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ABSTRACT

Hyatt, K.D., Stiff, H.W., Stockwell, M.M., Luedke, W., Rankin, D.P., Dobson, D., and
Till, 3. 2015. A synthesis of adult Sockeye salmon migration and
environmental observations for the Somass watershed, 1974-2012. Can.
Tech. Rep. Fish. Aquat. Sci. 3115: vii + 199 p.

Daily mean air and water temperature, stream discharge, and adult Sockeye
migration data were assembled for Sproat Lake and Great Central Lake Sockeye
stocks returning to the Somass watershed, British Columbia. A continuous regional
air temperature index was statistically related to intermittent water temperature
observations to hind-cast daily water temperature trends at several sites (lower
Somass River, Sproat Falls, Stamp River Falls) from 1918-2012. Statistical relations
between discharge observations were used to extend discontinued discharge
records at the Somass and Stamp Falls sites based on the continuous series (1913-
2012) available from the Sproat River site. Peak-over-threshold analyses were
applied to reconstructed time-series to review trends in extreme temperature and
flow. Daily mean water temperature and discharge were correlated with Sockeye
migration rates at the Sproat Falls and Stamp Falls fishways.

Daily mean water temperatures exceeding 19-21°C at two sites (Stamp and Sproat
Falls) were associated with stopped or reduced migration, especially during
extended low flow periods. At Stamp Falls, a high proportion (70%) of upstream
migration activity occurred at river temperatures of 18-19°C and discharge levels of
20-50 cms. However, peak daily migration rates occurred at combinations of lower
water temperatures (16-18°C) and higher discharge levels (60-90 cms).

Fifty to eighty-five percent of Sproat migration activity (days) occurred when Sproat
River daily mean temperatures were above 18-20°C. Above average flows (>30
cms) may enable Sproat Sockeye to withstand stressful water temperatures during
the 3-km migration interval in the Sproat River, which is typically 1-2°C warmer than
the relatively cool waters at the confluence of the Somass-Sproat rivers (<21°C) and
at depth in Sproat Lake (<15°C hypolimnetic water). Highest daily migration rates
were associated with temperatures of 17-22°C and flows of 32-36 cms. At Sproat
discharge levels <22 cms, maximum migration rates occurred at no more than 18°C.

The frequency and duration of “warm” weather episodes (daily mean temperature
>20°C) have steadily increased in the Somass area since the 1950’s, with
corresponding increases in the frequency and duration of equivalent “warm” water
periods observed to be stressful (reduced migration rates) or lethal (mass mortalities
in 1990 and 2004) to fish in the Stamp and Sproat rivers. Given results in this report,
climate change projections do not auger well for sustainable production of Somass
system Sockeye salmon in decades beyond 2050 in the absence of human
interventions (e.g. creation of additional water storage, engineering of “cold-water”
release structures for the Somass, Stamp and Sproat rivers) to mitigate for trends in
environmental conditions that, left unaddressed, will most certainly decrease future
migration success of adult Sockeye salmon.
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RESUME

Hyatt, K.D., Stiff, H.W., Stockwell, M.M., Luedke, W., Rankin, D.P., Dobson, D., et
Till, J. 2015. A synthesis of adult Sockeye salmon migration and
environmental observations for the Somass watershed [Synthese des
observations sur I'environnement et la migration du saumon rouge adulte du
bassin hydrographique de la riviere Somass], 1974-2012. Rapp. tech. can.
sci. halieut. aquat. 3115: vii + 199 p.

On a rassemblé les données sur la montaison des stocks de saumon rouge des lacs
Great Central et Sproat qui retournent dans le bassin hydrographique de la riviére
Somass, en Colombie-Britannique. Ces données portent sur les températures
quotidiennes moyennes de l'eau et de l'air, le débit des cours d'eau et la migration
des saumons rouges adultes. On a rapproché statistiquement un indice continu de
la température de l'air régionale et les observations intermittentes sur la température
de l'eau afin de prévoir a posteriori les tendances de la température quotidienne de
I'eau pour plusieurs sites (cours inférieur de la riviere Somass, chutes Sproat, chutes
de la riviere Stamp) de 1918 a 2012. On a utilisé les relations statistiques entre les
observations du débit pour reconstituer les registres de débit discontinus des sites
de la riviere Somass et des chutes Stamp a partir des séries continues (1913-2012)
du site de la riviere Sproat. On a appliqué des analyses des dépassements des
seuils aux séries chronologiques reconstituées afin d'examiner les tendances des
températures et débits extrémes. Les valeurs moyennes quotidiennes de la
température et du débit de I'eau ont été mises en corrélation avec les taux de
migration du saumon rouge a la passe a poissons des chutes Sproat et des chutes
Stamp.

Des températures quotidiennes moyennes de I'eau supérieures a 19-21 °C a deux
sites (chutes Stamp et chutes Sproat) étaient associées a un arrét ou a une baisse
de la migration, notamment durant les longues périodes de faible débit. Aux chutes
Stamp, une bonne partie de la montaison (70 %) a eu lieu lorsque la température de
la riviére était de 18-19 °C et le débit de 20 & 50 m®/s. Toutefois, les pics quotidiens
de migration surviennent lorsque la température de I'eau est plus basse (16 a 18°C)
et le débit plus élevé (60 a 90 m?/s).

De 50 a 85 % des activités de migration dans la riviere Sproat (en jours) ont lieu
lorsque la température quotidienne moyenne de I'eau dépasse les 18-20 °C. Il est
possible que les débits supérieurs & la moyenne (> 30 m®/s) permettent aux
saumons rouges de la riviere Sproat de résister a des températures de I'eau
stressantes pendant ces 3 km de migration, cette riviere étant habituellement 1 a

2 °C plus chaude que les eaux relativement fraiches au confluent des riviéres
Somass et Sproat (<21 °C) et dans le lac Sproat, en eau profonde (<15 °C dans les
eaux hypolimniques). Les taux de migration quotidiens les plus élevés sont associés
a des températures de 17 & 22 °C et & des débits de 32 & 36 m*/s. Quand le débit de
la riviére Sproat est inférieur & 22 m?/s, les pics de migration surviennent lorsque la
température de I'eau ne dépasse pas les 18 °C.

Depuis les années 1950, la frequence et la durée des épisodes de
« chaleur » (température gquotidienne moyenne supérieure a 20 °C) dans la région
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de la riviere Somass augmentent régulierement. Cette augmentation s'accompagne
d'une hausse de la fréquence et de la durée des périodes équivalentes de
température « chaude » de I'eau des rivieres Stamp et Sproat, ce qui peut stresser
les poissons (baisse des taux de migration), voire les tuer (mortalités massives en
1990 et en 2004). Compte tenu des résultats de ce rapport, les prévisions liées au
changement climatique s'annoncent peu encourageantes en ce qui concerne la
viabilité de la production de saumon rouge de la riviere Somass dans les décennies
apres 2050 en I'absence d'interventions humaines (p. ex., création d'un réservoir
d'eau supplémentaire, construction de structures de rejet « d'eau froide » pour les
rivieres Somass, Stamp et Sproat) visant a atténuer les tendances des conditions
environnementales qui, si elles ne sont pas gérées, réduiront trés certainement le
succes de la migration du saumon rouge adulte a l'avenir.






INTRODUCTION

Maintaining healthy and diverse populations of salmon that will support sustainable
fisheries in the present and for future generations is the key goal of the Department
of Fisheries and Oceans’ Wild Salmon Policy (DFO 2005). This goal is advanced by
safeguarding the genetic diversity of wild salmon populations, maintaining habitat
and ecosystem integrity, and managing fisheries for sustainable benefits.

However, management methods to meet sustainable fisheries and biodiversity
objectives are likely to be affected by climate change impacts on the distribution,
abundance, and productivity of wild salmon populations (Finney et al. 2002).
Therefore, conservation, restoration, and harvest management of many wild salmon
populations will require improvements in knowledge of the extent to which human
disturbance versus natural disturbance events control variations in salmon growth,
survival, and production.

Within the general category of natural disturbance regimes or events, annual and
seasonal variations in freshwater temperature and flow represent the most common
factors exerting a major influence over salmon life history outcomes. Analyses of
historical data indicate that significant changes in regional meteorological factors
(such as air temperature and precipitation) that directly affect freshwater quantity
and quality have already occurred in response to climate change in Canada’s Pacific
region (e.g., Whitfield and Cannon 2000; Whitfield 2001; Whitfield, Bodtker and
Cannon 2002), and regional climate model projections point to increased changes in
these factors through the 21 century (Abdul-Aziz, Mantua and Myers 2011; Littell et
al. 2011).

Recent investigations in the Pacific Northwest and British Columbia have
demonstrated regional temperature shifts of about 0.8°C over the past century, with
projected temperature increases of 1.5-3.2°C in near-future decades (Mote et al.
2003). Seasonal precipitation has also changed markedly in the recent past (Walker
and Sydneysmith 2008), and future projections point to wetter winters and drier
summers, with a high likelihood that extreme events involving regional temperature
and precipitation will become more frequent (Mantua, Tohver, and Hamlet 2010;
IPCC 2007). These analyses also indicate that the magnitude, and, in some cases
the direction, of historical and projected climate variability, exhibit sub-regional
specificity due to the large and topographically complex areas involved (Walker and
Sydneysmith 2008).

Temperature effects on migrating adult Sockeye (Oncorhynchus nerka) have been
well documented in many river systems in the Pacific Northwest (McCullough et al.
2001; Hyatt et al. 2003; Nelitz et. al. 2007; Salinger and Anderson 2006). Lethal
temperatures are reported in the range 21-24°C, and water temperatures in excess
of 18°C may affect migration speed, cause timing delays, and alter spatial
distribution of Sockeye salmon. Increased water temperature also may result in
secondary effects such as increased disease, resulting in pre-spawn mortality
(Cooke et al. 2004; Hinch and Martins 2011). Thermal stress has also been found to
reduce salmon gamete viability, fertilization rates and decrease egg to fry survival



rates (Jensen et al. 2004). Since Sockeye populations may also differ in their
thermal tolerances, reflecting local adaptation to conditions over their historic
evolution (Farrell 2009; Martins et al. 2012), stock-specific responses to climate
variation and change impacts are also possible(Martins et al. 2010).

Stream discharge levels may also be associated with variations in migration timing,
causing delays, affecting swimming speed, and inducing biological stress during
upstream migration of adult salmonids (Hinch and Bratty 2000). The quantitative
effects may differ between water bodies due to unique physical stream attributes
(rapids and falls, canyons, etc., but also man-made fish-ways and weirs) which
influence water velocity in key locations along the migratory route. In some cases,
low flows may result in physical limits to fish passage; in other cases, high flows may
generate velocity barriers that reduce or prohibit upstream migration.

The current report is one of a series intended to consolidate and document historic
observations on key life history events and associated environmental variables for
relatively data-rich Sockeye and Chinook salmon populations distributed throughout
their range in Canada’s Pacific region (Stiff et al. 2013, 2015a, 2015b, 2015c;
Damborg et al. 2015). Although there are many potential uses for these data, the
focus of our current work is to develop life-stage specific models that identify
potential associations between salmon production variations and climate variation
effects in freshwater and marine ecosystems throughout the eastern rim of the north
Pacific.

STUDY AREA

The Stamp/Somass watershed was selected for initial investigation due to its’ long
history of salmon stock assessment and environmental monitoring activities (Hyatt
and Steer 1987). Salmon escapement, fry or smolt abundance, associated biological
traits and environmental data (temperature, flow, water quality) for this system have
been gathered by reliable methods over at least the past 30 years. Wild Sockeye
Salmon along with Chinook, originating from Robertson Creek Hatchery, have
assumed roles as important indicators of productivity trends likely to be exhibited by
a wider range of wild salmon populations from the west coast of Vancouver Island.
Thus, given appropriate qualifiers, analysis of outcomes of interactions between
environmental variations and “indicator stock” life history events may be used as a
predictive tool to anticipate environmental change and life history consequences for
regionally proximate but ‘data poor’ watersheds and salmon populations.

The Somass watershed drains an area of about 1,426 kmz2 into Alberni Inlet, a
coastal fjord 54.3 km long on southwestern Vancouver Island (Figure 1). The
watershed is characterized by a marine west coast climate, designated Cfb in the
Koppen classification system, and characterized by mild winters, warm summers,
and long spring and autumn seasons with small seasonal ranges in temperature
(Peel, Finlayson and McMahon 2007). The climate is distinguished by several
factors: the mean temperature ranges between 0°C and 22°C; and even the driest
month of the year receives more than 30 mm of precipitation on average.

The climate in the northeastern Pacific undergoes multi-decadal changes which
affect climate variables such as air temperature and precipitation in the Somass



watershed. The Pacific Decadal Oscillation index!, based on sea surface
temperature, indicates that the ocean was relatively cool from 1947-1976, and
relatively warm from 1977 to 1998 (Mantua and Hare 2002). Since 1999, the PDO
has been predominantly in cool phase, but has shifted every few years between
phases, making it currently difficult to determine if the 1998 shift was a true shift to a
cold phase (Climate Impacts Group, Univ. Washington, unpub. data, 2014%). While
the first half of the 2000s was predominantly in the warm phase, cool phase
conditions have predominated since 2006 (ibid).

The Somass watershed consists of three major sub-basins: the Sproat system
(387.5 km2 in area), dominated by Sproat Lake, which drains into the Sproat River
(mean daily flow 37.9 cms)?®; the Great Central system (651 km?2), dominated by
Great Central Lake, which drains into the Stamp River (mean daily flow 58.9 cms)*;
and the Ash River (388 km?), draining Oshinow and Elsie lakes (mean daily flow
16.7 cms)® also into the Stamp River. The Somass River, formed by the merger of
the Stamp and Sproat rivers, has a mean daily flow of 121.4 cms.®’

As part of a kraft pulp-mill effluent study, Tully (1949) evaluated Somass River
discharge impacts on dissolved oxygen concentrations in the Somass Estuary and
Alberni Harbour. Low discharge rates were correlated with low oxygen
concentrations which can be lethal to fish and other aquatic life (Birtwell et al. 1983;
Eby et al. 2005; Kidwell et al. 2009). As a result, flow controls in the Somass
watershed were implemented, coincident with pulp-mill production in 1956, to help
maintain adequate dissolved oxygen levels in Alberni Harbour as a rearing,
migration, and/or holding area for high value salmon species (Chinook, Sockeye,
Coho) originating from the Somass watershed. The original mill owner, MACMILLAN
BLOEDEL LTD. (now CATALYST PAPER CORPORATION, CPC), constructed a dam at the
outlet of GCL providing 98.7 million cubic meters of seasonal lake storage to
maintain a minimum Somass River flow of 26.6 m3/s (940 cfs), in support of mill
effluent dilution standards. This was accompanied by construction of a low-head
weir at the outlet of Sproat Lake, connected by overland pipeline to Port Alberni, to
provide a reliable source of water for the kraft pulp-mill operation.

! The Pacific Decadal Oscillation (PDO) is a pattern of Pacific climate variability that shifts phases on
an inter-decadal time scale, usually about 20 to 30 years. The PDO is detected as warm or cool
surface waters in the Pacific Ocean, north of 20°N. During a "warm", or "positive", phase, the west
Pacific becomes cool and part of the eastern ocean warms; during a "cool" or "negative" phase, the
opposite pattern occurs (Mantua and Hare 2002).

2 http://cses.washington.edu/cig/pnwc/compensopdo.shtml#pdoensoyears
% Sproat River Hydrological Station 08HB008, 1913-2012.

* Stamp River Hydrological Station 08HB009, 1914-1978.

® Ash River Hydrological Station 08HB023, 1959-2005.

® Somass River Hydrological Station 08HB017, 1957-2002.

! Hydrological data are available from ENVIRONMENT CANADA’s WATER SURVEY DIVISION website at:
http://www.wsc.ec.gc.cal/index_e.cfm.
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Robertson Creek Hatchery (RCH), located on the upper Stamp River near the outlet
of GCL, has been in operation since 1972 and is now one of the largest federal
SALMONID ENHANCEMENT PROGRAM (SEP) facilities on the BC Coast. Chinook, Coho
and Steelhead are the main species produced with annual releases of as many as
10M, 1M, and 100K juveniles, respectively. Hatchery personnel also conduct an
annual program of inorganic nutrient additions to Great Central Lake to enhance
Sockeye production (Hyatt et al. 2004; Hyatt et al. 2011). Production levels for the
four species combined make the Stamp/Somass the largest fish producer on
Vancouver Island, with sport, commercial and First Nations fisheries worth millions
of dollars annually to the Port Alberni and BC economies.

At Stamp Falls, the site of a natural obstruction to fish migration on the Stamp River,
a concrete vertical slot fish-way was constructed in 1927 and upgraded in 1954,
allowing virtually unimpeded access for all salmon species to the upper watershed
and GCL (Hyatt and Steer 1987). Prior to 1927, it is thought that salmon, with the
exception of summer run steelhead, were generally restricted to habitats below
Stamp Falls. Consequently, prior to 1927, Sproat Lake was the major source of
Sockeye returning to the Somass system. During several decades following
construction of the Stamp Falls fishway, catches and escapement of GCL Sockeye
increased to values averaging no more than 50,000 fish (i.e. total returns <100,000,
Hyatt and Steer 1987). Catches and escapements to GCL increased to an average
of more than 150,000 fish (i.e. total returns >300,000 fish) from the early 1970s to
present in association with salmon enhancement projects. Notwithstanding these
major fish production developments, Somass River Sockeye escapement over the
last three decades has been highly variable, with annual returns of 150,000 to
1,000,000 fish, and an all-year average of ~350,000 spawners split between the
Sproat and GCL stocks (DFO 2012).

Each year since 1975, adult and jack Sockeye have been electronically enumerated
on an hourly basis at fishways at one or more of Stamp Falls, Sproat Falls or the
outlet of Great Central Lake. Daily records of fish passage have been archived as
unpublished data of DFO South Coast Area after in-season and post-season
assembly and review by stock assessment personnel. These records serve here as
the basis for a retrospective analysis of annual Sockeye migration performance in
relation to seasonal water temperature and discharge variables.

METHODS

DATA ASSEMBLY AND ANALYSIS
Sockeye Migration Data

Daily sockeye escapement estimates for Great Central (1976-2012) and Sproat
Lake (1974-2012) stocks are provided by FISHERIES AND OCEANS CANADA.® These

® Great Central and Sproat Lake sockeye adults, jacks, and total sockeye are collated in a Microsoft
Excel® spreadsheet (EscDay.xIs) maintained by DFO South Coast personnel (D. Dobson, J. Till, K.
Hyatt, DFO; unpub. data).



data are collected in-season and finalized post-season by DFO personnel as follows:

Total daily sockeye migrants are estimated for each stock from hourly counts using
Pulsar™ electronic fish counters installed at the Great Central Lake fishway
(approximately 32 km upriver of the Somass estuary) and the Sproat Falls fishway in
the Sproat River (approximately 15 km above the Somass estuary) (Figure 1, Figure
2). Raw, hourly, electronic fish-counts are summed by date, and adjusted for daily
estimates of jack (small age-3 adults) percentages and non-sockeye based on:
twice-weekly visual calibrations of machine count accuracy, estimates of uncounted
migrants bypassing the counters®, and biological sampling for size, sex and age by
species (J. Till, DFO, pers. comm.). The combined totals of daily adult (i.e. large,
>40cm, age-4 and older) and jack (i.e. small, <40cm age-3) migrant estimates for
each stock are retained for subsequent analyses.

Beginning in the first week of September, the GCL electronic counters are removed
to allow upstream passage of Chinook salmon which are too large to pass through
the tunnel banks of Pulsar counters. At this point, all salmon passing through the
Stamp Falls fishway are recorded on videotapes, subsequently analyzed by trained
and experienced observers, who identify fish species, jack proportions (based on
fish size), and proportions of marked fish (adipose-fin clipped Chinook). Video
observations are thought to be typically greater than 95% accurate for counts,
species identification, and mark rate (J. Till, DFO, pers. comm.). Stamp Falls daily
video count data are appended to the GCL-fishway daily count time-series assuming
a one-day lag between counter sites.

Data issues identified in the sockeye migration data, and remedied prior to analysis
in the import process, include:

e negative escapement values (e.g., Great Central total sockeye, 07-Aug-1997;
Sproat total sockeye, 01-July-1997), which were replaced with a zero;

e unlikely zero counts (e.g., GCL, 21-Jul-2000), which were replaced by an
interpolated value from preceding and succeeding dates;

e prolonged electronic counter failures in 2010 at the Sproat fishway (July 6, 7,
13-15, 20-31, August 1-3, 11, 24-26, September 3-4, 22-26, 30), and the GCL
fishway (August 6-8, 11-12, 18 and 24), for which all dates with less than 16
observations of hourly counts were omitted;

« false peak migration date(s)™ in early September, attributed to upstream

o Though bypass at the GCL fishway is an uncommon event (attributed to infrequent dislodging of
fishway screens), migrants bypassing the Sproat fishway may make up a significant but variable
portion (5-30%) of the Sproat escapement as fish routinely jump the falls during low summer flows (J.
Till, DFO, pers. comm.).

% Annual GCL escapement estimates also include a tally of manual observations obtained from
Stamp River swim surveys between the Stamp Falls and GCL fishways to account for fish that are not
tallied at either fishway during the interim period between termination of the electronic counters at the
GCL fishway and startup of Stamp Falls video monitoring. However, no data are available regarding
the daily timing for these migrants through the GCL fishway. As the swim survey counts are generally
added to the last date of GCL fishway counts in the source data (for final spawner totals estimation),



swim survey count data aggregated into a single date (e.g., Great Central
Lake, 05-Sep-2002, 04-Sep-2003, 10-Sep-2004, 08-Sep-2005, 07-Sep-2006,
06-Sep-2007, 03-Sep-2009, 02-Sep-2010, and 01-Sep-2011; J. Till, DFO,
pers. comm.). These values were reduced to known GCL count data for those
dates, or replaced with estimates interpolated from preceding and succeeding
dates; and

e erroneous date shifts in the MS-Excel dataset (relative to the original MS-
Access database source), including a one-day offset for GCL sockeye (04-
Aug-1982 to 08-Aug-1982). The dates for these data were shifted to coincide
with the source data (MS-Access database) prior to analysis.

To standardize the annual adult migration time-series for inter-year and inter-stock
comparisons, daily percentages of Sproat and Great Central sockeye stock migrants
were calculated relative to the total annual stock escapement. Annual plots of daily
migration rate (% relative to the annual total escapement) were generated, overlaid
with historical mean and maximum daily migration rate by Julian day-of-year, for
inter-annual migration pattern comparisons.

Univariate statistical analyses were used to characterize the distributions of
migration effort by adult sockeye. Properties examined included central tendency
(mean, median, modal date of passage), scale (range, variance, extreme values and
outliers), and shape (skewness, kurtosis) of annual migration effort distributions at
the location of interest. Median (50" percentile) and 75™ quartile values of the
historical datasets were calculated to establish low (0-75" percentile), medium (75-
90™ percentile) and high (90-100™ percentile) categories for daily migration rate
classification. Quartiles of the Julian dates of migration in the historical data were
used to categorize daily migrant data into early (0-25" percentile), middle (25-50™
percentile), and late (75-100™ percentile) observations. Daily migration rate (%) data
were transformed using the arcsin function to normalize the percentage data where
appropriate for parametric analyses (Sokal and Rohlf, 1969).

For the purposes of aligning daily sockeye migration timing with environmental
variables at key points in the freshwater migratory route (e.g., Papermill Dam in the
lower Somass River, fish-ways and counter sites in the Stamp and Sproat Rivers),
migration dates were lagged under the assumption that Somass sockeye in
freshwater migrate at 8.7 km/d (Manzer, Morley, and Girodat 1985). For example, to
align GCL migrant data with Stamp River Fishway temperatures and flow levels
approximately 14 km downstream, 2 days were subtracted from the GCL counter
date. To align stock migrant data with lower Somass temperatures and flow levels, 5
days were subtracted from the GCL counter date, and 3 days were subtracted from
the Sproat counter date. Where environmental data were coincident with migration
data (e.g., Sproat counts, temperatures, and discharge readings adjacent to the

artificially inflating the daily migrants estimate for that date, swim survey data must be excluded from
migration pattern analyses. Thus, for the purposes of this analysis, daily adjusted counts for the final
GCL counter date are restricted solely to daily fishway estimates, if available. If unavailable, the tally
for any dates including swim survey counts is replaced by an interpolated value based on previous
and next dates.



Sproat River Fishway), no date lags were applied.

Environmental Data

Physical data, including air temperature, precipitation, and water temperature were
assembled from existing electronic databases, published documents, unpublished
reports and personal records from a variety of sources including government
agencies (e.g., B.C. MINISTRY OF ENVIRONMENT, Canada’s DEPARTMENT OF THE
ENVIRONMENT, WATER SURVEY OF CANADA, and FISHERIES AND OCEANS Canada),
public utilities (B.C. HYDRO) and industry (CATALYST PAPER CORPORATION), as well as
private and non-governmental organizations.

Basic statistical analyses were required to collate and describe the available data,
establish relationships between regional air and site-specific water temperature
datasets, and define inter-site relations for both water temperature and discharge
datasets to infill missing observations. STATISTICAL ANALYSIS SOFTWARE (SAS®
Version 9.2; 2008) was used to analyze the data. The resulting datasets were stored
in a relational MiICROSOFT AcCESS® FRESHWATER ENVIRONMENTAL VARIABLES
DATABASE and are available from DFO upon request.*

River Discharge

Total daily discharge (cms) data for the Somass watershed were obtained from the
archives at the WATER SURVEY OF CANADA (WSC) website.*? WSC stations utilized in
this analysis include:

e Somass near Port Alberni (Station 08HB017, 49°17'7"N x124°52'0"W, 1957-
2003, with the exception of blocks of missing data in 1969, 1970, and 1973);

e Stamp River near Alberni (above the Sproat River confluence) (Station
08HBO010, 49°20'6"N x 124°55'15"W, 1913-1978); and

e Sproat River (Station 08HB008, 49°17'23"N x 124°54'37"W, 1913-2011).
Real-time WSC data are also available for the Sproat River station for 2012,
which were appended to the Sproat River data for this analysis.

With the exception of the real-time data, these datasets undergo detailed quality-
control analysis before posting to the WSC web site.

The Sproat River station (Station 08HB008) was selected as the hydrometric
reference site on the basis of its active status, extended record length (1913-
present), and limited level of regulation*®. Though discharge data collection has
been intermittently re-instated near the Somass River site as of 2008'* and near

M Contact Howard. Stiff@dfo-mpo.gc.ca or Kim.Hyatt@dfo-mpo.gc.ca.

2 Environment Canada — Water Survey of Canada website:
http://www.wsc.ec.gc.ca/applications/H20/HydromatD-eng.cfm.

3 A low-head weir (overflow dam) at the outlet of Sproat Lake supports provision of water for CPC’s
Port Alberni pulp mill operation, and fish passage in Sproat River (Figure 2).

1 Preliminary Somass River discharge data (station 08HB017) for 2008-2009 were made available by
Northwest Hydraulics Consultants (Barry Chilbeck, nhc, pers. comm.).
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Stamp Falls since 2010*°, missing blocks of data in 1969, 1970, 1973 and from
2003-present necessitated reconstruction of Somass discharge based on the active
hydrological Sproat River time-series. Similarly, estimates were required for missing
flow data for the Stamp River station time-series, which terminated in 1978.

However, Sproat River is hydrologically smaller than the Stamp/Somass
waterbodies, resulting in challenges in establishing simple inter-site flow models. At
moderate flow levels, discharge volumes in the Sproat River are approximately one-
third of those in the lower Somass (Table 5), and about half those at Stamp Falls
(Table 3). Linear, log-linear, and curvilinear (parabolic) models were used to derive
station-to-station discharge relations for reconstruction of missing station values, as
follows:

1. Statistical models were employed to develop station-to-station discharge
equations for the much larger Somass waterbody'® as a function of same-day
Sproat River'’ discharge. Models included the simple linear model (Y = A +
BX); a non-linear log model (Y = AX®); and a curvilinear model (Y =A+BX +
cX?). Data were restricted to the summer months (July-September) to focus
on the water levels relevant to migrating sockeye. Calibration data were
partitioned from the datasets by selecting every 10™ daily observation; this
also served to reduce the error associated with parametric analyses of auto-
correlated time-series. Validation data were based on all data. The most
appropriate model was selected based on goodness of fit tests, and
correlation analysis was used to compare predicted discharge time-series
with available observed discharge data.

2. A similar process was followed for reconstructing missing Stamp River flows,
though this was hindered by the fact that Stamp flows*® are affected by
regulated discharge from the outlet dam at Great Central Lake. During very
low Sproat flows, Stamp flows were often maintained at an approximate late
summer minimum level of 20 cms under regulated operations. Lack of
correlation between the sites at lower flows was partially alleviated by
restricting the data analysis to 1960-2012 (post-dam construction). Best
estimates of missing Stamp flows were based primarily on the relatively linear
Somass-to-Stamp relationship, followed by infilling of remaining missing
Stamp data using the best-fit Sproat-to-Stamp discharge model.

Air Temperature

ENVIRONMENT CANADA’S METEOROLOGICAL SERVICES group maintains an archive of
climate, hydrographic and water quality data gathered from both active and inactive
stations distributed throughout British Columbia and the Yukon. Station locations

!> BCCF data loggers in 2010 — 2012 (Pellett et al. unpub.); DFO data loggers in 2013 (pers. comm.
C. McConnell, DFO).

'® Somass River drainage area: 1,280 km? (WSC)
o Sproat River drainage area: 351 km? (WSC)
18 Stamp River drainage area: 899 km? (WSCQC).



and data descriptions can be found at the ENVIRONMENT CANADA (EC) climate data
archive®®. This web site was accessed to identify potential sites of air temperature
data within the area of interest (Figure 2) for statistical analyses with water
temperature data. Climate station 1090230 (Alberni Robertson Creek) was ultimately
selected for data retrieval on the basis of (i) the quantity and quality of data
available; (ii) proximity to key habitat locations used by one or more life history
stages of Somass salmonids; and (iii) the potential to routinely update data (i.e.
Robertson Creek is an “active” climate station). In addition, stations Alberni Lupsi
Cupsi (1030210), Shuhum Creek (1036218), Port Alberni (1036205), Port Alberni
Airport (1036206), and automated station Port Alberni AUT (automated 1036B06)
were identified as locations that could provide supplementary, temporally-
overlapping historical data from which the Alberni Robertson Creek period of record
could be extended (Figure 2). As a final resort, data from the nearest AHCCD?°
stationz,lEstevan Point, were obtained to infill any remaining minor data gaps (< 3
days).

For the majority of Canadian climate stations, air temperature measurements are
taken from self-registering, maximum and minimum thermometers that record the
extremes of each parameter within a 24-hour period. Daily mean temperature, where
provided, is defined as the average of the maximum and the minimum temperatures
attained during the 24-hour period. Daily maximum, minimum, and mean air
temperature, and total daily precipitation data were downloaded as electronic files*
from ENVIRONMENT CANADA’S CLIMATE DATA SERVICES at Canadian Climate Data
Online®. These datasets undergo detailed quality-control analysis before posting to
the web site.

ROBERTSON CREEK “STANDARD” AIR TEMPERATURE INDEX

Reconstruction of an historic, long-term, freshwater thermal regime requires a set of
daily mean air temperature records spanning multiple decades. Climate records for
Alberni Robertson Creek do not commence until February 1, 1961; however, data
from nearby station Port Alberni (1036205) are available for July 1, 1917 through

19 ENVIRONMENT CANADA Climate Data: http://climate.weatheroffice.gc.ca/climateData/canada_e.html

% ENVIRONMENT CANADA has refined the air temperature and precipitation time-series for certain
stations, as part of the ADJUSTED AND HOMOGENIZED CANADIAN CLIMATE DATA (AHCCD) group of
climatological stations across Canada. These data incorporate a number of adjustments applied to
the original station data to address shifts due to changes in instruments and in observing procedures,
thus optimizing their use for research including climate change studies (Vincent et al. 2012; Vincent
and Gullett 1999).

