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Chapter 1

Geographic Variation in Timing of
Fry Emergence and Smolt Migration of
Coho Salmon (Oncorhynchus kisutch)

Overview

Overview

The central theme of this dissertation is that the timing of events in the life history

of salmonids is adapted to local conditions. Since Ricker (1972) formalized the stock

conceptthe notion that salmonids comprise individual populations or stocks that are
reproductively isolated in space or time and that have evolved in response to the suite

of environmental conditions they experiencethis idea has pervaded many aspects of
fishery management and ecology. Evidence continues to mount that differences among

population have a genetic basis. Taylor (1991) recently reviewed the literature related

to salmonids and found examples of local adaptation in a wide variety of traits,
including morphology, gene frequency, physiological attributes, disease resistance,

migratory and aggressive behavior, and life history traits. Indeed, almost everywhere
researchers have looked for evidence of local adaptation in salmonids, they have
found it.
Two critical stages in the early life history of salmonids are the emergence of fry

from the gravel and the entry of smolts into the ocean. These two events share several
attributes. They require acclimation to markedly different environmental and
ecological circumstances. They involve substantial physiological, morphological, and

behavioral change. And they are typically periods of high mortality. Because these
life-stage transitions are accompanied by high mortality, it is probable that natural
selection has operated to ensure that the timing of these events coincides with
favorable conditions in the environment. In addition, because the timing of emergence

and smolt migrations is inextricably linked to environmental factors, especially
temperature, it is highly susceptible to environmental change resulting from human
activities.

There is a clear trend in the ecological literature toward analyses at larger spatial

and longer temporal scales, a development that has both preceded and paralleled the
shift toward ecosystem management. It is my belief that aquatic research needs to
follow this direction. Most salmonid research has taken place at one location over

relatively short time scales. A few studies have addressed individual populations
over longer time periods or several populations over short time scales. But large-scale,

long-term studies are rare, and those that have been performed have contributed
significantly to our understanding of how salmonids interact with their environment.
In this thesis, I have examined patterns in the early life history of coho salmon over

broad spatial and temporal scales. I believe these patterns provide indications of how
salmonids have adapted to variation across the landscape and how these fish may
respond to anthropogenic perturbations, such as global dimate change. In addition,
regional and long-term patterns provide an important context within which to examine
processes occurring at local scales and over shorter time frames.

In the five and a half years since I began this research, a number of noteworthy and

alarming events have taken place. The landmark paper of Nehisen et al. (1991)
documented severe declines in salmonid populations throughout the Pacific

Northwest. They identified 214 stocks of salmon as being at high or moderate risk of
extinction or of special concern, and least 106 stocks that have already gone extinct.

Four stocks of salmon have been listed as threatened or endangered under the
Endangered Species Act (ESA), and other listings appear imminent. In 1994, the
commercial and sport fisheries for coho salmon along the Oregon and northern
California coasts were completely shut down, and only a severely restricted fishery is

expected for 1995. Coho salmon along the entire coast of Washington, Oregon, and
California have been petitioned for listing under the ESA and, a reluctant Congress

permitting, it appears likely that they will be listed over a significant portion of their
Pacific Northwest range.

4

I hope that in some small measure the research embodied in this thesis will
contribute to a better understanding of how human activities may influence salmon

populations and, more importantly, how we might halt the dedines and begin the long

and important task of restoration.

Chapter 2

An Analysis of Spatio-Temporal Variation
in Migration Timing of Coho Salmon (Oncorhynchus kisutch) Smolts

and Implications of Global Climate Change

6

ABSTRACT

The timing of ocean entry is a critical phase in the life history of Pacific salmon and

is believed to have evolved to maximize growth or survival. Multivariate techniques
were used to examine examined geographic patterns in the timing of coho salmon smolt
migrations for 50 coho populations ranging from central California to Kodiak Island,

Alaska. Canonical correlation analysis was used to identify general relationships

between 14 stream and watershed characteristics and 5 variables that describe the
peak timing, duration, and interannual variation in migration timing. The first

canonical variate pair accounted for 85% of the total variability in the data. Among
the watershed descriptors, latitude was dominant in influencing all of the migration

characteristics, with trends towards later, shorter, and more temporally predictable
migrations with increasing latitude. Multiple regression analyses confirmed strong

dependence of migration characteristics on latitude, and also revealed significant

interactions between latitude and both trap elevation and distance from the ocean on
migration timing and its variation. Cluster analysis performed on migration
descriptors indicates three major population groupings: a northern group from the
Queen Charlotte Islands (54° to 60°N) northward, a central group from the Queen
Charlotte Islands south to the Columbia River (45°N to 54°N) and a southern group
from the Columbia River southward (37°N to 45°N). These groupings coincide with
regional ocean domains in the northeast Pacific delineated by spring upwelling
conditions. Thus, I condude that local variabffity influences migration timing of coho

salmon smolts, but that this variation generally occurs within temporal "windows of
opportunity" determined by oceanic conditions.
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1. Introduction
The transition from fresh to salt water marks a critical phase in the life history of

anadromous salmonids. For species that spend their first year or more in fresh water,
emigration is preceded by rapid physiological, morphological, and behavioral

transformations that preadapt fish for life in salt water and initiate downstream
movement (Folmar and Dickhoff 1980; Wedemeyer et al. 1980; Groot 1982). Once in

the ocean, newly arrived smolts must acclimate to a radically different suite of
ecological circumstances, including new food resources, new predators, and a

substantially different physical environment. Mortality rates of juvenile salmon during
the first month at sea are high, and it is believed that much of the total ocean mortality
incurred by salmon occurs during this period of early ocean life (Manzer and Shepard
1962; Mathews and Buckley 1976; Walters et al. 1978; Pearcy 1992).
In light of the significant differences in freshwater and oceanic environments

encountered by emigrating coho smolts, it is reasonable to expect that populations
inhabiting dissimilar regions have evolved different strategies for coping with the

specific environmental conditions and constraints they face. In this paper, I examine
geographic patterns in the downstream migration characteristics of juvenile coho
salmon (Oncorhynchus kisutch) throughout much of their northeast Pacific range. The

purpose is to use spatio-temporal patterns in smolt migration characteristics to draw
inferences about the influence of both freshwater and marine environments on the

evolution of migration strategies. I then outline a conceptual framework for addressing
the potential effects of global climatic change on coho salmon smolt populations.
The timing of ocean entry is presumed to have evolved to maximize growth, to

minimize predation, or both (Walters et al. 1978; Riddell and Leggett 1981; Murphy et

al. 1988). One hypothesis, and an assumption of several models of ocean survival
(Mathews and Buckley 1976; Walters et al. 1978; Bohlin et al. 1993a), is that smolts
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are most vulnerable to predation at small sizes; therefore, entering the ocean when

conditions (e.g., temperature, food availability) are favorable for rapid growth helps to
minimize the time that fish are in this vulnerable size class (Scarnecchia 1981; Hoitby

et al. 1990). Alternatively, timing may be adapted to seasonal cycles in the presence,

abundance, or distribution of predators; the abundance of alternative food sources for
those predators (Nickelson 1986); or oceanic surface currents that may be important in

transporting smolts offshore and away from predators (Favorite and Laevastu 1979).
Implicit in any of these hypotheses is the existence of a temporally limited "window of
opportunity" in the ocean environment (sensu Hoitby et al. 1989) during which growth

rates are high and/or mortality from predation is low.
If the timing of smolt migrations is linked with favorable periods in the ocean, two
events in the freshwater environment must occur to achieve this synchrony: fish must

attain a state of "migration readiness" (Wedemeyer et al. 1980; Groot 1982) at the
appropriate time, and they must respond to migration cues, or "releasing factors," that

initiate downstream movement (Schreck 1982). The parrsmolt transformation is
under neuro-endocrine control, and photoperiod acts to entrain endogenous rhythms
that produce a migration physiology (Hoar 1976; Groot 1982). The expression of this
physiology appears contingent on fish reaching a minimum state of maturity or size
(Wedemeyer et al. 1980). The specffic triggering factors that initiate downstream

movement have been the subject of much speculation. In addition to photoperiod,
temperature (cumulative thermal experience) and streamflow have been shown to
correlate with migration timing for various salmorud species (Jonsonn and Ruud-

Hansen 1985; Hoitby et al. 1989; Dorn 1989; Bohlin et al. 1993a), and lunar
periodicity has been shown to influence physiological changes required for migration

(Grau 1982). Water temperature serves to mediate the smoltification and migration
processes by controlling rate of development, by affecting the response of fish to other
environmental stimuli, or by acting itself as a triggering factor (Hoar 1976; Groot 1982;

Bohlin et al. 1993a). From an evolutionary standpoint, migration cues must either
serve as reliable indicators of favorable oceanic conditions or signal openings in the

freshwater window of opportunity that allow for safe downstream passage.
In North America, the freshwater distribution of the Pacific salmonids extends

several thousand kilometers, from central California to northern Alaska. Over this
range, anadromous salmonids have successfully adapted to a remarkably diverse
array of habitats, ranging from streams in the mesic environments of the far south;

through the temperate rainforests of the northwestern United States, British Columbia,

and southeast Alaska; to the cold xeric systems of the extreme north.
The coastal environments of western North America into which smolts enter are
similarly variable and are profoundly influenced by the major oceanic surface and

subsurface currents, prevailing wind directions, physiography of the coastline, and
morphology of the continental shelf (Bakun 1973; Ware and McFarlane 1989). The
dominant oceanographic influences along the coast result from bifurcation of the West
Wind Drift into the Alaska Current, flowing north, and the California Current, flowing
south (Figure 2.1) (Dodimead et al. 1963; Favorite et al. 1976; Ware and McFarlane

1989). These surface currents interact with prevailing wind patterns and the earth's
rotation to produce characteristic patterns of upwelling and downwelling along the
coast (Bakun 1973), which in turn affect nutrient transport to coastal regions, primary

and secondary production, and ultimately the fish assemblages that inhabit different
regions. Ware and McFarlane (1989) classify .the coastal regions of the eastern North

Pacific into three production domains (a fourth domain in the central subarctic is also
defined) based on their oceanographic and biotic characteristics: 1) the coastal
downwelling domain, which extends north and west from approximately 54°N

latitude (the Queen Charlotte Islands) along the southern Alaska coast and around to
the Aleutian Islands, and which exhibits downwelling through most of the year; 2) the
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coastal upwelling domain, which extends roughly from 500 to 51°N (Vancouver Island)
south to Baja California and generally experiences upwelling throughout much of the

year, and 3) a transition zone between the coastal upwelling and downwelling
domains, which extends from Vancouver Island to the Queen Charlotte Islands, where
downwelling prevails in the winter, and weak to moderate upwelling occurs in spring
and summer, when the prevailing wind direction shifts towards the south (Figure 2.1).
The boundaries of these domains are not rigid, varying considerably from year to year
depending on the strength of the Aleutian low pressure system in the Gulf of Alaska
and the related occurrence of El Nino or La Nina events, which influence the position

of the subarctic boundary and the relative amount of water that is diverted north into
the Alaska Current and south into the California Current (Mysak 1986).

2. Methods
2.1 Smolt Migration Data
2.1.1 General Description

Downstream trapping data for coho salmon were compiled from published and
unpublished sources for 115 streams from central California to Kodiak Island,

Alaska1. Most populations included in the analysis consisted only of wild fish;
however, some streams were included that had received plants of hatchery fish at
various points in their history. In addition, I included a few populations where
hatchery fish were being planted during the period of sampling in regions that were

otherwise poorly represented in the data set; these exceptions were made when either
1 Contingent on obtaining permission from individuals who provided smolt migration data, I
intend to make these data available in electronic form to interested researchers. Those
wishing to obtain this database should contact the author or James D. Hall, Department of
Fisheries and Wildlife, Oregon State University, Corvallis, OR 97331.
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the number of hatchery fish was believed to be small relative to wild populations or

the stock planted was of local origin. Sampling in individual study streams ranged
from 1 to 17 yr. Intensity of sampling, the type of traps used, and the efficiency of

trapping all varied among data sets. The source of all data sets, sampling locations,

and years of trapping are presented in Appendix Al.

2.1.2 Derivation of Daily Estimates

Daily smolt counts were available for the majority of streams and years and these
were used whenever possible. For a significant number of streams, data were available

only as 5- or 7-d total counts or estimates. In these instances, daily estimates were
derived by dividing the total by the number of sampling days. Trapping for a few
streams in Oregon and California occurred year-round. I considered only fish moving

downstream after January 15 as potential smolts, as there were typically few migrants
in January but no obvious or consistent breaks in downstream movement after that

date.
For days where counts were missing, either because of the sampling regime or as a

consequence of washouts during high flow events, counts for the days immediately

preceding and following the unsampled period were averaged to derive a daily
estimate. If traps were fishing continuously but smolts were tallied less than once per

day, the total catch was divided by the number of sampling days to obtain the daily
estimates. If prolonged washouts or trap malfunction occurred (i.e. more than 3 or 4

d), data for the entire year were eliminated. The decision to discard data was
subjective and depended on when the problem occurred relative to the peak of
migration and the proportion of the total number of fish that likely moved downstream

during the washout. For any stream and year, if the peak of migration was not clearly
discernable, the data were also dropped from the analysis. As a rule, if the peak of
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migration occurred within 1 wk of onset or termination of sampling, the data were

discarded to reduce the possibility of retaining years for which the true peak occurred
ouside of the sampling interval.

2.1.3 Migration Variables

For each stream, the timing of smolt migration and its variation were characterized

with five statistics. Two statistics were used to describe the timing of smolt
migrations: the median date of migration and the date of peak migration. Three

measures of variation in timing were estimated. Migration dispersiondefined as the

temporal scatter of individual fish around the date of central tendencywas
described by 1) the range, in days, of the interquartile and 2) the number of 5-d
intervals in which total fish numbers equaled or exceeded 20% of the estimated count
during the interval of the migration peak (INT2O). Between-year variation was

described as the standard deviation of the estimated date of peak migration.
Derivation of each of these variables required slightly different treatment of the data.

Variable definitions and standardization procedures are shown in Table 2.1. For
statistical analyses, mean values of the five migration variables over all years of record

were calculated for each population.

2.2 Watershed Data
2.2.1 General Description

My general purpose was to exarr,ine latitudinal gradients in migration

characteristics, while accounting for other sources of variability related to watershed

characteristics that might obscure more general geographic patterns. I estimated 14

physical descriptors of the study streams and their contributing watersheds that might
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Table 2.1. Definitions of five variables used to characterize migration patterns of coho
salmon smolt populations and criteria for inclusion in the database.
Variable
Peak Date

Definition
Midpoint of 5-day interval of
maximum migration (day of year)

Criteria for Inclusion
Peak clearly apparent; occurs more
than 7 days from first and last days
of sampling

Median Date

Day of year on which 50th
percentile was reached

Count during first and last 5-day
sampling intervals 10% Of count
during peak interval

Jnterquartile Range

Number of days in interquartile
(i.e., days between 25th and 75th
percentile)

Same as for median date

INT2O

Number of 5-day intervals where
count 20% of count during peak
interval

Count during first and last 5-day
sampling intervals 20% of count
during peak interval

SD Peak Date

Standard deviation of peak date

Same as for peak date
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explain variability in timing, dispersion, and interannual variation of smolt migrations.
These variables included several indicators of watershed size, elevation, stream

gradient, and distance from the ocean. The rationales for their indusion in the analysis
are listed in Table 2.2.

2.2.2 Derivation of Physical Descriptors

Watershed boundaries for each study stream were digitized from topographic
maps and stored in an ARC/INFO geographic information system (GIS). Each

coverage was projected into both latitudelongitude coordinates and an equal-area
projection. Alber's equal-area projections were used for streams in California, Oregon,

and Washington, and Lambert's azimuthal equal-area projections were used for

watersheds in British Columbia and Alaska. Estimates of latitude, watershed area,
and mainstem length were all determined with the GIS.

All other physical variables were determined from topographic maps. Estimates of
stream order and counts of first- through fifth-order tributaries were obtained from
1:64,000 quadrangles (United States Geologic Survey) for watersheds in Alaska,
Washington, Oregon, and California, and from 1:50,000 quadrangles (Energy Mines

and Resources, Canada, Surveys and Mapping Branch) for sites in British Columbia.
These scales provided the most consistent resolution over the entire geographic range,

since coverage of finer resolution maps was incomplete, particularly in Alaska and
British Columbia. In a small number of cases, 1:64,000 maps were unavailable or were

determined to be unreliable. In these instances, 1:24,000 maps were used to estimate

variables related to stream order.
Elevation estimates were derived from 1:24,000 maps, when available; however,
contour intervals varied among maps, so precision in estimating both elevations and

stream gradients differed among watersheds. Distance from the smolt trap to the
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Table 2.2. Watershed variables and their expected influence on smolt migration
characteristics.
Variable

Potential Effect on Migration Characteristics

Latitude (decimal degrees)

Latitudinal gradients in stream temperature and hydrologic
regimes may influence timing, dispersion, and interannual
variation in migration timing.

Drainage area (km2)

These variables serve as indicators of watershed size. Larger
watersheds encompass a wider array of environmental
conditions and smolt migrations are likely to include a number of
discrete stocks that may differ in their migration characteristics.

Stream length (km)

1st order tributaries (count)
2nd order tributaries (count)
3rd order tributaries (count)
4th order tributaries (count)
5th order tributaries (count)
Highest elevation in watershed (m)
Elevation of highest point of
mainstem (m)

Elevation of smolt trap (rn)
Stream gradient, upstream of trap
(rn/kin)
Stream Gradient, trap to ocean
(rn/kin)
Distance from Trap to Ocean (krn)

Consequently, larger streams might be expected to have more

protracted migrations. Larger watersheds are more likely to
include higher elevations, possibly resulting in later migrations.
Elevation-related variables, especially in concert with latitude,
may indicate whether hydrologic regimes are rain- or snowdominated. Snow-dominated systems may tend to have more
predictable temperature and hydrologic regimes, which may lead
to later migrations of shorter duration. Timing might also be more
predictable between years in snow-dominated systems. Stream
gradient may indicate how rapidly smolts move down to the trap,
and then to the ocean.
Distance of trap to the ocean may influence travel time of migrant
smolts. Migrations from tributaries may be for dispersal rather
than smolt migrations. Potential interactions with latitude.
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ocean was determined with a map wheel; there is some margin of error in these

estimates because the zone of saltwater intrusion is not fixed in space.

2.3 Ocean Upwelling Indices
Several studies have shown significant correlations between upwelling intensity in

the spring and summer and salmon smolt survival and growth in the Oregon
Production Area (Scarnecchja 1981; Nickelson 1986; Fisher and Pearcy 1988; Hoitby
et al. 1990; reviewed in Pearcy 1992). In order to examine differences in the

oceanographic characteristics along the North American coast during the spring

migration period, I obtained daily records of ocean upwelling indices for 10 stations
between 36°N and 60°N latitude (3° intervals) for the period 1967 to 1993 from the
National Marine Fisheries Service (H. Parker, Pacific Fisheries Environmental Group,
P.O. Box 831, Monterey, CA 93942, pers. comm.). The upwelling indices are

estimates of the component of Ekman transport directed perpendicular to the

coastline. Ekman transport is the mass transport of water due to the combined effects
of wind stress and the Coriolis force, and is directed 90° to the right of wind direction.

Details of the upwelling model and database are in Bakun (1973) and Mason and
Bakun (1986).

Daily estimates were used to cakulate weekly mean index values, which were used
in this analysis. The range of observations for the 27-yr period of record and the

interquartile of these observations were used to assess variability and predictability of
upwelling for each week from March 10 to June 30, the principal migration period for

coho smolts along the coast of North America. My purpose was to use upwelling
indices as an indicator of spatial and temporal heterogeneity in the ocean environment
and to relate upwelling patterns to smolt migration characteristics.
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2.4 Statistical Analyses
Multivariate and univariate analyses were performed to examine relationships
between the 5 measures of timing and variation in timing of smolt migrations and 14

watershed variables that were hypothesized to have potential influence on migration
characteristics (Table 2.2). For the canonical correlation and regression analyses, the

data set was limited to 47 streams for which 3 or more yr of migration data and
complete information on all physical and migration variables were available. Three
additional streams lacking data for one or more physical variables were included in the

cluster analysis. Observations from streams with fewer than 3 yr of data (Appendix
A2) were used informally to identify strengths and weaknesses in the regression
models and the inferences drawn from them.

2.4.1 Canonical Correlation Analysis

Canonical correlation analysis was performed between the set of watershed

variables and the five migration variables. The procedure was used as an exploratory
technique to determine relationships among certain physical characteristics of streams
and certain migration characteristics and to suggest further uruvariate analyses among

a select group of these variables. Calculations were performed with SAS software
(SAS Institute 1988). A thorough discussion of the terminology used in canonical
correlation analysis can be found in Tabachriick and Fidell (1989).

Thirteen of the 14 physical variables were transformed to normalize their

distributions. Logarithmic (base 10) transformations were applied to measured
variables (i.e. elevations, distances, gradients, and area) and square-root
transformations were used for counts (i.e. counts of first- through fifth-order

tributaries). Values of latitude were normally distributed and were not transformed.
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Of the migration variables, only the standard deviation of peak migration date
exhibited a skewed distribution. I ran the analysis using both the raw values and logtransformed values and found little difference between the outcomes. For ease of

interpretation, only the results obtained with the untransformed data for standard
deviation of peak date are discussed.

2.4.2 Multiple Regression Analyses

Multiple regression analyses were performed to model each migration variable with

a reduced set of watershed variables that were identified in the canonical correlation

analysis as being potentially important. The purpose was to examine latitudinal
gradients in the migration variables, adjusted for attributes of the watersheds that
might influence migration characteristics and obscure latitudinal trends.
The regressor variables were centered about their means, such that the regression
models were of the form:

Y1 = Y + fiXn+ f2Xi2 + J3Xl xj2 + ... +
where

+ ej

X11 = X1- X1, etc.

This form of the model reduces inflation of variance around parameter estimates
arising from collinearity among the independent variables. Interpretation of the
regression coefficients is identical to the conventional slopeintercept model, with the

exception that

tj

is replaced with Y, the unbiased estimator of Y at mean values of all

the independent variables. The analyses were performed with SAS software (SAS
Institute 1988).
Hierarchical multiple regression was employed to compare full models, containing

all physical variables suggested as important by the canonical correlation analysis,
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with reduced models. In general, variables that were related (e.g., indicators of

watershed size) were tested as a group.

2.4.3 Cluster Analysis

Clustering techniques were employed to identify natural groupings of populations

based on the five measures of migration timing and variation in timing. Distinct
groupings of populations by geographic location would suggest that factors operating

at large scales may exert influence on migration patterns that transcend linear trends

associated with latitude and the influence of other watershed characteristics. Two
clustering algorithms were used: a polythetic, divisive, non-hierarchical analysis

(PDNC; Smith 1987) that minimizes within-cluster variation, and Ward's method,
which agglomerates dusters by minimizing a squared distance weighted by cluster size
(Ward 1963).

3. Results
3.1 Latitudinal Clines in Migration Variables

Positive relationships were observed between latitude and both peak and median
dates of migration, with migrations tending to occur earlier in the southern part of the

range and later in northern latitudes (Figures 2.2a and 2.2b). While the relationship
was strong, there was variation in timing among populations at any given latitude,
suggesting that local factors influence migration timing (see canonical correlation and

regression analyses for elaboration). Several populations in central Oregon migrated

noticeably earlier than populations in Washington and California, deviating from the

general linear trend. This pattern may result partially from disproportionate
representation of traps that were farther than average from the ocean in Oregon and
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Figure 2.2. Relationship between latitude and a) peak date of migration, b) median
date of migration, c) interquartile range, d) JNT2O, and e) standard deviation of peak
date, for 47 streams on the west coast of North America. Peak and median dates are
day of year (January 1 = 1).
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greater representation of traps near the coast in both California and Washington.
These potential influences are addressed in the regression analyses discussed below.
Migration dispersion, measured both as mean interquartile range and INT2O,

tended to decrease with increasing latitude in a linear fashion (Figures 2.2c and 2.2d).

In most northern populations, 50% of the total smolt migration occurred over a 5-10 d
period on average (Figure 2.2c). From central and southern British Columbia south to
the Columbia River, the migration interval was wider, with 50% of the fish emigrating

over a 10-21 d period. South of the Columbia River, the migration typically lasted 2
or more mo, with 50% of the fish moving out over a 2-5 wk period. Again populations
in Oregon (44° to 45°N) appeared to deviate slightly from the general linear pattern,
migrating over a longer period of time than streams to the immediate north and south.
The degree of interarinual variation in timing of the migration peak, measured as

the standard deviation in the peak date, also decreased with increasing latitude
(Figure 2.2e). In general, for most streams north of the Columbia River, migration

peaks typically occurred within the same 2-3 wk window of time over all sampling

years. In contrast, peak migration dates for Oregon streams often differed by 3-6 wk
among years.

3.2 Canonical Correlations
The canonical correlation analysis relating the set of watershed variables to the set
of migration variables indicated significant relationships between the two variable sets
(F-test; p = 0.0001). With the first canonical correlation removed, no significant
relationship between the variable sets remained (F-test; p = 0.26); therefore, the second

canonical correlation was not interpreted.
The first canonical correlation was 0.92, indicating 85% overlapping variance for

the first canonical variate pair (Table 2.3). Of the physical variables, latitude (0.79),
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Table 2.3. Correlations, within-set variance (percents of variance), and redundancies
between physical and migration variables and their corresponding first canonical
variates; correlations of variables with the first canonical variate of the opposite
variable set are also shown.

Correlation of Original
Variables with their
own Canonical Variates

Correlation of Original
Variables with opposite
Canonical Variates

Physical Variable Set
Latitude

79 **

1-Length1

.34 *
.41 *
.05

1-Drainage area
r-First order streams
r-Second order streams
r-Third order streams
r-Fourth order streams
r-Fifth order streams
1-Gradient (upstream)
1-Gradient (downstream)
1-Highest elevation

.04
.03
.09
-.08
-.26
.01
.15

1-Highest stream elev.

-.07

1-Elevation at trap
1-Distance to ocean

-.41 *

Proportion of variance
Redundancy

-.24

.73 **
.31 *
.38 *
.05
.04

.03
.09
-.07
-.24
.01

.14
-.07
.38 *

-.22

.09
.08

Migration Variable Set
Peak date
Median date

lnterquartile width
INT2O

Std. dev. peak date

Proportion of variance
Redundancy

Canonical Correlation

94 **
90 **
-.88 **

75 **
57 **

86 **
.83 **
-.81 **

-70 **
.53 **

.67

57
.92

Variables preceded by '1' were logio-transformed. Variables preceded by 'r' were squareroot-transformed. ** indicates > 25% of the variability explained by the variable. *
indicates variability explained was between 10 and 25%.
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and to a lesser extent loglo trap elevation (-0.41), logio drainage area (0.41) and loglo
stream length (0.34) correlated with the first canonical variate (Table 2.3). All of the
five migration variables were correlated with the migration canonical variate. Peak
date (0.94), median date (0.90), INT2O (-0.88), and interquartile range (-0.75) were

most highly correlated, and standard deviation of peak date (-0.57) was moderately
correlated (Table 2.3). Thus, streams at high latitudes were associated with coho
smolt migrations that were characterized by late timing, short duration, and low

interannual variation. This result is consistent with the trends observed in the
graphical analysis (Figure 2.2). To a lesser extent, populations in longer streams, in

larger watersheds, and at lower elevations also exhibited these characteristics, though
the relationships were substantially weaker.

3.3 Multiple Regressions
Hierarchical multiple regressions were used to examine relationships among each of

the five migration variables and five watershed descriptors. In each model the
independent variables induded four variables suggested by the canonical correlation

analyses as being potentially important (latitude, trap elevation, drainage area, and
stream length), as well as a fifth variable (ocean distance) that appeared from
preliminary plots to interact with latitude, possibly masking its importance in the

canonical correlation. Latitude x ocean distance and latitude x trap elevation
interaction terms were also included in the model.

In each case a full model was fit with all seven independent variables. Two
reduced models were then fit, the first excluding drainage area and stream length, and
the second excluding all terms but latitude. F-tests were performed to determine if the

additional information regarding trap location and watershed characteristics

explained significant variation in the dependent variables beyond that explained by
latitude.

