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Abstract 
Before impacts of forest harvesting on Pacific salmon populations can be fully 

understood, the natural physical and biological influences on incubation processes 
must be understood within interior British Columbia watersheds. The study objective 
was to estimate overwinter survival of sockeye salmon (Oncorhynchus nerku) embryos 
within various redd micro-environments. Egg to pre-emergent fry bioassays, in con- 
junction with microhabitat environmental monitoring, were implemented to define a 
range of natural spawning conditions and their relative contribution to fry recruitment. 
Four adjacent tributaries (Kynoch, Forfar, Gluskie, and Bivouac creeks) of the 
Stuart-Takla watershed were studied during the 1993 and 1994 broodyears. Sockeye 
salmon successfully spawned over a wide range of habitats. Survival rates between 
habitat types were not significantly different in contrast to predictions generated from 
optimum models. This was due to the definition of marginal habitat. Spawning adults 
avoided truly marginal areas with intragravel dissolved oxygen levels below 3.0 mg/L. 
As a result, in situ redd simulations showed similar intragravel conditions in both low 
utilization (assumed marginal) and high utilization (assumed preferred) spawning 
areas. Physical (i.e., hydraulic regime, bedload characteristics) and biological (i.e., mass 
cleaning by high densities of spawning adults) processes result in uniformly high qual- 
ity gravel conditions with permeabilities, surface water interchange, and intragravel 
dissolved oxygen levels associated with high incubation success. Riparian-zone sub- 
strates in the study streams were characterized by large amounts of lacustrine deposits. 
Reduced escapement levels, or sediment inputs which exceed current bedload trans- 
port, may impact incubation environment. By spawning early in the season 
(July-August), the early Stuart sockeye salmon stock enjoy advanced embryological 
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development prior to the onset of low water temperatures. Embryos rapidly accu- 
mulate the thermal units necessary to hatch, thereby becoming mobile in time to - 
avoid freezing and desiccation as water-levels decline and reach seasonal mini- 
ma. Embryos and alevins of the early Stuart stock can apparently tolerate tem- 
perature conditions previously considered lethal, and emerge successfully in the 
spring after accumulating less thermal units than any other Fraser River stock. 
These mechanisms, are closely linked to the stream thermal regime. Riparian 
forestry prescriptions must be closely monitored to detect and quantify any 
stream temperature changes that may impact the developmental timing of incu- 
bating salmonids. 

introduction early spawning Stuart River stock of sockeye salmon 

Sockeye salmon provide one of Canada's most 
valuable Pacific coast fisheries (Hart 1973). The close 
association of salmon streams with timbered water- 
sheds creates potential problems for fishery manage- 
ment (Hall and Lantz 1969; Ringler and Hall 1975; 
Platts et al. 1989). There has been a long history of 
coastal-based fish-forestry interaction research pro- 
jects (FFIRP) within British Columbia (Poulin 1984; 
Hartman and Scrivener 1990) and the United States 
(Sheridan and McNeil 1968; Burns 1970; Moring 
1975), but only limited study of interior watersheds 
(Slaney et al. 1977; Sterling 1985). Given the amount 
of interior forestry activity and the lack of knowledge 
concerning over-wintering incubation processes, 
there is an urgent requirement for ecological studies 
to guide land-use practices that are appropriate for 
the specific physical and biological conditions of inte- 
rior watersheds. 

The general objectives of this study were to define 
natural incubation conditions in a set of interior 
experimental streams which had experienced mini- 
mal anthropogenic impacts and determine responses 

fall into this category, representing 44% of the avail- 
able spawning habitat for the stock (Langer et al. 
1992). The four study streams each represent approx- 
imately 3-796 of the estimated total spawning capac- 
ity (excluding Bivouac Creek <I%), yet escapements 
to these four streams represent 8 to 42% of the entire 
early Stuart escapement (Langer et al. 1992). 

Historically, the early spawning Stuart River 
sockeye salmon stock has never been large, and has 
been unusually variable (Cooper and Henry 1962; 
Cass 1989). Because of the geographic location and 
associated climate of streams used by the early Stuart 
spawning stock, it has been speculated that produc- 
tion of the early spawning Stuart River stock of sock- 
eye salmon may be limited by environmental factors. 