# AHCCD Licence Agreement: This work contains data licenced "as is" under the Government of
Canada Open Data Licence Agreement. Such licencing does not constitute an endorsement by the
Government of Canada of this product.

2 Robertson Creek air temperature and precipitation data were originally downloaded on 27 May
2003, and data for Port Alberni and Alberni Lupsi Cupsi were originally retrieved 30 Sep 2003. Data
updates for these stations and all data for Shuhum Creek, Port Alberni Airport, and Port Alberni
AUT were retrieved 29 Feb 2008.

3 http://climate.weather.gc.ca/index_e.html
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October 31, 1960. Strong correlations in air temperature due to the geographic
proximity among regional weather stations enabled the development of a series of
linear regressions to incorporate data from the nearby stations into a “ROBERTSON
CREEK STANDARD” station — a single regional daily air temperature time-series with a
continuous period of record spanning July 1, 1917 to December 31, 2012. Alberni
Lupsi Cupsi climate records (November 1, 1948 through December 1, 1974) were
necessary to provide a bridge between the Port Alberni and Robertson Creek data
sets, according to Equation 1 and Equation 2, in the following manner:

Least squares linear regression was used to establish the relationship for daily mean
air temperatures at Lupsi Cupsi 1030210 (LC) as a function of Port Alberni 1036205
(PA):

Equation 1: LC =0.952 - PA - 0.614 (r* = 0.96, n = 3996, p < 0.001)

The above equation was used to infill daily mean air temperature for missing LC
dates prior to 1961, and to extend the LC air temperature time-series back to 1917.

A second linear regression was developed to establish the relationship for daily
mean air temperatures at Robertson Creek as a function of Lupsi Cupsi (1961-
1974):

Equation 2: RC =1.034 - LC —1.176 (r*= 0.98, n = 4852, p < 0.001)

Equation 2 was used to infill daily mean air temperature for missing RC dates from
1961 to 1974, and to extend the RC air temperature time-series back to 1917.

Similar least squares regression equations were developed to establish the
relationship between daily mean air temperatures at Robertson Creek and the Port
Alberni Airport (PAA) (1980-1995) (Equation 3), Shuhum Creek (SHU) (1987-2000)
(Equation 4), Port Alberni AUT (1994-2007) (Equation 5), and Estevan Point
(AHCCD station 1032730, 1924-2012) (Equation 6) to estimate Robertson Creek air
temperatures for missing dates from 1924 to December 31st, 2012:

Equation 3: RC =1.066 - PAA —0.925 (r*= 0.98, n = 5413, p < 0.001)
Equation 4: RC =1.003 - SHU —0.083 (r*=0.99, n = 4222, p < 0.001)
Equation5: RC =1.019 - AUT —0.093 (r*= 0.98, n = 4514, p < 0.001)
Equation 6: RC =1.530 - EST —5.014 (r*= 0.85, n = 3158, p < 0.001)

The ROBERTSON CREEK STANDARD “station” was thus assembled as a continuous
table of daily mean air temperatures for the time period 01-Jul-1917 to 31-Dec-2012,
where:

1. Daily air temperatures for July 1917 through December 1960 were
calculated from Equation 1 and Equation 2;

2. Daily air temperatures for February 1961 through December 2012 were
collected at Environment Canada climate station Alberni Robertson Creek
1030230, and;

3. Missing data between January 1961 and December 2012 were calculated
from Equation 2 to Equation 5 based on data availability. Where multiple
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sites of data were available, the relationship demonstrating the highest
correlation coefficient was used.

4. Missing dates between 1924 and 2012%* were in-filled from AHCCD
station Estevan Point according to Equation 6.

Temperature and precipitation data for the ROBERTSON CREEK STANDARD are
periodically updated from ENVIRONMENT CANADA station Alberni Robertson Creek
1030230 at http://climate.weatheroffice.ec.gc.ca/climateData/canada_e.html, and
stored in a relational MICROSOFT ACCESS® FRESHWATER ENVIRONMENTAL VARIABLES
DATABASE, available from DFO upon request.”

MULTI-DAY MEAN AIR TEMPERATURE INDICES

The best predictive air-water relationships exist for associations between daily mean
water and multi-day mean air temperature (Hyatt and Stockwell 2003; Webb and
Nobilis 1997). Hyatt and Stockwell (2003) found that a 10-day cumulative moving
average temperature (MAT) produced the maximum correlation with daily mean
water temperature. Ten-day MATSs are calculated such that the value at day n is the
average of daily means from day n - 9 to day n inclusive. This form of moving
average is referred to as a backward moving average, since it is effectively a
cumulative average of past observations only.

The ten-day backward moving average air temperature (10d BMAT) does, however,
introduce two forms of bias into the resulting estimated daily mean air temperature,
either of which may influence the correlative and predictive capacity of air/water
temperature relationships.

One effect of using backward moving averages is a temporal displacement of
temperature changes (such as peaks and troughs) later than their actual occurrence.
However, a centered moving average (e.g., a 10-d CMAT, from day n—5to n + 5)
affects multi-day means such that peaks and troughs align more accurately with the
original daily mean air temperature time series. Thus, multi-day CMATSs derived from
the ROBERTSON CREEK STANDARD daily mean time-series were utilized in this study
for correlative analyses with site water temperatures.

MAT indices calculated over extended periods also lead to a reduction in the day-to-
day variability in the resulting temperature time-series. To evaluate the effects of
period length in the multi-day mean air temperature index, the “observed” mean daily
Robertson Creek air temperature time-series was compared to four multi-day mean
indices derived from centered moving average periods (3d-CMAT, 5d-CMAT, 7d-
CMAT and 10d-CMAT).

Correlation analysis was used to identify the most appropriate multi-day CMAT index
for estimation of missing daily mean water temperature at each water temperature
site, by comparing Pearson correlation coefficients for the five different regional air

* AHCCD data were only available from 1913-2011; 2012 data from online unadjusted Estevan Point
station 1032730 were appended to the time-series until AHCCD data become available.

% Contact Howard.Stiff@dfo-mpo.gc.ca or Kim.Hyatt@dfo-mpo.gc.ca.
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temperature indices specified above, with daily mean water temperatures from high-
resolution data logger data sets for a representative subset of the available years of
air/water temperature data, designated as a calibration dataset. Selection of data for
the calibration data set was based on subjective and statistical examinations of the
annual air and water temperature time-series plots and annual regression
relationships. Years with consistent and apparently unbiased data logger readings
associated with a maximum range of temperature values for both warming and
cooling periods® were preferred for characterizing the all-year air/water temperature
relationship. The remaining data were used for validation of statistical relations.

The multi-day ROBERTSON CREEK STANDARD CMAT index with the lowest adjusted
Akaike Information Criterion (AlCc) and the highest Pearson correlation coefficient
for calibration data was used for subsequent air/water temperature regression
relations. Although the 10-d CMAT index was included in this assessment, and
(usually) generated the maximum correlation, this index was ultimately discarded in
favour of the 7-d CMAT due to the undesired trade-off between high correlation
versus the dampening effect of the 10-d CMAT on day-to-day air temperature
variation, described above.

Univariate statistical analyses were used to characterize the selected air
temperature index for the period of historical migration data i.e., number of
observations, central tendency (mean, median, mode, etc.), variation (range,
variance, extreme values and outliers), and shape (skewness, kurtosis)). A threshold
exceedance analysis, tallying the decadal mean monthly frequency of dates for
which the multi-day air temperature index exceeded 20°C, was used to examine
trends in high temperature events.?’

Precipitation

Precipitation data are included in this compendium of physical data as they are
generally correlated with discharge levels and in some cases, water temperature.
They may also be useful for downscaling projected changes in regional precipitation
due to climate variation to the local level, as is available from most climate model
outputs. The EC METEOROLOGICAL SERVICES web site was queried for total daily
precipitation (mm) for the available years (1961 to 2012) for climate station Alberni
Robertson Creek (1090230). Missing precipitation data at Robertson Creek station
were not interpolated or in-filled from other stations, and thus extend only from 1961-
2012. Total daily precipitation data are plotted along with Robertson Creek mean air
temperature.

Water Temperature

Water temperature data were assembled for three key sites along the migratory
route of Somass sockeye, including the Stamp Falls fishway for GCL-bound fish, the
Sproat River fishway for Sproat-bound fish, and the lower Somass River at the

% Derivation of the seasonal flux point between warming and cooling “seasons” is described in
section Air/Water Temperature Relationships.

" Mote et al. (2003) suggest a monthly average air temperature of 20°C to be a dependable upper
threshold for identifying suitable salmon habitat.
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Papermill Dam site, where both stocks enter the watershed (Figure 2). The resulting
datasets were stored in a relational MICROSOFT ACCESS® FRESHWATER
ENVIRONMENTAL VARIABLES DATABASE and are available from DFO upon request.”®

A variety of sources and data types (e.g., instantaneous measures from hand held
thermometers, and sub-daily samples from automated thermographs) were
assembled for these locations. Electronic records of thermograph readings were
received as point temperatures at regular intervals within a given 24-hour period, or
as average temperatures of multiple samples across the interval. Sub-daily, interval
data ranged from half-hourly, to hourly, to measurements taken every 3, 4, 6, 8, or
12 hours. When multiple sources provided data for the same location and time
period, the source covering the longest interval of time with the best temporal
resolution was chosen for inclusion in the tables. For data validation purposes, water
temperature records were supplemented with data from:

e instantaneous, but long-running and regularly-sampled (approximately
weekly) Somass spot temperatures from the CATALYST PAPER CORPORATION
(CPC, Port Alberni) as part of ENVIRONMENT CANADA’S ENVIRONMENTAL
EFFLUENT MONITORING PROGRAM (EEMP) datasets;

e DFO field surveys and supplemental physical data measures; and

e WATER SURVEY OF CANADA (WSC) hydrographic stations in the
Stamp/Somass watershed (stations 08HB009, 08HB010, and 08HBO017).

Observed water temperature data can be classified into three categories based on
temporal data resolution:

e Class 1: Automated, date-specific data summarized from multiple samples
evenly spaced over a 24-hour period;

e Class 2: Daily mean values, derived from automated data summarized from
date-specific samples, though of unknown frequency and/or interval; and

e Class 3: Instantaneous and possibly routine date-specific “spot” samples, taken
at a specified or unspecified time of day, but most likely during daylight hours,
and therefore systematically biased.

Class 1 datasets provide the highest resolution and least potential bias, and are
therefore the most appropriate data for statistical use in site-specific air-to-water and
inter-site water-to-water temperature relationships. Class 2 and Class 3 data may be
used to extend these Class 1 time-series, but only if the data are found to be
statistically equivalent, using parametric comparisons tests (e.g., ANOVA, paired t-
tests).

The following sections describe the specific water temperature datasets used in this
analysis to calibrate and validate regression models for estimation of mean water
temperature (MWT) from air-to-water temperature relations at three key locations:
Somass River (Papermill Dam); Stamp Falls (fishway); and Sproat Falls (fishway).

28 Contact Howard.Stiff@dfo-mpo.gc.ca or Kim.Hyatt@dfo-mpo.gc.ca.



mailto:Howard.Stiff@dfo-mpo.gc.ca
file:///C:/Users/stiffh/Documents/FISHERIES/Sockeye%20Return%20Timing/SOMASS/Kim.Hyatt@dfo-mpo.gc.ca

14

SOMASS RIVER AT THE PAPERMILL DAM SITE

Somass surface water temperatures® near the mill have been recorded from 1991-
2012 by mill personnel for the EEMP (Larry Cross, CPC, Port Alberni; and Janice
Boyd, ENv. CANADA, EEMP unpublished data). These data are collected adjacent to
the “lime-rock dock”, approximately 1 km up-river from the mouth of the Somass,
generally between 10:00 and 16:00 hours. EEMP sampling effort varied
considerably between years, and between months within years. In the summer
months, water quality samples were taken weekly in recent years and in some years
every 3 or 4 days.

Somass water temperature data have been supplemented in recent years with
hourly mean water temperatures obtained from data loggers installed at the
Papermill Dam site, by DFO (end of August to early November 2000; J. Till, DFO
Nanaimo, pers. comm.), and the B.C. CONSERVATION FOUNDATION (2009-2010; K.
Pellett & J. Damborg, BCCF, Nanaimo, pers. comm.).

STAMP RIVER FISHWAY

Sub-daily temperature records (sampled every 6 hours) were made available from
project-specific thermograph installations at the Stamp River Falls fishway (June
2000 - July 2004) by DFO personnel (J. Till and P. Rankin, DFO Nanaimo, pers.
comm.). Similar data were collected for a short period (end of August to early
November 2000) in the Somass River near the CPC mill (J. Till, DFO Nanaimo, pers.
comm.). Other sub-daily data for which only daily means are currently available were
provided by DFO (Kim Hyatt, Margot Stockwell, unpub. data) for 1993, 1995 and
1996.

Stamp River MWT data have been supplemented recently by hourly mean water
temperatures obtained from data loggers installed at Stamp Falls (2009, 2012), in
the Stamp above the Sproat confluence (2008-2012) and below the Ash confluence
(2009-2012), by personnel at the B.C. CONSERVATION FOUNDATION (K. Pellett & J.
Damborg, BCCF, Nanaimo, pers. comm.).

SPROAT RIVER

Sub-daily temperature records (sampled every 6 hours or more) were made
available from thermograph installations in Sproat River for discontinuous time-
periods in 1996 and between 2000 — 2004 and 2006 (J. Till, DFO Nanaimo, pers.
comm.). However, sampling settings on the OpTIC STOWAWAY device were set to
record the maximum hourly temperature (instead of the average) for most of July
and August 2003, and for all data in 2004 and 2006, rendering these data positively
biased.

MWT data for the Sproat watershed have been supplemented recently by hourly
mean water temperatures obtained from data loggers installed in Sproat River above
the Stamp confluence and at the highway bridge (2009-2012) by the B.C.

* Somass surface water samples also included salinity, pH, and dissolved oxygen (mg/L and %
saturation) under the EEM program.
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CONSERVATION FOUNDATION (Pellett et al. 2015).

Other high-resolution water temperature data are available from samples collected
by the automated DISTRIBUTED CONTROL SYSTEM (DCS) at CPC, at the mill end of an
inflow pipe from Sproat Lake, since 1998, but most consistently since June 2003
(Larry Cross, CPC, Port Alberni, pers. comm.). However, due to irregularities in the
water temperature time-series associated with the pipeline®, the DCS data are likely
positively biased, and therefore were not used to parameterize the Sproat air/water
temperature relationship.

Water Temperature Analyses

Water temperature data cleanup consisted of examining descriptive statistics and
graphic output to identify anomalous data and outliers, in conjunction with a review
of field notes regarding data logger installation, removal dates and times. All
anomalous data were retained in the database but flagged for omission (i.e., OMIT
field = YES) from analysis.

All water temperature data sets for the Somass watershed were originally
assembled in a Microsoft Excel® spreadsheet® grouped by sub-basin, site, year,
date, and hour. Times for valid sub-daily water temperature data were rounded to
the nearest hour. If multiple observations per hourly interval were recorded,
temperature measurements were averaged for the hour. The data records are
annotated with source and contact information, including thermograph make, model,
and serial number where available, plus recording settings such as the device
sampling technique (average, maximum, singular, etc.) and sampling interval in
hours. Daily mean water temperature datasets are available in the Microsoft
Access® SOCKEYE AND FRESHWATER ENVIRONMENTAL VARIABLES DATABASE (Hyatt and
Stiff, DFO unpublished data) and imported into SAS® programs for analysis.

Water temperature data were averaged by site and date. Univariate statistical
analyses were used to characterize the site-specific daily MWT time-series for the
period of record (i.e., number of observations, central tendency (mean, median,
mode, etc.), variation (range, variance, extreme values and outliers), and shape
(skewness, kurtosis)).

Somass River data logger readings, made available for intervals in 2009 and 2010
(Pellett et al. 2015) were used in regression procedures to evaluate the presence of
sampling bias in weekly spot temperatures provided by CPC.

Select daily MWT data were used with our MAT index to establish site-specific air-to-

%9 CATALYST MILL intake water is pumped from the Stirling Basin in Sproat Lake at a depth of 3 m (or
less in summer when the lake level is lower) through a buried pipe for a distance of approximately 6
km to the paper mill in Port Alberni. The pipeline was located on the surface from 1998 to October 9",
2002, but is currently buried 3 m below ground for most of its length, except at a road crossing near
the Port Alberni landfill, and for the last section along a trestle crossing the Somass River (Larry
Cross, CATALYST PAPER LTD., Port Alberni, pers. comm.).

% Microsoft Excel® spreadsheet SomAss WATER TEMPERATURES BY SITE DATE HOUR.XLS.
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water temperature regression relations®, described below.

A threshold-exceedance analysis, tallying the decadal mean monthly frequency of
dates for which the reconstructed MWT temperature index exceeded 20°C, was
used to examine site-specific trends in water temperature conditions during the adult
migration period.

Air/Water Temperature Relationships

Various authors have used regression models to illustrate the close relationships
that exist between fresh water and air temperatures on hourly, daily, weekly, and
seasonal time scales (Hyatt and Stockwell 2003; Pilgrim, Fang and Stefan 1998;
Stefan and Preud’homme 1993; Webb and Nobilis 1997). These studies have
demonstrated that variations in local air temperature are generally sufficient to
explain as much as 80% of the seasonal variations in local daily mean water
temperature (MWT), utilizing either linear or nonlinear regression models (Mohseni
and Stefan 1999).

LINEAR REGRESSION

Regression relations between air and water temperature are known to be accurate
at moderate air temperatures (i.e. 10-20°C) (Mohseni and Stefan 1999). Because
mean temperatures in the Somass watershed generally fall within this range during
adult sockeye migration, reasonable predictive relationships could be expected for
freshwater temperatures as a linear function of regional air temperature, according
to the following model:

Equation7: T,=a+ B*T,;where
Ty is the estimated water temperature;
T, is the air temperature index; and
a is the y-intercept and 3 is the regression coefficient.

However, due to the effects of freezing at low air temperatures and evaporative
cooling at high temperatures (hysteresis*?), the true air/water temperature
relationship does not remain linear at the full range of regional air temperatures, and
a linear model will therefore misrepresent site MWT at the both lower and upper
temperature extremes, depending on waterbody characteristics. The large surface
area and volume of lakes and large rivers has a major influence on the differential
rates of seasonal heat exchange (Hyatt and Stockwell 2003). Thus, streams and

#tis also possible to derive site-to-site water temperature relations between a reference site (which
has a well-established air-to-water temperature relationship) and secondary watershed sites of
interest.

% Hysteresis: the heat storage properties of water. Hysteresis is a measure of the seasonal effect of
the differential rates of heat exchange between air and water as the spring-to-summer period warms
up and the fall-to-winter period cools down (Wetzel 1975). The observed pattern of hysteresis is
related to the complex physics of air-water heat exchange processes. These involve evaporative
cooling of the lake in the late summer-to-fall, thermal de-stratification in the fall-to-winter; rapid, wind-
induced, mixing of surface and deep waters through the winter, and initiation of thermal stratification
and evaporative cooling once again in the spring-to-summer season.
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creeks located upstream of major water bodies may exhibit little or no hysteresis
effects, due to their small surface area and continuous flushing activity.

One method of accounting for hysteresis is to utilize separate linear functions for the
warming and cooling periods of the year, by partitioning the dataset into seasonal
components (spring-summer, summer-fall and (optionally) winter), in order to obtain
more meaningful predictive relationships (e.g., the “broken stick” model - Hyatt and
Stockwell 2003).

To do this, the warming and cooling “seasons” must first be delineated by
determining the upper thermal “turn-around point” (Mohseni, Stefan and Erickson
1998) for each water temperature site. The point of seasonal transition was set to
the week of maximum mean daily air temperatures — which usually also corresponds
to the maximum mean daily water temperatures. Ignoring the winter season (for
which air/water temperature relations are poor), the weekly period associated with
the minimum mean air temperature defines the starting point of the warming season
(and the ending point of the cooling season), and the period associated with the
maximum mean air temperature indicates the ending of the warming season (and
the starting point of the cooling season) — most often in early-to-mid-August in
coastal B.C. The day-of-year (DoY) of the summer seasonal transition is
approximated by multiplying the week value by seven days (e.g., week 30 - DoY
210), and this value is used to delineate all time-series into either warming or cooling
seasons.

The existence of hysteresis in a waterbody, and the resulting need to use separate
warming and cooling season regressions models to describe air/water temperature
relations at a particular site, can be evaluated by testing whether an additional
categorical “season” predictor in the linear air-to-water model is a significant effect
(signifying different seasonal model intercepts) and/or whether there is a significant
interaction effect with air temperature, indicating significant differences in seasonal
model slopes (i.e., P < 0.05 for the Type Ill model sum of squares (SAS 2008).

Limitations inherent in the linear “broken stick” method include poor estimation of
winter temperatures due to a lack of relationship between air and water
temperatures at freezing levels; and possible temporal discontinuities at the juncture
between warming (spring-summer) and cooling (summer-fall) seasons due to
significant differences in the coefficients of the seasonal relations. These limitations
may be problematic where examination of environmental influences on a given
salmon, life-history event requires application of continuous, multi-season analysis.

NONLINEAR (LOGISTIC) REGRESSION

An alternative approach involves fitting a nonlinear logistic curve®* to the air/water
temperature data (Mohseni, Stefan and Erickson 1998):

Equation 8: T, =u+ (a—u) /@1 +e” P 7d): where

T, is the estimated water temperature;

3 Assuming the variability of values follows a Gaussian distribution, a multivariate secant method
may be used to estimate the four parameters (Mohseni, Stefan, and Erickson 1998).
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T, is the measured air temperature index;

a is the estimated maximum water temperature;

A is the estimated minimum water temperature;

yis a measure of the steepest slope of the function; and
S represents the air temperature at the inflection point.

When the function is derived from a comprehensive range of site air and water
temperatures, and hysteresis is not a factor (small or rapidly flushing streams), the
logistic regression method can integrate the full cycle of the seasons into a single
mathematical relationship.

Again, however, waterbody size, flow rates, and other characteristics can influence
the form and fit of the logistic equation. The most appropriate form of the logistic
model may depend on the minimum temperature range (parameter p) for the
watershed. Where water bodies freeze, minimum water temperatures can reach
0°C; thus, the parameter pu, should be set to zero (i.e., removed from the function —
Mohseni and Stefan 1999), as in Equation 9 (other parameters are defined as in
Equation 8):

Equaton9: Ty,=a/(1+e??"TQ)
For the large lakes and rivers in the coastal Somass ecosystem, which do not freeze

in winter, minimum water temperature remain above zero (i.e., u = 0), and parameter
u is estimated from the data, as in Equation 8 above.

To detect hysteresis effects in the nonlinear model, goodness-of-fit is assessed from
the Nash-Sutcliffe Coefficient (NSC), calculated as (Mohseni and Stefan 1999):

Equation 10: NSC =1 — (£ (Tsim — Tobs)* / = (TBARGobs — Tops)?) ; Where
Tsim = estimated water temperature;
Tobs = Observed water temperature; and
TBARqps = Mmean observed water temperature.

The degree of hysteresis in a water body is assessed from a comparison of the NSC
value for the all-season model versus the (averaged) NSC values for the separate
warming and cooling season models (Mohseni, Stefan, and Erickson 1998):

Equation 11: Hysteresis = [([NSC,, + NSC.) / 2 —= NSC,] = 0.01 ; where
NSC,,= NSC for warming season;
NSC. = NSC for cooling season;
NSC,.,= NSC for all seasons combined;

If the averaged seasonal NSC is larger (i.e., 2 NSC,, + 0.01) than the NSC of the
one function fit to the entire dataset, hysteresis exists. The presence of hysteresis
indicates that the warming and cooling season equations are better suited for
predictive purposes than the single function derived from the entire time-series.

Employing two nonlinear equations to model a water body’s temperature may result
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in a discontinuous “step” event in the daily time-series at the seasonal transition date
where the two equations “meet” (similar to the linear “broken stick” method). This is
largely due to insufficient data distributed in the upper thermal range for both
seasonal models. The step effect may be reduced by selecting calibration data that
contain representative observations at the upper end of the temperature range for
both warming and cooling seasons, or by “tuning” the date of the seasonal transition
to distribute available observations in the high temperature range more evenly
between seasons. In extreme cases (where modeled seasonal water temperatures
differ by 1°C or more at the transitional date), the average of the seasonal model
alpha parameters was applied to both models to smooth the transition between the
last date of the warming season, and the first date of the subsequent cooling
season.

Water Temperature Time-Series Reconstruction
MODEL CALIBRATION

Linear and logistic regression relations described above were developed using site-
specific, daily-mean, water temperatures (MWTSs) from the sub-daily (Class 1) data
set for Stamp Falls and Sproat River as a function of the regional air temperature
index (7d centered ROBERTSON CREEK STANDARD MAT). Class 3 water temperature
data, sampled weekly at the “lime-rock dock” of the CATALYST paper mill, were used
to model air/water temperature relations at the Somass River location. These data
represent the only main-stem Somass water temperature time-series consistently
recorded (1991-present).

Model calibration data were selected based on examination of annual air and water
temperature time-series and correlation plots. A minimum of 5 years of
representative data including sufficient observations at the upper end of the
temperature range for both warming and cooling seasons were obtained from source
datasets partitioned as follows:

Reference Site Calibration Years Validation Years

. : 1991, 2000-2001, 2003- 1992-1999, 2002, 2005-2008, 2011,
Somass River (Papermill) 2004, 2009-2010 2012

Stamp River Falls 2000-2004 1993, 1995, 1996, 2009 - 2012

1996, 2000, 2002, 2009-

Sproat River Falls 2010

2001, 2003, 2012

To determine whether seasonally-distinct regression relations were required, the
air/water temperature data for each water body were checked for hysteresis. To
detect hysteresis, separate functions were fitted to the air and water temperature
data in each of the warming and cooling seasons®.

% Since all Somass reference sites fall within the lower altitudes of the pluvial coastal climate zone
with mean minimum daily winter temperatures above 0°C, parameter p was incorporated, as in
Equation 8.
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The warming and cooling seasons were first distinguished from each other by
determining the seasonal temperature “turn-around point” (the timing of the winter
season turn-around point was not required for the purpose of this analysis)*. The
seasonal transition dates were obtained by plotting the weekly mean of daily water
temperatures as a function of the weekly mean of daily air temperatures, and
connecting the points chronologically. The week associated with the maximum mean
air temperature, indicating the ending of the warming season (and the starting point
of the cooling season) was converted to day-of-year to pinpoint the seasonal turn-
around date. Since the same regional air temperature index is used for all Somass
water temperature reference sites, the same seasonal turn-around point applied to
all locations, and for both linear and logistic models.

Site-specific hysteresis effects were then assessed as described above using all-
year, all-season data for both linear and logistic models. If hysteresis was detected
in either case, linear and logistic models were then fitted to the all-year data for each
of the warming and cooling seasons separately.

MODEL VALIDATION

Site-specific linear and nonlinear air/water regression parameter estimates were
tested for statistical significance, and applied to the ROBERTSON CREEK STANDARD air
temperature index to estimate reference site daily MWT for the period of record of air
temperature data. Modeled MWTs for the validation dataset were correlated with
observed reference site water temperature data graphically and statistically as a
measure of goodness-of-fit. The all-year Pearson and Spearman correlations for the
validation years were compared between model types to determine whether linear or
logistic outputs best simulated observed MWTSs at each site.

Time Trend and Exceedance Analyses
AIR TEMPERATURE

Historic mean daily air temperature data (based on ROBERTSON CREEK STANDARD
index, 1918-2012) were summarized by year to obtain the mean value during the
summer months (July-September), and plotted to review the long-term time trend in
regional air temperature conditions during the migratory period for Somass Sockeye.

Monthly mean air temperatures of 20°C are considered an upper threshold for
salmonid life history stages (Mote et al. 2003). The air temperature index was
analyzed for the frequency of dates in each year and month for which the mean daily
air temperature exceeded this threshold value, and summarized by decade as a
trend indicator.

WATER TEMPERATURE

Reconstructed daily mean temperature data were summarized by site and year to
determine mean values during the summer months (July-September), and plotted to

% For linear models, an additional “winter” season was defined for the linear analysis (November 25"
to March 10th), encompassing the cold-weather months when changes in air temperature are not
reflected in changes in water temperature due to hysteresis effects at low temperature extremes.
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review the long-term time trend in site-specific water temperature conditions during
the migratory period.

Water temperatures above 18°C are considered stressful for migrating adult sockeye
salmon over extended time periods (McCullough et al. 2001), though stock-specific
variation in tolerances based on geography and site exist. For example, Okanagan
sockeye appear to have some tolerance for water temperatures in excess of 20°C
(Hyatt and Stockwell 2003). Similarly, Sproat sockeye may be routinely observed
migrating through a short segment of the Sproat River, at temperatures in excess of
20°C or more, while GCL-bound fish generally migrate at 19°C or less (Pellett et al.
2015). Site-specific water temperature thresholds were used (19°C in the Stamp
River; 20°C in the Sproat River) in conjunction with modeled water temperature
estimates to determine the frequency of dates in each year and month for which
mean daily water temperature exceeded threshold values that were clearly stressful
(summarized by site and decade).

In addition, the frequency of annual periods in which water temperature continuously
exceeded site-specific thresholds, and the mean duration (days) of these periods
were derived for each year. These data were summarized by site and decade as
indices of trends in the frequency and duration of continuous periods of stressful
temperature conditions.

RIVER DISCHARGE

For discharge-exceedance analyses, both “low flow” and “high flow” dates are of
interest, since, conceivably, either may influence upstream migration (e.g. see
Pellett et al. 2015 for details). “Low flows” correspond to dates for which the daily
flow rate was less than a threshold value, defined in this study as the 25™ percentile
of observed Jun-Sep discharge (i.e., at Stamp Falls 1914-1978: ~24 cms; at Sproat
Falls 1913-2012: ~5 cms). Discharge data were analyzed for the frequency of dates
in each year and month for which mean daily discharge did not exceed the lower
threshold value, and summarized by decade. In addition, the frequency of annual
periods in which flow levels continuously remained below the threshold, and the
mean duration (days) of these periods, were derived for each year. These data were
summarized by decade to review trends in the frequency and duration of continuous
periods of potential barriers to upstream migration.

A similar exceedance analysis was performed for “high flows” to tally the frequency
and duration of periods for which discharge exceeded the 75" percentile of observed
historic Jun-Sep flows (corresponding to ~60 cms at Stamp Falls, and ~22 cms at
Sproat Falls), to review decadal trends in “flood” conditions that might impede
upstream migration.

Mean daily discharge at Sproat and Stamp Falls (observed + estimated) was
calculated for each year for the Sockeye migratory period and plotted to examine
long-term trends (1914-2012) in water conditions. Regression statistics were
reviewed for significance of the trend for the duration of the time-series.

Migration, Temperature and Discharge
Daily mean water temperature and discharge time-series were merged with daily
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migration rate data for co-variation analyses, using lagged dates where appropriate.
To match migration data obtained at the GCL fish-way with environmental data at
the Stamp Falls fish-way, 2 days were subtracted from the migration data; for lower
Somass conditions, 5 days were subtracted from GCL migration data, and 3 days
from Sproat migration data. To match Sproat migrants with Sproat River conditions,
no lags were required since all data were collected near the Sproat Falls fish-way.
Since limitations due to combined temperature and flow conditions for GCL-bound
Sockeye were more likely to be a factor at the Stamp Falls fish-way than in the lower
Somass, the Stamp Falls site was selected for environmental co-variation and
exceedance analyses (as opposed to the Papermill site) *’.

To characterize the temperature and discharge conditions during historical stock
migration, frequency distributions of observed active migration dates (i.e., filtered for
non-zero migration rates) at varying levels of temperature, discharge, and both
temperature and discharge, were generated. By tallying the number of dates in the
historical dataset at which any migratory activity occurred, these plots indicate the
general distribution of temperature and discharge conditions that were available
during the migratory period.

