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Abstract

The biodiversity of freshwater fishes has declined rapidly across North America over the past 50
years. At higher latitudes (>60°N) knowledge of freshwater fish biodiversity is incomplete,
hampering our abilities to understand how species may respond as climate changes. Bull trout
(Salvelinus confluentus) is a societally important salmonid that is considered a sentinel species
for monitoring impacts of climate change due to its requirement for cold water. In this thesis, |
describe the thermal ecology and assess potential effects of climate warming on north-temperate
montane bull trout populations. In Chapter 2, | used juvenile distributional data to evaluate
design considerations for detecting watershed-scale population trends. Detectability of juveniles
was not uniform, and imperfect detection affected accuracy of assessments most in fringe
habitats near distributional boundaries. Detecting a 30% change in watershed-level occupancy
>78% of the time is possible, but requires three repeat surveys (i.e., temporal replicates) and
increased sampling intensity of fringe habitats. Additional sampling effort in fringe sites could be
offset by sampling fewer sites in core habitats, while still minimizing risk of non-detection. In
Chapter 3, | use full-year stream temperature records to describe thermal regimes that
populations experience across a broad latitudinal gradient. All streams showed high thermal
stability and similar insensitivity to the warming effects of air temperature. However, fish
distribution at higher latitudes was constrained by cold-limiting streams in both the summer and
winter (i.e., do not freeze); which is opposite to lower latitudes, where distributional patterns are
governed by warm-limiting streams. In Chapter 4, | examined how climatic and geomorphic
factors influence the distribution of juveniles in a northern watershed and forecast effects of
climate warming on the distribution of suitable habitat. Juvenile distribution is driven by cold-

limiting streams, prevalence of perennial groundwater, and stream size. Suitable habitat, based



on both climatic and geomorphic factors, is projected to decline across all warming scenarios.
Conversely, availability of thermally suitable habitat, which does not consider other habitat
factors, is projected to increase. The dichotomy in these projections illustrates the importance of
considering broader dimensions of the ecological niche for climate change vulnerability

assessments of northern stream fishes.
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Chapter 1: Introduction

Knowledge of global freshwater biodiversity is still very incomplete, especially in watersheds
at northern latitudes (>60°N) (Dudgeon et al. 2006; Reist et al. 2006a; Strayer and Dudgeon
2010). Despite such uncertainty, biodiversity declines have occurred across aquatic ecosystems
and with globally pervasive and persistent stressors, such as climate change, these declines are
likely to continue (Comte et al. 2013). To further compound this issue, over 65% of rivers across
the world are under threat from cumulative stressors, which include rising water temperatures,
reductions in flow, alterations in groundwater prevalence, and impacts to water quality
(Vorosmarty et al. 2010; Isaak et al. 2012; Taylor et al. 2013). Mitigating declines in freshwater
biodiversity requires a holistic approach that focuses on four key principles. First, long-term data
analyses of species distributions and population demographics using reliable data collected using
robust sampling designs. Second, methodological improvements in assessments to more
efficiently collect densely populated data sets that provide a more accurate understanding of
species distributions and enable more precise projections of ecological responses to habitat
alteration. Third, assessment of non-climatic and climatic stressors across species distributional
ranges and higher levels of organization (e.g., community assemblages). Last, systematic
assessment of observed versus predicted effects of stressors across broad spatial scales (i.e., local
to global) and multiple levels of biological organization, which include assemblages, species,

and populations (Dudgeon et al. 2006; Comte et al. 2013; Hannah et al. 2014).

Effectively documenting species distributions is a fundamental element of conserving
freshwater biodiversity, as an accurate understanding of species assemblages across the
landscape serves as a baseline for assessing population trends and the status of taxa (Comte et al.

2013). Documenting how the geographical ranges of freshwater fishes change (e.g., expand,
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shift, contract) in response to ecosystem alterations represents a natural experiment providing
insight into the resilience and resistance of species to habitat alteration. A recent example is the
response of terrestrial and aquatic taxa to changing climate, resulting in poleward distributional
shifts and altered phenology across both these ecosystems (Parmesan and Yohe 2003; Perry et al.
2005; Chen et al. 2011). But in the context of ecosystem functioning, it is also important to
recognize that not all species are created equal. For example, keystone species have
disproportionately larger effects on ecosystem structure and function, relative to their abundance,
than redundant species occupying lower trophic levels (Post et al. 1999; Giller and O'Donovan
2002). Therefore, any alteration to a keystone species (e.g., population decline, behavioral shift,
extirpation), typically results in regime shifts signifying that an ecological threshold may have
been crossed (Post et al. 1999; Walther et al. 2002; Tunney et al. 2014). Here, | define an
ecological threshold as the point at which a small change in environmental conditions result in a
major shift to ecosystem structure and function (Groffman et al. 2006). Mitigating further
declines in freshwater biodiversity requires a deeper understanding of both community and

species-level responses to ecosystem alterations (Comte and Olden 2017b, 2017a).

The contemporary distribution of North American freshwater fishes is a result of historical
processes, environmental conditions, and local adaptation (Wiens and Donoghue 2004; Sexton et
al. 2009; Griffiths 2010). The broader distributional pattern of most North American freshwater
fish was shaped primarily by the Late Wisconsinan glaciation, which culminated 23 000 -18 000
years ago (McPhail and Lindsey 1970; Hocutt and Wiley 1986; Rempel and Smith 1998).
Residence in unglaciated areas or post-glacial dispersal and recolonization events resulted in
lower species richness across latitudinal gradients. Migratory species show lower species

diversity related to latitudinal gradients than residents and this pattern is a reflection of dispersal
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abilities and connectivity of suitable habitat within and across watersheds (Griffiths 2010). Post-
glaciation, the distribution of species within and across watersheds evolved based on
environmental heterogeneity and species biological traits. On an ecological time scale, some
species have evolved to become specialists that can survive in a narrow range of favorable but
stable environments; whereas, generalists are often found in areas with less predictable and often
more stressful conditions (Somero 2005; Sexton et al. 2009). The ability of fish species to
disperse, adjust, or adapt has further shaped contemporary freshwater fish distributions. All are
related to phenotypic plasticity and evolutionary processes, but for most species that recolonized
glaciated areas, genetic adaptation to local habitats is a less likely mechanism as these species
have had less time to evolve than those from unglaciated areas (Sexton et al. 2009; Griffiths
2010). Many species that recolonized glaciated watersheds were able to adjust their phenotype to
different conditions and the breadth of a species’ phenotypic plasticity and dispersal abilities

combine to shape distributional boundaries within and across watersheds (Sexton et al. 2009).

Ecological niche and species range limits

When the ecological niche that a species occupies is portrayed across geographic space it
represents that species’ range limit (Sexton et al. 2009; Peterson 2011). Here | define the
ecological niche as a set of non-consumed abiotic variables that affect an organism
physiologically and characterize the environment in which a species can persist in the presence
of competitors (Soberon 2007; Peterson 2011). By examining a species’ ecological niche, one
can gain a better understanding of the ecological patterns and processes that influence fitness and
survival. A key challenge is to identify environments near the edge of range limits where
population fitness declines (Portner and Peck 2010), as the characteristics of these areas

theoretically represent ecological thresholds (Thorpe 1994; Pulliam 2000; Sexton et al. 2009).
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Although identifying these areas may seem simple, it is often very difficult to disentangle
different ecological and evolutionary processes (e.g., competition, local extinction/colonization,
habitat selection) that influence population fitness (Sexton et al. 2009). These processes can
obscure our understanding of the patterns we see on the land, especially at range margins (Elith
and Leathwick 2009; Sexton et al. 2009). An alternative approach is to examine populations
across the range and describe abiotic and biotic factors that may influence their distribution
based on abundance or habitat occupancy. Once ecological niches are defined, experiments can
be done to test the capacity of populations to survive in conditions outside of their niches (e.qg.,
comparing fundamental versus realized niche; Allen-Ankins and Stoffels 2017). The latter, when
combined with molecular tests, provides insight into mechanisms of adaptive potential (i.e.,

phenotypic plasticity, evolution) for a species (Hoffmann and Sgro 2011; Narum et al. 2013).

Thermal ecology

Changes in the thermal properties of streams affect the aquatic ectotherms that inhabit them
because these organisms rely on ambient temperature from the environment for thermoregulation
(Angilletta 2009). This makes ectotherms more sensitive to temperature changes, especially taxa
such as cold-water stenotherms that occupy a narrow range of temperatures and have longer
generation times (e.g., Arctic char, Salvelinus alpinus; Reist et al. 2006b; Portner and Farrell
2008). It is well understood that functional constraints associated with temperature extremes vary
across life stages in fishes (Dahlke et al. 2020). Consequently, spawning adults, eggs, and early
juvenile life stages occupy the narrowest thermal niches and are most susceptible to temperature
changes (Portner and Farrell 2008; Dahlke et al. 2020). Further thermal constraints exist for cold-
water stream salmonids by virtue of the dendritic structure of stream networks these fish occupy,

which limits their ability to track thermal environments through limited connectivity at both local
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and regional scales (Fagan 2002). In many areas where these species occur, the stream
temperature regime has been altered, and for some fishes this has resulted in either range
contraction or extirpation of local populations (Wenger et al. 2011; Isaak et al. 2012; Eby et al.

2014).

Thermal niche

Temperature is one of the key factors that shapes species’ distributions, as the thermal
conditions that organisms experience strongly affect their fitness, distribution, and abundance
(Kingsolver 2009; Somero 2010). Given the importance of stream temperature for survival of
cold-water stenotherms and threats posed by climate warming, ecologists have sought to define
their thermal niche to inform conservation actions (Wenger et al. 2011; Parkinson et al. 2016;
Isaak et al. 2017). The thermal niche represents a dimension of the ecological niche defined by
an organism’s physiological tolerance to temperature (Angilletta 2009). Broad correlative studies
(e.g., Isaak et al. 2017) allow biologists to define a species’ thermal niche and identify thermal
thresholds. These studies can be extended to directly test thermal thresholds. For example,
Eliason et al. (2011) demonstrated that genetically distinct sockeye salmon (Oncorhynchus
nerka) populations exhibit different thermal tolerances based on physiological performance

across a range of ecologically relevant temperatures.

Precisely defining the realized thermal niche for stream fishes can be done by combining
point distribution data and high-resolution stream temperature data across a stream network(s).
Gathering temperature data has been facilitated recently by the advent of relatively inexpensive
temperature sensors and a class of spatial statistical stream network models that can be used to
predict stream temperatures with good precision (Isaak et al. 2013; Isaak et al. 2014). However,

for rare species, gathering accurate distributional data across streams has been more challenging
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due to imperfect detection (Dextrase et al. 2014; Rodtka et al. 2015; Reid and Haxton 2017).
Occupancy-based sampling designs, which use temporal or spatial replicates to quantify
imperfect detection, can be used to mitigate the effects of false-absences (MacKenzie et al. 2002;
MacKenzie et al. 2018). Occupancy and detection models can then be used to improve inferences
of species distribution models and resulting response curves associated with important elements

of the ecological niche (Lahoz-Monfort et al. 2014; MacKenzie et al. 2018).

Study organism: Bull trout

Bull trout (Salvelinus confluentus) is a cold-water stenotherm that is patchily distributed
across montane streams networks in western North America (Rieman and Mclintyre 1995;
Rodtka et al. 2015). The biogeographical pattern of bull trout is largely a result of recolonization
of Wisconsinan-glaciated North America via the Columbia and Chehalis refugia, with further
separation of populations occurring to the west and east of the continental divide. In the north-
central part of the range, populations are believed to have recolonized glaciated areas via the
Bering and (or) Nahanni refugia, but this is less certain (Haas and McPhail 2001). The broad
ecological patterns of bull trout are thought to be a result of three historical processes. First,
populations originating from areas that were not Wisconsinan-glaciated are suspected to be
primarily non-anadromous, whereas populations that arose from Wisconsinan-glaciated regions
form western and eastern-northern groups. These two groups correspond to an in increase in
anadromy across the western unit and none of the eastern group exhibit anadromy but many
possess strong migratory abilities, just not via the ocean (Haas and McPhail 2001). It is now
known that non-anadromous groups exhibit further life history diversity corresponding to
resident and migratory ecotypes (Homel et al. 2008; Warnock et al. 2011; Warnock and

Rasmussen 2014) that reflects strong phenotypic plasticity common in chars (Klemetsen 2010).
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The broader distribution of bull trout is a reflection of post-glacial dispersal and recolonization
events, which appear to have been driven largely by the importance and extent of anadromy and
migration, shaping the general life history patterns of contemporary populations (Fig. 1.1; Haas

and McPhail 2001).

The thermal ecology of bull trout in the southern range extent is well understood and shows
that populations occupy one of the coldest thermal niches within the cold-water stream fish guild
(Isaak et al. 2017). In the northwestern United States, bull trout are most commonly found in
streams with mean August stream temperatures < 11 °C at mid-to high elevations (Rieman et al.
2007; Isaak et al. 2015). Adults use smaller headwater tributaries for spawning and, once
juveniles emerge, they remain in these natal streams for 3-5 years (Paul and Post 2001; Rieman
et al. 2007; Al-Chokhachy et al. 2010). The requirement for cold water and projected climate
warming scenarios for streams (0.22 °C/decade until the 21 century) present an interesting
paradox for bull trout. Climate change scenarios suggest that in many watersheds across the
northern-western United States, suitable thermal habitat for bull trout could decline by as much
as 40% (Isaak et al. 2015) and, in one watershed, increasing stream temperatures has been
attributed to range contraction (Eby et al. 2014; LeMoine et al. 2020). Such range contractions
are a reflection of southern bull trout populations occupying habitat near the warm-edge
boundary of the species’ thermal niche. Therefore, as streams warm, southern populations will be
forced to occupy cold-water refugia found at higher elevations (Isaak et al. 2015; Isaak et al.
2016). Conversely, at the northern geographical range boundary one would expect populations to
occupy a colder thermal niche, and perhaps be at the cold-edge boundary of the species’ thermal
niche. This notion is supported, to some degree, by results showing that related chars occupy a

much colder niche than southern bull trout populations (Dolly Varden, Salvelinus malma malma,
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Dunmall et al. 2016; Arctic char, Sinnatamby et al. 2015; Reist et al. 2006b), but requires further
validation. Although the outlook for bull trout in the southern range extent may seem grim given
climate warming scenarios, recent work suggests that streams these populations occupy may not
be as sensitive to warming as previously postulated. Many of the habitats that support core bull
trout populations in the southern range extent exhibit high resilience to the seasonal warming
effects of air temperature (Isaak et al. 2016), which could ameliorate the long-term effects of
climate warming. Although this appears to be a promising avenue of research, it cannot move
forward at mid- to high-latitudes until more high-resolution stream temperature data are available

in these regions.

Climate warming and threats

Although the ecological niche that a species occupies is shaped by historic processes,
environmental conditions, and physiological capabilities, changes to the characteristics of their
niche via stressors also influence distributions. Climate warming is an example of a pervasive
global stressor that has, and continues to affect all organisms to some degree (Parmesan 1996;
Walther et al. 2002; Sunday et al. 2012). Global surface temperatures warmed by an average of
0.85 °C between 1880 and 2012 and, although projections show this trend could slow over the
next 80 years, surface temperatures are still expected to increase (Allen et al. 2014). By the end
of the 21% century, global mean surface temperatures are predicted to increase by 0.3-1.7 °C
under the lowest greenhouse gas emission scenario (RCP2.6) and as much as 2.6-4.8 °C under
the highest scenario (RCP8.5) (Allen et al. 2014). Moreover, the projected magnitude of
warming across the world will not be uniform. For example, surface temperatures in temperate
(23.6 — 66.5 N latitude) and Arctic (> 66.5 N latitude) regions of North America have

experienced a 2.5 fold increase relative to the global average (Allen et al. 2014). From an
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ecological perspective this is important because species occurring across broad latitudinal
gradients will encounter differences in the rate and magnitude of surface temperature warming.
These differences are a result of spatial heterogeneity in topography across ecosystems that
influences the rate of climate warming (Loarie et al. 2009), which is relevant because
populations will respond in manners unique to their location based on an interaction between
local warming patterns and relative niche position (Walther et al. 2002). For example, ectotherms
at higher latitudes and elevations in montane landscapes typically occupy their cold-edge niche
boundary; therefore, as climate warms local populations may benefit from improvements in the
quality and extent of thermal habitat (Chamaillé-Jammes et al. 2006; Clarke and Zani 2012).
Conversely, populations occupying warm-edge niche boundaries, where physiological thermal
safety margins are smaller, are likely to experience negative consequences (extirpation, range
contraction) as climate warms if they cannot behaviorally thermoregulate (Deutsch et al. 2008;

Sunday et al. 2014; LeMoine et al. 2020).

Stream temperatures across temperate and Arctic regions have increased on average by 0.27
°Cldecade (Isaak et al. 2012; Michel et al. 2020) and 0.16 °C/decade (Park et al. 2017),
respectively, over the past 30 years. Although these trends represent a broadly coherent response
to climate warming, individual streams respond differently to changes in air temperature (Luce et
al. 2014; Lisi et al. 2015) based on their hydrological and geomorphic characteristics (Kelleher et
al. 2012; Piccolroaz et al. 2016). Streams that are resilient to the effects of air temperature have
flatter air temperature/water temperature response cycles than those that are more reactive
(Piccolroaz et al. 2016). The slope of the relationship between weekly air temperature and water
temperature measurements represents a stream’s thermal sensitivity. Streams with lower slopes

are less sensitive to the warming effect of air temperature and streams with higher slopes are
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more sensitive to the influence of air temperature and have stream temperature profiles that track
air temperatures more closely (Kelleher et al. 2012; Piccolroaz et al. 2016). The thermal
sensitivity of a stream is influenced by local topography, riparian shading, perennial
groundwater, origin of surface water input (i.e., precipitation, snowmelt, upstream lakes), and

stream size (Kelleher et al. 2012; Lisi et al. 2015; Piccolroaz et al. 2016).

Thesis Outline

The overall goal of this thesis was to broaden understanding of the thermal ecology of bull
trout across the range and assess potential effects of climate warming on this species. Study sites
from similar montane watersheds in the south, central, and northern part of the range were used
for analyses. This thesis is broken up into three elements: methods development (Chapter 2),
describing thermal regimes and defining the thermal niche (Chapter 3), and climate modelling
(Chapter 4). Chapter 2 focuses on understanding how to most efficiently and effectively sample
bull trout at sites across watersheds. I used distributional data (presence-absence) collected from
275 sites across the northern study site over a two-year period. Temporal replicates within years
were taken and an occupancy-detection model was used to quantify the prevalence of false-
absences, identify sites where detectability was lowest across environmental gradients, and
provide recommendations on optimal sampling design. In Chapter 3, I used stream temperature
data from southern, central, and northern montane watersheds to describe the thermal regimes in
bull trout spawning and rearing streams. Hourly stream temperature data collected from 15 sites
across each watershed over a three-year period were used to describe four temperature metrics:
August mean, winter mean, thermal sensitivity, and accumulated thermal units. These
temperature metrics were then analyzed to determine if they differed across south, central, and

northern sites. In Chapter 4, distributional data was combined with climatic and geomorphic data
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from 415 sites in a watershed near the northern geographical range boundary, to define the
thermal niche occupied by bull trout, understand how thermal sensitivity of streams influence
their distribution, and forecast how suitable habitat may be affected by climate warming. Lastly,
in the General Discussion (Chapter 5), | provide a synthesis of Chapters 2-4 and comment on
how this work advances understanding of the thermal ecology of bull trout across the range and
broadens understanding of potential vulnerability of bull trout habitat to effects of climate

warming.

23



References

Al-Chokhachy, R., Roper, B.B., Bowerman, T., and Budy, P. 2010. A review of bull trout habitat
associations and exploratory analyses of patterns across the interior Columbia River
basin. N. Am. J. Fish. Manage. 30(2): 464-480.

Allen-Ankins, S., and Stoffels, R.J. 2017. Contrasting fundamental and realized niches: two
fishes with similar thermal performance curves occupy different thermal habitats.
Freshwater Sci. 36(3): 635-652. doi:10.1086/693134.

Allen, M.R., Barros, V.R., Broome, J., Cramer, W., Christ, R., Church, J.A., Clarke, L., Dahe,
Q., Dasgupta, P., and Dubash, N.K. 2014. IPCC fifth assessment synthesis report-climate
change 2014 synthesis report. Intergovernmental Panel on Climate Change. Geneva,
Switzerland.

Angilletta, M.J. 2009. Thermal adaptation: a theoretical and empirical synthesis. Oxford
University Press, New York, USA.

Chamaillé-Jammes, S., Massot, M., Aragon, P., and Clobert, J. 2006. Global warming and
positive fitness response in mountain populations of common lizards Lacerta vivipara.
Global Change Biol. 12(2): 392-402.

Chen, 1.-C., Hill, J.K., Ohlemdiller, R., Roy, D.B., and Thomas, C.D. 2011. Rapid range shifts of
species associated with high levels of climate warming. Science, 333(6045): 1024-1026.

Clarke, D.N., and Zani, P.A. 2012. Effects of night-time warming on temperate ectotherm
reproduction: potential fitness benefits of climate change for side-blotched lizards. J. Exp.
Biol. 215(7): 1117-1127.

Comte, L., and Olden, J.D. 2017a. Evolutionary and environmental determinants of freshwater
fish thermal tolerance and plasticity. Global Change Biol. 23(2): 728-736.

Comte, L., and Olden, J.D. 2017b. Climatic vulnerability of the world’s freshwater and marine
fishes. Nat. Clim. Change 7(10): 718-722.

Comte, L., Buisson, L., Daufresne, M., and Grenouillet, G. 2013. Climate-induced changes in the
distribution of freshwater fish: observed and predicted trends. Freshwat. Biol. 58(4): 625-
639. d0i:10.1111/fwb.12081.