3.3.1 Timing

Results of the multiple regression models with peak date and median date of
migration as the dependent variables were similar (Table 2.4). In both cases, drainage

area and stream length did not account for additional variance after the other five

watershed variables were included in the model (F-tests, df =2,39; peak date model,

p = 0.36; median date model, p> 0.50). Subsequent tests indicated that trap
elevation, ocean distance, and their interactions with latitude explained significant
variation in migration timing over that accounted for by latitude alone (F-test, df

4,

41; peak date model, p < 0.001; median date model, p <0.001). The final models
with five dependent variables explained 77% of the observed variation in both peak

date and median date (Table 2.4).
The regression coefficients for latitude indicated that at average trap elevation and

ocean distance, the peak date occurred approximately 2.4 d later and median date
occurred approximately 2.2 d later for every degree increase in latitude. Thus the
difference in predicted outmigration timing between the northernmost and

southernmost stocks in the sample is approximately 50 d. The interpretation of the
coefficients for trap elevation, ocean distance, and their interactions with latitude is
less straightforward, and the effects are to some degree inseparable. In general, fish

from southern populations that were at higher elevations and far from the ocean
tended to migrate earlier than those nearer the ocean and at lower elevations. The

opposite effect was observed for northern populations, with stocks located far from
the ocean and at higher elevations migrating slightly later than more coastal

populations. I am cautious in this interpretation because the sample sites represented

Table 2.4. Regression of five migration variables on watershed descriptors. Values include parameter estimates, standard
errors of parameter estimate Q, and p-values for significance of parameters [J. Peak and median dates are day of year
(January 1 = 1).

Dependent
Variable
Peak Date

Y

latitude

trap
elevation

latitude x
trap elev.

ocean
distance

latitude x
ocean dist.

A

A

A

A

A

Pi

P2

133

134

135

129.740
(1.161)
[<0.0011

2.408
(0.260)
[<0.0011

-0.056
(0.022)
[0.017]

0.033
(0.007)
[<0.001]

0.120
(0.030)
[<0.0011

131.697
(1.186)

-0.064
(0.023)
[0.008]

0.038
(0.007)
[<0.001]

0.122
(0.031)

[<0.001]

2.199
(0.266)
[<0.0011

n=47

14.176
(0.645)

-0.871
(0.144)

-0.014
(0.004)

modeldf=5

[<0.001]

[<0.0011

0.028
(0.012)
[0.030]

[<0.001]

INT2O

6.405
(0.192)
[<0.001]

-0.236

0.012
(0.004)
[0.002]

-0.002
(0.001)
[0.086]

0.019
(0.011)
[0.087]

-0.007
(0.003)

n=47
model df=5

Median Date
n = 47
model df=5

Intqrt. Width

n=47
model df= 5

SD Peak Date

n=47
model df=5

7.304
(0.553)
[<0.001]

(0.043)
[<0.001]

-0.553
(0.124)
[<0.0011

[0.0251

R2

MSE

-0.022
(0.008)
[0.010]

0.77

56.121

-0.022

0.77

58.577

[<0.0011

(0.008)
[0.013]

-0.027
(0.017)
[0.111]

0.013
(0.005)
[0.008]

0.63

17.331

-0.015

0.003
(0.001)
[0.015]

0.61

1.539

0.009
(0.004)
[0.036]

0.47

12.669

(0.005)
[0.0061

-0.025
(0.014)
[0.087]
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in the regression model include only some of the possible combinations of ocean

distance and elevation and the addition of new data could result in substantial
changes in these parameter estimates.

Several diagnostic statistics (hat matrix, studentized residuals, dffits, and dfbetas)
were used to identify observations that were highly influential in the regression

analyses (SAS Institute 1988). Three observations, Waddell Creek (CA), Hidden Lake
(AK) and Fish Creek (OR), all had large influences on the regression parameters in both

models. Waddell Creek and Hidden Lake were the southern- and northernmost
streams in the sample, respectively, and consequently represent unique combinations
of the independent variables, which explains part of their influence; however, there is

evidence (Figure 2.2a and 2.2b) that the relationship between latitude and migration
timing may be nonlinear in the southernmost portion of the range. Fish Creek is both

the highest trap site and the site farthest from the ocean in the sample and has a late
migration relative to other Oregon streams, which likely explains its strong influence on
the regression.

I reran the regressions with these three observations excluded and found that the
regression coefficients changed some in magnitude but not in sign. I chose to retain the

models based on all observations since there was no evidence that the data were in
error and because these observations were important in describing unusual

combinations of the independent variables. The models, however, are intended to be

explanatory rather than predictive and attempts to predict timing for populations
outside the combination of independent variables may yield poor results. Attempts to
validate the models with populations for which only 1 or 2 yr of data existed were
somewhat unsuccessful, particularly for streams that were unusual in one or more

watershed descriptors.
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3.3.2 Migration Dispersion

Results of the two multiple regression models for describing interquartile range and
INT2O were similar (Table 2.4). As was the case with the models for migration timing,

drainage area and stream length did not explain additional variance in either measure

of migration dispersion after latitude, trap elevation, ocean distance, latitude x trap
elevation, and latitude x ocean distance terms were included in the model (F-test, df =
2, 39; interquartile range model, p> 0.50; INT2O model, p = 0.24). Subsequent tests

indicated that trap elevation, ocean distance, and their interactions with latitude
contributed significantly to the model after the inclusion of latitude (F-test, df =4,41;
interquartile range, p <0.001; INT2O, p = 0.004). The final model with five dependent
variables explained 63% of the observed variation in interquartile range and 61% of the
variation in INT2O (Table 2.4).

At average trap elevations and ocean distances, the models predict that width of
the migration interval decreases with increasing latitude (Table 2.4). The interpretation
of the remaining coefficients is more difficult. In general, the width of the migration

interval was greater at high trap elevations and larger ocean distances but the effect

was more pronounced at southern latitudes than at northern latitudes. This result is
not intuitively obvious from the coefficients themselves, but the relative gain in

elevation per unit distance from the ocean was generally greater in the southern part of
the range (Oregon) than in more northern regions (British Columbia and Alaska), hence

the relative importance of the trap elevation and ocean distance terms tended to
reverse with increasing latitude.
Diagnostic statistics identified several high-leverage observations. For the model

with interquartile range as the dependent variable, Hidden Creek (AK) and Karluk
River (AK) had a large influence on most of the regression coefficients. East Lobster

Creek (OR) and Deer Creek (OR) had a modest influence on the trap elevation and
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ocean distance coefficients, and several other observations had marginal influence on

one or two coefficients. Again I chose to retain these data points because they were
not in error and provided important information about unique combinations of the
dependent variables.

3.3.3 Interannual Variation in Peak Date

A full regression model that included drainage area and stream length did not
explain significant new variation in interannual variation of peak migration date over a

reduced model with the other five watershed variables (F-test, df = 2, 39; p = 0.45).
As a group, trap elevation, ocean distance, and their interactions with latitude
explained additional variation compared to the model containing only latitude (F-test,
df = 4, 41; p = 0.03) (Table 2.4).

After other watershed characteristics were accounted for, the model indicated that
variation in timing of the migration peak decreased with increasing latitude. The

elevation and ocean distance terms suggested that populations farther from the ocean
and at higher elevations were more variable than coastal populations, but that the
effect was greater in the south. Karluk River (AK) was identified as having high
leverage on virtually all of the regression coefficients. Little River (CA) had more

modest influence on the latitude coefficient and East Lobster Creek (OR) had modest
influence on the latitude and trap elevation terms.

3.4 Cluster Analysis
Two clustering methods were employed to group populations based on the five
migration variables. I made an a priori decision to terminate the cluster analysis after
formation of three dusters, hypothesizing that large-scale ocean influences on
migration timing might correspond to the three major ocean production domains off the
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coast of North America (Ware and McFarlane 1989). Further analysis of spring
upwelling indices also suggested three distinct coastal oceanic zones, though the
boundaries differed somewhat from those of Ware and McFarlane (1989) (see below).

The divisive (PDNC) analysis grouped the observations into three dusters
consisting of 10, 31, and 9 populations, respectively. These groupings had a strong

latitudinal component. The first cluster consisted of all eight Alaska populations, as

well as two northern British Columbia populations. Populations in this duster were
characterized by late smolt migrations of short duration and low variation in peak
timing among years (Table 2.5). A second cluster consisted of seven Oregon streams,

and two of the three California streams. Populations in this cluster generally exhibited
early migrations of long duration, with high variability in the timing of the migration

peak among years (Table 2.5). The final cluster consisted of all remaining British

Columbia populations, all Washington populations, three populations in Oregon, and
a single stream from California. Populations within this cluster exhibited migration
characteristics that were intermediate to the other two groupings.
The results of the Ward's agglomerative analysis were highly concordant with those
generated through the PDNC analysis, with only three populations differing in their
final groupings (Figure 2.3). Two northern British Columbia populations, Lachmach

River and Hooknose Creek, and one southeast Alaska stream, Hugh Smith outlet,
moved from the Alaska group into the British Columbia/Washington group; otherwise
the groupings were identical.

3.5 Ocean Environments
Mean weekly upwellmg indices for the period March 11 to June 30 indicated

distinct latitudinal patterns (Figure 2.4a). From 36° to 42°N the spring period is
generally characterized by moderate-to-strong upwelling that increases in intensity

31

Table 2.5. Cluster means for three principal population clusters derived using a
polythetic, divisive, nonhierarchical dustering technique.
Stream
Group

Peak
Date

Median
Date

Interquartile
Range (d)

INT2O

Peak Date

North

May 25

May 26

8.0

3.8

4.8

Middle

May 11

May 12

14.0

6.6

6.1

South

Apr 13

Apr 16

26.7

9.4

16.4

Std. Dev.
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E
L

Hidden Lake Outlet
Karluk River
Sashin Creek
Bemers River
Yehring Creek
Auke Creek
Porcupine Creek

AK
AK
AK
AK
AK
AK
AK

Lachmach River
Hooknose Creek
Hugh Smith Outlet
Salmon River
Coghian Creek
Little Pilchuk Creek
O'Conner Outlet
Harris Creek
Lower Keogh River
Ryder Creek
Big Beef Creek
Lost Creek
Wildcat Creek
Little Tahuya Creek
Deschutes River
Black Creek
Trent River
French Creek
Street Creek
Salwein Creek
Fish Creek
Carnation Creek
Minter Creek
Tally Creek
Union River
S. Fk. Skykomish River
Courtney Creek
Big Mission Creek
Upper Keogh River
Mill Creek
Bear Creek
Moon Creek
Gnat Creek
Waddell Creek

BC
BC

AK
BC
BC

WA
BC

WA
BC
BC

WA
WA
WA
WA
WA
BC
BC
BC
BC
BC

OR
BC

WA
BC

WA
WA
WA
WA
BC

WA
WA
OR
OR
CA

Flynn Creek
OR
Deer Creek
OR
Needle Branch
OR
Spring Creek
OR
East Lobster Creek
OR
South Lobster Creek
OR
East Creek
OR
Caspar Creek
CA
Little River (Mendocino) CA

Figure 2.3. Dendrogram showing three principal groupings of 50 coho populations
based on five migration variables. Clusters derived using Ward's (1963) minimum
distance agglomerative technique.
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Figure 2.4. a) Estimated weekly meaii upwelling indices for the period March 11 to
June 30 at ten sites off the coast of North America. b) Range and interquartile range
for weekly mean upwelling indices. Latitude is indicated along the top of each graph.
Values based on 27-yr record from 1967-1993. Data from H. Parker, Pacific Fisheries
Environmental Group, P. 0. Box 831, Monterey, CA 93942, pers. comm.
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through this period. The opposite extreme occurs from 540 to 60°N, where
downwelling prevails for most of the spring, with weak downwelling (54° to 57°N) or
very weak upweffing (60°N) occurring in June. Between these zones (45° to 51°N) lies

an area where moderate-to-weak downwelling occurs early in the spring and is
followed by weak-to-moderate upwelling in late spring (Figure 2.4a).

The relative predictability of ocean environments at different latitudes was
examined by plotting the total range and interquartile range for upwelling indices over
the 27-yr period of record (Figure 2.4b). Absolute variability in upwelling during the

spring tends to be greater in the south than in the north. Perhaps more important is the
variability in relation to zero upweuing, which indicates the probability that migrating
smolts will encounter upwelling or downwelling conditions at a particular time. From
36° to 42°N, upwelling index values, while highly variable, tend to be positive from
April through June. From 45° to 51°N, absolute variability is only slightly less, but the
probability of encountering upwelling conditions ranges from about 25% in March and

early April to 75% in late May and June. North of 54°N, absolute variability is low
and the probability of encountering downwelling conditions is greater than 75% except
in June near Kodiak Island, where either very weak downwelling or upwelling have an
equal probability of occurring.

Based on these spring upwelling patterns and their potential influence on coho
salmon, I delineated three major coastal zones: the spring downweiling zone, the region

from Queen Charlotte Islands north and west; the spring transition zone, the region
from Queen Charlotte Islands south to northern Oregon; and the spring upwelling zone,
the region from central Oregon south to California (Figure 2.5). Gradients exist within
and among these zones; however, they share common characteristics during the period
of ocean entry for coho salmon smolts.
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Figure 2.5. Relationship between population groupings based on smolt migration
characteristics (determined with divisive clustering procedure) and typical ocean
conditions during the spring smolt migration period. Arrows indicate uncertainty in
boundaries.
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3.6 Migration-Ocean Upwelling Relationship
The three groupings of coho salmon populations determined by cluster analysis on
the suite of migration characteristics were generally concordant with the three oceanic

zones I defined based on spring upwelling conditions (Figure 2.5). The northernmost

group of stocks, those with late migrations of narrow dispersion and little interannual
variation, generally occur in the spring downwelling zone. Likewise, the central and
southern population groupings generally coincide with the spring transition and spring
upwelling zones, respectively, though the boundary between these zones appears less

distinct. Most populations south of the Columbia River fall within the southern
grouping, including a number of streams that enter the ocean in the 440 to 45°N latitude

range. These populations enter the ocean near or slightly north of what I have defined
as the boundary between the transition and upwelling zones.

4. Discussion
4.1 Latitudinal Gradients in Migration Characteristics
Latitudinal dines in the median and peak dates of smolt migrations have been
previously reported for coho salmon (Drucker 1972; Godin 1982; Sandercock 1991;

Pearcy 1992) and for other Pacific salmonids (Godin 1982; Burgner 1991). These

dines have been generally attributed to latitudinal gradients in freshwater conditions,

including temperature and streamfiow patterns (Godin 1982). However, latitudinal
gradients may also be explained by temporal gradients in ocean phenomena, such as
the onset of upwelling and increases in productivity, which occur progressively later
with increasing latitude (Pearcy 1992).
Geographic patterns in the dispersion of migrations and degree of interannual
variation in timing have not been systematically examined before; the results presented
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here indicate that there are gradients along these dimensions as well. Migrations of

northern populations tend to be of short duration, with the majority of the fish
emigrating over a 5-10 d period surrounding the migration peak (Figure 2.2c). In

contrast, migrations of southern populations span 2-3 mo, with 50% of the fish
moving out over a 2-5 wk period. Populations from southern British Columbia to the
Columbia River exhibit migration dispersion that is intermediate to these extremes.

Interannual variation in migration timing also increases from north to south, with a
somewhat abrupt transition between northern Oregon and Washington (Figure 2.2e).

4.2 Within-Latitude Variation
Although latitude exerts a dominant influence on each of the migration variables,
there still exists considerable variation in migration characteristics among populations

at similar latitudes. The observed timing, dispersion, and interannual variation in
timing of smolt migrations also depend on the location of the smolt trap relative to the

ocean and the elevation of the trapping site, which are themselves related. At southern
latitudes, populations that are relatively far from the ocean and at higher elevations
tend to migrate early and exhibit greater dispersion and interannual variation than

more coastal populations. In northern populations the effects of ocean distance and
trap elevation on migration characteristics appear to be smaller.
The specific mechanisms by which ocean distance and trap elevation influence

migration variables are unclear. The most obvious direct effect of ocean distance on
migration timing is that travel time to the ocean may increase with increasing distance.

However, coho smolts are capable of covering distances of over 30 kmd (Moser et
al. 1991). Thus for most of the streams in this sample, fish could conceivably reach the
ocean within a few days of leaving their rearing stream. It seems more likely that the
influence of ocean distance on migration characteristics relates to the migration

36

3.6 Migration-Ocean Upwelling Relationship
The three groupings of coho salmon populations determined by cluster analysis on
the suite of migration characteristics were generally concordant with the three oceanic

zones I defined based on spring upwelling conditions (Figure 2.5). The northernmost

group of stocks, those with late migrations of narrow dispersion and little interannual
variation, generally occur in the spring downweffing zone. Likewise, the central and

southern population groupings generally coincide with the spring transition and spring
upwelling zones, respectively, though the boundary between these zones appears less

distinct. Most populations south of the Columbia River fail within the southern
grouping, including a number of streams that enter the ocean in the 44° to 45°N latitude

range. These populations enter the ocean near or slightly north of what I have defined
as the boundary between the transition and upwelling zones.

4. Discussion
4.1 Latitudinal Gradients in Migration Characteristics
Latitudinal chines in the median and peak dates of smolt migrations have been
previously reported for coho salmon (Drucker 1972; Godin 1982; Sandercock 1991;

Pearcy 1992) and for other Pacific salmonids (Godin 1982; Burgner 1991). These

dines have been generally attributed to latitudinal gradients in freshwater conditions,

including temperature and streamfiow patterns (Godin 1982). However, latitudinal
gradients may also be explained by temporal gradients in ocean phenomena, such as
the onset of upwelling and increases in productivity, which occur progressively later
with increasing latitude (Pearcy 1992).

Geographic patterns in the dispersion of migrations and degree of interannual
variation in timing have not been systematically examined before; the results presented

37

here indicate that there are gradients along these dimensions as well. Migrations of

northern populations tend to be of short duration, with the majority of the fish
emigrating over a 5-10 d period surrounding the migration peak (Figure 2.2c). In

contrast, migrations of southern populations span 2-3 mo, with 50% of the fish
moving out over a 2-5 wk period. Populations from southern British Columbia to the
Columbia River exhibit migration dispersion that is intermediate to these extremes.

Jnterannual variation in migration timing also increases from north to south, with a
somewhat abrupt transition between northern Oregon and Washington (Figure 2.2e).

4.2 Within-Latitude Variation
Although latitude exerts a dominant influence on each of the migration variables,
there still exists considerable variation in migration characteristics among populations

at similar latitudes. The observed timing, dispersion, and interarinual variation in
timing of smolt migrations also depend on the location of the smolt trap relative to the

ocean and the elevation of the trapping site, which are themselves related. At southern
latitudes, populations that are relatively far from the ocean and at higher elevations
tend to migrate early and exhibit greater dispersion and interannual variation than

more coastal populations. In northern populations the effects of ocean distance and
trap elevation on migration characteristics appear to be smaller.
The specific mechanisms by which ocean distance and trap elevation influence

migration variables are unclear. The most obvious direct effect of ocean distance on
migration timing is that travel time to the ocean may increase with increasing distance.

However, coho smolts are capable of covering distances of over 30 kmd4 (Moser et
al. 1991). Thus for most of the streams in this sample, fish could conceivably reach the
ocean within a few days of leaving their rearing stream. It seems more likely that the
influence of ocean distance on migration characteristics relates to the migration
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readiness and subsequent behavior of fish leaving upriver areas, and to differences in
temperature and flow conditions experienced by fish in near-coast versus more inland
streams.
In Oregon, for example, populations in streams 30 to 60 km from the ocean tended
to migrate over an extended period beginning in February or March and ending in May.

The question arises as to whether these migrants travel directly to estuaries or the
ocean, or whether they move down into mainstem areas and reside for some period of
time before continuing on to the ocean. Although I have no direct evidence to support

either of these alternatives, several pieces of circumstantial evidence support the
hypothesis that early migrants reside in downstream areas, possibly for several weeks

prior to moving out to sea. Limited data from two traps on Tenmile and Cummins
Creeks (-44°N) located just a few hundred meters from the ocean indicated that, over
2 yr, median migration dates were in late April and early-to-mid May for these

populations compared with mid-April for other populations in Oregon located farther
inland. Similarly, median emigration dates from Carnation Creek tributaries located

within 2.6 km of tidewater preceded median dates at the mainstem trap at tidewater
by just over 3 wk (McMahon and Hoitby 1992), indicating that emigrants from

tributaries did not move directly out to sea. Rodgers et al. (1987) observed substantial
downstream migration of coho salmon from Knowles Creek on the central Oregon

coast in February and March by fish that did not yet exhibit changes in gill ATPase

activity associated with seawater adaptation, suggesting that early migrants may not
have been moving immediately out to sea.

Conversely, movements of radio-tagged coho smolts in the Chehalis River of

western Washington indicate that some populations do migrate substantial distances
to the ocean over short periods of time (Moser et al. 1991). In addition, while data
from Tenmile and Cummins Creeks suggest that ocean entry may occur several weeks

later than emigration from tributaries, these two streams differ from the Oregon
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streams in this study in that they empty directly into the ocean, rather than into

estuaries. It is also apparent that in some systems, full expression of smolt
characteristics is not a prerequisite for ocean entry. McMahon and Hartman (1988)
observed that almost 50% of coho downstream migrants entering the Carnation Creek

estuary did not display the silvering typically associated with smoltification. It may
be that in rivers that enter estuaries, early migrants move rapidly downstream to
estuaries, reside for some time as they complete their physiological transformation
(McMahon and Hoitby 1992), and then move to sea, although others have suggested

that coho salmon spend little time in estuaries (Pearcy 1992, p. 12). Bohlin et al.
(1993b) have suggested that optimal timing of ocean entry may represent a trade-off
between growth, which is enhanced in estuarine and marine environments, and
survival, which is enhanced by later migration because of larger size at time of entry.

Consequently, variation in migratory behavior among populations might be explained

by differences in predation risk or potential for growth in the ocean or estuary.

In contrast to Oregon populations, Alaskan smolt populations that are relatively

far from the coast do not move downstream earlier than near-coast populations and
may even migrate slightly later. Populations from Karluk and Hidden Lakes-35 km

and 103 km from the ocean, respectivelymigrated 7 to 10 d later than other Alaska
stocks that where nearer to the ocean. Several observations from streams with 1 or 2
yr of observation suggest that populations nearer the ocean may in fact migrate within
a week or so of more inland populations (cf. Fire Lake, Bear Lake in Appendix A2).

These observations, combined with the short duration of these migrations, indicate

that the behavior of inland stocks in the north differs from that of southern
populations, with northern inland stocks migrating over a narrow window and
apparently moving rapidly to the ocean. It is also possible that lake-rearing and
stream-rearing populations exhibit different migration patterns, because of different
environmental cues, growth conditions, and predation risks.
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4.3 Migrations and Ocean Upwelling
The intensity and predictability of ocean upwelling or downwelling during the
spring months differs substantially in the ocean environments of the northern, central,

and southern portions of the coho salmon's range. In the spring downwelling zone
north of Queen Charlotte Islands, prevailing winds shift from the southwest in the
early part of spring to the west later in spring, resulting in a general weakening in
downwelling intensity as the spring progresses (Ware and McFarlane 1989; Deimling

1990). During May and June, the principal period during which smolts are entering the

ocean, weak downwelling prevails along the southeastern Alaska coast, and either
very weak downwelling or very weak upwelling occurs off the Kenai Penninsula and
Kodiak Island (Figure 2.4a). Throughout this region, spring upwelling intensity varies
little from year to year (Figure 2.4b), largely because spring downwelling persists

despite shifting of the Subarctic Current that occurs during El Niflo events (Mysak

1986). Consequently, the spring downwelling zone appears to provide a relatively
predictable physical environment for emigrating smolts.

In the spring transition zone, from north Vancouver Island south to the northern
coast of Oregon, weak downwelling in early spring gives way to weak-to-moderate
upwelling in late spring as winds shift from the southwest to the northwest (Figure
2.4a). Absolute variability in upwelling intensity is greater than in the north (Figure
2.4b), partly because the timing of the wind transition varies from year to year (Strub
et al. 1987) and because the shifting Subarctic Boundary has large local effects on

coastal upwelling and local circulation patterns (Thomson et al. 1989). Thus smolts
migrating at a particular time of the spring may encounter upwelling or downwelling
conditions depending on prevailing climatic conditions.
In the spring upwelling zone, from central Oregon to central California, upwelling

generally prevails throughout the spring and increases in intensity as the season
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progresses (Figure 2.4a) because of strong wind stress parallel to the coast that causes
offshore Ekman transport (Bakun 1973; Ware and McFarlane 1989). Absolute
variability is highest in this region (Figure 2.4b), thus smolts entering the ocean during

this time are reasonably assured of encountering upwelling conditions but the strength

of upwelling may vary markedly from year to year. It is this region that is most
influenced by the occurrence of El Niño events (Pearcy 1992; P. 42).

Distinct geographic patterns in migration characteristics were evident when the
migration variables were considered collectively in the cluster analyses, and these

patterns generally coincide with the spatio-temporal patterns in spring upwelling off

the coast. What is particularly striking is that these patterns are discernable despite
differences in the watershed characteristics such as size, position relative to the ocean,

and physiographic characteristics, as well as factors that were not considered, such as
population size. Populations entering into the spring downwelling zone north of 54°N
migrate late in the spring over a short period of time and exhibit little interarinual

variation in migration timing. Populations that enter the ocean south of the Columbia
River (46°N) migrate earlier in the spring over an extended period and the timing of the

migration peak is highly variable from year to year. These populations generally enter
the ocean within the spring upwelling zone, though a number of Oregon streams empty
into the border region between the spring transition and upwelling zones (Figure 2.5).
Between these two extremes, from 45° to 53°N, populations entering the spring

transition zone exhibit intermediate characteristics along all three migration axes.
In addition to differences in the ocean upwelling patterns in these three regions,
there are also pronounced differences in the morphology of the continental margin and
in the the estuarine environments into which smolts enter, both of which influence how

directly smolts may be affected by ocean upwelling phenomena. South of Cape
Flattery, Washington (48°N), the continental margin narrows considerably, ranging

from approximately 15 to 60 km in width (Shepard 1973 Deimling 1990), and the
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coastline is morphologically simple. Estuaries along the outer coast of Washington,
Oregon, and California are small or nonexistent, with the exception of the Columbia,

Willapa, and Grays Harbor estuaries in Washington and the Sacramento-San Joaquin
River estuary in California. Consequently, smolts that enter these coastal regions are
more immediately and directly influenced by ocean upwelling conditions. The large
Columbia River plume likely provides unique ocean conditions and may explain why

migration characteristics of smolts from Columbia River tributaries, Gnat and Fish
Creeks in Oregon, more closely resemble Washington and British Columbia stocks than

coastal Oregon stocks. From the Strait of Juan de Fuca north to Kodiak Island, the
continental shelf ranges from 75 to 170 km in width, and the coastline is
morphologically complex and fjord-like, owing to glacial activity during the Wisconsin

glaciation (Shepard 1973; Deimling 1990). Estuarine development is extensive, and

nearly all of the coho salmon populations represented in the sample enter into either
large estuaries, straits, or fjords. Smolts entering these marine environments may be
partially buffered from the influence of upwelling conditions (Bottom et al. 1986) and,
consequently, the optimal time of ocean entry may be less variable from year to year.

The fact that Oregon and California stocks have dedined dramatically since the mid1970s (Pearcy 1992; Brown et al. 1994) while Puget Sound stocks appear to be in
slightly better condition (Washington Department of Fisheries et al. 1992; Pacific

Rivers Council 1993) adds credence to the idea that populations entering large
estuaries are influenced less by changes in ocean upwelling intensity than those that
enter less-protected ocean environments.

4.4 Windows of Opportunity and Evolution of Migration Timing
Geographic variation in life history characteristics reflects both genetic variability

within and among local populations and spatio-temporal differences in the
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environmental conditions they experience (Riddell and Leggett 1981). Assuming that

migration characteristics of smolts are at least in part genetically controlled, the
differences observed between different geographic regions should be indicative of

adaptation to the particular combination of freshwater environments and marine
conditions that smolts face as they enter this critical phase of their life history.
Different clues into the selective pressures that are operating on migration
strategies of coho salmon are evident in each of the migration characteristics measured.