A similar frequency distribution of active migration dates, weighted by the daily
migration rate, was generated to indicate how much migration occurred at a given
temperature, discharge, or temperature-and-discharge combination. In contrast to
the simple distribution of dates of migration, these plots indicate which temperature
and discharge conditions are associated with highest migration rates (i.e.,
presumably most favourable to salmon migration), and, by extension, the thermal
and hydrological limits (if any) that differentiate high versus low rates of migration.

Environmental “limits” derived subjectively from the weighted frequency distribution
plots were used to set threshold values for calculation of daily deviations in the
modeled water temperature and discharge time-series, and combined with
deviations in daily Sockeye migration rate on annual anomaly plots to examine the
pattern of daily variation in each time-series in relation to each other.

The anomaly plot “zero-line”, or threshold, for migration data was set to the 75"
percentile of the historical daily migration rate (0.79% for Great Central Lake
sockeye; 1.07% for Sproat Lake sockeye). These stock-specific migration threshold
values were subtracted from the historical daily migration rates to derive the
anomaly for daily migration. In this way, the 75" percentile migration rate is used to
define whether a particular daily migration rate value is “significant” or “high”
(positive) versus “insignificant” (negative) in relation to the zero-line.

For comparability, the water temperature zero-line threshold was set to 20°C for both
GCL- and Sproat-bound fish, based on approximate thermal barrier levels for entry
by migrating Sockeye into the lower Somass River from Alberni Inlet (Pellett et al.

%" Alternatively, to incorporate the possible effects of thermal barriers to migration in the lower
Somass with potential flow barriers at Stamp Falls, a three-day backward lag, applied to Somass
water temperature data (i.e., subtract three days) before merging with Stamp Falls sockeye counts
and discharge, could be used to account for fish travel time between the two sites.
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2015) and, as suggested here, by stock-specific contour plots of migration versus
temperature and discharge.

Low flows at the fish-ways associated with the low end of significant migration were
identified from weighted frequency plots of migration activity, described above. A
discharge rate of 10 cms in the Sproat River was selected as the flow threshold for
Sproat-bound fish, and 40 cms in the Stamp River was selected for GCL-bound fish.
The difference between these thresholds and the site-specific daily mean
temperature and discharge estimates were plotted as anomalies on a common
secondary y-axis (discharge was scaled by 0.15 to fit the axis) to review the co-
variant pattern of migration against environmental changes with migration rate
anomalies on the primary y-axis.

RESULTS

MIGRATION DATA
Great Central Lake Sockeye

Great Central Lake sockeye migration data (total of adults plus jacks), summarized
by year, indicate that migration typically commences in May or early June, reaches
50% (TT50%) by mid-July, and terminates in late October or November (Figure 3),
though in 2012, characterized by both favourable flow and temperature conditions
until after July 9™ (see 2012 panel plots in Appendices A and B), migration was
complete by September 3" (Table 1). Non-zero migrant counts average
approximately 1,500 = 3,000 fish per day; maximum daily counts may surpass
30,000 fish. 95% of daily counts are less than 6,000 fish, and the median estimate
for the all-year dataset is 561 fish per day (Table 1).

The corresponding all-year mean daily migration rate hovers below 1%, with peak
daily rates typically in the range of 7-10%, though approximately 17% of the annual
escapement occurred on one day in 1979 (Table 1).

Annual time-series of Great Central Lake sockeye daily migration rates (%) are
plotted in Appendix A, along with mean and maximum daily migration rates across
all years 1976-2012. Annual plots are organized in a multi-panel format for inter-
annual comparison of timing and migration events.

Sproat Lake Sockeye

Sproat Lake sockeye migration (adults plus jacks; 1974-2012) typically commences
in May or early June, but started as early as April 22 in 2002 (Table 2). TT50%
occurs in mid-July, but may be a few days earlier than GCL-bound fish (Figure 4).
Migration is largely complete by late October or November, though in some years
(1995, 2007, 2008, 2012), migration finished by early September (Table 2). During
the years 1974-1979, migration also terminated early (as early as August 21 in
1976), and the active migration period was less than 100 days. Migration timing
appears to have expanded or shifted to later dates since the 1980’s (Table 2).

Non-zero migrant counts average approximately 1,300 + 2,200 fish per day;
maximum daily counts have surpassed 25,000 fish. 95% of daily counts are less
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than 6,000 fish, and the median estimate for the all-year dataset is 553 fish per day.

The corresponding all-year mean daily migration rate hovers well below 1%, with
peak daily rates typically in the range of 4-6%. A maximum daily rate of 12% of the
total escapement occurred in 1979 and 2009 (Table 2).

Annual time-series of Sproat Lake sockeye daily migration rates (%), organized in a
multi-panel format for inter-annual comparison of timing and migration events, are
plotted in Appendix A, along with mean and maximum daily migration rates across
all years 1974-2012.

DISCHARGE DATA

Observed daily mean discharge data obtained from WSC archives are summarized
for all years and all months (Table 3, Table 5, Table 7), and for the peak migration
months (July-September) for the decades since installation of a re-engineered Great
Central Lake Dam in 1957 (Table 4, Table 6, Table 8). Historically, Somass River
discharge has varied considerably. Typical flow rates range from 92.6 m3/s (3,270
cfs) to 160 m3/s (5,660 cfs), although flows as low as 21.6 m3/s (764 cfs) have been
recorded. A peak flow of 1,150 m3/s (40,600 cfs) was recorded January 15, 1961
due to a major winter rain-on-snow event.

Mean, median and modal statistics indicate that, at moderate to high flow levels, the
Stamp system contributes about 60-70% of the Somass daily discharge, and the
Sproat system accounts for about 25-30%. At very low flow rates (< 25 cms in the
Somass), water sources other than the Stamp and Sproat systems (e.g. Elsie Lake
and Ash River) may contribute as much as 25% of the lower Somass flow rates.

Trends in Observed Discharge

Lowest daily flows occur in mid-to-late August, during the principal Sockeye
migration period (Figure 5). Prior to 1957, extreme low flows (< 5" percentile) in the
Stamp River dipped below 10 cms with minimum flows of 2.5 cms; since dam
construction, the minimum flow has been 18 cms, and the 5™ percentile is closer to
25 cms (Table 4). While median summer flows have also increased (from ~23 cms
to ~38 cms), maximum flows have remained about the same (<225 cms). The long-
term trend suggests a 3 cms per decade increase in Stamp flow levels (Figure 6);
however, it must be noted that the observational time-series terminates in the late
1970’s, which were largely characterized by cool, wet weather in the Pacific
Northwest®®,

A comparison of daily discharge in the largely unregulated Sproat River before and
after the late 1950’s indicates that minimum to median summer flow levels have
diminished by 25-30%, with historical mean flows of 12.9 £ 9.6 cms reduced t0 9.8 +
9.8 cms in recent decades, and a long-term trend of -0.5 cms per decade (Figure 7).
Extreme low flows (<5™ percentile) have dropped from ~3 cms to 1.3 cms, indicating
a higher proportion of dates in the migration period were characterized by low water
levels (Table 8). The weakly negative trend for Sproat River levels does not

* The late 1960’s and 1970’s were characterized by cool-phase PDO and cool- or neutral-phase
ENSO conditions up to 1977 (Mantua and Hare 2002).
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repudiate the influence of regional cool, wet weather on flows in the Stamp/Somass
in the 1970’s, but shows that conditions since then have been predominantly
characterized by drier warm-phase ocean climatology.

Estimating Missing Somass River Discharge

Missing daily flow data in the lower Somass were estimated from historical Sproat
data based on linear and non-linear relationships. Cross-correlation analysis based
on calibration data sub-sampled from 10% of the available data indicated high non-
parametric Spearman correlations between discharge at the Sproat and Somass
locations based on all-season data (rs = 0.96, P <.0001, n = 1,477; Table 9) and for
data filtered for summer months (July-August-September; rs = 0.87, P <.0001, n =
384; Table 10). However, the linear regression analysis also indicated a significant
lack of fit in the error term (Figure 8, Figure 9), evidence of heteroscedastic non-
linearity in the residuals.

The non-linear nature of the relationship was illustrated by the log-log transform of
the two discharge datasets (Figure 10); the Somass maintains a steady minimum
flow of ~20 cms (since 1960) at low water levels in the Sproat system, while at high
water levels, the Somass increases in volume exponentially relative to Sproat. The
log transformation of the data did not however, improve the fit relative to the linear
analysis, as indicated by the still significant lack of fit term (P < .0001) (Figure 11).

The parabolic curvilinear relationship was then fit to the data (Figure 12; Figure 13):

Equation 12: Somass (cms) = 18.7 + 2.6x + 0.0014x?; where x = Sproat discharge
(cms)

Spearman correlation analysis comparing observed and estimated Somass
discharge rates indicated an improved fit: rs = 0.95 (P < .0001, n = 16,238). Annual
plots of observed and estimated daily Somass flows (Figure 14) indicated that the
curvilinear model reasonably estimates variation in observed Somass flows in the
summer months for most years. The model tends to under-estimate some extreme
high mid-summer Somass flows (c.f. 1978, 1979, 1997, 2001) likely due to the
localized nature of precipitation events in contrasting watershed basin sizes — rainfall
events occurring in the Stamp/Somass watershed may have bypassed the Sproat
watershed, such that associated flows in each system are occasionally uncorrelated.

Estimating Missing Stamp River Discharge

Missing daily flow data in the Stamp River were estimated based on Somass-to-
Stamp relations, which were almost linear for the years 1960-1978. Though linear
regression yielded the strongest Somass-to-Stamp discharge relation (r* = 0.95, P <
.0001, n = 634; Figure 21), a significant lack-of-fit component (Figure 22) suggested
a nonlinear approach based on a power equation (r* = 0.93; Figure 23, Figure 24) to
estimate Stamp flows up to 2002. A quadratic curvilinear relationship did not improve
the Somass-to-Stamp fit (Figure 25, Figure 26).

Simple linear and log equations demonstrated strong lack-of-fit for Sproat-to-Stamp
relations, due again to the nonlinear relation for the contrasting daily discharge
volumes between Sproat and the larger Stamp system (Figure 15 - Figure 18). A
guadratic function provided the best-fit Sproat-to-Stamp relation to infill missing
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Stamp discharge values since 2002 (Figure 19, Figure 20).
The transfer function sequence to estimate missing Stamp flows then becomes:
Equation 13: Stamp = 1.159 * Somass’®?; for 1957-2002

Equation 14: Stamp = 21.3 + 1.51*Sproat + 0.0008*Sproat’ ; for 1913-1956,
2002-2013

Correlation between observed and estimated Stamp flows via this method yielded an
improved Spearman coefficient of rs = 0.96 (P < .0001, n = 6,909), though sample
plots comparing these variates indicated, again, that parametric methods tend to
underestimate upper extremes (e.g., 1957, 1975, 1978, etc.; Figure 27). This was
most evident in years where Stamp discharge must be estimated from Sproat data
(i.e., 2002-present), and therefore caution is advised in interpreting the weakly
positive time trend in mean summer discharge levels of 0.6 cms increase per year (r?
=.007, P <.001; Figure 28), as the last ten years of the combined observed and
estimated time-series may be biased low. The inherent limitations of using Sproat
River as the reference discharge station for the Somass basin underscore the need
to install and maintain active water flow/level data loggers in the Stamp/Somass
watershed.

WATER TEMPERATURE DATA

All observed daily water temp time-series are available on CD-ROM in the Microsoft
Access® FRESHWATER ENVIRONMENTAL VARIABLES DATABASE (Hyatt and Stiff, DFO
unpublished data). High resolution Class 1 daily mean water temperature (MWT)
datasets were used where available and sufficient to characterize the thermal range
for derivation of air/water temperature relationships, and supplemented with lower
resolution data if necessary.

Somass River

Weekly spot temperature data (Class 3) provided by the ENVIRONMENTAL EFFLUENT
MONITORING PROGRAM (Source: CPC in Port Alberni) were used to derive Somass
air/water temperature relations, based on the length of this time-series (1991-
present), as well as the limited availability of Class 1 data logger observations
(partial time-series for 2009-2010 were made available by BCCF). Somass EEMP
data (Somass River at Papermill Dam) are summarized in Table 11 and the time-
series is plotted in Figure 29. Thermograph plots by year (Figure 32) and all-year
mean daily values * two standard deviations (Figure 33) indicate maximum
temperatures occur in early August, but may surpass 20°C at any time between mid-
June and mid-September. Mean and median summer month temperatures indicate
that the warmest conditions during migration in this time-series were found in 1998,
2003, 2004, and 2009. Daily MWTs exceeded 20°C for 50% of the time from July to
September for some of these years (1998, 2003 and 2005). Coolest conditions were
found in 1999 and 2012.

Stamp River

Calibration data for the Stamp River reference site were obtained from data logger
time-series for the years 2000-2004 (Figure 30). Water temperatures for this dataset
for the summer months are summarized in Table 13. As in the Somass time-series
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downstream, peak temperatures in the Stamp occur in early August but may range
from July to September (Figure 34, Figure 35). Mean temperatures ranged from 18-
20°C in the summer months, and averaged about 0.5°C less than Somass River
water temperatures over the same time period.

Sproat River

Class 1 Sproat River reference site data were obtained from data logger time-series
for the years 1996 and 2000-2003 (Figure 31); summer month water temperatures
are summarized in Table 13. Peak temperatures in Sproat River occur in early
August but may range from early June to late September (Figure 36). Daily MWTs
for this time-series may exceed 20°C from early July to September (Figure 37).
Maximum daily MWTs exceeded 22°C in all years, and exceeded 25°C in 2003 and
2009. 50% of the active migration period from July-September is characterized by
temperatures of 21°C or more (Table 13).

Inter-Site Water Temperature Relationships

Class 1 daily mean water temperatures for the Somass River from BCCF data
loggers installed near the Papermill Dam (2009-2010) were compared with CPC
Class 3 spot temperatures using simple linear regression analysis, to check for
sampling bias in the CATALYST dataset (Figure 38). Neither was the intercept
significantly different from 0, nor the slope significantly different from 1, indicating a
virtual one-to-one relationship between the independent temperature dataset and
CPC EEMP data®. These findings indicate that the EEMP time-series provides a
relatively unbiased representation of Somass River water temperatures.

Observed Stamp River data (source: DFO data logger readings 2000-2004) were
compared with the Somass CPC dataset to evaluate temperature differences
between upstream and downstream sites (Figure 41). Assuming no bias in the
observed Somass data (based on the Somass multi-site analysis above), the highly
correlated linear relationship between Somass and Stamp indicates that the Somass
is a maximum of 0.5°C warmer than the Stamp at the range of temperatures found
during sockeye migration:

Equation 15: Somass MWT (<) = 0.68 + 0.98 * Stamp MWT (<C); (r = 0.99,
n=221)

WATER TEMPERATURE TIME-SERIES RECONSTRUCTION

Seasonal Turn-Around Point

The mid-year seasonal turn-around point for all reference sites is in week 30 —
approximately July 29" — based on maximum mean weekly air temperatures at the
Robertson Creek meteorological station (Figure 40). The “warming season”
therefore extends from April 1 to July 29", followed by the “cooling season” from day
211-329, i.e., July 30™ — November 25". (The “winter” seasonal turn-around point is
January 1%, but data between late November and early April are not used in this
analysis.)

% MW Tcpe = 0.28 + 1.000 * MW Tgecr (n=45, r=0.99, P<.0001)
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Multi-Day Air Temperature Index

The multi-day Robertson Creek Standard air temperature index that best correlated
with all-year daily mean water temperature was identified as the 7-day centered
moving average air temperature index (7d-CMAT). The 7d-CMAT scored the highest
correlation for Somass water temperatures and second highest with Stamp and
Sproat water temperatures, relative to the 3d-, 5d-, 10d-, and simple daily MAT air
temperature indices (Figure 41). Though the 10d-CMAT had a slightly improved r?
(and smaller AlCc), the degree of improvement in correlation for the 10-day
correlation relative to the 7d-CMAT was minimal, and overall, the 7D-MAT provides
the best trade-off between maximizing correlation and minimizing the effects of
multi-day averaging on predictive power at longer period lengths. Thus, the
ROBERTSON CREEK STANDARD 7d-MAT was used for subsequent air/water
temperature analyses.

Model Calibration and Validation

Logistic and linear air/water temperature models were parameterized using a subset
of the available data for calibration, and tested for goodness-of-fit with the remaining
years for model validation. Calibration and validation data years, and the number of
observations available for analyses by season, are identified for the three watershed
reference sites: Somass River (Table 14), Stamp River (Table 15), and Sproat River
(Table 16).

Hysteresis at each site was evaluated by comparing Nash-Sutcliffe coefficients
(NSC) for all-season logistic models fit to the calibration data against the average
NSC for seasonal models. Hysteresis was detected at all sites, indicating that the
site-specific air/water temperature relationships were best modeled using separate
seasonal models (Somass: Figure 42; Stamp: Figure 43; Sproat: Figure 44).
Seasonal model parameters, 95% confidence limits, and NSC goodness-of-fit
coefficients are listed for Somass River (Table 17), Stamp River (Table 18), and
Sproat River (Table 19).

Linear regression model output for seasonal air/water temperature relationships and
calibration data are provided in Table 20 (Somass River daily spot water
temperatures), Table 21 (Stamp daily MWT) and Table 22 (Sproat daily MWT). Type
[l sum of squares for a season effect and a season/air temperature interaction effect
are highly significant in all three cases, indicating again, that hysteresis exists and
seasonal models provide the best fit to the data (Figure 45).

Predictive estimates of daily mean water temperature were generated for each site,
model type and season for the extent of the air temperature record. Correlation
analyses between observed and predicted daily MWT values for the validation years
were used to compare the predictive skill of logistic versus linear models. Season-
specific Pearson (least squares) and Spearman (rank) correlation coefficients for the
validation data are contrasted in Table 23 (Somass River daily spot water
temperatures), Table 24 (Stamp daily MWT) and Table 25 (Sproat daily MWT).
Validation data correlations indicate minor but insignificant improvement of logistic
models over linear models for estimating daily mean water temperatures. As the
nonlinear model has a predictive advantage at temperature extremes, the seasonal
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logistic model parameters were selected as the best estimators of daily mean water
temperature at each site, and were used to reconstruct historical daily water
temperature estimates for the period of available air temperature data. A subset of
the validation data years with observed and modeled MWT output, along with daily
MAT and the 7-d MAT index, are plotted in Figure 46 - Figure 51.

Trends in Air and Water Temperature

Average summer (July-September) air temperatures based on the regional air
temperature index has been increasing since 1920 at a rate of about 0.18°C per
decade (b =0.018; r=0.16, P <.0001, n = 8,767; Figure 52 (top)). Since estimated
water temperatures are based on this index, it is not surprising that Stamp and
Sproat river temperatures are also trending upwards.

Mean Stamp River water temperature for July-September (estimated from seasonal
logistic regression model relationships with the regional air temperature index) has
been trending in a slightly positive direction since 1920 (b = 0.009; r=0.17, P <
.0001, n = 8,767; Figure 52 (middle)), suggesting a marginal temperature increase of
~0.1°C per decade. Restricted to the years of available GCL migration data (1975-
2012), the warming trend was about double, i.e., ~0.2°C per decade (b = 0.02; r =
0.17, P <.0001, n = 3,530).

Similarly, estimated Sproat River mean summer water temperatures have been
incrementing since the 1920s at ~0.1°C per decade, though baseline temperatures
have been 2-3°C warmer than Stamp (b = 0.011; r =0.18, P <.0001, n = 8,771,
Figure 52 (bottom)).

MIGRATION IN RELATION TO TEMPERATURE AND DISCHARGE
Great Central Lake Sockeye

A frequency analysis of dates of migration through Stamp Falls indicated that ~70%
of upstream migration activity occurred above 18°C, with more than half occurring at
18-19°C (Figure 53) and flows of 20-50 cms (Figure 55). The same frequency
analysis, weighted by the daily migration rate (%), indicated that the highest daily
migration rates (>1% per day (~80" percentile)) occurred at slightly lower water
temperatures: ~16-18°C (Figure 54); and higher discharge levels: 40+ cms, with
maximum daily migration rates at >60 cms (Figure 56).

3-D and contour plots of daily migration rate at discharge and temperature
combinations (omitting infrequent cells, where n < 5) reflect a “preferred migration
zone” around 16-18°C and 60-70 cms (Figure 57).

A subjective review of migration anomaly plots incorporating zero-lines for
temperature (19°C) and discharge (24 cms) based on the above findings (Appendix
B) indicated that daily mean water temperatures of 19-20°C constituted a critical
threshold between low and high migration rates for GCL-bound sockeye in most
years. With few exceptions (e.g., 1977, 2005), water temperatures exceeding this
threshold were associated with reduced migration, especially during extended low
flow periods (e.g., 1981, 1985-1987, 1990-1996, 1998, 2002, 2004, 2009). In other
years, a flow interaction effect was apparent, in which significant migration appears
to have been enabled despite higher temperatures via high flows (e.g., 1979, 1991,
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1997, 2000, 2007, 2008, 2010, 2012).

In the absence of a high temperature effect, high Stamp River flows (>90"
percentile) appeared to have a variable influence on migration rates — in some
years, flows exceeding 80-90 cms (not shown) appeared to be associated with stop
migration events (e.g., 1978, 1997). In other cases, high flows appeared to have a
stimulus effect, corresponding to start migration events as high flows fall back to the
threshold level (e.g., 1979, 1983, 1991. 1997). High flows are only rarely associated
with sustained high migration rates (e.g., 1999) unless coincident with the tail-end of
the run (1978, 1979, 1991). These findings indicate that although intermittent high
Stamp River discharge levels did not exert a consistently negative impact on GCL-
bound Sockeye migration, Stamp discharge levels greater than 80-90 cms may be a
deterrent to migration due to physical barrier(s) or the energetic costs of swimming
against the flow.

Sproat Sockeye

For Sproat-bound sockeye, a high proportion (~85%) of migration activity occurred
when Sproat River temperatures exceeded 18°C, with half of migration dates at
temperatures in excess of 20°C (Figure 58). However, highest daily migration rates
(>1%, ~75" percentile) are associated with temperatures of 17-21°C (Figure 59).

About 50% of migration activity fell on dates associated with Sproat River discharge
less than or equal to 10 cms (Figure 60), with the highest proportion of migration
activity occurring at less than 5 cms (~30%). However, “significant” daily migration
rates (greater than 1%) are generally characterized by flow levels of at least 10 cms,
with the highest rates of migration occurring at 32-36 cms (Figure 61).

Contour plots of daily migration rate versus discharge and temperature (omitting
infrequent cells, where n < 5) reflect a range of “preferred migration zones” (Figure
62). Maximum migration rates were found at 18°C at lower discharge levels (12-22
cms), and at 19°C and higher at discharge rates above 20 cms, indicating some
tolerance for higher temperatures (e.g., 21-23°C) at discharge levels of 24 cms or
more.

Review of anomaly plots with zero-lines for temperature and discharge based on
20°C and 10 cms thresholds (Appendix C) indicates that daily mean water
temperatures near 21°C constitute a critical threshold between low and high
migration rates for Sproat sockeye in most years, especially during extended low
flow periods (e.g., 1985, 1992, 2009). High temperatures are associated with
reduced migration in many years (e.g., 1981, 1982, 1987, 2009; with some notable
exceptions, e.g., 1977, 1978). In other years, a flow interaction effect is apparent, in
which significant migration appears to be enabled via high flows, despite higher
temperatures (e.g., 1974, 1975, 1979, 1983, 1991, 1993, 1994, 2008, 2010). Peak
Sproat River flows (>33 cms — not shown) do not appear to have a negative impact
during peak migration periods (July-August) (e.g., 1977, 1997, 1999, 2012) unless
coincident with the tail-end of the run (1975, 1979, 1991).

Thus, water levels (perhaps in combination with the shorter migration distance to
cooler waters at depth in Sproat Lake) appear to be a key factor in the ability of
Sproat Sockeye to migrate at water temperature levels above typical thermal
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thresholds of ~20°C. During low flows, Sproat migration rates were still sensitive to
higher water temperatures at the 18-20°C threshold, but maximum migration rates
were possible at 21-23°C at flows of 24-30 cms (Figure 62). If above average flows
are key to migration success as Sproat water temperatures continue to rise (Figure
52), then the long-term decline in Sproat River summer flow levels (currently
averaging ~10 cms; Figure 7) may present challenges to the sustainability of this
stock.

Air Temperature Exceedance Analyses

A frequency analysis of observed and estimated daily mean air temperature
indicates that the cumulative total number of POT,0:c dates per year has steadily
risen in the Stamp-Somass watershed over the past century, averaging 19 days per
year (across July to September) since the 1990s (Table 26). The months of July and
August have shown the most significant increases (Figure 63). While the average
length of POTs,0-c events has hovered around an average of 3 days per event since
the 1960s, there has been an increase in the decadal total frequency of POTx20ec
periods of that length from less than 60 days to 72-89 days in recent decades
(Figure 64).

Water Temperature Exceedance Analyses
STAMP RIVER

A similar frequency analysis based on estimated daily mean water temperature
indicates that the cumulative total number of POTs,9.c dates per year has risen in
the Stamp River over the past five decades; mostly in August, but with some spread
to neighbouring months (Figure 65, Table 27). The average length of POTs19:c
events has risen only slightly from an average of 8 days in the 1960s-1980s to 9.4
days since the 1990s, concurrent with an increase in the decadal total frequency of
POT.19:c periods from ~27 to 47 per decade in the 2000s (Figure 66).

SPROAT RIVER

In the Sproat system the cumulative number of POT-zo-c events in July and
September have increased over the decades, which must be added to the POTs2p-c
events that characterize 75% of the days of August (Figure 67, Table 28). Thus,
water temperatures in the Sproat River were estimated to be inhospitable to salmon
for, on average, approximately 60 days of the July-September migration period in
years since the 1990s. The annual frequency of continuous POT sy0ec periods has
remained constant (3-4 per year), but the average period length has steadily
increased to almost 20 days in recent decades (Figure 68, Table 29).

Discharge Exceedance Analyses
STAMP RIVER

Low flows (< 25™ percentile of ~24 cms*®) were a rare event in the Stamp system in
the 1960s and 1970s (Figure 69, Table 29), indicative perhaps of the cooler

40 Significant rates of daily migration in the Stamp are not evident below this discharge threshold
(Figure 56).
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climatology during that period, plus the moderating effect of GCL dam operations on
flow levels. Prior to dam construction in 1957, Stamp discharge levels were more
variable, with observed flows less than the lower 5™ percentile (~10 cms) occurring
occasionally, including a record minimum of 2.5 cms in 1941 (WSC). Maximum daily
flows in the pre-dam years also ranged widely, from ~50 cms (e.g., 1915, 1924,
1926, 1941, 1944) to the historical record of 251 cms (1956).

Since 1957, Stamp flows have not fallen below ~15 cms, but the frequency of dates
for which discharge fell below the 25" percentile (~24 cms) rose rapidly in the 1980s
and 1990s before retreating during the cooler, wetter 2000s (Figure 69). While the
frequency of low flow events in recent decades (especially the 1990s) began to
resemble conditions prior to installation of the GCL dam, the mean duration of low
flow periods since the 1980s has remained below about 20 days — approximately
half the length of low flow periods before dam construction (Figure 70, Table 29).

The frequency of high Stamp flows (>90™ percentile of summer flows, ~90 cms),
above which significant migration rates are infrequent, has been variable over the
decades (Figure 71, Table 30), though the trend in the frequency and mean duration
of continuous high flow periods has been downward since the 1950s (Figure 72).
High flows occur mainly in June and early July prior to peak sockeye migration.

SPROAT RIVER

The occurrence of low flow conditions in Sproat River (<10" percentile of summer
flow levels, ~5 cms) increased significantly between the 1960s and the 1990s,
especially for the month of September (Figure 73). During the 1980s and 1990s, low
flow dates occurred on average ~50 times during the Sockeye migration period. The
1990s were characterized by 9 low flow events ranging from 10-103 days in length
(average: 58.7 days) (Figure 74, Table 31). While the total frequency of low flows
dropped to 36 days on average in the 2000s (Figure 73), the average duration of
drought periods remained high (~40 days), with a maximum duration of about two
months (Table 31).

DISCUSSION

Overview of Sockeye Migration

Results from earlier studies focused on Sockeye return timing to the fishery (Steer
and Hyatt 1987) or single-year tag-and-recovery efforts of adult Sockeye (Manzer et
al. 1985; Hatfield Consultants 2013; Pellett et al. 2015) are considered here along
with results from the current multi-year analysis as a source of inferences about
Sockeye salmon migration behaviour (e.g., return timing, migration rates, etc.) in
relation to variations in annual to seasonal environmental conditions.

The principal migration interval for adult Sockeye returning to Alberni Inlet and the
Somass River system begins in early June and ends by mid-September. The time to
50% return to Alberni Inlet is centered near the week of July 4™ (Steer and Hyatt
1987) and the all-year average (1974-2012) time to 50% passage at Stamp Falls for
Great Central and Sproat-bound Sockeye salmon is about a week later around July
14-19" (results from current study). Adult Sockeye generally approach the outer
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waters of Barkley Sound from the northwest passing through “outside” fisheries
executed in the area of the Broken Islands group. Results from a major PIT-tagging
study in the summer of 2010 indicated that adult Sockeye travel at average rates of
between 4.0-4.6 km.d™ through Barkley Sound and Alberni Inlet on their approach
and entry into the lower Somass River near Port Alberni (Pellett et al. 2015). By
contrast, a smaller study of archival-temperature tagged Sockeye in 2012 (Hatfield
Consultants 2013) indicated that adult Sockeye moved at much faster rates
averaging 12-24 km.d™ during a year of unusual environmental conditions
(described below), Adult Sockeye are surface oriented (5-10 m depths) during their
active migration stage through Barkley Sound and Alberni Inlet in early summer
(Hatfield Consultants 2013). Consequently, they are generally exposed to mean
temperatures of between 13.6 to 14.6°C and maximum temperatures no greater
than 18.5°C. Later in the season when migration rates slow and adult Sockeye hold
for extended periods in Alberni Inlet they occupy deeper depths (15-20m) where
they are exposed to lower mean temperatures of between 9-12°C (Hatfield
Consultants 2013 and Hyatt, unpublished data).

Migration Environment Challenges Revealed by Individual-year Studies and
Analysis

Alberni Inlet and the Somass River system offer a variety of challenges to adult
Sockeye returning to either Sproat or Great Central lakes. Relatively static features
such as Sproat Falls and Stamp Falls have been historically challenging locations for
passage for Sockeye salmon adults that several rounds of fish-way construction,
maintenance and modification have been completed at both sites between 1927 and
present to facilitate salmon passage (see Hyatt and Steer 1987 for review). PIT-tag
study results (Pellett et al. 2015) indicate that although these locations are routinely
passable now, short-term (i.e., daily) transit rates through the Sproat Falls fish-way
increased in association with increasing temperature while transit rates through the
Stamp Falls fish-way decreased at higher water levels during the summer (i.e.,
transit of fish-ways at Sproat and Stamp Fall are both influenced by seasonal
variations in environmental conditions). In addition, dynamic water quantity and
guality attributes (discharge, velocity fields, temperature and oxygen conditions) of
Alberni Inlet and the Somass River system exhibit sufficient contrast to dramatically
influence both Sockeye migration rates and success over greater distances (e.g.,
from the outside waters of Alberni Inlet to either Sproat or Stamp Falls locations) and
over longer-term seasonal to annual temporal scales. For example, in the summer of
1990, adult Sockeye entry into the Somass River appeared to be impeded in
association with onset of low flows (<40 cms) and especially high temperatures
(>20°C) in the lower Somass River beginning in early July and persisting through
late August (Appendix A).