Materials and Methods 
The main experimental approach was to: 1) map 

expected habitat suitability (i.e., redd distribution); 
2) plant egg capsules to measure spaceltime varia- 
tions in survival rate; and 3) monitor environmental 
Darameters to determine their influence on the 

of embryostohualitat&e and quantitative differences Lxwected survival watterns. I - ~ ~ '  ~~~~r~~ 
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Study Area 

The Stuart River watershed represents the most 
northern extent of the Fraser River watershed. The 
early spawning Stuart River sockeye salmon stock 
utilizes more than 30 tributaries, primarily Takla 
Lake and Middle River (lat. 55O00'N, long. 125"50'W). 
Four adjacent tributaries (Bivouac, Gluskie, Forfar, 
and Kynoch creeks) were chosen for this project. 
Study watersheds are small streams which have no 
flow stabilizing lacustrine features. Twenty-six of the 
33 Stuart River spawning tributaries utilized by the 

for an initial total of six study reaches. Two study 
reaches on Bivouac Creek were added in 1994. 
Salmon observed displaying spawning behaviors 
had their redds marked by wooden stakes. The study 
reaches were partitioned, in relative terms, into low 
and high utilization spawning habitat. High utiliza- 
tion habitat was considered preferred, while low uti- 
lization habitat was considered marginal. 
Representative in situ redd simulations (2 m2), (one 
marginal, one preferred) were then constructed with- 
in each study reach for an initial total of 12 redd sim- 
ulations. 
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Bioassay techniques are designed to indicate the 
quality of spawning habitat by inserting eggs into 
the gravel in porous containers (Slaney et al. 1977; 
Scrivener 1988). Egg development capsules used in 
this study (37 mm inside diameter stainless steel 
cylinders punched with 2.3 mm diameter holes set at 
2.0 rnm centers) were modeled after Scrivener '1988). 
The ends were covered with snug-fitting polyethyl- 
ene test caps with numerous 2.3 mm holes. A color 
coded wire leading from the capsule to the gravel 
surface marked the capsule site and assisted with 
retrieval. Two lengths of capsule were utilized: a 
standard (length = 12 cm) and a longer version for 
behavioral studies (length = 46 cm) (Cope 1996). 

Pooled sockeye salmon gametes (49, 40) were 
collected from each creek. Gametes were fertilized 
using the wet method incorporating anisotonic sodi- 
um bicarbonate rinse. Thirty eggs, spatially separat- 
ed by gravel selected for optimum qualities, were 
placed in each capsule. Capsules (n1993 = 32, n1994 = 

22) were planted vertically in each simulated redd at 
a depth of 20 cm. All planting procedures were com- 
pleted within 1 hour of fertilization. Fencing materi- 
al was secured around each redd simulation to 
ensure the capsules were not disturbed by the 
remaining spawners. Periodic collections of develop- 
ing embryos (nI9,, = 10, nIgg4 = 6-7 capsules/redd 
simulation) were made in late September, December, 
and late April. Development rates were examined 
utilizing the classification system of Vernier (1969). 

Environmental monitoring was implemented to 
determine the range of natural spawning conditions 
and the responses of embryos to hypothesized dif- 
ferences in the various redd micro-environments. 
Following a method developed by Terhune (1958), 
standpipes (10 to 26 depending on reach) were sam- 
pled before spawning (July 1-13) and during each 
embryo collection period. At an intragravel depth of 
20 cm, dissolved oxygen, temperature, and perme- 
ability were measured. Stream temperature and dis- 
solved oxygen were also measured adjacent to the 
standpipe. At each standpipe location stream depth 
and velocity, and visual estimates of the size of sur- 
ficial streambed material were made. 

Results 
Redd distributions within all study reaches 

demonstrated spatial preferences (n = 6). Preferred 
spawning habitat was consistently at the tail of pools 
in the pool-riffle transition. Marginal habitats 
included: riffles; stream margins; intermittent side- 
channels; and portions of off-channel habitat (Fig. 1). 

These spatial preferences were consistent over both 
study years, despite significant differences in escape- 
ment and spawner densities (T. Whitehouse, 
Fisheries and Oceans Canada (DFO), Stock 
Assessment Group, West Vancouver Laboratory, 
West Vancouver, B.C., unpublished data). 