COSEWIC. 2012. COSEWIC assessment and status report on the bull trout Salvelinus
confluentus in Canada. Committee on the Status of Endangered Wildlife in Canada.
Ottawa, Ont.

Dahlke, F.T., Wohlrab, S., Butzin, M., and Portner, H.-O. 2020. Thermal bottlenecks in the life
cycle define climate vulnerability of fish. Science, 369(6499): 65-70.

Deutsch, C.A., Tewksbury, J.J., Huey, R.B., Sheldon, K.S., Ghalambor, C.K., Haak, D.C., and
Martin, P.R. 2008. Impacts of climate warming on terrestrial ectotherms across latitude.
Proc. Natl. Acad. Sci. U.S.A. 105(18): 6668-6672.

Dextrase, A.J., Mandrak, N.E., and Schaefer, J.A. 2014. Modelling occupancy of an imperilled
stream fish at multiple scales while accounting for imperfect detection: implications for
conservation. Freshwat. Biol. 59(9): 1799-1815.

24



Dudgeon, D., Arthington, A.H., Gessner, M.O., Kawabata, Z.1., Knowler, D.J., Lévéque, C.,
Naiman, R.J., Prieur-Richard, A.H., Soto, D., and Stiassny, M.L. 2006. Freshwater
biodiversity: importance, threats, status and conservation challenges. Biological Rev.
81(2): 163-182.

Dunmall, K.M., Mochnacz, N.J., Zimmerman, C.E., Lean, C., and Reist, J.D. 2016. Using
thermal limits to assess establishment of fish dispersing to high-latitude and high-
elevation watersheds. Can. J. Fish. Aquat. Sci. 73: 1-9.

Eby, L.A., Helmy, O., Holsinger, L.M., and Young, M.K. 2014. Evidence of climate-induced
range contractions in bull trout, Salvelinus confluentus, in a rocky mountain watershed,
USA. PloS One 9(6): e98812.

Eliason, E.J., Clark, T.D., Hague, M.J., Hanson, L.M., Gallagher, Z.S., Jeffries, K.M., Gale,
M.K., Patterson, D.A., Hinch, S.G., and Farrell, A.P. 2011. Differences in thermal
tolerance among sockeye salmon populations. Science, 332(109): 109-112.
doi:10.1126/science.1199158.

Elith, J., and Leathwick, J.R. 2009. Species distribution models: ecological explanation and
prediction across space and time. Annu. Rev. Ecol. Evol. Syst. 40(1): 677-697.

Fagan, W.F. 2002. Connectivity, fragmentation, and extinction risk in dendritic metapopulations.
Ecology, 83(12): 3243-3249. doi:10.2307/3072074.

Giller, P.S., and O'Donovan, G. 2002. Biodiversity and ecosystem function: Do species matter?
Biol. Environ. 102B(3): 129-1309.

Griffiths, D. 2010. Pattern and process in the distribution of North American freshwater fish.
Biol. J. Linn. Soc. 100(1): 46-61.

Groffman, P.M., Baron, J.S., Blett, T., Gold, A.J., Goodman, I., Gunderson, L.H., Levinson,
B.M., Palmer, M.A., Paerl, H.W., and Peterson, G.D. 2006. Ecological thresholds: the
key to successful environmental management or an important concept with no practical
application? Ecosystems, 9(1): 1-13.

Haas, G.R., and McPhail, J.D. 2001. The post-Wisconsinan glacial biogeography of bull trout
(Salvelinus confluentus): a multivariate morphometric approach for conservation biology
and management. Can. J. Fish. Aquat. Sci. 58: 2189-2203.

Hannah, L., Flint, L., Syphard, A.D., Moritz, M.A., Buckley, L.B., and McCullough, .M. 2014.
Fine-grain modeling of species’ response to climate change: holdouts, stepping-stones,
and microrefugia. Trends Ecol. Evol. 29(7): 390-397.

Hocutt, C.H., and Wiley, E.O. 1986. The zoogeography of North American freshwater fishes.
Wiley, New York, USA.

Hoffmann, A.A., and Sgro, C.M. 2011. Climate change and evolutionary adaptation. Nature,
470(7335): 479-485.

Homel, K., Budy, P., Pfrender, M.E., Whitesel, T.A., and Mock, K. 2008. Evaluating genetic
structure among resident and migratory forms of bull trout (Salvelinus confluentus) in
Northeast Oregon. Ecol. Freshwat. Fish 17(3): 465-474.

25



Isaak, D., Horan, D., and Wollrab, S.P. 2013. A simple protocol using underwater epoxy to
install annual temperature monitoring sites in rivers and streams. United States
Department of Agriculture, Forest Service, Rocky Mountain Research Station.

Isaak, D.J., Wenger, S.J., and Young, M.K. 2017. Big biology meets microclimatology: defining
thermal niches of ectotherms at landscape scales for conservation planning. Ecol. Appl.
27(3): 977-990.

Isaak, D.J., Wollrab, S., Horan, D., and Chandler, G. 2012. Climate change effects on stream and

river temperatures across the northwest US from 1980-2009 and implications for
salmonid fishes. Clim. Change 113(2): 499-524.

Isaak, D.J., Young, M.K., Nagel, D.E., Horan, D.L., and Groce, M.C. 2015. The cold-water
climate shield: delineating refugia for preserving salmonid fishes through the 21st
century. Global Change Biol. 21: 2540-2553.

Isaak, D.J., Peterson, E.E., Ver Hoef, J.M., Wenger, S.J., Falke, J.A., Torgersen, C.E., Sowder,
C., Steel, E.A., Fortin, M.J., and Jordan, C.E. 2014. Applications of spatial statistical
network models to stream data. Wiley Interdisciplinary Reviews: Water, 1(3): 277-294.

Isaak, D.J., Young, M.K., Luce, C.H., Hostetler, S.W., Wenger, S.J., Peterson, E.E., Ver Hoef,
J.M., Groce, M.C., Horan, D.L., and Nagel, D.E. 2016. Slow climate velocities of
mountain streams portend their role as refugia for cold-water biodiversity. Proc. Natl.
Acad. Sci. U.S.A. 113(16): 4374-4379.

Kelleher, C., Wagener, T., Gooseff, M., McGlynn, B., McGuire, K., and Marshall, L. 2012.
Investigating controls on the thermal sensitivity of Pennsylvania streams. Hydrol.
Processes 26(5): 771-785.

Kingsolver, J.G. 2009. The Well-Temperatured Biologist. Am. Nat. 174(6): 755-768.

Klemetsen, A. 2010. The charr problem revisited: exceptional phenotypic plasticity promotes
ecological speciation in postglacial lakes. Freshwater Rev. 3: 49-74.

Lahoz-Monfort, J.J., Guillera-Arroita, G., and Wintle, B.A. 2014. Imperfect detection impacts
the performance of species distribution models. Global Ecol. Biogeogr. 23(4): 504-515.

LeMoine, M.T., Eby, L.A., Clancy, C.G., Nyce, L.G., Jakober, M., and Isaak, D.J. 2020.
Landscape resistance mediates native fish species distribution shifts and vulnerability to
climate change in riverscapes. Global Change Biol. 00: 1-17.

Lisi, P.J., Schindler, D.E., Cline, T.J., Scheuerell, M.D., and Walsh, P.B. 2015. Watershed
geomorphology and snowmelt control stream thermal sensitivity to air temperature.
Geophys. Res. Lett. 42(9): 3380-3388.

Loarie, S.R., Duffy, P.B., Hamilton, H., Asner, G.P., Field, C.B., and Ackerly, D.D. 2009. The
velocity of climate change. Nature, 462(7276): 1052-1055.

Luce, C., Staab, B., Kramer, M., Wenger, S., Isaak, D., and McConnell, C. 2014. Sensitivity of
summer stream temperatures to climate variability in the Pacific Northwest. Water
Resour. Res. 50(4): 3428-3443.

26



MacKenzie, D.I., Nichols, J.D., Lachman, G.B., Droege, S., Andrew Royle, J., and Langtimm,
C.A. 2002. Estimating site occupancy rates when detection probabilities are less than one.
Ecology, 83(8): 2248-2255.

MacKenzie, D.1., Nichols, J.D., Royle, J.A., Pollock, K.H., Bailey, L., and Hines, J.E. 2018.
Occupancy estimation and modeling: inferring patterns and dynamics of species
occurrence. Elsevier, San Diego, California.

McPhail, J.D., and Lindsey, C.C. 1970. Freshwater fishes of northwestern Canada and Alaska.
Bull. Fish. Res. Board Can. No. 173.

Michel, A., Brauchli, T., Lehning, M., Schaefli, B., and Huwald, H. 2020. Stream temperature
and discharge evolution in Switzerland over the last 50 years: annual and seasonal
behaviour. Hydrol. Earth Syst. Sci. 24(1): 115-142.

Narum, S.R., Campbell, N.R., Meyer, K.A., Miller, M.R., and Hardy, R.W. 2013. Thermal
adaptation and acclimation of ectotherms from differing aquatic climates. Mol. Ecol.
22(11): 3090-3097.

Park, H., Yoshikawa, Y., Yang, D., and Oshima, K. 2017. Warming water in Arctic terrestrial
rivers under climate change. J. Hydrometeorol. 18(7): 1983-1995.

Parkinson, E., Lea, E., Nelitz, M., Knudson, J., and Moore, R. 2016. Identifying temperature
thresholds associated with fish community changes in British Columbia, Canada, to
support identification of temperature sensitive streams. River Res. Appl. 32(3): 330-347.

Parmesan, C. 1996. Climate and species' range. Nature, 382(6594): 765.

Parmesan, C., and Yohe, G. 2003. A globally coherent fingerprint of climate change impacts
across natural systems. Nature, 421: 37-42.

Paul, A.J., and Post, J.R. 2001. Spatial distribution of native and nonnative salmonids in streams
of the eastern slopes of the Canadian Rocky Mountains. Trans. Am. Fish. Soc. 130: 417-
430.

Perry, A.L., Low, P.J., Ellis, J.R., and Reynolds, J.D. 2005. Climate change and distribution
shifts in marine fishes. Science, 308(5730): 1912-1915.

Peterson, A.T. 2011. Ecological niches and geographic distributions. No. 49. Princeton
University Press, Princton, New Jersey.

Piccolroaz, S., Calamita, E., Majone, B., Gallice, A., Siviglia, A., and Toffolon, M. 2016.
Prediction of river water temperature: a comparison between a new family of hybrid
models and statistical approaches. Hydrol. Processes 30(21): 3901-3917.

Post, E., Peterson, R.O., Stenseth, N.C., and McLaren, B.E. 1999. Ecosystem consequences of
wolf behavioural response to climate. Nature, 401(6756): 905-907.

Pértner, H.-O., and Farrell, A.P. 2008. Physiology and climate change. Science, 322(5902): 690-
692.

Pdrtner, H.-O., and Peck, M. 2010. Climate change effects on fishes and fisheries: towards a
cause-and-effect understanding. J. Fish Biol. 77(8): 1745-1779.

Pulliam, H.R. 2000. On the relationship between niche and distribution. Ecol. Lett. 3(4): 349-
361.

27



Reid, S., and Haxton, T. 2017. Backpack electrofishing effort and imperfect detection: Influence
on riverine fish inventories and monitoring. J. Appl. Ichthyol. 33(6): 1083-1091.

Reist, J.D., Wrona, F.J., Prowse, T.D., Power, M., Dempson, J.B., King, J.R., and Beamish, R.J.
2006a. An overview of effects of climate change on selected Arctic freshwater and
anadromous fishes. Ambio, 35(7): 381-387.

Reist, J.D., Wrona, F.J., Prowse, T.D., Power, M., Dempson, J.B., Beamish, R.J., King, J.R.,
Carmichael, T.J., and Sawatzky, C.D. 2006b. General effects of climate change on Arctic
fishes and fish populations. Ambio, 35(7): 370-380.

Rempel, L., and Smith, D. 1998. Postglacial fish dispersal from the Mississippi refuge to the
Mackenzie River basin. Can. J. Fish. Aquat. Sci. 55(4): 893-899.

Rieman, B.E., and Mclntyre, J.D. 1995. Occurrence of bull trout in naturally fragmented habitat
patches of varied size. Trans. Am. Fish. Soc. 124(3): 285-296.

Rieman, B.E., Isaak, D., Adams, S., Horan, D., Nagel, D., Luce, C., and Myers, D. 2007.
Anticipated climate warming effects on bull trout habitats and populations across the
interior Columbia River basin. Trans. Am. Fish. Soc. 136(6): 1552-1565.

Rodtka, M.C., Judd, C.S., Aku, P.K.M., and Fitzsimmons, K.M. 2015. Estimating occupancy and
detection probability of juvenile bull trout using backpack electrofishing gear in a west-
central Alberta watershed. Can. J. Fish. Aquat. Sci. 72(5): 1-9. doi:10.1139/cjfas-2014-
0175.

Sexton, J.P., Mcintyre, P.J., Angert, A.L., and Rice, K.J. 2009. Evolution and ecology of species
range limits. Annu. Rev. Ecol. Evol. Syst. 40: 415-436.

Sinnatamby, N.R., Dempson, B.J., Reist, J.D., and Power, M. 2015. Latitudinal variation in
growth and otolith-inferred field metabolic rates of Canadian young-of-the-year Arctic
charr. Ecol. Freshwat. Fish 24(3): 478-488.

Soberon, J. 2007. Grinnellian and Eltonian niches and geographic distributions of species. Ecol.
Lett. 10(12): 1115-1123.

Somero, G. 2010. The physiology of climate change: how potentials for acclimatization and
genetic adaptation will determine ‘winners’ and ‘losers’. J. Exp. Biol. 213(6): 912-920.

Somero, G.N. 2005. Linking biogeography to physiology: evolutionary and acclimatory
adjustments of thermal limits. Front. Zool. 2(1): 1.

Strayer, D.L., and Dudgeon, D. 2010. Freshwater biodiversity conservation: recent progress and
future challenges. J. N. Am. Benthol. Soc. 29(1): 344-358.

Sunday, J.M., Bates, A.E., and Dulvy, N.K. 2012. Thermal tolerance and the global
redistribution of animals. Nat. Clim. Change 2(9): 686-690.

Sunday, J.M., Bates, A.E., Kearney, M.R., Colwell, R.K., Dulvy, N.K., Longino, J.T., and Huey,
R.B. 2014. Thermal-safety margins and the necessity of thermoregulatory behavior
across latitude and elevation. Proc. Natl. Acad. Sci. U.S.A. 111(15): 5610-5615.

Taylor, R.G., Scanlon, B., Déll, P., Rodell, M., Van Beek, R., Wada, Y., Longuevergne, L.,
Leblanc, M., Famiglietti, J.S., and Edmunds, M. 2013. Ground water and climate change.
Nat. Clim. Change 3(4): 322.

28



Thorpe, J.E. 1994. Performance thresholds and life-history flexibility in salmonids. Conserv.
Biol. 8(3): 877-879.

Tunney, T.D., McCann, K.S., Lester, N.P., and Shuter, B.J. 2014. Effects of differential habitat
warming on complex communities. Proc. Natl. Acad. Sci. U.S.A. 111(22): 8077-8082.

Vorosmarty, C.J., Mclintyre, P.B., Gessner, M.O., Dudgeon, D., Prusevich, A., Green, P.,
Glidden, S., Bunn, S.E., Sullivan, C.A., and Liermann, C.R. 2010. Global threats to
human water security and river biodiversity. Nature, 467: 555-561.
doi:doi:10.1038/nature09440.

Walther, G-R., Post, E., Convey, P., Menzel, A., Parmesan, C., Beebee, T.J.C., Fromentin, J.-M.,
Hoegh-Guildberg, O., and Bairlein, F. 2002. Ecological responses to recent climate
change. Nature, 416: 389-395.

Warnock, W.G., and Rasmussen, J.B. 2014. Comparing competitive ability and associated
metabolic traits between a resident and migratory population of bull trout against a non-
native species. Environ. Biol. Fishes 97(4): 415-423.

Warnock, W.G., Blackburn, J.K., and Rasmussen, J.B. 2011. Estimating proportional
contributions of migratory bull trout from hierarchical populations to mixed-stock
recreational fisheries using genetic and trapping data. Trans. Am. Fish. Soc. 140(2): 345-
355. d0i:10.1080/00028487.2011.567868.

Wenger, S.J., Isaak, D.J., Luce, C.H., Neville, H.M., Fausch, K.D., Dunham, J.B., Dauwalter,
D.C., Young, M.K., Elsner, M.M., Rieman, B.E., Hamlet, A.F., and Williams, J.E. 2011.
Flow regime, temperature, and biotic interactions drive differential declines of trout
species under climate change. Proc. Natl. Acad. Sci. U.S.A. 108(34): 14175-14180.
d0i:10.1073/pnas.1103097108.

Wiens, J.J., and Donoghue, M.J. 2004. Historical biogeography, ecology and species richness.
Trends Ecol. Evol. 19(12): 639-644.

29



Wi 0 5000 1000 Kilometres

3 ——

Figure 1.1. Bull trout distribution in North America (COSEWIC 2012). The dark shaded area is

the current known approximate distribution and the hatched line represents the historic

distribution. Reused with permission from COSEWIC.
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Abstract

Robust assessment and monitoring programs are critical for effective conservation, yet for many
taxa we fail to understand how trade-offs in sampling design affect power to detect population
trends and describe spatial patterns. We tested an occupancy-based sampling approach to
evaluate design considerations for detecting watershed-scale population trends associated with
juvenile bull trout (Salvelinus confluentus) distributions. Electrofishing surveys were conducted
across 275 stream sites from the Prairie Creek watershed, Northwest Territories. Site-level
detectability of juvenile bull trout was not uniform, and imperfect detection affected modelled
occupancy probabilities most in fringe habitats near distributional boundaries in steep reaches
and large streams. We show that detecting a 30% change in watershed-level occupancy >78% of
the time as conservation guidelines suggest, may require three repeat surveys (i.e., temporal
replicates) and increased sampling intensity of fringe habitats. Additional sampling effort in
fringe sites could be offset by sampling fewer sites in core habitats to optimize designs for
detecting demographic shifts in bull trout, while still minimizing risk of non-detection for this

cryptic species.

Keywords: bull trout, detectability, occupancy modelling, distributional boundaries
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Introduction

The biodiversity of freshwater fishes has declined rapidly across North America over the past
50 years due to habitat perturbation and fragmentation, interactions with non-native species, and
overharvest (Dudgeon et al. 2006). Given that threats to biodiversity across rivers are predicted
to increase, conservationists must act quickly to prevent further declines in biodiversity (Strayer
and Dudgeon 2010; Vorésmarty et al. 2010). However, implementing effective conservation
actions to reverse demographic trends requires a precise understanding of the status of
populations and effective methods to monitor trends over time (Strayer and Dudgeon 2010).

Historically, assessment methods have focused on abundance estimates using either mark-
recapture or census methods at a small number of sites (Thurow et al. 2006; Dunham et al.
2009); however, both are time consuming, potentially costly, and may not represent population
status, or broader scale trends, due to local demographic stochasticity (Maxwell and Jennings
2005), spatial heterogeneity, or non-representative sample allocation (MacKenzie and Nichols
2004; Jones 2011). Consequently, species occurrence data are increasingly collected, as they can
be obtained more rapidly and inexpensively at many sites. Moreover, there is often a positive
relationship between occupancy probability and abundance for many taxa (Gaston et al. 2000;
Zuckerberg et al. 2009; Linden et al. 2017). Regardless of how well occupancy and abundance
metrics are correlated, occupancy has been shown to be a state variable well-suited for
monitoring the status of populations across broad spatial-temporal scales (Muths et al. 2005;
Miller and Grant 2015; MacKenzie et al. 2018).

Although occupancy-based survey designs are commonly used for terrestrial taxa, similar
approaches are less often applied to stream fishes (Elith and Leathwick 2009; Comte and

Grenouillet 2013; Eby et al. 2014). Occurrence data for fish can be gathered from wadeable
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streams using various sampling techniques, such as electrofishing, snorkeling, seining, and, more
recently, environmental DNA (eDNA) (McKelvey et al. 2016). The detectability of stream
fishes, and therefore the ability to determine habitat occupancy status, varies by sampling
method (Pregler et al. 2015; Baker et al. 2017), environmental heterogeneity, phenotypic
variability among taxa (e.g., behaviour, swimming physiology, and life history) and ontogenetic
differences within taxa (Dextrase et al. 2014; Rodtka et al. 2015; Baker et al. 2017). Imperfect
detection that results in high rates of “false-absences” can confound true absence with non-
detection, which can have detrimental effects on initial assessments and monitoring results, or on
inference from models developed with these data (Tyre et al. 2003). To alleviate this potential
sampling bias, an occupancy modelling framework has been developed using detection histories
from spatial or temporal replicates (MacKenzie et al. 2002; Bailey et al. 2004; Gu and Swihart
2004).