An extended period of holding by the majority of the run in Alberni Inlet occurred in
summer 1990 during which attempts at entry and migration through the lower
Somass River by smaller groups of adult Sockeye were accompanied by mass
mortality events — i.e., unprecedented numbers of dead and dying adult Sockeye (no
less than 12,000) were recovered from river reaches below Stamp and Sproat Falls
(Stucchi et al. 1990). Similar extreme environmental conditions emerged in 2004 and
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were again accompanied by evidence of high mortality rates (D. Dobson, DFO; pers.
comm.) and extremely late entry (after Sept. 1°) by an anomalously high proportion
of Sockeye migrants that year (>50% of all migrants to Sproat and Great Central,
2004 panel-plots in Appendix A). Thus, extreme migration delays, extended periods
of holding in Alberni Inlet and mass mortality events for adult sockeye returning to
Barkley Sound and the Somass River system have been clearly associated with
seasonally anomalous environmental conditions (i.e., early onset of sub-average
seasonal flows and water temperatures >20°C in the lower Somass River) in at least
two years during the period of record.

Detailed results from the 2010 PIT-tagging study (Pellett et al. 2014) suggest that
adult Sockeye migrations are likely influenced significantly by seasonal variations of
environmental conditions in the lower Somass River in all years. During the 2010
study, Somass River discharge remained above the all-year seasonal average
through the middle of August. In addition, Somass River temperatures were cool,
failing to exceed 20°C for any interval lasting more than 2-3 days until late August.
Consequently, 75% or more of all adult Sockeye had returned to Sproat and Great
Central Lake by the end of the first week of August and there was little evidence of
major migration delays or significant mortality events. In spite of this general
outcome, simple correlational analysis of variations in migration rate of PIT-tagged
adult Sockeye indicated high water temperatures, low precipitation and low flows
throughout the Somass system were significantly (p< 0.05) associated with lower
short-term (average daily) migration rates as the season progressed. However, the
identity of the exact environmental driver of these results remained uncertain
because all of the above environmental variables exhibited strong co-variance.

Further analysis was completed to identify the influence of environmental variables
(temperature, discharge, precipitation and barometric pressure), summarized for
possible influences on weekly mean migration rates. Application of multivariate least
angular regression analysis (Pellett et al. 2015) to these data indicated that slower
travel rates later in the season were associated with high temperature (Somass 7-
day mean annual water temperature) and date. When date was removed from the
model (i.e. because seasonal trends in water temperature co-vary with date),
Somass water temperature alone accounted for up to 74% of the seasonal variation
in Sockeye migration rates for fish travelling between ocean tagging locations at the
outer end of Alberni Inlet and the lower Somass system. Weekly variations in Stamp
River water levels (and/or discharge) accounted for a lesser amount of variation
(17%). For Sproat-bound fish, average Somass water temperature (mean 3-day
moving average) accounted for 96% of Sockeye travel rate variations (Table 16 of
Pellett et al. 2015). Thus, even in the absence of major migration delays, Somass
temperature variations appear to have been the principal environmental driver of
Sockeye travel rates even in a relatively benign year like 2010.

As noted above, migration rates of adult Sockeye between ocean tagging locations
at the outer end of Alberni Inlet and the lower Somass River were much faster for
Sockeye fitted with archival temperature tags in summer 2012 (Hatfield Consultants
2013) than those implanted with PIT-tags in summer 2010 (Pellett et al. 2015).
Extensive experience with use of PIT-tags and archival-temperature tags on salmon



35

in previous studies (see refs in Pellett et al. 2015 and Hatfield Consultants 2013)
make it extremely unlikely that the roughly 3-6 fold observed difference of average
migration rates between years was attributable to the use of different tags.
Consequently, the much faster migration rates observed in summer 2012 were more
likely related to exceptionally favourable environmental conditions facilitating faster
and earlier migration by Sockeye salmon. Although both 2010 and 2012 were years
exhibiting generally favourable environmental conditions facilitating continuous
migration by Sockeye adults, the exceptional conditions in 2012 included (1)
anomalously high discharges (>100 cms relative to an all-year average closer to 50
cms) that persisted in the lower Somass system from May through late July and (2)
Somass River temperatures that remained at or below 20°C for virtually the entire
summer (see 2012 panel plots in Appendix A) relative to all-year averages that
routinely exceeded 20°C for 2-3 weeks from mid-July to mid-August. One of the
more interesting results from analysis of migration rates and environmental
conditions for adult Sockeye fitted with PIT-tags in 2010 was that environmental
conditions in the lower Somass river were more strongly related to subsequent
migration rate variations exhibited by ocean-tagged fish than by fish tagged in-river
at the Papermill Dam site. These results lend support to the view that adult sockeye
“decisions” regarding commitment to active migration through Alberni Inlet (as
opposed to holding there) and entry into the Somass River are made seaward of
Papermill Dam.

Historic Migration Environment Challenges Revealed by All-year Analyses

The Somass watershed has, in the past, been home to a network of Environment
Canada hydrological stations providing daily discharge and intermittent water
temperature observations (Figure 2), but the density of stations has been
significantly reduced in recent decades to the point where only one station, in the
Sproat River, is currently active. Thus, in spite of the obvious impact of variable
aquatic environmental conditions on Somass salmon populations, hourly to daily
aquatic temperature and discharge observations were not generally available at
various sites in the Somass system to match historical salmon migration
observations from the past 38 years. Consequently, we developed statistical
associations between continuous regional air temperature observations and
intermittent water temperature observations to hind-cast daily water temperature
trends at several sites (lower Somass River, Sproat Falls, Stamp River Falls) from
1918-2012. Use of calibration data sets yielded significant fits (simple Pearson and
Spearman rank correlations ranging from 0.85 to 0.93, all P < 0.0001) for both
logistic and linear regression models of centered multi-day mean air temperature
versus daily mean water temperature at all sites (Tables 24-26). Further assessment
of independent data sets for model validation also yielded generally strong
associations between predicted and observed daily water temperatures at all sites
(Tables 27-29, simple Pearson and Spearman rank correlations ranging from 0.69 to
0.94, all P < 0.0001).

Similarly, we used best-fit, statistical models for covariance of discharge
observations at three sites (Sproat River, Somass River, Stamp Falls) to extend
discontinued, discharge records for Somass and Stamp Falls sites based on a
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continuous data series (1913-2012) from a single Sproat River site. A parabolic,
curvilinear relationship between Somass and Sproat daily flows provided reasonable
estimates (r=0.95, P<0.0001) of observed Somass flows in the summer months of
most years (Figures 12-13). A quadratic function describing the relationship between
Stamp and Sproat River daily flows provided a reasonably strong basis for
estimating missing Stamp River flows (correlation between observed and estimates
Stamp flows = 0.96, p<0.0001, Figures 19-20). Success in identifying strong
associations among these three Somass “system” sites with respect to daily water
temperatures and flows was a pre-requisite for an all-year analysis to potentially
identify additional relationships among these environmental variables and daily to
seasonal migration variations exhibited by adult Sockeye returning to the Somass
River, Sproat and Great Central lakes.

Results of our all-year (1974-2012) analyses indicated that time to 50% annual
migration dates for adult Sockeye returning to Sproat and Great Central lakes
occurred in mid-July when environmental conditions generally reach extreme
enough river temperature and flow conditions (high and low respectively) to either
impede or terminate fish entry from Alberni Inlet into the Somass River (e.g., as in
the 1990 and 2004 examples discussed above). Temperatures encountered by adult
Sockeye migrants vary among Somass tributaries dependent on specific migration
routes. Thus, if Sproat and Great Central-bound fish experience temperatures of 18-
20°C upon entry into the lower Somass River, then Great Central fish simultaneously
entering the Stamp River will encounter temperatures between 17.5 to 19.5°C while
fish simultaneously entering the relatively short (about 3 km) Sproat River will
encounter temperatures between 21-23°C.

For Great Central-bound adult Sockeye, daily mean water temperatures of 18-19°C
in the Stamp River (18.5-19.5°C in the lower Somass) appear to constitute a critical
threshold for high versus low migration rates, especially during low flow periods.
Evidence for a truly critical role of flow effects was somewhat equivocal in that high
flows did not consistently reduce migration rates of Great Central-bound migrants
although some evidence suggests flows greater than 80-90 cms at Stamp Falls may
impede migration. The highest migration rates for Sproat-bound adult Sockeye
occurred in association with temperatures of 17-21°C (i.e. 14-18°C in the lower
Somass River) accompanied by discharges of 32-36 cms even though half of all
available summer migration dates in the Sproat River are characterized by
temperatures in excess of 20°C and flows of <10 cms. Further, there appears to be
an interaction effect between temperature and flow on migration through Sproat
River. Thus, although maximum daily migration rates through Sproat River occur at
18°C if flows are <10 cms, they occur at 19°C and continue through the short 3 km
segment of the Sproat River even at temperatures between 21-23°C as long as
discharge levels there are >24 cms. A somewhat more subjective assessment from
consideration of annual anomaly plots of daily migration, water temperature and
discharge (Appendix B) indicates that daily mean temperatures near 21°C constitute
a critical threshold between high and low migration rates for Sproat-bound fish in
most years, and especially during extended low-flow (<10-20 cms) periods.
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Casual comparison of migratory behaviour of Sproat-bound and Great Central-
bound adult Sockeye might suggest they exhibit different temperature thresholds
with respect to their migratory behaviour. However, this inference depends critically
on the spatial frame of reference under consideration. As noted above, results from
a detailed PIT-tagging study (Pellett et al. 2015) indicate that the “decision” to
maintain active migration from Alberni Inlet into the Somass River is made seaward
of the Papermill Dam tagging site in the lower Somass River. By contrast, migration
rates of adult Sockeye, following in-river tagging and subsequent migration,
exhibited lower responsiveness to more immediate changes in environmental
conditions in the Somass, Stamp, and Sproat rivers (Pellett et al. 2015). If properties
of surface waters in the lower Somass and Alberni Inlet provide a set of common
temperature and flow conditions used by both Sproat and Great Central Sockeye to
trigger initiation of freshwater migration which fish then attempt to complete
regardless of conditions encountered further upriver, then one might expect that
temperature thresholds for continuous versus intermittent entry into the Somass
River would be the same for both Great Central and Sproat fish. By contrast, if
Sproat fish truly have an increased tolerance for higher temperatures than Great
Central fish, one might expect that Sproat fish would exhibit a significantly higher
threshold than Great Central Sockeye in the lower Somass River for the transition
from continuous to intermittent and/or slowed seasonal entry. A crude test of these
alternatives may be achieved by identifying the temperatures occurring in the lower
Somass coincident with the temperature thresholds associated with transitions from
high to lower migration rates in the Stamp and Sproat Rivers. As noted above, the
temperature thresholds for these transitions at Sproat Falls and Stamp Falls are
around 21-23°C and 18-19°C respectively which means that temperature thresholds
for the transition from higher to lower migration rates in the lower Somass River at
about the same times are 18-20°C and 17.5-18.5°C respectively for Sproat-bound
versus Great central-bound fish. Although these results do not wholly rule out the
possibility of a slightly higher tolerance for high temperatures by Sproat than Great
Central fish, they do suggest the existence of very similar temperature thresholds for
seasonal reductions in migration rates and the likelihood of entry from Alberni Inlet
into the lower Somass River for both stocks of fish.

Future Migration Environment Challenges Revealed by All-year Analyses

Peak over threshold (POT) analyses were completed to review decadal scale trends
in specific temperature and flow thresholds by site. The frequency and duration of
“‘warm” weather episodes (daily mean temperature > 20°C) have steadily increased
in the Somass region since the 1950’s, with corresponding increases in the
frequency and duration of equivalent “warm” water periods which may be stressful or
lethal to salmon in both the Stamp and Sproat River systems. Further, adult Sockeye
migration timing through the Somass system appears to have shifted to later dates
in recent decades coincident with (1) increases in the frequency and duration of
POTi9:c events in the Stamp (1990s and 2000s) and Sproat rivers (1980s through
2000s; Figures 65-68) and (2) increases in the frequency and duration of extremely
low flows (<5 cms) in the Sproat River (1980s through 2000s; Figure 73-74). Sproat
River minimum to median flows during the main Sockeye migration interval have
decreased by 25-30% and mean flows have decreased from 12.9 to 9.8 cms over
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the past 50 years (trend of -0.5 cms per decade). Extreme low flows have also
declined further from approximately 3 cms early in the series to only 1.3 cms in more
recent decades suggesting that Sproat-bound Sockeye are now facing not only
higher temperatures in the Sproat River relative to Great Central-bound fish in the
Stamp River but also a higher proportion of dates during their main migration interval
characterized by extremely low water levels (and implicitly discharge). Significantly,
these low flow trends were not apparent in the Stamp River given stored water
behind the Great Central Dam used to mitigate low summer flows especially after
1957. If above-average flows are key to migration success given almost certain
exposure to stress inducing temperatures in excess of 18-19°C for Sproat fish in
particular, then a long-term declining trend in summer water levels in the
unregulated Sproat system, corresponding to an increase in the frequency and
duration of “low flow” events (<5-10 cms), may present challenges to the
sustainability of this stock as Sproat water temperatures continue to rise.

Finally, projections from global climate models suggesting continued increases of
summer temperatures (1.5 to 4°C by 2100) and reductions to both winter snowpack
and late summer flows in the Pacific Northwest and southern British Columbia due to
climate change in the coming decades (Mote and Salathé 2009) are expected to
stress wild salmon populations to their physical and physiological limits, potentially
leading to general abundance declines and, in severe cases, extinctions. These
projections do not auger well for sustainable production of Barkley Sound and
Somass system Sockeye salmon. Given such a future, further human interventions
(e.g., additional water storage, engineering of “cold-water” release structures for the
Somass, Stamp and Sproat rivers) may be increasingly necessary to mitigate for
trends in environmental conditions that, left unaddressed, will most certainly
decrease future migration success of adult Sockeye salmon on their returns through
Alberni Inlet and the Somass River system.



39

ACKNOWLEDGEMENTS

This study would not be possible without the dedicated efforts of FISHERIES AND
OcEeANs CANADA personnel in the DFO South Coast office and HUPACASETH FIRST
NATION who collected, maintained and provided much of the Stamp/Somass field
data, including: Jeff Till, Seaton Taylor, Dawn Lewis, Rick Ferguson, and Diana
Dobson, who exhumed historical water temperature data for DFO data logger sites
in the Somass system; Larry Cross of CATALYST PAPER CORPORATION (Port Alberni);
Jeremy Damborg, Kevin Pellett, and Craig Wightman (BC CONSERVATION
FOUNDATION, Nanaimo) and the LIVING RIVERS - GEORGIA BASIN/VANCOUVER ISLAND
PROGRAM for additional temperature data; and WATER SURVEY of CANADA for
providing stream flow data. Mike Wright (M. C. WRIGHT & Assoc., Nanaimo, B.C.),
Dave Burt (D. BURT & Assoc., Nanaimo), and Adam Lewis (Ecofish Research,
Courtenay) provided data for Great Central and Elsie Lake / Ash River subsystems.
Janice Boyd and Bob More of ENVIRONMENT CANADA provided Alberni Inlet and
Somass River water sample data from the federal ENVIRONMENTAL EFFLUENT
MONITORING PROGRAM. Also thanks to all who assisted with the editing and
production of this manuscript report.

Funding for this report series was provided through the AQUATIC CLIMATE CHANGE
AND ADAPTATION SERVICES PROGRAM (ACCASP) program of FISHERIES AND OCEANS
CANADA.

LITERATURE CITED

Abdul-Aziz, O.l., Mantua, N.J., and Myers, KW. 2011. Potential climate change impacts on
thermal habitats of Pacific salmon (Oncorhynchus spp.) in the North Pacific Ocean
and adjacent seas. Can. J. Fish. Aquat. Sci. 68(9): 1660-1680.

Birtwell, I.K., Nelles, S., and Harbo, R.M. 1983. A brief investigation of fish in the surface
waters of the Somass River estuary, Port Alberni BC. Can. Manuscr. Rep. Fish.
Aquat. Sci. 1744-1775.

Cooke, S.J., Hinch, S.G., Farrell, A.P., Lapointe, M.F., Jones, S.R.M., MacDonald, J.S.,
Patterson, D.A., and Healey, M.C. 2004. Abnormal migration timing and high en
route mortality of Sockeye salmon in the Fraser River, British Columbia. Fisheries
29: 22-33.

Damborg, J.G., Stiff, HW., Hyatt, K.D., Brown, G., and Till, J. 2015. Water temperature,
river discharge, and adult Chinook salmon migration observations in the
Stamp/Somass watershed, 1986-2012. Can. Manuscr. Rep. Fish. Aquat. Sci. 3026:
vi + 96 p.

Department of Fisheries and Oceans Canada (DFO). 2005. Canada's Policy for the
Conservation of Wild Pacific Salmon. ISBN 0-662-40538-2 Cat No. Fs23-476/2005E.
57 p.

Department of Fisheries and Oceans (DFO). 2012. Assessment of Area 23 Sockeye and
2010 forecast (Barkley Sound and Alberni Inlet). DFO Can. Sci. Advis. Sec. Sci.
Advis. Rep. 2012/033. Available at: http://www.dfo-mpo.gc.ca/csas-
sccs/Publications/SAR-AS/2012/2012 033-eng.pdf



http://www.dfo-mpo.gc.ca/csas-sccs/Publications/SAR-AS/2012/2012_033-eng.pdf
http://www.dfo-mpo.gc.ca/csas-sccs/Publications/SAR-AS/2012/2012_033-eng.pdf

40

Eby, L.A., Crowder, L.B., McClellan, C.M., Peterson, C.H., and Powers, M.J. 2005. Habitat
degradation from intermittent hypoxia: impacts on demersal fishes. Mar. Ecol. Prog.
Ser. 291: 249-261.

Farrell, A.P. 2009. Environment, antecedents and climate change: lessons from the study of
temperature physiology and river migration of salmonids. J. Exp. Biol. 212(23): 3771-
3780.

Finney, B., Gregory-Eaves, |., Douglas, M.S.V., and Smol, J.P. 2002. Fisheries productivity
in the northeastern Pacific Ocean over the past 2,200 years. Nature 416: 729-733.

Hatfield Consultants. 2013. Port Alberni Environmental effects monitoring (EEM) cycle six
interpretive report. Prepared for Catalyst Paper Corporation, Port Alberni Division,
4000 Stamp Ave., Port Alberni, BC, S9Y 5J7 by Hatfield Consultants, Suite 200-850,
Harbourside Drive, North Vancouver, BC, V7P 0A3

Hinch, S.G., and Bratty, J. 2000. Effects of swim speed and activity pattern on success of
adult Sockeye salmon migration through an area of difficult passage. Trans. Am.
Fish. Soc. 129: 598-606.

Hinch, S.G., and Martins, E.G. 2011. A review of potential climate change effects on survival
of Fraser River Sockeye salmon and an analysis of inter-annual trends in en route
loss and pre-spawn mortality. Cohen Commission Tech. Rept. 9: 134p. Vancouver,
B.C.

Hyatt, K.D., and Steer, G.J. (1987). Barkley Sound sockeye salmon (Oncorhynchus nerka):
evidence for over a century of successful stock development, fisheries management,
research, and enhancement effort. In Sockeye salmon (Oncorhynchus nerka)
population biology and future management.. Edited by H. D. Smith, L. Margolis, and
C. C. Wood. Can. Spec. Publ. Fish. Aquat. Sci. 96. pp. 435-457.

Hyatt, K.D., and Stockwell, M.M.. 2003. Analysis of seasonal thermal regimes of selected
aquatic habitats for salmonid populations of interest to the Okanagan Fish and Water
Management Tools (FWMT) Project. Can. Man. Rep. Fish. Aquat. Sci. 2618: 26 p.

Hyatt, K.D., Stockwell, M.M., and Rankin, D.P. 2003. Impact and Adaptation Responses of
Okanagan River Sockeye Salmon (Oncorhynchus nerka) to Climate Variation and
Change Effects During Freshwater Migration: Stock Restoration and Fisheries
Management Implications. Can. Water. Res. Journal 28 (4): 689-713.

Hyatt, K.D., McQueen, D.J., Rankin, D.P., and Demers, E. 2011. Density dependent growth
in juvenile Sockeye salmon (Oncorhynchus nerka). The Open Fish Science Journal
4: 49-61.

Hyatt, K.D., McQueen, D.J., Shortreed, K.S., and Rankin, D.P. 2004. Sockeye salmon
(Oncorhynchus nerka) nursery lake fertilization: Review and summary of results.
Environ. Rev. 12: 133-162.

International Panel on Climate Change (IPCC). 2007. Climate change 2007: Impacts,
adaptation and vulnerability. Contribution of working group Il to the fourth
assessment report of the intergovernmental panel on climate change. Edited by M.L.
Parry, O.F. Canziani, J.P. Palutikof, P.J. van der Linden, and C.E. Hanson.
Cambridge University Press, Cambridge, UK, 976 p. [Electronic version Feb 2007]
http://www.ipcc.ch/ipccreports/assessments-reports.htm.



http://www.ipcc.ch/ipccreports/assessments-reports.htm

41

Jensen, J.0.T., McClean, W.E., Damon, W., and Sweeten, T. 2004. Puntledge River high
temperature study: Influence of high water temperature on adult pink salmon
mortality, maturation and gamete viability. Can. Tech. Rep. Fish. Aquat. Sci. 2523:
50 p.

Kidwell D., Lewitus, A., Jewett, E., Brandt, S., and Mason, D. 2009. Ecological impacts of
hypoxia on living resources. J. Exp. Mar. Biol. Ecol. 381: S1-S3.

Littell, J.S., Elsner, M.M., Mauger, G.S., Lutz, E., Hamlet, A.F., and Salathé E. 2011.
Regional Climate and Hydrologic Change in the Northern US Rockies and Pacific
Northwest: Internally Consistent Projections of Future Climate for Resource
Management. Project report: April 17, 2011. Available at:
http://cses.washington.edu/picea/USFS/publ/Littell_etal 2010/

Mantua, N.J., and Hare, S.R. 2002. The Pacific decadal oscillation. J. Oceanogr. 58(1): 35-
44,

Mantua, N., Tohver, I., and Hamlet, A. 2010. Climate change impacts on streamflow
extremes and summertime stream temperature and their possible consequences for
freshwater salmon habitat in Washington State. Climatic Change 102: 187-223.

Manzer, J.1., Morley, R.B., and Girodat, D.J. 1985. Terminal travel rates for Alberni Inlet
sockeye salmon (Oncorhynchus nerka). Can. Tech. Rep.Fish. Aquat. Sci. 1367: 19

p.
Martins, E.G., Hinch, S.G., Cooke, S.J., and Patterson, D.A. 2012. Climate effects on
growth, phenology, and survival of sockeye salmon (Oncorhynchus nerka): a

synthesis of the current state of knowledge and future research directions. Rev. Fish.
Biol. Fisher. 22 (4). 887 — 914.

Martins, E.G., Hinch, S.G., Patterson, D.A., Hague, M.J., Cooke, S.J., Miller. K.M., Lapointe,
M.F., English, K.K., and Farrell, A.P. 2010. Effects of river temperature and climate
warming on stock-specific survival of adult migrating Fraser River sockeye salmon
(Oncorhynchus nerka). Global Change Biol. 17(1): 99-114.

McCullough, D., Spalsing, S., Sturdevant, D., and Hicks, M. 2001. Issue Paper 5: Summary
of technical literature examining the physiological effects of temperature on
salmonids. U. S. Environmental Protection Agency.

Mohseni, O., and Stefan, H.G. 1999. Stream temperature/air temperature relationship: a
physical interpretation. J. Hydrol. 218: 128-141.

Mohseni, O., Stefan, H.G., and Erickson, T.R. 1998. A nonlinear regression model for
weekly stream temperatures. Water Resource Res. 34 (10): 2685-2692.

Mote, P.W., and Salathé, E.P. 2009. Future climate in the Pacific Northwest. Chapter 1
in The Washington Climate Change Impacts Assessment: Evaluating Washington's
Future in a Changing Climate, Climate Impacts Group, University of Washington,
Seattle, Washington.

Mote, P., Parson, E., Hamlet, A., Ideker, K., Keeton, W., Lettenmaier, D., Mantua, N., Miles,
E., Peterson, D., Slaughter, R., and Snover, A. 2003. Preparing for climate change:
The water, salmon, and forests of the Pacific Northwest. Climatic Change 61: 45-88.

Nelitz, M., Wieckowski, K., Pickard, D., Pawley, K., and Marmorek, D.R. 2007. Helping
Pacific salmon survive the impact of climate change on freshwater habitats: Case
Studies. Final report prepared by ESSA Technologies Ltd., Vancouver, BC for Pacific
Fisheries Resource Conservation Council, Vancouver, BC, 67 p.


http://cses.washington.edu/picea/USFS/pub/Littell_etal_2010/

42

Peel, M.C., Finlayson, B.L., and McMahon, T.A. 2007. Updated world map of the K&ppen-
Geiger climate classification. Hydrol. Earth Syst. Sci. Discuss. 4: 439-473. doi:
10.5194/hessd-4-439-2007.

Pellett, K., Stiff, H., Damborg, J., and Hyatt, K. 2015. A PIT-tag based investigation into
Somass River adult sockeye salmon migration behaviour in response to
environmental conditions, 2010. Can. Tech. Rep. Fish. Aquat. Sci. 3116: viii + 154 p.

Pilgrim, J.M., Fang, X., and Stefan, H.G. 1998. Stream temperature correlations with air
temperatures in Minnesota: implications for climate change. J. Am. Water Res.
Assoc. 34 (5): 1109-1121.

Salinger, D.H., and Anderson, J.J. 2006. Effects of water temperature and flow on adult
salmon migration swim speed and delay. Trans. Am. Fish. Soc. 135(1): 188-199.

Sokal, R.R., and Rohlf, F.J. 1969. Biometry. The Principles and Practices of Statistics in
Biological Research. W.H. Freeman and Co., San Francisco. 776 p.

Statistical Analysis Software (SAS). 2008. SAS/Stat Guide for Personal Computers. Version
9.2 Edition. SAS Institute Inc., Box 8000, Cary, NC, USA 27512.

Stefan, H.G. and Preud’homme, E.B. 1993. Stream temperature estimation from air
temperature. Water Resour. Bull. 29 (1): 27-45.

Steer, G.J., and Hyatt, K.D. 1987. Use of a run timing model to provide in-season estimates
of sockeye salmon (Oncorhynchus nerka) returns to Barkley Sound. Can. Tech. Rep.
Fish. Aquat. Sci. 1557: 39 p.

Stiff, H.W., Hyatt, K.D., Finnegan, B., and Macintyre, D. 2015a. Water temperature, river
discharge, and adult Sockeye salmon migration observations in the Babine
watershed, 1946-2014. Can. Manuscr. Rep. Fish. Aquat. Sci. 3053: v + 168 p.

Stiff, H.W., Hyatt, K.D., Stockwell, M.M., Cox-Rogers, S., and Levesque, W. 2015b.
Temperature, and discharge conditions associated with migration of adult Sockeye
salmon entering the Docee River and Long Lake watershed, B.C. from 1968-2012.
Can. Manuscr. Rep. Fish. Aquat. Sci. 3052: vii + 159 p.

Stiff, H.W., Hyatt, K.D., Stockwell, M.M., Cox-Rogers, S., Hall, P., Alexander, R.F.,
Kingshott, S.C., Percival, N., and Stewart, B. 2015c. Water temperature, river
discharge, and adult Sockeye salmon migration observations in the Meziadin
watershed, 1966-2012. Can. Manuscr. Rep. Fish. Aquat. Sci. 3019: v + 146 p.

Stiff, H.W., Hyatt, K.D., Stockwell, M.M., Etherton, P.M., and Waugh, W.D. 2013. Water
temperature, river discharge, and adult Sockeye salmon migration observations for
the Tahltan watershed, 1959-2012. Can. Manuscr. Rep. Fish. Aquat. Sci. 3018: ix +
112 p.

Stucchi, D., Kolodey, A., Birtwell, 1., Waldichuk, M., Hyatt, K., and Knapp, W. 1990. Review
of the water quality issue in Port Alberni Harbour. Unpublished report to file dated
Oct. 18, 1990. Department of Fisheries and Oceans Canada, Institute of Ocean
Science, Sidney, B. C. and the Pacific Biological Station, Nanaimo, B. C. 20 p.

Tully, J.P. 1949. Oceanography and prediction of pulpmill pollution in Alberni Inlet. Bull.
Fish. Res. Bd. Can. 83: 169 p.

Vincent, L.A., and Gullett, D.W. 1999. Canadian historical and homogeneous temperature
datasets for climate change analyses. Int. J. Climatol. 19: 1375-1388.



43

Vincent, L.A., Wang, X.L., Milewska, E.J., Wan, H., Yang, F., and Swalil, V. 2012. A second
generation of homogenized Canadian monthly surface air temperature for climate
trend analysis, J. Geophys. Res., 117, D18110, doi:10.1029/2012JD017859.

Walker, 1.J., and Sydneysmith, R. 2008. British Columbia. In From impacts to adaptation:
Canada in a changing climate 2007. Edited by D.S. Lemmen, F.J. Warren, J. Lacroix
and E. Bush. Government of Canada, Ottawa, ON. pp.329-386.

Webb, B.W., and Nobilis, F. 1997. Long-term perspective on the nature of the air-water
temperature relationship: a case study. Hydrol. Process. 11: 137-147.

Wetzel, R.G. 1975. Limnology. Published by W. B. Saunders Company, West WA Square,
Philadelphia, PA. 19105 : 753p.

Whitfield, P.H. 2001. Linked hydrologic and climate variations in British Columbia and
Yukon. Environ. Monit. Assess. 67: 217-238.

Whitfield, P.H., and Cannon, A.J. 2000. Recent variations in climate and hydrology in
Canada. Can. Water Resour. J. 25(1): 19-65.

Whitfield, P.H., Bodtker, K., and Cannon, A.J. 2002. Recent variations in seasonality of
temperature and precipitation in Canada, 1976-1995. Int. J. Climatol. 22: 1617-1644.
doi: 10.1002/joc.813.


http://dx.doi.org/10.1029/2012JD017859

Table 1.

Table 2.

Table 3.

Table 4.

Table 5.

Table 6.

Table 7.

Table 8.

Table 9.