The average dates of peak and median migration can be viewed as indicators of
optimal timing of migration or ocean entry. Migration dispersion, an indicator of

variation in the population, should provide some indication of interannual
predictability of favorable environmental conditions, with narrow dispersion
indicative of high predictability and wide dispersion suggesting low predictability
(Hoitby et al. 1989). Interannual variation in migration timing potentially may indicate
the level of both genetic diversity and behvaioral plasticity that have been retained in
the populatiOn, though it may also reflect variation in freshwater conditions.

The late migrations with narrow dispersion and low interannual variation exhibited
by populations north of the Queen Charlotte Islands (54°N) might be expected to

evolve under two sets of environmental conditions. First, it is possible that the
characteristics of the window of opportunity in the ocean environment mirror those
exhibited by migrating coho smolts, i.e. the window is late, narrow, and temporally

predictable from year to year, and smolts migrating outside of this favorable window
fail to survive and reproduce (Figure 2.6a). Alternatively, the window in the ocean
environment may be wider than the migration dispersion indicates, but there may be

constraints within the freshwater environment that prevent smelts from exploiting the
ocean early in the spring even though conditions may be favorable (Figure 2.6b). These

constraints may take several forms. Because streams in the north are generally colder
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Figure 2.6. Schematic representation of possible relationships between windows of opportunity in the ocean and migration
characteristics of coho salmon smolts in northern (a and b) and southern (c and d) portions of their North American range.
Black and white arrows indicate interannual variation in ocean windows and migration windows, respectively. Panel a)
depicts a narrow, relatively invariable smolt migration in response to a window of opportunity in the ocean with similar
characteristics. Panel b) depicts a wide ocean window, but a smolt migration that is constrained during the early part of the
window. Panel c) illustrates a wide and variable smolt migration in response to a correspondingly wide and variable ocean
window. Panel d) depicts a wide and variable smolt migration in response to a narrow, but unpredictable window in the
ocean. See text for further discussion.
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than those to the south, development of juveniles occurs more slowly, and fish may not
reach the requisite state of physiological maturity until late spring. it is also plausible
that physical conditions in freshwater, such as ice cover or cold temperatures, may act
as constraints to early migration. And finally, there may be ecological reasons why
fish emigrate over a short period of time. Some fish may attain migration readiness
early in spring, but it may benefit them to delay migration until the remainder of the

population begins to migrate in order to reduce predation risk.
Several pieces of evidence support the hypothesis of a narrow ocean window north
of 54° latitude. Thedinga and Koski (1984) found significant differences in survival
during 1 yr among groups of smolts leaving Porcupine Creek, Alaska, just 2 wk apart;
however, in a second year, no significant difference in survival of early and latemigrating smolts was detected. Nevertheless, their results suggest timing may be

important even when smolt migration occurs over a short period of time. In addition,
the narrow migration dispersion of stocks in Alaska that have a high percentage of 2yr-old smolts (e.g. Sashin Creek, Karluk River) argues against the hypothesis that
slower development predudes early migration, because these larger individuals move

out during the same narrow window that smaller 1-yr-olds do. Moreover, in these
northern streams, even though yearlings may reside in freshwater throughout summer,
few fish move out after June, suggesting that beginning in July, conditions in the ocean

are unfavorable.

Some evidence supports the hypothesis that constraints in the freshwater
environment limit downstream movement in early spring in the north. Two

populations, Karluk Lake and Hidden Lake, that are relatively far from the ocean
tended to migrate later than those at similar latitudes located closer to the ocean,
suggesting that colder temperatures (or some other environmental factor) may delay

migration. Both of these populations consist primarily of lake-rearing fish, which may
in part explain the difference in migration behavior. Nevertheless, other streams in the
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north for which limited data (2 yr or less) were available suggest that their may be a
week or so difference in timing between coastal and inland populations in the northern

portion of the sample range.
South of the Columbia River, migrations tend to occur early in the spring, extend

over 2-3 mo, and exhibit substantial interannual variation in timing. Again there are
several scenarios regarding ocean windows that might be expected to lead to the

observed migration patterns. In the first case, the window of opportunity in the south
may be longer than that in the north, but vary temporally from year to year (Figure

2.6c). Were the window wide but predictable, smolts might be expected to exhibit high

dispersion but low inter-year variability. Alternatively, Hoitby et al. (1989) argued
that under a predictable, wide window, the migration would likely have low
dispersion if being the first through a wide window has a selective advantage or if
synchronous migration has evolved as a predation minimization strategy (i.e. predator

swamping). A third hypothesis is that windows of opportunity in the south are
narrow and vary substantially from year to year and that the dispersed migration
pattern evolved as a hedge against environmental uncertainty (Figure 2.6d). Implicit in
this hypothesis is that conditions within the freshwater environment (e.g. temperature
or streamflow) are not reliable indicators of favorable conditions in the ocean. Hoitby
et al. (1989) proposed this scenario for Carnation Creek smolts, which exhibit a

moderately protracted migration that is relatively invariable from year to year. A

variation of this hypothesis is the idea that more than one window of opportunity may
exist in any one year. In the spring transition zone (Figures 2.5), periods of both
upweiling and downwelling may occur as the seasonal winds begin to reverse

directions, possibly resulting in alternately favorable and unfavorable conditions over

a short period of time.
Differential survival of hatchery smolts released at different times in British

Columbia offers some evidence that the ocean window is narrow in the transition area
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(Bilton et al. 1982). Additional evidence from coded-wire tagging studies in Puget

Sound streams indicates that survival of wild fish varies with time of ocean entry, but
that the period of maximum survival differs among years (D. Seiler, Washington
Department of Fish and Wildlife, pers. comm.), offering further evidence of a narrow

window that is temporally variable in the central part of the coho salmon's range.
However, it should be kept in mind that while survival may differ, enough fish moving

out at suboptimal times survive toperpetuate a range of migration behaviors in the

populations. I view this as evidence that the window of opportunity is somewhat
wider in the central and south portions of the range than it is in the north.

Evidence suggests that windows of opportunity in the central and southern
portions of the coho salmon's North American range are linked to upwelling
conditions. Significant correlations have been reported between ocean upwelling and
production of coho salmon along the coast from Vancouver Island, British Columbia to

California. Hoitby et al. (1990) concluded that high growth and survival rates of

juvenile salmon were associated with oceanic conditionslow sea-surface temperature
and high sea-surface salinityindicative of strong upwelling along northwest
Vancouver Island. The abundance and survival of coho salmon in the Oregon
Production Area has also been correlated with upwelling intensity and sea-surface
temperatures (Scarnecchia 1981; Nickelson 1986; Pearcy 1992). The timing of smolt
migrations within this region generally occurs coincident with or shortly after the

transition from downwelling to upwelling conditions in the spring. Thus, when this
transition occurs during the spring may be an important determinant of survival
(Brown et al. 1994), which would suggest that upwelling (and related conditions) have
exerted strong selective pressure on the timing of smolt migrations. In the northern part

of the range, seasonal cycles in primary and secondary production are driven by
advective transport of water onshore from the Central Subarctic Domain (Ware and
McFarlane 1989). Thus upwelling intensity should be interpreted as an indicator of
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ocean variability without inferring direct causal relationships between upwelling and

salmonid production.

4.5 Implications of Climate Change
Mason (1994) recently proposed that evolution balances efficiency and

adaptability. For coho salmon smolts, we can view 'efficiency' as the ability to
optimally exploit an ecological circumstance and 'adaptability' as the capacity to
respond to changing environmental conditions. Mason goes on to suggest that because
fundamental differences exist in the genetic bases for efficiency (homozygosity) and

adaptability (heterozygosity), efficiency and adaptability cannot simultaneously
increase. Populations respond to a high degree of environmental predictability by
becoming more efficient in utilizing that environment, whereas they respond to highly

unpredictable environments by evolving a wide array life history types, which confers
flexibility under changing environmental conditions.

Viewed in this context, the geographic variation in smolt migration patterns
exhibited by coho salmon suggests that ocean environments are highly predictable in

the northern part of the coho salmonts range and less predictable in the southern
portion. The evolutionary response of coho salmon has been towards greater efficiency

in utilizing a temporally narrow but predictable window in the north, and a protracted
migration as a hedge against environmental variability and unpredictability in the

south (Via and Lande 1985; Taylor 1991). An assumption of this interpretation is
that the observed phenotypic variation has a genetic basis and is not merely a function
of different expression of similar genotypes due to local differences in freshwater
environments. Although there is little direct evidence in the literature that the timing of
downstream movements by coho salmon smolts is genetically determined, Saxton et al.
(1984) estimated heritability in the time of silvering of coho salmon reared in hatcheries
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to be approximately 0.3, indicating the potential for genetic selection of this indicator
of smoltification. Substantial evidence also exists for a strong genetic component in
the timing of other life-history events. The heritability of timing of adult migrations in

anadromous salmonids has been demonstrated through numerous transplanting
(reviewed in Ricker 1972; Hansen and Jonsson 1991), cross-breeding (Ricker 1972),

and intentional and unintentional selection experiments (Millenbach 1973;

Alexandersdottir 1987). More recently, Gharrett and Smoker (1993) used genetic

markers bred into one subpopulation of pink salmon to demonstrate that early and
late-migrating adults produce progeny that display similar migration timing as adults.
Rate of egg development has also been shown through rearing and cross-breeding

experiments to be genetically influenced and it is believed that these differences are
adaptive, allowing synchronous emergence and emigration of salmon fry reared under
different thermal regimes (Smoker 1986; Taliman 1986; Beacham and Murray 1987;

Murray et al. 1990). If other temporal aspects of life history are under genetic control,
there is good reason to suspect that sinolt migration timing is in part genetically
influenced as well.

The geographic differences in migratory strategies of coho populations may make

them differentially susceptible to anthropogenic disturbances and particularly to the

prospect of global dimatic change. Climatic change has the potential to disrupt the
natural synchronies in the smolt migration and ocean cycles through several pathways

and throughout the life history of salmon leading up to emigration. Spawning
migrations of coho salmon adults have been shown to be closely tied to the onset of
fall freshets throughout a substantial portion of their range (reviewed in Sandercock
1991). Embryo and alevin development of coho salmon is highly dependent on
temperature (Beacham and Murray 1990; Murray et al. 1990); warming of streams may
advance development by weeks or even months, particularly in the northern British

Columbia and Alaska (Chapter 4 of this thesis). Additionally, growth rates of
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juveniles in fresh water are also highly dependent on temperature. Provided that
spawning is not delayed by changes in temperature or flow pattern, the cumulative
effect of warmer stream temperatures is that coho salmon will develop more rapidly
and achieve larger size earlier in the spring, which may predispose them to earlier
migration by advancing their state of migration readiness.
In the northern part of the coho salmon's North American range, where migrations

appear to be tightly coupled with temporally limited windows of favorable conditions
in the ocean (Figure 2.6a), small changes in the timing of outmigration may have

significant effects on survival if the window of opportunity in the ocean remains

relatively stable. Based on model simulations designed to separate effects of logging
from natural climatic variation, Hoitby and Scrivener (1989) suggested that the
advancement of smolt migration timing in response to logging-induced temperature

increases may negatively affect adult escapement of coho salmon in Carnation Creek.

They proposed that early ocean entry results in reduced survival due to differences in

the abundance, distribution, or activities of predators. In addition, changes in the
specific cues, e.g. temperature, streamfiow, that smolts use to trigger downstream
movement may also influence when smolts move out to sea.

If on the other hand environmental or physiological constraints currently preclude
salmon from taking advantage of favorable conditions early in the spring (Figure 2.6b),

then dimatic warming could ease these constraints and allow for exploitation of
opportunities in the ocean that were previously unavailable (but see discussion of
ocean changes below). I suspect that this may be true for a limited number of

populations, particularly those at higher elevations in snow-dominated systems, where
spring warming occurs later.

In the southern portion of the range, the response of populations may be more
closely linked to changes in migration cues, rather than changes in the physiological

development of juveniles and smolts. In Carnation Creek, British Columbia there was
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a significant negative correlation between cumulative thermal exposure in late winter-

early spring and the median date of smolt migration (Hoitby et al. 1989). Similarly, I
found evidence of a negative correlation between January-May mean water

temperature and median migration date for smolts in Sashin Creek, Alaska

(unpublished data). However, I found no such relationship between mean temperature
and migration timing for two smolt populations on the central coast of Oregon. In
these southern stocks, temperatures may be sufficiently high throughout the early life

stages that annual temperature differences have little bearing on when, during the

spring, most of the population attains migration readiness. The dominance of 1-yr-old
smolts in most southern stocks (Sandercock 1991) lends support to the hypothesis

that development occurs more rapidly in southern populations and that temperature
may not constrain migration timing in southern streams.

In addition to changing both the developmental processes of coho salmon and the
cues they use to initiate downstream movement, climate change is expected to alter

large-scale ocean circulation patterns. Bakun (1990) proposed that an increase in
onshore-offshore atmospheric pressure gradients caused by differential heating of the
land and water surfaces could enhance alongshore winds, leading to intensification of
coastal upwelling in the California Current system. Peterson et al. (1993), however,
noted that during El Nino events, the depth of the thermocline tends to increase along
the coast of North America. They suggested that while upwelling may intensify,
nutrient concentrations may decrease because water will be upwelled from above the
thermocline. If El Niño conditions are a reasonable analogy to future ocean conditions
under a modified climate, the onset as well as the intensity of upwelling will change,
with possible adverse consequences to emigrating salmon smolts. The intense El Nino
event of 1982-1983 resulted in higher temperatures, inshore depression of the
thermocline, and ineffective upwelling (Pearcy 1992), which in turn had significant

effects on both the growth and survival of juvenile and adult coho salmon in the
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Oregon Production Area (Johnson 1988; Pearcy 1992). At present, coupled

atmosphericoceanic models are in the early stages of development, and until more
realistic models are developed, it will be difficult to forecast how changes in the ocean
environment in response to global climatic change wifi ultimately affect coho salmon

smolt populations.
Over the long term, the response of coho salmon populations to climate change will

depend on their ability to adapt rapidly to changing environmental conditions. There
exists some evidence that significant selection for the timing of life history events can
occur over a relatively small number of generations in salmonids (Quinn and Unwin

1993). If migration patterns are an accurate indicator of genetic variation, southern

populations may adapt more rapidly to a changing climate because they are
apparently more genetically diverse than northern populations. However, populations
near the southern margin of the coho salmon's range are more likely to be stressed at
other phases of their life history because summer maximum temperature and minimum
flow conditions are approaching the tolerable limits for the species in many systems

and are likely to become harsher as climate warms. In addition, southern populations
are already severely depleted due to other anthropogenic stresses. Brown et aL (1994)

reported that coho salmon in California are now less than 6% as abundant as they
were in the 1940s, and occur in only 54% of the streams that once supported

populations. These dedines are attributed to poor land-use practices, loss of genetic
integrity of native stocks, introduced diseases, and overharvest, as well as natural
climatic and oceanic variability.

4.6 Other Management Implications
The recognition that time of ocean entry plays an important role in the subsequent

ocean survival of salmon has prompted several recent studies that have examined
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relationships between time and size at release and adult returns (Bilton 1978; Bilton et
al. 1982; Green and Macdonald 1987; Morley et al. 1988). An explicit objective of

several of these studies has been to identify optimal combinations of release time and

size in order to maximize hatchery returns. These studies have demonstrated that
both size and time of release affect adult returns (Bilton et al. 1982), but that the
optimal size or time of release may differ among brood years (Green and Macdonald
1987).

The geographic patterns observed in migration characteristics of coho salmon
suggest that salmon enhancement strategies that focus on a single time of release are
more likely to succeed in some regions than others. In northern latitudes, where the

temporal window of opportunity in the ocean appears to be narrow but fairly
predictable from year to year, releasing hatchery smolts consistently within a

particular time window may lead to high return rates. However, in the central and the
southern portion of the coho range, the evidence tends to point towards a narrow and

variable window of opportunity that is unpredictable from year to year. If this is the
case, the probability of high survival for hatchery smolts released at similar times each
year is low. Moreover, there is no good evidence that the optimal time of ocean entry

is predictable based on dimatic or environmental conditions. The protracted
migrations of smolts in the central and southern portions of the range suggest that
freshwater conditions are not reliable or consistent indicators of favorable conditions
in the ocean (Hoitby et al. 1989). And if salmon have not been able to identify reliable
cues over thousands of years of evolution, the chances of humans successfully doing so

would seem remote. Consequently it may be more prudent to release fish over a
prolonged period of time, mimicking the pattern of wild populations, rather than
releasing fish all at once at some presumed optimal time.
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4.7 Conclusions
Migration timing of coho salmon smolts from streams in western North America

exhibits distinct geographic patterns. Latitudinal gradients in the peak timing,
migration duration, and interannual variation in timing are evident, with populations
in the north exhibiting migrations that are later, shorter, and more variable than those
of southern populations. Differences in watershed characteristics, including ocean
distance and elevation, have some influence on migration patterns of individual stocks.
However, over broad geographic areas, the ocean environments into which smolts enter

appear to exert dominant influence on migration patterns. Three distinct groups of
populations exhibiting different migration characteristics correspond well to oceanic

zones delineated based on seasonal patterns and interannual variability in ocean
upwelling. Anthropogenic changes, induding global climatic warming, that change

normal thermal regimes in streams may disrupt natural synchronies between migration
timing and favorable periods in the ocean.
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Chapter 3

A Partial Logistic Regression Approach to Modeling
Within- and Between-Year Variation in
Migration Timing of Coho Salmon (Oncorhynchus kisutch) Smolts
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ABSTRACT

Partial logistic regression models were used to model variation in the
probability of migration of coho salmon smolts during 2-day intervals from four
streams (Deer and Flynn Creeks, OR; Carnation Creek, BC, pre- and post-logging; and
Sashin Creek, AK) as a function of time interval, lunar periodicity, temperature
(absolute, change, cumulative degree days), and streamfiow (absolute, change). Using

a back*ard selection procedure, I developed final models for each stream based on a

subset of the data; these models were then validated with independent data sets.
Migration probability was positively associated with time interval, temperature, and
change in flow, and negatively associated with absolute flow for at least four of the

five data sets examined. Significant relationships between lunar phase and migration
probability were also found, but these were inconsistent among streams. For all but
Sashin Creek, validation procedures appeared to confirm the importance of most main
effect terms induded in the final models. Predictions of smolt numbers were

reasonably concordant with observed numbers in both the calibration and validation
years. The results indicate that smolt migration is an integrated response to short-term
(daily), seasonal, and interarinual variation in environmental conditions.
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1. Introduction
The smoltification process and subsequent downstream migration of juvenile
anadromous salmonids result from a complex series of interactions between the
physiology of the fish and environmental factors. The timing of migration has likely

evolved to ensure optimal survival and growth during the early ocean phase (Walters
et al. 1978; Riddell and Leggett 1981; Murphy et al. 1988), when mortality rates are
believed to be highest (Marizer and Shepard 1962; Mathews and Buckley 1976;

Walters et al. 1978; Pearcy 1992). It is thus reasonable to expect that the
environmental factors that induce downstream migration are those that have, over
evolutionary time, been reliable indicators of favorable conditions in the ocean. Given

the wide range of stream conditions inhabited by salmonid populations, it is also
possible that the environmental factors that produce the requisite physiological state
and initiate downstream migration may differ among populations depending on the
reliability of specific cues. In a previous paper, I presented evidence of regional

variation in the timing and interannual variability in the migration peak, as well as the
duration of the migration of coho salmon (Oncorhynchus kisutch) smolts (see Chapter

2). In this paper, I examine within- and between-year variation in migration patterns
of coho salmon smolts from four streams representing three geographically distinct
regions in western North America.

A substantial volume of literature exists regarding both the physiology of the parrsmolt transformation and the influence of environmental factors that regulate this
transition and trigger downstream movement. Several recent syntheses of the literature

have led to what is now a widely accepted conceptual model for the onset of smolt
migration (Hoar 1976; Folmar and Dickhoff 1980; Wedemeyer et al. 1980; Groot 1982;

Hoar 1988). There is believed to be a strong endogenous component to the changes in

physiology, morphology, and behavior that precede the smolt migration. This internal

59

rhythm is entrained by photoperiod, but may also be influenced by other

environmental factors, most notably temperature. Photoperiod and temperature have
been referred to as 'priming' factors because they alter the disposition of the fish
through changes in the neuro-endocrine system in anticipation of downstream

migration (Schreck 1982). Once the appropriate state of physiological readiness is
attained, smolts become progressively more receptive to other environmental stimuli or

releasing' factors, such as changes in temperature or streamfiow, that initiate
downstream movement.
Despite the extensive literature on the smoltification process and a number of
studies that have shown correlations between various environmental factors and the
timing of the migration peaks (reviewed in Northcote 1984; Hoar 1988), there have

been few published attempts to simultaneously model within- and between-year
variation in migration timing. Two exceptions are the work of Bohlin et al. (1993b) on

sea-run brown trout (Salmo trutta), and Dorn (1989) on coho salmon. To model the
probability of migration, Bohlin et al. (1993b) used a multiple regression approach

based on the premise that the effects of environmental releasing factors are dependent
on cumulative degree days from the beginning of the migration period. In their model,

all environmental variables were expressed as interactions with a degree-day term; no

attempt was made to test environmental variables independent of their interactions
with degree days. Dorn (1989) proposed a logistic regression model that explicitly
assumes the migration window is fixed from year to year, and that between-year
variation in migration timing is caused by variation in environmental factors occurring

during this window. His model does not account for environmental conditions prior to
the migration period and their possible effects on the physiological state of individuals
in the population and hence the receptiveness of individuals to environmental stimuli
during the migration window.
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In this study, I used a logistic regression approach to model within- and betweenyear variation in migration timing of coho salmon smolts. Separate models were
developed for populations from four streams for which long-term records of smolt

counts and environmental variables were available. Factors examined include time of
year (2-d intervals), temperature (absolute temperature, change in temperature, and
cumulative thermal effect), streamfiow (absolute flow and change in flow), and lunar

phase, as well as selected interactions between these variables. Models for each

stream were calibrated with data from the majority of sampling years and then

validated with an independent subset of years. The purpose of the analysis was to
develop models of migration timing that reflect our current understanding of the

smoltification process and the role of both priming and releasing factors. In addition, I
examined similarities and differences among the four study sites in the factors found
to be important predictors of migration timing.

2. Background
A more detailed discussion of the smoltification process is useful in linking the

conceptual model outlined above to the statistical model that forms the basis of this

analysis. Groot (1982) proposed that the smoltification process consists of three
phases: 1) a preparatory or priming phase, during which juvenile salmon undergo
physiological, morphological, and behavioral changes that preadapt them for life in

marine waters and initiate downstream movement; 2) the migratory phase, during
which individuals in the appropriate physiological state respond to specific releasing
factors; and 3) a termination phase, during which full physiological and behavioral

adaptation to saltwater is achieved. Each of these phases involves interactions
between the environment and the physiology of the organism, mediated through the
neuro-endocrine system.
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Among the many physiological changes that occur during the preparatory phase is
an increase in plasma levels of the thyroid hormones, which in conjunction with

pituitary and interrenal hormones, are believed to affect growth, skin pigmentation,
osmoregulatory ability, and behavior (reviewed in Folmar and Dickhoff 1980; Schreck

1982). The surge in thyroid hormones in anadromous Pacific salmonids occurs during

the spring, with photoperiod acting to entrain the cycle (Hoar 1976). Studies of
salmonids reared in captivity indicate that thyroxine (T4) levels also oscillate in phase
with the lunar cycle, with peak levels occurring during the period of the new moon

(Grau et al. 1981; Grau 1982; Grau et al. 1982). Thus, lunar phase may also serve as a
priming mechanism in juvenile salmonids. Concomitant with the surge in thyroid

hormones are increases in activity of Na+,K+ATPase in the gills and a behavioral
preference for saline waters (Baggerman 1960; Folmar and Dickhoff 1980).

Temperature appears to influence migration timing in two fundamental ways: by
influencing the rate of growth and physiological development and by affecting the
responsiveness of fish to other environmental stimuli (Groot 1982). These observations

have led to a hypothesis that in warmer years, fish tend to migrate earlier than in
cooler years, an idea that has been supported by field observations (Jonsson and
Ruud-Hansen 1985; Holtby et al. 1989; Bohlin et al. 1993b). Change in streamfiow has
also been shown to trigger downstream movements in coho salmon (Dorn 1989) and

sea-run brown trout (Bohlin et al. 1993b). Based on studies of Atlantic salmon (Salmo
salar), Youngson (1989) suggests that increases in streamfiow may stimulate release of

thyroxine into the blood stream, which in turn may elicit a migratory response.

However, the response appears to be dependent on the physiological state of the fish,
with migrants displaying higher variation in blood T4 than non-migrants.

Within this context, we can view a population of salmonid juveniles at any instant
as consisting of individuals in varying states of physiological development owing to
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differences in time of hatching, environmental conditions during rearing, and individual

growth rate. As days lengthen in the spring, individuals most advanced in their
development experience increases in endocrine activity associated with the

preparatory phase, while less developed individuals experience a lesser surge or no
surge at all. The former group becomes receptive to releasers such as temperature and

streamfiow changes. As the migratory season progresses, the proportion of
individuals in the responsive physiological state increases. Near the end of the
migration window, the remaining fish either undergo smoltification and migrate

downstream or revert to the parr condition (Baggerman 1960; review in Hoar 1988).

3. Methods
3.1 The Logistic Regression Model
3.1.1 General Theory

Logistic regression is a commonly used procedure for modeling data for which the

response variable is binary. The model of smolt migration timing presented in this

paper is based on a partial logistic regression model proposed by Efron (1988) as a

parametric method of estimating survival curves and hazard rates within a population
through time.

The partial logistic model involves dividing sequential data into discrete time
intervals, where Yi is the number of positive responses (i.e. migrants) and Xj is the

vector of measured environmental variables during the ith interval. The basic
assumption of the model is that during interval i, the number of migrants yj that passes
downstream out of a potential pool of flj fish is binomially distributed

(1)

yj - Bi(n, In)
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where irj is the discrete migration rate parameter

q = Prob(fish migrates I fish has not migrated prior to interval i).

The objective of the analysis is to relate the probability of migration, q, to the
associated vector X1 of explanatory variables.

The dassic regression model takes the form

yi=xi'13+ej

where y is the response for the ith observation, Xj is the vector of covariates, f is the

vector of regression coefficients, and j is the error term. The model assumes that the
ej are independent and normally distributed with mean zero and constant variance.

Parameter estimates are derived from a least squares fit to the data.
In the logistic regression model, the logit link function 2.j is used to relate the linear

combination of the independent variables to the response variable

jXj'
where

A.1 = in [2rj/(1 - ir)J.

The )j link function, or log-odds ratio, is the natural logarithm of the probability of
migration, relative to the probability of remaining upstream during the ith interval.

Coefficients for the linear predictor are unknown, and are derived by maximizing
the log likeithood function for the binomial distribution (McCullagh and Nelder 1989)

lfrc;y) =

[yj ln(irjj) + (ni] - yij) ln(1 - lVjj)].

From equation 5, the estimated probability of a positive response rj can be defined

as

E(ir) = ei/(l + e'i)

= e"i/(1 + e"i'13)
with variance

Var(r) = iq (1 -

3.1.2 Estimating Smolt Numbers

Assuming that the number of potential migrants at the beginning of the interval is
known, the expected number of migrants during interval i of a given year is

E(y)

fljlVj

= n1

[e'i'/(1 + e"iI)J.
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Alternatively, the expected proportion E(P1) of fish migrating during an interval can be

estimated independent of the number of potential migrants by multiplying the
probability of migrating during interval i by the joint probability of not having migrated

in any of the previous intervals

E(P1) = Jrj [(1 - lrj _i)(1 - i _2).(1 - 7Vo)]

With this form, the model can be used to predict number of migrants through an entire
run without a priori knowledge of either the number of smolts in the population or the

number of fish that have left the stream before interval i. If the model is applied post
facto, as was done in this study, the daily number of migrants can be estimated as

E(y) = N0 E(P1)

where N0 is the total number of fish that migrated during the year.