Occupancy-based surveys typically provide more accurate estimates of species’ presence than
conventional distributional assessments, when the species is imperfectly detected by the field
methods (MacKenzie et al. 2018). When spatial habitat heterogeneity exists and explains
variation in detectability, habitat covariates can be used in models to account for imperfect
detection and improve accuracy of occupancy estimates in species distribution models
(MacKenzie et al. 2002; Kuehne and Olden 2016; Baker et al. 2017). This is a key benefit of
occupancy-detection models since detectability is rarely uniform across a species distributional
range. In fact, detectability is often highest in the core (centre) of regional distributions and
declines towards the edges, due to differences in local abundance related to habitat suitability
(Sexton et al. 2009; Peterson 2011; MacKenzie et al. 2018). Although detecting species

effectively in fringe habitat may be difficult, it is an integral step for accurately documenting

34



species distributional limits and a key element of effective distributional monitoring (Noon et al.
2012; Comte et al. 2013). Furthermore, when a species declines, sites near distributional
boundaries are often lost first (Comte et al. 2013; Eby et al. 2014). However, for many taxa, we
fail to understand how trade-offs between additional effort allocated to sampling more sites
across larger geographic areas versus temporal replicates at fewer sites will affect the accuracy of
distributional assessments, precision of parameter estimates from species distribution models
(SDMs), and the power to detect trends in occupancy over time (Noon et al. 2012; Barata et al.
2017). Surprisingly, few studies have used empirical data to evaluate survey effort required to
detect changes in fish populations across stream networks (Reid and Haxton 2017) or explore
how imperfect detection affects precision and accuracy of habitat-occupancy relationships
derived from SDMs (Peterson and Dunham 2003; Comte and Grenouillet 2013; Mollenhauer et
al. 2017).

In this study, we used bull trout (Salvelinus confluentus) to test the utility of an occupancy-
based sampling approach to assess its distribution in a northern montane watershed and evaluate
sampling design considerations for detecting spatial patterns and temporal population trends.
Bull trout is a cold-water char species found across western North America that has declined in
the southern and central part of its range due to land use, invasive species, and recent climatic
trends (USFWS 2008; COSEWIC 2012). Within its range, bull trout occurs at relatively low
densities and is patchily distributed among headwater streams within river networks (Rieman and
Mcintyre 1995; Dunham et al. 2003; Rieman et al. 2007). Effective conservation of bull trout
requires assessment and monitoring approaches that are logistically feasible, cost-effective, and
capable of detecting spatial and temporal trends. Such data are lacking for populations at the

northern range extent (Mochnacz et al. 2013) and, although a general protocol to assess bull trout
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distributions at stream scales is available (Rodtka et al. 2015), evaluating trade-offs between
power to detect trends in occupancy and different sampling designs — i.e., number of sites
versus number of replicates — has not been attempted. Given that occupancy at larger habitat
patch scales (e.g., streams) using spatial replicates is relatively well understood for bull trout
(Peterson and Dunham 2003; Isaak et al. 2015; Rodtka et al. 2015), we focus on site-level
occupancy (i.e., sites across streams) estimation and temporal replication within sampling
seasons. A better understanding of occupancy dynamics at the site scale may translate to more
sensitive monitoring schemes (e.g., Tingley and Beissinger 2009; Eby et al. 2014) and spatial
status assessments and species distribution models, which often discount detectability (Elith and

Leathwick 2009).

Our aim was to design an assessment and monitoring protocol that improves precision and
accuracy of initial distributional surveys and is capable of detecting population trends over time.
To explore these issues, juvenile bull trout were sampled at sites across the Prairie Creek
watershed in the Northwest Territories, Canada, and occupancy and detection modelling was
used to: (1) examine the effect of detectability on the accuracy of site occupancy estimates across
environmental gradients; (2) consider the influence of detectability in the use of occupancy
models to describe relationships with stream-landscape covariates by comparing results derived
from occupancy-detection, constant-detection, and generalized linear models; and (3) examine
how detectability influences power to detect temporal trends in occupancy to inform optimal

survey design.
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Methods

Study area

Surveys were conducted during the summers of 2014 and 2015 in the Prairie Creek basin
(61°37' N, 124°48' W) which drains approximately 870 km? and is within the South Nahanni
River watershed, in the Northwest Territories (NWT). Peak precipitation in Prairie Creek occurs
from June to August with approximately 508 mm/year of precipitation, of which 300 mm/year
falls as rain. Flow rates peak in May-June during the spring freshet and in July-August during
high precipitation events (Environment Canada 1991). The climate of the region is characterized
by cool summers (mean temperature is 9°C) and cold winters (mean temperature is -19.5°C;
(Halliwell and Catto 2003). The lower half of Prairie Creek bisects dolostone and limestone
strata creating high elevation plateaus and steep canyons (Halliwell and Catto 2003). The lower
half of the creek is turbulent and fast flowing, characterized by deep plunge pools or pools
created by stabilized rock fall, and swift run and riffle sequences. Flood cycles in this reach have
removed much of the finer clasts, leaving cobble and mid to large size boulders. Tributaries to
Prairie Creek in the lower half are few, short, and almost entirely ephemeral. The upper half of
Prairie Creek changes dramatically to rolling hills dominated by shale, calcareous shale, and
minor sandstone (Halliwell and Catto 2003). Stream bed characteristics of the mainstem of
Prairie Creek also change to deep alluvium of small boulders, cobbles and pebbles, occasionally
punctuated with bedrock outcrops. Large aufeis fields, created by perennial groundwater sources,
dominate expansive areas of third order streams in the upper quarter of the watershed. Mixed
geological formations of limestone, dolomite, shale mantled by till and sandy fluvioglacial drift

support groundwater resources across the basin (Halliwell and Catto 2003). Bull trout, slimy
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sculpin (Cottus cognatus), mountain whitefish (Prosopium williamsoni), and in the lower

reaches, Arctic grayling (Thymallus arcticus), are present in Prairie Creek (Babaluk et al. 2015).

Sampling design

The basin was stratified into patches of potentially suitable habitat for juvenile bull trout
based on Strahler stream order (Strahler 1952), stream gradient, and catchment area. We defined
habitat patches as all first-to-third order reaches that had <15% gradient and a contributing area
>70 hectares. A geographic information system (GIS) was used to generate a stream network and
delineate patches using a 1:50 000 Canadian digital elevation model (DEM). Our broad
definition of suitable patches was based on habitat associations of juvenile bull trout from other
areas (Isaak et al. 2009; Al-Chokhachy et al. 2010; Rodtka et al. 2015). Of the 60 suitable
patches, 20 were randomly selected and 15 sites (100 m long) within these patches were
surveyed. Sites were randomly assigned across patches in a spatially balanced fashion using a
generalized random-tessellation stratified (GRTS) design (Fig. 2.1; Stevens and Olsen 2004).
Fewer sites were sampled in some patches (e.g., 12-13) due to logistical constraints, barriers, or
insufficient water. The GRTS process was completed in R (R Development Core Team 2018),
and sites were georeferenced and transposed onto the stream network using a GIS. Fourth order
or higher streams were not sampled because they were too deep to sample effectively with
backpack electrofishing gear. Any potential patches with suitable stream lengths <3000 m were
excluded from consideration because local populations of bull trout rarely occur in areas this

small (Isaak et al. 2015).

Each summer, sites within a subset of the 20 patches were surveyed to document the
occurrence of juvenile bull trout, defined as bull trout with fork lengths <150 mm (Fig. S2.1). In

total, 275 unique sites were surveyed over two years (2014, n = 134; 2015, n = 141) because all
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sites could not be surveyed in one field season. Sampling occurred between July 16 and July 26
and sites were fished by a two-person crew from downstream to upstream using a single pass
with a Smith-Root LR-24 backpack electrofisher (pulsed DC, voltage 400 V, frequency 30 Hz,
duty cycle 8). In larger streams, crews moved systematically in a zig-zag direction. All fish were
collected, identified to species, counted, measured, and returned to the stream. Block nets were
not used because sampling during a pilot study showed no appreciable difference in occupancy
and relative abundance with or without block nets. This is consistent with what others have
found when conducting surveys of small streams to determine species occupancy (Samarasin et
al. 2017). The electrofishing experience of crews varied, so crews were rotated during stream
inventories to alleviate potential biases related to crew experience. The settings on the
electrofisher were held relatively constant (i.e., voltage increased or decreased by <10 V) across
sampling sites to standardize fishing catchability. Sampling occurred when streams were at base
flow because this is when capture efficiency with electrofishing gear is relatively high (Kuehne

and Olden 2016; Baker et al. 2017).

An equal number of stream patches were randomly selected and sampled each year. At each
site, 2-5 temporal replicates (surveys) were taken and occurred at 2-5 day intervals so that fish
distributions could readjust between surveys. First and second order streams were surveyed twice
and third order streams were surveyed three times. A pilot study in 2012 showed that
detectability was highest in second order streams, followed by third and first order streams.
Detection estimates were derived from these data and used to determine the number of surveys
required to achieve similar false absence rates across stream orders using the RPresence package

(https://www.mbr-pwrc.usgs.gov/software/presence.html). Even though most first order streams

were fishless, we wanted unequivocal evidence that this result was not an artifact of imperfect
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detection, so we conducted five surveys at a subset of sites (n = 14) across three first order
streams in 2014 and 2015. Field sampling was conducted in accordance with Parks Canada

Agency research and collection permits NAH-2013-14385 and NAH-2015-19118.

Occupancy-detection modelling

A single-season occupancy-detection model (MacKenzie et al. 2002) was used to estimate
site-level occupancy and detectability across the basin and examine the effects of landscape
covariates on these two parameters. In order to use the full data set (n = 275; Fig. 2.1) for this
analysis, we included year as a covariate (see below) because we did not sample any of these
sites in both years. Detection histories of bull trout at stream sites (e.g., 101; detection, non-
detection, detection) were formed from the outcomes of the repeated site surveys within each
year. The single-season model has four key assumptions: (1) there are no false detections and
failure to detect individuals at a site is a function of the species being truly absent or missed due
to imperfect detection; (2) detection of individuals at a sampling unit are independent of
detections at all other units; (3) probability of occupancy is equal across all sampling units; and
(4) the occupancy status of the species does not change within the sampling period (i.e., closure).
To avoid violating the closure assumption, within and across years, we focused on the early
juvenile life stage because: (1) juveniles make limited movements in natal streams during mid-
summer (Downs et al. 2006); (2) juveniles typically remain in natal streams for 3-4 years
(Downs et al. 2006; Homel and Budy 2008); and, (3) although annual recruitment of young
juveniles (age-1, 2, 3; < 150 mm) varies, complete absence of individuals from all three cohorts
at a site across multiple years is rare (Paul et al. 2000; Johnston et al. 2007). Additionally, sites
were sampled randomly across both time and space to prevent systematic bias in occupancy;

sampling within seasons occurred within a short time period (7-10 days); and sampling year
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(2014 or 2015) was included as a covariate in models to account for potential inter-annual

variation in occupancy and detection (MacKenzie et al. 2018).

Occupancy estimation and detection efficiency may be affected by environmental conditions,
so a single-season model was generalized to accommodate landscape covariates to explore those
effects. A GIS platform was used to derive elevation (m), stream gradient (%), and contributing
area (ha) covariates for each site that was surveyed (Table 2.1). These covariates were selected
because they have either been shown to influence the distribution of bull trout elsewhere
(elevation/contributing area: see Paul and Post 2001; Isaak et al. 2015), or represent surrogates of
stream habitat attributes that we predicted may influence juvenile bull trout occurrence or
detectability (stream size and velocity: see Rich et al. 2003; Al-Chokhachy et al. 2010). More
specifically, we predicted that detectability would decrease as stream size and water velocity
increased. Contributing area and stream gradient were selected as covariates for detection
because they are indirect measures of stream size and water velocity, respectively (Gordon et al.
2004). Elevation, contributing area, and stream slope (gradient) were selected as covariates for
occupancy because we predicted that juveniles would occupy a subset of habitats across these
environmental gradients (Paul and Post 2001; Dunham et al. 2003; Isaak et al. 2015). Correlation
analysis was performed on continuous covariates to assess multicollinearity and showed only
low-moderate correlation, so all were retained for modelling (elevation:gradient = 0.22; gradient-

contributing area = - 0.50; contributing area-elevation = -0.45).

We used a three-step modelling process. In the first step, we compared different detection
efficiency models to determine the importance of detection covariates while holding the full set
of occupancy covariates constant (elevation, contributing area, stream gradient, year). A total of

20 candidate models were specified based on the global model:
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logit (pi) = p(survey + CA + CA? + grad + grad? + year) (1)

where grad is stream gradient, CA is contributing area, survey is the temporal replicate, year is
the year that sampling was conducted, and p is detection. Quadratic terms for continuous
covariates were included. In step two, we examined relationships between both occupancy and
detection and these covariates, to better understand systematic trends and the degree to which
basin-scale estimates of occupancy might be refined by the incorporation of detection covariates.
Results of the detection modelling in step one revealed there was clearly no top model, based on
differences in Akaike’s information criteria (AIC) values from the top ranked model and model
weights (1% CA + CA? + grad + year, weight = 0.52; 2"%: CA + CA? + grad + grad?® + year,
AAIC =1.03, weight = 0.31; 34 CA + CA? + year, AAIC = 2.86, weight = 0.12; Table 2.2).
Therefore, different combinations of occupancy covariates were specified against each of these
three detection covariate combinations for the full occupancy candidate model set. A constant-
detection model was included, as this model assumes occupancy is not affected by imperfect
detection and, therefore holds detection constant across surveys and sites. A total of 105

candidate models were specified based on the global model:

logit (i) = P(elev + elev? + CA + CA? + grad + grad? + year), p(CA + CA? + grad + grad? +

year) 2)
where elev is stream elevation (m) and W is occupancy.

In step three, a generalized linear model was fit to the same data set using only data from the first
survey. This was done to simulate a study design without temporal replicates. Only a global

modal was defined for this step:

logit (i) = P(elev + elev? + CA + CA? + grad + grad? + year) ()

42



Parameter estimates and standard errors from the generalized linear model were then compared
to the top ranked occupancy-detection and constant-detection models. For the detection and
occupancy models (steps 1 and 2), a global model was initially specified and subsequent
combinations of covariates were fit to the data with no interaction terms. For all models,
covariate effects were represented by the GIS attributes described previously, and both linear and
quadratic terms were assessed for each covariate based on knowledge of occupancy-habitat
relationships from other studies (Paul and Post 2001; Al-Chokhachy et al. 2010; Isaak et al.
2015). The logit-link function was used to model response variables as a function of covariates in
all models. The top ranked occupancy-detection model and the generalized linear model were
then used to predict occupancy probabilities at three spatial scales: sampling sites (n = 275),
points at 1-km intervals across the watershed, and all stream segments. These outputs were then
used to develop distribution maps of stream segment probabilities and corresponding standard
errors, as well as absolute differences in point probabilities derived from the two models. Prior to
analysis, covariates were standardized to a mean of zero and a standard deviation of one. A
square-root standardization was used for contributing area to reduce the potential influence of a

few, relatively large values on the effect size of this covariate (MacKenzie et al. 2018).

Maximum likelihood methods were used to estimate detection and occupancy parameters and
occupancy models/outputs were run using the programs RPresence and PRESENCE, version
11.6 (Hines 2006). For each candidate model set, AIC was used for model selection (Burnham
and Anderson 2002). 95% confidence intervals were calculated using the Wald method on the
logit-scale, then limits were transformed to the probability scale. If no top model was selected
from the candidate set, model-averaging was done using AAIC (< ~ 2.0) and cumulative model

weights (> 0.96) to derive probability estimates for occupancy and detection (MacKenzie et al.
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2018). Model fit was assessed using Pearson’s x> goodness-of-fit (GOF) and variance inflation
factor (¢) (MacKenzie and Bailey 2004) and graphical diagnostics were performed with Dunn-
Smyth residuals (Warton et al. 2017). Since the variation inflation factor from our global

occupancy-detection model was less than one (¢ = 0.04), no adjustment of standard errors was

necessary.

Optimal survey design and trend detection

Power analyses were used to explore the effectiveness of detecting watershed-level trends in
occupancy over time across different occupancy and detection scenarios using results from the
single-season model. We specified our effect size (R) as the proportional difference between
occupancy from time 1 to time 2. The effect size was then used to calculate ¥; W, as the
underlying occupancy probabilities for the two samples, where ¥, = ¥; (1 — R) (Guillera-
Arroita and Lahoz-Monfort 2012). Our effect size varied across a range of values (0.20 to 0.50)
to encompass ecological thresholds relevant to conservation and management. Endangered status
designations are often assessed as a 30% reduction in a relevant population metric (e.g., area of
occupancy) across generational time frames (Dudgeon et al. 2006; COSEWIC 2012; Lemieux
Lefebvre et al. 2018). Therefore, an absolute decline between 0.3 and 0.5 (30-50% reduction)

should motivate management action.

Results from the top five single-season occupancy models indicated strong quadratic effects
of stream gradient and elevation on occupancy, and contributing area on detectability. This
suggested that both occupancy and detectability were not homogenous across our data frame.
Using these relationships, we subset our data set into core and fringe habitats. The former
encompassed sites where occupancy and detection probability was high and relatively stable;
whereas, the latter included sites where probabilities started to decrease and then decline to zero.
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Core habitat was defined as sites with contributing area >250 and <2500 ha and stream gradient

>3.0 and <7.5 % (n = 195), whereas fringe habitat were sites with contributing area <251 and
>2501 ha, stream gradient <2.9 and >7.6 % (n = 80). Since the top five single-season models
resulted in site-specific occupancy and detectability estimates, mean values of occupancy and
detection probability were calculated for each respective area. Mean estimates from both core
and fringe areas were then used in simulations to examine how trade-offs in survey design
affected power to detect changes in occupancy using tools described in Guillera-Arroita and
Lahoz-Monfort (2012). The Type | error rate (o; probability of incorrectly rejecting null
hypothesis of no change in occupancy) was set at 0.1 as this best reflected priorities for

monitoring at-risk populations (Isaak et al. 2009; COSEWIC 2012; Rodtka et al. 2015).

We first examined the number of temporal surveys (k) required to determine if the species

was present at an occupied site for a given proportion. The probability of detecting the species at

least once from k surveys at a site when present is:

p*=1-(1-p)* (4)

where p is the detection probability for a single survey. Using this expression, the number of

surveys required to achieve p* of 0.80, 0.90, and 0.95 was derived as:

_log(1 —p")
log(1—p)

()

We then examined how the number of surveys (k) affected power (G) to detect differences in

occupancy using:
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where ®(x) is the cumulative distribution function for the standard normal distribution, o7 is the

G=1-B=41-d

asymptotic variance of the occupancy estimator, z, , is the upper 100 a /2-percentage

point for the standard normal distribution, and ¥; ¥, are the underlying occupancy probabilities
for the two samples (Guillera-Arroita and Lahoz-Monfort 2012). For these analyses, the sample
size (i.e., density of sampling sites) and initial occupancy and detectability estimates were set at
values corresponding to core and fringe sites (as described above).

In the final analysis, we used simulations to assess how sample size (spatial replicates)
influenced the power to detect changes in occupancy and included our current sampling design
based on fringe (n = 80) and core (n = 195) habitats. Two-tailed power curves were generated
using the closed-form equation above (6) while keeping occupancy, detectability, and number of

surveys (temporal replicates) constant (Guillera-Arroita and Lahoz-Monfort 2012).

Results

Juvenile bull trout were captured from 13 of the 20 stream patches that were surveyed in
Prairie Creek between 2014 and 2015, and from 75 of the 275 sites (Fig. 2.1). The relative
density per 100-m site ranged from 0 to 30 fish, and mean (x SD) catch was 1.28 (+ 2.30) fish

per site.

Detectability
In the single-season detection candidate model set (n = 20), there was little support for the
constant detection model (AAIC = 16.9, weight = 0.0002), as detection probability differed

across sites but not surveys (Table 2.2). Both contributing area and stream gradient had an
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influence on detectability, however, the influence of contributing area was greater. Detection
probability was lowest in very small streams (< 250 ha), peaked in medium-sized streams (500 —
2500 ha), and then declined across large streams. Detection probability was moderate in low-
gradient streams, increased to an intermediate position along this axis, and then was consistently
high across mid to high gradient sites (Fig. 2.2). In core habitats, fish could be detected >80% of
the time with two or fewer surveys, whereas in fringe habitats three or more surveys were
required (Table S2.1). Five surveys were completed at 14 sites to examine presence-absence near
hypothesized upstream distributional boundaries and juvenile bull trout were never detected at 12
of the 14 sites surveyed (Table S2.2). The logit-scale year coefficient (£SE) was 0.45 (0.48), and

indicates a moderate difference in detectability between 2014 and 2015.

Occupancy

Naive site-level occupancy was 0.30, which is lower than the modelled site-level occupancy
(= SE) of 0.36 + 0.03 derived from the single-season model. Of the 104 candidate models
specified, there was clearly no preferred model based on AIC values and model weights. Despite
model selection uncertainty, elevation, contributing area, stream gradient, and their quadratic
terms were included in the occupancy component of the top five models (AAIC < 2.9,
cumulative weight = 0.96). Quadratic terms for contributing area were only included in two of
the top five models for occupancy (Table 2.3). Site occupancy was estimated to be slightly lower
in 2015 than in 2014 (logit-scale coefficient = -2.17 + 0.40). Model-averaged site occupancy
estimates from the top five single-season models show that occupancy probability was highest in
streams ranging in elevation from 1000 to 1275 m and gradients between 3% and 7%.
Occupancy estimates were lowest in small streams (< 250 ha) but high across intermediate to

large-sized streams (Fig. 2.3a). Few differences were observed between the top occupancy-
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detection model and the constant-detection model, but the constant-detection model did have
larger confidence intervals for modelled estimates at higher stream elevation and in large streams
with contributing areas greater than 4000 ha (Fig. 2.3). Conversely, occupancy estimates derived
from the generalized linear model showed different relationships with elevation and contributing
area than both the occupancy-detection and constant-detection models (Fig. 2.3; Table 2.3). The
magnitude and precision of coefficients differed among models and differences were most
notable between the generalized linear model and occupancy-detection model (Table 2.4).
Distribution maps of occupancy probabilities derived from the occupancy-detection model and
the generalized linear model showed that the largest differences in point predictions (occupancy-
detection probability — generalized linear model probability) occurred near upstream and
downstream distributional limits and in these areas most of the occupancy model probabilities
were larger than the generalized linear model (Fig. 2.4c). In several stream segments the standard
error of occupancy estimates from the occupancy-detection model were higher than the ones
generated using the generalized linear model (Fig. 2.4b); however, detectability was low in most
of these segments. Goodness-of-fit and residual diagnostics suggested that the top five
occupancy-detection models and the generalized linear model fit these data reasonably well,

whereas the constant-detection model was a poor fit.