44

LIST OF TABLES

Annual migration statistics for Great Central Lake adult sockeye daily migrants, 1976-2012
(filtered for non-zero observations), documenting migration period, mean and maximum
daily migrant and migration rate (%) estimates, and total escapement. ........cccccceoecvvieeeneeennnnns

Annual migration statistics for Sproat Lake adult sockeye daily migrants, 1974-2012 (filtered
for non-zero observations), documenting migration period, mean and maximum daily
migrant and migration rate (%) estimates, and total escapement. .........ccccceeviviiiiiieee e,

All-year and all-season discharge statistics for observed data from the Stamp River WSC
Station 08HBOL0, 1914-1078......ccccueeeiieeiieeiiteeeseesteessteeesteeessaeesseeesnteaesnteeanseeesseeeanseeesneeesnses

All-year summer month (July-September) discharge statistics for observed data from the
Stamp River WSC Station 08HBO010, 1960-1978. .......ccccveiiiiieiieeiireiieeeseeeeneeeesreeeseeeesseeesneens

All-year and all-season discharge statistics for observed data from the Somass River WSC
Station 08HBOL7, 1957-2002. .......ccccuueeeeiiiieeeiiteeeeeiteeeeestaeeesstaeeessbaeeeesntaeeessntaeeassntaeeessnrreeaeans

All-year summer month (July-September) discharge statistics for observed data from the
Somass River WSC Station 08HBOL17, 1960-2002........ccceevieerurieeieeeieeeiiiieieeeeeseeerirae s e e e e eeennnanns

All-year and all-season discharge statistics for observed data from the Sproat River WSC
Station 08HBO08, 1913-2012. .....cccciiuiieeeiiiieeeiitie e e eteee e e stae e e s stae e e e sbaeeeestaaeeesntaeeassraeeessnsaeeaeans

All-year summer month (July-September) discharge statistics for observed data from the
Sproat River WSC Station 08HB008, 1960-2012. ........cccoeeeiiiiiiieeeeeeeeeeeeeeeeeeeeeeeee et

Cross-correlation of calibration data from Somass, Stamp, and Sproat River daily mean
discharge data (observed). Calibration data were sub-sampled from available discharge
data by selecting the 10™, 20", and 30" observations of each month (Jan-Dec) of the year
L0 R L0 2 0 SRRSO RR

Table 10. Cross-correlation of calibration data from Somass, Stamp, and Sproat River daily mean

discharge data (observed). Calibration data were sub-sampled from available discharge
data by selecting the 10", 20", and 30" observations of each summer month (Jul-Sep) for
the YEArS 19B0-2012. .....oiiiiiiiiiiiiiie ettt ettt ettt e b bt e e bbb e e a et e e s b bt e e et e e anaeeas

Table 11. Annual summary of daily summer month (Jul-Sep) water temperature data from Somass

River at the Papermill Dam, 1991-2012 (Source: CATALYST PAPER ENVIRONMENTAL
EFFLUENT MONITORING PROGRAMY). «..uiiii ittt ettt sttt et a e e a e aea e a e a e aeae s

Table 12. Annual summary of Class 1 daily mean water temperature data for July-September from

Stamp River data loggers installed at the Stamp Falls Fishway, 2000-2004 (Source: DFO
SouTH COAST). MEAN is average of daily mean temperatures from data logger readings for
#DATES times per year. MIN and MAX are minimum and maximum of the daily mean
temperatures (i.e., Not observed eXtreMA). .........ccvvviiiiiiiiiie e

Table 13. Annual summary of Class 1 daily mean water temperature data for July-September from

Sproat River data loggers installed at the Sproat Falls Fishway, 1996, 2000-2003 (Source:
DFO SALMON IN REGIONAL ECOSYSTEMS and DFO SouTH COAST), 2009-2010 (Source: BC
CONSERVATION FOUNDATION). MEAN is average of daily mean temperatures from data

logger readings for #DATES times per year. MIN and MAX are minimum and maximum of the
daily mean temperatures (i.e., Not 0bserved eXtremMa). ........ccccvvririeeeesiiiiieee e e et e e e

Table 14. Number of annual water temperature observations available for Somass River air/water

temperature analyses, partitioned into warming and cooling seasons for seasonal
relationships. Air/water temperature model calibration data years were selected based on
strength of association between air and water time-series and range of temperature
ODSEIVATIONS. ... ettt e e e e e e

53

54

56

60

61

62

63



Table 15.

Table 16.

Table 17.

Table 18.

Table 19.

Table 20.

Table 21.

Table 22.

Table 23.

Table 24.

45

Number of annual water temperature observations available for Stamp River air/water
temperature analyses, partitioned into warming and cooling seasons for seasonal

relationships. Air/water temperature model calibration data years were selected based on
strength of association between air and water time-series and range of temperature

(o] 0 T=T AV 1o = J PR 65

Number of annual water temperature observations available for Sproat River air/water
temperature analyses, partitioned into warming and cooling seasons for seasonal

relationships. Air/water temperature model calibration data years were selected based on
strength of association between air and water time-series and range of temperature

(o] o 1S7=T V= 1o = TP PRPP PR PPR 66

Logistic regression output for air/water temperature relationship between the ROBERTSON
CREEK STANDARD 7d-CMAT (air temperature index) and calibration data for Somass River

daily spot water temperatures: seasons combined (top); warming season (middle); cooling

£ L= 110 ]I (0T 1 (o 1 ) SRR 67

Logistic regression output for air/water temperature relationship between the ROBERTSON
CREEK STANDARD 7d-CMAT (air temperature index) and calibration data for Stamp River

daily mean water temperatures: seasons combined (top); warming season (middle);

€00lING SEASON (DOTIOM). ..ot e e e 68

Logistic regression output for air/water temperature relationship between the ROBERTSON
CREEK STANDARD 7d-CMAT (air temperature index) and calibration data for Sproat River

daily mean water temperatures: seasons combined (top); warming season (middle);

(odo o] o ST=F= FYo ] a1 (0o 11 (e 1 1) TS PP PPPPt 69

Linear regression output for air/water temperature relationship between the ROBERTSON
CREEK STANDARD 7d-CMAT (air temperature index) and calibration data for Somass River
daily spot water temperatures: warming season (top); cooling season (middle). Type llI
sum of squares for season effect and season interaction effect are highly significant
(bottom), indicating that hysteresis exists and that seasonal models provide the best fit to

Linear regression output for air/water temperature relationship between the ROBERTSON

CREEK STANDARD 7d-CMAT (air temperature index) and calibration data for Stamp River

daily mean water temperatures: warming season (top); cooling season (middle). Type IlI

sum of squares for season effect and season interaction effect are highly significant

(bottom), indicating that hysteresis exists and that seasonal models provide the best fit to

LU L=IN o F= = F PP PT PP PEPP P 71

Linear regression output for air/water temperature relationship between the ROBERTSON

CREEK STANDARD 7d-CMAT (air temperature index) and calibration data for Sproat River

daily mean water temperatures: warming season (top); cooling season (middle). Type llI

sum of squares for season effect and season interaction effect are highly significant

(bottom), indicating that hysteresis exists and that seasonal models provide the best fit to

L = = VUSSR 72

Comparison of Pearson (least squares) and Spearman (rank) correlation coefficients for
observed versus estimated (from logistic and linear models) daily mean water temperature

for air/water temperature relationships for validation data years in the Somass River:

warming season (top); cooling season (bottom). Analysis indicates equal predictive power
between the tWo MOdel tYPES. ... ... e 73

Comparison of Pearson (least squares) and Spearman (rank) correlation coefficients for
observed versus estimated (from logistic and linear models) daily mean water temperature

for air/water temperature relationships for validation data years in the Stamp River:

warming season (top); cooling season (bottom). Spearman analyses indicate equal

predictive power between the tWo Model tYPES. ......coouvviiiiiiiiii e 74



Table 25.

Table 26.

Table 27.

Table 28.

Table 29.

Table 30.

Table 31.

46

Comparison of Pearson (least squares) and Spearman (rank) correlation coefficients for
observed versus estimated (from logistic and linear models) daily mean water temperature
for air/water temperature relationships for validation data years in the Sproat River:
warming season (top); cooling season (bottom). Spearman analyses indicate equal

predictive power between the tWo Model tYPES. .......oooiiiiiii i

Frequency analysis of decadal mean number of dates per summer month in which regional
air temperature exceeded 20°C (top); mean length (days) and mean frequency of number
of periods in which regional air temperature continuously exceeded 20°C in Jul-Sep, by

(o [<Tor=To (=l (oo 100] 1 1) PP OO PPUPPOPPP

Frequency analysis of decadal mean number of dates per summer month in which
estimated mean water temperature in the Stamp River exceeded 19°C (top); mean length
(days) and mean frequency of number of periods in which estimated mean water
temperature in the Stamp River continuously exceeded 19°C in Jul-Sep, by decade

(0o 11 0] 10 ) TS PSSR

Frequency analysis of decadal mean number of dates per summer month in which
estimated mean water temperature in the Sproat River exceeded 20°C (top); mean length
(days) and mean frequency of number of periods in which estimated mean water
temperature in the Sproat River continuously exceeded 20°C in Jul-Sep, by decade

(o0l 10] 1 1) R TP O PO PPPPPPPPPPPTN

Frequency analysis of decadal mean number of dates per summer month in which daily
mean flow in the Stamp River was less than 24 cms (top); mean length (days) and mean
frequency of number of periods in which daily mean flow in the Stamp River continuously

remained below 24 cms, by decade (bottom). Note: 1930s omitted due to insufficient data. ...

Frequency analysis of decadal mean number of dates per summer month in which daily
mean flow in the Stamp River was greater than 90 cms (top); mean length (days) and
mean frequency of number of periods in which daily mean flow in the Stamp River
continuously exceeded 90 cms, by decade (bottom). Note: 1930s omitted due to

1R IS0 1R [e =T 1A =) = TN

Frequency analysis of decadal mean number of dates per summer month in which daily
mean flow in the Sproat River was less than 5 cms (top); mean length (days) and mean
frequency of number of periods in which daily mean flow in the Sproat River continuously

remained below 5 cms, by decade (bottom). Note: 1930s omitted due to insufficient data. ....

.75

.76

77

.78

79

.80

.81



Figure 1.
Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

Figure 14.

Figure 15.

47

LIST OF FIGURES

Somass watershed and Alberni Inlet, west coast of Vancouver Island, British Columbia. .......... 82

Somass watershed with key Environment Canada climate stations and Canadian
Hydrographic Survey water monitoring StatioNS. ........cc.uvieiiiiee i 83

Great Central Lake sockeye migration timing (1976-2012). Mean daily migration + 2
standard errors (top); mean daily migration rate (as a percent (%) of annual stock
escapement (black line) and mean cumulative daily migration + 2 standard errors (blue
line) (bottom). TT50% ~ day 202. See APPENDIX for annual plots. .........ccccviveeeeiiiiciiieeeeeenn, 84

Sproat Lake sockeye migration timing (1974-2012). Mean daily migration + 2 standard
errors (top); mean daily migration rate (as a percent (%) of annual stock escapement
(black line) and mean cumulative daily migration + 2 standard errors (blue line) (bottom).
TT50% ~ day 195. See APPENDIX for annual PIOtS. .......ccooviiiiiiiiie e 85

Observed daily mean discharge (cms) + 2 standard errors of the mean for summer months
(July-September) for the Somass River (WSC Station 08HB017; 1960-2002), Sproat River
(WSC Station 08HB008; 1960-2012), and Stamp River (WSC Station 08HB010; 1960-

=) TR SRR 86
Trend in mean summer (July-September) discharge (cms) observed at Stamp River (WSC

Station 08HBOL0; 1914-1978). ..eeceeiiiiiiiiiee e e ettt e e e e e et e e e e e s s sntaerr e e e e e s s annntaereeeeeeseannnreeeees 87
Trend in mean summer (July-September) discharge (cms) observed at Sproat River (WSC

Station 08HBO08; 1913-2012). .....uuuvieiiiiiieiiiiiieeinitiieesatteeesssreeesssreeesssbeeessnsbeeessnsreeessnsseeesssssees 87

Daily mean discharge (cms) at the Somass River (WSC Station 08HB017) as a linear
functlon of Sproat River daily mean discharge (08HB008), based on calibration data (10
20™, and 30" observation sub- -sampled from Jan-Dec data), 1960-2012. ............cevvvvvvrevevnrnnnns 88

Daily mean discharge (cms) at the Somass River (WSC Station 08HB017) as a linear
functlon of Sproat River daily mean discharge (08HB008), based on calibration data (10
20" and 30" observation sub-sampled from Jan-Dec data), 1960-2012. ...........cccoevverurvernnnn. 88

Daily mean discharge (cms) at the Somass River (WSC Station 08HB017) as a log
function of Sproat River daily mean discharge (08HB008), based on calibration data (10
20" and 30" observation sub-sampled from Jan-Dec data) 1960-2012. ............cccovevvevurvernnnn. 89

Daily mean discharge (cms) at the Somass River (WSC Station 08HB017) as a log
functlon of Sproat River daily mean discharge (08HBO008), based on calibration data (10
20™, and 30" observation sub- -sampled from Jan-Dec data) 1960-2012. ............cevvevvvevevevernnnnns 89

Daily mean discharge (cms) at the Somass River (WSC 08HB017) as a curwlmear funct|on
of Sproat River daily mean discharge (08HB008), based on calibration data (10 20", and
30" observation sub- -sampled from Jan-Dec data), 1960-2012. ...............coeeeiiiiiiii 90

Daily mean discharge (cms) at the Somass River (WSC 08HBO017) as a curvilinear function
of Sproat River daily mean discharge (08HB008), based on calibration data (10th, 20th,
and 30th observation sub-sampled from Jan-Dec data), 1960-2012. ..........cccceevrriireeniineeennnnne. 90

Observed (solid line) and estimated (dashed line) daily mean discharge (cms) in the

Somass River for a subsample of years. Estimated Somass discharge is derived from

Sproat River daily mean discharge (WSC Station 08HB008) based on a curvilinear function
(SoMASS = A +BX + cX?; see Figure 12 and Figure 13), 1960-2012. .......cccceiiiiiiiiieeneeeieiiiieen. 92

Daily mean discharge (cms) at the Stamp River (WSC Station 08HB010) as a linear
function of Sproat River daily mean discharge (08HB008), based on calibration data (10th,
20th, and 30th observation sub-sampled from Jan-Dec data) 1960-2012. ...........cccccevriiurrnnnenn. 93



Figure 16.

Figure 17.

Figure 18.

Figure 19.

Figure 20.

Figure 21.

Figure 22.

Figure 23.

Figure 24.

Figure 25.

Figure 26.

Figure 27.

Figure 28.

Figure 29.

Figure 30.

Figure 31.

48

Daily mean discharge (cms) at the Stamp River (WSC Station 08HB010) as a linear
function of Sproat River daily mean discharge (08HB008), based on calibration data (10th,
20th, and 30th observation sub-sampled from Jan-Dec data) 1960-2012. ...........cccccvveeeeerennnns 93

Daily mean discharge (cms) at the Stamp River (WSC Station 08HB010) as a Iog functlon
of Sproat River daily mean discharge (08HB008), based on calibration data (10", 20", and
30™ observation sub-sampled from Jan-Dec data) 1960-2012............cc.cocevrvrereerrereeeerrrenenn. 94

Daily mean discharge (cms) at the Stamp River (WSC Station 08HB010) as a Iog functlon
of Sproat River daily mean discharge (08HB008), based on calibration data (10", 20", and
30™ observation sub-sampled from Jan-Dec data), 1960-2012...........cc.cocevrvrrreerrerererrrenenn. 94

Daily mean discharge (cms) at the Stamp River (WSC 08HB010) as a curvilinear function
of Sproat River daily mean discharge (08HB008), based on calibration data (10th 20", and
30" observation sub- -sampled from Jan-Dec data), 1960-2012.........ccccccveeeeeiiicinineeeeeee e 95

Daily mean discharge (cms) at the Stamp River (WSC 08HB010) as a curV|I|near functlon
of Sproat River daily mean discharge (08HB008), based on calibration data (10 20", and
30" observation sub- -sampled from Jan-Dec data), 1960-2012.............cuuvmrmrmrmrmrmrmrnremnnninnnnnnnnn. 95

Daily mean discharge (cms) at the Stamp River (WSC Station 08HB010) as a linear
functlon of Somass River daily mean discharge (08HB017), based on calibration data (lO
20", and 30™ observation sub-sampled from Jan-Dec data), 1960-2012..........c..cccoevrrverrennnsn. 96

Daily mean discharge (cms) at the Stamp River (WSC Station 08HB010) as a linear
functlon of Somass River daily mean discharge (08HBO017), based on calibration data (10
20", and 30™ observation sub-sampled from Jan-Dec data), 1960-2012..........c.cccoevrrverrenenvn. 96

Daily mean discharge (cms) at the Stamp River (WSC Station 08HB010) as a Iog functlon
of Somass River daily mean discharge (08HB017), based on calibration data (10 20",
and 30™ observation sub- -sampled from Jan-Dec data), 1960-2012.............cccccevvvvveviveieieeennnnn, 97

Daily mean discharge (cms) at the Stamp River (Station 08HB010) as a log functlon of
Somass River daily mean discharge (08HB017), based on calibration data (10 20", and
30" observation sub-sampled from Jan-Dec data), 1960-2012............ccccovurrerverrrrereersrersneneen. 97

Daily mean discharge (cms) at the Stamp River (Station 08HB010) as a curvilinear
functlon of Somass River daily mean discharge (08HB017), based on calibration data (10
20", and 30™ observation sub-sampled from Jan-Dec data), 1960-2012.............ccccocevrrverrennns.n. 98

Daily mean discharge (cms) at the Stamp River (Station 08HB010) as a curvilinear
functlon of Somass River daily mean discharge (08HB017), based on calibration data (10
20™, and 30" observation sub- -sampled from Jan-Dec data), 1960-2012...............cccevevvveveeennn. 98

Example years with observed (solid line) and estimated (dashed lines) daily mean

discharge (cms) in the Stamp River. Estimated Stamp discharge is derived from observed
Somass River daily mean discharge (green) based on a log function or from quadratic

function with observed Sproat River discharge (red). ........ccccovvvvviiiiiiiiii 99

Trend in mean summer (July-September) discharge (cms) at Stamp River (observed:
1914-1978; estimated: 1979-2012). .....ccueieieieee e e ieeieeer e e e e e e e e e e e e e e e e e s e e e e e e e ann 100

Water temperature data for Somass River watershed reference site at Papermill Dam,
1991-2012 (Source: CATALYST PAPER ENVIRONMENTAL EFFLUENT MONITORING PROGRAM)...... 100

Water temperature data for Stamp River watershed reference site at Stamp Falls Fishway,
1990-1994 (SOUrce: DFO SOUTH COAST) . .tiiiitiieeeitiieeesitieeessitieeessteeeessteeeessbaeeessnseeessnsneessans 101

Water temperature data for Sproat River watershed reference site at Sproat Falls Fishway,
1996, 2000-2003 (Source: DFO SALMON IN REGIONAL EcosysTEMS and DFO SOUTH
COAST), 2009-2010 (Source: BC CONSERVATION FOUNDATION).....uuurttieeeiaiiiiieeeeeaeeaaainieeeeeeens 101



Figure 32.

Figure 33.

Figure 34.

Figure 35.

Figure 36.

Figure 37.

Figure 38.

Figure 39.

Figure 40.

Figure 41.

Figure 42.

Figure 43.

Figure 44.

49

Annual thermograph of water temperature data for Somass River watershed reference site
at Papermill Dam, by year, 1991-2012 (Source: CATALYST PAPER ENVIRONMENTAL EFFLUENT
MONITORING PROGRAM). ..veiiutiteitieeestteessteesstteesnteeessaeessseesnsesessseeansesesssessnsenessseesnsesansenesnsenesseenns 102

Annual thermograph of water temperature data for Somass River watershed reference site
at Papermill Dam, 1991-2012 (Source: CATALYST PAPER ENVIRONMENTAL EFFLUENT
MONITORING PROGRAM). ..uttttteiutittee sttt e sttt e e sttt e e s st e e s st e e s aab e e e s aas b e e e e anbbe e e e anbe e e e anbreeeeannnes 102

Annual thermograph of mean daily water temperature data for Stamp River watershed
reference site at Stamp Falls Fishway, by year, 2000-2004 (Source: DFO SouTH COAST).....103

Annual thermograph of mean daily water temperature data * two standard deviations for
Stamp River watershed reference site at Stamp Falls Fishway, 2000-2004 (Source: DFO
SOUTH COAST). cuuttttttitee et s iiutteteeeae e et e aaateaeeeeeeesa st e ta e et aaeeeaa s sabaeeeeaeesaaansataeeeaaessaanssesneeeaeeseannnrenneees 103

Annual thermograph of mean daily water temperature data for Sproat River watershed
reference site at Sproat Falls Fishway, 1996, 2000-2003, (Source: DFO SALMON IN

REGIONAL EcosYSTEMS and DFO SouTH COAST), by year, 2009-2010 (Source: BC
CONSERVATION FOUNDATION). ....tttttttttttssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssmmmmmmmmmnnes 104

Annual thermograph of mean daily water temperature data * two standard deviations for
Sproat River watershed reference site at Sproat Falls Fishway, 1996, 2000-2003 (Source:

DFO SALMON IN REGIONAL ECOsYSTEMS and DFO SouTH COAST), 2009-2010 (Source: BC
CONSERVATION FOUNDATION). ..ccetiuttteetsitite e e sttt e e ettt e ettt e et e e s st e e e snbe e e e e ssbe e e e e snbe e e e s anbeeeeennns 104

Regression of weekly Class 2 spot temperatures (source: CATALYST PAPER MiLL EEM
PROGRAM) as a function of daily mean water temperture from Class 1 data logger readings
(SOUICE: BCCF). it 105

Relationship between observed Stamp River and Somass River daily mean water
temperatures for available data, 2000-2012...........ccoiiiiiiiiii 106

Derivation of seasonal turn-around point for Somass (top), Stamp (middle), and Sproat
(bottom) rivers, based on maximum weekly mean air and water temperature data. The
seasonal turn-around point for all reference sites is in week 30 or day 210, approx. July

29". The “warming season” therefore extends from April 1 to July 29" followed by the

“cooling season” from day 211-329, i.e., July 30" — November 25", ..........cccooovveveeeeeererenns 107

Derivation of optimum regional air temperature index for air/water temperature analyses,

based on maximum all-year correlation between various multi-day mean air temperature
indicators (MATSs) with daily mean water temperature (MWT) in the Somass (top), Stamp
(middle), and Sproat (bottom) rivers. Air temperature indicators include (I-r): Robertson

Creek Air Temp (same day mean); 3-day centered moving average air temperature (3D-

MAT), 5D-MAT, 7D-MAT, @nd 10-DMAT ......ootiiiiiieeiiiiiee et sitee e siee e snbee e e sneaea e e snees 108

Logistic regression fits for air/water temperature relationship for Somass River daily spot

water temperatures as a function of the ROBERTSON CREEK STANDARD 7d-CMAT (air
temperature index): seasons combined (top); separate warming season (red) and cooling
SEaSONS (DIUE) (DOTEOM). ...eiiiiiiiie ittt e e bbeeeeane 109

Logistic regression fits for air/water temperature relationship for Stamp River daily mean

water temperatures as a function of the ROBERTSON CREEK STANDARD 7d-CMAT (air
temperature index): seasons combined (top); separate warming season (red) and cooling
SEASONS (BIUE) (DOEOM). ..ttt e e e s e s r e e e e e s e st eeeee e e s e ssnrenneeeeeesannnes 110

Logistic regression fits for air/water temperature relationship for Sproat River daily mean

water temperatures as a function of the ROBERTSON CREEK STANDARD 7d-CMAT (air
temperature index): seasons combined (top); separate warming season (red) and cooling
SEASONS (DIUE) (DOLEOIM). ..ottt e e et e et e e e e e s e bnbe e e e e e e e e e aannees 111



Figure 45.

Figure 46.

Figure 47.

Figure 48.

Figure 49.

Figure 50.

Figure 51.

Figure 52.

Figure 53.

Figure 54.

Figure 55.

Figure 56.

Figure 57.

50

Linear regression fits for air/water temperature relationship for Somass River daily spot

water temperatures (top), and Stamp River (middle) and Sproat River (bottom) daily mean
water temperatures as a function of the ROBERTSON CREEK STANDARD 7d-CMAT (air
temperature index), by season (warming season (red) and cooling season (blue))................ 112

Sample validation plots of daily mean air temperature (red line), 7-day MAT index (broad

pink line), and observed (blue solid line) and estimated (black dashed line, based on

seasonal logistic regression models) daily mean water temperature for Somass River,

May-Oct 2000 (top), 2002 (middle), 2004 (BOtEOM). ...cc.eeiiiieieiiieeiee ettt 113

Sample validation plots of daily mean air temperature (red line), 7-day MAT index (broad

pink line), and observed (blue solid line) and estimated (black dashed line, based on

seasonal logistic regression models) daily mean water temperature for Somass River,

May-Oct 2006 (top), 2008 (middle), 2009 (DOtOM). ...eeveeeiiiiciiiieiie e e e e e 114

Sample validation plots of daily mean air temperature (red line), 7-day MAT index (broad

pink line), and observed (blue solid line) and estimated (black dashed line, based on

seasonal logistic regression models) daily mean water temperature for Stamp River, May-

Oct 1993 (top), 2001 (Middle), 2003 (DOTOM). .....eiiiiriiieiiiiiie it 115

Sample validation plots of daily mean air temperature (red line), 7-day MAT index (broad

pink line), and observed (blue solid line) and estimated (black dashed line, based on

seasonal logistic regression models) daily mean water temperature for Stamp River, May-

Oct 2004 (top), 2009 (middle), 2010 (DOEOM)......eieiiiiiieeiiiie et 116

Sample validation plots of daily mean air temperature (red line), 7-day MAT index (broad

pink line), and observed (blue solid line) and estimated (black dashed line, based on

seasonal logistic regression models) daily mean water temperature for Sproat River, May-

Oct 1981 (top), 1984 (middle), 1988 (DOttomM)........ccceeveieieieeeeeee e 117

Sample validation plots of daily mean air temperature (red line), 7-day MAT index (broad

pink line), and observed (blue solid line) and estimated (black dashed line, based on

seasonal logistic regression models) daily mean water temperature for Sproat River, May-

Oct 1990 (top), 1994 (Middle), 1996 (DOTOM). .....eiiiiiiiiiiiiiiiie ittt 118

Trends in summer (Jul-Sep) temperature indices. Robertson Creek mean air temperature
(top), modeled Stamp water temperature (middle), and modeled Sproat River water
tempPerature (DOTEOM). .....ooiiiiieii et s e b e e e e e e 119

Frequency plot of historical GCL sockeye migration (unweighted tally of non-zero migration
dates), at varying levels of Stamp River water temperature. 58% of migration dates occur
LA S T L R SO RPSP 120

Frequency plot of historical GCL sockeye non-zero migration dates (weighted by daily
migration rate), at varying levels of Stamp River water temperature. Though most dates of
migration occur at 18-19°C (Figure 53), the highest rates of daily migration occur at 16-

R D P UUPPRRTRPR 120

Frequency plot of historical GCL sockeye migration (unweighted tally of non-zero migration
dates), at varying levels of Stamp River discharge. Most migration dates (~70%) occur at
240 L I o 1 1 PP 121

Frequency plot of historical GCL sockeye non-zero migration dates (weighted by daily
migration rate), at varying levels of Stamp River discharge. Though most dates of migration
occur at 20-50 cms (Figure 53), the highest rates of daily migration occur at > 40 cms, with
maximum daily migration rates between 60-90 CMIS........cooiiiiiiiiiii e 121

Weighted frequency plot (top) and smoothed contour (bottom) of historical Great Central

Lake sockeye (1976-2012) mean daily migration rates (%), at varying levels of Stamp River
water temperature and discharge. Filtered for a minimum of 5 observations at each MWT x
Flow point. Maximum migration rates are found at 16-18°C and 60-70 CMS.........ccccceeveeeeennes 122



Figure 58.

Figure 59.

Figure 60.

Figure 61.

Figure 62.

Figure 63.

Figure 64.

Figure 65.

Figure 66.

Figure 67.

Figure 68.

Figure 69.

Figure 70.

Figure 71.

Figure 72.

Figure 73.

Figure 74.

Figure 75.

51

Frequency plot of historical Sproat sockeye migration dates (unweighted tally of non-zero
migration dates), at varying levels of Sproat River water temperature. Most dates (66%) of
MIGration OCCUN @t 19-22°%C.....cciiiiiiiiieeee e e ce e e e e st e e e e e s s st e e e e e e s e s anba e e e e aeeesannsnraneeaaeanas 123

Frequency plot of historical Sproat sockeye non-zero migration dates (weighted by daily
migration rate), at varying levels of Sproat River water temperature. Though most dates of
migration occur at 20-21°C (Figure 58), the highest rates of migration occur at 17-21°C. ...... 123

Frequency plot of historical Sproat sockeye migration (unweighted tally of non-zero
migration dates), at varying levels of Sproat River discharge. ~50% of migration dates
OCCUN AL < 10 CIMIS. 1oeiiiiiiiitttri ettt e e e e s et e e e e s s e e e e e e e s e e e e e e e e e s aanrnenee s 124

Frequency plot of historical Sproat sockeye non-zero migration dates (weighted by daily
migration rate), at varying levels of Sproat River discharge. Though most dates of

migration occur at < 10 cms (Figure 60), significant migration rates mostly occur at 10 cms

and above, with the highest rates of migration at 30-36 CMS.........ccccvveeeeeeeiiiiiiiieee e 124

Weighted frequency plot (top) and smoothed contour (bottom) of historical Sproat Lake
sockeye (1974-2012) mean daily migration rates (%), at varying levels of Sproat River

water temperature and discharge. Filtered for a minimum of 5 observations at each MWT x
Flow point. Maximum migration rates are found at 18°C at lower discharges (12-22 cms),

and at 19-23°C at discharge rates above 22 CIMS. ......c.eeeeiiiiieeiiiiie ettt 125

Frequency of decadal mean number of dates per summer month in which mean air
temperature (ROBERTSON CREEK STANDARD) exceeded 20°C during sockeye migration, by

Mean length (days) and total decadal frequency of periods in which mean air temperature
(ROBERTSON CREEK STANDARD) continuously exceeded 20°C in Jul-Aug-Sep, by decade. ....126

Frequency of decadal mean number of dates per summer month in which mean water
temperature (estimated) in the Stamp River exceeded 19°C........cccooiiiiiiiiiiiiiiiiiiieeeereee e 127
Mean length (days) and total decadal frequency of periods in which mean water

temperature (estimated) in the Stamp River continuously exceeded 19°C, by decade........... 127
Frequency of decadal mean number of dates per summer month in which mean water
temperature (estimated) in the Sproat River exceeded 20°C. .........cooccviiieieeeeiiiiiiiieee e 128
Mean length (days) and decadal total frequency of periods in which mean water

temperature (estimated) in the Sproat River continuously exceeded 20°C, by decade........... 128

Frequency of decadal mean number of dates per month in which estimated mean daily
flow in the Stamp River was less than 24 cms (~25th percentile of historic summer flows).....129

Mean length (days) and mean frequency of number of periods in which estimated mean
daily flow in the Stamp River was less than 24 cms, by decade. .............ovvvevevvivieveeeieviiinnnnnnns 129

Frequency of decadal mean number of dates per month in which estimated mean daily
flow in the Stamp River was greater than 90 cms (~90th percentile of historic summer

lOVS ). et 130
Mean length (days) and mean frequency of number of periods in which estimated mean

daily flow in the Stamp River was greater than 90 cms, by decade. ............ccccvvvvvvveeeriiicninnnnn. 130
Frequency of decadal mean number of dates per month in which mean daily flow in the

Sproat River was [€SS than 5 CMS. .....uuiiiiie e e e e 131
Mean length (days) and mean frequency of number of periods in which mean daily flow in

the Sproat River was less than 5 cms, by decade. ..., 131

Frequency of decadal mean number of dates per month in which mean daily flow in the
Sproat River was greater than 22 CIMS. ......oooiiiiiiiiiie e 132



52

Figure 76. Mean length (days) and mean frequency of number of periods in which mean daily flow in
the Sproat River was greater than 22 cms, by decade. .........c..coccvvieeeieciiiiciice e, 132

LIST OF APPENDICES

Appendix A. Multi-panel plots of Sproat and Great Central Lake Sockeye daily migration in relation to
environmental variables, by year, 1974-2012. .........ccccciiirieee i 133

Appendix B. Annual anomaly plots for Great Central Lake sockeye migration, water temperature, and
river discharge. Zero-line thresholds: (a) Daily migration rate = 0.79% (75th percentile of
non-zero daily migration rates (1976-2012); (b) Water temperature = 19°C (at Stamp Falls);
Discharge (at Stamp FallS) = 24 CMS. ......ueiiiiiiiee ettt 173

Appendix C. Annual anomaly plots for Sproat Lake sockeye migration, water temperature, and river
discharge. Zero-line thresholds: (a) Daily migration rate = 1.07% (75‘h percentile of non-
zero daily migration rates (1974-2012); (b) Water temperature = 20°C; Discharge = 10



53

TABLES

Great Central Lake
Date Sockeyve Migrants (3-d Awvg) Migration Rate (%)

