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1.0 Introduction: Linking vulnerability to adaptati on

Over the next century in British Columbia climateluced changes in precipitation and air temperatiee
expected to be variable by region and season (Raieet al. 2007; Pike et al. 2008a). The geneealiis
for increasing air temperatures across the prowittethe largest increases projected in the nanith during
the winter. In regards to changes in precipitati@general pattern is for drier conditions in $beth and
during the summer, with northern latitudes projédtereceive more precipitation. In the Caribooiitin
by the 2050s average annual air temperatures avdgesannual precipitation are both predicteddceinse
from 2.0-2.5 °C and 5-20% respectively, althougkdme locations summer precipitation is expected to
decrease by as much as 5% (Dawson et al. 2008).

Based on historic observations (Leith and Whitfigd®8; Whitfiled and Cannon 2000; Zhang et al. 2G01d
future projections (Leung and Qian 2003; Whitfietchl. 2003; Merritt et al. 2006) these kinds cdiagpes in
climate are expected to lead to noticeable chaimgeatershed hydrology as mediated by changesdw sn
pack accumulation, patterns of snowmelt, and gtamiger among other factors. The magnitude andtiine
of streamflow changes in a watershed will vary agditqg to the dominant pattern of runoff. Watershiedhe
Cariboo-Chilcotin are generally snowmelt-dominatddch tend to have peak flows in the spring, loon$
in the late summer and fall — due to low preciptaiand dwindling snowpack — and low flows througe
winter due to cold conditions that lead to preeifpdn accumulating as snowpack (Eaton and Moor&R200
the future, these types of watersheds are antezigatsee shifts in runoff patterns that more d¢yosgmic
mixed hydrologic regimes (rainfall-snowmelt pat&rwhere periods of snow accumulation are redundd a
peak flows start earlier in the spring (Pike e2@i08b).

Less is known about expected water temperaturegelsaacross freshwater systems in B.C. though stream
and lake temperatures are generally expectedd@sis result of increasing air temperatures aadgds in
surface water and groundwater flows (Tyedmers aadV2001; Pike et al. 2008b). The Fraser Rivemnes t
most well studied basin for water temperatures wihestoric analyses have shown increases in maximum
water temperatures of approximately 1.8 °C ovelldbe50 years at Hell's Gate (Foreman et al. 2001;
Morrison et al. 2002; Farrell et al. 2008) and eimchange models estimate up to an additional & °C
warming by 2080 (Morrison et al. 2002). Given tm®wn relationship between air and water temperature
smaller streams (Stefan and Preud’homme 1993; S@i08l1; Moore 2006; Nelitz et al. 2007b; 2008)
increasing thermal regimes can also be expecttirtary and headwater systems.

The biological implications of climate-induced clyas in physical environments are significant asraftons
in the timing / magnitude of streamflow and straaermal regimes are fundamentally linked to behanab
and physiological responses of life stages of fregar dependent fish species, such as Pacific sa{ielitz
et al. 2007a) and bull trout (Dunham et al. 2008snowmelt-dominated systems overall mean anrozal i
expected to increase though an earlier spring étaslay extend the period of summer low flows, thus
constraining availability of summer rearing halstégtreams in headwater areas will likely be afféchost
negatively by this change. Historically, these ang@vided some of the most suitable habitat cardit
which may become inaccessible if flows are redwrashusable as cool-water refugia if warming occurs
Additionally, low flow conditions may coincide amtacerbate stream warming during periods of peak
summer air temperature which can create thermalsito adult and juvenile migration, increase
physiological stress and mortality of adults angkjules, and alter the thermal suitability of regri
conditions (Irvine 2004; Nelitz et al. 2007a; Biss2008). Ultimately, the effects of temperature on
individuals can lead to shifts in species distridmg (Dunham et al. 2001) and fish community strect
(Wehrly et al 2003; Nelitz et al. 2008).

The effects of human activities — both stressodsrastoration actions — on freshwater habitat©aeglaid on
top of these underlying biophysical changes. Strsssan magnify the adverse effects of climate gbafor
instance, by reducing water availability in stresfeshwater habitats, by removing riparian buffeosn
thermally sensitive habitats, or by imposing urainstble exploitation rates on vulnerable population
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Alternatively, restoration actions can mitigate #ffects of climate change by restoring freshwatgplies to
mitigate against low summer flows during adult ratgyn and spawning or by adjusting harvest rates to
account for poor ocean productivity or in-river digions. Given our general understanding of thecasky
effects of climate change and contributing roléman actions in both positive and negative ways, i
critical that we develop strategies to help fresiewéish species cope (see range of strategielitzt al.
2007a). Developing intelligent coping strategiesyBver, requires that we make decisions usinglddtai
information so we know what to do, where and wheasto avoid wasting precious time, money, and
people’s energy. Evaluating the vulnerability afdhwater habitats to climate change is a criticstl $tep to
providing decision makers with that detailed infatran (Spittlehouse and Stewart 2003) and is cterdis
with previously identified priorities for improvingnanagement of B.C.’s freshwater habitats in theecd of
climate change (Tyedmers and Ward 2001).