Optimal survey design and trend detection

Results of power curves generated using mean occupancy and detection estimates from core
(¥ =0.40, p=0.78; n = 195) and fringe habitats (¥ = 0.29, p = 0.48; n = 80) are shown in Figure
2.5. In core areas, two surveys were sufficient to detect 30-50% changes in occupancy >77% of
the time and the increase in power by using more than two surveys was minimal (Fig. 2.5a).

Conversely, in fringe habitats the power to detect similar changes in occupancy was much lower
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overall, increased with three or more surveys, and plateaued at five surveys regardless of effect

size (Fig. 2.5b).

Results of two-tailed power curves generated using mean occupancy and detection estimates
from core (¥ = 0.40, p = 0.78; n = 195) and fringe sites (¥ = 0.29, p = 0.48; n = 80) are shown in
Figure 2.6. Simulations show that in core areas using the sample size from this study (n = 195), a
30% change in occupancy can be detected 77% of the time (Fig. 2.6a). Conversely, in fringe sites
using the sample size from this study (n = 80), a 30% change in occupancy can be detected 29%
of the time but if sample size is quadrupled (n = 320) then power to detect a similar change
increases to 70% (Fig. 2.6b). The last simulation shows that as sampling density (i.e., sampling
sites) in fringe habitats increases so does the power to detect a change in occupancy. Detecting
changes in occupancy with equal probability in fringe sites as core sites requires three temporal
surveys at each site and a five-fold increase in the sampling density (n = 400) across this area

(Fig. 2.6c).

Discussion

Site-level detectability of juvenile bull trout is not uniform across environmental gradients in
the Prairie Creek watershed and is lowest in fringe habitats near distributional boundaries.
Consequently, failing to account for imperfect detection in these habitats makes it difficult to
accurately delineate distributional limits and affects model inferences. For example, modelled
occupancy estimates derived from a generalized linear model in downstream sites were much
lower than estimates from the occupancy-detection model. This reflects the inability of the
generalized linear model to impose an upward adjustment of occupancy estimates at sites where
there is imperfect detection, and similar effects of detectability on occupancy estimates have

been reported for stream fishes (Comte and Grenouillet 2013; Baker et al. 2017). Ignoring the
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effect of detectability on site-level surveys could negatively affect trend detection because it is
impossible to disentangle the reason for observed distributional changes — i.e., site extirpation or
false-absence. This presents a conservation risk, because as shown by others, downstream
distributional boundaries are most likely to be abandoned by bull trout as they move upstream
from marginal habitats to presumably better habitat at higher elevations (Eby et al. 2014;
LeMoine et al. 2020). However, one can mitigate the risk of failing to detect juvenile bull trout in
downstream fringe habitats by implementing three temporal replicates and imposing a five-fold
increase in the density of spatial replicates. Implementing these changes in study design
improves accuracy of assessments by allowing one to relax assumptions of constant detection.
Further, we show how a modified watershed-scale sampling approach, tailored to both core and
fringe areas, can detect 30% changes in juvenile occupancy >78% of the time. This approach
capitalizes on detectability results by allocating more sampling effort near distributional
boundaries and less effort (fewer sampling sites and temporal replicates) in core areas where
occupancy and detectability are high. In fact, our results suggest that in core areas a single survey
may be as effective as two for detecting juveniles because occupancy and detection are high in
these habitats. Although this could be a more cost-effective sampling strategy, the risk (i.e.,
increasing the probability of false-absence) should be balanced against conservation objectives

— e.g., single assessments versus monitoring watershed-level population trends.

Detectability

The difference between our naive and modelled site occupancy (0.30 vs. 0.36, respectively) is
similar to what others have found (Rodtka et al. 2015). Although this difference is well below the
threshold shown by Tyre et al. (2003) to significantly degrade estimation of model parameters,

we highlight how ignoring detectability affects parameters in our model. Overall, the generalized
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linear model and the constant-detection models predict juveniles occupy different environmental
gradients than the occupancy-detection model, although the difference between the latter two
models is quite small. Given that false-absences occurred disproportionately across sites, it is not
surprising that the constant-detection model ranked far lower than our top occupancy-detection
model and reinforces that imperfect detection is important to consider in this watershed. The
constant-detection model is more similar to the generalized linear model as both models assume
constant detection; however, the generalized linear model does not account for false-absences.
Differences in modelled occupancy probabilities between the occupancy-detection model and the
generalized linear model are primarily driven by low detectability in small (80-250 ha) and large

streams (> 2500 ha), which we define as fringe habitats.

Within fringe habitats, the influence of imperfect detection on modelled probabilities was
greatest in the downstream extent of our sampling frame and emphasizes the importance of using
temporal replicates in larger streams. Similar detectability patterns with discharge have been
reported for other stream fish (Mollenhaur et al. 2017), and given discharge is positively related
to contributing area (Gordon et al. 2004) our results are consistent with what others have
observed. The generalized linear model predicts juvenile occupancy follows a logistic
relationship with elevation, which is not supported by our data nor what others have found (Rich
et al. 2003; Rieman et al. 2007) but could also simply be an artefact of the logit-link. The latter
pattern may also be partially driven by high detectability in areas with intermediate to high
stream gradients (5-7%) that typically coincide in higher elevation areas. The detection
probability confidence intervals at the upper boundary of the stream gradient sampling
dimension (8-10%) were large and is a result of low occupancy and small sample size near

upstream distributional boundaries. Consequently, none of the models did particularly well

o1



predicting occupancy in these areas. Similar effects of detectability on modelled occupancy
estimates have been observed in other stream fishes (Comte and Grenouillet 2013) and across
other taxa (e.g., small mammals, Gu and Swihart 2004; pronghorn antelope, MacKenzie et al.

2018).

Optimal survey design and trend detection

When we extend our detectability analyses to a monitoring application, we show that two
surveys are sufficient to detect moderate to large changes in occupancy (0.3-0.5) in core habitats
where detectability is high with reasonable precision (>78%). Conversely, in fringe habitats
where occupancy and detection are lower, detecting changes in occupancy with similar precision
is not possible with two surveys. However, in fringe sites power does increase if additional
surveys (i.e., temporal replicates) are done but plateaus at five suggesting that additional surveys
would provide little additional benefit. Rodtka et al. (2015) reported a similar range of site-level
detection (20 - 80%) in streams for this species. We are aware of one other study on riverine fish
that reports sampling requirements to detect changes in occupancy (Reid and Haxton 2017), but
this study was also different than ours as it examined how the amount of time spent electro-
fishing influenced detectability and power to detect changes in occupancy. Although results from
Reid and Haxton (2017) are not directly comparable with ours, they also illustrate that when
detection is low the only way to increase power is by allocating more sampling effort in these

areas.

In fringe habitats we show that one can realize improvements in power to detect trends in
watershed-scale occupancy by not only increasing the number of surveys (temporal replicates)
but also the density of sampling sites (i.e., spatial replicates). In similar studies, investigators

have done simulations to generate power curves using mean occupancy and detection probability
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estimates derived from their entire sampling frame (Steenweg et al. 2016; Barata et al. 2017).
This approach is reasonable if estimates are uniform across sites; however, in Prairie Creek this
is not the case. Therefore, detecting changes in juvenile occupancy across the watershed with
similar precision requires different sampling strategies for fringe and core habitats. In fringe
habitat, simulations showed that by increasing the number of surveys to three and increasing the
density of sampling sites from 80 to 400, a 30% change in occupancy can be detected >78 % of
the time. Trade-offs in sampling effort versus trend detection could be achieved by adjusting
sampling design to increase effort (i.e., number of surveys and sampling density) in fringe areas
and reduce sampling effort in core areas where occupancy and detectability are higher. We
simulated a scenario showing how detecting 30-50% changes in watershed-level occupancy can
be achieved with reasonable confidence (> 0.78%) by surveying 195 sites twice in core habitats
and 400 sites three times in fringe habitats. This is similar to other studies that demonstrate when
initial occupancy and detectability levels are low the ability to detect changes in occupancy in
subsequent time periods can be improved by increasing the number of surveys, number of
sampling sites, or a combination of both (Steenweg et al. 2016; Barata et al. 2017; Reid and
Haxton 2017). Further reductions in total sampling effort could be realized by reducing effort in
core areas to offset additional effort requirements in fringe habitats but this should be balanced
against the risk of failing to detect fish in core areas. Our simulations offer insight into this but a
more comprehensive understanding of the risks of these actions requires testing predictions

through field validation.

For initial assessments where detectability is unknown, power curves could serve as a
guideline to identify how many temporal surveys and sampling sites are needed to minimize

false-absences. This will increase the chance of detecting juveniles, when present, but also
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provide greater assurance of “true absence”. Once detectability estimates are known for a
watershed, users can balance trade-offs in sampling efficiency versus power to detect changes in
occupancy by adjusting the number of temporal surveys and sampling sites to achieve desired
power for assessing populations trends. The latter will be especially important in situations
where monitoring population trends is a key conservation objective. Overall, designing and
implementing standardized sampling protocols will be critical for effectively monitoring sentinel
species, like bull trout, and detecting effects of climate change on northern freshwater
ecosystems (Heino et al. 2020). Furthermore, documenting range contraction, expansion, or
shifts from climate change in stream fishes requires effective monitoring at distributional
boundaries (i.e., fringe habitat) within watersheds, rather than core areas where populations are

most abundant (Gibson-Reinemer et al. 2017).

Watershed-level occupancy

Juvenile bull trout are patchily distributed in streams across the Prairie Creek watershed, and
although only a small proportion of the streams surveyed (30%) appear to represent strongholds
for core populations, occupancy within these streams is relatively high (0.40). This distributional
pattern and occupancy estimate is similar to what others have observed in montane watersheds
further south (Rodtka et al. 2015; Isaak et al. 2015). However, we have further refined our
understanding of site occupancy estimates to include estimates for fringe habitats. Given that this
bull trout population occurs in a minimally-perturbed watershed, our juvenile occupancy
estimates represent those from an otherwise healthy population and could serve as a benchmark
for monitoring the status of this population. Also, our detectability and occupancy estimates
suggest juveniles exhibit two distributional patterns at downstream and upstream boundaries.

First, in upstream areas our modelled occupancy and detection probabilities and detection data
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suggest a relatively abrupt transition from high to low occupancy. This is similar to what others
have seen related to upstream boundaries associated with elevation (Paul and Post 2001; Rieman
et al. 2007). Conversely, the transition from high to low occupancy in downstream areas appears
to encompass a much broader spatial dimension. The broader downstream transitional zone from
high to low occupancy is a result of low detectability and occupancy, which reflects differences
in abiotic (e.g., stream size) and, presumably biotic characteristics between downstream and
upstream areas. We highlight that contributing area is an important abiotic factor to consider but
the influence of biotic parameters on detectability of juvenile bull trout requires further

investigation.

Ecological relationships

Occupancy-landscape covariate relationships derived from the single-season occupancy
model offer two additional benefits beyond informing development of more effective sampling
programs. First, site-level occupancy predictions could be validated in similar watersheds as a
further test of model performance and to assess transferability of these relationships to other
regions — an important step often skipped in the iterative modelling process (Aradjo and
Peterson 2012; MacKenzie et al. 2018). Second, these occupancy-covariate relationships provide
ecological insight into habitat associations of juvenile bull trout from a northern watershed. The
stream elevation where we started to see juvenile occupancy decline (~1350 m) is lower than
what others have reported in Alberta and Idaho (Paul and Post 2001; Dunham et al. 2003) and
probably reflects differences in local climatic conditions from latitudinal variation. Although
elevation, contributing area, and stream gradient are in all the top ranked models, stream gradient
had the greatest influence on juvenile occupancy. The presence of juveniles across a narrow

range of stream gradients may be a function of physiological limitations associated with
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swimming capability and habitat suitability. This seems plausible given that juveniles often seek
low velocity refugia in streams with moderate gradient and larger substrate (Al-Chokhachy et al.
2010), exhibit high fidelity to natal spawning/emergence sites (Homel and Budy 2008), and may
seek refuge from predators in these types of habitat (Banish et al. 2008; Al-Chokhachy et al.

2010).

Conclusion

We show that presence-absence data collected during distributional assessments for juvenile
bull trout in Prairie Creek is very reliable in core areas where occupancy and detectability is
high. Despite this, we show why it is important to recognize that detectability of juveniles is
context-dependent and how it can affect the accuracy of distributional assessments. In Prairie
Creek, detectability of juveniles was lower in habitats near distributional boundaries compared to
core areas, and models that accounted for imperfect detection in these areas yielded higher
occupancy estimates than those that did not. The influence of detectability on survey accuracy
has two potential conservation consequences. First, not accounting for imperfect detection during
initial and follow-on assessments could result in failure to detect a change in occupancy. Failing
to detect a declining trend in an imperilled population could prevent management intervention
(e.g., fishing restriction) and ultimately hinder recovery efforts. Second, because stream habitat
protection is usually based on habitat quality, modelled occupancy probabilities can help guide
this classification (see Isaak et al. 2015). If models that ignore detectability are used to assign
occupancy probabilities to fringe habitats, these habitats may be misclassified as low quality
habitat or may be grossly underestimated and fail to receive suitable protection. A better
understanding of where and when to implement temporal replication and increase sampling

density will help biologists design more sensitive site-scale monitoring schemes (e.g., Tingley
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and Beissinger 2009; Eby et al. 2014) and improve chances of detecting changes in bull trout
occupancy across montane watersheds. Given that few local streams support juvenile bull trout
populations in Prairie Creek, effective monitoring should be a critical element of the overall

conservation plan for this population.
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Tables

Table 2.1. Covariates describing the 275 stream sampling sites with replicated surveys

from the Prairie Creek watershed.

Elevation (m)
Stream gradient (%)
Contributing area (ha)

Standard
Mean deviation Range
1107.0 123.0 795-1399
4.4 25 0.7-13.8
1219.0 1235.0 73-5060
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Table 2.2. Model ranking and summary statistics for the top 10 single-season detection models fit to the data (n = 275). The
full set of covariates (Elev + Elev? + CA + CA? + Grad + Grad? + Year) was held constant for the occupancy component of
all candidate models.

Model Rank AIC AAIC AICw Cumulativew K -2Log(L)
p (CA + CA? + Grad + Year) 1 489.76 0.00 0.52 0.52 13 450.60
p (CA + CA® + Grad + Grad® + Year) 2 490.80 103 0.31 0.83 14 453.16
p (CA + CA? + Year) 3 49262 286 0.13 0.96 12 449.28
p (survey + CA + CA? + Grad + Year) 4 497.02 726 0.01 0.97 17 458.10
p (survey + CA + CA? + Grad + Grad® + Year) 5 498.04 828 0.01 0.98 18  455.05
p (Grad + Year) 6 498.88 9.12 0.01 0.99 11 457.13
p (survey + CA + CA? + Year) 7 499.12 935 0.00 0.99 16 460.23
p (Grad + Grad® + Year) 8 499.68 9.92 0.00 0.99 12 458.25
p (CA + Grad + Year) 9 500.74 10.98 0.00 0.99 12 449.18
p (Grad + Grad® + Year) 10 501.64 11.88 0.00 1.00 13 447.98

Note: AIC is Akaike information criterion; AAIC s the change in AIC values between the lowest AIC (i.e., highest ranking model) and the given model; AICw
is AIC weight; cumulative w is the cumulative AIC weight; k is the number of parameters; and -2Log(L) is the model multinomial log-likelihood value multiplied
by negative two. Abbreviations: Elev, elevation (m); CA, contributing area (ha); Grad, stream gradient (%); squared transformations of continuous covariates
(CA?, grad?) were included to assess quadratic effects; p, is detection; and survey, is survey-specific detection (i.e., detection varies across surveys). A total
of 20 models were fit to these data.
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Table 2.3. Model ranking and summary statistics for the top 10 single-season occupancy-detection models fit to the data (n = 275).

Model Rank AIC AAIC AICw Cumulativew K -2Log(L)
P(Elev + Elev’ + CA + Grad + Grad® + Year), p (CA + CA? + Grad + Year) 1 48805 000 0.38 0.38 12 464.05
P(Elev+ Elev? + CA + Grad + Grad’ + Year), p (CA + CA? + Grad + Grad® * Year) 2 489.05 1.00 0.23 0.61 13 463.05
P(Elev + Elev’ + CA + CA” + Grad + Grad® + Year), p (CA + CA? + Grad + Year) 3 489.76 1.71 0.16 0.77 13 463.76
P(Elev + Elev® + CA + CA? + Grad + Grad® + Year), p (CA + CA? + Grad + Grad® + Year) 4 490.80 274 0.10 0.87 14  462.80
P(Elev+ Elev? + CA + Grad + Grad” + Year), p (CA + CA? + Year) 5 49097 292 0.09 0.96 11  468.97
P(Elev+ Elev? + CA + CA*+ Grad + Grad” + Year), p (CA + CA? + Year) 6 49262 456 0.04 0.99 12 468.62
P(Elev+ Elev? + CA + Grad + Year), p (CA + CA? + Grad + Grad® * Year) 7 499.24 11.19 0.00 0.99 12 475.24
P(Elev+ Elev’ + CA + Grad + Year), p (CA + CA? + Grad + Year) 8 50220 14.14 0.00 0.99 11  480.20
P(Elev + Elev’ + CA + CA? + Grad + Grad® + Year), p (.) 9 506.62 1856 0.00 0.99 9  488.62
P(Elev + CA + CA? + Grad + Grad® + Year), p (CA + CA® + Grad + Year) 10 507.63 19.58 0.00 0.99 12 483.63

Note: AICis Akaike information criterion; AAIC is the change in AIC values between the lowest AIC (i.e., highest ranking model) and the given model; AIC w is AIC weight; cumulative
w is the cumulative AIC weight; k is the number of parameters; and -2Log(L) is the model multinomial log-likelihood value multiplied by negative two. Abbreviations: Elev, elevation (m);
CA, contributing area (ha); Grad, stream gradient (%); p, is detection; W, is occupancy; squared transformations of continuous covariates (elev 2, CA2, grad?) were included to assess
quadratic effects; survey, survey-specific detection; and (.) is where parameters are constant. A total of 105 models were fit to these data.
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Table 2.4. Comparison of single-season occupancy-detection model to constant-
detection and generalized linear models. Only coefficients for covariates of occupancy
are shown for the occupancy-detection model and the constant-detection model after

adjustment of detection. The coefficient and standard error values reported for

occupancy-detection model are model-averaged estimates based on the top five models

shown and coefficients for all models are expressed on the logit-scale.

the

Model Predictor b SE AIC
Occupancy—detectionA
W(Elev+ Elev? + CA + Grad + Grad” + Year), p (CA + CA? + Grad + Year) Intercept  2.49 0.47 488.05
W(Elev+ Elev? + CA + Grad + Grad® + Year), p (CA + CA? + Grad + Grad® * Year) Elev 0.38 0.30
W(Elev + Elev? + CA + CA? + Grad + Grad® + Year), p (CA + CA? + Grad + Year) Eev  -0.96 0.23
W(Elev+ Elev’ + CA + CA” + Grad + Grad® + Year), p (CA + CA? + Grad + Grad® + Year) CA 156 0.35
W(Elev+ Elev? + CA + Grad + Grad’ + Year), p (CA + CA? + Year) CA>  -0.08 0.15
Grad 1.04 0.46
Grad®>  -1.73 0.57
Year -2.17 0.40
Constant detection model
W(Elev + Elev? + CA + CA? + Grad + Grad® " Year), p () Intercept 223 0.44 506.62
Eev 052 030
Elev  -0.65 0.21
CA 149 0.35
CA2  -0.39 0.09
Grad 1.32 047
Grad®>  -150 0.47
Year  -1.62 0.36
GLM
(Elev + Elev? + CA + CA? + Grad + Grad?) Intercept 149 0.38
Elev 0.50 0.28
EevV  -050 0.21
CA 129 0.33
cA?  -1.02 033
Grad 136 0.44
Grad>  -1.63 0.48
Year -131 0.34

A. Model-averaged values fromtop five models specified below. b is the beta parameter value; AIC is Akaike information criterion; and SE is standard error.

