (Sprules 1940). During the next year, lotic 
species were replaced by species preferring slow- 
flowing silty habitats. Similar findings were 
obtained in foothill streams of the Rocky Mountains 
(Hodkinson 1975) and in Sept-Iles streams of Quebec 
(Naiman et al. 1984). Few direct measurements have 
been obtained for incubating salmonid eggs behind 
beaver dams (Meehan 1991). Most studies of beaver 
impacts on salmonids have been concerned with the 
expanded rearing habitat and with restricted adult 
access to spawning reaches upstream. Sockeye 
salmon in STFFIP tributaries spawned before the 
dams were constructed. 

Ecosystem Complexity and Forest 
Harvesting 

A complex interrelationship has evolved among 
the physical and biological processes of these ecosys- 
tems. They must be understood and quantified 
before forest harvesting impacts can be truly under- 
stood. Sockeye salmon populations in STFFIP tribu- 
taries have evolved mechanisms such as early 
spawning and development at very low tempera- 
tures that permit fry emergence during May before 
peak floods (Brannon 1987; Scrivener and Andersen 
1994b); June rearing in swamps and flooded lands 
that are warm enough (>5"C) for early growth 
(Burgner 1991; Scrivener and Andersen 1994b); early 
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work of roads in order to access the proposed cut- 
blocks. Large quantities of fine sediments were gen- 
erated in the Prince George Forest District when sim- 
ilar soils and roads were exposed to erosion 
(Brownlee et al. 1988; Choromanski et al. 1993). The 
exposure of steep slopes and gullies could also 
increase mass wasting, adding more coarse sedi- 
ments to the channels (Meehan 1991). Our detection 
of streambed composition changes due to spatial dif- 
ferences, spawning activity, and beaver activity sug- 
gest that any future logging impact would be detect- 
ed. Larger streambed changes were easily quantified 
when coastal watersheds were logged (Scrivener and 
Brownlee 1989; Hartman and Scrivener 1990). 

Small increases of sediment to these streams 
would probably not affect the sockeye salmon popu- 
lations. Large quantities of fine sediments enter 
these streams through natural processes and are 
processed by freshets and the spawning fish. 
Sockeye salmon have also adapted to an environ- 
ment rich in fine sediments by incubating their eggs 
during times of minimum sediment transport 
(Cheong et al. 1995; Scrivener and Macdonald 1996) 
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how much additional sediment the populations 
could tolerate and what population levels are neces- 
sary to condition the incubation substrates. 
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