Multiple years of data can be accommodated by adopting time interval
designations that are consistent among years and re-expressing the model as

E(y1) =N01 E(P1)

= N01

ij {(1 -

[-i]J)(l - ir1-211)...(l - 7t01)}

where

(13)

(In]) = e'i113/(1 + e'iIt)
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and] is an index of the year of migration. This model assumes a common parameter
vector for all years; that is, the influence of the environmental variables is assumed to
be the same over all years. An alternative approach, and one used by Dorn (1989),
would be to include an indicator variable for year, with associated year x variable

interaction terms. His approach fits a unique model for each year and has the
advantage of allowing between-year differences in magnitude, sign, and significance of

coefficients to be analyzed. However, addition of a year indicator precludes the
model from being used in a predictive fashion. Since my interest was in developing

models that could be validated on independent data sets, I retained the more general
form of the model.

3.1.3 Advantages of Logistic Regression

The logistic regression model offers three distinct advantages over the conventional

regression approach to modeling probabilities. First, the logistic model assumes a
binomial distribution in the response variable, whereas standard regression requires an

assumption of normality that is unlikely with binary response data, particularly when
a high percentage of the response probabilities are <0.25 or >0.75 (Trexier and Travis

1993). Second, the logistic regression model does not assume constant variance as

does the standard regression model. Instead, the nonconstant variance is incorporated
directly into the analysis through the link function, where the variance is a function of
the mean response (eq. 8). In modeling the probability of salmon migrations,
heterogeneity of variance is of particular concern because the pool of potential
migrants decreases through time and hence the variance is likely to increase. A final

advantage of the logistic approach is that the response probabilities are restricted to
values between 0 and 1. With traditional regression, it is possible to obtain
probabilities that are less than zero for certain combinations of the independent

67

variables, a result that requires making additional assumptions (see e.g., Bohlin et al.
1993b).

Like standard regression, logistic regression assumes independence of the binomial

responses. In my application of the model, this assumption cannot be true within
years because during any interval i the number of migrants y is related to the number
of potential migrants n1 by the equation

yj = ni - fli+1

Therefore the sequence yi 3,2, ... is determined by the sequence iii, 2, ..., in violation of

the independence assumption. Nevertheless, Efron (1988) demonstrated that the
maximum likelihood estimators of the parameter vector (3 are equivalent with or

without the assumption of independence.

3.1.4 Assessing Goodness of Fit

The adequacy of logistic regression models is generally evaluated with deviance

statistics. The scaled deviance is defined as twice the difference between the
maximum achievable log likelihood, which is the log likelihood obtained by fitting a

'saturated' model with as many parameters as observations, and the log likelihood of
the current model (McCullagh and Nelder 1989)

D*(y;lr) = 2 [l(i,y) -

=2

{yij 1n[y1/E(y1)] + (flij - Yij) ln[(nij - Yij)/(flij - E(3111))])
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where l(it,y) is the log likelihood of the saturated model and l(,y) is the log likelihood
of the fitted model. More generally, the scaled deviance for the exponential family

distributions is

D*(y;lr)=D(y;lr)/Ø

where D(y;n) is the deviance and 0 is a dispersion parameter. In the case of the

binomial distribution, the dispersion parameter is assumed to be I (but see discussion
of overdispersion below).
Scaled deviance, like the residual sums of squares in standard regression, becomes

smaller as the number of covariates approaches the number of observations. The
significance of adding or deleting variables is assessed by examining the change in

deviance, in much the same way that extra sums of squares F tests are used to

evaluate variables in the traditional regression. Formally, the statistic

F* = (D*fuII - D*red)/(dffrll - dfred)

is compared to the F distribution with the appropriate degrees of freedom, or 1 in the
case of the addition or subtraction of a single variable.

3.1.5 Overdispersion

As stated above, under the binomial distribution the dispersion parameter is
assumed to be 1. However, it is possible, if not likely, that the variance of the
response will exceed the nominal variance, a phenomenon known as overdispersion

(McCullagh and Nelder 1989). Overdispersion is usually treated by assuming that the

mean is unaffected but that the variance is inflated by a constant factor 0. An
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estimate of the dispersion parameter can be obtained by dividing the deviance by the
degrees of freedom

(18)

Ø=Dy;n)/(r-p)

where r = the number of observations and p = the number of model parameters (SAS

Institute 1993). A value of 0> 1 indicates overdispersion.

3.2 Model Application
3.2.1 Study Sites

Four streams representing three study locations were selected based on the
availability of long-term (7 yr or more) records of downstream migrant trapping data

and accompanying environmental data, including water temperature and stream
discharge. In addition, I sought sites that represented geographically distinct regions in
order to examine similarities and differences in factors that influence migration timing.

3.2.1.1 Alsea Watershed Streams
Flynn Creek (44.54°N, 123.85°W) and Deer Creek (44.53°N, 123.88°W) are both

small headwaters streams that are eventual tributaries to Drift Creek, which empties
into Alsea Bay, a small estuary on the central coast of Oregon. Flynn and Deer Creeks

were studied extensively as part of the Alsea Watershed Study in the 1960s and early
1970s. Both sampling sites were located approximately 37 km from the estuary.
Above the smolt trapping facility, Flynn Creek flows approximately 1.8 km and drains
an area 2.1 km2 in size. The Deer Creek watershed encompasses 3.2 km2 and the
stream is approximately 2.7 km in length. Douglas-fir, Pseudotsuga menziesii, is the
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dominant conifer in both watersheds. During the study period, approximately 25% of
the Deer Creek watershed was logged (patch cut), with buffer strips left along the
stream margins (Moring and Lantz 1975).

Average annual precipitation in the two watersheds during the first 10 yr of the

study was 240 cm (Hall and Lantz 1969), with most falling as rain between the
months of November and May. The hydrographs for Flynn and Deer Creeks were
quite similar, with mean daily streamfiow from <0.01 to 3.3 m3/s for Flynn Creek and

<0.01 to 5.0 m3/s for Deer Creek. Peak flows typically occurred in December through
February, but significant freshets can occur anytime between November and March.

Temperatures in both streams rarely drop below 4°C in winter or exceed 14°C in
summer.

Downstream trapping data for Flynn and Deer Creeks for the years 1960-1972
were obtained from Department of Fisheries and Wildlife at Oregon State University

(J. D. Hall, pers. comm.) Collections were made yearround at permanent weir
facilities. Counts were generally recorded on a daily basis during the principal period
of downstream migration, from November to May, and every two to three days during

periods of minimal movement. For occasions when the traps were fishing but not
checked for more than one day, the total number of migrants was divided by the

number of sampling days to obtain a daily average. Streamflow and temperature data
were obtained from digital U.S. Geologic Survey records (USWEST Optical Publishing

1988). For Deer Creek, increases temperature and streamflow were negligible following
logging (Hall et al. 1987), so data from pre- and post-logging years were combined.

3.2.1.2 Carnation Creek
Carnation Creek flows into Barkley Sound on the west side of Vancouver Island,
British Columbia (48.92°N, 125.00°W) and was the site of extensive study from 1971
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through 1989. The watershed drains 10.1 km2 and the creek runs approximately 7.6
km, the lower 3.1 km of which are accessible to anadromous salmonids. The basin
was heavily forested, with western hemlock, Tsuga heterophylla, western red cedar,
Thuja plicata, Pacific silver fir, Abies amabilis, Douglas-fir, and Sitka spruce, Picea

sitchensis, making up the dominant coniferous species. Approximately 41% of the

watershed was logged between the years 1976 and 1981 and the post-logging riparian

community was dominated by hardwoods.
Average annual precipitation during the study period was 250-350 cm with most
falling as rain during the winter months and less than 5% falling as snow (Hoitby

1988). Stream discharge ranged from 0.03 to 64.0 m3/s and can increase by two
orders of magnitude in a 24 hr period during heavy rainfall (Hartman and Scrivener
1990). Mean monthly stream temperatures generally ranged between 2-11°C in the
years prior to logging (Hoitby 1988), but increased by 0.7-3.3°C after logging. During
March through May, the primary period of outmigration by juvenile coho salmon, mean

monthly temperatures typically ranged from 3-9°C in pre-logging years and 3-11°C in
post-logging years.

Daily Carnation Creek smolt counts, temperatures, and streamfiows for the years
1972-1986 were obtained from the Pacific Biological Station in Nanaimo, British
Columbia (L. B. Hoitby and J. C. Scrivener, Department of Fisheries and Oceans, pers.

comm.). Smolt counts were made at a weir located just above tidal influence, usually
in the morning hours, although during the peak of the migration, the trap was
sometimes checked more than once during the day. The onset of sampling varied
among years, but was generally initiated by mid-March. The few years in which
sampling commenced in the beginning of March indicated that few fish emigrated in the

first two weeks of the month. The smolt migration typically peaked in mid-May and

ended in late June or early July. For this analysis, I divided the data set into pre-
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logging (1972-1976) and post-logging (1977-1986) years and modeled these

separately.

3.2.1.3 Sashin Creek
Sashin Creek empties into Little Port Walter Bay, on the east side of Baranof
Island in southeastern Alaska (56.38°N, 134.65°W). The Sashin Creek watershed
encompasses 9.9 km2, and the creek ruits approximately 3 km from the outlet of

Sashin Lake to the mouth. Only the lower 1.1 km of stream are accessible to coho
salmon. The watershed is largely forested with western hemlock and Sitka spruce
(Crone and Bond 1976).

The hydrology of the Sashin Creek watershed is regulated by both heavy rainfall

and snowmelt. Total annual precipitation averaged 587 cm and total snow
accumulation was quite variable, but averaged approximately 130 cm (Crone and
Bond 1976). Twenty-four-hour rainfall totals can exceed 7.5 cm during any month of
the year, but the wettest months are usually from October through December and the

driest months are typically May and June. Streamflow ranged between 0.3 to 34 m3/s,

with sporadic peaks associated with heavy rains in fall and winter, and a second,
more gradual peak occurring as snow melted from the surrounding watershed in May
and June. Two large lakes, Sashin and Round lakes, moderate the influence of
precipitation events on streamflow (Olson and McNeil 1967; Crone and Bond 1976).
Stream temperatures can drop to 0°C any time during the months of January through
March, rise quickly in April or May, and reach maximum values of 15-18°C in June

and July. The stream typically freezes and thaws intermittently during the winter, but
occasionally ice cover wifi last a month or more (W. J. McNeil, Oregon State University,

pers. comm.). Water temperatures were generally between 2 and 10°C during the
spring migration of salmon smolts.
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Daily smolt counts, minimam and maximum temperatures, and stage heights for
Sashin Creek for the years 1959 through 1963 were obtained from Olson and McNeil

(1967). Additional smolt data were provided by Richard Crone (Northern Southeast
Regional Aquaculture Association, Sitka, unpub. data). Smolt counts were made at a
weir located approximately 100 m upstream of tidal influence. Except for rare
instances where ice formed on the weir, causing water to spill over, the counts
represent a complete census of emigrating fish. Sampling generally targeted pink
salmon (Oncorhynchus gorbuscha) and as a consequence, usually began well before the

onset of the coho salmon smolt migration. Streamflow estimates for the first five years
of study were derived from stage height by reconstructing a discharge rating curved

(second-order polynomial) from the data points shown in Figure 3 of Olson and
McNeil (1967). Streamfiows, as well as temperatures, for 1968 and 1969 were
obtained from USGS gaging records (USWEST Optical Publishing 1988).

3.2.2 Model Variables

All environmental data and smolt counts were summarized over 2-d intervals
beginning with a predetermined start date; thus a migration lasting 60 d consisted of

30 observations. The 2-d interval was chosen to balance several statistical and
theoretical concerns. Foremost, in logistic regression the deviance function and

associated goodness-of-fit tests are no longer reliable when a sizable percentage of the
counts are small (5 or less), a condition referred to as 'sparseness' (McCullagh and

Nelder 1989). In the four data sets used in this analysis, sparseness was evident only
during the early and late portions of the migration, and summing smolt counts over a

2-d sampling period greatly alleviated the incidence of unacceptably low counts. The
2-d interval was also chosen to balance the desire to model the effects of sudden
environmental changes on the probability of migration with the possibility that the
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response of the smolt population to an environmental event might lag behind the event

by one or more days. While it would have been possible to model the migrations at a
daily time step with time-lagged variables, to do so would have required an

assumption that the response time to environmental events was constant.
Sparseness was also a consideration in selecting starting dates (i.e., fixed dates for
the first time interval) for each stream. In Deer and Flynn Creeks, some migration
typically occurred between November and January; however, early migrations were

very sporadic and appeared to be for dispersal purposes, rather than true smolt
migrations. Rodgers et al. (1987) reported that activity of gifi Na,K-ATPase in coho
salmon migrating from a coastal Oregon stream began to rise in February and March,

but suggested that migrants that leave prior to April are probably not true smolts. I
chose a start date of February 1 for Flynn and Deer Creeks because there was no
obvious break in the migration between February and April and because the data of
Rodgers et al. (1987) suggest that migrants in February and March are beginning to

exhibit some physiological characteristics of smolts. For Carnation Creek, sampling
typically began between March 1 and April 1; however, substantial numbers of fish

did not begin leaving the stream until mid-March. A starting date was set as March
14, although in some years sampling did not begin until the first of April. The smolt
migration in Sashin Creek usually began in the third week of April, with only an

occasional fish moving downstream prior to that date. For this stream, a start date of

April 23 was used. The termination date for each stream and year was set as the date
after which fewer than 50 eventual migrants remained in the stream, again to minimize

sparse data.
The principal variables included in the model (main effect terms) were chosen to

represent the effects of time (a surrogate for photoperiod), lunar phase, flow, change in
flow, temperature, and change in temperature during the migration window, as well as
the effect of cumulative thermal experience in the period prior to migration. The time
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variable was the integer value for number of 2-d intervals beginning with the start date.

Conceptually, the time variables (first- and second-order terms) represent the general
change in migration tendency as the migration season progresses, whereas the

remaining variables are intended to explain deviations from this general pattern.
Percent illumination of the lunar disk was modeled with a sine function, values ranging

from 0 (new moon) to 1 (full moon). The absolute flow and temperature terms were

average values over the 2-d interval. Change in temperature was recorded as the
difference in mean temperature during the current interval compared to the previous

interval, with a negative value indicating a decrease in temperature. Two variables

were examined that addressed changes in streamflow. The variable b.flowl was
defined as the difference in flow between the current and previous intervals.. A second
measure, Mlow2, was defined as the maximum 1-day increase in flow during the 2-d

interval. This variable was induded because it was possible, if a sudden rise in
streamflow were followed immediately by a rapid drop, for the value flow1 to be
close to zero even though a potentially important triggering flow had occurred. The
final term, initial degree days, was defined as the cumulative degree days experienced

in the 60 d prior to the chosen start date for each stream. This term was constant for
any given year and was simply an additive term to assess whether preconditions
influence the daily migration probabilities.

A number of interaction terms were also tested for inclusion in the model. These
included interactions between time and all main effects (except initial degree days) to
account for the fact that the influence of a particular factor might increase or decrease
later in the migration period. For example, change in flow might be an important
triggering factor early in the run, but less important late in the run when increasing

temperatures might be the dominant influence. Additional interaction terms were
included to examine whether the importance of one factor varied with the level of a
second factor; e.g., does the effect of change in flow increase or decrease in relation to
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lunar phase? A total of 20 terms were included in the full model (Table 3.1). All
variables were expressed as deviations about their means. Higher order terms are
often highly correlated and centering the variables around their means helps to
alleviate multicollinearity (Neter et al. 1983). Similarly, collinearity between
interaction terms can also be minimized by centering variables.

3.2.3 Model Selection

For each stream, I fitted the logistic regression model using a backward stepwise

procedure that involved two phases. After the full model was fitted, interaction terms
that resulted in the smallest increase in deviance were sequentially removed until all
remaining interactions were significant at p < 0.05. Next, main-effect terms were
removed as before; however, insignificant main effects were retained in the model if

they were components of significant interactions. Back checking was performed after
each step to determine if variables previously removed from the model should be

added back, with a criterion that once a main effect was removed, associated
interaction terms were not reconsidered. An additional subjective constraint involved

the two terms I used to describe changes in streamflow (Mlowl and Mlow2). Because
these terms tended to be highly correlated, I chose to retain only the one with the

greatest explanatory power (and its associated interactions, if significant) in the final
model.

In order to diagnose whether collinearity was a significant problem, the final model

for each stream was refit sequentially with time terms added first, followed by lunar
illumination, temperature terms, flow terms, and any interaction terms. This sequence
of variables was chosen to successively add factors acting at progressively shorter time
scales. With each variable addition, regression coefficients were examined for
stability. Large changes in coefficients, and especially reversal of sign, with the
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Table 3.1. Definitions of main effect terms and rationale for interaction terms tested in
logistic regression models of smolt migration timing.
Main Effect Terms

Time

Variable Definition
Two-day interval of sampling. Starting dates are:
February 1 for Deer and Flynn Creeks, March 14 for
Carnation Creek, April 23 for Sashin Creek.

Time2

Second order time term.

Degree Days

Cumulative degree days in 60 days prior to starting date.
Value is a constant for each year.

Temperature

Mean temperature during two-day interval.

ATemperature

Difference in mean temperature between interval i and

interval i-i.
Flow

Mean flow during interval i.

AFlowl

Difference in mean flow between interval i and interval

i-i.
AFlow2

Maximum one-day increase in flow during interval i.

Lunar Illumination

Average percent illumination of the lunar disk during

interval i.
Interaction Terms

Rationale

Time x Temperature
Time x ATemperature
Time x Flow
Time x zFlow1
Time x zFlow2
Time x Lunar illumination

Time by main effect interaction terms were included to
test whether the response to each variable is dependent
on when the event occurs during the migration interval.

Temperature x
Temperathre

Included to determine whether response to change in
temperature depends on absolute temperature and vice
versa.

Flow x EFlow1

Included to determine whether response to change in
flow depends on absolute flow and vice versa.

Flow x iFlow2
Lunar x LFlow1

Included to determine whether response to change in
flow depends on lunar ifiumination and vice versa.

Temperature x Flow

Included to determine whether response to temperature
depends on flow and vice versa.
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addition of variables indicate that collinearity exists among the dependent variables
and that coefficient values must be interpreted cautiously (Myers 1990). Signed
deviance residuals were also plotted against all main effect terms in the final model

and examined for systematic patterns that might indicate inadequate

parameterization.

3.2.4 Model Prediction and Validation

Once a final model was determined for each stream, I estimated the number of
migrants for each time interval using equation 11. Tn addition, I retained a subset of

years to provide an independent data set with which to validate the final model using

both equations 9 and 11. Deviance statistics based on equation 9 are analogous to the
those for the model calibration run; thus percent reduction in deviance can be used to
determine how well the model performed for the validation years compared to
calibration years. Equation 11 provides predictions without correcting for the
observed number of migrants in preceding intervals. In all cases, the ratio of the

number of calibration to validation years was at least 2.5:1. The selection of
validation years was random, except that I excluded from consideration the years of
highest and lowest mean flow and highest and lowest mean temperature. This was
done to reduce the probability of independent variables falling outside of the range for

which the model was calibrated.
To further test whether the variables included in the final model were important in
explaining variation in migration probability in the validation years, I fitted the

sequential models to the validation years and examined the behavior of the scaled
deviance. Unlike the deviance of the calibration years, which necessarily decreases

with the addition of variables, deviance of an independent data set can increase with
increasing number of variables. Reductions in deviance associated with the addition of
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variables thus provide evidence that meaningful variation rather than spurious
correlation is being explained by the model variables.

4. Results
4.1 General Migration Characteristics
The timing of coho salmon smolt migrations from the four study streams differed in

both the period of peak migration and the duration of the migration (Table 3.2).
Sashin Creek had the latest migration, with an average median date of migration of
May 27 over the 7 years of study. In all but one year, the first smolt from Sashin Creek
was recorded on or after April 23, and the majority of fish migrated between mid-May
and mid-June. On average, the middle 50% of the smolts migrated within a 9-day

period, and in two years the interquartile range was just 5 days. The median date of
migration for Carnation Creek smolts was 3-4 weeks earlier than that for Sashin
Creek, and the average interquartile range was roughly twice that found for Sashin

Creek. Cohosmolt migrations from Deer and Flynn Creeks peaked near the end of
March or beginning of April, respectively. Both populations migrated over an
extended period from February until mid-May; the average interquartile ranges for the
Flynn and Deer Creek populations were more than three times greater than for the

Sashin Creek population.

4.2 Flynn Creek
4.2.1 Calibration

The logistic regression model for Flynn Creek was calibrated with 10 yr of data.

The backward elimination procedure produced a final model with eight explanatory

Table 3.2. General migration characteristics of smolt populations from the four study streams.
Stream

Years

Start
Date

Median Date of Migration

Smolt Count1

Interquartile Range

Mean

Miii

Max

Mean

Miii

Max

Mean

Miii

Max

Flynn Creek

1960-72

Feb 1

625

138

1273

Apr 1

Mar 23

Apr 13

30

21

43

Deer Creek

1960-72

Feb 1

1783

694

2962

Mar 30

Mar 21

Apr 9

36

23

54

Carnation Creek
(pre-logging)

1972-76

Mar 14

2199

1513

3023

May 8

May 6

May 10

21

17

27

Carnation Creek
(post-logging)

1977-86

Mar 14

3409

1977

4630

May 2

Apr 24

May 9

18

11

26

Sashin Creek

1959-63,
1968-69

Apr23

1837

1258

2865

May 27

May20

Jun2

9

5

16

1 Smolt count excludes fish migrating prior to start date and after the date on which fewer than 50 migrants remained.
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variables that resulted in a 70% decrease in deviance compared to a null model of
constant migration probability. All variables retained in the model were significant at
p < 0.005. Variables retained in the model were time (+) and time2 (-), lunar

illumination (-), temperature (+), itemperature (+), flow (-), Mlow2 (+), and the flow
x Mlow2 interaction (-) (Table 3.3). The signs indicate whether the effect is positive
or negative, given the other terms in the model. However, with sequential addition of
variables, model coefficients were stable (Appendix Bi), suggesting that the signs of

the coefficients may be interpreted as positive or negative associations between the
variable and the probability of migration.
The final model performed reasonably well in describing outmigration of smolts in
most of the 10 calibration years (Figure 3.1). The highest degree of concordance

between observed and predicted numbers of migrants occurred in the years 19601962, 1968, and 1971-1972, with greater than 70% of the deviance being explained in

each year. The poorest predictions occurred in 1964 and 1966, with 56% and 53% of
the annual deviance, respectively, being explained.

4.2.2 Validation

Model validation was performed on three independent years of data (1963, 1967,
and 1970) with eq. 9, where the pool of potential migrants at the beginning of each 2-d

interval is assumed known, and eq. 11, where only the total run size is known. For
Flynn Creek, differences in the model predictions for the two validation approaches
were minor.

In all three years, the model performed well in predicting the general pattern of

the migration (Figure 3.2). In both 1963 and 1967 the model accurately predicted peak
periods of migration, capturing several of the minor fluctuations as well. The total
number of migrants in 1970 was quite low, but the model predictions were in
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Table 3.3. Parameter estimates, standard error of estimates, change in deviance with
removal of variable, and significance levels (partial coefficients) for final logistic
regression model relating the probability of migration of Flynìn Creek coho salmon
smolts to environmental variables. The model was generated from a full model of 20
parameters with a backward stepwise selection procedure.

Variable

Time
Time2
Lunar Illumination
Temperature
ATemperature
Flow
AFlow2

Flow x Flow2
Intercept
Scale

Coefficient

0.0879
-0.0009

-0.3537
0.2751
0.1918
-0.0577
0.1376
-0.0025
-3.3795
2.5669

Total Reduction in Deviance = 70%.

Std. Error

0.0049
0.0003
0.1042
0.0454
0.0666
0.0103
0.0199
0.0007
0.0531

A Deviance

439.19
8.76
11.63
37.73
8.14
35.27
45.84
13.15

p-value

<0.0001
0.0033
0.0007
<0.0001
0.0046
<0.0001
<0.0001
0.0003
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Figure 3.1. Observed (solid line) and predicted (dotted line) numbers of migrating
smolts from Flynn Creek for calibration years. Values indicate two-day totals. Open
and closed circles indicate full and new moons, respectively.
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Figure 3.2. Observed (solid line) and predicted (dotted line) numbers of migrating
smolts from Flynn Creek for validation years. Top row shows predictions based on
equation 9, where the number of potential migrants at the beginning of each time
interval is known. Bottom row shows predictions based on equation 11, where the
number of potential migrants at the beginning of each time interval is not known.
Values indicate two-day totals. Open and dosed cirdes indicate full and new moons,
respectively.
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reasonable agreement with observed pattern of migration. Overall, the reduction in
deviance compared with a null model was 76%, surpassing the deviance reduction for
the calibration years.

When the model was refit sequentially to the independent data, reductions in
deviance occurred with the addition of all but the flow variable (Table 3.4). However,

addition of the Mlow2 term and the flow x Mlow2 interaction resulted in substantial
decreases in deviance. These results strongly suggest that all variables retained in the
model are important in explaining variation in migration timing.

4.3 Deer Creek
4.3.1 Calibration

Calibration of the Deer Creek model was also performed with 10 yr of data. The
final model for Deer Creek contained eleven explanatory variables, resulting in a 69%

reduction in deviance compared to a null model. Variables retained in the model were

time (+) and time2 (-), lunar illumination (-), initial degree days (-), temperature (+),
Memperature (+), flow (-), and Mlow2 (+) main effects, as well as time x temperature

(+), time x Atemperature (), and flow x flow2 (-) interactions (Table 3.5). All
variables in the model were significant at p < 0.01, with the exception of degree days
(p = 0.045) and flow (p = 0.082); the latter term was kept in the model because of the

significant flow x Mlow2 interaction. Sequential parameter estimates were stable,
indicating that the independent variables were largely uncorrelated (Appendix B2).
Predicted numbers of downstream migrants from Deer Creek most closely matched
observed numbers in 1961, 1967, 1968, and 1970 (Figure 3.3), with 74% or more of the

deviance explained in each of these years. Predicted and observed number of migrants
were moderately concordant (reduction in deviance between 65% and 68%) in 1960,

1963, and 1969; however, the model did not perform as well in capturing migration
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Table 3.4. Change in deviance associated with sequential fitting of logistic regression
models to validation data set for Flynn Creek.

Variable Added

Intercept
Time
Time2
Lunar Illumination

Temperature
ATemperature
Flow
AFlow2
Flow x i.Flow2

Deviance

2899.81
1062.61
978.18
867.43
S47.46
814.78
886.14
738.44
683.72

Deviance

-1837.20
-84.43
-110.75

49.97
-32.68
71.36
-147.70
-54.72

Cumulative Reduction
in Deviance (%)

63.36
66.27
70.09
70.78
71.90
69.44
74.53
76.42
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Table 3.5. Parameter estimates, standard error of estimates, change in deviance with
removal of variable, and significance levels (partial coefficients) for final logistic
regression model relating the probability of migration of Deer Creek coho salmon
smolts to environmental variables. The model was generated from a full model of 20
parameters with a backward stepwise selection procedure.

Variable

Time
Time2
Degree Days
Lunar Illumination
Temperature
ATemperature
Flow
AFlow2
Flow x iFlow2
Time x Temperature
Time x iTemperature

Intercept
Scale

Coefficient

Std. Error

0.0678
-0.0008
-0.0021
-0.2317
0.0969
0.1904
-0.0093
0.0459
-0.0020
0.0075
-0.0088
-2.9429
3.8216

0.0030
0.0002
0.0011
0.0832
0.0336
0.0484
0.0053
0.0126
0.0006
0.0025
0.0030
0.0418

Total Reduction in Deviance = 69%

Deviance

p-value

477.581
15.246
4.034
7.770
8.399
14.970
3.123
13.118
17.983
8.731
7.923

<0.0001
0.0001
0.0451
0.0055
0.0039
0.0001
0.0778
0.0003
<0.0001
0.0033
0.0051
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Figure 3.3. Observed (solid line) and predicted (dotted line) numbers of migrating
smolts from Deer Creek for calibration years. Values indicate two-day totals. Open
and closed circles indicate full and new moons, respectively.
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peaks in these latter three years. The model performed especially poorly in predicting
the 1966 migration pattern, explaining only 39% of the deviance for the year.