Abbreviations: Elev, elevation (m); CA, contributing area (ha); Grad, streamgradient (%); p, is detection; P, is occupancy; squared transformations of

continuous covariates (elev?, CA?, grad?) were included to assess quadratic effects; () is a model where detection is constant across all sites and surveys. The

constant-detection model coefficients for occupancy were adjusted based on a constant detection coefficient across sites and surveys.
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Figure 2.1. Location of the 20 stream patches and 275 sampling sites in the Prairie Creek
watershed, Northwest Territories, Canada. White and black circles are unoccupied and occupied
sites, respectively. Dark shaded patches are occupied and lighter ones are unoccupied.
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Figure 2.2. Relationship between detection probability and stream gradient (top) and contributing
area (bottom) using model-averaged detection estimates derived from the top five ranked single-

season occupancy-detection models shown in Table 2.3. Detection probability was predicted for

each covariate while holding the other covariate on detection constant. Dark vertical lines on the

x-axis show points where data were taken during the sampling campaign.
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Figure 2.3. Relationship between occupancy and covariates using estimates from occupancy-detection (A), constant-detection (B), and
generalized linear (C) models. Estimates are the black lines and 95% confidence intervals are shown by the dark shaded areas. Model-
averaged estimates of the occupancy-detection model were derived from the top five models shown in Table 2.3. Occupancy
probability was predicted for each covariate after accounting for detection probability and holding all other covariates constant. Dark
vertical lines on the x-axis show points where data were taken during the sampling campaign.
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Figure 2.4. Juvenile bull trout distribution maps for Prairie Creek derived from (A) the
occupancy-detection model and (B) generalized linear model. Distribution is expressed as the
probability of juvenile bull trout being present in a 1 km stream segment. Corresponding
standard error estimates for each model are shown in panels to the right of A and B. Absolute
differences between point probability estimates derived from the occupancy-detection model and
the generalized linear model (occupancy-detection — generalized linear model) are shown in

panel (C).
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Figure 2.5. Power to detect absolute changes in occupancy based on simulations using mean
occupancy (psi) and detection (p) estimates for varying levels of survey effort (k) and different
effect sizes (0.2-0.5). Two scenarios are presented using mean model-averaged occupancy and

detection estimates derived from the top five occupancy-detection models corresponding to core
(A) and fringe (B) habitats. The following were held constant for each scenario (A: ¥ =0.40, p =

0.78,n=195; B: ¥ =0.29, p = 0.48, n = 80). Power was assessed at an alpha level = 0.10.
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Figure 2.6. Power to detect absolute changes in occupancy (effect size) for core (A), fringe (B),
and both core and fringe sites (C) based on number of sampling sites (n). The third simulation
provides potential outcomes of a hybrid sampling approach where we compared power to detect
changes in occupancy for core sites using the sampling design from this study (n = 195, k = 2)
and different sampling densities for fringe sites (n = 240, 320, 400) while holding temporal
replicates constant (k = 3). The following parameters were held constant for each scenario (A: ¥
=0.40,p=0.78,n =195,k =2; B: ¥ =0.29, p = 0.48, n = 80, k = 3) and power was calculated at
an alpha level of 0.10. The hatched grey line depicts an 80% power level.
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Supplemental information

Sample size

We determined how many sites to survey within a patch using the following equation:
foaten = (1= ¥(1 = (1 —p)NH" 1)

where fy,q:cn is the patch-level false absence probability, ¥ is patch-level occupancy, p is patch-
level detectability, k is the number of surveys/site, and n is the number of sites/patch. Although
patch-scale occupancy and detection estimates have been published (Isaak et al. 2015, Rodtka et
al. 2015), we were not sure if our estimates would be similar, so we took a conservative approach
and specified two surveys per site and used 0.40 and 0.30 as patch-level occupancy and detection

estimates, respectively, when assessing f,q:c for different designs (Fig. S2.2)
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Table S2.1. Number of surveys required to detect the species at least once 80%, 90%
and 95% of the time if detection per survey = p. ¥ = estimated occupancy, p =
estimated detectability, and n = sample size. ¥ and p estimates are based on mean
detection probability derived from the single-season model for core and fringe sites
with corresponding sample size from each respective area.

Habitat n v p Number of surveys needed
80% 90% 95%

Core 195 04 0.78 1.1 1.5 2

Fringe 80 0.29 0.48 2.5 3.5 4.5
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Figure S2.2. Relationship between the probability of false absence of juvenile bull trout where

present in an occupied patch and number of sites surveyed in a patch. Occupancy was specified

as 0.40 for all three curves and p is detectability.
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Table S2.2. Juvenile bull trout occurrence data from sites that were

surveyed in Prairie Creek, NWT in 2014 and 2015.

Site S11 12 S13 S1 4 S15 Year SO
10-3-03 0 0 0 - - 2014 3
10-3-04 0 0 0 - - 2014 3
10-3-05 0 0 0 - - 2014 3
10-3-07 0 0 0 - - 2014 3
10-3-09 1 1 0 - - 2014 3
10-3-11 0 0 1 - - 2014 3
10-3-13 0 0 1 - - 2014 3
10-3-17 0 0 0 - - 2014 3
10-3-19 0 1 1 - - 2014 3
10-3-21 1 1 1 - - 2014 3
10-3-22 1 0 0 - - 2014 3
10-3-23 1 1 1 - - 2014 3
10-3-25 1 1 0 - - 2014 3
10-3-27 1 1 1 - - 2014 3
10-3-29 1 1 1 - - 2014 3
10-3-30 1 1 1 - - 2014 3

122-1-03 0 0 0 - - 2015 2
122-1-07 1 0 1 - - 2015 2
122-1-11 0 0 0 - - 2015 2
122-1-14 0 0 0 - - 2015 2
122-1-24 0 0 0 - - 2015 2
122-1-30 0 0 0 - - 2015 2
122-1-34 0 0 0 - - 2015 2
122-1-37 0 0 0 - - 2015 2
122-1-45 0 0 0 - - 2015 1
122-1-49 0 0 0 - - 2015 1
122-1-50 0 0 - - - 2015 1
122-1-59 0 0 - - - 2015 1
2-3-02 0 0 0 - - 2015 3
2-3-03 0 0 0 - - 2015 3
2-3-04 1 0 0 - - 2015 3
2-3-06 0 0 - - - 2015 3
2-3-07 0 0 0 - - 2015 3
2-3-08 0 0 0 - - 2015 3
2-3-10 0 0 - - - 2015 3
2-3-13 0 0 - - - 2015 3
2-3-14 0 0 - - - 2015 3
2-3-17 0 0 0 - - 2015 3
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Table S2.2. Juvenile bull trout occurrence data from sites that were

surveyed in Prairie Creek, NWT in 2014 and 2015.

Site S11 12 1. S1 4 S15 Year SO
2-3-18 0 0 0 - - 2015 3
2-3-19 0 0 0 - - 2015 3
2-3-21 0 0 0 - - 2015 3
2-3-23 0 0 0 - - 2015 3
32-2-05 0 0 - - - 2014 2
32-2-07 0 0 - - - 2014 2
32-2-17 0 0 - - - 2014 2
32-2-25 0 0 - - - 2014 2
32-2-26 0 0 - - - 2014 2
32-2-32 0 0 - - - 2014 2
32-2-33 0 0 - - - 2014 2
32-2-35 0 0 - - - 2014 2
32-2-39 0 0 - - - 2014 2
32-2-40 0 0 - - - 2014 2
38-13 0 0 - - - 2014 2
38-14 0 0 - - - 2014 2
38-15 0 0 - - - 2014 2
38-16 0 0 - - - 2014 2
38-17 0 0 - - - 2014 2
38-18 0 - - - - 2014 2
38-19 0 0 - - - 2014 2
38-20 0 0 - - - 2014 2
38-21 0 0 - - - 2014 2
38-22 0 0 - - - 2014 2
40-1-03 0 0 0 0 0 2014 1
40-1-06 0 0 0 0 0 2014 1
40-1-21 0 0 0 0 0 2014 1
40-1-34 0 0 0 0 0 2014 1
40-1-38 0 0 0 0 0 2014 1
40-2-12 - - - - - 2014 2
40-2-13 1 1 - - - 2014 2
40-2-18 1 1 - - - 2014 2
40-2-19 1 1 - - - 2014 2
40-2-23 1 1 - - - 2014 2
40-2-26 1 1 - - - 2014 2
40-2-31 1 1 - - - 2014 2
40-2-32 1 1 - - - 2014 2
40-2-45 1 1 - - - 2014 2
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Table S2.2. Juvenile bull trout occurrence data from sites that were

surveyed in Prairie Creek, NWT in 2014 and 2015.

Site S11 1_ S13 S1 4 S15 Year SO
40-2-51 1 1 - - - 2014 2
40-2-53 1 1 - - - 2014 2
41-1-13 1 1 - - - 2015 1
41-1-14 0 0 0 - - 2015 1
41-1-15 0 0 0 - - 2015 1
41-1-17 0 0 - - - 2015 1
41-1-18 0 0 0 - - 2015 1
41-2-06 0 0 - - - 2015 2
41-2-11 0 0 - - - 2015 2
41-2-12 0 0 - - - 2015 2
41-2-14 0 0 - - - 2015 2
41-2-16 0 0 - - - 2015 2
41-2-18 0 0 - - - 2015 2
41-2-19 0 0 - - - 2015 2
41-2-30 0 0 - - - 2015 2
41-2-35 0 0 - - - 2015 2
41-2-36 0 0 - - - 2015 2
41-2-38 0 0 - - - 2015 2
44-1-09 0 0 - - - 2015 1
44-1-15 0 - - - - 2015 1
44-1-16 0 0 0 - - 2015 1
44-1-17 0 - - - - 2015 1
44-1-43 0 - - - - 2015 2
44-2-12 0 0 - - - 2015 2
44-2-15 0 0 - - - 2015 2
44-2-33 0 0 - - - 2015 2
44-2-41 0 0 - - - 2015 2
44-2-46 0 1 - - - 2015 2
44-2-50 1 1 - - - 2015 2
44-2-52 1 1 - - - 2015 2
44-2-59 1 - - - - 2015 2
44-2-60 1 1 - - - 2015 2
44-2-61 1 1 - - - 2015 2
44-2-69 1 1 - - - 2015 2
45-1-24 0 0 0 0 0 2014 1
45-1-26 0 0 0 0 0 2014 1
45-1-32 0 0 0 0 - 2014 1

45-1-901 0 0 0 0 0 2014 1
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Table S2.2. Juvenile bull trout occurrence data from sites that were

surveyed in Prairie Creek, NWT in 2014 and 2015.

Site 1 12 S13 S1 4 S15 Year SO

45-1-902 0 0 0 0 0 2014 1
45-2-05 1 0 0 - - 2014 2
45-2-10 1 1 1 - - 2014 2
45-2-12 1 1 1 - - 2014 2
45-2-20 1 0 1 - - 2014 2
45-2-28 1 0 0 - - 2014 1
45-2-29 1 1 1 - - 2014 1
45-2-36 1 1 0 - - 2014 1
45-2-40 0 0 0 - - 2014 1
45-2-49 0 0 0 - - 2014 1
45-2-51 0 0 0 - - 2014 1
46-2-28 0 0 - - - 2015 2
46-2-31 0 0 - - - 2015 2
46-2-33 0 0 - - - 2015 2
46-2-37 0 0 - - - 2015 2
46-2-39 0 0 - - - 2015 2
46-2-41 0 0 - - - 2015 2
46-2-44 0 0 - - - 2015 2
46-2-46 0 0 - - - 2015 2
48-01 0 - - - - 2014 1
48-03 0 - - - - 2014 1
48-08 0 - - - - 2014 1
48-12 0 1 - - - 2014 2
48-13 0 0 - - - 2014 2
48-14 0 0 - - - 2014 2
48-15 1 1 - - - 2014 2
48-16 0 1 - - - 2014 2
48-17 0 - - - - 2014 2
48-18 0 0 - - - 2014 2
48-19 1 1 - - - 2014 2
48-20 1 0 - - - 2014 2
48-22 0 1 - - - 2014 2
48-23 0 1 - - - 2014 2
48-901 0 - - - - 2014 1
52-1-02 0 0 - - - 2015 1
52-1-04 0 0 - - - 2015 1
52-1-06 0 0 - - - 2015 1
52-1-07 0 0 - - - 2015 1
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Table S2.2. Juvenile bull trout occurrence data from sites that were

surveyed in Prairie Creek, NWT in 2014 and 2015.

Site S11 S12 S13 S1 4 S15 Year SO
52-1-08 0 0 - - - 2015 1
52-1-10 0 - - - - 2014 2
52-1-12 0 - - - - 2014 2
52-1-17 0 0 - - - 2015 1
52-2-02 1 1 - - - 2014 2
52-2-03 1 1 - - - 2014 2
52-2-04 1 1 - - - 2014 2
52-2-05 0 1 - - - 2014 2
52-2-06 1 1 - - - 2014 2
52-2-07 1 1 - - - 2014 2
52-2-08 1 1 - - - 2014 2
52-2-09 1 0 - - - 2014 2
52-2-10 0 1 - - - 2014 2
55-2-02 0 - - - - 2015 2
55-2-04 0 0 - - - 2015 2
55-2-05 0 0 - - - 2015 2
55-2-06 0 - - - - 2015 2
55-2-07 0 0 - - - 2015 2
55-2-08 0 0 - - - 2015 2
55-2-09 0 0 - - - 2015 2
55-2-11 0 0 - - - 2015 2
55-2-12 0 0 - - - 2015 2
55-2-13 0 0 - - - 2015 2
55-2-14 0 0 - - - 2015 2
55-2-15 0 0 - - - 2015 2
55-2-18 0 0 - - - 2015 2
55-2-19 0 0 - - - 2015 2
55-2-20 0 0 - - - 2015 2
55-2-21 0 0 - - - 2015 2

58-1-113 0 0 0 0 0 2014 1
58-1-66 1 1 1 1 1 2014 1
58-1-70 1 0 0 0 0 2014 1
58-1-77 0 0 0 0 0 2014 1
58-2-02 0 0 - - - 2015 2
58-2-23 0 0 - - - 2015 2
58-2-34 0 0 - - - 2015 2
58-2-36 0 0 - - - 2015 2
58-2-43 0 0 - - - 2015 2
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Table S2.2. Juvenile bull trout occurrence data from sites that were

surveyed in Prairie Creek, NWT in 2014 and 2015.

Site S11 12 S13 S1 4 S15 Year SO
58-2-45 0 0 - - - 2015 2
58-2-50 1 1 - - - 2015 2
58-2-60 1 0 - - - 2015 2

6-3-06 0 1 0 - - 2014 3
6-3-07 0 0 1 - - 2014 3
6-3-08 1 0 0 - - 2014 3
6-3-13 0 0 1 - - 2014 3
6-3-14 0 0 0 - - 2014 3
6-3-20 0 0 0 - - 2014 3
6-3-23 0 0 0 - - 2014 3
6-3-27 0 0 0 - - 2014 3
6-3-37 0 0 0 - - 2014 3
6-3-38 0 0 0 - - 2014 3
6-3-42 0 0 0 - - 2014 3
6-3-43 0 0 0 - - 2014 3
6-3-48 0 0 0 - - 2014 3
6-3-49 0 0 0 - - 2014 3
6-3-52 0 0 0 - - 2014 3
61-2-03 1 1 1 - - 2014 2
61-2-04 1 1 1 - - 2014 2
61-2-08 1 1 1 - - 2014 2
61-2-11 1 1 1 - - 2014 2
61-2-15 1 1 1 - - 2014 2
61-2-18 0 1 0 - - 2014 2
61-2-20 0 0 0 - - 2014 2
61-2-22 0 0 0 - - 2014 2
61-2-24 0 0 0 - - 2014 2
61-2-25 0 0 0 - - 2014 2
61-2-29 0 0 0 - - 2014 2
61-2-30 0 0 0 - - 2014 2
61-2-42 0 0 0 - - 2014 2
61-2-44 0 0 0 - - 2014 2

66-03 0 0 - - - 2014 1

66-06 0 0 - - - 2014 1

66-13 0 0 - - - 2014 2

66-15 1 1 - - - 2014 2

66-18 1 0 - - - 2014 2

66-20 1 1 - - - 2014 2
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Table S2.2. Juvenile bull trout occurrence data from sites that were

surveyed in Prairie Creek, NWT in 2014 and 2015.

Site 1 1_ S13 S1 4 S15 Year SO
66-21 1 1 - - - 2014 2
66-23 0 0 - - - 2014 2
68-01 0 0 - - - 2015 1
68-03 0 - - - - 2015 1
68-05 0 0 - - - 2015 1
68-06 0 - - - - 2015 1
68-07 0 0 - - - 2015 1
68-08 0 0 - - - 2015 1
68-10 0 - - - - 2015 1
68-14 0 - - - - 2015 2
68-15 0 0 - - - 2015 2
68-16 0 0 - - - 2015 2
68-17 0 0 - - - 2015 2
68-19 0 0 - - - 2015 2
68-20 0 0 0 - - 2015 2
68-21 0 0 - - - 2015 2
68-22 0 0 - - - 2015 2
7-3-01 0 - - - - 2015 3
7-3-02 0 - - - - 2015 3
7-3-03 0 - - - - 2015 3
7-3-04 0 - - - - 2015 3
7-3-05 0 - - - - 2015 3
7-3-06 0 - - - - 2015 3
7-3-07 0 - - - - 2015 3
7-3-09 0 - - - - 2015 3
7-3-10 0 - - - - 2015 3
7-3-12 0 - - - - 2015 3
7-3-14 0 - - - - 2015 3
7-3-15 0 - - - - 2015 3
7-3-16 0 - - - - 2015 3
7-3-17 0 - - - - 2015 3
7-3-18 0 - - - - 2015 3
9-3-05 0 0 0 2015 3
9-3-06 0 0 0 2015 3
9-3-07 0 0 0 2015 3
9-3-10 0 0 0 2015 3
9-3-19 0 0 0 2015 3
9-3-27 0 0 0 2015 3
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Table S2.2. Juvenile bull trout occurrence data from sites that were

surveyed in Prairie Creek, NWT in 2014 and 2015.

Site S11 S12 1 S1 4 S15 Year SO
9-3-39 0 0 0 2015 3
9-3-45 0 0 0 2015 3
9-3-53 0 0 0 2015 3
9-3-57 0 0 0 2015 3
9-3-64 0 1 1 2015 3
9-3-70 0 0 0 2015 3
9-3-71 0 0 0 2015 3
9-3-72 0 1 0 2015 3
9-3-75 0 1 1 2015 3

Note: S, is survey and number corresponds to the year followed by survey number (S1_1 =

survey one, year 1); SO, is stream order.
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Abstract

Maintaining natural thermal regimes in montane stream networks is critical for sustaining
ecosystem structure and function, but as climate warms, thermal regimes will undoubtedly
change. Mitigating impacts of changing thermal regimes on aquatic biodiversity requires
knowledge of which elements of the thermal regime act as limiting factors for aquatic biota. Full-
year stream temperature records, spanning a broad latitudinal gradient, were used to describe the
diversity of the thermal landscape that bull trout (Salvelinus confluentus) occupy and identify
potential divergences from thermal regimes already classified in watersheds where this species
occurs. Populations occupied narrow and cold summer thermal niches that differed across a
south to north latitudinal gradient (Location: F2233= 203.1, p < 0.0001; mean £SE, south: 9.6 +
0.11; central: 7.5 + 0.18; north: 6.2 + 0.10). All streams exhibited low to moderate thermal
sensitivity, but winter thermal regimes in central and northern streams were colder and more
stable than the south, reflecting slightly lower thermal sensitivities and greater contributions of
perennial groundwater to baseflow. In the south, some streams are near the upper thermal limit
for bull trout, whereas in the north, many streams appear to be at the cold-edge boundary of
thermally suitable habitat. Results suggest that the distribution of juveniles at higher latitudes is
driven by cold-limiting streams in both the summer and winter (i.e., do not freeze). This result is
opposite to what others report for bull trout at the southern range extent, where distributional
patterns and population demographics are governed by warm-limiting streams during the open

water season.

Keywords: bull trout, stream temperature regimes, mean August temperature, accumulated

thermal units, thermal sensitivity
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Introduction

The ecological niche that freshwater fishes occupy is a reflection of historic processes and
biotic and abiotic factors (Griffiths 2010; Peterson 2011a). In stream ecosystems, both biotic and
abiotic factors are important determinants defining the geographic distributions of North
American fishes due to limitations imposed by the hierarchical, dendritic structure of stream
networks (Fagan 2002). Because stream-dwelling fish are confined to linear stream segments,
which vary in size across spatial-temporal scales, they must adjust to occupy ecological niches
within a narrower range of habitat dimensions than terrestrial organisms (Rieman and Mcintyre
1995; Fagan 2002). If the characteristics of the ecological niche a species occupies changes
beyond acceptable limits, then individuals must disperse to suitable habitat, adjust, or adapt; and
if they are not capable of doing this then they may perish (Holt 2009). However, all organisms
possess the phenotypic plasticity to adjust to a range of abiotic conditions, but the extent to
which they can adjust beyond acceptable known physiological limits varies across taxa and
serves to shape geographic range boundaries (Pulliam 2000; Sexton et al. 2009; Seebacher et al.
2015). For species occupying a narrow range of habitats, only minor changes to their ecological
niche will necessitate adjustments or potential adaptation to novel niches (Holt 2009). Since
post-glacial dispersal, freshwater stream fishes have undergone selection to occupy ecological
niches that promote long-term survival (Sexton et al. 2009; Griffiths 2010). In many taxa, genes
linked to key physiological processes (e.g., thermoregulation) are conserved across their
geographic range and portrayed as a common ecological niche — i.e., niche conservatism (Wiens
and Graham 2005; Holt 2009). As stream fishes are ectotherms, temperature is an important

abiotic factor that influences their distribution; therefore, any changes to stream thermal regimes
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could have profound consequences (e.g., extirpation) on stenothermal species with limited

adaptive capacity (Somero 2010; Sunday et al. 2014).

Over the past three decades, research has demonstrated that maintaining natural
environmental regimes in rivers and streams is a critical element for sustaining ecosystem
structure and function (Poff 2009; Poff and Zimmerman 2010). Although the natural flow regime
has been at the forefront of this research, there has been a recent paradigm shift to include
metrics of water quality, including water temperature (Olden and Naiman 2009), primarily
because the latter has a strong influence on both physiochemical (Gordon et al. 2004) and
biological processes (Angilletta 2009; Kingsolver 2009). Recent studies have refined
understanding of how natural thermal regimes affect both the ecology and biology of stream
fishes (Benjamin et al. 2016; Austin et al. 2019). In addition, a broader suite of studies show how
thermal habitat availability differs across latitudinal and altitudinal gradients (Steel et al. 2016;
Isaak et al. 2017b; Michel et al. 2020) and is influenced by local climatic and hydrological

factors (Mayer 2012; MacDonald et al. 2014; Bolduc and Lamoureux 2018).