Date Min Max Mean Max fAinnual Mean Max

Count Date Date [Min| Daily Daily Total Daily P50 P75 P95 Daily
Tear
1976 98| 18JUN| 23SEP| 51 2,673 15,991 261,966 1.021 0.36] 1.69| 23.73 6.10
1977 77| 21JUN| 23SEP 8 1,116 6,828 85,933 1.30] 0.62]| 1.49| 4.66 7.95
1978 102| 14JUN| 23SEP 5 1,181 8,739 120,442 0.98) 0.52] 1.16| 3.7¢ .31
1979 83| 21JUN| 23SEP 1 2,690| 38,170 223,264 1.201 0.34]| 0.89| 4.85 17.10
1980 112 13JUN| 020CT| 57 1,475 11,575 165,168 0.89]| 0.60| 1.00| 2.56 7.01
1981 110 14JUN| 010CT| 29 2,389| 15,402 262,791 0.91] 0.56] 1.15| 3.42 5.86
1982 109| 14JUN| 01DCT 5 1,413| 15,069 154,058 0.92] 0.22]| 1.23| 3.38 9.78
1983 106| 13JUN| 26SEP| 25 3,562| 24,862 377,612 0.94]| 0.34] 1.13| 4.12 6.58
1984 127 29MAY| 020CT 2 1,050 6,207 133,310 0.79]| 0.44) 0.88| 2.95 4.66
1985 132| 30MAY| 0BOCT 4 i 7,043 120,274 0.76| 0.43]| 0.88| 2.88 5.86
1986 161 Q1JUN| 10NDV 6 856 15,075 137,807 0.62| 0.27]| 0.B65| 2.15 10.394
1987 169| 04JUN| 20NDV 2 1,720 13,657 290,715 0.59] 0.31] 0.71| 2.86 4.70
1988 160| 10JUN| 21NOV 1 1,292 8,639 206,676 0.63| 0.37]| 0.87| 2.62 4.18
1983 167| 03JUN| 20NDV 8 1,445 11,938 241,263 0.60| 0.34] 0.76| 2.09 4.95
1990 155 08JUN| 09NOV| 13 1,159 6,633 179,604 0.65| 0.33]| 0.89| 2.46 3.69
1991 153| 07JUN| 11NODV 2 2,833| 39,118 433,390 0.65| 0.13]| 0.53| 3.80 9.03
1992 163| 01JUN| 10NDV 4 1,197 8,345 195,118 0.61]| 0.32] 0.77| 1.86 4.28
1993 152 09JUN| O7NOV| 58 1,563 11,034 237,539 0.66| 0.34]| 0.84| 2.17 4.65
1934 161 02JUN| 10NDV 1 705 6,715 113,493 0.62| 0.21]| 0.67| 2.87 5.92
1995 99| 02JUN| 19SEP 1 647 5,280 64,093 1.01] o.68] 1.33] 3.41 8.24
1996 150| 06JUN| O5SNOV 1 1,100| 13,088 165,025 0.67| 0.36| 0.68| 2.68 7.93
1997 125 27¥MAY| 29SEP 1 1,373 9,726 172,409 0.80| 0.37]| 0.73| 3.47 5.64
1998 173| 22MAY| 10NDV 1 1,585| 18,612 274,279 0.58]| 0.44] 0.81| 1.49 6.79
1999 153| 26MAY| OGNDV 1 1,380 12,413 211,111 0.65| 0.02]| 0.56| 4.39 5.88
2000 131| 31MAY| OTNDV 1 548 3,271 1,730 0.76]| 0.47] 0.91| 2.64 4.5%6
2001 156| 29MAY| 310CT 5 2,606| 31,988| 406,510 0.64| 0.21]| 0.73| 3.17 7.87
2002 185| 07MAY| 11NDV 1 1,521 22,046 281,336 0.54] 0.21] 0.46| 2.24 .84
2003 148| 05JUN| OGNDV 7 1,633 17,396 241,755 0.68| 0.28] 0.54| 3.15 7.20
2004 174 22MAY| 14NODV 1 1,182 20,000 205,618 0.57| 0.15]| 0.60| 2.60 9.73
2005 170| 04MAY| OTNDV 1 1,112 9,368 189,122 0.59] 0.20] 0.67| 2.58 4.95
2006 154| 16MAY| OSNODV 1 854 8,829 131,568 0.65| 0.21] 0.70| 3.53 6.71
2007 137| 11MAY| 10NDV 1 557 5,299 76,373 0.73| 0.07]| 0.65| 4.48 6.94
2008 136| 14MAY| O1NDV 0 544 4,179 74,024 0.74| 0.14] 1.02| 3.58 5.65
2009 160| 26MAY| O0BNODV 1 1,373 17,873 219,744 0.62| 0.28]| 0.65| 2.37 8.13
2010 144| 239MAY| OGNDV 1 2,328| 18,151 335,204 0.63] 0.22] 1.06| 3.46 5.41
2011 158| 10MAY| O03NDV 1 2,819| 35,172 445,438 0.63]| 0.02] 0.33| 3.97 7.90
2012 102| 24MAY| 03SEP 2 1,463 13,081 149,202 0.98]| 0.18]| 0.76| 4.85 8.77
1976-
2012 5,152| 18JUN| 035EP 0 1,486 39,118|7,654,964 0.72] 0.29] 0.79| 3.10 17.10

Table 1. Annual migration statistics for Great Central Lake adult sockeye daily
migrants, 1976-2012 (filtered for non-zero observations), documenting
migration period, mean and maximum daily migrant and migration rate (%)
estimates, and total escapement.
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Sproat Falls
Date Sockeye Migrants (3-d fvg) Migration Rate (%)

Date Min Max Mean Max finnual Mean Max

Count Date Date |Min| Daily Daily Total Daily P50 P75 Pas Daily
Year
1974 78| 13JUN| 03SEP 8 [ak:] 3,172 56,011 1.28] 0.78| 1.65| 5.00 5.66
1975 88| 14JUN| 23SEP| 12 626 2,370 55,069 1.14] 0.84| 1.68| 2.79 4.30
1976 66| 14JUN| 21AUG| 81 7i8| 4,168 47,404 1.52] 0.96| 2.05| 4.92 8.79
1977 78| 14JUN| OFSEP| 12 823 3,069 64,219 1.28) 1.11| 2.12| 3.45 4.78
1978 86| 14JUN| 15SEP| 4 379 2,699 32,580 1.16] 0.64| 1.30| 3.58 8.28
1979 94| 14JUN| 15SEP| 21 g2 9,397 73,473 1.06] 0.57| 1.20| 3.36 12.79
1980 102| 13JUN| 225EP| 48 1,334 8,502 136,033 0.98| 0.63| 1.47| 2.70 6.25
1981 102| 14JUN| 23SEP 2 1,282 7,541 130,812 0.98| 0.45| 1.16] 4.02 5.76
1982 102| 14JUN| 23SEP|[147 2,203| 13,903 224,693 0.98| 0.41| 1.29] 3.69 6.19
1983 124| 24MAY| 26S5EP| 17 2,079| 13,153 257,793 0.81]| 0.31| 9.83]| 3.42 5.10
1984 125| 31MAY| 020CT 2 713 3,540 89,100 0.80| 0.62| 1.14] 2.186 3.97
1985 133| 29MAY| 0BOCT 1 1,105 9,602 146,951 0.75| 0.37| 0.88] 2.96 6.53
1986 120| 04JUN| 020CT 2 1,608 7,230 192, 941 0.83]| 0.56| 1.14] 3.01 3.75
1987 109| 22JUN| 08OCT| 13 1,393] 10,380 151,835 0.92| 0.29| 1.05]| 3.48 6.84
1988 105| 10JUN| 225EP| 4 2,242 8,460 235,417 0.95| 0.67| 1.40] 2.86 3.59
1989 119| 02ZJUN| 30S5EP| 30 1,412 7,719 167,987 0.84| 0.49| 1.17]| 2.77 4.59
1930 129| 12JUN| 190CT 9 874| 4,3v2 112,790 0.78]| 0.50| 1.17] 2.12 3.88
1991 113| 10JUN| 30SEP| 19 1,854| 18,736 209,475 0.88]| 0.32| 0.78| 4.61 8.94
1992 140| o4JUN| 210CT| 4 1,585 9,638 221,938 0.71]| 0.45| 1.03]| 2.25 4.34
1933 132| o04JUN| 130CT| 42 1,555] 11,138 205,289 0.76| 0.40| 0.81] 3.27 5.43
1994 121| 02JUN| 30SEP 6 1,188 9,570 143,770 0.83]| 0.30| 1.11] 3.23 6.66
1995 92| OS5JUN| 04SEP| 4 1,113 4,405 102,400 1.09] 0.78| 1.59| 3.22 4.30
19396 150| 24MAY| 210CT 3 1,400] 11,393 210,051 0.67| 0.14| 0.70]| 3.34 5.42
1997 124| 2¥MAY| 27SEP 2 1,156 5,576 143,403 0.81]| 0.47| 1.27| 2.59 3.89
1938 154| 15MAY| 150CT 2 1,779] 11,424 274,014 0.65| 0.29| 0.86] 2.75 4.17
1999 130| 24MAY| 30SEP| 21 1,305 7,235 169,636 0.77| 0.29| 1.43] 2.70 4.27
2000 129| 26MAY| 180CT 1 979 5,528 126,339 0.78| 0.40| 0.99] 3.45 4.38
2001 184| 14MAY| 13NMOV| 4 2,019| 19,322 371,518 0.54| 0.19| 0.47| 2.53 5.20
2002 202| 22APR| 09NOV 2 1,090] 15,375 220,189 0.50| 0.09| 0.33| 2.99 6.98
2003 155| 15MAY| 160CT 2 1,219 8,232 189,001 0.65| 0.29| 0.74] 3.14 4.36
2004 170| 18MAY| 03NOV 2 882 6,207 149,947 0.59] 0.25| 0.¥5] 2.15 4.14
2005 163| OGMAY| 200CT 1 924 8,438 150,568 0.61| 0.28| 0.74]| 2.59 5.60
2006 136| 12MAY| 29SEP 1 466| 4,005 63,357 0.74| 0.26| 1.01] 3.16 6.32
2007 119 o8MAY| 03SEP 1 605 4,056 71,975 0.84| 0.46| 1.14] 3.35 5.64
2008 108| 20MAY| 045EP 2 1,082 5,393 116, 844 0.93| 0.45| 1.53] 3.17 4.62
2009 137| 26MAY| 110CT 2 1,298| 22,047 177,831 0.73| 0.27| 0.¥5] 3.75 12.40
2010 116| 20MAY| 140CT 3 2,375| 11,950 275,468 0.86| 0.35| 1.28]| 3.61 4.34
2011 149| 11MAY| 06OCT 3 2,948| 26,026| 439,214 0.67| 0.11| 0.73]| 3.36 5.93
2012 117| 10MAY| 03SEP 7 1,964| 13,329 229,755 0.85] 0.31| 1.20] 3.51 5.80
1974~
2014 4,801| 13JUN| 03SEP 1 1,341]| 26,026|6,437,090 0.81]| 0.38| 1.06] 3.15 12.79

Table 2. Annual migration statistics for Sproat Lake adult sockeye daily migrants,
1974-2012 (filtered for non-zero observations), documenting migration



55

period, mean and maximum daily migrant and migration rate (%) estimates,
and total escapement.

Flow & Lewvel Data From HWater Survey of Canada
Discharge Statistics [(AND 1 <= Month <= 12)

---------------------- Site=Stamp ID=08HBOI0 ===------mmem— - ————

The UNIVWARIATE Procedure
Variable: Discharge

MHoments
N 19887 Sum Heights 19887
Mean 75.8846372 Sum Obszervations 1509117.78
S5td Deviation 65.2940733 Yar iance 4263 .31601
Skewness 2.75222853 Kurtozsis 13.3645354
Uncorrected 55 199293157 Corrected 55 84780302.2
Coeff WVariation 86.0438631 Std Error HMean 0.46300867

Basic Statistical HMeasures

Location Variability
Mean fh.88464 5td Deviation 65.23407
Median 56.60000 Var iance 4263
Mode 51.00000 Range ¥f6.51000
Interquartile Range 63.70000

Tests for Location: Muld=0

Test =5tatistic-  =-———- p Valug=-=-=-=—==-
Student’s t t 163.8946 Pr > it C.0001
Sign M 9943.5 Pr »= M| <.0001
Signed Rank 5 98878164 Pr »>= 151 C.0001

Quantiles (Definition 5)

Quantile E=timate
100% HMax FF9.00
99% 323.00
95% 197.00
90% 150.00
fox Q3 97.70
LO%E Median £6.60
252 M 34 .00
10% 20.80
L% 13.70
1% ¥.93

Filters: AND 1 <= Month <= 12 (24FEB13)

Table 3. All-year and all-season discharge statistics for observed data from the
Stamp River WSC Station 08HB010, 1914-1978.
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Site=Stamp ID=08HBO10Q

The UNIVARIATE Procedure

Variable: Discharge (Discharge (cms))
Moments
H 1748 Sum Weight=s 1748
Mean 44, 9470252 Sum Observations f8567 .4
Std Deviation 21.8309994 Yar iance 47¥6.592533
Skewness Z2.62612688 Kurtoszis 9.58111441
Uncorrected 55 4363978.06 Corrected 55 832607 .155
Coeff Variation 48.57051 Std Error Mean 0.52215916

Basic Statistical Measures

Location Variability
Mean 44 ,.94703 Std Deviation 21.83100
Median 38.20000 Var iance 476 .59253
Mode 26. 80000 Range 205.20000
Interquartile Hange 16.10000
Testz for Location: HMud=0

Test =Statizstic=-  =————- p Valug======

Student’'s t t 86.07917 Pr > it] <.0001

Sign M 874 Pr >= M| <.0001

Signed Rank S 764313 Pr »= 151 <0001

Quantiles (Definition 5)

Quantile Estimate
100% Hax 223.0
99= 135.0
95% 88.3
90% 5.0
foE Q3 48.1
LOX Hedian 38.2
25% o1 32.0
107 28.2
L% 26.6
17 23.2
0% Hin 17.8

Table 4. All-year summer month (July-September) discharge statistics for observed
data from the Stamp River WSC Station 08HB010, 1960-1978.
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Flow & Level Data From Water Survey of Canada
Discharge Statistics (AND 1 <= Month <= 12)

--------------------- Site=Somassz ID=08BHBOI1Y¥ --=====--—-eemeeme -

The UNIVWARIATE Procedure
Variable: Discharge

MHoments
H 16238 Sum Heights= 16238
Mean 121.435817 Sum Observations 1971874 .8
Std Deviation 105, 050435 Var iance 11035.5939
Skeuness 2.68173184 Kurtosis 10.9586905
Uncorrected 55 418641165 Corrected 55 179184938
Coeff Variation 86.5069608 Std Error Mean 0.82438786

Basic Statistical Measures

Location Variability
MHean 121.4358 S5td Deviation 105.05043
Median 92 .0000 Var iance 11036
Mode 103 .0000 Range 1116
Interguartile Range 96.10000

Tests for Location: Huld=0

Test =5tatistic-  =-—=-- p Valug-=-===--
Student's t t  147.3042 Pr > it} <.0001
Sign H 81119 Pr »= IHN| < 0001
Signed BRank 5 6Bh922221 Pr »= |51 ¢.0001

Quantiles [(Definition 5)

Quantile E=ztimate
100% Hax 1130.0
99% L3g.o0
b L4 320.0
0= 240.0
ToX Q3 150.0
LO% Hedian 92.0
25% o1 £3.9
10% 34.0
L% 28.7
1% 23.2

Filter=: AND 1 <= Month <= 12 (24FEB13)

Table 5. All-year and all-season discharge statistics for observed data from the
Somass River WSC Station 08HB017, 1957-2002.
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ID=08HBO1Y¥

The UNIVARIATE Procedure

Variable: Discharge [(Discharge (cm=])
Moments

H 3924 Sum Heights
Mean 51.9267839 Sum Obszervations
S5td Deviation 32.0729114 Var iance
Skeuness 2.92982223 Kurtozsis
Uncorrected 55 14616116.7 Corrected 55
Coeff VYariation 61.7656418 S5td Error HMean

3924
203760.7
1028.67164
14.4943493
4035478 .86
0.51200463

Bazic Statistical Measzures

Location Variability

Mean 51.92678 5td Deviation 32.07291
Hedian 42 .50000 Var iance 1029
Mode 34.30000 Range 299.50000
Interguartile Range 27.50000
Tests for Location: Mu0=0
Test =Statistic-  =————— p Valug=-==-=-=-
Student’s t t 101.4186 Pr > it} ¢.0001
Sion M 1962 Pr >= [H <.0001
Sioned Rank 5 3850425 Pr »>= 15 <.0001

Table 6. All-year summer month (July-September) discharge statistics for observed

Quantiles (Definition 5)

Quantile

100% Max
99%

95%

90%

f5E Q3
LOo%E Median
25% 01
10%

oA

1%

0% Min

E=t imate

417.
173.
117.
a2s8.
59.
42,
32.
26.
24.
20.
17.

(A= L T Ty e T e e e ]

data from the Somass River WSC Station 08HB017, 1960-2002.
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Flow & Level Data From Water Suwrvey of Canada
Discharge Statistics (AND 1 <= Month <= 12)

-------------------------- Site=5Sproat |D=08HB00E ---=-=-——---mmmmm e

The UNIVARIATE Procedure
Variable: Discharge

Homents
H 32551 Sum Heights 32551
Hean 37.8891902 Sum Observations 1233331.03
Std Deviation 34.1212407 VYar iance 1164 . 25907
Skewness 2.136542933 Kurtosis 7.44172768
Uncorrected 55 84626546 .6 Corrected 55 37896632 .7
Coeff Variation 90.0553445 S5td Error HMean 0.189312226

Bazic Statistical HMeasures

Location Variability
Mean 37r.88mM139 S5td Deviation 34.12124
Median 30.00000 Var iance 1164
Mode 28.60000 Range 366.62300
Interquartile Hange 35.60000

Hote: The mode displayed is the s=mallest of 2 modes with a count of 157.

Tests for Location: Hul=0

Test -5tatistic-  =-——--- p Valug=-=-=-==--
Student's t t 200.3423 Pr > it} <.0001
Sign M 16275.5 Pr »= M| <0001
Signed Rank 5 2 .649E8 Pr »= |51 <.0001

Quantiles (Definition 5)

Quantile Eztimate
100% Hax 367 .000
99% 165.000
95x 104,000
90% 78.800
¥oX Q3 50.000
50% Median 30.000
25% o1 14.400
10% L.100

Filter=: AND 1 <= Month <= 12 (24FEB13)

Table 7. All-year and all-season discharge statistics for observed data from the
Sproat River WSC Station 08HB008, 1913-2012.
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-------------------- Site=Sproat ID=0BHB0O}E -—--——————mmmmmm

The UNIVARIATE Procedure
Variable: Discharge (Discharge (cms))

Homents
N 4876 Sum Heights 4876
Mean 9.82784001 Sum Obzervations 47920 .5479
S5td Deviation 9.7869002 VYar iance 95.7834155
Skeuwness 1.955%41005 Kurtosis 4. 87567297
Uncorrected 55 937899.628 Corrected 55 466944 .15
Coeff Variation 99.5834302 S5td Error HMean 0.14015652

Basic Statizstical Measures

Locat ion Variability
Mean 9.82784 S5td Deviation 9.73690
Median b.26500 Var iance 95.783472
Mode 11.40000 Range g4 .62300
Interquartile Range 10.193000

Tests for Location: Mud=0

Test -Statistic-  ==——— p Yalue=-=====
Student's t t 70.120456 Pr > it} <. 0001
Sign H 2438 Pr »= (M| <.0001
Signed Rank 8 5945063 Pr »= 151 <. 0001

Quantiles (Definition %)

Quantile Eztimate
100% Max 85.000
99% 42 800
95% 30.900
90% 23.200
75X 03 13.200
50% Median 6.265
255 o1 3.010
10% 1.680
LY 4 1.320
1% 0.597
0% Hin 0.377

Table 8. All-year summer month (July-September) discharge statistics for observed
data from the Sproat River WSC Station 08HB008, 1960-2012.
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Somass 1477
Stamp [
Sproat 1839

Somass

Stamp

Sproat
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Simple Statistics
Hean Std Dew Median
119.55917 101.88619 89.80000
80.42447 61.32117 61.20000
37.79956 34 .86535 30.20000
Spearman Correlation Coefficients
Prob > |ri under HO: Rho=0
Humber of Dbszerwvations
Somass Stamp
1.00000 0.96274
<. 0001
1477 634
0.96274 1.00000
<. 0001
634 662
0.96000 0. 86497
<. 0001 <. 0001
1477 662

Minimum

17.80000
19.00000
0.41600

Sproat
0.96000
<. 0001

1477
0. 86497
<. 0001

662
1.00000

1839

Max i mum

1020
634 .00000
365.00000

Table 9. Cross-correlation of calibration data from Somass, Stamp, and Sproat River
daily mean discharge data (observed). Calibration data were sub-sampled
from available discharge data by selecting the 10™, 20", and 30™
observations of each month (Jan-Dec) of the year for 1960-2012.

Variable N
Somass 384
Stamp 171
Sproat 477

Hean

52.75964
44 . 76433
9.60607

Simple Statistics

S5td Dev

40.24897
22.91164
10.27106

Median

41.30000
38.20000
5.89000

Spearman Correlation Coefficients
Prob > iri{ under HO: Rho=0
Humber of Obserwvations

Somass

Stamp

Sproat

Somass
1.00000
384

0.94825

<.0001
168

0.87551

<. 0001
384

Stamp
0.94825
<.0001
168
1.00000
171
0.80304

<.0001
171

Minimum

17.80000
19.00000
0.41600

Sproat
0.87551
<.0001
384
0.80304
<.0001
171
1.00000

477

Max i mum

417.00000
171.00000
f1.70000

Table 10. Cross-correlation of calibration data from Somass, Stamp, and Sproat
River daily mean discharge data (observed). Calibration data were sub-
sampled from available discharge data by selecting the 10™, 20", and 30™
observations of each summer month (Jul-Sep) for the years 1960-2012.
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Hater Temperature Percentiles

Dates Min Mean Max Std Skew P25 P50 P75 Pa5
Tear
1991 ar 16.72] 18.91 21.48 1.35 0.25]| 17.8| 18.8| 19.7] 21.3
1992 a5 15.12| 18.78 21.79 2.00] =0.41| 17.1| 19.3| 20.1] 21.6
1993 as 15.20| 18.16 20.90 1.27 0.02| 17.3| 18.1| 19.1]| 20.4
1994 a8 16.81| 19.66 23.02 1.42 0.32| 18.5] 19.5] 20.6] 22.1
1995 a3 16.07| 18.71 21.78 1.25 0.44| 18.0| 18.5| 19.5] 21.0
1996 a5 15.54| 18.69 21.83 1.83 0.15] 17.1]| 18.8| 20.3| 21.7
1997 3z 16.14] 18.91 21.65 1.62 0.09| 17.4| 18.9] 20.3| 21.6
1998 28 16.31| 19.89 22.32 1.65| -0.20| 18.4] 20.0| 21.3| 22.2
1999 10 13.66| 17.84 19.63 1.91] =-1.34] 17.4] 18.1] 19.5] 19.6
2000 12 16.27| 18.68 20.92 1.40| =-0.09] 17.6] 18.8]| 19.7]| 20.9
2001 [ 17.05| 18.62 19.51 0.84] =-1.14| 18.2| 18.9] 19.3] 19.5
2002 10 17.58| 19.60 21.50 1.55| =-0.12| 18.0] 19.7] 20.9] 21.5
2003 [ 16.59| 19.76 21.24 1.56| =-1.69] 19.1] 20.3| 20.8] 21.2
2004 8 16.55| 19.50 22.15 2.00] =0.15| 17.9] 19.6| 21.1] 22.1
2005 9 15.64| 19.00 21.32 2.22] =0.34| 17.0| 20.0| 21.1] 21.3
2006 12 16.00]| 18.81 20.89 1.43| =-0.59] 17.8] 19.1] 19.8] 20.9
2008 13 15.86| 18.55 20.46 1.24| =-0.¥5| 18.1] 18.6] 19.4] 20.5
2009 14 15.81| 19.68 25.01 2.28 0.76| 18.6]| 19.3| 21.4] 25.0
2010 13 16.98| 19.02 20.72 1.14| =0.51] 18.0] 19.3]| 19.9]| 20.7
2012 13 14.20| 18.07 21.10 1.77]| -0.78| 17.3] 18.8] 19.0] 21.1
Aall 401 13.66| 18.93 25.01 1.65| =-0.01] 17.8] 18.9] 20.1] 21.6

Table 11. Annual summary of daily summer month (Jul-Sep) water temperature data
from Somass River at the Papermill Dam, 1991-2012 (Source: CATALYST
PAPER ENVIRONMENTAL EFFLUENT MONITORING PROGRAM).
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Hater Temperature Percentiles

Dates Hin Mean Max Std Skew P25 P50 P75 P95
Year
2000 92 15.20| 18.16 20.49 1.14 0.07| 17.2]| 18.2] 18.9] 20.1
2001 87 16.15| 18.08 20.57 0.93 0.47| 17.5| 18.0| 18.6] 20.0
2002 92 16.43| 18.92 21.52 1.23 0.36| 17.9]| 18.6] 19.9] 21.2
2003 92 16.70| 19.35 22.26 1.29| =-0.20| 18.5] 19.5] 20.4] 21.1
2004 22 18.66| 20.12 21.85 0.84| =-0.05| 19.7| 20.2| 20.7]| 21.2
fall 385 15.20| 18.72 22.26 1.30 0.24| 17.7| 18.6] 19.8] 20.9

Table 12. Annual summary of Class 1 daily mean water temperature data for July-

September from Stamp River data loggers installed at the Stamp Falls
Fishway, 2000-2004 (Source: DFO SouTH COAST). MEAN is average of
daily mean temperatures from data logger readings for #DATES times per
year. MIN and MAX are minimum and maximum of the daily mean
temperatures (i.e., not observed extrema).

Hater Temperature Percentiles

Dates Min Mean Max Std Skew P25 P50 P75 Pa5s
Year
1996 84 17.24| 20.89 24.71 1.69| =-0.26| 19.8] 21.0| 22.1| 23.3
2000 83 17.98| 20.51 22.77 1.35 0.15]| 19.4| 20.4| 21.6| 22.6
2002 91 18.36| 21.10 23.38 1.30] =-0.22] 20.0] 21.3| 22.1] 23.0
2003 43 20.48| 22.54 25.13 1.17 0.20] 21.5| 22.5| 23.3| 24.5
2009 76 19.27| 22.66 26.17 1.98 0.22] 21.1| 22.6| 24.3| 26.0
2010 990 17.99| 20.80 23.88 1.72] =-0.13| 19.2] 20.9| 22.4| 23.2
fall 467 17.24| 21.28 26.17 1.77 0.20]| 19.3]| 21.4| 22.6| 24.3

Table 13. Annual summary of Class 1 daily mean water temperature data for July-

September from Sproat River data loggers installed at the Sproat Falls
Fishway, 1996, 2000-2003 (Source: DFO SALMON IN REGIONAL
EcosysTeEmMs and DFO SouTH CoAsT), 2009-2010 (Source: BC
CONSERVATION FOUNDATION). MEAN is average of daily mean temperatures
from data logger readings for #DATES times per year. MIN and MAX are
minimum and maximum of the daily mean temperatures (i.e., not observed
extrema).
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Calibration Validation
Harming Cooling Harming Cooling

Obserwvations |Obzervat ions |Observat ions |Obzervations
Tear
1991 20 40
1992 23 42
1993 34 40
1994 a3 38
1995 27 35
1996 26 40
1997 23 30
1998 26 28
19919 16 15
2000 10 11
2001 16 9
2002 11 11
2003 13 12
2004 15 9
2005 10 11
2006 15 15
2007 0 0
2008 14 15
2009 15 16
2010 15 16
2011 0 0
2012 13 10

Table 14. Number of annual water temperature observations available for Somass
River air/water temperature analyses, partitioned into warming and cooling
seasons for seasonal relationships. Air/water temperature model
calibration data years were selected based on strength of association
between air and water time-series and range of temperature observations.
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Calibration Validation
Harming Cooling Harming Cooling

Observations |Observations |Obzervations |Obzservations
Year
1991 0 0
1992 0 0
1993 [ 0
1994 0 0
1995 85 0
1996 9 0
1997 0 0
1998 0 0
1999 0 0
2000 49 145
2001 205 154
2002 210 154
2003 210 154
2004 204 0
2005 0 0
2006 0 0
2007 0 0
2008 0 0
2009 142 40
2010 45 55
2011 0 0
2012 0 0

Table 15. Number of annual water temperature observations available for Stamp
River air/water temperature analyses, partitioned into warming and cooling
seasons for seasonal relationships. Air/water temperature model
calibration data years were selected based on strength of association
between air and water time-series and range of temperature observations.
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Calibration Validation
Harming Cool ing Harming Cooling

Obserwvat ions |Observations |Obzervations |Obzervations
Year
1996 20 84
1997 0 0
1998 0 0
1999 0 0
2000 490 102
2001 10 0
2002 63 g0
2003 39 16
2004 0 0
2005 0 0
2006 0 0
2007 0 0
2008 0 0
2009 242 18
20190 45 61
2011 0 0
2012 0 0

Table 16. Number of annual water temperature observations available for Sproat
River air/water temperature analyses, partitioned into warming and cooling
seasons for seasonal relationships. Air/water temperature model
calibration data years were selected based on strength of association
between air and water time-series and range of temperature observations.