This technical report describes the methods usaddess the vulnerability of freshwater habitatkanges in
summer stream flows and water temperature — athesSariboo-Chilcotin. It is the first study of kind for
this region and represents a pilot applicationrodpproach for assessing vulnerability. The hopleasthese
methods could eventually be applied more broadbsiess other vulnerable regions in B.C. Resulis this
evaluation are presented in the second part oféjpisrt (Nelitz et al. 2009) and three species-ifipdabitat
outlook papers (Porter and Nelitz 2009a; Porterielitz 2009b; Nelitz and Porter 2009). The intentis
that these results can eventually help regionakaetmakers understand potential vulnerabilities o
freshwater habitats. Additional efforts are neeteldelp regional decision makers use this inforamaénd
decide what actions to pursue today that will bigfefman communities, freshwater habitats, and fish
populations of the Cariboo-Chilcotin in the future.
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Pacific Climate Impacts Consortium



Evaluating the vulnerability of freshwater fish habitats
to the effects of climate change in the Cariboo-Chilcotin

2.0 Methods: Assessing vulnerability

Our approach to assessing vulnerability of fresewahbitats involved linking outputs from a seéseadily
available quantitative models (Figure 1). The fat&lp involved downscaling climate projections frimuar
Global Climate Models (GCM) and three emissionsiades (se&ection 2.1 Predictions of future air
temperatures and precipitation were then usedpagdrior a physically-based, macro-scale hydroklgic
model (seesection 2.2that generated daily flow measurements at fogatles” across the study area.
Downscaled air temperatures were also used in girieal model to predict an annual metric of stream
temperature across a different set of “nodes” thhowt the stream network (s8ection 2.8 Next, fish
observations, known barriers, and channel chaiatitsrwere used to develop reach-scale distribdtigers
in GIS (seeSection 2.4 )ifor three focal fish species: bull tro8dlvelinus confluentiisChinook salmon
(Oncorhynchus tshawytschand coho salmorOncorhynchus kisut¢hLastly, predictions from stream flow
and temperature models were compared against Galbgbased fish habitat criteria and combinedwiite
species distribution layers to determine the spatigent and suitability of freshwater habitatse(Sections
2.4.2 and 2.4 8for a historic reference (1961-1990) and futimeetperiods (2020s, 2050s, and 2080s).

We focused our vulnerability assessment on the@bmsal species for a variety of reasons. Firstywaated
a set that represented a mix of anadromous antergsspecies. For salmon, we selected those speities
life history strategies most reliant on freshwdtabitat conditions for rearing (i.e., coho and ©bik).
Sockeye salmorncorhynchus nerRavere not included because of their reliance atideenvironments
and we did not have any ability to predict the effef flow and temperature changes in lakes. W ded
bull trout because it is highly sensitive to chagetemperature conditions (Dunham et al. 20@3)Jue
listed, and a vulnerable species in B.C. (WLAP 2002

The Cariboo-Chilcotin study area (Figure 2) wasndglted by tributaries to the Fraser River betwtben
confluence of the Thompson and Nechako Rivers (skat). Tributary watersheds included, among others
Baker Creek, Bridge River, Chilcotin River, Churre€k, Quesnel River, Seton River, Stein River, West
Road River, and Williams Lake River.

I S ™ e’ |

Figure 1.  Simplified conceptual model illustrating the lijes among climate, physical habitat conditionsjthb
suitability, and Pacific salmon life stages.
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Figure 2.  Delineation of the Cariboo-Chilcotin study areattee vulnerability assessment. Stream locationsrevh
flow modeling results were summarized are markednamuged locations {§ and those where
hydrometric stations currently exist).

2.1 Modelling climate change

In developing scenarios of future climate chande&satask was to select the appropriate Globah&le
Models (GCMs), emissions scenarios, and time periagr which to generate projections. The fullesoit
recent models and scenarios from the IntergovertahBanel on Climate Change (IPCC) Special Report 0
Emissions Scenarios (SRES) were considered imitial ilist'. Recognizing that all 184 combinations of 23
GCMs and 8 emission scenarios are plausible futorgsgoal was to narrow this list to 6 combinasidihat
represented a reasonable range of changes inrgietature and precipitation. For comparison purpadse
was also important that we select models, scenarabstime periods that were comparable and camdist
with similar studies. Based on a review of studiegstigating the effects of climate change on fish
populations and fish habitats in the Pacific NorktMTable 1), we decided to focus on GCMs from the
Canadian¢ccma_cgcmBand United Kingdomukmo_hadcmBmodeling laboratories. We also focused on
the current set of IPCC emissions scenarios — ADBand B1 (Figure 3)- and three commonly considered
time periods — 2020s (2010-2039), 2050s (2040-2G68) 2080s (2070-2099).

! Data for all GCMs and IPCC emission scenariosasedlable fronhttp://www.ipcc-data.org/ard/gem_data.html

2 A1B: A future world of very rapid economic growth, Igepulation growth and rapid introduction of new andre efficient
technology. Major underlying themes are economit @rtural convergence and capacity building, witbubstantial reduction in
regional differences in per capita income. In thisld, people pursue personal wealth rather thair@mmental quality.

A2: A very heterogeneous world. The underlying thesrilat of strengthening regional cultural idengiti®ith an emphasis on
family values and local traditions, high populatgmowth, and less concern for rapid economic dgrakmt.

B1: A convergent world with the same global populatienin the Al storyline but with rapid changesdoremic structures toward a
service and information economy, with reductionmizterial intensity, and the introduction of cleard resource-efficient
technologies.