Most incubation period mortality (80%) occurred 
in the first 50 days, before hatching (Fig. 2). The 
remaining mortality was expressed as unfertilized 
eggs (8%) and over-wintering processes (12%). The 
1993 mean survival from fertilization to pre-emergent 
fry was 49%. Mean survival was 51,50, and 46% for 
Gluskie, Forfar, and Kynoch creeks, respectively An 
analysis of variance (ANOVA) revealed there was no 
significant variation in survival between creeks (p > 
0.05), and no significant effect between streams (p > 
0.05), stream reaches (p > 0.051, or habitat types (p > 
0.05). The 1994 mean survival to pre-emergent fry 
was 27%. An ANOVA revealed significant variation 
existed in survival between streams (p < 0.01), but not 
between reaches within streams (p > 0.05), or habitat 
types within reaches (p > 0.05). Mean survival rate 
was lowest in Bivouac Creek (7%). Mean survival 
rates of Forfar (16%) and Gluskie (28%) creeks were 
intermediate, and all three creeks had lower mean 
survival rates than Kynoch Creek (60%). 

Incubation environments were relatively invari- 
ant, with high quality incubation habitat available at 
all scales examined. While there were differences in 
the visual characteristics associated with representa- 
tive marginal and preferred incubation habitats, there 
were no significant differences between these habi- 
tats (all reaches, creeks, and years combined) in either 
stream or intragravel parameters (Table 1). Although 
both incubation habitats contain high quality incuba- 
tion conditions, there was a trend towards lower val- 
ues (i.e., shallower, lower velocity, finer substrate, 
lower permeability, and lower intragravel dissolved 
oxygen) within marginal habitats (i.e., riffles; stream 
margins, intermittent side channels; off-channel habi- 
tat) compared to preferred spawning habitat (i.e., tail 
of pools in the pool-riffle transition zone). 

For all streams, stream reaches, and years com- 
bined, there were no significant differences in intra- 
gravel water temperature between incubation loca- 
tions, or habitat types in general (Table 2). During the 
mid-winter (1993) sample period, the intragravel 
thermal regime (meanG8, = 0.l0C) closely paralleled 
the stream thermal regime. No habitat specific 
ground water upwelling was detectable from tem- 
perature comparisons. Generally, surface substrate 
composition indexes were greater than 3.4, corre- 
sponding to high quality spawning gravel with mean 
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Figure 1. Kynoch Creek mid-watershed (1550 m) study reach showing standpipe monitoring stations, egg 
incubation sites (redd simulations), and observed redd distribution. 
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Figure 2. Percent mortality of embryos assessed at 
the end of each retrieval period for all study 
streams combined (mean +I- 2 * S.E.). Note: 
fertilization = 0- 2 days (August), pre-hatch = 
2-50 days (late September), alevin = 50-180 
days (late December to February), pre-emergent 
fry = 180-260 days (mid April). 

particle sizes of (2-64 mm). Only off-channel habitats 
had a significant proportion of silt and sands. Upper 
locations were coarser due to increasing gradients 
and water velocities (p < 0.05). Broodyear differences 
were attributed to water impoundment by beavers 
during the winter of 1993-1994 in two of the six 
study reaches. This resulted in surface deposition of 
fine sediments. All habitats (Table 2) and capsule 
incubation locations (Table 1) contained mean per- 
meabilities greater than 19 mL/s. Ninety percent of 
all samples (n = 784) of stream and intragravel dis- 
solved oxygen were greater than 6.0 mg/L (Fig. 3). 
Across habitat types, only off-channel habitat had 
lower mean intragravel dissolved oxygen @ < 0.05; 
Table 2). 

Multiple regression analysis of embryo survival 
rates on physical variables measured at incubation 
location standpipes (stream temperature, dissolved 
oxygen, velocity, depth, surficial substrate index, 
and intragravel temperature, dissolved oxygen, per- 
meability) failed to detect any significant correlation 
predictions (p > 0.05, r2 = 0.17, n = 53). There was a 
weak relationship between intragravel dissolved 
oxygen and survival rate (p = 0.06, r2 = 0.34, n = 43). 
Transect data (n = 11) suggest intragravel dissolved 
oxygen does not effect survival rate until levels drop 
below 4.0 mg/L (Fig. 4). Furthermore, spawning 
sockeye salmon did not utilize habitat with less than 
3.0 mg/L intragravel dissolved oxygen. Embryos 

lntragravel (n=784) 

1 2 3 4 5 6 7 8 9 l o l l  12 1 3 1 4  
Dissolved oxygen(mg1L) 

Figure3. Frequency distribution of stream and 
intragravel dissolved oxygen measurements 
within the four study streams from the 
period 1992 to 1995. 