67

Site=Somazs Dataszet=Calibration

The HLIN Procedure
Dependent Yariable WaterT
Method: Gauss-=-Newton

Sum of Mean Approx
Source DF Sguares Sguare F Value Pr > F
Mode 1 3 3313.3 1104 .4 L00.538 C.0001
Error 213 469.9 2.2063
Corrected Total 216 3783.3
fpprox
Parameter Eztimate Std Error fipproximate 95% Confidence Limits
alpha 22.1925 0.7586 20._6972 23.6877
beta 12.5105 0.4544 11.61419 13.4061
gamma 0.2614 0.0363 0.1899 0.3329
mu 7.1533 0.7722 L.6311 8.6755
Sum of Mean Approx
Source DF Sguares Sguare F WYalue Pr »F
Model 3 18701 623 .4 438 .65 <.0001
Error 100 142 .1 1.4211
Corrected Total 103 2012.2
Approx
Parameter E=t imate S5td Error fipproximate 95%% Confidence Limits
alpha 23.1681 1.2404 20.7072 25.6290
beta 11.5070 0.9785 9._5657 13.4482
gamma 0.2086 0.0425 0.1243 0.2930
mu 2.1624 2.5802 -2._9567 7.2815
Sum of Mean fApprox
Source DF Sguares Sguare F Yalue Pr > F
MHodel 3 1607 .1 Las.r 623.58 <.0001
Error 109 93.6411 0.8591
Corrected Total 112 1700.8
Approx
Parameter Eztimate Std Error fipproximate 95% Confidence Limits
alpha 24 .9059 2.0905 20.7627 29.0491
beta 9.5128 1.3635 6.8105 12.2152
gamma 0.1364 0.0365 0.0641 0.2086
mu 2.4267 3.3032 -4 _ 1201 8.9735%
HSC
Seazon Seazon Seazon MSC All NSC Season
Humerator Denom inator Data Data = MSC All Rezult
235.750 3712.99 0.93651 0.87578 0.060723 Hy=zteresis detected

Table 17. Logistic regression output for air/water temperature relationship between
the ROBERTSON CREEK STANDARD 7d-CMAT (air temperature index) and
calibration data for Somass River daily spot water temperatures: seasons
combined (top); warming season (middle); cooling season (bottom).
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----------------------- Site=5tamp Dataset=Calibration ------—-—-=-—-———e—ew-—-

The HLIN Procedure
Dependent Yariable HaterT
Method: Gauss-Newton

Sum of Mean Approx
Source DF Squares Square F Yalue Pr > F
Hode 1 4 244156 61039.0 22498.2 <.0001
Error 1481 4018.0 2.7131
Uncorrected Total 1485 248174
Approx
Parameter Eztimate Std Error fipproximate 95X Confidence Limits
alpha 20.2146 0.2296 19.7643 20.6649
beta 10.5453 0.1318 10,2867 10.8039
gamma 0.2971 0.0132 0.2711 0.3231
mu 4.1219 0.2058 2.7182 4.5255
Sum of MHean fipprox
Source DF Sguares Square F Yalue Pr > F
Model 3 24776.9 8259.0 R375.81 <.0001
Error gv4 1342.7 1.5363
Corrected Total 877 26119.6
Approx
Parameter Eztimate S5td Error fipproximate 95%% Confidence Limits
alpha 19.9413 0.2636 19.4240 20.4587
beta 11.0074 0.1358 10.7409 11.2733
gamma 0.2904 0.0131 0.2647 0.3162
mu 3.2683 0.2092 2.857¥7 3.6783
Sum of Hean Approx
Source DF Squares Square F Value Pr > F
Mode1 3 15727.3 L242 .4 4474 29 <. 0001
Error 603 f06.5 1.171°7
Corrected Total 606 16433.8
Approx
Parameter E=ztimate Std Error fipproximate 95%% Confidence Limits
alpha 21.7005% 0.3482 21.0167 22.3843
beta 9.1445 0.2222 g.7082 9.5808
gamma 0.2148 0.0135 0.1883 0.2413
mu 3.4651 0.4713 2.5395 4,3906

------------------------- Site=Stamp Dataset=Calibration =---====-=;eccmcccmecc e ————

HSC
Season Sea=son Season HSC fAll HSC Season
Humerator Denominator Data Data = MSC All Result
2049, 26 42553.43 0.95184 0.91239 0.039452 Hysteresis detected

Table 18. Logistic regression output for air/water temperature relationship between
the ROBERTSON CREEK STANDARD 7d-CMAT (air temperature index) and
calibration data for Stamp River daily mean water temperatures: seasons
combined (top); warming season (middle); cooling season (bottom).
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—————————————————————————— Site=-Sproat Dataset-Calibration -------————-————---—--—--——-
The HLIN Procedure
Sum of Mean Approx
Source DF Sguares Square F WYalue Pr »F
Mode 1 4 270953 6¥738.3 19541 .4 <. 0001
Error 757 2624 .1 3.4664
Uncorrected Total 761 273577
fipprox
Parameter Estimate S5td Error fApproximate 9%% Confidence Limits
alpha 23.5295 0.3737 22.795%9 24 .2632
beta 10.7600 0.6011 9.5799 11.9401
gamma 0.2508 0.0261 0.199% 0.3021
mu 5.0394 1.4245 2.2429 7.8359
Sum of Mean Approx
Source DF Sguares Square F Yalue Pr > F
Model 3 8521.1 2840.4 1163 .47 <.0001
Error 412 1005.8 2.4413
Corrected Total 415 9527 .0
Aipprox
Parameter Estimate S5td Error fipprox imate 95%% Confidence Limits
alpha 24.0165% 0.5938 22.8493 25.1837
beta 9.2143 1.1506 6.9526 11.4760
gamma 0.2001 0.0257 0.1495 0.2507
mu =-2.1752 3.2616 =8.5867 4.2363
Sum of Mean fipprox
Source DF Squares Sguare F Yalue Pr > F
Model 2 2596.1 865 .4 1006.63 <.0001
Error 341 293 .1 0. 8597
Corrected Total 344 2889.2
Approx
Parameter Eztimate Std Error fipproximate 95% Confidence Limits
alpha 25.8615 0.6746 24 .5346 27.1884
beta 12.3240 0.7137 10.9203 13.7278
gamma 0.1810 0.0253 o.1312 0.2309
mu 9.4073 1.3894 b.6744 12.1401
| a1
Season Season Season HMSC All W5C Season
Humerator Denom inator Data Data = NSC All Re=sult
1298.96 12416.21 0.89538 0.80632 0.089064 Hysteresis detected

Table 19. Logistic regression output for air/water temperature relationship between
the ROBERTSON CREEK STANDARD 7d-CMAT (air temperature index) and
calibration data for Sproat River daily mean water temperatures: seasons
combined (top); warming season (middle); cooling season (bottom).
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----------------------- Site=Somass Dataset=Calibration Season=Harming =======sccccccccccccea=-
The REG Procedure
Model: MODELI1
Dependent VYariable: HaterT Daily HUT
Analy=iz of Yariance

Sum of Mean

Source DF Squares Square F Yalue Pr > F
Model 1 1841 .62498 1841.62498 1101.29 <.0001
Error 102 170.56937 1.67225
Corrected Total 103 2012.19435%

Root MSE 1.29315% R=-Square 0.9152

Dependent Mean 15%.03706 Adj R-5q 0.9144

Coeff Var 8.59978

Parameter Estimates

Parameter Standard

Variable Label DF Eztimate Error t Value Pr > iti
Intercept Intercept 1 2.19964 0.40709 L.40 <.0001
Rober tzonCreek_7DMAT 7d-MAT 1 0.90830 0.02737 33.19 <.0001

----------------------- Site=Somass Dataset=Calibration Season=Cooling --------=-=—=—==————c——---

fnalv=sis of VYariance

Sum of Mean

Source DF Squares Square F Yalue Pr > F
Model 1 1600, 14243 1600, 14243 1764.71 <. 0001
Error 111 100.64848 0.90674
Corrected Total 112 1700,73092

Root MSE 0.95223 R-Square 0.9408

Dependent Mean 16.17638 Adj R-5q 0.9403

Coeff Var L. 88655

Parameter Estimates

Parameter Standard
Variable Label DF Estimate Error t Value Pr > it}
Intercept Intercept 1 T.12824 023327 30.56 C._ 0001
Rober tsonCreek_7DMAT 7d=-MAT 1 0.68746 0.01636 42.01 C.0001
Source DF Type 111 55 Mean Square F Yalue Pr > F
Rober tzonCreek_7DMAT 1 B10.8285235 610._.8285235 4¥3.71 <.0001
Seazon 1 152 .6642772 152.6642772 119.89 ¢.0001
Rober tzonCree*Season 1 65.6115887 b5.6115887 51.53 ¢.0001

Table 20. Linear regression output for air/water temperature relationship between
the ROBERTSON CREEK STANDARD 7d-CMAT (air temperature index) and
calibration data for Somass River daily spot water temperatures: warming
season (top); cooling season (middle). Type Il sum of squares for season
effect and season interaction effect are highly significant (bottom),
indicating that hysteresis exists and that seasonal models provide the best
fit to the data.
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---------------------- Site=Stamp Dataset=Calibration Season=Harming --------————————————-.
The REG Procedure

Model: MODELI1
Dependent Variable: WaterT Daily MUT

finalysis of Variance

Sum of Mean

Source DF Squares Square F Yalue Pr > F
Model 1 24230 24230 11235.2 <.0001
Error 876 1889.22902 2.15665
Corrected Total grv 26120

Root MSE 1.46856 R=Square 0.9277

Dependent Hean 10.43076 fAdj R=5q 0.9276

Coeff Var 14.07907

Parameter Estimates

Parameter Standard
Variable Label DF Eztimate Error t Value Pr > iti
Intercept Intercept 1 2.13364 0.09265 23.03 ¢.0001
Rober tsonCreek_7DHAT fd=-HAaT 1 0.86441 0.00816 106.00 <. 0001

--------------------- Site=S5tamp Dataset=Calibration Season=Cooling --=-=-=======-==eee=--

fAinalysis of Yariance

Sum of MHean

Source DF Squares Square F Yalue Pr > F
Mode1 1 15562 15562 10794 .1 <.0001
Error 605 872.21114 1.44167
Corrected Total 606 16434

Root MSE 1.20070 R=Sguare 0.9469

Dependent Mean 13.46748 Adj R-5q 0.9468

Coeff Var 8.91552

Parameter E=stimates

Parameter Standard
Variable Label DF Est imate Error t Value Pr > it}
Intercept Intercept 1 L.40454 0.09164 L8.98 <.0001
RobertzonCreek_7DMAT fd=HAT 1 0.77658 0.00747 103.89 <. 0001
Source DF Tvpe 111 S5 Mean Square F Yalue Pr > F
Rober tzonCreek_7DMAT 1 5593.657417 L5993 .657VMH17 2999.96 <.0001
Season 1 1091.133865 1091.133865% £85.119 <.0001
Rober tsonCree*Season 1 110.841506 110.841506 £9.45 <.0001

Table 21. Linear regression output for air/water temperature relationship between the
ROBERTSON CREEK STANDARD 7d-CMAT (air temperature index) and calibration
data for Stamp River daily mean water temperatures: warming season (top);
cooling season (middle). Type lll sum of squares for season effect and season
interaction effect are highly significant (bottom), indicating that hysteresis exists
and that seasonal models provide the best fit to the data.
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Calibration Years - 1996-2012 - Harming Season
--------------------- Site=Sproat Dataset=Calibration Season=Harming =-=-=====---cececeeceecaaa-
The BEG Procedure
Model: MODELI1
Dependent Yariable: HaterT Daily HHT
fnalysis of Variance
Sum of Mean
Source DF Squares Square F Value Pr > F
Model 1 8172.98221 8172._98221 2499.01 <. 0001
Error 414 1353.968084 3.27049
Corrected Total 415 9526 .96305
Root HMSE 1.80845 R=-Square 0.8579
Dependent Mean 17.37423 fAdj R-Sq 0.8575%
Coeff Var 10.40880
Parameter Estimates
Parameter Standard
Variable Label DF Estimate Error t Value Pr > it
Intercept Intercept 1 3.09037 029917 10.33 <. 0001
Rober tsonCreek_rDMAT fd=-MAT 1 0.91343 0.01827 49.493 <. 0001
Calibration Years - 1996-2012 - Cool ing Season
-------------------- Site=Sproat Dataset=Calibration Season=Cooling ------—=—-=—-—-—cea—--
The REG Procedure
Model: MODEL1
Dependent Variable: HaterT Daily MHT
finalysis of Variance
Sum of Mean
Source DF Squares Sguare F Yalue Pr > F
Model 1 2562,35059 2562,.35059 2688.61 <. 0001
Error 343 326.89240 0.95304
Corrected Total 344 28819.24299
Root MSE 0.97624 R=-Square 0.8869
Dependent Mean 19.82429 fAdj R=5q 0.88B5
Coeff Var 4.92445
Parameter Estimates
Paraneter Standard
Variable Label DF Estimate Error t Value Pr > it
Intercept Intercept 1 10.04223 0.19534 51.28 <.0001
Rober tzonCreek_7DMAT d=-MAT 1 0.62253 0.01201 51.85 <. 0001
Source DF Tvpe 111 55 HMean Square F Value Pr > F
RobertzonCreek_7DMAT 1 2592.141924 2592.141924 1167.40 <.0001
Sea=zon 1 714 .809053 714.809053 321.92 <. 0001
Rober tsonCree*Season 1 334 . 145777 334 . 145777 150.49 <.0001

Table 22. Linear regression output for air/water temperature relationship between the
ROBERTSON CREEK STANDARD 7d-CMAT (air temperature index) and calibration
data for Sproat River daily mean water temperatures: warming season (top);
cooling season (middle). Type lll sum of squares for season effect and season
interaction effect are highly significant (bottom), indicating that hysteresis exists
and that seasonal models provide the best fit to the data.
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Pearzon Correlation Coefficients, H = 277
Prob > iri under HO: Bho=0

Logistic Linear

Model Hode 1

Hater Hater

Temp Temp

HaterT 0.90303 0.89935
Daily MUT <.0001 <.0001

Spearman Correlation Coefficients, H = 277
Prob » ir! under HO: Rho=0

Logistic Linear

Mode1 Model

Hater Hater

Temp Temp

HaterT 0.87681 0.87681
Daily MUT <. 0001 <. 0001

Pearson Correlation Coefficients
Prob > iri under HO: Rho=0
Humber of Observations

Logistic L inear

Hode 1 Hode 1

Hater Hater

Temp Tenp

HaterT 0.95132 0.94925
Daily HMUT <.0001 <.0001
328 328

Spearman Correlation Coefficients
Prob > iri{ under HO: Bho=0
Humber of Observations

Logistic Linear

Hode 1 Hode 1

Hater Hater

Temp Tenp

HaterT 0.94950 0.94950
Daily HUT <.0001 <.0001
328 328

Table 23. Comparison of Pearson (least squares) and Spearman (rank) correlation
coefficients for observed versus estimated (from logistic and linear
models) daily mean water temperature for air/water temperature
relationships for validation data years in the Somass River: warming
season (top); cooling season (bottom). Analysis indicates equal predictive

power between the two model types.
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----------- Site=5tamp Dataset=Yalidation Season=Harming

Pearson Correlation Coefficients, W = 429
Prob * }r! under HO: Bho=0

Logistic L inear

Hodel Mode 1

Hater Hater

Temp Temp

HaterT 0.92874 0. 94644
Daily MUT €.0001 <.0001

Spearman Correlation Coefficients, W = 429
Prob » ir! under HO: Rho=0

Logistic Linear

Hodel Mode 1

Hater Hater

Temp Temp

HaterT 0.94096 0.94096
Daily MUT <.0001 <.0001

Pearson Correlation Coefficients, N = 95
Prob » lr! under HO: Bho=0

Logistic L inear

Mode1 Mode1

Hater Hater

Temp Temp

HaterT 0.81436 0.89262
Daily HMUT <. 0001 <.0001

Spearman Correlation Coefficientsz, N = 95
Prob » ir! under HO: Rho=0

Logistic L inear

Model Mode 1

Hater Hater

Temp Temp

HaterT 0._82052 0.82052
Daily MUT <. 0001 ¢.0001

Table 24. Comparison of Pearson (least squares) and Spearman (rank) correlation
coefficients for observed versus estimated (from logistic and linear
models) daily mean water temperature for air/water temperature
relationships for validation data years in the Stamp River: warming season
(top); cooling season (bottom). Spearman analyses indicate equal
predictive power between the two model types.
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Pearson Correlation Coefficientz, H = 49
Prob > lr! uvnder HO: Bho=0

Logistic L inear

Model Model

Hater Hater

Temp Temp

HaterT 0.77909 0.77999
Daily HMUT <.0001 <.0001

Spearman Correlation Coefficients, H = 49
Prob > lr! under HO: Rho=0

Logistic L inear

Model MHodel

Hater Hater

Temp Temp

HaterT 0.77960 0.77960
Daily HMUT <.0001 <.0001

Pearzon Correlation Coefficients, N = 16
Prob > lr! under HO: Rho=0

Logistic L inear

Model Model

Hater Hater

Temp Temp

HaterT 0.85509 0.85852
Daily MHT <.0001 <.0001

Spearman Correlation Coefficients, N = 16
Prob > iri under HO: Bho=0

Logistic L inear

Mode 1 Mode1

Hater Hater

Temp Temp

HaterT 0.69118 0.69118
Daily MHT 0.0030 0.0030

Table 25. Comparison of Pearson (least squares) and Spearman (rank) correlation
coefficients for observed versus estimated (from logistic and linear
models) daily mean water temperature for air/water temperature
relationships for validation data years in the Sproat River: warming season
(top); cooling season (bottom). Spearman analyses indicate equal
predictive power between the two model types.



76

Decadal Mean Monthly MHAT Peaks > 20c

Site: Robertszon Creek Air

Mean MHo. Days Mean
Years in fAnnual
Decade Jul fiug Sep Total
Decade
1920= 10 3.9 4.1 0.3 8.3
1930= 10 5.3 7. 1.0 13.4
1940= 10 4.3 2.9 0.2 7.4
1950= 10 4.7 2.3 0.4 7.4
19690= 10 7.0 4.9 0.7 12.6
197¥90= 10 f.0 7. 0.5 14.6
19890= 10 5.9 5.9 0.9 12.7
1990= 10 8.7 9.1 1.3 19.1
2000z 13 9.4 8.9 0.7 19.90

finnual Frequency & Mean Duration (day=) for POT20c Events

POT Event Duration (days)

H Hin fivg Max Std
Decade
1920= 40 1 2.2 8 1.9
1930= 57 1 2.7 3 1.8
1940= 41 1 1.3 g 1.5
1950 40 0 2.1 3 1.7
1960= 60 1 2.7 11 2.3
1970s= 57 0 3.0 20 3.2
1980= 59 1 2.9 17 2.8
1990= 72 1 2.1 16 2.8
2000= 88 1 3.4 17 2.9
Total 514 0 2.8 20 2.5

Table 26. Frequency analysis of decadal mean number of dates per summer month
in which regional air temperature exceeded 20°C (top); mean length
(days) and mean frequency of number of periods in which regional air
temperature continuously exceeded 20°C in Jul-Sep, by decade (bottom).
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Decadal Mean Monthly MWUT Peakz > 19c

Site: Stamp River

MHean Ho. Days MHean
Years in Annual
Decade Jul Aug Sep Total
Decade
1920= 10 g.0 4.1 12.1
1930= 10 8.4 8.1 0.4 16.9
194 0= 10 6.6 3.3 0.5 10.4
1950= 10 7.1 2.0 9.1
1960= 10 9.9 g.0 0.6 18.5
1970= 10] 11.5 8.7 0.2 20.4
1980= 10 5.2 8.6 1.5 19.3
1990= 10] 14.3| 11.2 1.8 27.3
2000z 13] 16.7| 12.3 0.6 29.6

finnual Frequency & Mean Duration (daws) for POT19c Events

POT Event Duration (days)

H Min fivg Max Std
Decade
1920= 19 1] 6.8 20 4.3
1930= 30 1 6.4 23 5.3
1940= 20 0] 5.7 32| r.o0
1950= 20 1] 5.3 30 6.5
1960= 29 1] 7.9 41 .7
1970= 25 1] g.4 29 7.9
1980= 27 1 8.3 24 5.8
1990= 21 1 9.5 39 7.9
2000z 47 1 9.3 49 g.2
Total 248 1] 7.8 49 f.l

Table 27. Frequency analysis of decadal mean number of dates per summer month
in which estimated mean water temperature in the Stamp River exceeded
19°C (top); mean length (days) and mean frequency of number of periods
in which estimated mean water temperature in the Stamp River
continuously exceeded 19°C in Jul-Sep, by decade (bottom).
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Decadal Mean Monthly MHT Peaks > 20c

Site: Sproat River

Mean Ho. Davs MHean
Years in finnual
Decade Jul fiug Sep Total
Decade
1920= 10] 20.4| 21.7 4.7 46.8
1930= 10 17.4| 23.4 7.7 48.5
1940= 10] 14.23| 16.4 3.1 33.8
1950= 100 14.9| 12.3 2.5 29.7
19690s 19] 21.9| 18.4 4.1 43.5
1970= 10] 17.8| 21.0 4.7 43.5
1980= 10] 18.1| 25.6 6.0 49.7
1990= 10] 25.4| 25.6] 12.2 63.2
2000z 13| 27.9| 26.5 7.5 61.9

finnual Frequency & Mean Duration (davs) for POT20c Events

POT Event Duration (days)

H Hin fivg Max Std
Decade
1920= 33 1| 15.7 S0] 13.7
1330= 41 1| 13.7 493] 13.2
1340= 36 11 10.2 313 8.9
1350= 32 0| 10.5 47| 10.1
1360= 30 1| 16.9 gr| 21.2
19790= 35 ol 13.4 S20] 12.6
1380= 35 1| 16.1 55| 14.3
1390= a7 11 19.3 83| 20.2
2000= 47 1] 19.9 93| 20.0
Total 326 0| 15.2 93| 15.8

Table 28. Frequency analysis of decadal mean number of dates per summer month
in which estimated mean water temperature in the Sproat River exceeded
20°C (top); mean length (days) and mean frequency of number of periods
in which estimated mean water temperature in the Sproat River
continuously exceeded 20°C in Jul-Sep, by decade (bottom).



Decadal Mean Monthly Flow ¢ 24 cms

Site: Stamp River

79

MHean Ho. Days MHean
Tears in fAinnual
Decade Jun Jul fiug Sep Total
Decade
1910= [ 3.1 11.1] 19.1 33.4
1920= 10 0. g.7| 25.2] 20.9 5t.1
1940= 10 6.2] 21.5%] 18.6 46.3
1950= 10 3.3| 13.7] 17.8 34.8
1960= 10 1.1 0.6 1.7
1970= 10 1.4 0.1 1.5
1980= 10 1.8] 12.0] 14.3 28.1
1990= 10 2. 9.4] 18.1] 14.8 44.5
2000= 13 0.4 5.2 6.2 11.8
finnual Frequency & Mean Duration (daws) for POT < 24 cms Events

POT Event Duration [(daws)

N Min fvg Max Std
Decade
1910= 8 1] 29.90 83| 25.2
1920= 13 3] 42.2 95| 29.4
1940= 14 1] 33.1 3] 29.5
1950= 11 2] 31.6 5] 21.1
1960= 3 1 5.7 11 5.0
1970= 2 1 7.5 14 3.2
1980= 17 1] 16.5 6F| 22.8
1990= 25 1] 17.8 8| 19.6
2000s 13 1] 1.7 38| 1.7
Total 106 1] 23.6 5] 24.2

Table 29. Frequency analysis of decadal mean number of dates per summer month
in which daily mean flow in the Stamp River was less than 24 cms (top);
mean length (days) and mean frequency of number of periods in which
daily mean flow in the Stamp River continuously remained below 24 cms,

by decade (bottom). Note: 1930s omitted due to insufficient data.
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Decadal Mean Monthly Flow > 90 cns

Site: S5tamp River

Mean Ho. Days Mean
Tears in finnual
Decade Jun Jul fiug Sep Total
Decade
1910= 7l 15.7 5.9 21.6
1920= 10 8.7 1.4 1.9 12.0
1940= 10 6.5 0.5% 0.4 7.4
1950s 10| 14.6 2.8 0.7 18.1
1960= 101 12.1 0.9 1.1 14.1
1970= 101 10.9 4.4 0.7 2.3 18.3
1980= 10 5.7 0.3 6.0
1990s 19 5.7 2.8 1.0 0.7 19.2
2000= 13 2.4 2.4

finmnual Frequency & Mean Duration (days) for POT > 90 cms Events

POT Event Duration (days)

N MHin Avog Max Std
Decade
1910s 8 2] 18.3 48| 17.1
1920= 10 1] 12.0 43| 15.1
194 0= 8 1 9.5 27 9.5
1950= 13 1] 14.2 36| 11.8
1960= 18 1 7.9 23 8.3
1970= 18 1 3.5 53] 12.0
Total 75 11 11.3 53| 12.1

Table 30. Frequency analysis of decadal mean number of dates per summer month
in which daily mean flow in the Stamp River was greater than 90 cms
(top); mean length (days) and mean frequency of number of periods in
which daily mean flow in the Stamp River continuously exceeded 90 cms,
by decade (bottom). Note: 1930s omitted due to insufficient data.
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Decadal Mean Monthly Flow ¢ 5 cm=

Site: Sproat River

MHean Ho. Davs Mean
Years in fAnnual
Decade Jun Jul fiug Sep Total
Decade
1910= [ 2.0 7.6 9.6
1920= 10 0.8 ¥.7] 12.5 21.0
1940= 10 0.1 6.3 7.9 14.3
1950= 10 0.5 5.3 4.9 10.7
1960= 10 1.4] 12.9] 11.5 25.8
1970= 10 4.5] 13.3 9.1 26.9
1980= 10 2.3 21.9] 25.0 49.2
1990= 10 1.1 8.5 22.0] 21.0 L2.6
2000s 13 3.2 15.6] 17.5 36.2

finnual Freguency & Mean Duration (days) for POT ¢ 5 cms Events

POT Event Duration (days)

H MHin fivg Max Std
Decade
1910= 4 1] 16.5 43| 19.4
1920= 9 2] 23.0 59| 19.9
1940s 5 8| 28.6 54| 17.39
1950= 23 9| 35.7 51| 23.2
1960= 14 11 18.4 75| 20.86
197 0= 10 1] 26.9 57| 21.6
1980= 12 1] 41.0 if| 25.8
1990= 3 10| 58.7 103]| 29.8
2000= 12 51 39.4 62| 22.0
Total 78 1] 32.6 103| 25.2

Table 31. Frequency analysis of decadal mean number of dates per summer month
in which daily mean flow in the Sproat River was less than 5 cms (top);
mean length (days) and mean frequency of number of periods in which
daily mean flow in the Sproat River continuously remained below 5 cms,
by decade (bottom). Note: 1930s omitted due to insufficient data.
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Figure 3. Great Central Lake sockeye migration timing (1976-2012). Mean daily

% Ajled [nwnd

migration * 2 standard errors (top); mean daily migration rate (as a percent
(%) of annual stock escapement (black line) and mean cumulative daily

migration + 2 standard errors (blue line) (bottom). TT50% ~ day 202. See
APPENDIX for annual plots.
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Figure 4. Sproat Lake sockeye migration timing (1974-2012). Mean daily migration +
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annual stock escapement (black line) and mean cumulative daily migration
+ 2 standard errors (blue line) (bottom). TT50% ~ day 195. See
APPENDIX for annual plots.
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Figure 5. Observed daily mean discharge (cms) + 2 standard errors of the mean for summer
months (July-September) for the Somass River (WSC Station 08HB017; 1960-2002),
Sproat River (WSC Station 08HB008; 1960-2012), and Stamp River (WSC Station
08HBO010; 1960-1978).
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Figure 6. Trend in mean summer (July-September) discharge (cms) observed at Stamp River
(WSC Station 08HB010; 1914-1978).
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Figure 7. Trend in mean summer (July-September) discharge (cms) observed at Sproat River
(WSC Station 08HB008; 1913-2012).
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Figure 8. Daily mean discharge (cms) at the Somass River (WSC Station 08HB017) as a linear
function of Sproat River daily mean discharge (08HB008), based on calibration data
(10", 20™, and 30™ observation sub-sampled from Jan-Dec data), 1960-2012.

finalv=sizs of Variance

Sum of Hean
Source DF Squares Sguare F Value Pr »F
MHodel 1 14110364 14110364 17176.6 <.0001
Error 1475 1211692 821.48582
Lack of Fit 83z 79063 936.37421 1.39 <.0001
Pure Error 643 432628 b¥2.82775
Corrected Total 1476 15322056 .
Root HMSE 28.66157 R=-Square 0.9209
Dependent Mean 119.55917 Adj B-5q 0.9209
Coeff Var 23.97271
Parameter E=stimates
Parameter Standard
Variable DF Estimate Error t Value Pr > iti
Intercept 1 14.41211 1.09537 13.16 <.0001
Sproat 1 2.82721 0.02157 131.06 <.0001

Figure 9. Daily mean discharge (cms) at the Somass River (WSC Station 08HB017) as a linear
function of Sproat River daily mean discharge (08HB0O08), based on calibration data
(10", 20™, and 30™ observation sub-sampled from Jan-Dec data), 1960-2012.
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Figure 10. Daily mean discharge (cms) at the Somass River (WSC Station 08HB017) as a log
function of Sproat River daily mean discharge (08HB0O08), based on calibration data
(10", 20™, and 30™ observation sub-sampled from Jan-Dec data) 1960-2012.

finalvsis of Variance

Sum of MHean
Source DF Squares Square F Yalue Pr > F
MHodel 1 661.16241 661.16241 8066 .25 C.0001
Error 1475 120.90069 0.08197
Lack of Fit 83z 94 . 52657 0.11361 2.77 C.0001
Pure Error 643 26.37411 0.04102
Corrected Total 1476 f82.06309
Root MSE 0.28630 R=-Sguare 0. 8454
Dependent Mean 4.51018 Adj R-5q 0.8453
Coeff Var b.34782
Parameter E=ztimates
Parameter Standard
Variable DF Eztimate Error t Value Pr > iti
Intercept 1 2.72503 0.02123 128.38 C.0001
Sproat 1 0.57332 0.00638 89.81 C.0001

Figure 11. Daily mean discharge (cms) at the Somass River (WSC Station 08HB017) as a log
function of Sproat River daily mean discharge (08HB008), based on calibration data
(10", 20™, and 30™ observation sub-sampled from Jan-Dec data) 1960-2012.
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Figure 12. Daily mean discharge (cms) at the Somass River (WSC 08HBO017) as a curvilinear

function of Sproat River daily mean discharge (08HB008), based on calibration data
(10", 20™, and 30™ observation sub-sampled from Jan-Dec data), 1960-2012.

Sum of MHean fipprox
Source DF Squares Square F Value Pr > F
Model 2 14138172 7069086 8801 .40 <.0001
Ervror 1474 1183884 803.2
Corrected Total 1476 15322056
fipprox

Parameter E=timate Std Error fipproximate 95%% Confidence Limits

a 18.7081 1.3062 16.1459 21.2703

b 2.6140 0.0421 2.5315 2.6965

c 0.00141 0.000240 0.000940 0.00188

Figure 13. Daily mean discharge (cms) at the Somass River (WSC 08HB017) as a curvilinear
function of Sproat River daily mean discharge (08HB0O08), based on calibration data
(10th, 20th, and 30th observation sub-sampled from Jan-Dec data), 1960-2012.
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Figure 14. Observed (solid line) and estimated (dashed line) daily mean discharge (cms) in the
Somass River for a subsample of years. Estimated Somass discharge is derived
from Sproat River daily mean discharge (WSC Station 08HB008) based on a
curvilinear function (Somass = A +BX + cX?; see Figure 12 and Figure 13), 1960-
2012.
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Figure 15. Daily mean discharge (cms) at the Stamp River (WSC Station 08HB010) as a linear

function of Sproat River daily mean discharge (08HB008), based on calibration data
(10th, 20th, and 30th observation sub-sampled from Jan-Dec data) 1960-2012.

finalvsis of Variance

Sum of Mean
Source DF Squares Square F Yalue Pr »F
Model 1 2021191 2021191 2872.75 <.0001
Error 66O 464358 703.57308
Lack of Fit 330 236121 ¥59.28404 1.22 0.0405
Pure Error 270 168237 623.10169
Corrected Total 6bB1 2485549
ARoot MSE 26.524195 R-Square 0.8132
Dependent HMean 80.42447 fndj H-5q 0.8129
Coeff Var 32.98120

Parameter Estimates

Parameter Standard
Variable DF Eztimate Ervror t Value Pr » 1ti
Intercept 1 18.11801 1.55375 11.66 <. 0001
Sproat 1 1.64753 0.03074 53.60 <.0001

Figure 16. Daily mean discharge (cms) at the Stamp River (WSC Station 08HB010) as a linear
function of Sproat River daily mean discharge (08HB008), based on calibration data
(10th, 20th, and 30th observation sub-sampled from Jan-Dec data) 1960-2012.
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Figure 17. Daily mean discharge (cms) at the Stamp River (WSC Station 08HBO010) as a log
function of Sproat River daily mean discharge (08HB008), based on calibration data
(10", 20™, and 30™ observation sub-sampled from Jan-Dec data) 1960-2012.

finalvsisz of Variance

Sum of Mean
Source DF Squares Sguare F Value Pr »F
Hodel 1 156.61390 156.61390 1251 .35 <. 0001
Error 660 82.60261 0.12516
Lack of Fit 390 L8.63947 0.15036 1.69 <. 0001
Pure Error 270 23.96314 0.08875
Corrected Total G661 239.21651
Root MSE 0.35%377 R=Square 0.6547
Dependent Mean 4.18804 fidj R=5q 0.6542
Coeff Var 8.44722
Parameter Eztimates
Parameter Standard
Variable DF E=t imate Error t Value Pr > iti
Intercept 1 2.65449 0.04548 L8.37 < 0001
Sproat 1 0.47522 0.01343 35.37 < 0001

Figure 18. Daily mean discharge (cms) at the Stamp River (WSC Station 08HB010) as a log
function of Sproat River daily mean discharge (08HB008), based on calibration data
(10", 20™, and 30™ observation sub-sampled from Jan-Dec data), 1960-2012.
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Figure 19. Daily mean discharge (cms) at the Stamp River (WSC 08HBO010) as a curvilinear

function of Sproat River daily mean discharge (08HB008), based on calibration data
(10", 20™, and 30™ observation sub-sampled from Jan-Dec data), 1960-2012.