The recent advent of inexpensive temperature loggers has led to a better understanding of
thermal habitat availability and thermal regimes across systems, but has also shown that the
thermal properties of streams in these systems has changed due to climate warming (Isaak et al.
2012; Michel et al. 2020). Because the sensitivity of streams to climate warming differs over
spatial-temporal scales (Luce et al. 2014; Isaak et al. 2016; Bolduc and Lamoureux 2018),
increasing air temperatures will have disproportional effects on thermal regimes, both within
watersheds and across regions, leading to potentially different consequences for biota. The
consequences of increasing stream temperatures (e.g., range contraction or shift) could be more

severe for organisms occupying warm-limiting and cold-limiting thermal habitats at
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distributional range boundaries, whose acute thermal limits lie near thermal thresholds (Somero
2010; Sunday et al. 2012; Sunday et al. 2014). At warm-edge boundaries, populations may
experience range contraction near downstream distributional limits where streams warm beyond
thermal thresholds (Comte et al. 2013; Eby et al. 2014; LeMoine et al. 2020). Conversely, at
cold-edge boundaries, where species may have greater thermal safety margins, increasing
temperatures could provide new opportunities for distributional expansion and population growth

(e.g., Pacific salmon; Babaluk et al. 2000; Dunmall et al. 2016; Farley Jr et al. 2020).

Since annual temperature patterns are not uniform across streams (Maheu et al. 2016),
documenting natural thermal regimes in streams is important for understanding their
susceptibility to climate warming and assessing trends over time. In larger streams and rivers,
thermal regimes are well described; however, similar understanding is lacking in small montane
streams due to data inadequacies as these areas are difficult to sample (Isaak et al. 2013; Park et
al. 2017). At higher latitudes, sampling difficulty is compounded because many streams
completely freeze to the bottom during winter (Yang and Peterson 2017; Bolduc and Lamoureux
2018). In montane watersheds where thermal regimes have been characterized, results show that
a subset of habitats within these ecosystems possess distinct thermal characteristics and are
ecological hot spots for sustaining biota and maintaining biological diversity (Dunmall et al.
2016; Isaak et al. 2016). Describing thermal regimes across additional montane watersheds will
help determine if the distinct thermal characteristics that others report are prevalent across local,

regional, or global spatial scales.

Different elements of stream thermal regimes have been linked to the biology (Neuheimer and
Taggart 2007; French et al. 2017), distribution (Wenger et al. 2011; Comte et al. 2013; Isaak et

al. 2017a) and physiology (Eliason et al. 2011; Raby et al. 2016) of stream fishes. These studies
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have refined our understanding of thermally mediated ecological processes at discrete times of
the year and thermal tolerance associated with physiological capacity. However, focusing on
discrete elements of the annual stream thermal regime (e.g., summer temperature) limits
adequate understanding of how other aspects of the annual thermal regime may further influence
species persistence and survival across spatial-temporal scales. Although thermal regimes may
differ across latitudes, fish still must occupy habitat within an acceptable thermal range (i.e., the
species’ thermal niche) to survive. Within watersheds, some streams will be either too cold or
too hot for fish to survive (Harig and Fausch 2002; Coleman and Fausch 2007a) and this results
in the heterogeneous distribution of stream fishes (Wenger et al. 2011; Isaak et al. 2017a).
However, we do expect to see some level of intraspecific variability in the thermal regimes (and
niche) that species experience across their distributional range, and this variation results in
differences in phenology and growth trajectories that reflect adjustments, or adaptations to local

climatic conditions (Shuter and Post 1990; Shuter et al. 2012).

Recent work in the northwestern United States has characterized different elements of annual
thermal regimes in montane watersheds (Benjamin et al. 2016; Steel et al. 2016; Isaak et al.
2018). Here, 1 use full-year temperature data compiled from three montane watersheds in the
southern, central, and northern regions of the bull trout (Salvelinus confluentus) distributional
range to describe annual thermal regimes for this societally important salmonid. My aim was to
gain a broader understanding of thermal regimes that bull trout experience across their
distributional range and which elements might act as limiting factors. The watersheds selected
for this study span a broad latitudinal gradient (45° - 61° N) and the southern and northern
watersheds are at the respective range boundaries of this species. Bull trout is a cold-water

stenotherm that is patchily distributed across montane watersheds and uses headwater streams for
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spawning and rearing (Rieman and Mcintyre 1995; Isaak et al. 2017a). The distributional
patterns and demographics of bull trout populations have been shown to be driven largely by
cold summer stream temperatures (Isaak et al. 2015; Kovach et al. 2016) related to low thermal
tolerances described in laboratory experiments (Selong et al. 2001). However, these relationships
and patterns are based on August stream temperature, which is only one component of the annual
thermal regime, and it is well documented that annual thermal regimes are diverse across river
networks (Steel et al. 2016; Isaak et al. 2018). One element that has not been examined is
whether streams at higher latitudes, near the northern geographic range extent, are cold-limiting
for bull trout. Studies have shown two ways in which cold stream temperatures act to limit fish
survival. First, some streams do not provide enough thermal units throughout the growing season
for juveniles to attain sufficient size and lipid stores to survive throughout the winter (Finstad et
al. 2004b; Coleman and Fausch 2007b; Berg et al. 2009). Conversely, streams that do not freeze
completely during winter provide viable year-round fish habitat, but survival can be low in
streams that exhibit high environmental variability during winter (Cunjak et al. 1998). Despite
thermal tolerance limitations, stream-dwelling salmonids have evolved to capitalize on the
diversity of thermal landscapes to maximize growth and survival based on biological traits and
physiological capabilities (Coleman and Fausch 2007b; Sparks et al. 2017; Campbell et al.
2019). Therefore, by understanding annual thermal regimes, one can identify when and where
thermal thresholds may be crossed and translate to important population-level responses. The
annual thermal regime in watersheds that bull trout occupy have only been described in the
southern and central range and, in most instances, focus on summer thermal regimes. This limits

our ability to adequately understand the diversity of the thermal landscape that bull trout occupy
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both within and across watersheds and identify potential divergences from thermal regimes

already classified in watersheds where this species occurs (Isaak et al. 2018).

The thermal sensitivity of streams to changes in air temperature varies across spatial-temporal
scales and is driven by the contribution of perennial groundwater, seasonal precipitation, and
snowpack (Luce et al. 2014; Lisi et al. 2015; Bolduc and Lamoureux 2018). The former is
emerging as an important mechanism for maintaining stable water temperatures (Bolduc and
Lamoureux 2018) and provides spawning, incubation, and rearing habitat for temperate and
northern stream fishes (Isaak et al. 2015; Dunmall et al. 2016; Mochnacz et al. 2020). |
developed and tested three hypotheses. My first hypothesis was that bull trout would occupy a
narrow range of stable, cold-water thermal habitats that are most energetically profitable, and |
predicted that the thermal sensitivity of streams that bull trout occupy would be similar across
latitude. Niche conservatism is a relevant concept for cold-water stenotherms, such as bull trout,
as it implies that species conserve inherited biological traits over broad temporal and spatial
scales (Wiens and Graham 2005). Given that bull trout occupy very cold streams within and
across regions (Kovach et al. 2016; Parkinson et al. 2016; Isaak et al. 2017a), my second
hypothesis was that this cold-water adapted trait would be conserved across the distributional
range, and | predicted that mean summer and winter stream temperatures would not differ across
latitude. Although I expected that summer thermal regimes would be similar across the bull trout
range, | did not expect this pattern to hold during other seasons. At higher latitudes, the winter
season is longer and the growing season is shorter, and fish have adapted their phenology to
optimize growth during these respective periods (Shuter et al. 2012). Therefore, my third

hypothesis was that regional climatic differences associated with latitude would drive phenology,
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and | predicted that hatch timing and magnitude of accumulated thermal units during

developmental periods would differ among regions.

Methods

Study areas

The study area encompasses three montane watersheds situated in the southern (45° N, 124°
W), central (55° N, 124° W), and northern (61° N, 124° W) regions of the bull trout
distributional range, spanning a distance of approximately 2000 km (Fig. 3.1). All three
watersheds have topographically complex terrain but experience different climatic conditions.
The southern watershed (Idaho, United States) has cold, wet winters, and dry hot summers,
whereas the central (Alberta, Canada) and northern (Northwest Territories, Canada) watersheds
experience colder and longer winters, and shorter, hot, dry summers (Holland and Coen 1983;
Halliwell and Catto 2003; Isaak et al. 2018). Vegetation in all three watersheds is dominated by
mixed coniferous forests in higher elevation areas and shrubs, grasses, and willows in lower
elevation areas, but the overall density of vegetation is far less in the northern watershed than the
two others. The geology in the south consists of resistant granites and volcanics (Isaak et al.
2018), whereas the central and northern locations are composed of limestone, dolomite, shale
mantled by till, and sandy fluvioglacial drift (Holland and Coen 1983; Halliwell and Catto 2003).
Unpaved roads/trails are present in all three areas but are least extensive in the north. The
southern watershed has the most diverse fish assemblage with twelve species (Isaak et al.
2017Db), followed by the central with five species (M. Taylor per. comm.), and the northern with

four species (Babaluk et al. 2015).
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River networks and temperature data set
Streams within the study area were delineated using 1:100 000-scale National Hydrography

Datasets from both Canada (NHN: https://open.canada.ca/data/en/dataset/a4b190fe-e090-4e6d-

881e-b87956¢07977, last access: 15 January 2020) and the United States (Isaak et al. 2018) to

portray synthetic stream layers across each respective watershed using a GIS platform. In each
watershed, stream networks were filtered to exclude reaches with channel slopes > 15%, stream
orders greater than four, and contributing areas < 70 ha, because these smaller streams are
typically ephemeral. Self-sustaining bull trout populations occupy all of the watersheds, and all
life stages (i.e., eggs, juveniles, adults) are present in streams where temperature records were
selected for the analysis. Environmental characteristics of the three watersheds across the study
region are summarized in Table 3.1. Hourly temperature data were collected across all three
watersheds using Tidbit temperature sensors (Onset Computer Corporation, Pocasset,

Massachusetts, USA), which had measurement accuracies of 0.21 °C and resolutions of 0.02 °C.

The data set for analysis was obtained by filtering records from each area based on similar
stream size and stream gradient (Table 3.1). Since many of these rivers freeze during winter, I
only used records with monthly mean daily water temperatures that were not colder than -1.2 °C.
This threshold was based on both experimental and field data, which show that supercooling
temperatures in rivers range between -0.07 and -1.0 °C (Devik 1949; Nafziger et al. 2013) and,
since the accuracy of our temperature sensors was + 0.21 °C, | assumed that any values <-1.2 °C
were not from flowing waters. Sites from the northern watershed were selected first, as this was
the temperature network with the fewest full-year monitoring sites because most first, second,
and third order streams freeze completely during winter (N. Mochnacz unpublished data). The

stream temperature data set consisted of fifteen unique records taken from each region for a total
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of 45 sites (Fig. 3.1) and were from a subset of larger temperature data sets (Idaho, n = 226;
Alberta, n = 225; Northwest Territories, n = 35). Records from northern (NT) and southern (ID)
watersheds covered the period of August 1, 2013 to August 31, 2016 and the central (AB)
watershed was from July 1, 2016 to July 26, 2019. Missing daily stream temperature values were
imputed using the MDA package (Missing Values with Multivariate Data Analysis; Josse and
Husson 2012) in R (R Development Core Team 2018). The minimum threshold for record
completeness was 60% but average completeness of most records (n > 12) was > 80%. Similar to
what others have shown (Isaak et al. 2018), | found that the quality of imputed data based on
temporal covariation from nearby stream sites was good, as all of the correlations between daily
observed records and predictions from the imputation were high (r > 0.99). After imputation, the
complete data set consisted of 1127 mean daily temperature records across three years for each
watershed. The data set from the northern watershed included six records with only one year of
full data (30%) but, in order to maximize sample size, | decided to retain these sites and only use
observed values, not imputed values. Mean daily air temperature data were downloaded from
local monitoring stations within 100 km of sites in each watershed (Idaho: Cooperative Observer

Network, https://www.ncdc.noaa.gov/data-access, last access, 01 July 2020; Canada:

Environment Canada, https://climate.weather.gc.ca/historical data/search historic data e.html,

last access, 01 July 2020).

Bull trout thermal requirements

Bull trout is a cold-water stenotherm that occupies lakes and streams across western North
America (Haas and McPhail 1991). Adults spawn in late summer to early fall in streams with
cobble to boulder substrate, eggs incubate throughout the winter, and juveniles emerge in the

spring. Juveniles remain in their natal stream for 3-5 years and then move downstream into either
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larger rivers or lakes (Al-Chokhachy et al. 2010). The phenology of life history events varies
across the range because both climate and the length of development and growing seasons differ
across latitude — i.e., winter begins earlier and is longer in the north than it is in the south (Reist
et al. 2006; Shuter et al. 2012). Consequently, bull trout populations at higher latitudes spawn
earlier in the season (mid-late August; 15-30 days earlier) than those found in central and
southern areas (N.J. Mochnacz, unpublished data). Both laboratory and field studies show that
adults require stream temperatures ranging from 5 to 10 °C for spawning, and eggs incubate
across a narrow thermal niche approaching minimum thresholds (Gould 1987; Selong et al.
2001; Benjamin et al. 2016; Fig. 3.2). Juveniles and adults in the southern and central regions of
the range prefer to occupy streams with mean summer stream temperatures < 11 °C and,
although adults can survive in warmer water (> 16 °C), growth is typically poor at these
temperatures (Selong et al. 2001; Isaak et al. 2015; Parkinson et al. 2016). It is important to note
that this definition of the bull trout thermal niche does not include populations found north of 60°
latitude where their thermal ecology has not been well-described (Stewart et al. 2007; Mochnacz

et al. 2013).

Temperature is an important determinant of hatching and emergence phenology, and growth
in stream-dwelling salmonids, reflecting either local adjustments, or adaptations, to unique
thermal regimes that act to maximize individual fitness (Sparks et al. 2017; Austin et al. 2019;
Campbell et al. 2019). Once eggs are deposited in the gravel, the rate and magnitude of thermal
units that accumulate throughout the incubation and initial growth period determine when
hatching occurs and juveniles emerge — i.e., where the yolk sac is absorbed and juveniles can
swim on their own (Neuheimer and Taggart 2007; Fuiman and Werner 2009). Accumulated

thermal units (ATU) are often used to quantify how temperature influences developmental rates,
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and is quantified by calculating cumulative thermal units over time, where 1°C for 24 hr =1
thermal unit (Neuheimer and Taggart 2007). If juvenile salmonids do not experience sufficient
ATU between hatching and the onset of winter, fish may not attain sufficient size and lipid stores
to survive the winter (Coleman and Fausch 2007a, 2007b; Berg et al. 2009). Laboratory studies
on a southern bull trout population show that eggs require 500 ATU to hatch and juveniles
require 800 ATU to emerge (Gould 1987). Bebak et al. (2000) show that juvenile survival of
Arctic char (Salvelinus alpinus) is highest when fish experience an additional 800 ATU after
emergence. Together, these data suggest that bull trout require 1600 ATU from egg deposition to

the onset of winter to increase their chance of survival during this season.

Metrics and timing windows

Mean daily stream temperatures were calculated from hourly temperature records at each site
across all time periods. Four temperature metrics were then calculated to describe the thermal
regimes of streams from each region based on magnitude, variability, and timing (Table 3.2). We
chose to select a subset of thermal regime metrics used by others (Chu et al. 2010; Arismendi et
al. 2013; Isaak et al. 2018) so that we could focus on those related to key elements of bull trout

biology and thermal thresholds of key life stages (Fig. 3.2).

Thermal sensitivity, which is a method for quantifying a stream’s response to air temperature,
is an important thermal metric for understanding how streams will respond to climate warming
(Isaak et al. 2016; Bolduc and Lamoureux 2018). Streams with low thermal sensitivity have
more stable stream temperatures throughout the year and are affected minimally by changes in
air temperature (Kelleher et al. 2012). Additionally, the contribution of perennial groundwater is
an underlying mechanism driving low thermal sensitivity in streams, and habitat associated with

perennial groundwater is considered high quality spawning and rearing habitat for bull trout
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(Baxter and McPhail 1999; Baxter and Hauer 2000). To identify variations in water temperature
relative to changes in air temperature, we calculated the thermal sensitivity of all sites across
years in each watershed. The thermal sensitivity at a site was the slope of the linear regression
relationship between weekly water temperature (Tw) and weekly air temperature (Tw) using
records across a given year. | used weekly time steps because they typically provide more precise
thermal sensitivity relationships than daily time steps (Kelleher et al. 2012). Negative air
temperatures were not included in this calculation, since linear relationships below this threshold

poorly predict stream temperatures (Morrill et al. 2005).

Given that many stream temperature metrics associated with magnitude are correlated (Isaak
et al. 2018), August mean and winter mean temperature were used as magnitude metrics. The
former has been used to define the thermal niche that bull trout occupy in southern latitudes
(Dunham et al. 2003; Isaak et al. 2015; Isaak et al. 2017a) but has not been well reported at mid-
and high-latitudes across the range. Accounts of winter stream thermal regimes that bull trout
experience are sparse, but the winter season is considered by many as a survival bottleneck for
freshwater salmonids as it influences development and growth of eggs, timing of hatching and
juvenile emergence (i.e., free swimming fish), and survival of adults and juveniles (Cunjak et al.
1998; Shuter et al. 2012). During winter, early life stages of salmonids often experience high

mortality due to exhaustion of energy reserves (Finstad et al. 2004b).

Lastly, | looked at ATU, as this metric has been attributed to differences in growth of fish
across latitudinal gradients, hatching and juvenile emergence phenology, and growth throughout
the summer-early fall (Coleman and Fausch 2007a; Neuheimer and Taggart 2007; Neuheimer
and MacKenzie 2014). The latter can be particularly important for successful recruitment of

salmonids in cold-edge boundary habitats (Coleman and Fausch 2007b). ATU were analyzed
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across annual, incubation, and growing periods (Table 3.1), as all are biologically relevant
periods for growth across life stages (Fig. 3.2). The rate that ATU increase during the incubation
period is particularly important for development and survival of embryos and emergence
phenology of juveniles (Finstad et al. 2004b; Shellberg et al. 2010; Shuter et al. 2012). The
incubation period began at the mid-point of the spawning season and extended until 50% of eggs
had hatched. Calculations for analyses during this period started on different dates (NT: August
15; AB: September 01; ID: September 15) to reflect latitudinal differences in the median
spawning date across these watersheds. These dates were selected based on known spawning
dates published in the literature and unpublished data for central and northern sites (N.
Mochnacz and M. Taylor, unpublished data; Baxter and McPhail 1999; Guzevich and Thurow
2017). Because egg hatching dates were not known for these populations, | used a reciprocal
hatch timing model developed by Sparks et al. (2019) for Oncorhynchus spp. in Alaska. This
model is a modification of the existing model developed by Beacham and Murray (1990) and is

known as the Effective Value model and expressed as:

1

E; = D

exp[loge a—loge (T; =b)]

where E is an effective value (range of 0-1) describing the relative daily contribution to
development; log, a = 6.727and b = - 2.394 are model coefficients based on thermal
relationships and hatch timing for Pacific salmon, Oncorhynchus spp. (Beacham and Murray
1990; Austin et al. 2019); and T is the daily mean water temperature on each day of incubation.
Pacific salmon coefficients were used because this model fit our data better than the only
existing bull trout model (Austin et al. 2019). The Pacific salmon model was validated in a

northern Alaskan watershed (Sparks et al. 2017) where thermal regimes were more similar to
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streams from this study. This explains why this model fit our data better than the current bull
trout model, which was developed using data from populations in southern British Columbia
where thermal regimes were warmer throughout the incubation and hatch period (Austin et al.
2019). Since fish eggs accumulate E over the course of the incubation period, the model predicts
that 50% will hatch when the sum of E = 1. The model developed by Beacham and Murray
(1990) requires an estimate of mean water temperature during incubation but, when this is
unknown, the Sparks et al. (2019) model allows one to predict hatch timing by using daily mean
temperature and each day’s respective contribution towards development. The growing period
went from the estimated egg hatch date for each respective watershed through to the fall period
when stream temperatures were < 1.5°C for 7 consecutive days. The latter criterion was used to
define the onset of winter: November 01 in the south and October 15 in the central and northern
watersheds. These timing windows were not chosen to predict exactly when timing of key events
happen, but rather to compare differences in the estimated hatch dates and magnitude of thermal

units across developmental periods and among regions.

Data analyses

Since presence-absence data for juvenile bull trout (< 150 mm fork length) were available
from all three areas, we combined these data with modelled mean August stream temperatures to
compare and describe the thermal niche occupied by bull trout across all three regions. In each
watershed, sampling sites were assigned across streams using a random-stratified sampling
design and encompassed a broad environmental gradient. This design was implemented to refine
understanding of how landscape and abiotic (e.g., temperature) factors influence juvenile

distribution in each respective watershed. Sites were electrofished in an upstream fashion using
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temporal or spatial (3-pass removal) replication and the presence of juvenile bull trout was

documented at each site.