Figure 4. The 1994 embryo survival rate from the 
transect experimental reach (Kynoch 1550 m 
site; Figure 1) 50 days after fertilization 
versus the corresponding intragravel 
dissolved oxygen (O 20 cm depth) for the 
period immediately prior to egg deposition. 
Transect runs from the north bank margin 
(A) across a riffle and pool into the off- 
channel habitat (B). 

placed in these locations did not survive, and this 
relationship is probably not well described by linear 
regression models. 

The thermal regime in Forfar Creek was repre- 
sentative of the annual pattern for natal streams 
used by the early Stuart River sockeye salmon stock. 
Daily stream temperatures rise from 4-10°C during 
June, vary from 8-16°C during summer, and drop 
rapidly in October and remain at 0.0-0.5"C through- 
out winter (Fig. 5). Comparisons of the estimated 
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Table 1. Summary of stream and intragravel physic$ parameters for preferred and marginal redd simulations (all 
locations, creeks, and years combined) 

Capsule incubation site 

Preferred Marginal Variable 

Velocity (m/s) 
S.E. 
Range 
Sample size 

Depth (a) 
S.E. 
Range 
Sample size 

Surface substrate 
S.E. 
Range 
Sample size 

Stream temperature ("C) 
S.E. 
Range 
Sample size 

Intragravel 
Temperature ("C) 
S.E. 
Range 
Sample size 

Stream dissolved oxygen (mglL) 
S.E. 
Range 
Sample size 

Intragravel 
Dissolved oxygen (mg/L) 
S.E. 
Range 
Sample size 

Permeability (mL/s) 
S.E. 
Range 8.4-50.0 0.0-48.6 
Sample size 16 16 

S.E. =Standard error. 
Note: ANOVA (p < 0.05). 

hatching interval (September 274ctober 29) and data result, 67% of the thermal units are accumulated with- 
from stream thermographs suggest alevin hatching in the first 19% of the incubation period. The range of 
coincides with the approximate fall freeze-up period. thermal units at this point (October 29) was 372436 
Spawning coincides with maximum annual stream accumulated thermal units (AT') .  By early December, 
temperatures and incubating embryos rapidly accu- during the onset of minimum temperatures and flows, 
mulate thermal units early in development. As a 100% of embryos had reached the alevin stage (stage 
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Table 2. Summary of stream and intragravel physical parameters by habitat sampling unit (margin, thalweg, pool, 
and off-channel) for all seasons, creeks-and locations combined 

Habitat unit ANOVA 

Variable Margin Thalweg Pool Off-channel p < 0.05 

Velocity (mls) 0.29 0.43 0.14 0.08 *** 
S.E. 0.02 0.02 0.01 0.01 
Range 0.01-1.06 0.00-1.45 0.004.58 0.00-0.59 
Sample size 166 187 90 100 
D u n c d  B A C D 

Depth (cm) 18.9 27.5 41.8 25.3 XI* 

S.E. 1 1.1 1.9 2 
Range 3.0-64.0 2.0-100.0 2.0-84.0 1.0-132.0 
Sample size 168 190 92 98 
Duncan C B A B 

Surface 
Substrate 3.57 3.99 3.38 2.84 
S.E. 0.07 0.05 0.16 0.11 
Range 1.7-5.1 2.0-5.0 1.0-5.2 1.0-5.0 
Sample size 164 184 73 82 
Duncan B A B C 

.- 

Stream 
Temperature ("C) 6.7 6.6 5.9 5.8 
S.E. 0.3 0.3 0.4 0.4 
Range 4.1-12.7 4.1-12.7 4.1-12.7 4.2-12.9 
Sample size 171 194 93 98 

Intragravel 
Temperature ("C) 6.7 6.6 6 5.7 
S.E. 0.2 0.3 0.4 0.4 
Range 4.1-12.8 0-12.8 4.1-12.7 4.1-12.8 
Sample size 172 193 93 98 