Sum of Mean fipprox
Source DF Sguares Sguare F Yalue Pr > F
Hode 1 2 2027453 1013727 1458 . 31 <.0001
Error 659 458096 695.1
Corrected Total G661 2485549
Approx

Parameter Eztimate Std Error fipproximate 95% Confidence Limits

a 21.3157 1.8762 17.6316 24 .99498

b 1.5073 0.0558 1.3977 1.6169

c 0.000824 0.000274 0.000285 0.00136

Figure 20. Daily mean discharge (cms) at the Stamp River (WSC 08HBO010) as a curvilinear
function of Sproat River daily mean discharge (08HB008), based on calibration data
(10", 20™, and 30™ observation sub-sampled from Jan-Dec data), 1960-2012.
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Figure 21. Daily mean discharge (cms) at the Stamp River (WSC Station 08HB010) as a linear
function of Somass River daily mean discharge (08HB017), based on calibration
data (10™, 20", and 30™ observation sub-sampled from Jan-Dec data), 1960-2012.

finalysiz of Variance

Sum of MHean
Source DF Squares Square F Value Pr *»F
Hodel 1 2223111 2223111 11605.9 €. 0001
Error 632 121060 191.55063
Lack of Fit 229 81919 248.99496 1.93 €.0001
Pure Error 303 39141 129.17709
Corrected Total 633 2344171
Root MSE 13.84018 R=Square 0.9484
Dependent Hean ¥9.75174 fidj A=-5q 0.9483
Coeff Var 17.35408

Parameter Estimates

Parameter Standard
Variable DF E=stimate Error t Value Pr > 1t
Intercept 1 5.64041 0.88056 6.41 <. 0001
Somass 1 0.61269 0.00569 107.73 <. 0001

Figure 22. Daily mean discharge (cms) at the Stamp River (WSC Station 08HB010) as a linear
function of Somass River daily mean discharge (08HBO017), based on calibration
data (10™, 20", and 30™ observation sub-sampled from Jan-Dec data), 1960-2012.
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Figure 23. Daily mean discharge (cms) at the Stamp River (WSC Station 08HB010) as a log
function of Somass River daily mean discharge (08HBO017), based on calibration
data (10™, 20", and 30™ observation sub-sampled from Jan-Dec data), 1960-2012.

finalvsis of Yariance

Sum of MHean
Source DF Squares Sgquare F Value
Model 1 208.35371 208.35371 8127.29
Error 632 16.20214 0.02564
Lack of Fit 329 9.95069 0.03025 1.47
Pure Error 303 b.25145 0.02063
Corrected Total 633 224 .55585
Root HMSE 0.16011 A=-Square 0.9278
Dependent Mean 4.18294 fidj R-5q 0.9277
Coeff Var 3.82777
Parameter Estimates
Parameter Standard
Variable DF Estimate Error t Value Pr
Intercept 1 0.14760 0.04521 3.26 0
Somass 1 0.88284 0.00979 90.15 L4

Pr >»F
<.0001
0.0004

>t
.00

12
L0001

Figure 24. Daily mean discharge (cms) at the Stamp River (Station 08HB010) as a log function
of Somass River daily mean discharge (08HB017), based on calibration data (10",
20" and 30™ observation sub-sampled from Jan-Dec data), 1960-2012.
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Figure 25. Daily mean discharge (cms) at the Stamp River (Station 08HB010) as a curvilinear

function of Somass River daily mean discharge (08HBO017), based on calibration
data (10™, 20", and 30™ observation sub-sampled from Jan-Dec data), 1960-2012.

Sum of Mean Approx
Source DF Squares Square F Yalue Pr > F
Hode 1 2 2223991 1111996 L838.51 <.0001
Error 631 120180 190.5
Corrected Total 633 2344171
Approx

Parameter E=ztimate Std Error fipproximate 9%% Confidence Limits

a 7.3781 1.1934 L.0346 9.7215%

b 0.5900 0.0120 0.5666 0.6135

C 0.000042 0.000019 3.616E-6 0.000080

Figure 26. Daily mean discharge (cms) at the Stamp River (Station 08HB010) as a curvilinear
function of Somass River daily mean discharge (08HBO017), based on calibration
data (10™, 20", and 30™ observation sub-sampled from Jan-Dec data), 1960-2012.



Discharge (m3s) Discharge (mYs) Discharge (m3s) Discharge (m3js)

Discharge (ms)

Year= 1957
300
250
200
150
LI
5
0t
Jul ) 200 Aug 20 230 Sep 250 260 Oet
Year= 1961
300
50
200
120
L
R e P Ny~ — YOG /Anfuau_
W
Jul 80 200 Aug 20 20 Sep =0 200 Oet.
Year= 1964
300+
250
200
5
W
B e
0
Jul B0 200 Aug 220 230 Sep 250 260 Ot
Year= 1966
00
250
200
150
100
) h\&\hﬁ& ﬁ
1]
Jul B0 200 Avg 20 20 Sep 250 260 Oct.
Year= 1969
300
250-
20
150
100
P A
38 - B
Jul B 200 Aug 20 0 Sep 20 260 Oet

99

Discharge (m/s) Discharge (m3/s)

Discharge (m3/s)

Discharge (m3/s)

Discharge (m3/s)

Year= 1972

&0"‘
‘jl- | e 200 Aug 20 230 Sep 50 200 Oct
Year= 1974
300
0
200
=1
100
Bl
o
Jul 1 200 Aug 20 23 Sep 250 280 Oct
Year= 1975
300~
25
200
150
1K
3 e
13
Jul B 200 Aug 20 230 Sep 250 260 Oct
Year= 1976
300
=0}
200
150
WA
0-

Jul 0 200 Avg 20 230 Sep 250 200 Ot
Year=1978
300
0
200
10
100
L

Figure 27. Example years with observed (solid line) and estimated (dashed lines) daily mean
discharge (cms) in the Stamp River. Estimated Stamp discharge is derived from
observed Somass River daily mean discharge (green) based on a log function or
from quadratic function with observed Sproat River discharge (red).
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Figure 28. Trend in mean summer (July-September) discharge (cms) at Stamp River
(observed: 1914-1978; estimated: 1979-2012).
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Figure 29. Water temperature data for Somass River watershed reference site at
Papermill Dam, 1991-2012 (Source: CATALYST PAPER ENVIRONMENTAL
EFFLUENT MONITORING PROGRAM).
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Figure 30. Water temperature data for Stamp River watershed reference site at
Stamp Falls Fishway, 1990-1994 (Source: DFO SoUTH COAST).
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Figure 31. Water temperature data for Sproat River watershed reference site at
Sproat Falls Fishway, 1996, 2000-2003 (Source: DFO SALMON IN

O1JAN1Z

REGIONAL EcosysTEMS and DFO SouTH CoAsT), 2009-2010 (Source: BC

CONSERVATION FOUNDATION).
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Figure 32. Annual thermograph of water temperature data for Somass River
watershed reference site at Papermill Dam, by year, 1991-2012 (Source:
CATALYST PAPER ENVIRONMENTAL EFFLUENT MONITORING PROGRAM).
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Figure 33. Annual thermograph of water temperature data for Somass River

watershed reference site at Papermill Dam, 1991-2012 (Source:
CATALYST PAPER ENVIRONMENTAL EFFLUENT MONITORING PROGRAM).
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Figure 34. Annual thermograph of mean daily water temperature data for Stamp
River watershed reference site at Stamp Falls Fishway, by year, 2000-
2004 (Source: DFO SouTH COAST).
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Figure 35. Annual thermograph of mean daily water temperature data + two
standard deviations for Stamp River watershed reference site at Stamp
Falls Fishway, 2000-2004 (Source: DFO SouTH COAST).
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Figure 36. Annual thermograph of mean daily water temperature data for Sproat
River watershed reference site at Sproat Falls Fishway, 1996, 2000-2003,
(Source: DFO SALMON IN REGIONAL EcosysTEMS and DFO SouTH COAST),
by year, 2009-2010 (Source: BC CONSERVATION FOUNDATION).
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Figure 37. Annual thermograph of mean daily water temperature data + two
standard deviations for Sproat River watershed reference site at Sproat
Falls Fishway, 1996, 2000-2003 (Source: DFO SALMON IN REGIONAL
EcosysTeEMs and DFO SouTH COAST), 2009-2010 (Source: BC
CONSERVATION FOUNDATION).
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Analysis of Variance
Sun of Hean
Source DF Squares Square  F Value  Pr > F
Mode 1 1 1644.69940 1644 .69940 6088.13 <.0001
rror 43 11.61638 0.27015
251 Corrected Total 44 1656.31578
Root HSE 0.51976 R-Square 0.9930 -
Dependent Mean 1386222  Adj R-Sq 0.9928 ‘
Coeff Var 3.74946 »
~N 201 Paraneter Estinates ,"‘; .}).,»’
] P r Standard Lx
% Variable DF Estinate Error t Value Pro> it}
U Intercept 1 0.27155 0.19064 1.42 0.1615 ,"/}
Papermi | 1_BCCF 1 1.00043 0.01282 78.03 <.0001 -
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Figure 38. Regression of weekly Class 2 spot temperatures (source: CATALYST
PAPER MiLL EEM PROGRAM) as a function of daily mean water temperture
from Class 1 data logger readings (source: BCCF).
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Observed Somass River Temperature (C)

Source

Mode1
Error
Lack of Fit
Pure Error
Corrected Total

Root HMSE

Dependent

Coeff Var
Variable Label
Intercept Intercept
StampMUT Daily MUT

DF

219
196

220

Mean

DF

Observed Stamp Temperature (C)

finalysis of Variance

Sum of
Squares

6515.71057
110.23788
104 . 27644

5.96144

6625.94845

0.70949
12.92916
5.48748

Mean
Square F VYalue

6515.71057 12944 .2
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Figure 39. Relationship between observed Stamp River and Somass River daily
mean water temperatures for available data, 2000-2012.
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Figure 40. Derivation of seasonal turn-around point for Somass (top), Stamp
(middle), and Sproat (bottom) rivers, based on maximum weekly mean air
and water temperature data. The seasonal turn-around point for all
reference sites is in week 30 or day 210, approx. July 29". The “warming
season” therefore extends from April 1 to July 29™, followed by the
“cooling season” from day 211-329, i.e., July 30" — November 25™.
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Figure 41. Derivation of optimum regional air temperature index for air/water

temperature analyses, based on maximum all-year correlation between
various multi-day mean air temperature indicators (MATS) with daily
mean water temperature (MWT) in the Somass (top), Stamp (middle),
and Sproat (bottom) rivers. Air temperature indicators include (I-r):
Robertson Creek Air Temp (same day mean); 3-day centered moving
average air temperature (3D-MAT), 5D-MAT, 7D-MAT, and 10-DMAT.
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Figure 42. Logistic regression fits for air/water temperature relationship for Somass

River daily spot water temperatures as a function of the ROBERTSON
CREEK STANDARD 7d-CMAT (air temperature index): seasons combined
(top); separate warming season (red) and cooling seasons (blue)
(bottom).
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Figure 43. Logistic regression fits for air/water temperature relationship for Stamp
River daily mean water temperatures as a function of the ROBERTSON
CREEK STANDARD 7d-CMAT (air temperature index): seasons combined

(top); separate warming season (red) and cooling seasons (blue)
(bottom).
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Figure 44. Logistic regression fits for air/water temperature relationship for Sproat

River daily mean water temperatures as a function of the ROBERTSON
CREEK STANDARD 7d-CMAT (air temperature index): seasons combined
(top); separate warming season (red) and cooling seasons (blue)
(bottom).
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Figure 45. Linear regression fits for air/water temperature relationship for Somass
River daily spot water temperatures (top), and Stamp River (middle) and
Sproat River (bottom) daily mean water temperatures as a function of the
ROBERTSON CREEK STANDARD 7d-CMAT (air temperature index), by
season (warming season (red) and cooling season (blue)).
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Figure 46. Sample validation plots of daily mean air temperature (red line), 7-day
MAT index (broad pink line), and observed (blue solid line) and estimated
(black dashed line, based on seasonal logistic regression models) daily
mean water temperature for Somass River, May-Oct 2000 (top), 2002
(middle), 2004 (bottom).
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Figure 47. Sample validation plots of daily mean air temperature (red line), 7-day
MAT index (broad pink line), and observed (blue solid line) and estimated
(black dashed line, based on seasonal logistic regression models) daily
mean water temperature for Somass River, May-Oct 2006 (top), 2008
(middle), 2009 (bottom).
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Figure 48. Sample validation plots of daily mean air temperature (red line), 7-day
MAT index (broad pink line), and observed (blue solid line) and estimated
(black dashed line, based on seasonal logistic regression models) daily
mean water temperature for Stamp River, May-Oct 1993 (top), 2001
(middle), 2003 (bottom).
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Figure 49. Sample validation plots of daily mean air temperature (red line), 7-day
MAT index (broad pink line), and observed (blue solid line) and estimated
(black dashed line, based on seasonal logistic regression models) daily
mean water temperature for Stamp River, May-Oct 2004 (top), 2009
(middle), 2010 (bottom).
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Figure 50. Sample validation plots of daily mean air temperature (red line), 7-day
MAT index (broad pink line), and observed (blue solid line) and estimated
(black dashed line, based on seasonal logistic regression models) daily
mean water temperature for Sproat River, May-Oct 1981 (top), 1984
(middle), 1988 (bottom).
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Figure 51.

Sample validation plots of daily mean air temperature (red line), 7-day
MAT index (broad pink line), and observed (blue solid line) and estimated
(black dashed line, based on seasonal logistic regression models) daily
mean water temperature for Sproat River, May-Oct 1990 (top), 1994
(middle), 1996 (bottom).
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Figure 53. Frequency plot of historical GCL sockeye migration (unweighted tally of
non-zero migration dates), at varying levels of Stamp River water
temperature. 58% of migration dates occur at 18-19°C.
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Figure 54. Frequency plot of historical GCL sockeye non-zero migration dates
(weighted by daily migration rate), at varying levels of Stamp River water
temperature. Though most dates of migration occur at 18-19°C (Figure
53), the highest rates of daily migration occur at 16-18°C.
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Figure 55. Frequency plot of historical GCL sockeye migration (unweighted tally of
non-zero migration dates), at varying levels of Stamp River discharge.
Most migration dates (~70%) occur at 20-50 cms.
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Figure 56. Frequency plot of historical GCL sockeye non-zero migration dates
(weighted by daily migration rate), at varying levels of Stamp River
discharge. Though most dates of migration occur at 20-50 cms (Figure
53), the highest rates of daily migration occur at > 40 cms, with maximum
daily migration rates between 60-90 cms.
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Figure 57. Weighted frequency plot (top) and smoothed contour (bottom) of
historical Great Central Lake sockeye (1976-2012) mean daily migration
rates (%), at varying levels of Stamp River water temperature and
discharge. Filtered for a minimum of 5 observations at each MWT x Flow
point. Maximum migration rates are found at 16-18°C and 60-70 cms.
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Figure 58. Frequency plot of historical Sproat sockeye migration dates (unweighted
tally of non-zero migration dates), at varying levels of Sproat River water
temperature. Most dates (66%) of migration occur at 19-22°C.
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Figure 59. Frequency plot of historical Sproat sockeye non-zero migration dates
(weighted by daily migration rate), at varying levels of Sproat River water
temperature. Though most dates of migration occur at 20-21°C (Figure
58), the highest rates of migration occur at 17-21°C.
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Figure 60. Frequency plot of historical Sproat sockeye migration (unweighted tally of
non-zero migration dates), at varying levels of Sproat River discharge.
~50% of migration dates occur at < 10 cms.
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Figure 61. Frequency plot of historical Sproat sockeye non-zero migration dates
(weighted by daily migration rate), at varying levels of Sproat River
discharge. Though most dates of migration occur at < 10 cms (Figure 60),
significant migration rates mostly occur at 10 cms and above, with the
highest rates of migration at 30-36 cms.



Mean Daily Migration Rate (%)

3.00

267

233

2.00 7

167 7

133 7

1.00

0.67

|

=)
:—.
=
':—E"
7 !
— .._
=2l
— ¥:
—
]
]

A

125

4)

7

!

y

4

e |

==
P—— )
O &
4f =

i

=)
=

5

BT

h;

=
'_:*
=
—
_.

—=

—/ /
—

i:

=y

==

:
S —

4

=  —y
—)

—
—

4
4

{

=t

033 l‘ W,‘“ J 1L (5 ’!* - l | oy
- L e S
o 2 AR By 32
ean aily 1y, 2“ gl | BYIL -
er T, .
Per,
Mure (o i
(
E/("\i » NE @R TN \
G »i =N BN\ ({ik\/%n g \\
g 0 S AN
R s N
[ \—J//
1ol )5 ) (oSl (o BN (o 4
—
z 199 XV AN CD QQ @S’J/l\(\\ﬁ/
—— N
NS e o =/ — el
: (
— | — /
N NG = oG]
16 — — T 1 . B \\
B e 2N \
150I ‘é‘ JII‘IEI‘ é”ll‘OI 1I2HI1‘4‘ 16 18 20 22 24 ‘2‘6‘ IZ‘S‘ ‘3‘0 I3‘2 34 I3‘6 “3‘8‘I 4
Sproat Discharge (Mm3/s)
‘D@iry Mig Rate (9) — 0.000 — — — cx) —— 1887 — 2.000 — — — ‘

Figure 62. Weighted frequency plot (top) and smoothed contour (bottom) of

historical Sproat Lake sockeye (1974-2012) mean daily migration rates
(%), at varying levels of Sproat River water temperature and discharge.
Filtered for a minimum of 5 observations at each MWT x Flow point.
Maximum migration rates are found at 18°C at lower discharges (12-22
cms), and at 19-23°C at discharge rates above 22 cms.
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Figure 63. Frequency of decadal mean number of dates per summer month in which
mean air temperature (ROBERTSON CREEK STANDARD) exceeded 20°C
during sockeye migration, by month.
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Figure 64. Mean length (days) and total decadal frequency of periods in which mean
air temperature (ROBERTSON CREEK STANDARD) continuously exceeded
20°C in Jul-Aug-Sep, by decade.
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Figure 65. Frequency of decadal mean number of dates per summer month in which
mean water temperature (estimated) in the Stamp River exceeded 19°C.
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Figure 66. Mean length (days) and total decadal frequency of periods in which mean
water temperature (estimated) in the Stamp River continuously exceeded
19°C, by decade.
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Figure 67. Frequency of decadal mean number of dates per summer month in which
mean water temperature (estimated) in the Sproat River exceeded 20°C.
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Figure 68. Mean length (days) and decadal total frequency of periods in which mean
water temperature (estimated) in the Sproat River continuously exceeded
20°C, by decade.
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Decadal Mean Annual Water Leval < 24 cms
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Figure 69. Frequency of decadal mean number of dates per month in which
estimated mean daily flow in the Stamp River was less than 24 cms
(~25™ percentile of historic summer flows).
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Figure 70. Mean length (days) and mean frequency of number of periods in which
estimated mean daily flow in the Stamp River was less than 24 cms, by
decade.
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Decadal Mean Annual Fow > 90 cmis
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Figure 71. Frequency of decadal mean number of dates per month in which
estimated mean daily flow in the Stamp River was greater than 90 cms
(~90™ percentile of historic summer flows).
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Figure 72. Mean length (days) and mean frequency of number of periods in which
estimated mean daily flow in the Stamp River was greater than 90 cms,
by decade.
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Decadal Mean Annual Flow < 5 cmis
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Figure 73. Frequency of decadal mean number of dates per month in which mean
daily flow in the Sproat River was less than 5 cms.
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Figure 74. Mean length (days) and mean frequency of number of periods in which
mean daily flow in the Sproat River was less than 5 cms, by decade.
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Decadal Mean Annual Flow > 22 cms
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Figure 75. Frequency of decadal mean number of dates per month in which mean
daily flow in the Sproat River was greater than 22 cms.
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Figure 76. Mean length (days) and mean frequency of number of periods in which
mean daily flow in the Sproat River was greater than 22 cms, by decade.
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APPENDICES

Appendix A. Multi-panel plots of Sproat and Great Central Lake Sockeye daily
migration in relation to environmental variables, by year, 1974-2012.

Sample plots (for the year 1974 (below)) include legends with vertical axis variates
and horizontal axis with day of year (month label is approximate start of each
month). Annual plots (following pages) are organized in a multi-panel format for
comparison of the following variates:
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1. Daily migration rates as a percent (%) of annual stock escapement (black
line), from daily Sockeye (adult + jack) migrants counted at the GCL/Stamp or
Sproat fishways. Historical mean daily migration rate (dark gray area) and
maximum daily migration rate (light gray area) for years 1974-2012.
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2. Precipitation (mm, blue bars), and daily mean air temperature (°C, red
line) at ENVIRONMENT CANADA meteorological station Robertson Creek,
and ROBERTSON CREEK STANDARD (10-day moving average temperature
index, grey solid line), with historical daily mean and variance (dashed line
and red area), 1911-2012.
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1974 Sproat Water Temperature and Precipitation

30 80

25 60
G Y
18} O P @
At NS AT _ g
T 20 AR P R S e "‘-4","..’g‘ > o [40 %
2 o LRI X Y e Tealw S
£ P A MK . |- N2
2 B # g 0‘.‘ ‘ot 3

5, 5 20

~L) ‘

04 . | |I | I | | . | | | . | | | lo
Jun 160 170 Jul 10 200 Aug 220 230 Sep 250 260 Oct
‘WATERTEMP — — LCL95% — — UCL95% = 1974=2012 o Estd MWT m— (Obs'd MWT ‘

3. Observed (solid blue line) and estimated (dashed blue line) daily mean
water temperature at the fishways, with historical water temperature mean
and variance (dashed line and gray area); and daily precipitation (black).
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4. Observed or estimated daily mean discharge (cms) at fishways (green
line), with historical daily mean and variance (dashed line and green
area).
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1976 Great Central Lake (Total Esc: 261,966)
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1977 Great Central Lake (Total Esc: 85,933)
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1979 Sproat Falls (Total Esc: 73,473)
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Appendix B. Annual anomaly plots for Great Central Lake sockeye migration, water

Env Var Anomaly

Env Var Anomaly

temperature, and river discharge. Zero-line thresholds: (a) Daily migration
rate = 0.79% (75™ percentile of non-zero daily migration rates (1976-2012);
(b) Water temperature = 19°C (at Stamp Falls); Discharge (at Stamp Falls)
=24 cms.

1976 GCL Sockeye Migration Conditions: PDO/ENSO: Cool/Cool Jun-Sep MWT: 16.5¢ Total Migrants: 261966
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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1977 GCL Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 17.7c Total Migrants: 85933
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1978 GCL Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 18.3c Total Migrants: 120442
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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1980 GCL Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 17.5¢ Total Migrants: 165168
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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1981 GCL Sockeye Migration Conditions: PDO/ENSO: Warm/Neutral Jun-Sep MWT: 17.7c Total Migrants: 262791
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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1982 GCL Sockeye Migration Conditions: PDO/ENSO: Warm/Neutral Jun-Sep MWT: 18.5¢c Total Migrants: 154058
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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1983 GCL Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 17.8c Total Migrants: 377612
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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1984 GCL Sockeye Migration Conditions: PDO/ENSQ: Warm/Cool Jun-Sep MWT: 17.4c Total Migrants: 133310
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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1985 GCL Sockeye Migration Conditions: PDO/ENSQ: Warm/Cool Jun-Sep MWT: 18.1c Total Migrants: 120274

Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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1988 GCL Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 17.5¢ Total Migrants: 206676
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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1989 GCL Sockeye Migration Conditions: PDO/ENSQ: Warm/Cool Jun-Sep MWT: 18.1c Total Migrants: 241263
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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1990 GCL Sockeye Migration Conditions: PDO/ENSO: Warm/Neutral Jun-Sep MWT: 18.9c Total Migrants: 179604
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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1991 GCL Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 17.8c Total Migrants: 433390
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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1992 GCL Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 18.5¢c Total Migrants: 195118
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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1994 GCL Sockeye Migration Conditions: PDO/ENSO: Warm/Neutral Jun-Sep MWT: 18.3c Total Migrants: 113493
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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1995 GCL Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 18.6c Total Migrants: 64093
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1996 GCL Sockeye Migration Conditions: PDO/ENSO: Warm/Neutral Jun-Sep MWT: 18.0c Total Migrants: 165025
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1997 GCL Sockeye Migration Conditions: PDO/ENSO: Warm/Neutral Jun-Sep MWT: 18.3c Total Migrants: 172409.45559
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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1998 GCL Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 19.4c Total Migrants: 274279
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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1999 GCL Sockeye Migration Conditions: PDO/ENSQ: Cool/Cool Jun-Sep MWT: 18.0c Total Migrants: 211111.27928
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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2000 GCL Sockeye Migration Conditions: PDO/ENSO: Cool/Cool Jun-Sep MWT: 18.1¢ Total Migrants: 71730
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms

1

o]
9
8
7
6
5
4
3
2
1
0

O =2 N Wk o N ®© O

O =2 N Wk o N ®®© O

10
9
8
7
6
5
4
3
2
1
0
-1
2
-3
-4
’ ’ : : : : : : : : : : I-5
Jun 160 170 Jul 190 200 Aug 220 230 Sep 250 260 Oct
| Daily Flow (Anom., Factor:0.15) === Daily MWT (Anomaly to 19¢)
2001 GCL Sockeye Migration Conditions: PDO/ENSO: Cool/Neutral Jun-Sep MWT: 17.6c Total Migrants: 406509.86224
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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2002 GCL Sockeye Migration Conditions: PDO/ENSO: Cool/Neutral Jun-Sep MWT: 18.4c Total Migrants: 281335.78066
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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2003 GCL Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 18.7¢c Total Migrants: 241754.63071

Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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2004 GCL Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 18.6¢ Total Migrants: 205618
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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2005 GCL Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 18.3¢c Total Migrants: 189122.42087
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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2006 GCL Sockeye Migration Conditions: PDO/ENSO: Cool/Neutral Jun-Sep MWT: 18.3c Total Migrants: 131567.72969
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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2007 GCL Sockeye Migration Conditions: PDO/ENSO: Cool/Warm Jun-Sep MWT: 18.1c Total Migrants: 76372.666667
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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2008 GCL Sockeye Migration Conditions: PDO/ENSQ: Cool/Cool Jun-Sep MWT: 17.9¢ Total Migrants: 74024.006757
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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2009 GCL Sockeye Migration Conditions: PDO/ENSO: Cool/Neutral Jun-Sep MWT: 19.2¢ Total Migrants: 219744.28766
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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2010 GCL Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 18.5¢ Total Migrants: 335204.12834
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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2011 GCL Sockeye Migration Conditions: PDO/ENSO: 2011/Unknown Jun-Sep MWT: 18.3c Total Migrants: 445438
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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2012 GCL Sockeye Migration Conditions: PDO/ENSQ: 2012/Unknown Jun-Sep MWT: 18.5¢ Total Migrants: 149202
Zero-Line Thresholds: Daily Migrants: 0.79% MWT: 19c Flow: 24 cms
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Appendix C. Annual anomaly plots for Sproat Lake sockeye migration, water

Env Var Anomaly
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temperature, and river discharge. Zero-line thresholds: (a) Daily migration
rate = 1.07% (75" percentile of non-zero daily migration rates (1974-2012);
(b) Water temperature = 20°C; Discharge = 10 cms.

1974 SPR Sockeye Migration Conditions: PDO/ENSO: CooliCool Jun-Sep MWT: 19.4c Total Migrants: 56011
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1975 SPR Sockeye Migration Conditions: PDO/ENSO: Cool/Neutral Jun-Sep MWT: 19.4c Total Migrants: 55069
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1976 SPR Sockeye Migration Conditions: PDO/ENSO: Cool/iCool Jun-Sep MWT: 18.1c Total Migrants: 47404
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1977 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 19.4c Total Migrants: 64219
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1978 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 19.9¢c Total Migrants: 32580
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1979 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Neutral Jun-Sep MWT: 19.7¢c Total Migrants: 73473
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1980 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 19.2c¢ Total Migrants: 136033
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1981 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Neutral Jun-Sep MWT: 19.3¢ Total Migrants: 130812
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1982 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Neutral Jun-Sep MWT: 20.1¢ Total Migrants: 224693
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1983 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 19.5¢ Total Migrants: 257793
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1984 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Cool Jun-Sep MWT: 19.0c Total Migrants: 89100
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1985 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Cool Jun-Sep MWT: 19.7c Total Migrants: 146951

Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1986 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Neutral Jun-Sep MWT: 19.8¢c Total Migrants: 192941
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1987 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 20.0c Total Migrants: 151835
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1988 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 19.1c Total Migrants: 235417
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1989 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Cool Jun-Sep MWT: 19.7c Total Migrants: 167987
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1990 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Neutral Jun-Sep MWT: 20.5¢ Total Migrants: 112790
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1991 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 19.5¢ Total Migrants: 209475

Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1992 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 20.2c¢ Total Migrants: 221938
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1993 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 19.6c Total Migrants: 205289
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
10 10
9 9
8 8
7 7
6 6
5 5
4 4
3 3
1 1 AR 1
. . il 1[PPI I 8 Il .
SR LLLLLL L LR AT e T L L L |1 LR 1 UL
-2 -2
-3 -3
-4 -4
-54, : : : : : : : : : : : I-5
Jun 160 170 Jul 190 200 Aug 220 230 Sep 250 260 Oct

Daily Flow (Anom., Factor:0.15)

Daily MWT (Anomaly to 20c)

(%) Ajewouy uonelbiy Ajled (%) Ajewouy uonelbiy Ajled

(%) Alewouy uoneiBIy Ajieq



Env Var Anomaly

Env Var Anomaly

Env Var Anomaly

193

1994 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Neutral Jun-Sep MWT: 19.9¢ Total Migrants: 143770
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1995 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 20.3c¢ Total Migrants: 102400
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1996 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Neutral Jun-Sep MWT: 19.6¢ Total Migrants: 210051
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1997 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Neutral Jun-Sep MWT: 20.0c Total Migrants: 143403
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1998 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 21.1c Total Migrants: 274014
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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1999 SPR Sockeye Migration Conditions: PDO/ENSO: Cool/Cool Jun-Sep MWT: 19.6c Total Migrants: 169635.93443
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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2000 SPR Sockeye Migration Conditions: PDO/ENSO: Cool/Cool Jun-Sep MWT: 19.7c Total Migrants: 126339
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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2001 SPR Sockeye Migration Conditions: PDO/ENSO: Cool/Neutral Jun-Sep MWT: 19.3c¢ Total Migrants: 371518
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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2002 SPR Sockeye Migration Conditions: PDO/ENSO: Cool/Neutral Jun-Sep MWT: 20.0c Total Migrants: 220189
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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2003 SPR Sockeye Migration Conditions: PDO/ENSO:
Zero-Line Thresholds: Daily Mig

Warm/Warm Jun-Sep MWT: 20.4c Total Migrants: 189001
rants: 1.07% MWT: 20c Flow: 10 cms
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2004 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 20.2c Total Migrants: 149947
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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2005 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 19.9¢ Total Migrants: 150568
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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2006 SPR Sockeye Migration Conditions: PDO/ENSO: Cool/Neutral Jun-Sep MWT: 20.0c Total Migrants: 63357
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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2007 SPR Sockeye Migration Conditions: PDO/ENSO: Cool/Warm Jun-Sep MWT: 19.8¢ Total Migrants: 71975
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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2008 SPR Sockeye Migration Conditions: PDO/ENSO: Cool/Cool Jun-Sep MWT: 19.5¢ Total Migrants: 116844
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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2009 SPR Sockeye Migration Conditions: PDO/ENSO: Cool/Neutral Jun-Sep MWT: 20.8c Total Migrants: 177831
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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2010 SPR Sockeye Migration Conditions: PDO/ENSO: Warm/Warm Jun-Sep MWT: 20.1c Total Migrants: 275468
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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2011 SPR Sockeye Migration Conditions: PDO/ENSO: 2011/Unknown Jun-Sep MWT: 20.0c Total Migrants: 439214
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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2012 SPR Sockeye Migration Conditions: PDO/ENSO: 2012/Unknown Jun-Sep MWT: 20.1¢ Total Migrants: 229755
Zero-Line Thresholds: Daily Migrants: 1.07% MWT: 20c Flow: 10 cms
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