4.3.2 Validation

Data from years 1962, 1964, and 1971 were used to validate the final model. As
with Flynn Creek, the reduction in deviance over a null model (72%) was slightly higher

for the validation years, compared with the calibration years. In general, the model
accurately represented the general migration pattern in each year, although variability
in the observed number of migrants was substantially greater than predicted (Figure
3.4). In particular, the 1962 migration was especially variable through time and while

the model predicted the direction of change reasonably well, it did not accurately
forecast the magnitude of the two primary peaks.
Fitting of sequential models to the independent data set resulted in reductions in

deviance with each variable addition, with the exception of flow (Table 3.6). As was
the case with Flynn Creek, the addition of Aflow2 and flow x Mlow2 terms to the
model resulted in further reductions in deviance, suggesting that, while flow alone may

not be a good predictor of migration probability, it appeared to be important when the
change in flow and the associated interaction terms were included.

4.4 Carnation Creek - Pre-logging
4.4.1 Calibration

Four years of data from the years prior to logging were used to calibrate the

Carnation Creek model. Backward elimination resulted in a final model with eight

explanatory variables that accounted for a 75% reduction in deviance compared to the
null model. Time (+) and time2 (-), initial degree days (+), temperature (-), flow (-),
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Figure 3.4. Observed (solid line) and predicted (dotted line) numbers of migrating
smolts from Deer Creek for validation years. Top row shows predictions based on
equation 9, where the number of potential migrants at the beginning of each time
interval is known. Bottom row shows predictions based on equation 11, where the
number of potential migrants at the beginning of each time interval is not known.
Values indicate two-day totals. Open and closed circles indicate full and new moons,
respectively.

Nj KNown

I 0I 010
YE.bJ19b2

200

NJ Kj'wwn

NJ KNown

YtM=1964

YEm= 1971

200

I

0

0

I

I

0

0,
-

E 150

150

0
L

0)

'
L

100
a)

100

a)

50

0
20

40

60

80

100

120

0

20

40

Days
NJUnlcnown

NJ Urdoiown

I 01 010

200

')tAR= 1964

200

80

100

120

tOO

120

NJ Unknown

101 OS 0l

!Em=1952

60
Days

YEM= 1971

0 SOS 01

200

0,

0,

-E 150

150

-

0
I..

0

0)

'5 100

'

L

L

a)

a)

50

100

5°

50

0

0
0

20

40

60

Days

80

100

120

0

20

40

60

Days

80

100

120

0

20

40

60

Days

80

95

Table 3.6. Change in deviance associated with sequential fitting of logistic regression
models to validation data set for Deer Creek.

Variable Added

Deviance

Intercept

4954.11
1783.32
1753.54
1697.47
1627.67
1540.55
1518.81
1541.22
1518.91
1500.41
1462.51
1387.79

Time
Tinie2
Degree Day

Lunar Illumination
Temperature
Temperature
Flow
.
AFlow2
Time x Temperature

Time x Temperathre
Flow x iFlow2

Deviance

-3170.79
-29.78
-56.07
-69.80
-87.12
-21.74
22.41
-22.31
-18.50
-37.90
-74.72

Cumulative Reduction
in Deviance (%)

64.00
64.60
65.74
67.15
68.90
69.34
68.89
69.34
69.71
70.48
71.99
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iS.flow2 (+), time x flow (-), and time x Aflow2 (+) terms remained in the model (Table

3.7). All variables were significant at p < 0.01, except degree days and flow, which

were significant at p <0.025. Sequential parameter estimates were stable with one
exception: the flow term changed sign upon addition of the Aflow2 variable, indicating

a positive response to absolute flow when Mlow2 was not induded in the model but a
negative relationship when Mlow2 was included. Otherwise there was no evidence of
multicollinearity (Appendix B3).

For three of the four calibration years, predicted numbers of migrants corresponded
well with observed numbers, with the models explaining from 79-81% of the reduction
in deviance (Figure 3.5). In 1972, however, the model predicted little variation in smolt

counts and only 40% of the deviance was explained.

4.4.2 Validation

The final model was validated with data from a single year, 1976. There was high
concordance between observed and predicted numbers of smolts during this year, with
the exception that a late peak in the rim was underestimated by the model (Figure 3.6).
The model prediction for this final peak is somewhat better when the prediction is
based on the known number of smolts remaining in the stream (Figure 3.6). Overall,
the model accounted for an 83% reduction in deviance over a null model for the

validation year.
The change in deviance with the sequential addition of variables to the model
indicated that the utility of several of the variables in predicting migration timing

outside of the calibration years is somewhat dubious. The addition of temperature
and flow, as well as the time x flow and time x Aflow2 interaction terms did not result
in further reductions in deviance (Table 3.8). This suggests that a simpler model may

have been adequate.
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Table 3.7. Parameter estimates, standard error of estimates, change in deviance with
removal of variable, and significance levels (partial coefficients) for final logistic
regression models relating the probability of migration of Carnation Creek coho salmon
smolts to environmental variables during pre- and post-logging years. The models
were generated from a full model of 20 parameters with a backward stepwise selection
procedure.

Variable

Pre-logging Years
Time
Time2
Degree Days
Temperature
Flow

iFlow2
Time x Flow

Time x Flow2
Intercept
Scale

Deviance

p-value

0.0160
0.0008
0.0023
0.1014
0.0057
0.0048
0.0004
0.0004
0.0936

109.99
6.87
5.97
7.96
5.15
13.02
7.58
7.36

<0.0001
0.0097
0.0157
0.0054
0.0248
0.0004
0.0066
0.0075

0.0061
0.0006
0.0976
0.0373
0.0024
0.0029
0.0032
0.0000
0.0014
0.0444

454.12
10.96
6.61
31.92
3.62
33.04
59.02
33.69
15.71

<0.0001
0.0011
0.0106
<0.0001
0.0581
<0.0001
<0.0001
<0.0001
<0.0001

Coefficient

Std. Error

0.1717
-0.0021
0.0056
-0.2865
-0.0125
0.0168
-0.0012
0.0011
-2.9626
5.1406

Total Reduction in Deviance = 75%.

Post-logging Years
Time
Degree Days
Lunar Illumination
Temperature
Flow

zFlow2
Time x Temperature

Flow x Flow2
Temperature x Flow
Intercept
Scale

0.1223
-0.0020
0.2507
0.2107
-0.0044
0.0168
-0.0233
-0.0002
-0.0056
-2.6110
5.3130

Total Reduction in Deviance = 82%.
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Figure 3.5. Observed (solid line) and predicted (dotted line) numbers of migrating
smolts from Carnation Creek for pre-logging calibration years. Values indicate twoday. totals. Open and closed circles indicate full and new moons, respectively.
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Figure 3.6. Observed (solid line) and predicted (dotted line) numbers of migrating
smolts from Carnation Creek for pre-logging (1976) and post-logging (1982, 1984)
validation years. Top row shows predictions based on equation 9, where the number
of potential migrants at the beginning of each time interval is known. Bottom row
shows predictions based on equation 11, where the number of potential migrants at the
beginning of each time interval is not known. Values indicate two-day totals. Open
and closed circles indicate full and new moons, respectively.
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Table 3.8. Change in deviance associated with sequential fitting of logistic regression
models to validation data sets for Carnation Creek. Pre-logging and post-logging years
were fitted separately.

Variable Added

Deviance

Pre-logging Years
Intercept
Time
Time2
Degree Day
Temperature
Flow
AFlow2
Time x Flow
Time x iFlow2

3930.85
784.51
675.61
667.06
692.02
712.26
632.89
637.86
664.27

z Deviance

-3146.34
-108.90
-8.55
24.96
20.24
-79.37
4.97

Cumulative Reduction
in Deviance (%)

26.41

80.04
82.81
83.03
82.40
81.88
83.90
83.77
83.10

-8316.90
-54.83
-53.02
-360.97
-2.02
-78.82
-8.37
88.73
-61.54

76.58
77.09
77.58
80.90
80.92
81.64
81.72
80.90
81.47

Post-logging Years

Intercept
Time
Degree Day
Lunar llumination
Temperature
Flow
AFlow2
Time x Temperature
Flow x EFlow2
Temperature x Flow

10860.03
2543.13
2488.30
2435.28
2074.31
2072.29
1993.47
1985.10
2073.83
2012.29
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4.5 Carnation Creek - Post-logging
4.5.1 Calibration

Eight years were used to calibrate the Carnation Creek model for the post-logging
period. The final regression model retained nine variables, resulting in an 82%

reduction in deviance relative to a null model. Terms induded in the model were time
(+), lunar illumination (+), initial degree days (-), temperature (+), flow (-), Mlow2

(+), as well as time x temperature (-), flow x tflow2 (-), and temperature x flow (-)
interactions (Table 3.7). Flow was marginally significant (p = 0.058) and was retained
because of the two significant interaction involving flow. All other variables were
significant at p <0.001, with the exception of lunar illumination, which was significant

at p = 0.011. Two other interaction terms, time x Aflow2 and temperature x
Atemperature, were marginally important (0.05 <p <0.10); however, these did not
meet the decision criteria and were not retained in order to maintain simplicity.
Examination of sequential parameter estimates revealed no changes in sign of
coefficients and only minor changes in magnitude of main effect terms as related

interaction terms were added (Appendix B4).
With the exception of 1986, model predictions were remarkably good for all years
in the calibration data set (Figure 3.7); between 80% and 86% of the deviance was

explained in each of these years. For 1986, the reduction in deviance due to the model

was 68%. In most years, the period of migration was accurately predicted, as were
many of the minor fluctuations.

4.5.2 Validation

Validation of the final model was done with data from 1982 and 1984. As with
the pre-logging year, the model performed well in predicting both the general migration
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Figure 3.7. Observed (solid line) and predicted (dotted line) numbers of migrating
smolts from Carnation Creek for post-logging calibration years. Values indicate twoday totals. Open and dosed circles indicate full and new moons, respectively.
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distribution and the periods of peak migration (Figure 3.6). The reduction in deviance
for the validation years was 81%, just slightly less than that for the calibration years.
There was a modest tendency for the model (eq. 9) to overpredict the number of
migrants early in the 1982 season and throughout the 1984 migration. With the number
of migrants unknown (i.e., eq. 11), the tendency to overpredict early resulted in a

tendency to underpredict late in the migration, because the predicted number of
migrants remaining in the stream was smaller than the actual number (Figure 3.6).
Examination of change in deviance with the sequential addition of model variables
revealed reductions in deviance with all variables except one, the flow x Mlow2

interaction (Table 3.8). This indicates that the variables retained in the final model
generally have good explanatory power and are not the result of spurious correlations.

4.6 Sashin Creek
4.6.1 Calibration

Five years of data were used in calibrating the model for Sashin Creek. The

backward elimination procedure resulted in a final model with ten explanatory
variables that accounted for an 85% reduction in deviance from a null model. Main
effect terms induded in the final model were time (+) and time2 (-), lunar illumination

(-), initial degree days (-), temperature (+), flow (-), and Mlowl (-); interaction terms
induded time x MIowl, lunar illumination x Aflowl, and temperature x flow (-). The
temperature, Mlowl, and lunar illumination terms were all insignificant (p> 0.05), but
were retained because of significant interactions (Table 3.9). Fitting the model

sequentially revealed that two terms, initial degree days and Aflowl, reversed sign
with the addition of other variables, thus interpreting these coefficients is difficult

(Appendix B5). With the linear and quadratic time terms as the only other variables in
the model, the coefficient for degree days was positive, suggesting that the migration
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Table 3.9. Parameter estimates, standard error of estimates, change in deviance with
removal of variable, and significance levels (partial coefficients) for final logistic
regression model relating the probability of migration of Sashin Creek coho salmon
smolts to environmental variables. The model was generated from a full model of 20
parameters with a backward stepwise selection procedure.

Variable

Time
Time2
Degree Days

Lunar Illumination
Temperature
Flow
EFlow1
Time x LFlow1
Temperature x Flow

Lunar x iFlow1
Intercept
Scale

Coefficient

0.3393
-0.0227
-0.0079
-0.2728
0.0091
-0.0064
-0.0046
0.0015
-0.0028
-0.0229
-2.3187
5.1072

Total Reduction in Deviance = 85%

Std. Error

0.0248
0.0025
0.0032
0.1892
0.0408
0.0019
0.0029
0.0005
0.0009
0.0060
0.0852

Deviance

p-value

271.69
123.67
6.13
2.09
0.05
12.92
2.54
8.93
10.19
15.69

<0.0001
<0.0001
0.0145
0.1518
0.8229
0.0005
0.1131
0.0033
0.0018
0.0001
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tended to be earlier in warmer years, in contrast to what the coefficient in the final

model suggests. Similarly, Mlowl changed signs with the addition of the two
associated interactions, indicating that increasing flow is associated with increasing

migration probability, but that the effect varies with time and lunar phase.
The final model performed well in predicting outmigration for all of the calibration
years (Figure 3.8), with the reduction in deviance ranging from 80% to 88%. In all

years, the general migration pattern and principal peaks predicted by the model were
in close agreement with observed; however, in 1962 and 1969, the model did not
predict some of the minor pulses of smolts.

4.62 Validation

Validation was performed on data from 1960 and 1961. Unlike the other four
models, the regression model for Sashin Creek performed poorly in predicting

migration timing for the two independent years, particularly in 1961 (Figure 3.9). Only
a 19% reduction in deviance over the null model was obtained by fitting the full model

(Table 3.10). With the sequential addition of variables, only time, degree days, and
temperature yielded reductions in deviance, while all other terms resulted in increased

deviance. There were no outstanding environmental reasons that might explain the

lack of predictive ability in this model. However, in both validation years, the smolt
migrations exhibited several peaks, whereas in all but one of the calibration years, the
migrations tended have a single, well defined peak (Figure 3.8).

4.7 Comparison of Models
Overall, there was a fairly high degree of consistency among the models for the four

populations (Table 3.11). All populations exhibited an increased probability of
migration as the migration season progressed, followed by a slight dedine near the end
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Figure 3.8. Observed (solid line) and predicted (dotted line) numbers of migrating
smolts from Sashin Creek for calibration years. Values indicate two-day totals. Open
and closed circles indicate full and new moons, respectively.
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Table 3.10. Change in deviance associated with sequential fitting of logistic regression
models to validation data set for Sashin Creek.

Variable Added

Deviance

i Deviance

Intercept

8114.35
4506.58
5364.13
5201.10
5256.18
5001.31
5338.90
5348.83
5828.43
6406.24
6599.21

-3607.77
857.55
-163.03
55.08
-254.87
337.59
9.93
479.60
577.81
192.97

Time
Time2
Degree Days
Lunar ifiumination
Temperature
Flow
zF1ow1
Time x iFlow1
Flow x Temperature
Lunar x b.Flowl

Cumulative Reduction
in Deviance (%)

44.46
33.89
35.90
35.22
38.36
34.20
34.08
28.17
21.05
18.67
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Table 3.11. Comparison of final models for Flynn, Deer, Carnation (pre- and postlogging), and Sashin Creek smolt migrations. + or - indicates sign of coefficient.
r indicates that the sign reversed during sequential fitting of model. ns indicates
coefficients that were not significant at a = 0.05 but that were included because of
significant interactions.

Flynn
Creek

Deer
Creek

Carnation
Creek
(pre)

Carnation
Creek
(post)

Sashin

Time

+

+

+

+

+

Time2

-

-

-

Variable

Degree Days

+

Creek

-

-

- (r)

Lunar Illumination

-

-

+

-

Temperature

+

+

+

+ (ns)

ATemperature

+

+

Flow

-

-

-

-

AFlow

+

+

+

+

Time x Temperature

-

Time x Temperature

+

-

Time x Flow

+

FlowxiFlow
Temperature x Flow
Lunar x EF1ow

-

-

-(ns)

-

Time x Flow

+

-

(flS)
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of the rim; the only exception to this pattern was the Carnation Creek post-logging
model, for which the time2 was not significant. Migration probability also was
positively associated with temperature for all but the Carnation Creek post-logging
model, indicating an increased migration probability at higher temperatures. This may
in part reflect the increase in temperature as the season progressed; however, the

temperature variable explains additional variation above that accounted for by time
alone.

The response to flow was also consistent among populations. Overall, there was a
negative correlation between absolute flow and migration probability, but a positive
association between change in flow and the likelihood of migration (Table 3.11). The
only exception was the negative, but insignificant coefficient for Sashin Creek;

however, this coefficient was confounded by three flow-related interaction terms and

was positive when these interactions were omitted (Appendix B5). In addition, for
three of the populations, there was evidence that the effect of change in flow was
dependent on absolute flow, with a diminished response to flow increases when flow
was initially high. Collectively, the flow terms suggest that positive responses of

smolts to short-term flow increases are superimposed on a seasonal trend of
decreasing flows.

Other terms in the models were less consistent among streams, though where
coefficients were common among models they tended to be of the same sign (Table

3.11). For Deer and Flynn Creeks, migration probability increased with short-term
increases in temperature, whereas no similar relationship was observed in the other
populations. The likeithood of migration was also higher in Deer and Flynn Creeks

during the new moon phase. In contrast, the Carnation Creek post-logging model
suggests an increased migration probability during the full moon. The models also

differed with respect to the initial degree day term. For Carnation Creek (pre-logging),
there was some indication that the migration occurred earlier in years when the
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migration was preceded by a warm winter. Similarly, for Sashin Creek, there was a
positive correlation between cumulative thermal experience prior to the migration and
migration probability; however, the coefficient reversed sign when other variables were

added to the model (Table 3.11). In contrast, the negative coefficients for initial degree
days for Deer Creek and Carnation Creek (post-logging) suggests that in years when
the months preceding the smolt migration were unusually cool, the migration tended to

occur earlier, a result that runs contrary to expectations.
The remaining tenns primarily involved interactions between time and flow or

temperature variables. In Deer Creek and Carnation Creek (post-logging) there was
evidence of a reduced probability of migration at higher temperatures and late in the
season. For Sashin Creek and Carnation Creek (pre-logging), the response to short-

term flow increases appeared to increase late in the season. Overall, the Flynn and
Deer Creek models were most similar, as might be expected from populations in

adjacent watersheds.

5. Discussion
Although the role of environmental factors in regulating the parr-smolt

transformation in salmorüds is reasonably well established (reviewed in Wedemeyer et
al. 1980; Hoar 1988), the factors responsible for initiating downstream migration of
smolts in the wild is less well understood. Much of the field research relating
environmental conditions to smolt migration timing has been qualitative in nature, and
has focused on a single environmental variable, rather than several factors acting in

concert. In the few published attempts to model the timing of downstream migration
of smolts, the temporal dimension of migration has generally been reduced to a single

dateeither the date of peak migration or the median date of migrationwhich has
then been related to environmental conditions during the peak or throughout the
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migration period. Even fewer researchers have attempted to model within-year
variation in the number of migrating smolts in response to multiple environmental
factors (see e.g. Dorn 1989; Bohlin et al. 1993b).

The general logistic regression model employed in this analysis offers an approach
f or examining complex interactions among factors in a manner that is consistent with

current understanding of the underlying physiological changes that take place in

response to environmental stimuli. For all five data sets used in this analysis, the
logistic regression models provided reasonable predictions of short-term variation in
the number of migrating fish for calibration years. Equally encouraging, validation of

the models with independent data indicated that, with the exception of the Sashin
Creek, the models performed well in predicting migration characteristics.

5.1 Effects of Time
For each of the models, the time variables explained by far the most variation in
the probability of migration for coho salmon smolts. Over the spring migration period,

the relationship between time and photoperiod is approximately linear; thus, time
serves as a surrogate for photoperiod. For four of the five models, the first- and
second-order time terms were significant and indicated a consistent pattern: with
increasing daylength there was a progressive increase in the likelihood of migration,

followed by a slight decrease near the end of the run. For the Carnation Creek postlogging model, the second-order time term was unimportant, indicating no decline in

migration probability at the termination of the run, although other terms in the model

may account for such a decline. The time variables can be viewed as representing the
natural circannual rhythm exhibited by juvenile salmonids during the spring period,
controlled by a surge in thyroxine and other hormones (Hoar 1988). At the beginning

of the season, few individuals have reached the physiological state necessary to
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respond to specific triggering stimuli. As more and more individuals reach the

appropriate physiological state, the fraction of fish moving downstream in response to
short-term events becomes larger. Near the end of the season, even though the number

of individuals that are migrating is small, they represent a large proportion of the
remaining total and thus the probability of migration remains high. The slight decrease
in migration probability near the end of the run likely reflects the ebbing of the

thyroxine surge and other associated neuro-endocrine factors as conditions become

unfavorable for migration or ocean entry. Coho salmon that are prevented access to
seawater in late spring have been shown to revert to a parr-like physiology (Hoar
1988), exhibiting a renewed preference for fresh water (Baggerman 1960) and a

decrease in gill Na,K-ATPase activity (Zaugg and McLain 1970; Zaugg 1982).
Substantial differences in the magnitude of the time coefficients were observed

among the four streams, with a progressive decrease in magnitude from northern to

southern populations (Tables 3.3, 3.5, and 3.7). The coefficients suggest that in the
northern-most stream, Sashin Creek, there is a rapid increase in migration probability
once the migration begins. For Carnation Creek, the change in migration probability
through time is more gradual, and migration probability increases most slowly in the

Deer and Flynn Creek populations, the southern-most stocks. This general pattern is
confirmed in measures of the average interquartile range for each smolt population
(Table 3.2), which shows that the majority of smolts migrated from Sashin Creek over

a period of 9 days, whereas the migrations from Carnation Creek and the Alsea

Watershed streams extended over a period two-to-four times longer. These patterns
suggest that the window of favorable conditions for migration is substantially

narrower in northern populations than in southern populations. In a previous paper
(see Chapter 2), I present evidence that the narrow migration window exhibited by

northern coho populations may in part reflect more predictable conditions in the ocean
relative to those in the southern part of the coho salmon's range.
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5.2 Effects of Temperature
Temperature is believed to influence smoltification by affecting the rate of growth

and physiological development, and by altering the receptiveness of fish to other

environmental stimuli (Groot 1982; Hoar 1988). Stream temperatures in the months
prior to migration potentially may affect the size of individuals as they enter the
migration period and hence the general physiological state of the population as a
whole, although size alone is not the only prerequisite for attaining physiological

readiness (Wedemeyer et al. 1980; Hoar 1988). Both gradual and sudden increases in
temperature during the migration period may stimulate downstream movement;

however, warm temperatures near the end of the run may also inhibit migration (Hoar
1988). The three temperature-related terms included in the logistic regression model
were selected to assess these possible effects.
The influence of prior thermal conditions on developmental physiology was
addressed with the degree day term, which measured cumulative thermal experience in

the two months preceding the migration. The a priori expectation was that the
population would tend to migrate early in years where temperatures were warm during
the pre-migration period and late when temperatures were colder. Foerster (1937)
found significant negative correlations between mean January to March water

temperature and the date of 20% cumulative migration of sockeye salmon
(Oncorhynchus nerka) smolts leaving Cultus Lake, British Columbia. Similarly, Hoitby

et al. (1989), using much of the same data that I analyzed for Carnation Creek, found
a negative correlation between median date of migration of coho smolts and

cumulative degree days from February to that median date. Their analysis differed
from mine in that part of the migration period was included in calculating cumulative

thermal units, not just temperature in the months leading up to the migration.
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Nevertheless, their study suggests that smolt migrations tend to occur earlier when

preceded by warmer conditions.
Of the five model runs, only the results from Carnation Creek (pre-logging) and

Sasbin Creek model were consistent with the hypothesized relationship. For both the
Deer Creek and post-logging Carnation Creek data, the inverse relationship was found,
and for Flynn Creek the degree day term was not significant. The lack of consistent

results among sites, and particularly the contradictory results obtained for the preand post-logging Carnation Creek data sets, is difficult to reconcile. One possible

reason is that the 2-month averaging period was inadequate to assess the effect of
cumulative thermal experience. However, a posteriori examination of the correlations
between median date of migration and cumulative thermal experience over longer

averaging periods yielded results that were insignificant or equally difficult to

interpret. In their analysis of the Carnation Creek data, Hoitby et al. (1989) found
that the correlation between degree days and median date of migration became weaker
when post-logging years were included, a curious result because inclusion of the postlogging years increased the overall range of temperatures. The conflicting results

between pre- and post-logging years in both the present study and in the analysis of
Hoitby et al. (1989) may in part be due to the shift in age structure of the migrating
population following logging. In pre-logging years, when the proportion of age I and

age II smolts was approximately equal, the older and larger fish tended to migrate later
than smaller individuals (Hoitby et al. 1989). In the post-logging years, the migration

was dominated by age I fish that tended to migrate later than age II fish; thus the
potential effects of temperature on growth rate, and hence migration readiness, are
confounded by the shift in age structure.

A second possible explanation for the lack of any relationship between premigration temperatures and migration timing in the Deer and Flynn Creek populations

is that temperature did not limit the attainment of physiological readiness of smolts in
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these warmer, southern streams. Similarly, it is conceivable that the warmer
temperatures that followed logging in Carnation Creek changed the importance of

cumulative thermal experience for this population. Still, these possibilities do not

explain why relationships contrary to expectations were observed for two of the data
sets (i.e., late migrations in years with warmer temperatures preceding the migration),

and additional work is needed before any meaningful conclusions can be drawn.
Whereas the effects of temperature in the period preceding migration were not
obvious, the effects of temperature during the migration period were generally

consistent among the streams. Higher temperatures were associated with increasing

probability of migration in four of the five data sets modeled, with the Carnation
Creek pre-logging model being the only exception. These results indicate that in years

when temperatures were higher during the migration period, migrations tend to occur

earlier. Dorn (1989) found that maximum daily air temperature was positively
associated with migration probability of coho salmon smolts in a Washington stream.
Similarly, Bohlin et al. (1993b) found that cumulative degree days during the migration

period directly affected migration probabilities, and increased the receptiveness of sea-

rim brown trout to flow events, as well as to changes in temperature. As discussed
above, Holtby et al. (1989) found a significant correlation between cumulative degree
days beginning in February and the median date of migration, indicating a general

effect of seasonal temperature on migration timing of the population as a whole.

Correlations between mean temperature and median migration dates have also been

observed for Atlantic salmon (Jonsson and Ruud-Hansen 1985). Laboratory studies
with coho salmon indicate that fish reared at high temperatures exhibit an earlier and

less protracted peak in gifi Na+,K+ATPase activity than do fish reared at cooler
temperatures (Zaugg and McLain 1976).

In addition to the positive relationship between absolute temperature and the
likelihood of migration, a positive association between short term increases in
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temperature and migration probability was also observed for both Deer and Flynn
Creeks, indicating a greater tendency for fish to migrate on days when temperatures
are increasing instead of decreasing. Bohlin et al. (1993b) found a similar increase in
the probability of migration of brown trout smolts with short-term increases in
temperature, although he measured temperature change over a somewhat longer period
(7 d). Why fish from Deer and Flynn Creeks were more responsive to temperature

increases than those from the other streams remains undear.
The onset of migration in each of four study streams did not appear to be
associated with any threshold temperature. For example, smolt migrations from
Sashin Creek in some years were largely completed before waters reached 6°C,

although in others, large numbers of fish did not move downstream until temperatures

were above 6°C. Tn contrast, there was a fairly consistent pattern suggesting that

migrations ceased in all streams as temperatures exceeded 11-12°C. Zaugg and
McLain (1976) found that higher temperatures generally accelerate smolting in coho

salmon but that above 10-12°C, some smolting changes are inhibited or occur only

briefly. The inhibition of migration at temperatures greater than 10-12°C may explain
why two of the models (Deer Creek and Carnation Creek, post-logging) retained
negative time x temperature interaction terms.