Stream 
Dissolved oxygen (mg/L) 10.9 11 11.1 10.4 
S.E. 0.1 0.1 0.1 0.2 
Range 9.4-13.3 9.443.2 9.1-12.8 3.6-13.0 
Sample size 171 194 93 98 
Duncan A A A B 

Intragravel 
Dissolved oxygen (mg/L) 9.5 9.8 9.9 6.6 
S.E. 0.17 0.15 0.2 0.38 
Range 0.3-12.8 0.3-12.9 0.3-12.4 0.2-12.0 
Sample size 172 193 93 98 
Duncan A A A B 

Permeability (mL/s) 25.4 25.9 24.9 19.9 
S.E. 1.5 1.5 2.5 1.8 
Range 3-125 6129 6-120 0-82 
Sample size 160 181 60 78 

S.E. = Standard error. 
XY Indicates significant difference at the p < 0.05 level. 

Duncan refers to results from post hac Duncans multiple range test. 
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Figure 5. Daily maximum temperatures in Forfar Creek for the period 1990 to 1994 (B. Anderson, Fisheries and 
Oceans Canada, Pacific Biological Station, Nanaimo, B.C., unpublished data). 

31-35). Coinciding with rising stream temperatures successfully spawned over this wide range of habi- 
in spring, fry emergence occurs principally from mid- tats. This range likely has upper and lower limits 
April to mid-May after exposure to 600-800 thermal beyond which fish were unwilling to spawn as 
units (mean = 260 days). observed from the lack of spawning in habitat where 

There was no difference in intragravel dissolved 
oxygen (p > 0.05) between stranded (marginal sites 
subject to exposure) and control (preferred) in situ 
redd simulations. Samples taken at a depth of 40 cm 
(11.3 mg/L, 8.6 mg/L) indicate hospitable rearing 
environments at depths below the mean redd depth 
of 20 cm. No control sites were subject to desiccation 
or freezing (water level above surficial substrate) 
while 100% of the stranding simulations were influ- 
enced by declining water levels. The vertical distrib- 
ution of alevins within behavior capsules in relation 
to depth of freezing confirms alevins are responding 
directly to this stimulus rather than to some other fac- 
tor that might promote better survival by moving 
deeper into the gravel (Fig. 6). 

Discussion 
Preferred habitat was the downstream ends of 

pools at the pool-riffle interface, previously noted in 
many studies (Hoopes 1972; Tautz and Groot 1975; 
Bjornn and Reiser 1991). Marginal habitats which 
were utilized to a lesser degree included riffles, 
stream margins, intermittent side channels, and por- 
tions of the off-channel habitat. Sockeye salmon 

intragravel dissolved oxygen levels were below 
3.0 mg/L. Based on the lineal distribution of spawn- 
ing adults and their corresponding micro-habitat 
parameters, few locations in the lower and mid- 
watershed reaches contained these zones of exclusion 
(Tschaplinski 1994). 

Spawning sockeye salmon select spawning habi- 
tat to optimize egg to fry survival, and as predicted 
by the gradation in habitat model (Hilbom and 
Walters 1992), once local densities reach certain limits 
the remaining spawners move on to colonize less 
densely populated reaches or streams rather than 
spawn in unsuitable habitat, or at dangerously high 
densities on a local scale. Spawner escapement esti- 
mates for the study streams were very different 
between the 2 vears of studv (T. Whitehouse, DFO, , . 
Stock Assessment Group, West Vancouver 
Laboratory, West Vancouver, B.C., unpublished data). 
Based on estimates for usable spawning area opti- 
mum escapement levels were exceeded in 1993 (den- 
sity = 3.46 spawners/m2), while 1994 was well below 
this level (density = 0.30 spawners/m2). During the 
high density broodyear, spawner abundances were 
dramatically higher at all locations, and distributions 
extended 1.2-2.0 km further upstream to where 
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Figure6. lngravel pattern of changes in vertical 
distribution of sockeye alevins in relation to 
depositional depth (eggs in late September) 
and depth of intragravel freezing. A 2-cm, 15- 
cm, and 36-cm depth of freezing within 
substrate for diagram A, B, and C, respectively. 

obstructions blocked upstream movement (P. 
Tschaplinski, Ministry of Forests, Research Branch, 
Victoria, B.C., personal communication). However, 
the poor quality incubation habitat (i.e., dissolved 
oxygen less than 3.0 mg/L) were generally not uti- 
lized for spawning even in this situation. Instead, a 
larger scale spatial re-distribution of spawners 
occurred. This escapement re-distribution in domi- 
nant cycle years was a previously noted phenome- 

non of the early Stuart River stock (Langer et al. 
1992). 