4 ESSA Technologies Ltd.
Pacific Climate Impacts Consortium



Evaluating the vulnerability of freshwater fish habitats
to the effects of climate change in the Cariboo-Chilcotin

Table 1 Summary of models, scenarios, and time periodd f@ climate change modeling across recent fadditht studies in the Pacific Northwest.
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Figure 3.  Alignment of emissions scenarios described byR@C Special Report on Emissions Scenarios (SRES)
along axes of the spatial scale at which changesrdglobal or regional — left to right) and the
aggressiveness with which emissions reductionsrqéess or more environmental — top to bottom).

To select the appropriate model and scenario caatibims, we analyzed differences in summer climate
conditions for the 2080s (2071-2100) across maalatsscenarios for the Fraser River basin (Figurgvé)
focused this analysis on the summer because ithveaseason of most interest for fish habitat modeknd
explored model differences during the 2080s becdiffe@ences due to emissions scenarios tend tadre
detectable at this time than in the 2050s (204168207 doing this analysis, we found the A1B and A2
scenarios foukmo_hadcm@rovided very similar temperature and precipitajoojections. As well, the B1
scenario foukmo_hadcm®vas similar to the A2 scenario foccma_cgcm3There was a reasonable spread,
however, among the A1B, A2, and B1 scenariosfoma_cgcma3Thus, among these models and scenarios
we selected the A1B, A2, and B1 scenarios forctteena_cgcmand A1B scenario farkmo_hadcm3To get

a better representation of extreme changes ingitation and temperature across the basin, we also
considered models that had a larger change in Wig@nditions than the above GCMs. Tfdl_cm20model
A2 scenario showed substantial warming (4.0 °C)lwaed with a large precipitation reduction (-36%nd
thempi_echam3nodel under an A1B scenario projected increasestim precipitation (15%) and
temperature (3.0 °C). These six scenarios providgood range of predictions in summer climateltier t
Fraser River basin (Figure 4 and Table 2). Most GQlslve data available starting from the early 1900s
which allow for comparisons between past obsermatand GCM results over a historical referenceoperi
Most projected results are shown as differencan &idl961 to 1990 reference period to eliminate the
influence of model bias on projected changes. Bias¢he GCMs were also corrected using a stadistic
downscaling technique by comparing them to histcliroate observations (1950-2006) as describedabelo
(Bennett et al. in prep).

GCM resolution varies from model to model. Depegdin the model, 10 grid cells or tiles are needed t
cover British Columbia, each of which has a hortabresolution from 300 to 500 km (Hutchinson aratke
2008). At this coarse resolution the complex climi@dy of BC is not well represented, especiallainas
where there are significant topographic featunresh @s the coastal mountain range. To create loatavere
more regionally relevant, future climate projectamere created by downscaling (or increasing teeluéon
of) the GCM data for the models and emissions sandescribed above. To do so we applied a statist
downscaling approach developed by the Climate Insp@coup at the University of Washington based on
methods developed by others (Wood et al. 2002; \Widret al. 2003; Salathé 2005; Salathé et al. 2007)
Originally this approach was developed for dowrisgaio 1/8" of a degree. For this study, we used these
downscaling methods to create a 1/ti@gree dataset (grid cells 27-32%imarea depending upon latitude)

6 ESSA Technologies Ltd.
Pacific Climate Impacts Consortium



Evaluating the vulnerability of freshwater fish habitats
to the effects of climate change in the Cariboo-Chilcotin

because the Variable Infiltration Capacity (VICHamater temperature models required data at this
resolution.

The downscaling method applied here is referreabtthe Bias Correction and Statistical Downscaling
(BCSD) technique, most recently modified and updis@ig Eric Salathé of the Climate Impacts Group.HWit
the BCSD technique, GCM simulations were bias @beg using quantile-quantile transfer functionsiesn
GCM simulations for the historical period and gedebbserved temperature and precipitation. Fitting
completed independently for each climate modelgigi@@' Century climate simulation that matches the
period of observations. A transient, monthly datases produced and this was disaggregated to wa tifag
series by re-sampling the historic data set. Emgigsrthogonal functions (EOFs) analysis, with Ep&OFs
derived from the historic record, was applied tectean appropriate analog month that producedia da
weather sequence consistent with the monthly-migde.s

2
Change in average O
summer air
temperature (°C)

Change in precipitation (%)

Figure 4.  Plot of the change in average summer air tempersiagainst percentage change in precipitatiorhéor t
2080s from a range of GCMs and IPCC emissions sicsnapplied to the Fraser River basin. Resultsfro
the six model-scenario combinations used in thidysare circled: (1) mpi_echam5 A1B (warm-wettest),
(2) cccma_cgem3 A1B (middle of the road), (3) cccogem3 A2 (warm, small change in precipitation),
(4) cccma_cgem3 B1 (cool, minimal change in preatjn), (5) ukmo_hadcm3 A1B (warmest-dry) and
(6) gfdl_cm20 A2 (warm-driest).
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Table 2 Six model and scenario combinations selectethierstudy. Unique model-scenario numbers reféaltiels
used in Figure 4.
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2.2 Predicting stream flow conditions

To understand broad-scale implications of climdit@nge on freshwater flows, we used the Univerdity o
Washington’s Variable Infiltration Capacity (VICytirologic mode), originally developed as a soil-
vegetation-atmosphere transfer scheme to oper#tenvei GCM (Liang et al. 1994; 1996). VIC is a resd
model capable of solving water and energy balaacesss broad spatial areas, and has proven suddessf
evaluating climate change impacts on global riystems (Nijssen et al. 2001). As well, the VIC toldgic
model has been validated in the Canadian portidgheoColumbia River Basin (Hamlet and Lettenmaier
1999; Payne et al. 2004) and in the mountainousewet)S (Christensen et al. 2004; Hamlet et al5200
Vanrheenen et al. 2004). VIC is able to simulaterblpgic responses at basin scales of 500 dngreater
(Maurer et al. 2002).