Temperature sensors were deployed in all three watersheds and used to model mean August
stream temperatures using a spatial statistical stream network model (Ver Hoef and Peterson
2010). Temperatures previously derived using this model for the southern site were used for this
analysis (Isaak et al. 2017b). In each model, site and year were specified as random effects to
account for repeated measures within and across years, mean August air temperature and stream
elevation were specified as fixed effects, and an autocorrelation structure accounting for spatial
dependency among sites was also specified as a random effect. The latter included exponential
Euclidean (EUC) and exponential tail-down (TD) covariance functions, as well as an exponential
tail-up (TU) function with a spatial weighting scheme based on watershed area (Ver Hoef and
Peterson 2010). Different combinations of these spatial-autocorrelation structures (TU, TD,
EUC) were used to select the best fitting model from each area. In instances where stream
temperatures were collected across years, the average of the mean August air temperatures were
used for models. Models were specified this way to integrate both temporal and spatial variation
in air temperature across years and regions, respectively. A more complex set of fixed effects
were used for the model from the south (e.g., discharge, riparian canopy, base flow index) as
these covariates improved model fit (Isaak et al. 2017b), but these data were not readily available
for the central and northern sites. Despite this, the root mean squared predictive error (RMSE)
was similar for all models (ID = 1.0°C, AB = 1.1°C, NT = 1.1°C). Models from the three regions
were built using stream temperature data spanning different but overlapping periods (ID: 1993-
2016; AB: 2015-2017; NT: 2012-2016). To account for potential differences in model results

caused by spatial-temporal variation in air temperatures, the average August mean air
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temperature was calculated for each respective period when data was used to build models.
These values were then included as a covariate in the model comparing mean August stream

temperature across regions (see details below).

A combination of generalized linear (binomial) and linear mixed models were used to test for
differences in thermal regime metrics among regions. These models can handle unbalanced data,
which allowed for inclusion of all sites from the north, as this data set had six fewer sites with
full year data than the other regions. Additionally, because data were not collected across the
same period in the central region (2016-2019) as the southern/northern regions (2013-2016), |
included year as a fixed effect in all models to account for potential differences across years. For
models examining winter stream temperature, thermal sensitivity, egg hatch date, and
accumulated thermal units, site was specified as a random intercept to account for repeated
measures across years. The assumptions of models were tested following the methods of Zuur
and Leno (2016). Tukey pairwise post-hoc multiple comparisons tests were used for among-
region comparisons when location was found to be an influential fixed effect. For linear mixed
models, marginal (R?m) and conditional (R%c) coefficients of determinations were used to
determine the proportion of variance explained by only fixed factors and fixed and random
factors, respectively. All analyses and figures were completed in R (R Development Core Team
2018) and significance was assessed at the 0.05 level. Analyses were performed using the
following R packages: Tukey tests with Ismeans (Lenth 2016), LMM with nlme (Pinheiro et al.

2016), and R?m and R%c with MuMIn (MuMIn 2016).

Juvenile distributional data collected across all three watersheds (ID, n = 180; AB, n = 185;
NT, n = 415) was combined with modelled mean August stream temperature data to portray the

availability of thermal habitat in each respective area and the thermal niche occupied by
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juveniles using presence-absence data. These data were analysed as a two-step process. First,
among-region differences in mean August stream temperature (dependent variable), at sites
occupied by bull trout, were examined using a linear model with location (as factor), elevation,
and mean August air temperature included as fixed effects, and site as a random effect. Second, a
generalized linear model was used to define the realized thermal niche that juvenile bull trout
occupy in each region. For this model, juvenile presence-absence data (dependent variable) was
regressed against mean August stream temperature. This model was fit with both linear and
quadratic terms for mean August stream temperature because both of these relationships have
been shown to explain variation in occupancy of stream-dwelling salmonids elsewhere (Isaak et
al. 2017a). Thermal response curves were plotted as the probability of occupancy versus mean
August stream temperatures across the range of values from the data set. Modelled thermal
response curves for each region were plotted together to visualize the degree of similarity in the
realized thermal niche among populations. Because prevalence differed across each region and
resulted in differences in peak probability of thermal response curves (i.e., height of response
curves), probabilities were rescaled to the maximum value observed (0.80) for comparison. Since
most streams freeze completely to the bottom during the winter in the northern watershed, full
year water temperature records are sparse. Consequently, small sample sizes for other metrics
(e.g., winter, ATU) precluded integration with distributional data and modelling, as described

above in step two (generalized linear model).

Winter mean temperature, thermal sensitivity index, estimated egg hatch date, and ATU were
quantified using linear mixed models with location (i.e., region — as factor), elevation, their
interaction (location * elevation) and year (factor) included as fixed effects. Seasonal differences

in ATU were compared among regions across incubation, growing, and annual periods. Model
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selection for both generalized and linear mixed models were performed using backwards
stepwise regression with marginal F tests. No data transformations were performed for linear
mixed model analyses but, for the generalized linear model, continuous variables were

standardized to a mean of zero and a standard deviation of one.

Results

Variability

A comparison of daily mean air temperatures to daily mean water temperatures showed that
streams from all three regions exhibited low thermal reactivity to variation in air temperatures
(Fig. 3.3). This is especially apparent during the summer months where hysteresis cycles were
flatter, resulting in inhibited reactivity and a dampened response of stream temperature to
extreme air temperature fluctuations — i.e., lower thermal sensitivity (Fig. 3.3). Results of our
linear mixed model showed that the mean (£SD) thermal sensitivity index was low for all three
areas (ID: 0.43 £ 0.06; AB: 0.35 £ 0.09; NT: 0.35 £ 0.12) but differed between southern and
central-northern regions (Location: F242=4.03, p = 0.02; Tukey test: ID-AB, Z = 0.08, p
<0.0001; Tukey test: ID-NT, Z = 0.09, p <0.0001; Tukey test: AB-NT, Z = 0.005, p =0.955;
Fig. 3.4) and varied across years (Year: Fg 120 = 8.03, p <0.0001). An interaction between
location and elevation was removed from the model because it was not significant (F239=1.10, p
= 0.34). The fixed effects accounted for 20% of the variation in thermal sensitivity, whereas the

random effect of site accounted for 65%.

Magnitude
The breadth of the available August stream temperature niche differed across locations and

was widest in the north (1.2 — 10.6°C) and narrower in both the central (3.5 — 11.6°C) and south
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(7.9 — 14.1°C). The available August thermal niche was much warmer in the south than both the
central and north (Fig. 3.5A). As expected, the thermal niche that bull trout occupied transitioned
from warmest to coldest following a south to north latitudinal gradient (Fig. 3.5A).
Consequently, August stream temperatures in streams occupied by bull trout (mean +SE)
differed among regions with the southern being the warmest (9.6 + 0.11) followed by central (7.5
+ 0.18), and northern (6.2 £ 0.10) watersheds (Location: F2233=203.1, p < 0.0001; Tukey test:
ID_AB, Z =254, p <0.0001; Tukey test: ID-NT, Z = 3.39, p <0.0001; Tukey test: AB-NT, Z =
0.85, p <0.0001; Fig. 3.5A). Both elevation and year had a significant effect on August stream
temperature (Elevation: F1233=9.08, p =0.002; Year: Fz233=13.0, p = 0.0003). The fixed
effects in the model accounted for 65% of the variation in mean August stream temperature and
the random effect of site accounted for 25%. Variation in juvenile occupancy was best described
by a quadratic relationship with mean August temperature across northern and central regions
and a negative linear relationship in the southern region (Table 3.4). The linear effect observed in
the southern watershed is likely due to sampling bias, where management organizations focus
more on sampling streams that are closer to this species upper thermal threshold (11.0°C) (Isaak
et al. 2017a). Both the linear and quadratic curves for the southern region were presented in order
to consistently compare response curves across regions. Results show that the realized thermal
niches of these populations overlap, but the northern population occupies a colder and narrower

thermal niche than both the central and southern populations (Figs. 3.5B,C).

Mean winter stream temperature (mean £SE) differed among regions with temperatures in the
south (0.71 £ 0.10) being warmer than both the central (0.20 + 0.14) and north (0.07 £ 0.19)
(Location: F2,41=16.8, p <0.0001), although the magnitude of differences were relatively small

(Tukey test: ID_AB, Z =0.52, p <0.001; Tukey test: NT-ID, Z = - 0.64, p <0.001; Fig. 3.6). A
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somewhat unexpected result was that there was no difference in mean winter stream temperature
between the central and northern sites (Tukey test: Z = - 0.12, p =0.24). Elevation did not
influence mean winter stream temperatures, but there was a significant year effect (Elevation:
F141=0.69, p = 0.41; Year: Feo7=4.24, p = 0.0008). The fixed effects in the model accounted
for 41% of the variation in mean winter stream temperatures and the random effect of site

accounted for 47%.

Timing and magnitude

Estimated number of days to hatch (mean +SD) differed among regions with days to hatch in
the south (189 +15.9) being fewer than the north (243 +1.2) and central (262 £7.4) watersheds
(Location: Fo41=41.8, p =0.0003; Table 3.5). Interestingly, the length of time to hatch was
longest in the central region and did not differ from the northern region (Tukey test: NT-AB, Z =
-0.19, p =0.01; NT-ID, Z =53.6, p = 0.13; ID-AB, Z =-73.0, p = 0.0002). However, this was not
an unexpected result because the winter thermal regime was coldest in the central location, and

the Sparks et al. (2019) model uses daily thermal degree units to predict hatch dates (Fig. 3.7).

ATU differed among regions across all developmental periods (Table 3.5). In the south, ATU
were at least double that of the central location and 1.5 to 1.8 times greater than the northern
location. However, differences in mean ATU between central and northern locations were much
smaller (Table 3.5). Time series plots of ATU are illustrated in Figure 3.7 for southern, central,
and northern regions. These data show that in all years, ATU from all sites show an immediate
increase during the initial part of the incubation period just after spawning, followed by a plateau
during the winter months, an increase during the early spring, and then a more pronounced
increase throughout the growing period. During the growing period, the northern and central

locations showed a slower rate of increase in ATU than the southern location.
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Results of linear mixed models for the incubation, growing, and annual development periods
support the patterns shown in Figure 3.7, as ATU differed between southern and central-northern
locations during all periods (incubation: Location: F2 41 = 24.5, p < 0.001; growing: Location:
F2.41=120.0, p < 0.0001; annual: Location: F241 = 120.0, p < 0.0001), but intercepts did not
differ between the central and northern locations (incubation: Tukey: T41=-0.12, p = 0.97,
growing: Tukey, NT-AB: T41 =53, p = 0.44; annual: Tukey, NT-AB: T41=99.8, p = 0.12). Year
had a significant influence on ATU across all three periods, but the effect of elevation was
significant only during the growing and annual periods (incubation: Elevation: F141=1.8, p =
0.19, Year: Fags = 15.1, p < 0.0001; growing: Elevation: F141=6.89, p = 0.01, Year: F372=45.3,
p < 0.0001; annual: Elevation: F141=7.21, p=0.01, Year: F372=46.0, p<0.0001). The
interaction between location and elevation was removed from all models as it was not significant
in any. The random effect of repeated measures across sites accounted for 37%, 10%, and 11%
of the variation in ATU during the incubation, growing, and annual periods, respectively, while

the fixed effects accounted for 50%, 82%, and 83%, respectively.

Discussion

As predicted, all the streams across these watersheds respond similarly to fluctuations in air
temperature due to their low thermal sensitivity. This is a key abiotic feature of these streams,
and similar to what others report (Luce et al. 2014; Isaak et al. 2016). However, in the north,
only streams with moderate thermal sensitivity do not completely freeze to the bottom during the
winter, and represents a divergence from thermal regimes described in the south (Isaak et al.
2018). Results also provide evidence of niche similarity across a broad latitudinal gradient for
both the summer and winter thermal niches. Despite this similarity, in the south, some streams

are near the upper non-lethal thermal limit for bull trout (Selong et al. 2001; Isaak et al. 2017a),
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whereas in the north many streams appear to be at the cold-edge boundary of thermally suitable
habitat. Together, my findings demonstrate that the distribution of juveniles at higher latitudes is
driven by cold-limiting streams in both the summer and winter (i.e., do not freeze). This result is
opposite to what others report for bull trout at the southern range extent, where distributional
patterns and population demographics are governed by warm-limiting streams during the open
water season (Isaak et al. 2015; Benjamin et al. 2016; Kovach et al. 2016). The assertion that
some high latitude streams are too cold to sustain juvenile bull trout populations is supported by
what others report for cold-water salmonids. For example, Coleman and Fausch (2007b) found
that survival and recruitment of juvenile cutthroat trout Oncorhynchus clarkii was low in streams
accumulating <700 thermal units (°C) throughout the growing season (Coleman and Fausch
2007b). My results show that all streams in the south accumulate enough thermal units to surpass
this threshold, but some streams in the central and northern watersheds do not, and | propose two
plausible mechanisms. First, populations at higher latitudes have adapted to maximize growth
and fitness at temperatures which they experience most often in their local native environment
(i.e., thermal adaptation hypothesis; Lonsdale and Levington 1985; Kaspari et al. 2015). This
implies that individuals from high latitudes possess reaction norms for optimal growth at lower
temperatures than those from more southerly latitudes. Alternatively, populations at higher
latitudes possess a compensatory growth mechanism where individuals grow more efficiently
during shorter growing seasons than those at lower latitudes. The second proposed mechanism is
suggestive of countergradient variation (Conover and Schultz 1995), and has been reported in
chars occurring at higher latitudes (e.g., Arctic char; Chavarie et al. 2010; Sinnatamby et al.
2015). Although thermal resilience will buffer the effects of climate warming across all these

streams, some populations at southern range limits will succumb to the reality of dwindling cold-
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water habitat and, as shown by Eby et al. (2014), either disperse or be extirpated. Conversely, as
streams warm in the north, the availability of thermally suitable habitat may increase and provide

more productive habitat for these populations.

Thermal Sensitivity

Thermal sensitivity differed across watersheds, but the magnitude of these differences were
small (0.08) in the context of air-water temperature hysteresis cycles (Piccolroaz et al. 2016).
Although this was contrary to my prediction, on average, thermal sensitivity of these streams was
low (<0.40) and all are classified as thermally resilient, meaning that air temperature has minimal
influence on stream temperatures and all these streams will warm at approximately the same rate
(Kelleher et al. 2012; Piccolroaz et al. 2016). This is an important element of stability in the
thermal regime for cold-water stenotherms, such as bull trout, because streams with these
properties are projected to buffer effects of climate warming (Lisi et al. 2015). Slightly higher
mean thermal sensitivity values for streams in the southern watershed versus mid- to high-
latitude watersheds could be related to the characteristics of these streams (i.e., elevation, sun
angle, riparian canopy) and the prominent mechanism responsible for mediating effects of air
temperature. Very stable water temperatures observed throughout the winter in the central and
northern watersheds produce flatter air-water temperature hysteresis cycles that are consistent
with systems where perennial groundwater is the prevalent underlying mechanism (Kelleher et
al. 2012). Conversely, the streams in the south exhibit slightly broader and higher air-water
temperature hysteresis cycles that are reflective of systems where thermal sensitivity is driven by
snow-melt contribution (Kelleher et al. 2012; Lisi et al. 2015). Although it is not possible to
precisely define the mechanisms responsible for the patterns I report, a first order understanding

of the most likely mechanisms will be useful for predicting how climate change may affect these
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systems differently. For example, Lisi et al. (2015) show that as climate warms, the
heterogeneity pattern of thermal sensitivity in high elevation snow-melt stream systems may be
lost, resulting in more uniform warming across all streams. Overall, my results are consistent
with thermal sensitivity characteristics for montane streams that bull trout occupy across the
northwestern United States (Isaak et al. 2016) and perennial groundwater streams in northern

Canada (Bolduc and Lamoureux 2018).

Mean August and winter stream temperatures

Results show that the summer thermal niche juvenile bull trout occupy across a broad
latitudinal gradient is narrow and clearly reflective of a cold-water stenotherm. Although there
were statistical differences in mean August stream temperatures following a south to north
gradient, the magnitude of differences between watersheds across southern-northern range
boundaries are relatively small (difference = 3.4°C). The degree of overlap in the thermal niches
that these populations occupy, across such a wide a latitudinal gradient, provides preliminary
support of niche similarity (Warren et al. 2008). Subsequent tests of niche conservatism would
benefit from broader and more comprehensive data sets, preferably with replication across
multiple watersheds from each region (Peterson 2011b), and common garden experiments to
examine physiological responses to temperature across these three populations (e.g., Eucalyptus
spp.; Drake et al. 2017). Despite this, results expand the current definition of summer thermal
limits for juvenile bull trout corresponding to northern and southern range boundaries. The upper
limit of the August thermal niche that juveniles occupy in the south is 11.5°C and is consistent
with what others have reported in both laboratory and field studies (Selong et al. 2001; Benjamin
et al. 2016; Isaak et al. 2017a). This finding further reinforces that populations in watersheds

near the southern distributional range extent occupy streams near their upper thermal limits and
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are at the species’ warm-edge range boundary. For these populations, if streams warm beyond
acceptable thermal limits, individuals will need to disperse upstream to colder, higher elevation
streams or adapt to warmer thermal regimes. In the Bitteroot Basin in Montana, both Eby et al.
(2014) and LeMoine et al. (2020) report range contraction of bull trout through abandonment of
previously occupied sites, suggesting either dispersal or extirpation as possible mechanisms. In
most instances, fish will probably move from warmer downstream habitat upstream to colder
habitats at higher elevations; however, in some systems, these habitats may be at their carrying
capacity or occupied by competitors (e.g., brook trout Salvelinus fontinalis). On the other end of
the August thermal niche spectrum, juveniles in the north occupy the cold-edge boundary where
fish are found in streams as cold as 4.3°C during August, despite having access to much warmer
streams. The population in the central watershed occupies a slightly warmer August thermal
niche but are still found in some very cold streams (i.e., 4.9°C). At the northern range extent, the
fact that juveniles occupy a subset of warmer streams within the available summer thermal niche

suggest that some streams may be too cold to sustain populations.

In the winter, thermal regimes were similar at mid- to high-latitudes but slightly warmer in the
south. Since streams from central and northern regions exhibit similar thermal sensitivity and
experience similar local climatic conditions during the winter, it is not surprising that these two
areas exhibit similar stream temperature regimes during the winter. Conversely, air temperature
profiles show that streams in the south experience warmer air temperatures throughout the winter
and likely explain why streams in this area are warmer than mid- to high-latitude streams. The
differences observed in mean winter temperatures between southern and northern watersheds
were relatively small (0.64°C), but streams from all three regions showed high thermal stability

during this period. This is an important feature of the thermal regimes of these streams, as winter
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is considered a survival bottleneck for stream-dwelling salmonids (Cunjak 1988, Finstad et al.
2004b; Coleman and Fausch 2007a), and instability of environmental regimes during winter has
been shown to negatively affect their survival (Cunjak et al. 1988). Despite differences in mean
winter temperatures, juvenile bull trout do successfully overwinter in these streams and perhaps,
as seen in related species (Finstad et al. 2004a), central and northern populations have adapted to
grow more efficiently at lower winter temperatures. A more detailed understanding of whether
this mechanism exists in bull trout will aid in understanding how populations may respond to

changes in winter thermal regimes as local climatic conditions change.

Hatch phenology

As predicted, results show differences in estimated hatch dates associated with latitude. The
mean time for eggs to hatch was much earlier in the south (March 22) than it was in the northern
(April 14) or central (May 20) watersheds. Although I compared hatch dates across latitude,
temperature can also influence the length of time to hatch. A closer look at the mean thermal
regime during the incubation period shows that ATU in the central watershed were consistently
the lowest of all three areas and indicates that the winter thermal regime is coldest in this area.
Variability in hatch timing across streams with different thermal regimes was also reported by
Austin et al. (2019) for bull trout in Washington State and Sparks et al. (2019) for sockeye
salmon (Oncorhynchus nerka) in Alaska. However, my results are contrary to those of Campbell
et al. (2019), who reported high synchrony in hatch dates for coho salmon (O. kisutch) across
streams with vastly different thermal regimes. This discrepancy could be related to an indirect
interaction (i.e., not statistical) between latitude and winter thermal regime that are present in my
results, but not considered by Campbell et al. (2019). Asynchronous hatch dates for these

populations could represent different strategies that reflect local adaptations to these watersheds
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and their respective winter thermal regimes (Shuter et al. 2012). Validation of hatch date
estimates using otoliths would refine our understanding of hatch phenology for populations from

these watersheds (Fuiman and Werner 2009; Campbell et al. 2019).

Accumulated thermal units

As predicted, I did observe differences in ATU across latitude, highlighting possible
differences in growth potential among these populations. During the growing period, both the
rate and magnitude of ATU was greater in the southern watershed than the central-northern
watersheds. These differences are a result of variation in thermal regimes across these respective
watersheds, where the thermal regime in the south is warmer than the thermal regimes in the
central and northern locations. Differences appear to be driven by local climatic conditions, as air
temperatures remain above freezing from September through to November in the south but start
to approach, or fall slightly below, 0°C in late September to early-October in the central and
northern watersheds. This difference translates into fewer thermal units being available for fish
in the central and northern locations before the onset of winter and highlights a potential
recruitment bottleneck associated with cold-limiting streams for central and northern
populations. For example, Coleman and Fausch (2007b) show that cutthroat trout will not grow
large enough to survive the winter unless they occupy streams with at least 800 thermal units
from egg deposition to the onset of winter. If I apply a similar threshold to the populations from
my study, it is clear that all streams in the southern watershed will exceed this threshold but not
all from the central and northern systems. Although this is somewhat speculative, due to
potential differences in juvenile growth rates between the populations examined by Coleman and
Fausch (2007a) and bull trout from our study, it does present an interesting hypothesis. This

logic suggests that the distribution of juvenile bull trout at the northern range extent, or in
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watersheds with very cold thermal regimes (e.g., central site), may be limited by streams that are
too cold. Follow-on analyses examining survival and condition of juvenile bull trout across

streams with varying thermal regimes in the north would shed light on this hypothesis.