5.3 Influence of Streamfiow
Although streamfiow has frequently been cited as an important factor regulating
the migration timing of salmon smolts (review in Northcote 1984), the relationship

between flow and migration is not straightforward. The response of coho salmon
smolts to streamfiow appears to depend on the magnitude of the flow, the rate of
change in flow, and the tiniing of flow events during the migration window. For all five

model runs, both absolute flow and change in flow were found to significantly
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influence the migration probability of coho salmon smolts. In each case, the coefficient
for absolute flow was negative, suggesting a lower probability of migration at higher

flows. In contrast, short-term flow increases generally increased the likelihood of
migration. Together, these results suggest that freshets trigger downstream movement
in coho smolts, but that over the entire season migration probability increases as flow
decreases through the spring.

The positive relationship between flow increases and migration probability found

in this study agrees with previously published models. Dom (1989) found a positive
association with daily migration probability of coho salmon and the difference

between flows on the date of migration and four days previous. Bohlin et al. (1993b)
reported a similar association between the migration probability and the maximum 24hour increase in water level over the previous three days for sea-run brown trout in

stream in southwestern Sweden. A number of other qualitative studies have shown
that smolt migrations occur coincident with flow increases, further supporting this

conclusion (reviewed in Northcote 1984). Youngson et al. (1986) found that plasma
thyroxine levels in migrating Atlantic salmon smolts increase in response to stream

discharge, providing a physiological mechanism that may explain the response to
freshets.

Some additional patterns were also observed. In each of the models, at least one
interaction term involving flow or change in flow was found to be significant. In three
models (Deer, Flynn, and Carnation post-logging), the effect of change in flow on

migration probability was dependent on absolute flow, with increases in flow having a
lesser effect when mean flows were high. This would suggest that if a flow event

extends over several days, fish that are primed to migrate do so early in the event,
resulting in a reduced probability of migration later, even though flows continue to

increase. In two models (Sashin Creek and Carnation pre-logging), there was some
indication that the effects of increases in flow became progressively greater through
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time, although in the validation years this trend was not evident. Irvine and Ward
(1989) found that minor increases in flow towards the end of the migration period
triggered movements of coho smolts from the Keogh River in British Columbia,

supporting the conclusion that the effect of flow fluctuations changes through time.
Lastly, negative interactions for time x flow or temperature x flow were found for both
Carnation Creek (pre- and post-logging) and Sashin Creek, suggesting that the effect of

flow changed through time or as waters warmed. It is possible that near the end of the
migration, photoperiod and temperature signals begin to override other signals, or that
rapidly falling water levels may elicit an alarm reaction that triggers migration
(Northcote 1984).

5.4 Is There a Lunar Connection?
Grau et al. (1981) proposed the hypothesis that the lunar cycle might be an
important cue for initiating downstream migration of salmonid smolts. Their

hypothesis was based on observations that plasma thyroxine levels, which are known
to mediate behavior and physiology during smoltification, tended to peak near the new

moon for hatchery coho salmon and other anadromous salmonidsobservations that
were confirmed in subsequent studies (Grau 1982; Grau et al. 1982). Yet, despite the
apparent physiological link to lunar periodicity, evidence of correlations between lunar

phase and migration patterns of salmon smolts in the wild is generally sparse. Several
recent field studies reported no obvious relationship between lunar phase and either
the period of peak migration (Wood et al. 1993) or the median date of migration
(Jonsson and Ruud-Hansen 1985; Holtby et al. 1989) for smolts of salmon and sea-run
trout, though a quantitative assessment was made in only one of these analyses.
McMahon and Hartman (1988) reported no obvious association between lunar phase
and an index of silvering in coho salmon emigrating from Carnation Creek. Mason's
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(1975) study of coho salmon has been frequently cited (Grau et al. 1981; Grau 1982;
Grau et al. 1982; Hoar 1988) as evidence of a link between lunar phase and migration

timing, but is based on only a single year of data. Dorn (1989) found significant but
contradictory relationships between a night brightness index (lunar illumination

adjusted for cloud cover) and the daily migration probability of coho salmon smolts

from a stream in western Washington. Using a model in which year was induded as
an indicator variable, he found positive correlations in some years and negative
correlations in others, and thus concluded that the significant relationships were
spurious.
Results from my analysis generally support the hypothesis that lunar periodicity
influences the timing of smoltification and downstream migration in coho salmon.

Evidence of a significant relationship between lunar periodicity and migration

probability was found for three of the five data sets modeled, and in a fourth data set,
a significant interaction between lunar phase and change in flow was observed. For
three of the data sets (Flynn, Deer, and Sashin Creeks), the logistic regression model

indicated a negative relationship between the percent illuminatIon of the lunar disk

and the probability of migration, a result consistent with the hypothesis that smolts
tend to migrate during the new moon phase. In contrast, a positive association
between lunar illumination and migration probability was found for the Carnation
Creek post-logging data set. In three of the four data sets for which significant
relationships were observed (Flynn, Deer, and Carnation creeks), validation exercises

indicated that the influence of lunar phase was consistent between the calibration

years and the validation years, providing some assurance that the observed
correlations were meaningful and not just spurious in nature.
Although the above evidence indicates that the lunar cycle may be important in
affecting migration probability, the inconsistencies among the four populations in the

apparent relationship between lunar phase and migration probability, as well as
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seemingly contradictory results of other studies cited above, raise some fundamental
questions regarding the adaptive significance of migrating during a particular lunar
phase and the general mechanism by which lunar phase influences migration tendency.

Avoidance of predators has been proposed as one possible advantage of migrating
during the new moon (Grau et al. 1981). The predator-avoidance hypothesis predicts
a direct link between the amount of light given off by the moon and the probability of

migration. Dorn's (1989) analysis, which accounted for daily variation in cloud cover,
suggests that if nighttime light intensity was influential, it was secondary to other

factors affecting migration tendency. If light intensity is in fact important, differences
among populations in the response to a lunar cue might be explained by differences in

predation intensity, riparian canopy cover, or cloud cover at different locations.
An alternative hypothesis of lunar influence invokes lunar phase as a 'zeitgeber'
that serves to synchronize migration (Grau 1982; Hoar 1988). This hypothesis

assumes that the temporal pattern of illumination is more important than light
intensity and it would appear to be consistent with thyroxine cycles observed in
hatchery reared fish (Grau et al. 1981; Grau 1982). Grau et al. (1982) suggest that
changes in development and osmoregulatory ability related to smolt transformation
may be 'phase-locked' to the thyroxine surge, occurring at some constant period of time

relative to the peak in thyroxine activity. Synchronization of the migration may be
advantageous for minimizing predation risk, either through predator avoidance (i.e.
migration during the new moon) or swamping. Alternatively, synchronized migration

may ensure that ocean entry occurs when conditions are favorable. This latter
possibility has not been discussed in the literature but is plausible. Differences
between high and low tides are greatest during the new and full moons (Long 1988),
which could have significant bearing (positive or negative) on the availability of food,

the abundance of predators, or the rate at which smolts are transported out to sea,
away from near-shore predators. The magnitude of tidal fluctuations is greatly
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influenced by water depth and the physiography of the coastline. For example,
maximum daily tidal fluctuations during the new moon vary from 25 meters in San
Francisco, to 4.3 meters in Seattle, to over 10 meters in Anchorage (Long 1988).

Consequently, differences in the response of smolt populations to the lunar cycle might
be attributable to differences in the local tidal dynamics.
If lunar phase acts as a zeitgeber, then no specific relationship between the new

moon or full moon is assumed for all populations, but the relationship would be
expected to be consistent from year to year in any given population, other factors being

equal. But as with most biological systems, other factors are not usually equal. Even
in those populations for which a significant negative relationship between lunar
illumination and migration probability was observed, the migration peak occurred in
phase with the full moon in one or more years (Figures 3.1,3.3, and 3.7). The converse
was true for Carnation Creek (post-logging) where a positive correlation was found

between lunar illumination and migration probability. These observations suggest that
the lunar cycle is not a dominant factor driving migration timing, but instead serves a
general modulator of physiological state that under certain conditions can be

secondary to other factors, such as streamfiow or temperature changes. Grau et al.
(1982) point out that relationships between lunar periodicity in migratory behavior
may be difficult to assess given the 'noise' introduced by other environmental factors.
If so, then it is not surprising that observational studies have led to conflicting
condusions regarding the importance of the lunar cyde on smolt migrations.

5.5 Other Factors
In addition to environmental cues, other factors that were not addressed in my
analysis may also have a significant influence on the short-term variability in the
number of migrating smolts. In particular, the behavior of individual fish may be
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influenced by the behavior of the population as a whole. Large numbers of individuals

migrating downstream may provide a stimulus for individuals in a less-advanced state
of migration readiness. Human and Mullen (1989) reported that hatchery releases of
juvenile chinook salmon caused wild juveniles to abandon feeding stations and move

downstream with the hatchery fish. Folmar and Dickhoff (1980) note than Atlantic
and coho salmon abandon territorial behavior and tend to form aggregates or schools

during smoltification, possibly as a defense against predation. Shapovalov and Taft
(1954) also noted that coho salmon smolts in Waddell Creek, California tended to
migrate downstream in schools. Incorporating this behavioral phenomenon into the
logistic regression model is difficult because independence cannot be maintained; i.e.,

the independent variable must be derived from the dependent variable. A second
potential biological influence on migration timing is population density. In years where

population size is large, there may be a tendency for some individuals to move
downstream as fish grow and competition for space increases, perhaps resulting in an
earlier migration. This behavior has been observed for coho fry (Chapman 1962) and
may extend to smolts as they enter the migration period. Modeling effects of

population density also poses difficulties because it requires assumptions about the
capacity of the stream system under dynamic flow conditions.

5.6 Summary and Conclusions
Previous studies have indicated that the role of the environment in regulating the
smoltification process and in triggering downstream migration is highly complex, with

photoperiod, temperature, streamflow, and lunar phase all potentially influencing
physiological state and hence migration timing. Logistic regression analyses of four

coho salmon smolt populations confirm that each of these factors is an important
regulator of migration timing and suggest that the influence of these factors was fairly
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consistent among streams. The natural endogenous rhythm that prompts
smoltification during the spring, modeled as a quadratic function of time, sets the
general window of time during which migration occurs. Other environmental factors,

including temperature and streamflow (absolute and change) moderate this general

pattern. Migration probability tends to increase during the spring as temperatures
warm and flows decline. Overlaid on this general pattern is a tendency for smolts to
migrate in response to short-term increases in flow, although the response of fish to

flow increases appears to depend on conditions during the previous time interval. In
addition, I found some evidence supporting the hypothesis that lunar periodicity
affects migration timing, although it is dearly not an overriding influence in all years.

Differences in the four populations were somewhat more difficult to discern than
similarities. The influence of cumulative degree days in the period prior to migration

was inconsistent among the streams, although there was some evidence that
temperatures prior to migration may be more important in determining migration timing

'in the two northern populations. Because salmon that inhabit colder streams may
develop more slowly than those in warmer streams, it is possible that temperatures in
the months preceding the migration are more critical in determining whether fish attain

the requisite state of physiological readiness for migration in these systems.
Final models for the two southern-most streams, Deer and Flynn Creeks, were

remarkably similar and indicated that, in addition to the above patterns, migration
probability also increased with short-term increases in temperature. Most remaining
dissimilarities in the final models for the four streams were in the interaction terms,
although where interactions were significant for more than one stream, they tended to

be consistent among streams. Nevertheless, inconsistencies among streams (and within
a stream in the case of Carnation Creek) make these differences difficult to interpret.

Additional information on smolt migrations from other streams is needed to determine
if these differences represent regional patterns.
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Chapter 4

Potential Acceleration of Development of
Coho Salmon (Oncorhynchus kisutch) Embryos and Alevins

in Response to Climatic Warming
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ABSTRACT

General circulation models (GCMs) predict that mean global temperatures will
increase by 1.5° to 4.5°C by the year 2050 in response to increasing concentrations of

carbon dioxide and other greenhouse gases in the atmosphere. Should temperatures of
surface waters parallel those of the atmosphere, the early life history of salmon-id
fishes could be markedy altered. In this study, log-inverse Belehradek models of coho

salmon embryo and alevin development were coupled with a database of stream
temperatures to examine potential regional differences in sensitivity of these life stages

to dimatic warming. Modest stream warming (0.5 to 2.0°C) could substantially
accelerate embryo and alevin development, reducing the time between spawning and
emergence by two months or more. With uniform increases in temperature, changes in

development time were predicted to be greatest at higher latitudes and elevations (e.g.,
Alaska and interior British Columbia), where average incubation temperatures are

presently the coldest. These trends could be exacerbated if winter warming in northern
latitudes is greater than in southern latitudes, as the GCMS predict.
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1. Introduction
The emergence of fry from the gravel is one of two stages in the early life history of

salr±wnids that requires an abrupt shift between markedly different environments.
Emergence is followed by a period of high mortality (Au 1972; Hartman and Scrivener
1986), likely because of the substantial physiological, behavioral, and ecological

adjustment that fish must undergo to survive as free-living fry in streams. A

fundamental tenet of the stock concept is that natural selection has acted on individual
populations to optimize the timing of life history events so that their occurrence
coincides with favorable conditions in the environment (reviewed in Taylor 1991).

Several authors have proposed that the timing of spawning of salmonids is adapted to
ensure emergence at the optimal time in spring (Godin 1982; Miller and Brannon 1982;

Brannon 1987; Murray et al. 1990). Tailman (1986) found differences in the

developmental rates of chum salmon embryos from two adjacent watersheds and from

early and late-spawning runs within the same watershed, and concluded that
developmental rates were adapted to differences in stream temperatures that embryos
and alevins experienced. Time of spawning may also be limited in the fall by warm
temperatures or by the inaccessibility of natal streams during periods of low

streamflow (Shapovalov and Taft 1954). Thus, from an adaptive standpoint,
emergence timing can be viewed as a balancing of selection pressures exerted during

both the period of spawning and the period following emergence.
There is a growing consensus that global dimate will be modified as concentrations
of carbon dioxide and other greenhouse gases in the atmosphere increase due to
anthropogenic emissions (reviewed in Levine 1992). Changing air temperatures and

precipitation regimes, and the resulting alteration of water temperatures and
streamfiow patterns, have the potential to disrupt the timing of life history events in
ways that may have important ecological consequences for salmonids.
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The developmental processes of Pacific salmon, like those of other poikilotherms

that make up the majority of most aquatic communities, are greatly influenced by

temperature. The positive non-linear relationship between temperature and the rate of
development of embryos and alevins is well documented (e.g. Velsen 1987; Murray and

McPhail 1988; Murray et al. 1990; Beacham and Murray 1990) and indicates that time

to hatching and emergence could be advanced substantially if temperatures of surface
waters increase along with those of the atmosphere. Accelerated development is likely
to have many indirect effects on salmon that could ultimately influence survival and

production. These indude, among others, changes in the frequency of exposure to
extreme events while in the gravel and after emergence, alteration of the natural

synchrony of emergence with predator and prey cydes, and changes in behaviors
during subsequent stages of their life history. Although it will be difficult to forecast
the full suite of ecological consequences of climate change, models predicting the

specific responses at various life stages are necessary precursors to models assessing
population-level effects.
A number of models have been proposed for quantifying the relationship between

incubation temperature and the developmental rate of salmonids (see Beacham and
Murray 1990 for review). Most of this modeling work has been aimed toward
improving production in hatcheries and is based on data for fish reared in laboratories

at constant temperatures, rather than under the variable temperature regimes that fish
experience in natural systems. Nevertheless, these models can provide a first
approximation of the potential developmental response of salmon to climatic warming,
and may be particularly useful in assessing relative rather than absolute changes in

developmental rate in different regions. In this study, I used a published temperaturebased model of embryo and alevin development coupled with data on surface-water
temperatures to examine the potential effects of climatic warming on early life
development of coho salmon (Oncorhynchus kisutch) throughout much of their North
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American range. The primary objectives were to describe regional differences in the

potential sensitivity of coho salmon embryos and alevins to dimate-induced warming

of streams, to review factors that will affect stream temperatures at local scales, and
to discuss the ecological implications of accelerated development within this spatial
context.

2. Methods
Assessment of regional differences in sensitivity of embryos and alevins to changes

in water temperature proceeded in six steps: 1) compiling laboratory data on time to
hatching and emergence for embryos reared at different temperatures, 2) recalibrating
existing non-linear models for predicting time to hatching and emergence, 3) compiling

historical stream temperatures throughout the portion of the coho salmon's North
American range from the Gulf of Alaska southward, 4) estimating time to hatching and
emergence under current (historical average) temperature regimes using the calibrated

developmental model, 5) predicting changes in development time with hypothetical
increases in mean water temperature, and 6) importing model results into a geographic

information system to provide a graphical representation of potential changes at a
regional scale. In addition, I performed sensitivity analyses to determine how

violations in two model assumptions influenced model predictions. And finally, I
compared model predictions with field observations of timing to emergence from three
sites within Oregon to determine how well the model predicted emergence timing under

natural temperature regimes.

2.1 Data Sets for Developmental Model
Data on median times from fertilization to hatching and from fertilization to
emergence for coho salmon reared at different temperatures were compiled from four
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laboratory studies (Murray 1980; Murray and McPhail 1988; Murray et al. 1990; Tang

et al. 1987) in which embryos and alevins were reared at constant or near-constant
temperatures. Murray and his co-workers defined emergence as the completion of
yolk-sac absorption, whereas Tang defined emergence as the attainment of neutral

buoyancy; thus, these data do not account for the time it takes for fry to move through

gravels and reach the substrate surface. All of these studies included temperatures
covering much of the tolerable temperature range for coho salmon, and experimental

descriptions indicated that variation around the target incubation temperatures was
low. In each of these studies, eggs from multiple spawning stocks or families within

stocks were used. I considered individual stocks as independent observations, but
combined the data from families within stocks to obtain mean values for median
hatching and emergence times. The resulting data set consisted of 98 observations of
times to hatching and 94 observations of times to emergence covering the temperature
range from 1.4° to 14.5°C.

2.2 Parameterization of Developmental Models
I fitted the log-inverse Bèlehrádek (1930) model to the hatching and emergence

data. The Bèlehrádek power law model has the form

(1)

y = a/(T - c)b

where y is predicted days from fertilization to hatching or emergence, T is the mean

incubation temperature, and a, b, and c are constants. Expressed in logarithmic (base
e) form, the model is

(2)

lny=lna -bln(T-c).
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Several authors have successfully used this form of the Bëlehrádek equation to
model development of Pacific salmonids (Alderdice and Velsen 1978; Crisp 1981;

Beacham and Murray 1990). Beacham and Murray (1990) compared ten models for
predicting timing to hatching and emergence for five species of Pacific salmon and

found that the log-inverse form of the Bëlehrádek model explained 98% of the

variability of time to hatching and emergence of coho salmon. This and other

comparative analyses (Alderdice and Velsen 1978; Crisp 1981) have demonstrated
that the model consistently performs as well or better than thermal sums, logistic,
exponential, hyperbolic, and uncorrected power law models, particularly at high and
low temperature extremes.
The log-inverse Bèlehrádek model was fitted to the hatching and emergence data by

non-linear least squares. Parameter estimates were derived iteratively using
Marquadt's method (SAS Institute 1988). The non-linear regression procedure in SAS

requires input of initial parameter values. I used values derived by Beacham and
Murray (1990) for a compiled data set consisting of all the data sets used in the
present study, as well as several others.

2.3 Stream Temperature Data
Stream temperature records were used to estimate mean monthly water
temperatures for 720 streams in basins within the historical range of coho salmon. Not

all of these streams are known to support coho salmon, but they provide an indication

of regional temperature patterns. For streanis in the United States, water temperatures
were obtained from U.S. Geological Survey records (US WEST Optical Publishing

1988). These were most commonly available as average monthly minimum and

maximum temperatures, which were averaged to obtain monthly means. Crisp (1990a)

found that daily mean temperatures estimated from minima and maxima deviated

134

from true means by less than 0.1°C on average, indicating that this is a reasonable

approximation. The period of record for individual streams ranged from 1 to 37 yr.
Temperature data from British Columbia were obtained from Environment Canada

Water Survey records (Environment Canada 1977). These records consist of 'spot'
temperature measurements taken over the period 1949 to 1976 and are considerably
less accurate than those for the United States; however, to my knowledge they
represent the best available stream temperature records for British-Columbia. For each

site, a curve was fitted by inspection to a scatter plot of the data; mean monthly
temperatures for the period October to July were estimated from the curve.
Once monthly mean temperatures were calculated, I generated a generalized daily
temperature regime for each stream by simple interpolation between estimated monthly

means. My analysis included streams from southern Alaska (south and east of the
Aleutian Penninsula) to central California. Overall, fewer temperature records were
available in the northern latitudes of the sample region than in the southern portion.
No temperature data were available in the north of 62°N in Alaska (Figure 4.1).

2.4 Adjustments to Water Temperatures
Water temperatures within the substrate generally differ from those of surface

waters in a systematic fashion (Shepherd et al. 1986; Crisp 1990b), with intragravel
temperatures tending to be slightly warmer than surface temperatures during the

winter, and cooler than surface temperatures in the summer. Shepherd et al. (1986)
found that for three streams between 49°N and 57°N latitude, intragravel temperatures
were approximately 1°C warmer than surface temperatures in winter (February), 1°C
cooler than surface temperatures in summer (July), and approximately equal near the
spring and autumnal equinoxes.

Figure 4.1. Sites in Alaska, British Columbia, Washington, Oregon, and California for which stream temperature data were
available.
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To estimate intragravel temperatures, I modeled the difference between intragravel

and surface water temperatures as a sine function with a period of 365 d and an
amplitude of 1°C. Surface temperatures were then adjusted to estimate intragravel
temperatures as follows:

Tg = T + sin((2ic/365) * d)

(3)

where Tg = estimated intragravel temperature

T = surface-water temperature

and

d

day of water year (Oct. 1 = 1)

With this equation, temperatures were adjusted by up to 1°C, with adjustments of
+1°C on December 31, -1°C on June 30, and 0°C on September 30 and March 31. These

temperature corrections appear reasonably consistent with measured differences
reported by Shepherd et al. (1986) (Figure 4.2); however, it should be recognized that

the relationship between intragravel and surface water temperatures depends on local
hydrologic conditions and therefore will vary from site to site. Beacham and Murray
(1990) found that mortality exceeded 50% at incubation temperatures lower than 1°C.

For this reason, I added an additional constraint to the model that intragravel
temperatures could not fall below 1°C.

2.5 Estimates of Time to Hatching and Emergence

For each of the 720 streams for which I had temperature data, I estimated time to
hatching and emergence based on the generalized daily water temperature regime. This

required an estimate of spawning date for each site. In North America, spawning of
coho salmon occurs between the months of September and March (Laufle et al. 1986;
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British Columbia and Alaska from Shepherd et al. (1986).
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Sandercock 1991). The peak spawning period typically occurs between early October
and early January (Laufle et al. 1986), with a trend towards earlier spawning with
increasing latitude (Sandercock 1991), although published information on timing of egg

deposition is scarce and spawning dates have generally been inferred based on time of

entry into natal streams.
Near the southern limit of the coho salmon's range, median date of spawning
migration occurs during the first week of January (Shapovalov and Taft 1954) and

spawning occurs within a week or two of entry. In Oregon, median date of spawning
occurred in late December in three small streams of the central Coast Range (James D.

Hall, Department of Fisheries and Wildlife, Oregon State University, unpub. data.).

Hoitby et al. (1989) reported that median date of entry by coho adults into Carnation
Creek generally occurred around October 28, and they inferred that the peak in

spawning occurred approximately 3 wk later based on visual surveys of spawning

grounds. In Alaskan streams, fish may enter streams as early as July and August, but
spawning does not typically begin until late September or early October (Sandercock
1991; Sidney G. Taylor, Alaska Department of Fish and Game, Juneau, AK, pers.

comm.; Leon D. Shaul, Alaska Department of Fish and Game, Douglas, AK, pers.

comm.). Median date of spawning in Sashin Creek, southeast Alaska, occurred
between October 13 and 20 over a 4-yr period (Crone and Bond 1976). For the

purposes of this model, I assumed that median spawning date is a linear function of
latitude, with a spawning date of October 1 at 60°N latitude and January 15 at 37°N
latitude. This provides only a rough approximation of spawning date; nevertheless it
is reasonably consistent with known spawning times of coho salmon in this part of
their range.

An algorithm was developed in SAS to calculate a running mean temperature from

the hypothetical date of spawning. Estimated time to hatching or emergence was
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determined as the day on which total elapsed time exceeded the days to hatching or
emergence predicted by the model using the running mean temperature.

Once times to hatching and emergence under current conditions were estimated for
each stream, I estimated time to hatching and emergence under three scenarios where

mean incubation temperature was increased by 05°C, 1.0°C and 2.0°C. These model
runs were termed RUNO.5, RUN1.0, and RUN2.0, respectively. Differences between

the predicted days to hatching and emergence under current conditions and each of the
temperature-increase scenarios were calculated for all sites. These differences were

imported into a geographic information system (GRASS) as point estimates. An
interpolation algorithm was used to convert point estimates into raster images showing
the predicted changes in hatching and emergence time associated with each
temperature scenario. The algorithm calculates cell values based on a weighted average
(inverse squared distance) of a specified number neighboring points (USA-CERL

1993). After testing several interpolations, I settled on the interpolation that used the
four nearest neighbors. When a larger number of points were included, unsatisfactory
results were obtained in areas where stream sites were sparse; when fewer points were
used, the influence of unusual observations was amplified. The interpolation algorithm
was run at a grid-cell resolution of 5' latitude x 5' longitude.

2.6 Sensitivity Analyses
I performed two sensitivity analyses to determine how violations of the model

assumptions regarding spawning date and the relationship between surface and
intragravel temperatures would affect model predictions. To examine the assumption
of spawning date, I reran the model for the 1°C temperature-increase scenario, but

assumed that the date of spawning for each site was 1 mo later than used in the
original model run (RUN1.0_S1). To examine the importance of the surf ace-intragravel
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temperature relationship, I reran the model for a 1°C temperature increase without
applying the temperature correction shown in equation 5 (RUN1.0_S2), and a second

time with the amplitude of the sine function temperature adjustment set at 2°C instead
of 1°C (RUN1.0_S3). These latter two scenarios represent situations in which
groundwater has no influence or comparatively high influence on incubation

temperatures, respectively.

2.7 Comparison With Field Data
I used field data on time to emergence for 36 redd sites in three Oregon streams to
determine how well the developmental model predicted time to emergence under

natural conditions. These data were collected from 1968 to 1971 as part of the Alsea
Watershed Study (James D. Hall, Department of Fisheries and Wildlife, Oregon State

University, unpub. data). Fry traps were placed over known redd sites and emerging
fry were enumerated every 2 to 3 d. Dates of spawning and median emergence were

recorded for each redd and mean daily water temperature was measured at a nearby
gaging station.

For each observation, I calculated a running mean incubation temperature from the

data of spawning as well as a predicted time to emergence based on the mean

temperature. Uncorrected surface-water temperatures were used because on a daily
basis, the relationship between intragravel temperatures and surface temperatures is
highly variable; on clear days during the winter, surface-water temperatures may

exceed intragravel temperatures, contrary to what equation 3 predicts. For this reason,
I felt corrected stream temperatures might yield misleading results. Predicted and
observed time to emergence were compared graphically.
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3. Results
3.1 Calibration of Bélehrádek Model
For both hatching and emergence times, convergence criteria for the non-linear

regression model were met within four iterations, indicating the initial parameter values

from Beacham and Murray (1990) were satisfactory. The resulting prediction
equations for time to hatching and emergence were as follows:

Hatching

my = 8.32 - 1.661n(T + 4.94)
(n=98, R2=0.985)

Emergence

my = 7.06 - 1.081n(T + 2.21)
(n=94, R2=0.976)

In both cases, the models predict decreasing development time with increasing
temperature, with the rate of change in development time per unit change in

temperature being greatest at low temperatures and least at high temperatures (Figure
4.3).