The land surface in VIC is modeled as a grid ajeéafl/16' degree or approximately 32 Rmnflat, and
uniform cells. Heterogeneity at smaller scales.{@lgvation and land cover) is handled usingsttasil
distributions. The VIC model simulates water andrgg balances at the land surface at a daily osiillp
time step. Model inputs include the climate foraing time series of daily climate drivers (e.gedipitation,
air temperature, and wind speed) generated for gdaltell, and gridded data describing vegetatsmils,
topography, and the river network. Gridded clinfateings have been built for all of BC followingeh
methods of others (Maurer et al. 2002; Hamlet agitielnmaier 2005). Daily gridded climate surfacesewe
generated from 1915 to 2006 specifically for the-i@Gion.

There are a number of key considerations with gsgtr assessing output and analyzing results fnenviC
hydrologic simulations. Water can only enter VIi@grells via the atmosphere, or rather from thddgd
forcings data that represents atmospheric inpuan@élized stream flow across the land surfacerfepeed
using a routing model (Lohmann et al. 1996; 19@8jce water reaches the river routing network, anclel,

it is assumed to stay in the channel (i.e., wadenot flow back into the soil), and crosses viadha&nnel into
neighboring cells. Non-channel flow between griliscis ignored. Once the VIC model was parametedrize
with all forcings and input data, a baseline histdata set of daily flow predictions were genedaeross all
1/16" degree grid cells. The model was then calibratethalidated by comparing this baseline to measured
flow at hydrometric stations located along riveraiding > 500 krhiwhere records were continuous over the
calibration and validation period of 1985 to 19BGture projections from the above model-scenario
combinations were used to develop daily griddeai&ie surfaces from 2007 to 2099. These inputs there
used as new forcings in the VIC model to genetate predictions for each climate change scenart an
model.

3 University of Washington, Department of Civil aBdvironmental Engineering. Variable Infiltration @ity (VIC) Macroscale
Hydrologic Model. Available athttp://www.hydro.washington.edu/Lettenmaier/Mod€1€/VIChome.html
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Given the immensity of flow data, for fish habitabdeling purposes we selected a subset of strezatidos
(i.e., “nodes”) at which to summarize flow predicts across the study area. To ensure continuity wit
historic observations of stream flow, we includ@&‘dodes” that were used to calibrate the hydralagodel
for which statistical and graphical comparisonshef simulations, historical GCMs results, and obestgons
could be quantified and examined. Across locatitmesse comparisons showed relatively strong agreeme
between past observations and retrospective agiphoaf the GCM models (e.g., Figure 5), though riedel
did not perform well in a few other locations (eEjigure 6). We also selected 40 points that we ket
distributed longitudinally at approximately 20 kntervals along the mainstems of the Chilcotin, WResad,
and Quesnel Rivers. In assigning these additiomadiés” we ensured these locations were on streatims w
drainage areas > 500 kmvere not represented by a nearby hydrometrimstéite., one of the 18 nodes
mentioned above), and did not fall within a lakbeTesulting set of 58 “nodes” at which we sumneatiz
VIC hydrology predictions is represented in Figer@nly 18 of which were used in our analysis for
suitability of fish habitats.

Figure 5.  Mean monthly flow (in cubic feet per second) on Bigeek for historic observations, historic applicatof
the cccma_cgem3 model, and future projectionse®®b0s. Top panel includes data across the hastori
period (1961-1990). Bottom panel includes monthigrages across the entire reference period.

Figure 6. Mean monthly flow (in cubic feet per second) ontGotCreek for historic observations, historic
application of the cccma_cgecm3 model, and futupggations to the 2050s. Top panel includes datasacr
the historic period (1961-1990). Bottom panel inidst monthly averages across the entire referenape
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2.3 Predicting stream temperature conditions

To predict changes in stream temperatures acresstuldy area, we applied a recently developed @&apir
model to estimate the annual maximum of a severrdgaying average of the daily mean water tempegatur
Maximum Weekly Average Temperature, MWAT (Nelitzakt2008). Equation (1) describes the relationship
between MWAT and the landscape characteristiccchmatic influences affecting the upstream watetishe

MWAT = 7.911+ (0.4835* T,) + (1.176* Log(A)) - (0.003059 Z)

- (09433 [f,) + (L748* [T,)- (0.0529% Slopg - (0.7194* K,) @)

where average July-August air temperaturg, @rainage area (A), fractional glacier coverdgg {ractional
lake coverage (ff, stream slope (slope), mean basin elevatiqy), @d a 2-year flood frequency parameter
(K,) were significant predictors. This relationshipsixteveloped by analyzing water temperatures, wegdrs
characteristics, and climate data from hundreddrems across British Columbia, including mangastis
from the Cariboo-Chilcotin. Predictions from thedabrepresent the expected average MWAT in a stream
for a reference period (1990-2003), not a singlenade for a particular year. As well, predicticare
generated at the most downstream points of intaets all third order (and larger) basins withirtge
areas <10,000 kf(~1,000 polygons).