The survival rate to pre-emergent fry reflects the 
overall rigors endured by a given population of 
developing eggs and alevins and is a consequence of 
the severity of the environmental conditions and the 
adaptability of the fry (Koski 1966). The capability of 
the spawning grounds in these northern interior 
streams to sustain eggs and alevins from spawning to 
pre-emergence was inferred from the results using 
the perforated incubation capsules. These bioassays 
were designed to indicate the quality of spawning 
habitat for the embryo and alevin stage of incubation, 
but they do not provide an assessment of the critical 
stage of alevin to emergent fry. 

The primary limitation of concern was over-win- 
tering egg mortality due to freezing and dewatering. 
Stream temperatures declined to mid-winter lows of 
0°C for several months, and up to 80% declines in 
water level were observed after the spawning period 
(Scrivener and Anderson 1994). However, during 
both years of study, the majority of mortality (80%) 
occurred before the onset of winter conditions, and 
only 12% of embryo mortality occurred from 10 
October to 15 April (Fig. 2). These results conform to 
patterns derived for Oncovhynchus spp. from coastal 
and laboratory systems (Murray and McPhail 1988; 
Scrivener 1988; Beacham and Murray 1989; Cowan 
1991). This suggests over-winter mortality due to 
freezing and desiccation was not determining fry 
production as originally hypothesized. 

Observed survival rates were facilitated by 
spawning adults selecting incubation microhabitat to 
optimize egg to fry survival and a number of general 
mechanisms which would optimize incubation suc- 
cess in northern environments. These mechanisms 
included the early time of spawning, thermal toler- 
ance, development rate, alevin behavioral mecha- 
nisms, and habitat modifications by spawning 
adults. 

Mean survival rates to pre-emergent fry of 49% 
and 28% for 1993 and 1994, respectively, are indica- 
tive of a high quality incubation habitat. Productivity, 
related to density-independent mechanisms, for 
Kynoch, Forfar, and Gluskie creeks appears to be 
very high. Egg to pre-emergent fry survival rates 
compared favorably to pre-emergent fry survival 
rates for similar studies (Oncorhynchus spp.) in 
coastal systems (Scrivener 1988; Cowan 1991). 
Further, the early Stuart River stock does not exhibit 
lower overall recruitment rates per spawner than 
other Eraser River stocks (Walters and Staley 1987). 
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In contrast to predictions generated from ops- 
mality models (Fretwell and Lucas 1970; MacCall 
1990, Hilborn and Walters 1992), survival rates 
between assumed preferred and marginal habitats 
were not significantly different. This was due to the 
perception and definition of marginal habitat. Truly 
marginal areas (i.e., less than 3.0 mg/L dissolved oxy- 
gen) were avoided by spawning adults. The result 
was low utilization (i.e., assumed marginal) and high 
utilization (i.e., assumed preferred) in situ redd simu- 
lations with similar intragravel conditions. 

While numerous studies have led to the consen- 
sus that low dissolved oxygen and reduced water 
exchange increase embryo mortality, variation due to 
other factors often obscures this relationship in nat- 
ural systems, such that survival often appears inde- 
pendent of intragravel dissolved oxygen (Koski 1966; 
Chapman 1988). Hansen (1975) found streambed 
areas with low dissolved oxygen (less than 3.0 mg/L) 
are not used for spawning. As 90% of the recorded 
dissolved oxygen values within this study were 
greater than 6.0 mg/L, and those areas less than 3.0 
mg/L were not utilized for spawning, it was not sur- 
prising to find a significant relationship did not exist 
between intragravel dissolved oxygen and survival. 