3.2 Time to Hatching and Emergence

For the 720 stream sites in the sample, the model predicted decreases in time to
hatching ranging from 1 to 28 d depending on geographic region with a 0.5°C increase

in mean incubation temperature. Development of coho salmon in the northern latitudes
and at higher elevations is most sensitive to climatic warming, with much of southern
Alaska and interior British Columbia predicted to experience decreases in hatching

time of 15 to 28 d (Figure 4.4a). Development time is predicted to be less affected in
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coastal regions of southeastern Alaska and British Columbia, as well as most of
Washington, Oregon, and California; these areas would experience changes of 14 or
fewer days.
With a 0.5°C increase in mean incubation temperature, time from spawning to
emergence is predicted to decrease by less than 2 wk for most of California, Oregon,

Washington and Coastal British Columbia, as well as the island regions of
southeastern Alaska (Figure 4.4b). For interior British Columbia and the remainder of
southern Alaska, time to emergence is predicted to decrease by 15 to 35 d, with the
greatest changes occurring in the higher-elevation inland areas.

Under the scenario of a 1°C temperature increase, the general patterns mirror those
found for 0.5°C, with the predicted magnitude of change accordingly greater (Figure

Time to hatching throughout most of California, Oregon, and Washington is

predicted to decrease by 1 to 19 d. Decreases of 10 to 19 d are predicted for coastal
British Columbia and the outer islands of Southeast Alaska and British Columbia. The
greatest acceleration of hatching, from 20 to 50 d, is predicted for interior British

Columbia and the remainder of Alaska.
Under the scenario of a 1°C temperature increase, predicted decreases in time to
emergence range from 3 to 62 d, with decreases of of 30 to 60 d predicted for most of

northern British Columbia and all but the outer islands of southeast Alaska (Figure
Decreases of 10 to 30 d are predicted for much of southern British Columbia

and coastal and interior Washington. Changes of less than 3 wk are predicted for
most of Oregon, and emergence in California is predicted to advance by fewer than 10

d.
With a 2°C increase in incubation temperature, hatching time is predicted to

advance by less than 30 d throughout most of coastal California, Oregon, Washington,
and southern British Columbia, as well as the outer islands of northern British

Columbia and southeastern Alaska. Predicted decreases in the remainder of the study
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area generally range between 30 and 75 d, with larger changes in northern and more
interior streams of British Columbia and Alaska (Figure 4.6a).

A 2°C increase in temperature is predicted to result in decreases in time to
emergence of 71 to 102 d throughout much of Alaska and parts of northern British
Columbia (Figure 4.6b). Much of interior British Columbia is predicted to experience

decreases of 57 to 70 d, while coastal regions of southeastern Alaska south to northern
Washington are expected to experience changes of 29 to 56 d. Predicted decreases are
less than 30 d from central Washington southward with the exception of streams in the
Cascades Mountains of Washington.
The general patterns for all three temperature-change scenarios reflect the fact that

developmental rates are most sensitive to temperature change at colder temperatures
(Figure 4.3). Fish in streams at higher latitudes and elevations, which currently have
the coolest incubation temperatures, will likely experience greater change in

development time than those inhabiting streams in warmer coastal regions and
southern latitudes.

3.3 Sensitivity Analyses
Changing the estimated date of spawning by 30 d has a relatively small influence
on predicted changes in time to hatching. For 99.5% of the 720 observations, the

predicted decrease in days to hatching differed by a week or less between model runs
RUN1.0 and RUN1.0_S1 (Figure 4.7a). Thus, mean incubation temperatures at most

sites are not markedly different if spawning is assumed to occur later. For time to
emergence, differences in model predictions for RUN1.0 and RUN1.OS1 were more

substantial. In 80% of the cases, the difference between model runs was a week or less,
and there was a tendency for decreases in time to emergence to be smaller if spawning

was assumed to occur later (Figure 4.7a). This trend reflects the fact that mean
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temperature in most streams is higher on average if spawning is delayed by 1 mo, and
indicates that the regional differences in the expected temperature change would be
somewhat smaller if there were a systematic bias in the estimation of spawning dates.
The opposite trend might be expected if spawning were earlier than I estimated;

however, this analysis was not performed.
The model predictions of changes in time to hatching and emergence (Figure 4.7b)

with a 1°C increase in temperature are not markedly different if surface water

temperatures are used in the model (RUN1.Q.S2) instead of the corrected intragravel
temperatures (RUN1.0). Model predictions of change in time to hatching were within 1
wk of each other for 97.9% of the observations. Similarly, predicted changes in time to
emergence for the two runs differed by less than 7 d for 96.0% of the observations. In

both cases there was a slight tendency for predicted decreases in development time to

be greater for the model run with surface temperatures than for the run with adjusted

temperatures. This trend reflects that fact that intragravel temperatures are assumed
to be higher than surface temperatures from October to March (Figure 4.2), which

encompasses the majority of the incubation period in most streams. When colder
surface temperatures are used, the predicted decrease in time to emergence is greater.
Increasing the amplitude of the sine function (eq. 3) from 1°C to 2°C has a relatively
minor influence on predicted changes in hatching and emergence. Predicted changes in
hatching and emergence time for RUN1.0_S3 were within 7 d of RUN1.0 for 90.6% and

91.1% of the observations, respectively. There is a slight tendency for predicted
changes in development time to be smaller in RIJN1.0_S3 than in RUN1.0 (Figure 4.7c).

3.4 Comparison with Field Data
Predicted and observed times to median emergence of coho salmon fry from 36

redds in Oregon were weakly correlated (r = 0.32, p = 0.06). In all but three cases,
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predicted time to emergence was shorter than the observed time to emergence, with an

average deviation of 13 d (Figure 4.8). This bias likely reflects that fact that the
emergence process is not incorporated into the developmental model.

4. Discussion
4.1 Regional Patterns
General circulation models predict that, with an increase of greenhouse gases in the

atmosphere equivalent to a doubling of CO2, mean air temperature during the winter
months will increase from 2°C to 6°C across much of western North America (Mitchell

et al. 1990). If changes in surface and groundwater temperatures parallel those of the
atmosphere, the developmental rate of salmon embryos and alevins could be

substantially affected. In this study, I have used a relatively simple developmental
model based on mean incubation temperatures to show regional differences in the

potential sensitivity of coho salmon embryos and alevins to increases in water
temperature. Modest increases in water temperatures of 2°C or less could reduce the
development time of embryos by 2 mo or more and of alevins by over 3 mo, with the

effects for a given increase in temperature being most pronounced in the northern part
of the coho salmon's range or at higher elevations, where current stream temperatures
are lowest during the incubation period.
Although there is some disagreement among the GCMS in the projected increases in

air temperature, warming is generally expected to be greater at the higher latitudes than

the lower latitudes(Roots 1989) and in interior regions as compared to coastal zones
(Mitchell et al. 1990). If the magnitude of change in water temperatures is proportional
to that predicted for the atmosphere, then the regional differences in the response of
coho salmon embryos and alevins will be greater than I have predicted.
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4.2 How Wifi Climate Change Affect Intragravel Temperatures?

To date, little work has been done on the potential effects of global climate change

on the temperatures of streams and rivers (but see Meisner et al. 1988; Oswood et al.
1992). The coarse resolution of the GCMs combined with uncertainties associated with
predictions of precipitation and cloud cover generated by GCM simulations make it
difficult to predict changes in stream temperatures with any confidence. Fishery and
aquatic researchers have generally assumed that changes in stream temperatures will
parallel those of the atmosphere (Matthews and Zimmerman 1990; Sweeney et al.

1992); however, the processes that control stream temperatures are complex and the
relationship between air and water temperatures is the subject of much debate.
Fundamentally, climatic change will act on intragravel temperature in two ways: 1)

by modifying the heat exchange processes that regulate surface water and groundwater
temperatures, and 2) by altering hydrologic processes that control the volume of
surface and groundwaters, which in turn will affect the relative contribution of these

inputs to intragravel temperatures. These mechanisms are interrelated in that changes
in hydrology (e.g., surface-to-volume ratio in streams, and timing of runoff), will further
affect heat exchange processes.

The heat balance of streams is a function of net radiation (incoming shortwave and
outgoing longwave), evaporation, convective transfer between the water and air,

conduction between water and the substrate, and advective exchange from mixing with
tributaries and groundwater (Brown 1969; Beschta et al. 1987; Sullivan et al. 1990)

(Figure 4.9). In smaller streams that are the preferred spawning habitats of coho

salmon, net radiation appears to be the dominant influence on stream temperatures
during the summer, with the other forms of heat transfer playing relatively minor roles.

In winter, the importance of direct solar radiation on the energy budgets of streams is
diminished because of low solar angles, shorter days, and greater cloud cover (Beschta
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et al. 1987). In the substrate interstices, where salmon deposit their embryos,
advection with groundwater may also be an important influence on incubation

temperatures. The same heat exchange processes that regulate the temperature of
surface waters (excluding advection) also govern the heat flux of the earth's surface. In

forested systems, most precipitation that reaches the earth's surface infiltrates into the
soil, where it gains or loses heat via conductive transfer (Shepherd et al. 1986). For

larger rivers, mean daily water temperatures tend to approximate mean air

temperatures; Sullivan and Adams (1989) proposed that water temperatures
equilibrate with air temperatures at some threshold distance from the headwaters
where the influences of riparian shading and groundwater inflow become negligible.

Climatic change will directly influence heat transfer processes in varied and

complex ways. Incoming solar radiation and outgoing longwave radiation will be
affected by changes in cloud cover both regionally and locally, which will affect not

only mean temperatures, but seasonal and diel temperature fluctuations. Differential
heating of the land and ocean surfaces could enhance formation of fog in coastal
regions, perhaps decreasing incoming radiation during the day, but inhibiting radiative
cooling at night. Changes in riparian vegetation brought on by increased temperature,

changes in moisture content of the soil, and changes in evapotranspiration demands
could influence the proportion of incoming radiation that reaches the water or soil

surface surface. Several studies have shown increases in winter or summer stream
temperatures (or both) in response to the removal of riparian vegetation (e.g. Brown
and Krygier 1970; Beschta and Taylor 1988; Holtby 1988), suggesting that changes in

vegetation may play a significant role in mediating the response of stream temperatures
to climatic change. Similarly, changes in upland vegetation may affect the heat balance
of soils, which in turn will modify the temperature of water percolating through the

soil. Hartman et al. (1982) speculated that winter temperature increases in Carnation
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Creek following logging and slash burning were due to increased heating of upland soils

and transfer of this heat to groundwater with the onset of fall rains.
Convective heat exchange between the air and both water and soil is determined by
temperature gradients across these boundaries; thus, heating of the atmosphere will
likely increase convective heating of the water and soil. Likewise, evaporation of water

from streams and land surfaces depends on vapor pressure gradients across the airwater and air-soil boundaries. Because warmer air has greater moisture holding
capacity, evaporative cooling of streams and soil may increase as air temperature rises.
Conversely, increases in humidity associated with climate change may have the

opposite effect. Changes in wind patterns could also influence temperature and

moisture gradients across the air-water and air-soil interfaces and, hence, the rate of
evaporation and convection.
The effect of climate change on the processes that regulate surface and groundwater
temperatures and ultimately intragravel temperatures will be influenced by
concomitant changes in local hydrologic regimes. The influence of solar radiation on

surface-water temperatures depends on the surface-to-volume ratio of streams, with
wide, shallow streams heating and cooling more rapidly than deeper narrow streams
(Beschta et al. 1987). If streamfiow is modified as a consequence of changes in the

quantity or state (i.e. rain versus snow) of precipitation and the rate of
evapotranspiration, then the same level of incoming radiation may have a greater or

lesser effect on stream temperatures. In systems where significant amounts of water
are stored in snow pack, models have generally predicted increases in winter runoff
and decreases in summer discharge in response to climatic warming, even with modest

increases in precipitation, as a consequence of changes in snow deposition and
increases in evapotranspiration demands (Gleick 1987; Lettenmaier and Gan 1990). In

rain-dominated systems, increases in evapotranspiration demand may cause decreases
in stream.flow year round if precipitation remains relatively constant. These effects
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will alter the relative contribution of surface and groundwaters to intragravel

temperatures and will depend to a large degree on the temporal aspects of
precipitation in relation to solar insolation.
The interrelationships between climate, hydrology, and stream temperature are
especially complicated in northern latitudes and higher elevations because of the
influence of ice and snowpack. Snow and ice serve to block incoming solar radiation

from reaching stream and earth surfaces, but they also acts as insulation, preventing
longwave radiation from the water and earth surfaces from escaping back into space
and reducing convective and evaporative energy transfer with the atmosphere. Should
climate change shorten the period of ice cover in these streams, these energy transfer

processes will be enhanced for the additional ice-free days. Groundwater
temperatures would also tend to increase because snowmelt percolates through the soil
layers at temperatures near 0°C (Beschta et al. 1987), while rainfall moving through a

comparatively warmer surface layer would tend to increase in temperature.
If climate change is accompanied by increase in winter precipitation, as several of
the GCMs predict for much of southern Alaska and British Columbia (Mitchell et al.

1990), the effects may be quite different. If snowpack increases, the period of snow or
ice cover could increase, acting as a negative feedback to stream temperatures. In
addition, a large number of streams in this region are strongly influenced by glacial

runoff. Oswood et al. (1992) suggested that evidence from the recent past indicates a
warmer, wetter climate may cause glaciers to increase in mass and advance as a
consequence of increased snowfall during the winter, although they suggest that

whether a glacier recedes or advances may depend on its proximity to the ocean.
Increases in runoff from glaciers in response to warmer spring and fall temperatures

could cause stream temperatures to decrease during the incubation period of
salmonids.
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In summary, local effects of climatic change will be highly variable, depending on

changes in cloud cover, surface and groundwater hydrology, vegetation, the size of the

stream, and whether a stream is in a rain-dominated, snow-dominated, or glacially
influenced region. The resolution of the GCMs is inadequate to permit modeling of

temperature and hydrologic effects at local scales. My purpose in reviewing some
mechanisms by which climate change may affect stream temperature is to illustrate

that it may be inappropriate to assume that water temperatures will increase in direct
relation to air temperature, particularly at the local level but perhaps regionally as well.
Scenario analyses, such as I have conducted in this paper, merely provide an indication
of those regions that potentially may be most affected by climatic change and should

not be interpreted as predictions of future conditions.

4.3 Model Caveats
Sensitivity analyses indicate that the model predictions are not markedly affected
by violations of model assumptions regarding the timing of spawning and the

relationship between intragravel water temperatures and surface water temperatures.
In most cases, substantial departures from these assumptions yielded changes of less
than 7 d in the predicted acceleration of development time (Figure 4.7). These
deviations are unlikely to influence the overall regional patterns shown in Figures 4.4-

4.6. Thus, I believe that the graphical model output provides a reasonable
approximation, at a coarse scale, of the anticipated acceleration of development under
scenarios of warmer temperatures.
At the site level, predictions generated by the model may be much less reliable

because of violations in the model assumptions. Although not well documented for
coho salmon, many salmonids seek areas of groundwater upwelling for spawning. At

such sites, intragravel temperatures may be dominated by groundwater inputs, with
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surface waters having little influence. Other physical site characteristics, including

flow rate, stream gradient, substrate composition, and streanibed heterogeneity may
also influence the interchange of surface and intragravel waters (Shepherd et al. 1986).
The rate of water exchange in redds may also affect dissolved oxygen concentrations,

which in turn can influence the rate of development (Garside 1966). Lastly, the

assumed relationship between latitude and spawning date is overly simplistic. While
the regional trend in time of spawning of coho salmon is well documented, there are

numerous exceptions to the general timing patterns, and spawning in many streams
extends over a 2-3 mo period (Sandercock 1991).
Several other assumptions in the model warrant discussion. First, the log-inverse

Bèlehrádek model I used was based on data for embryos and alevins raised at

constant temperatures. A potential limitation in applying the model to natural
situations is that it does not account for effects of seasonal or diel variation in

incubation temperatures. Laboratory studies have shown that embryos of pink (0.
gorbuscha), chum (0. keta), and chinook (0. tshawytscha) salmon reared under varying

temperatures regimes may develop more rapidly or more slowly than those reared
under constant temperature regimes with similar means (Alderdice and Velsen 1978;
Murray and Beacham 1986; Murray and Beacham 1987). The response to varying

temperatures depends on the direction of temperature change and the embryonic stage

at which the temperature change occurs. These studies illustrate that the seasonal
temperature patterns within a stream may lead to differences in development time
even though mean temperatures are similar. Similarly, embryos in streams with similar
mean temperatures but differing diel variation may also exhibit different

developmental patterns. In the absence of data on coho salmon reared under varying
temperature regimes, it is impossible to determine whether development might be

expected to occur more rapidly or slowly under a varying temperature regimes.
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A second important assumption required to apply the developmental model on a
regional basis was that the stream temperatures on which I based these predictions are
representative of temperatures in streams used by coho salmon for spawning. The
data set induded all streams within the general geographic range of coho salmon,

without regard to whether or not these streams support coho or other salmon. One
potential bias is that many of the streams for which temperatures were available are
larger rivers. While spawning does occur in some large mainstem rivers, it is more

common for coho salmon to spawn in smaller tributaries (Laufle et al. 1986). In this

regard, the temperature records on which I based the extrapolation may overestimate
temperatures in spawning streams, since stream temperatures generally increase with

increasing stream order (Beschta et al. 1987). Overestimation of temperatures would
lead to an underestimate in the change in development time associated with increasing
temperature; thus, model predictions may be conservative, although the greater
influence of groundwater in smaller streams may offset this bias.
Differences in the response of coho embryos and alevins to increased temperatures

may also arise from stock-specific adaptation to local (or regional) temperature
regimes. Murray et al. (1990) found that coho salmon from Pallant Creek on Queen

Charlotte Island developed more slowly than mainland British Columbia stocks and

hypothesized that this represented local adaptation to the warmer stream
temperatures found on the island. Tailman (1986) found that development time of
chum salmon reared under constant temperatures differed between stocks from two
adjacent drainages on Vancouver Island, British Columbia, as well as among

subpopulations that spawned at different times in the same stream. Smoker (1986)
found differences in developmental rate of two chum salmon stocks reared in a
common environment with a varying temperature regime and provided evidence that
these differences have a genetic basis.
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Application of the Bélehrádek model to field data from the three streams in Oregon

indicated that the model provides a reasonable, though biased, estimate of time to
emergence in the wild, at least over the narrow temperature range of 6.5 to 8.5°C. The
tendency for model predictions to underestimate time to emergence likely stems in part
from definitions of emergence used in the laboratory studies compared with the

developmental state of fry upon emergence in the wild. In the laboratory studies,
emergence was defined as time to complete yolk-sac absorption (Tang et al. 1987) or

time to attain neutral buoyancy and positive phototaxis (Murray 1980; Murray and
McPhail 1988; Murray et al. 1990). Under natural conditions, the time between
completion of yolk-sac absorption or attainment of neutral buoyancy and emergence

from redds may be several weeks. Phillips et al. (1975) found that alevins nearing the
completion of yolk-sac absorption placed in 25 cm of gravel took an additional 8 to 35
d to emerge from the gravel. They also found that time to emergence depended upon
the concentration of fine sediments in the gravel, with fry emerging earlier from gravels

with higher sediment content, possibly in order to escape stressful conditions in these

substrates. Thus, once fry become positively phototactic, it may take a substantial
and variable period of time for them to make their way to the surface.

4.4 Ecological Consequences of Accelerated Development
The acceleration of development during the egg and alevin stages of coho salmon

could have ecological ramifications that are both significant and complex, and which
carry through to other stages in the life history of salmon. Prevailing theory suggests
that the timing of spawning has evolved to ensure that emergence occurs when
conditions are favorable for growth and survival (Godin 1982; Miller and Brannon
1982; Brannon 1987). In many streams, however, coho salmon spawning migrations
commence with the onset of fall freshets, suggesting that increases in flow are necessary
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for coho salmon to negotiate physical barriers and gain access to their natal streams.
Extreme examples can be found in the southern portion of the coho salmon's range,

where sandbars may form across stream mouths during the summer and are not
breached until the the first heavy rains of the year (Shapovalov and Taft 1954;
Sandercock 1991). Coho embryos and alevins experience high mortality at

temperatures above 14°C (Murray et al. 1990), indicating that temperature at time of
egg deposition may also be a significant constraint on time of spawning.
If the timing of emergence is adapted to coincide with favorable environmental

conditions, and assuming no change in the timing of spawning, accelerated

development could disrupt the natural biological synchronies that have evolved.

Mismatches in the availability of prey or abundance of predators could adversely
affect both growth and survival. Cramer et al. (1985) reported that spring chinook
salmon in the Rogue River emerged a month or more early in response to temperature

increases caused by the Lost Creek Dam impoundment. Subsequent studies indicated
a shift in the timing of adult spawning that may have resulted from decreased survival
of the progeny of early spawning females (Satterthwaite 1987). These fry may have
been exposed to less favorable environmental conditions than fry that emerged later.
Accelerated development resulting from climate change would likely alter the

exposure to extreme events during the embryo, alevin, and fry life stages. Hartman et
al. (1984) found that early emergence of coho fry caused by logging-induced

temperature increases in Carnation Creek resulted in an increased probability of their

exposure to freshets. This may increase fry mortality in streams where habitats such
as off-channel areas and pools that provide refugia during high flow events are limited.
Warming of temperatures during the incubation period may have other

developmental consequences as well. Incubation temperature has been shown to
influence the size of emergent fry. In a comparison of 11 coho stocks in British
Columbia, Murray et al. (1990) found that the length and weight of emerging fry were
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dependent on temperature. Stocks from colder streams tended to produce larger fry
than stocks from warmer coastal and island streams when reared at cold
temperatures, but relatively smaller fry when reared at warmer temperatures. The
authors suggest that stocks have become adapted to local regimes and produce large
fry under the thermal regimes most similar to those they experience in the wild.
Because the size of fry may influence swimming performance, competitive ability, and

vulnerability to predation, increases in incubation temperatures could alter the
performance of emerging fry in the wild (Murray et al. 1990).
Early emergence of fry will confer upon them a longer growing season, which will

influence survival at later stages in their life history. Should juveniles attain larger sizes
as a consequence of temperature increase, survival rates through the winter may
increase. Several authors have found significant correlations between the mean length
of coho juveniles in the fall and over-winter survival (Hartman et al. 1984; Holtby and
Scrivener 1989). Thus, a longer growth period could benefit salmon in some systems.
A longer gmwing season will also change the age structure of migrating smolts in

those populations with multiple age classes. Holtby et al. (1989) documented a shift
in the age of smolts migrating from Carnation Creek from approximately equal numbers

of 1- and 2-yr-old smolts to primarily 1-yr-olds in response to logging-induced

increases in stream temperature. This shift was in part attributed to the longer growing
season of fry, coupled with the faster growth of juveniles associated with warmer
temperatures. The significance of such shifts is uncertain and will depend on relative
mortality rates of juveniles during freshwater and early marine life. In some
environments, multiple age dasses among migrating smolts may provide a buffer
against environmental variation by spreading ecological risk (sensu Den Boer 1968). In

southern streams, most smolts move to the ocean as 1-yr-olds, and year-class strength
can be severely affected by poor oceanic conditions. In stocks with multiple-aged
juveniles, ocean mortality for a given brood is spread out over 2 or even 3 yr, which
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may reduce the effect of a single year of poor ocean survival. Hoitby et al. (1989) also
found that Carnation Creek smolts migrated up to 2 wk earlier following logging and

concluded that early ocean entry led to poorer adult returns, possibly because smolts

entered the ocean at a suboptimal time. Because smolts must attain a state of
physiological readiness that as believed to be size dependent, increases in the length of
the growing season resulting from earlier emergence could predispose smolts to earlier
migration.

Beacham and Murray (1990) found differences in development rate of embryos and
alevins among the five Pacific salmon species and suggested that relatively rapid

development of coho and chum salmon was an adaptation to spawning later in the fall
and early winter than the other species. Rapid development may be necessary to
ensure emergence at a time when coho salmon can compete successfully with other

salmonids. Because warming of streams will differentially affect the development of
salmonids by virtue of differences in both spawning time and developmental rates,
competitive interactions among species could be altered. Changes in the time of
spawning by adults in response to modification of temperature and hydrologic regimes
could act to either offset or exacerbate all of these changes.

I have presented only some of the possible ramifications of accelerated
development during the egg and alevin stages on survival during those stages and the

performance of salmon at subsequent stages of their life history. In particular, I have

attempted to focus on those changes for which there appears to be supporting
evidence, drawn largely from analogies of warming caused by logging. Undoubtedly,

there will be unforeseen consequences as well. There is a tendency to stress those
aspects of change that are likely to be deleterious to coho salmon, but not all changes
will necessarily be negative. Nevertheless, it should be borne in mind that the life

history patterns of a particular salmon population, including those aspects that
involve the timing of events such as emergence and the interrelationship between
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physiological development and the environment, have evolved over many thousands of

years. Alteration of environmental conditions (e.g. temperature and flow patterns)
during one stage of development will have consequences at other life stages. Seemingly
positive influences (e.g. longer growing season, increased overwinter survival) at one

stage may prove negative at later stages (e.g. earlier migration) and may produce

changes in population characteristics (e.g. age structure) that could lead to dedines at
the population level. In fact, it is difficult to imagine scenarios in which changes in the
timing of life history events of salmon would be beneficial, at least until populations

have sufficient time to respond to the new suite of selection pressures that will reshape
the timing of these events.
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Conclusions
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Condusions
Coho salmon inhabit a diverse array of freshwater and ocean habitats in North
America and the northeast Pacific Ocean. In Chapter 2 of this thesis, I have presented
evidence that the timing of smolt migrations varies throughout this range, indicating

adaptation to local and geographic variation in environmental conditions. The ocean
environment appears to exert a dominant influence on migration timing, but local site
conditions also account for some variation. In Chapter 3, logistic regression models
were used to examine the role of environmental factors in regulating migration timing

both within and between years for four populations in Oregon, British Columbia, and
Alaska. The models indicate that a number of common factors influence smoltification
and subsequent downstream migration in these streams, induding time, temperature,

streamflow (absolute and change), and possibly lunar phase. Responses to daily and
interannual differences in environmental conditions likely are bounded by larger

windows of opportunity dictated by the ocean. In the final chapter, I present evidence
that modest warming of streams will accelerate the development of embryos and

alevinsperhaps by two months or moreand that the expected change in
development time will vary regionally, with northern populations experiendng a greater

reduction in development time per unit increase in temperature. Early emergence of fry
in response to warming may potentially disrupt biological synchrony that has evolved
over thousands of years. In addition, such changes are likely to affect other life history
events, induding the parr-smolt transformation and timing of smolt migrations.
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APPENDICES

Appendix Al. Streams, latitude-longitude coordinates, years of sampling, and data sources for study streams used in analysis of
geographic variation in smolt migration characteristics. * used in statistical analyses.
Latitude

Longitude

Fire Lake
Moose River
Hidden Lake Outlet*

61.35
60.57
60.46

149.55
150.69
150.20

1966-1967
1992
1978-1992

Russian River
Bear Lake
Situk River
Berners River*
Taku River

60.45
60.19
59.48
58.97
58.54

149.99
149.37
139.55
134.99
133.69

1978
1962-1963
1990
1989-1 992
1961, 1987

Yehring Creek*
Auke Creek*

58.50
58.38

133.78
134.64

1987-1989
1983-1991

Kanluk River*
Eagle River
Salmon River

57.44
57.25
56.97

154.11
135.67
135.15

1961-1967
1988-1990
1986-1990

Sashin Creek*

56.38

134.65

1943-1944, 1949, 1954,
1956-1964, 1968-1969

Porcupine Creek*
Hugh Smith Lake*

56.13
55.37
55.10

132.65
131.83
130.71

1977-1979
1988
1986-1992

British Columbia
Bear River
Lakelse Lake
LachmachRiver*

56.27
54.37
54.30

126.97
128.60
128.89

1984
1952
1987-1991

54.20
54.13
54.09
54.07
53.85
53.79

128.57
127.39
127.45
128.67
128.50
128.44

1980
1979-1980
1979
1980

Stream

Years of Sampling

Source

Alaska

Vallenar Creek

Cecil Creek
Monice River
McBride Creek
Kitimat River

Dala River
Kildala River

1981
1981

Wallis 1967, 1968
Canon, J., ADFG, Soldotna, unpub. data
Todd, G. and Canon, J., ADFG, Soldotna, unpub. data;
Schollenberger 1989; Fandrei 1991ab, 1992
Canon, J., ADFG, Soldotna, unpub. data
Logan 1963, 1964
Koski, K., NMFS, Auke Bay Laboratory, unpub. data
Shaul, L., ADFG, Juneau, unpub. data
Meehan and Siniff 1962; Koski, K., NMFS, Auke Bay Laboratory,
unpub. data
Elliott and Kuntz 1988; Elliott et al. 1989; Elliott and Sterritt 1990
Taylor 1983, 1989, 1990, 1991; Taylor and James 1984, 1985, 1986,
1987; Taylor and Munk 1988
Drucker 1972
Elliott et al. 1989; Schmidt 1990; Schmidt and DerHovanisian 1991
Schmidt 1987, 1988, 1990; Elliott et al. 1989; Schmidt and
DerHovanisian 1991
Olson and McNeil 1967; Crone and Bond 1976; Crone, R., Northern
Southeast Regional Aquaculture Assoc., unpub. data
Thedinga and Koski 1984
Elliott and Sterritt 1990
Shaul, L., ADFG, Juneau, unpub. data
Williams 1985ab
Foerster 1952
Finnegan et al. 1990; Finnegan 1991; Davies 1991ab; Davies et al.
1992
Birch et al. 1981ab
Smith and Berezay 1983
Smith and Berezay 1983
Birch et al. 1981ab
Slaney et al. 1982ab
Slaney et al. 1982ab

Appendix Al. (cont.)
Latitude

Longitude

Kemano River

53.50

Mathers Creek
Tally Creek*
Hooknose Creek*
Devereux Creek
Lower Keogh River*
West Trib. to Keogh River
Misty Creek
OConner Creek*

53.01

Black Creek*

52.16
52.12
51.17
50.67
50.65
50.61
50.54
50.54
49.97
49.91
49.85

128.09
131.79
127.80
127.84
125.76
127.35
127.36
127.27
127.23
127.21
121.08
120.91
125.10

1984
1977-1979
1949-1950, 1952-1960
1948-1961
1984
1978-1987
1977-1978
1977
1977-1978, 1986
1977-1980
1984
1984
1978-1979, 1985-1989

Tenderfoot Creek
Canton Creek
Conuma River
Tiupana River
Meighn Creek
Little Stawamus River
Trent River*
French Creek*
Little Qualicum River
Coghlan Creek*

49.83
49.80
49.79
49.76
49.75
49.70
49.64
49.34
49.34
49.12

123.15
126.47
126.43
126.38
123.14
123.14
124.93
124.38
124.49
122.57

1973-1975
1979
1979
1979
1973-1975
1974-1975
1985-1989
1986-1989
1979
1978-1980, 1986-1989

Salmon River*

49.12

122.57

1979-1980, 1986-1989

Muriel Creek
Barrett Creek

49.12
49.10
49.10
49.09
49.09
49.09
49.09
49.09

125.62
122.02
121.54
122.02
121.48
122.05
122.05
122.02

1983
1978
1977-1978
1976-1 978
1977-1978
1976-1978
1976-1978, 1982
1976-1978

Stream

Years of Sampling

Source

British Columbia (cont.)