To link this model to the climate change projectiaescribe above, we calculated the average Julytuair
temperatures across all models, scenarios, and.y@ammer air temperature predictions were theragee
across three future reference periods — 2010-2ITIBM)-2069, and 2070-2099 — to represent summer ai
temperatures at three points over the next ce@@ps, 2050s, and 2080s. Next, these future suraimer
temperature conditions were assigned coordinatesptesent each 1/1@legree (35 kR) grid cell across the
study area. A nearest neighbour calculation wad teséocate the grid cell closest to the streamtion
where an MWAT prediction was required. In many sabe elevations were very different and distance
between these points large. Given the significafiiénce of elevation on air temperatures, we dped a
regression relationship to adjust for such diffeemnbetween locations. For this analysis we exddaaistoric
(1961-1990) estimates of air temperature from CnBC' for the centre of all grid cells and all points of
interest for MWAT modelling. We then calculatedfeiences in elevation and temperature for all geid
stream pairs and plotted them to determine an apte relationship to adjust air temperaturesFegr).
Based on this analysis, we determined that forye¥#00 metre decrease in elevation there should be
corresponding ~4 °C increase in average air temyreraConsequently, all air temperature predictioos
the downscaled GCM results were adjusted using¢tdsionship before being applied in the MWAT mbde

4 Univesity of British Columbia, Centre for Forestrdervation Genetic. ClimateBC: A program to geteecimate normal data for
genecology and climate change studies in westenmadza Available atttp://www.genetics.forestry.ubc.ca/cfcg/climatedats.html
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Difference in July air
temperatures (°C)

Difference in elevation (m)

Figure 7.  Plot of thecalculated differences in elevation and temperabete/een all grid cell-stream pairs across the
study area. Each data point represents the cadcuthfference in elevation and historic July amgeerature
between a location where an MWAT prediction is ieggiand the nearest grid cell where air tempeeatur
area available from the GCMs (~ 1,000 pairs). Téiationship shows that for every 1,000 metre desze
in elevation there should be a corresponding ~Hhe€ase in average air temperature.

2.4 Assessing suitability of habitats

Modeling the combined effects of expected climdtange-induced temperature and flow changes on
salmonid populations could employ different methddpendent on the spatial-temporal scales of isttersl
the quality of the information available for theeesise. One possible approach could involve linKing
resolution temperature and flow models into spigtiatplicit life-cycle models to predict changedfiish
population dynamics. This has been undertaken tigdeynBattin et al. (2007) where various climatedels
predicting temperature and flow changes in WasbimgtSnohomish River Basin were linked to the Shira
salmon population model (Scheuerell et al. 200@)realict the effects of climate change on the bBasin
Chinook salmon populations. Similar modeling ofr@te impacts on Atlantic salmon is currently a fofwr
the USGS on the east coast, where watershed momeliting future flow (particularly focused on somer
low flow) and instream temperatures are being lintkcean USGS Atlantic salmon survival model to dibsc
future scenarios of salmon population dynamiceién@ulf of Maine (USGS 2008). Such models are uhten
to provide great flexibility in evaluating climathange scenarios but are generally focused onvediasmall
spatial scales (e.g., single Basin) and requirailéetinformation on life-stage specific survivaldafecundity
parameters, the specific form of functional relasioips linking environmental variables to salmorvisal
(e.g., multiple temperature and/or flow threshdtitssalmon at varied points in the life-cycle), drsh
movement algorithms (Battin et al. 2006). To ouowiedge, this level of data resolution does notentty
exist across the Cariboo-Chilcotin study area,thatlincorporating a life-cycle model into broadeale
characterizations of climate impacts on fish haligaot currently feasible for this pilot study.

In the absence of detailed population data a measilfle approach is to use broader-scale relafjpsh
among stream flow, water temperature and genedaligk responses. Such an approach was applied here
drawing upon a mix of existing modeling tools amdgumed relationships that allow for coarse evainaif
potential fish responses as mediated by predidtadges in stream flows and temperatures.
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2.4.1 Baseline species distribution

Modeling fish distribution was undertaken using B@ Watershed Atlas’s 1:50K GIS watershed polygons
and Seg5 stream reach hydrology layers. For eastiespwe developed a baseline depiction of acdessib
stream habitat based on known fish distributionefach species (using the province’s fish obsemasis
layer), stream order criteria, reach habitat tgpecies-specific gradient thresholds (based owieweof
literature and discussion with agency biologisas)] variable use of potential migration barrieeniified
within the province’s 1:50K GIS barriers layer. \Weeognize there is no mix of simple remote sensiéeria
that will allow precise depiction of fish accessattd use of stream habitats at this spatial sbateye have
chosen a suite of criteria generally consistent it literature and past modeling exercises. Wudrd
lakes from the assessment of habitat because fiovieanperature predictions were only availablestogam
habitats. We also excluded the Fraser mainstem éianmodeling because the temperature model is not
appropriate for this size of a river. We have ideld the 1:50K barriers layer as a criterion foritiimg
upstream distribution of coho and Chinook salmoly,amot for bull trout which can maintain resident
populations upstream of barriers. Not all barneithin the 1:50K barrier layer are obstructions&mon
migration. Barriers used in the distribution modelssalmon were only those beyond which there were
upstream fish observations for that species (agesigd in Mount 2008; Parkinson 2007). The fult st we
applied to develop baseline distributions for esalmonid species is provided in Table 3.