Survival of salmonid embryos has been related to 
substrate composition in many experiments and field 
studies (see Chapman 1988 for review). High intra- 
gravel dissolved oxygen and survival rates have 
often been attributed to high permeabilities. 
Permeability does not affect survival directly but is a 
measure of the ability of the gravel in the redd to 
allow for a sufficient supply of water and dissolved 
oxygen to the embryos and fry The spawning female 
can alter grain size and porosity of gravel to ensure 
that incubation begins with an adequate flow of oxy- 
genated water (Chapman 1988). The female vigor- 
ously removes fines and small gravel to form the egg 
pocket; when completed the redd will contain less 
fine silt and sand than the surrounding substrate 
(Chapman 1988). Substrate permeabilities within the 
study streams closely agree with values documented 
by Chapman (1988) for heavy spawning gravel beds 
of optimal survival conditions. Concurrent studies by 
other researchers demonstrate that particles less than 
0.3 mm in diameter were rare (1-1.6%) and interstitial 
spaces in the gravel would remain clear permitting 
water exchange and movement of alevins (Scrivener 
1994). The lowest mean permeabilities at the comple- 
tion of the incubation period were greater than 
19 mL/s (Cope 1996). Koski (1966) reported no 
detectable affect on survival above this threshold. 
Egg to fry survival rates of greater than 30% are 

expected from such gravels (Lotspeich and Everest 
1981). 

Large annual escapements of spawning Pacific 
salmon probably engender a mass cleaning and help 
maintainhigh quality spawning habitat (Everest et al. 
1987). Using independent methods, Scrivener and 
Anderson (1994) and Gottesfeld (1994), estimated 
spawning salmon within the study streams account- 
ed for 25-50% of the annual movement of bed mater- 
ial. It is possible that over a number of years the geo- 
morphic work done by spawning sockeye is compa- 
rable to, or even greater than, that performed by 
floods (Gottesfeld 1994). 

For fall spawners, embryos must reach some crit- 
ical stage of development before the water becomes 
to cold (Combs and Burrows 1957; Combs 1965). 
Results suggest that pink salmon (Oncorhynchus gor- 
buscha) and chinook salmon (Oncorhynchus 
tshawytscha) embryos could tolerate long periods of 
low temperatures if initial temperatures are above 
6.0°C and embryogenesis had proceeded to a critical 
developmental stage. The early spawning Stuart 
River sockeye salmon stock spawns four weeks earli- 
er than any other Fraser River sockeye salmon stock 
(Killick 1955; Brannon 1987). By spawning early, off- 
spring of early spawning Stuart River adults experi- 
ence a rapid early development phase and are under- 
going the critical hatching phase as freeze-up 
descends upon the region. 

The observed downward migratory response of 
sockeye salmon alevins to freezing (Fig. 6) is an adap- 
tation to the incubation environment which allows 
them to avoid/survive the apparent harshness of 
central interior streams. Interstitial migratory behav- 
ior in response to substrate freezing was also demon- 
strated in laboratory studies utilizing early Stuart 
River broodstock. This response was not observed in 
offspring of coastal sockeye broodstock, suggesting 
there is a genetic determinant of behavior, which the 
coastal alevins lacked (C. Scrivener, DFO, Pacific 
Biological Station (PBS), Nanaimo, B.C., personal 
communication). 

The trade-off against the early spawning strategy 
is the effect of unusually stressful migration condi- 
tions on the quality and viability of the gametes. 
Evidence of this trade-off was obtained in 1994 when 
egg survival rates were very low for spawners that 
arrived late (Cope 1996) and coincidentally, had suf- 
fered severe thermal stress during migration (Clarke 
et al. 1995). Implications for stock management are 
the general assumption of classical recruitment mod- 
els that variation in recruits/spawner must be due to 
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variations in environmental conditions experienced 
by the recruits, and not their parents. The appaFent 
adaptation in developmental biology of the early 
pawning Stuart River stock and the specific timing 

the seasonal variation in temperature and 
draulic regime would suggest monitoring these 

ariables in association with forestry prescriptions 
ould be a priority of future research. As riparian 
ne substrates within the study area were charac- 
zed by large amounts of lacustrine deposits 
nborn 1994), post-logging increases in the deliv- 
of fine sediments must not surpass the ability of 
sical (hydraulic regime, bedload characteristics) 

eaning by high densities of 
cesses to maintain the current 
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