Upper Keogh River*
Spius Creek

Coidwater River

Fifteenmile Creek
Hopedale Creek
Post Creek
Rust Creek
Salwein Creek*
Street Creek

Del Mistro and Birch 1985ab
Shepherd 1982; North. Nat. Res. Services Ltd. 1979
Anonymous, DFO Pac. Bio. Sta. Archives
Anonymous, DFO Pac. Bio. Sta. Archives
Fielden et al. 1985ab
de Hrussoczy-Wirth 1979; Irvine and Ward 1989
Irvine and Ward 1989
Irvine and Ward 1989
Irvine and Ward 1989
Irvine and Ward 1989
Scott and Olmsted 1985ab
Scott and Olmsted 1985ab
Clark and Irvine 1989; Fielden et al. 1989; Labelle 1990; Bocking et
al. 1991
Argue and Armstrong 1977
Glova and MeCart 1979
Glova and McCart 1979
Glova and McCart 1979
Argue and Armstrong 1977
Argue and Armstrong 1977
Fielden et al. 1989; Labelle 1990; Bocking et al. 1991
Fielden et al. 1989; Labelle 1990; Bocking et al. 1991
Lister et al. 1979
Schubert 1982; Schubert and Kalnin 1990; Kalnin and Schubert
1991; Farwell et al. 1991ab
Schubert 1982; Schubert and Kalnin 1990; Kalnin and Schubert
1991; Farwell et al. 1991ab
Wallace 1984; Fielden 1983
Fedorenko and Cook 1982
Fedorenko and Cook 1982
Fedorenko and Cook 1982
Fedorenko and Cook 1982
Fedorenko and Cook 1982
Fedorenko and Cook 1982; Schubert 1984
Fedorenko and Cook 1982

Appendix Al. (cont.)
Latitude

Longitude

Ryder Creek*
Campbell River
Carnation Creek*

49.08
49.08
49.08
49.03
48.92

121.46
121.98
121.88
122.71
125.00

1977
1937-1940
1976-1978
1982
1971-1977

Miller Creek
Bonsall Creek
Beadnall Creek
Oliver Creek
Mesachie Creek
Pastuch Creek
Cowichan River
Kelvin Creek

48.89
48.88
48.83
48.83
48.82
48.80
48.77
48.74

123.68
123.68
124.05
124.05
124.12
124.14
123.68
123.70

1977-1978
1977
1941-1942
1941-1942
1976
1975-1976
1975-1976
1976

Tiger Creek
Little Pilchuk Creek*
Carpenter Creek
Wagley Creek
S. Fk. Skykomish River*
Big Rock Creek
Harris Creek*

48.20
48.14
48.06
47.98
47.86
47.80
47.69
47.68

122.14
121.92
122.04
121.97
121.80
121.55
121.94
121.91

1981-1982
1980
1975-1987
1980
1980
1978-1982
1980
1979-1980, 1982-1987

Big Beef Creek*

47.65

122.73

1975-1991

Griffin Creek

47.62

121.91

1979-1980

Lost Creek*
Wildcat Creek*

47.59
47.59
47.55
47.50
47.47
47.47

122.73
122.73
124.28
122.81
122.83
122.82

1979-1987
1979-1987
1981-1982
1978-1987
1978-1987
1979-1981

Stream
British Columbia (cont.)
Chilliwack River
Cultus Lake

Washington
Stillaguamish River

Clearwater River
Bear Creek*
Courtney Creek*
Union River*

Years of Sampling

Source

Fedorenko and Cook 1982
Foerster and Ricker 1953
Fedorenko and Cook 1982
Schubert 1983
Hoitby 1988; Hoitby et al. 1989; Holtby, L. B., DFO, Pac. Bio. Sta.,
Nanaimo, unpub. data
Patterson et al. 1979
Patterson et al. 1979
Holtby, L. B. DFO, Pac. Bio Sta., Nanaimo, unpub. data
Holtby, L. B. DFO, Pac. Bio Sta., Nanaimo, unpub. data
Argue et al. 1979
Armstrong and Argue 1977; Argue et al. 1979
Armstrong and Argue 1977; Argue et al. 1979
Argue et al. 1979
Seiler et al. 1984
Lentzi 1983
Blankenship and Tivel 1980; Lentzi 1983, 1985, 1987
Lentzi 1983
Lentzi 1983
Seller et aL 1981; Seller et al. 1984
Lentzi 1983
Blankenship and Tivel 1980; Blankenship et al. 1983; Lentzi 1985,
1987; Hanratty, P., WDFW, unpub. data
Blankenship and Tivel 1980; Seiler et al. 1981; Seiler et al. 1984;
Hanratty, P., WDFW, Olympia, unpub. data
Blankenship and Tivel 1980; Blankenship et al. 1983; Hanratty, P.,
WDFW, Olympia, unpub. data
Lentzi, 1983, 1985, 1987
Lentzi, 1983, 1985, 1987
Seller et al. 1984
Lentzi 1983, 1985, 1987
Lentzi 1983, 1985, 1987
Blankenship and Tivel 1980; Blankenship et al. 1983; Hanratty, P.,
WDFW, Olympia, unpub. data

Appendix Al. (cont.)
Latitude

Longitude

Washington (cont.)
Little Tahuya Creek*
Big Mission Creek*

47.44
47.43

122.95
122.87

1978-1987
1981-1987

Little Mission Creek
Tahuya River
Minter Creek*

47.43
47.39
47.37

122.88
123.02
122.70

Mill Creek*
Skookum Creek
Maple Glen Creek
E. Satsop River
Deschutes River*

47.19
47.12
47.11
47.10
47.01

123.10
123.10
123.48
123.47
122.90

1979
1980-1981
1940, 1942, 1944-1946
1948, 1950-1951, 1953-1956
1976-1981
1977-1978
1985
1984-1985
1977-1991

Chehalis River

46.80

123.16

1976-1977

46.18
45.58
45.31
45.30
45.16
44.54
44.53
44.51
44.27
44.25
44.25
44.22
44.03

123.52
123.54
123.70
123.68
122.15
123.85
123.88
123.85

1954-1959
1949-1958
1988-1993
1988-1993
1987-1993
1960-1973

124.11
123.64
123.64
124.10
123.85

1960-1966
1992-1993
1988-1993
1988-1993
1992-1993
1984

Little River, Humboldt Co.

41.02

124.06

1991-1992

Caspar Creek*
Little River, Mendocino Co.*
Waddell Creek*

39.35
39.28
37.11

123.77
123.78
122.27

1964, 1987-1989
1987-1989
1934-1942

Stream

Years of Sampling

Source

Lentzi 1983, 1985, 1987
Blankenship et al. 1983; Lentzi 1985, 1987; Hanratty, P., WDFW,
Olympia, unpub. data
Lentzi 1983
Blankenship et al. 1983; Hanratty, P., WDFW, Olympia, unpub. data
Salo and Bayliff 1958; Mason, J., WDFW, Salmon Culture, Olympia,
unpub. data
Lentzi 1983; Blankenship and Tivel 1980
Blankenship and Tivel 1980
King and Young 1986a
King and Young 1986ab
Seiler et al. 1981; Seiler et al. 1984; Hanratty, P., WDFW, Olympia,
unpub. data
Brix and Seiler 1977, 1978

Oregon
Gnat Creek*
Spring Creek*
Moon Creek*
East Creek*
Fish Creek*
Flynn Creek*
Deer Creek*
Needle Branch*
Cumniins Creek
E. Lobster Creek*
S. Lobster Creek*
Tenmile Creek
Knowles Creek

19 60-1973

Willis 1962
Fish Commission of Oregon, 1948-1959
Rodgers, J. D., ODFW, Corvallis, unpub. data
Rodgers, J. D., ODFW, Corvallis, unpub. data
Burnett, K., USFS, Pac. NW Sta., Corvallis, unpub. data
Hall, J. D., OSU, Dept. of Fish. and Wildlife, Corvallis, unpub. data
Hall, J. D., OSU, Dept. of Fish. and Wildlife, Corvallis, unpub. data
Hall, J. D., OSU, Dept. of Fish. and Wildlife, Corvallis, unpub. data
Rodgers, J. D., ODFW, Corvallis, unpub. data
Rodgers, J. D., ODFW, Corvallis, unpub. data
Rodgers, J. D., ODFW, Corvallis, unpub. data
Rodgers, J. D., ODFW, Corvallis, unpub. data
Rodgers 1986; Rodgers et al. 1987

California
Weseloh, T., Metolius R. Enhance. Grp., McKinnleyville, CA.,
unpub. data
Graves and Burns 1970; Jones 1987, 1988, 1989
Jones 1987, 1988, 1989
Shapovalov and Taft 1954

Appendix A2. Selected watershed descriptors and migration characteristics for populations of coho salmon smolts. Number of
sampling years indicates all years during which trapping occurred; however, values of migration characteristics may be based on
fewer years. Median and peak dates of migration are given in day of year (January 1 1).
Stream

Stream
Length
(km)

Drain.
Area
(km2)

Stream
Order

Trap
Elev.
(m)

Ocean
Dist.
(km)

No.
Years

Median
Date

Peak
Date

InterQuartile

(DOY)

(DOY)

(d)

155
155
164
165
160
159
144
136
146
142
162

152
154

7
7

INT2O

Alaska
Fire Lake
Moose River
Hidden Lake Outlet*
Russian River
Bear Lake

SitukRiver
Berners River*
Taku River
YehrmgCreek*
AukeCreek*
Karluk River*
Eagle River
Salmon River

SashinCreek*

Porcupine Creek*

Vallenar Creek
HughSmithLake*

British Columbia
Bear River
Lakelse Lake
LachmachRiver*
Cecil Creek

Morice River
McBride Creek
Kitimat River
Dala River
Kildala River
Kemano River
Mathers Creek
Tally Creek*

6.1

44.5
8.5
32.8
6.3
36.9
18.2
271.5
15.9
7.5
31.2
7.1

9.9
6.5
2.4
7.2
12.7
55.8
44.7
8.5
15.5
74.1
21.3
87.6
43.8
36.9
58.3
12.3
0.5

8.9
564.3
60.3
142.1
15.7
173.5
109.2
16873.5
65.8
10.4
273.3
15.3
28.3
9.9
5.8
14.7
49.6

3
5

449.7
377.6
41.3
54.9
1901.3
104.4
1964.0
408.2
325.1
1056.5

4
4
2
4

76.1
0.5

1

3
2
4
3
7
3

79
47
76
152
76
6
8

23

27

2
4

14
110

2
2

6
9
6
6

1

2
2
2

6

3
6
5
4
5
2
1

6
15

700
88
8

91
762
765
18
3
9
5
9

27

10.1
64.8
103.6
122.3
9.0
3.1

4.8
4.8
19.8
0.5
34.9
0.2

2
1

15
1

2
1

4
2
3

9

7
3
5

-

0.2
0.2
0.2
0.2

13

150
140
141
134

497.2
84.5
0.3
30.2
493.8
486.9
8.7
0.8
7.7
0.2

1
1

116

5

138

2.1
5.3

2
11

1.1

3
1

7

1

2
1
1
1
1

1

-

119
129
127
137

163
160
161
158
148
136
147
141
162
129
133
154
141
140
132

124
150
136
107
177
157
118
118
117
130
129
133

8

15
8

4.0
4.0
4.4
6.0
4.5

16

7.0

7

3.0
4.5
4.0
3.6
4.4
3.0

20
5
7
8

-

-

10
5

1.0
3.8
3.0
2.0

4
11

3.8

12'

4.0

9

4.2

-

5.0

-

30
8
7

12

-

-

-

6.0
5.0
4.0
2.5
8.3

Appendix A2. (cont.)
Stream

Stream
Length
(km)

Drain.
Area
(km2)

Stream
Order

Trap
Elev.
(m)

Ocean
Dist.
(km)

No.
Years

Median
Date

Peak
Date

InterQuartile

(DOY)

(DOY)

(d)

135
136
134

134
137
132
133
119
128
133
147
146
138

9
11
12

INT2O

British Columbia (cont.)
Hookrtose Creek*
Devereux Creek
Lower Keogh River*
West Trib. to Keogh River
Misty Creek
OConner Creek*
Upper Keogh River*
Spius Creek

Coidwater River
Black Creek*
Tenderfoot Creek
Canton Creek
Conuma River

Tlupana River
Meighn Creek
Little Stawamus River
Trent River*
French Creek*
Little Qualicum River
Coghian Creek*
Salmon River*
Muriel Creek

Barrett Creek
Fifteenmile Creek
Hopedale Creek
Post Creek
Rust Creek
Saiwein Creek*
Street Creek

Chilliwack River
Cultus Lake
Ryder Creek*
Campbell River

5.7
18.9
38.0
10.9
6.4
1.7
12.3

35.3
53.1
28.3
0.6
11.8
29.8
14.3
2.0
3.2
23.3
21.4
54.5
6.9
17.8
4.5
0.9
1.7
1.1

11.1
0.4
4.3
1.5

34.5
17.9
3.8
19.9

14.4
71.8
129.8
19.3
10.4
3.4
25.1
397.5
366.2
79.9
1.0
38.1
123.2

44.7
1.9
5.0
75.2

58.9
239.3
12.8
31.8
10.4
0.8
1.4
0.3
24.8

3

5

3

26

4

5

3

4

35
67
155
155
968
814

3

6

1

52

3
5
3

5
3
8

1

15
15
12
13
13
18
18
15
14

3
2
3
5

2
4
2
4
3
2

3
1

3

482
12
567

1

7

2

8

1.9

1

335.0
71.6
7.3
43.7

4

12
611
46
85
14

0.2
4.4

2
1

3
1

3

0.2
9.8
0.6
4.7
11.4
26.1
26.5

14

383.7
415.9

1
1

0.5
18.3
0.2
0.8
1.0
9.8
1.4
0.5
2.4
0.0
65.6
65.8
5.1
103.8
148.3
103.5
154.5
101.0
101.2
103.5
156.2
109.1
145.0
8.0

7
3

1

8

2
1

3
4

1

1
1

-

125
131
135

-

145
138

-

123
124

3
2
5
4

137

1

146
129
129
123

7
6
1
1

2
3

2
3

4
3

131
144
143

-

145
135

-

140

1

141
118

2
3

150
134

1

-

141

123
123
124
139
130
141
141

140
130
126
128
143
135
152
140
109
137
140
105
151
133
130

-

17
12
15
4

14

-

5
10
26
14
13
11
18
11
10

21

-

4.3
5.0
6.0
5.0
5.0
6.0
7.5
8.0
2.0
6.0
7.0
2.0
2.0
2.0
5.0
8.0
6.3
6.0
7.0
5.3
4.3
4.0
5.0

-

15
10

5.5
5.0

18
13
23
14
12

6.0
5.7
7.0
7.0
6.3

-

-

-

-

Appendix A2. (cont.)
Stream

British Columbia (cont.)
Carnation Creek*
Miller Creek
Bonsall Creek
Beadnall Creek
Oliver Creek
Mesachie Creek
PastuchCreek
Cowichan River
Kelvm Creek

Washington
Stillaguamish River
TigerCreek
LittlePilchukCreek*
Carpenter Creek
Wagley Creek
S. Fk. SkykomishRiver*
BigRockCreek
Harris Creek*
Big Beef Creek*

Griffin Creek
Lost Creek*
Wildcat Creek*
Clearwater River
Bear Creek*
CourtneyCreek*
Union River*
Little Tahuya Creek*
Big Mission Creek*
Little Mission Creek
Tahuya River
Minter Creek*
Mill Creek*

Stream
Length
(km)

Drain.
Area
(km2)

Stream
Order

Trap
Elev.
(m)

10.1
1.6

2

5

1

5

32.0

3

15

1
1

0

2.7
1.7
4.9
89.7
13.3

1.0
5.1
5.5
5.0

823.5
58.0

4

78.4
2.3
12.0
7.3
4.6
54.2
2.5
8.9
16.2
17.3
5.2
7.7
60.4
5.4
5.6
13.0
8.1
16.8
3.4
37.0
7.9
19.0

1450.6
9.7
28.1
20.9
8.7
927.9
7.7
21.1
32.5
44.8
8.0
10.4
397.8
3.6
4.1
47.9
11.9
31.0
4.4
116.4
36.8
50.5

6

7.6
1.6
5.9
2.0

1
1

3

200
165
170
10
15

6

23
206
70
93
37
165

1

15

2

49

2
3
2
2

27
52
52

5

15

2

49
58

2
3

2
1

2
3
2
3
2
3
2
2

3

14

88
6

5
6
6

33

Ocean
Dist.
(km)

0.2
0.2
1.6
46.7
46.7
59.4
61.1
5.3
7.4

26.5
63.8
44.9
58.7
56.5
91.9
66,6
67.6
0.2
75.6
3.7
3.7
11.3
7.4
3.7
3.2
12.6
0.3
0.6
2.4
0.5
10.9

No.
Years

7

2
1

2
2
1

2
2
1

2
1

13
1
1

5

Median
Date

Peak
Date

(DOY)

(DOY)

129
130
144
102
108
144
142
143
139

128
125
146
122
108
148

138
137
130
133
123
133

1

8

14
2
9
9
2

10
10
3

10
7
1

132
128
134
130
125
150
128
127
135
121
130
131

12

127
128

6

131

2

InterQuartile

INT2O

(d)

20

146
144

17
26
33
15
13
14

141

21

7.2
4.0
6.0
7.0
9.5
6.0
5.5
6.5
8.0

140
142
130
128
121
135
128
131
130
129
130
123
155
128
128
134
122
127
127
126
128
132

14
12
10
12
8
13

8.5
5.0
5.4
6.0
4.0
8.8

9

5.8
6.3
5.0

9

-

13
13
13

12
13
18

14
18
11
16
16
7

18
14

-

6.1

6.3
6.0
8.0
7.5
8.0
6.0
8.0
9.0
4.0
7.0
7.5

Appendix A2. (cont.)
Stream

Stream
Length
(km)

Drain.
Area
(km2)

Stream
Order

Trap
EIev.

(m)

Ocean
Dist.
(km)

Median
Date

Peak
Date

InterQuartile

(DOY)

(DOY)

(d)

127
116
113
126

-

10
18
24
14

5.0
7.0
9.0
5.6

2

126
116
116
126
121

6

133
102
125
118
134
90
89
93
121
93
106
125
115

132
109
128
115
135
93
93

17

107
143
75

17
13
19
30
34
29
21
35
23
33
58

6.8
12.9
7.0
7.2
5.4
10.8
12.8

117
125
119
133

115
117
115
130

23
19
20
14

No.
Years

INT2O

Washington (cont.)
Skookum Creek
Maple Glen Creek
E. Satsop River
Deschutes River*

Chehalis River

12.0
0.3
0.3
82.7
123.5

45.5

2

1.0
1.0

1

428.0
2552.6

4

40.2

3

8

1

165
131
146
280.4
158
171
122

1

6

15
43
32
12
24

1.6

2

54.1
52.3
0.2
82.1

1

2

15

-

-

Oregon
Gnat Creek*
SpringCreek*
Moon Creek*
East Creek*
FishCreek*
FlynnCreek*
Deer Creek*
Needle Branch*
CumniinsCreek
E. Lobster Creek*
S. Lobster Creek*
Tenmile Creek
Knowles Creek

California
LittleRiver,HumboldtCo.
Caspar Creek*
Little River, Mendocino Co.*
WaddellCreek*

14.0
0.8
6.2

-

2

11.0
5.2
6.6
19.0
21.9

13.2
18.2
119.3
2.1
3.2
0.7
21.7
14.7
12.4
55.7
50.4

3
3

5

22.4
8.5
8.3
17.0

90.4
17.2
10.7
59.2

4

60

1

11
9
8

8.1

21.5
1.8

2.7
1.3

3
3
2
2
1

3
3
3

1

3

5

195
201
5

52.0
44.9
43.4
43.6
269.7
38.0
37.8
33.8
0.2
73.9
74.3
0.8
33.5
5.5
4.5
0.6
2.6

10
5
6
7

14
14
7

2
6
6

2
1

2
3

2
9

91

125
101

37

8.7
10.5
7.7
8.3
10.0
14.0
10.5
7.0
9.0
7.0

Appendix Bi. Behavior of model coefficients with sequential addition of variables to Flynn Creek final model.

Lunar
Ilium.

Intercept

Time

-3.4242

0.0974

-3.3538

0.1020

-0.0007

-3.3543

0.1019

-0.0008

-0.2822

-3.4076

0.0976

-0,0007

-0.2703

0.1987

-3.4068

0.0982

-0.0007

-0.2788

0.1689

0.2237

-3.4080

0.0914

-0.0007

-0.2914

0.2165

0.2186

-0.0238

-3.4096

0.0873

-0.0009

-0.3524

0.2764

0.1864

-0.0604

0.0785

-3.3795

0.0879

-0.0009

-0.3537

0.2751

0.1918

-0.0577

0. 1376

Time2

Temp

ATemp

Flow

AFlow2

Flow x
AFlow2

-0.0025

Appendix B2. Behavior of model coefficients with sequential addition of variables to Deer Creek final model.

Degree

Lunar
Illum.

Time x
Temp

Time x
ATemp

Intercept

Time

-3.0679

0.0737

-3.0061

0.0741

-0.0004

-3.0093

0.0742

-0.0004

-0.0019

-3.0159

0.0742

-0.0004

-0.0019

-0.2530

-2.9984

0.0714

-0.0005

-0.0025

-0.2438

0.0955

-2.9981

0.0720

-0.0005

-0.0022

-0.2408

0.0601

0.1838

-3.0103

0.0685

-0.0005

-0.0021

-0.2500

0.0706

0.1936

-0.0115

-3.0104

0.0681

-0.0005

-0.0021

-0.2520

0.0750

0.1892

-0.0145

0.0073

-3.0032

0.0675

-0.0007

-0.0021

-0.2549

0.0769

0.1666

-0.0118

0.0060

0.0056

-2.9987

0.0677

-0.0008

-0.0021

-0.2548

0.0883

0.1901

-0.0121

0.0032

0.0076

-0.0095

-2.9429

0.0678

-0.0008

-0.0021

-0.2317

0.0969

0.1904

-0.0093

0.0459

0.0075

-0.0088

Time2

Days

Temp

iSTemp

Flow

AFlow2

Flow x
AFlow2

-0.0020

Appendix B3. Behavior of model coefficients with sequential addition of variables to Carnation Creek (pre-logging) final model.

Intercept

Degree
Time

Time2

Days

Temp

Flow

AFlow2

Time x

Time x

Flow

iNFlow

-2.9681

0.1252

-2.8173

0.1339

-0.0022

-2.8230

0.1359

-0.0022

0.0032

-2.8976

0.1705

-0.0016

0.0052

-0.2491

-2.8484

0.1656

-0.0021

0.0045

-0.1753

0.0056

-2.9061

0.1646

-0.0017

0.0046

-0.2104

-0.0055

0.0112

-2.9142

0.1688

-0.0018

0.0050

-0.2349

-0.0062

0.0113

-0.0001

-2.9626

0.1717

-0.0021

0.0056

-0.2865

-0.0125

0.0168

-0.0012

0.0011

Appendix B4. Behavior of model coefficients with sequential addition of variables to Carnation Creek (post-logging) final model.

Degree
Days

Lunar
Ilium.

Time x
Temp

Flow x

Temp x

\Flow2

Flow

Intercept

Time

-2.7919

0.1409

-2.7937

0.1423

-0.0016

-2.7966

0.1422

-0.0016

0.2129

-2.7894

0.1275

-0.0022

0.2213

0.1039

-2.7894

0.1274

-0.0022

0.2212

0.1042

0.0000

-2.7919

0.1281

-0.0021

0.2226

0.0946

-0.0032

0.0035

-2.6612

0.1255

-0.0022

0.2235

0.1861

-0.0027

0.0035

-0.0174

-2.5578

0.1210

-0.0025

0.2571

0.2416

-0.0021

0.0174

-0.0189

-0.0002

-2.6110

0.01223

-0.0020

0.2507

0.2107

-0.0044

0.0168

-0.0233

-0.0002

Temp

Flow

zFiow2

-0.0056

Appendix B5. Behavior of model coefficients with sequential addition of variables to Sashin Creek final model.

Intercept

Time

Time2

Degree
Days

Lunar
Illum.

Temp

Flow

iFlow1

Time x

Flow x

iFlow1

Temp

-2.5469

0.2272

-2.1753

0.3415

-0.0233

-2.1718

0.3421

-0.0233

0.0016

-2.1683

0.3353

-0.0230

0.0002

-0.3757

-2.1541

0.3180

-0.0235

-0.0024

-0.3658

0.0820

-2.1565

0.3307

-0.0240

-0.0047

-0.3808

0.0635

-0.0028

-2.1586

0.3318

-0.0240

-0.0049

-0.3748

0.0623

-0.0030

0.0005

-2.1651

0.3329

-0.0235

-0.0059

-0.3868

0.0556

-0.0035

-0.0061

0.0014

-2.2554

0.3401

-0.0228

-0.0078

-0.3407

0.0255

-0.0045

-0.0069

0.0018

-0.0021

-2.3187

0.3393

-0.0227

-0.0079

-0.2728

0.0091

-0.0064

-0.0046

0.0015

-0.0028

Lunar x
AFlow

-0.0229