We depicted stream habitats at the 1:50K scale tmohsistent with the spatial scales of the tentperand
flow modeling. We recognize, however, that modehnghis scale will fail to identify smaller stream
potentially useable by salmonids that would beeatisible at 1:20K or smaller spatial scales (Roddreeal.
2002). Consequently, our depictions will likely & underestimate of the amounts of accessible seable
habitat actually available for different salmoni@her elements of modeling will also be coarsadi&mt
attributes tied to Seg5 reaches represent averagnogs the reach segment and may not fully rgfletntial
passage through or use of reaches based on gradterit that have been inferred at finer resohsi As
well, barriers at the 1:50K scale will not capttire full suite of obstructions that could impedshfpassage in
smaller tributaries. Conversely, 1:50K stream hiayp generally captures most permanently flowing
streams, thus avoiding concerns about overestighatabitats at the 1:20K scale (due to inclusion of
ephemeral streams). Although somewhat crude, vieveethe 1:50K stream linework provides a reasanabl
framework for developing measures of the qualitgafnonid habitats under varied climate changeascen

Baseline distributions for each species were mapp&IS and then summed as the total length ofhleea
stream habitat. These data were summarized bylirmtar extent within the entire study area and/dmjous
additional spatial delineations depending on trexigs: Conservation Units and stock units for Colkno
Fraser River subpopulations for coho, and majbutery drainages for bull trout.

2.4.2 Suitability of flow conditions

Hydrologic modeling (se8ection 2.2provided us with detailed baseline and futurgquted daily flows at
selected stream nodes along the Seg5 hydrologyonetW/e chose to focus on two critical periodsha t
salmonid life cycle that could be particularly afied by flow changes: (a) summer low flows requiieed
maintain rearing juvenile populations, and (b) ktenmer / fall flows required to allow successfasgage of
migrating adults to upstream spawning areas atr&#8rm “nodes” throughout the study area. We evetuat
the biological relevance of flow changes using s$empresholds relating to summer low-flows for regr
salmonid juveniles (a time period where predictetiér temperatures would likely exacerbate low-flow
impacts) and late summer / fall high-flows for reing Chinook spawners. These flow thresholds Heen
established as part of processes for determinstgeiam flow needs for fish in different jurisdiat®within
North America. Thresholds are not without scieatifontroversy, however, having been criticizedadack
of sufficient field validation and are likely to iaconsiderably based on river size and stream habogy
type (Hatfield et al. 2003). As a simple approaré,believe these thresholds provide a startingtgom
evaluating broad patterns in potential flow-relaitegacts to salmonid habitats.
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Table 3. Rule sets for delineating baseline distributionsGbinook salmon, coho salmon, and bull trout, toredtemperature and flow criteria applied for
defining potential climate-change induced impacisise of stream habitat.
* =
5 ) / H77#1 4 H 74#G & J 5 L "##0
5 3 7T T4 ] THG *#G & J -
A & K & & % 3 15 .1
5 A & 7% 7BIOI 4 F 4G & J5 4
et & 0 K & & %3 672 2 "H#H0
F7<G. 3 & |/ 7B!10 "701 J
F <#G & & J 5 | "<
0 / 7101 4 3 & o
& 3 H <#G & & )
A "7 J & ( ("#H#
"5 F 0G
) / H77'#1 4 H 7#G & J 5 5
& & & % 3 5 "##;
3 THOTHLD T#HG *#G & J |
A & K & & %3 .
5 A & 7;'# 7BIOI 4 F*4G & 15 | "##$
Q0% & 0 K & & % 3 , | g
F7<G. 3 & |/ 7BI0 701 J
( (“"#utt
0 / F"7101 4 ( 2533
& 3
A "7
"5 FBG
) / H77'#1 4 H 7#G & J 5
& & & & % 3 7>>B
3 A 7% T#1J T#G *#G & J V"H#B
A & 0 F*# K & & % 3 5 "##$
7:'# 7BIOI 4 F*#G & J 5 | g
0 / K & & % 3 1 5 !
& 3 7BI0 "7101 J )
A "5
F7'G
F"701 4

13

ESSA Technologies Ltd.

Pacific Climate Impacts Consortium




Evaluating the vulnerability of freshwater fish habitats
to the effects of climate change in the Cariboo-Chilcotin

Flow thresholds often use a watershed’'s mean amistiarge (MAD) as the base metric for comparisons
with the most commonly employed (the Tennant metkesteloped initially from field studies on interio
Montana streams) suggesting that summer flows b MAD can result in impairment of rearing hatsita
and flows below 10% MAD can result in severe degtiath (Tennant 1976). A modified-Tennant method
developed by Ptolemy and Lewis (2002) for use mstal BC streams recommends a flow of 20% MAD to
maintain juvenile rearing habitat. Ptolemy and L&{#002) also recommend a flow for spawning in tadas
streams that is a derivation of % MAD generatethieyequation 1.56*MAB®® A more recent US agency
approved recommendation for minimum bypass flowspawning salmon has been developed in California
(CSWRCB 2007; Merenlender et al. 2008) which afspleys two MAD related thresholds (with the
threshold algorithm varying depending on waterssied). For drainages greater than 290 sq. miles the
recommended bypass flow to allow successful spayisib0% of MAD. In the absence of more regionally-
specific information we chose to use a synthestb@de published thresholds to define flow levéisomcern
for rearing and spawning conditions as measurdéteaiow “nodes”. The flow thresholds and theirqumed
impact on Chinook, coho, and bull trout are prodide Table 3.

Rearing summer low flowdased on the lowest moving 7-day averageimumflow over the July 1 to Sept.
30 summer rearing period, downstream node locati@re rated as (1) “likely adequate for rearing
juveniles” if flows were > 30% MAD summer low flof2) “questionable flows for rearing juveniles” if
flows were between 10% and 30% MAD, and (3) “likethpaired flows for rearing juveniles” if flows wek
10% MAD. Nodes were colour-coded based upon the ffisk categories and mapped within the GIS to
indicate points where reduced rearing flows migitdme an issue under different climate-change sosna

Spawning late summer/fall high flowA:similar approach was applied for assessing rtogysspawning
flows for Chinook salmon, such that, based on aingp¥-day averagmaximunflow over the period of July
15 to October 15 (general period of Chinook spagminthe study area - Cariboo-Chilcotin Conservatio
Society 2008; Parken et al. 2008), all nodes wetiexdras either 1) “above minimum bypass flow thokbhf
flows at the node > 60% MAD or 2) “below minimumgass flow threshold” if flows at the node were <
60% MAD. Nodes were colour-coded based upon the fisk categories and mapped within the GIS to
indicate points where reduced spawning flows migtome an issue under different climate-change
scenarios. This approach, if perceived as a seffty sensitive indicator, could be further refifer both
Chinook and coho salmon by tightening the evaluatiaf spawning flow within each drainage to thequei
spawn timing window of each salmon population ocktunit.

To evaluate changes in seasonal flows relative MA2B (as opposed to an actual flow quantity) asitiaex

of changing risk from flow changes under differelinate change scenarios, all time periods werepeoad
relativeonly to the historic baseline MAD at a node (e.g. sumioe flow T1/MAD T1, summer low flow
T2/MAD T1, summer low flow T3/MAD T1, etc.) as tiéstoric MAD represents the degree of flow to which
resident fish are currently adapted. In additioguantifying possible changes in annual and sehflons
across different projected climate change scenar@also examined how the shape of the hydrograph a
individual nodes might change, so as to determinether the timing and magnitude of major flow egent
(such as spring freshet) critical to salmonid hifstories might display significant change.

2.4.3 Suitability of temperature conditions

Work by Nelitz et al. 2008 defined temperature shadds delineating boundaries between coldwater-
coolwater (MWAT of 12.5°C), and coolwater-warmwatemmunities (MWAT of 20°C). We bracketed
these thresholds with a range of £ 1.5 °C to datiméransition zones. This model allowed us tordatee the
relative extent of accessible streams within the\sarea that would be considered within optimal,
suboptimal, or unusable thermal zones for diffesatitnonids (see criteria in Table 3). For thistpérercise
we sought to quantify the extent of currently usedabitat (as defined by our baseline distributidie sets
described irBection 2.4 Jithat might become too warm to be occupied by toollt (coldwater dependent) or
salmon populations (coolwater dependent) undeedifft climate warming scenarios.
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3.0 Discussion: Understanding vulnerability

The methods outlined iBection 2lescribe our approach to assessing the vulndyabilireshwater habitats
to the effects of climate change. Preliminary ressate summarized in the second part of this reptaiitz et
al. 2009) and three future outlook papers (Porerielitz 2009a; Porter and Nelitz 2009b; Nelitzl &orter
2009). Additional effort is needed to analyze agpresent these findings in ways that are meanirfigful
decision making. Two considerations should guidditahal analysis and interpretation. First, sorhéhe
underlying assumptions for each model may affaerpretation of the results or the level of beiref
predicted outcomes (see Table 4). A second coraideris that there are an overwhelming number afsv
to analyze results. When all dimensions and aswsatiavels are considered (Table 5), there are Hd&0
unique combinations with which to represent thislgts findings. Thus, a key to analyzing these détibe
to hold some dimensions constant while examinisglte across a few other important dimensions. e&fuls
way of identifying the most relevant insights ishtave decision makers pose questions that candvecaed
through an analysis of the data — e.g., acros&@ ensemble, for a single fish species how do #ma
temperature conditions change over time in a pdaiovatershed? A sample of the results from this
assessment are provided below.

Table 4. Assumptions and cautions for consideration winggrpreting results from the vulnerability assessime
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4.0 Next steps: Moving towards adaptation

4.1 Model improvements

Over the course of this pilot project, a varietyraddel improvements were identified as being useiul
improving the scientific rigour and reliability oésults (Table 6). These improvements could begrated in
future stages of work.

Table 6. Summary of the concerns and possible model inrgmants to address concerns.
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4.2 Adaptation strategies

As mentioned throughout this report, the purposthisfstudy was to provide results that could bedus
help regional decision makers understand potewtiakrabilities of freshwater habitats in the Cadb
Chilcotin and develop appropriate adaptation sgiate Having completed this preliminary analydiss no
trivial task, however, to move to this next stabe provide guidance moving forward, we propose the
following five principles as key considerations idigrthe design, development, and implementation of
adaptation strategies (adapted from Nelitz et@GD72).

A first principle is todevelop adaptation strategies that perform well aoss a range of future outcomes
and are robust to uncertainties As represented by the range of predictions a@pase, time, models, and
emissions scenarios it is not possible to defialtiypredict the future. As well, assessment apgresas
applied here provide predictions using a seridsmkéd models to depict biophysical changes along a
relatively long cause-effect pathway, each stephuth is subject to uncertainties — greenhousesgassions
lead to changes in climate patterns, which altelast flows and temperatures, which ultimately adffist
habitats and fish productivity. Given the large emainties it isn’'t appropriate to design copingtggies that
perform well in a single future scenario, thusnieed for robust decision making (Schindler et @0&).

A second principle is tdesign adaptation strategies in freshwater environents with a consideration of
other factors constraining fish production For instance, environmental conditions in thedoWwraser River
are widely recognized as affecting the timing angratory success of sockeye salmon as a resuleeated
water temperatures and changes in flow conditibasr€ll et al. 2008). In addition, conditions ire tbcean
environment have a fundamental control on the ptdty of salmon (Mantua et al. 1997; Beamishlet a
1999). When designing strategies to improve praditgtin freshwater environments it is importantde
aware of other factors affecting productivity atetlife stages so as to properly manage expentaébout
the benefits of pursuing any particular strategyegognition of bottlenecks or constraints on paighity at
other life stages should not, however, be usedraasn to do nothing in freshwater environmentsoAg
other reasons, there may be situations where tithse factors mask the effects of habitat degraddt the
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point where habitats eventually constrain producflcawson 1993). As well, others have observed that
population declines due to poor ocean survivabagater in watersheds that are more highly impalyed
development activities (Bradford and Irvine 2000).

A third principle is toconsider the social values implied by pursuing a pacular adaptation strategy. As
with most decisions there will be a tradeoff betwdee benefits of an action on fish production #relcosts
to society for pursuing that strategy (e.g., timeney, energy). Adaptation strategies will not tee ffrom
human values; they lie along a continuum (Figurdr8his illustration, if society places a highwes on
salmon we might be willing to take any and all aas to help mitigate the effects of climate chafeg.,
reduce water use for agricultural purposes or redoiest harvesting opportunities to maintain rigoar
buffers). If valued highly, the range of strategiasuld be much greater and different than if sgrietued
salmon very little. It is also important to recagmthat different social and cultural perspectivédklikely
line up at different points along this continuuror Fhstance, some First Nations may be more willing
pursue any and all actions necessary to maint&imosagiven their cultural, spiritual, and economic
importance. In our opinion it is better to expligitonsider the tradeoffs and values associateld avit
particular strategy.

Figure 8. lllustration of how human actions (i.e., stressamd restoration actions) lie along a continuumuwhhn
values (from Nelitz et al. 2007a). Actions can favbuman or salmon interests. This illustratioans
oversimplification in that is does not considedtaffs among other values (e.g., other fish spemiegher
resource users) and the possibility of win-win ouates (i.e., actions that benefit both salmon arugpied.

A fourth principle is tdmplement proactive adaptation strategies before ractive onegRoni et al. 2002).
In the context of climate change, proactive stiategepresent those that consider a longer tersppetive
by helping avoid bottlenecks in fish productivitgfore they become a constraint (e.g., protect fighlity
thermal refugia before they are degraded). Reastiategies represent those actions that mitigastirey
impacts on salmon survival (e.qg., restore degraigegian zones along reaches with high temperatures a
variety of reasons, we believe a focus on proadiretegies will minimize costs in the long-run eTpast
cycle of watershed degradation and restoratiorbbaa recognized as an expensive endeavour with a
guestionable record of effectiveness (e.g., Bedthetral. 2005). As well, decision makers often
underestimate the true value of natural resourcesanomic benefits of conservation and protection
(Kroeger and Manalo 2006).

Finally, a fifth principle is tamplement adaptive managementDeveloping adaptation strategies in the
context of an uncertain future will be dauntingth®ugh we expect that past conservation and rdé&tora
actions will be used as a guide, we believe s@enéind managers will have a limited ability todicethe
future effectiveness of adaptation strategies impleted today. Consequently, to be the most efleetnd
efficient it will be valuable to implement strategiin an adaptive management framework that maggniz
learning about what is and is not working over titngplementing rigorous adaptive management is not
trivial, however (e.g., Marmorek et al. 2006).ifarous adaptive management is not possible, thidirstill
be value in implementing a good effectiveness nooimigy program.

Moving from principles to a more detailed descoptof activities, we envision the following fourreatasks
as necessary to move towards adaptation. A crifisaitask will be to build collaborations withdienical,
management, and stakeholder audiences, whilealsodging existing activities within the provincéaid
federal governments (e.g., BC’s Climate Action $tamiat, Natural Resources Canada’s Regional Atlapta
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Collaborative, Mountain Pine Beetle Action Plargaeery strategy for Interior Fraser coho, etc.)sTh
audience would guide design, development, and ing@ihtation of adaptation strategies for a focal
geographic area within the Cariboo-Chilcotin. Setanwill likely be necessary to conduct additibna
analyses to strengthen the rigour of model praatisteand improve the level of information for deaisi
making (see Table 6). For instance, model improvesieould include an exploration of the effect after
withdrawls and loss of glacier cover on water terapee. As well, it will be important to overlay lhat
vulnerabilities against existing land and water astivities to highlight opportunities for adaptati(e.qg.,
priority habitat issues and areas of concern).dl lgiven the large number of ways in which to iptet the
data, it will be important to work with externaldiences to tailor and communicate the results fitoen
vulnerability assessment to best inform decisiokinga Finally, a fourth core task will be to use ttange of
future outcomes from the vulnerability assessmadtvaork with the external audiences to explore what
strategies should be implemented, where and whaintent would be to develop a mix or “portfoliof’
strategies, evaluate their robustness to unceadaias well as their feasibility of implementatiand select
one for implementation.

Although not a guarantee for success, we belieaeliyr following the above general principles andeno
detailed tasks, decision makers in the Caribooe@tiit will have a greater chance of developing ogpi
strategies that help with the future challengedliafate change.
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