An alternate hypothesis to explain how fish cope with differences in thermal units across
latitude is that juveniles from mid- to high-latitude watersheds have a compensatory mechanism
to grow more efficiently during short growing seasons (i.e., countergradient variation; Conover
and Schultz 1995). All of the streams in the northern watershed where | describe thermal regimes
have abundant, self-sustaining juvenile bull trout populations (Chapter 2), yet several of these
streams accumulate very few thermal units throughout the growing season (i.e., < 800).
However, | would not expect juveniles to occupy these streams if they could not survive under
these growing conditions; therefore, these populations have probably adjusted to successfully
occupy these colder streams. It follows that differences in ATU between southern and central-
northern watersheds may reflect local adaptations, which allow central and northern populations
to perform more efficiently at lower temperatures. Such adaptations to colder winter thermal
regimes have been observed in other salmonids (Finstad et al. 2004a). Furthermore, the
acclimation time to readjust efficiency of physiological energy pathways is reduced as a species’
fundamental thermal niche gets closer to ambient temperature (P6rtner 2006). Similar
compensatory growth has been reported in Arctic char (Chavarie et al. 2010; Sinnatamby et al.

2015) and warrants further investigation in bull trout.

Conclusion
A broader examination of full-year thermal regimes has revealed three key findings. First, all
streams that bull trout occupy across these three regions have very similar thermal sensitivity,

making them resilient to effects of fluctuating air temperatures. Second, there was evidence of
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niche similarity based on substantial overlap in the summer thermal niche that populations
occupy across a wide latitudinal gradient. Third, at higher latitudes, thermal sensitivity
moderates the effect of cold-limiting streams during both the open water and winter season, and
is an important element of the thermal regime in these areas. These are important findings for
bull trout conservation, as it is clear that this species occupies a very cold, and narrow thermal
niche but, divergent elements appear to limit populations at southern and northern range extents
(i.e., warm vs cold-limiting streams). However, as air temperatures continue to rise, managers
will need to monitor and maintain the properties (e.g., groundwater, riparian zones) of these
cold-water refugia to ensure long-term survival of core populations (Isaak et al. 2016). Future
work on populations found at higher latitudes should examine adaptive mechanisms (i.e.,
phenotypic plasticity, adaptive potential) that allow these populations to be successful in colder
streams. Better knowledge of the adaptive potential of these populations will improve
understanding of how populations may respond to altered thermal regimes as climate warms
(Somero 2010). This study is an initial step in broadening understanding of thermal regimes that
bull trout populations experience across a wide latitudinal gradient. | hope my results will
motivate others to expand stream temperature monitoring networks and build on what I have
done across additional watersheds in the central and northern regions. Doing so will determine if
the patterns | report are a local watershed effect in central and northern regions or are reflective

of a broader classification of thermal regimes for montane watersheds across the bull trout range.
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Tables

Table 3.1. Descriptive statistics of site characteristics for the stream temperature records taken from
watersheds in the southern, central, and northern regions. Fifteen unique records were taken from

each respective area.

Northwest Territories, CAN (north) Mean Median Standard deviation Range
61° N, 124° W

Elevation (m) 1094.0 1087.0 101.0 935-1273
Stream gradient (%) 0.04 0.04 0.01 0.02 - 0.06
Contributing area (ha) 1066.9 1083.7 655.6 375 - 4181
Air temperature (°C) -1.1 2.1 15.7 -39.1-23.8
Alberta, CAN (central) Mean Median Standard deviation Range
55° N, 124° W

Elevation (m) 2063.0 2070.0 84.3 1904 - 2241
Stream gradient (m/m) 0.04 0.03 0.01 0.02 - 0.06
Contributing area (ha) 1455.0 1139.0 983.0 328 - 4109
Air temperature (°C) 2.5 3.2 10.6 -28.4-21.8
Idaho, USA (south) Mean Median Standard deviation Range
45° N, 124° W

Elevation (m) 1817.0 1863.0 300.0 1291-2305
Stream gradient (m/m) 0.06 0.06 0.03 0.02-0.11
Contributing area (ha) 1327.0 1066.0 991.6 411 - 3973
Air temperature (°C) 9.2 9.5 9.5 -16.9 - 29.3
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Table 3.2. Metrics used to compare different elements of thermal regimes across montane river networks in Idaho, Alberta, and
the Northwest Territories.

Category  Metric Definition

Magnitude Mean winter temperature Average of mean daily temperatures during the months of December, January, and February
Mean August temperature Average of mean daily temperatures during the month of August
Annual thermal units Cumulative total of thermal units during the course of a year (1°C for 24 hours = 1 thermal unit)

Slope from mean weekly water temperatures (Tw ) divided by mean weekly air temperatures

Variabili Thermal sensitivi
fty 1ty (Ta) across a calender year.

. - A
Timing Incubation season thermal units Cumulative total of thermal units from spawning until the estimated date when 50% of eggs hatch

Cumulative total of thermal units from the estimated egg hatching date to the onset of winter in

Growing season thermal units® .
each respective watershed.

A. Cumulative thermal unit calculations started and ended on different dates to coincide with spawning timing windows (September 14, September 01, August 15) and
estimated egg hatching dates (March 22, May 20, April 14) associated with southern, central, and northern watersheds, respectively.

B. The start of the growing period coincided with the estimated egg hatching date (March 22, May 20, April 14) and the end of the growing season was defined by the
date when water temperatures were < 2°C on two consecutive days (November 01, October 15). These dates correspond to southemn, central, and northern watersheds,
respectively. Note that the end date was the same for the central and northern watersheds.
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Table 3.3. Timing windows considered in this study. Spawning windows were estimated based on those
reported in the literature. The incubation window was designated as the midpoint of the spawning window
reported in the literature until approximately May 31 of the next calendar year. The end date of the
incubation period was based on the best approximation of when sufficient thermal units would be
accumulated using estimates reported in Gould et al (1987) and emergence time from the literature.

Category Time window Date range

Seasonal Full-year Septebmer 15 - September 15
Summer July 01 - August 31
Winter December 01 - February 28

Biological Spawning August 15 - October 15
Growing season”™ June 01 - November 01
Incubation® September 15 - May 31

A. These are general start-end dates for the growing period. For calculations, the start of the growing period
coincided with the estimated egg hatching date (March 22, May 20, April 14) and the end of the growing season was
defined by the date when water temperatures were < 2°C on seven consecutive days (November 01, October 15).
These dates correspond to southern, central, and northern watersheds, respectively. Note that the end date was the
same for the central and northern watersheds.

B. Calculations for analyses during this period started and ended on different dates to coincide with spawning
timing windows (September 14, September 01, August 15) and estimated egg hatching dates (March 22, May 20,
April 14) associated with southern, central, and northern watersheds, respectively.

128



Table 3.4. Parameter estimates (+ SE) and p-values of the top
models fit to the data and used to model thermal response
curves for each region across the study area.

Parameter by SE p-value
Northwest Territories (NT)

Intercept -0.70 0.16 < 0.0001
Aug_Temp -1.38 0.44 0.002
Aug_Temp® -2.31 049  <0.0001
Alberta (AB)

Intercept 0.64 0.23 < 0.0001
Aug_Temp 1.49 0.30 < 0.0001
Aug Temp® -1.44 030  <0.0001
Idaho (ID) - Model 1: linear

Intercept 2.54 050  <0.0001
Aug_Temp -2.08 0.37 <0.0001
Idaho (ID) - Model 2: quadratic

Intercept 1.13 1.09 0.301
Aug_Temp 0.46 1.86 0.804
Aug_Temp® -1.00 0.75 0.179

Abbreviations: Aug_Temp, August mean temperatrure (°C); by, is the
parameter estimate; Elev, elevation (m). Quadratic terms are displayed

with "2" as superscript.
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Table 3.5. Descriptive statistics for accumulated thermal units (ATU) across different growing seasons used to compare thermal
variability among watersheds in Idaho (ID), Alberta (AB), and the Northwest Territories (NT). Accumulated thermal unit
statistics were calculated for the period of 2013 -2016 for the Northwest Territories and Idaho and 2016-2019 for Alberta. The
mean of median hatch dates across years are shown for reference and to define the end of the incubation season in each

respective area.

Accumulated thermal units

No. days to hatch

Mean  Median SD  Minimum Maximum Mean SD Date
9 ) C) G 9 (CC) (6 (M-D)
Annual ATU
NT 918 950 186 547 1341 - -
AB 819 805 142 547 1139 - -
ID 1611 1603 272 1162 2330 - -
Incubation season ATU
NT 268 259 69.6 144 449 243 1.2 4-14
AB 206 188 76.9 86.2 353 262 74 5-20
ID 381 389 96.7 143 585 189 159  3-22
Growing season ATU
NT 651 640 152 378 936 - -
AB 597 592 112 321 787 - -
ID 1230 1256 242 807 1745 - -
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Figures

Figure 3.1. Locations of the three watersheds from Idaho (ID - red), Alberta (AB-orange), and
Northwest Territories (NT-blue) where stream temperature records (n =15/site) were used for
this study. The black line depicts the approximate bull trout distribution.
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Figure 3.2. Thermal tolerance corresponding to the time of year for different life stages of bull
trout. These are approximate temperature ranges based on values reported in the literature
(Selong et al. 2001; Isaak et al. 2015; Austin et al. 2019).
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Figure 3.3. Time series of mean daily air (blue line) and stream (pink line) temperatures from
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Figure 3.4. Comparison of the thermal sensitivity index across sites in Idaho (ID), Alberta (AB),

and the Northwest Territories (NT). For each boxplot, the thick horizontal line represents the

median and values within the box represent the interquartile range. Whiskers below and above

the boxes represent the 10th and 90th percentiles and observations falling outside these
percentiles are shown as points.
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Figure 3.5. Comparison of mean August stream temperature at occupied and unoccupied sites
(A), observed across occupied sites (B), and modelled thermal response curves (C) in Idaho (ID),
Alberta (AB), and the Northwest Territories (NT). Available mean August stream temperatures
are from all sites surveyed and occupied temperatures are only from sites where juvenile bull
trout were captured. For each boxplot, the thick horizontal line represents the median and values
within the box represent the interquartile range. Whiskers below and above the boxes represent
the 10th and 90th percentiles and observations falling outside these percentiles are shown as
points. Lower case letters denote significant differences in each metric across locations. The
black dotted line in figure C is the linear thermal response curve for Idaho. Variation in juvenile
occupancy was best described by a quadratic relationship with mean August stream temperature
across northern and central regions and a negative linear relationship in the southern region (1D).
Therefore, both linear and quadratic curves are shown for Idaho to consistently compare
response curves across regions.
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Figure 3.6. Comparison of mean winter stream temperature in Idaho (ID), Alberta (AB), and the
Northwest Territories (NT). Temperatures are from sites where juvenile bull occur during the
winter in each respective area. For each boxplot, the thick horizontal line represents the median
and values within the box represent the interquartile range. Whiskers below and above the boxes
represent the 10th and 90th percentiles and observations falling outside these percentiles are
shown as points. Lower case letters denote significant differences in each metric across
locations.
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Figure 3.7. Annual time series of accumulated thermal units (°C-day) for all stream temperature
records from Idaho (ID - blue), Alberta (AB - yellow), and the Northwest Territories (NT - grey).
The range of thermal units for all sites are shown as vertical lines and dark lines represent means.
Data for ID and NT are from the years indicated on the plots. Alberta data are from 2016-2017,
2017-2018, and 2018-2019, respectively, and were superimposed on these plots for a visual
comparison. Mean hatch dates for each region are shown on the top plot and periods coinciding
with incubation and growing seasons are indicated on the middle plot. Data spanning the entire
growing season were not available in 2015-2016 and 2018-2019 for each respective area.
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Abstract

Broad-scale studies examining effects of climate warming on cold-water salmonids have focused
mainly on taxa occurring in stream networks at their warmer, southern geographical range
extent, and largely ignored northern populations. However, the north is warming twice as fast as
the global average and distributional boundary extensions could occur to partially offset range
contractions in warmer areas. Here, | use a spatially dense occurrence data set to examine how
climatic and geomorphic factors influence the distribution of juvenile bull trout in the Prairie
Creek watershed, Northwest Territories, Canada (61° N, 124° W). Downscaled climate
projections were coupled with a species distribution model, to forecast the effects of stream
temperature warming on the distribution of suitable habitat for contemporary, 2040s, and 2080s
periods, based on RCP 4.5 and RCP 8.5 emissions scenarios. Juvenile bull trout are sparse across
this watershed and their patchy distribution is driven by the availability of warm-water refugia in
the winter, cold-limiting habitat in the summer, and stream size. Juveniles occupy streams within
a narrow summer thermal niche (4.7°C — 7.5°C) that are thermally resilient enough to prevent
freezing during the winter. Although the thermal properties of these streams will mediate effects
of climate warming, suitable habitat, based on both climatic and geomorphic habitat associations,
is projected to decline across all warming scenarios. Conversely, availability of thermally
suitable habitat (i.e., does not consider other habitat factors) is projected to increase between now
and the 2040s, and is consistent with broad-scale predictions suggesting poleward expansion of
distributional boundaries as climate warms. The dichotomy in these projections illustrates the
importance of considering other dimensions of the ecological niche (e.g., groundwater) when

forecasting climate warming vulnerability of northern stream fishes.

Keywords: bull trout, stream temperature, thermal sensitivity, climate warming
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Introduction

Anthropogenic climate change is a globally pervasive stressor that has exerted, and continues
to exert, selective pressures on taxa worldwide (Sunday et al. 2012). However, the rate and
magnitude of climate warming varies across latitudinal gradients, and over the next 50-80 years,
temperate and Arctic areas are projected to warm 2.5 times faster than the global average (Allen
et al. 2014; Zhang et al. 2019). Such latitudinal variation in warming rates could result in
different outcomes for taxa based on the rate of climate velocity and climate sensitivity
(Williams et al. 2008). As ecological conditions change across a species’ range, populations in
affected areas will either disperse to track their realized ecological niche or adapt to occupy
novel niches (Sexton et al. 2009). Niche tracking results in either range contraction or range
shift, depending upon the magnitude and direction of ecological change (Sunday et al. 2012),
whereas niche evolution results in range expansion or shift (Parmesan et al. 1999; Thomas et al.
2001). Taxa most vulnerable to climate warming will be those that occupy the narrowest thermal
niches, have the lowest thermal tolerances, and have dispersal limitations. These taxa may be
unable to keep pace with climate velocity to track suitable thermal habitat and will either have to
adapt to novel thermal environments or face potential extirpation (Schloss et al. 2012; Sunday et
al. 2012). Populations occupying thermal niches at, or near, upper thermal thresholds will be
most susceptible to negative consequences of climate warming (Sunday et al. 2014; Whitney et

al. 2016).

Climate warming poses a significant threat to biodiversity of freshwater ecosystems, but
outcomes will differ based on organism and life stage climate sensitivity (Williams et al. 2008;
Sunday et al. 2012; Dahlke et al. 2020). Stream-dwelling salmonids at their southern

distributional range boundaries are particularly sensitive to climate warming because many
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populations occupy relatively warm thermal landscapes where temperatures are near upper
physiological tolerance thresholds (Wenger et al. 2011b; Isaak et al. 2017). Salmonid
populations at warm-edge range boundaries face the challenge of finding and occupying suitably
cold thermal habitat, even as these cold-water habitats shrink over time. Moreover, the challenge
of finding and occupying suitably cold thermal habitats is compounded by the dendritic structure
of stream networks that can constrain dispersal opportunities for these fish (Fagan 2002; Gibson-
Reinemer et al. 2017). Conversely, salmonids occupying streams in high-latitude or altitude
watersheds face a different challenge, as some streams may be too cold and unproductive to
sustain populations. For example, Coleman and Fausch (2007) show that some high elevation
streams are too cold for cutthroat trout (Oncorhynchus clarkii), as they do not provide enough
thermal units during the open water season to support sufficient juvenile growth to sustain

individuals throughout the winter.

In montane stream networks at higher latitudes (>60°N), there is a narrow range of thermal
regimes that support populations based on a balance between streams being too cold or too warm
during the summer (see Chapter 3). Streams that are very cold in the summer typically have high
perennial groundwater input to baseflow (Utting et al. 2013; Dunmall et al. 2016; Bolduc et al.
2018) and exhibit low thermal sensitivity, meaning they are very resilient to the warming
influence of summer air temperatures (Kelleher et al. 2012; Piccolroaz et al. 2016; Bolduc and
Lamoureux 2018). These streams do not completely freeze to the bottom during the winter and
are viable year-round habitat; however, they are not very productive during the open water
season because they are so cold. Conversely, streams that are warm during the summer are more
productive but do not have sufficient groundwater to prevent freezing completely to the bottom

during winter. This presents an interesting paradox for cold-water stenothermal fishes living at
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northern geographical range boundaries, whereby individuals must inhabit streams that are
productive enough to sustain populations but do not freeze completely during the winter (e.g.,
Dolly Varden, Salvelinus malma malma; Dunmall et al. 2016). These streams typically have
summer thermal regimes that lie somewhere in the middle of the thermal niche of cold-water
stenotherms and exhibit moderate thermal resiliency to warming effects of air temperature

(Dunmall et al. 2016; Bolduc and Lamoureux 2018; Chapter 3).

Although stream temperature is an important determinant of the distribution of stream-
dwelling salmonids (Wenger et al. 2011a; Wenger et al. 2011b; Isaak et al. 2015), the
characteristics of the thermal niche these cold-water fishes occupy also encompasses other
dimensions of their broader ecological niche (e.g., geomorphology, presence of competitors) and
should not be overlooked (Wenger et al. 2011b; Isaak et al. 2017; Troia et al. 2019). For
example, bull trout (Salvelinus confluentus) occupy a very narrow and cold thermal niche (see
Chapter 3, Fig. 3.5) but, in watersheds across the northwestern United States, studies show that
the ecological niche populations occupy is driven by a combination of climatic, geomorphic, and
biotic factors (Wenger et al. 2011a; Isaak et al. 2015). Similarly, Troia et al. (2019) show that in
the southern Appalachian Mountains of the United States, although some stream habitat is
thermally suitable for many species, other habitat conditions preclude successful establishment
of these areas. These studies show that, when using species distribution models (SDMs) to define
the ecological niche a species occupies across the landscape, it is important to select model
covariates spanning multiple environmental dimensions, based on sound ecological relevance
(Araujo and Peterson 2012). These models can also be used to predict how the distribution of
thermally suitable habitat may change by integrating downscaled climate warming effects.

However, large, dense sampling networks are necessary to provide sufficient local precision to

142



make results of these models useful for conservation planning (Hannah et al. 2014; Isaak et al.
2017). Appropriate use of these models will provide more precise estimates of the ecological
niche that species occupy, improve the chance of highlighting important ecological patterns and
processes, and provide more precise climate risk assessments (Elith and Leathwick 2009; Araujo

and Peterson 2012; Hannah et al. 2014).

Bull trout is a societally and ecologically important salmonid that occupies one of the coldest
and narrowest thermal niches of all North American stream-dwelling salmonids (Benjamin et al.
2016; Isaak et al. 2017). A comparison of the summer thermal niche that populations occupy
across a broad latitudinal gradient shows that this species inhabits streams between 6.2°C and
9.6°C, with an upper thermal limit of 11.5°C in the south and lower limit of 4.3°C in the north
(Chapter 3, Fig. 3.5A). In the southern geographical range extent, where many populations are at
warm-edge range boundaries, projections suggest that the availability of thermally suitable
habitat may decline by as much as 60% by 2080 as climate warms (Isaak et al. 2015). The
predicted overall decline of thermally suitable habitat will likely be tempered because many of
these cold-water streams are insensitive to warming effects of air temperature (Luce et al. 2014;
Isaak et al. 2016); however, despite this, some populations have already experienced range
contraction (Eby et al. 2014; LeMoine et al. 2020). Similar climate vulnerability assessments are
lacking for populations at the northern range extent. In addition, although the relative importance
of landscape-level factors (e.g., contributing area, elevation, stream slope) on distribution has
been assessed in a northern population (Chapter 2, Prairie Creek), a more thorough assessment of
how both temperature and other factors influence the distribution of this population has not been

done. A better understanding of the latter will provide broader comprehension of the habitat
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associations that influence the ecological niche this species occupies in the north and may

translate into more precise outputs from species distribution models (Elith and Leathwick 2009).

In this study, | assessed the relative effects of climate, stream geomorphology, and riparian
vegetation in structuring the distribution of bull trout across a northern montane watershed. |
then used water-air temperature sensitivities and downscaled temperature projections to forecast
how thermally suitable habitat for this species may change in the future. As stated earlier, the
thermal properties of streams is a key determinant of bull trout distribution and population
dynamics across the southern geographical range extent (Isaak et al. 2015; Benjamin et al. 2016;
Kovach et al. 2016). However, groundwater has also been shown to be an important element of
the ecological niche that bull trout occupy (Baxter and McPhail 1999; Baxter and Hauer 2000;
MacDonald et al. 2014) but has received less attention with respect to how it may influence
distributional patterns. In addition, as latitude increases perennial groundwater becomes an
important mechanism for maintaining year-round habitat for stream fishes (Prowse et al. 200643,
Utting et al. 2013). Given that winters at higher latitudes (>60°N) are long and cold, it follows
that prevalence of perennial groundwater could be an important determinant of viable habitat for
stream fishes in this region. I developed and tested two hypotheses based on this theory. My first
hypothesis was that juvenile bull trout distribution would be influenced by habitat heterogeneity
based on a stream’s thermal properties, and | predicted that summer stream temperature would
be an important factor explaining variation in juvenile occupancy. My second hypothesis was
based on the finding that Dolly Varden, which is closely related to bull trout, occupy streams in
high latitude (> 65°N) montane watersheds where baseflow is primarily from perennial
groundwater (Loewen et al. 2015). Therefore, | hypothesized that juvenile bull trout would seek

streams with high thermal stability because these habitats provide warm thermal refugia during
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winter, and | predicted that juveniles would occupy streams that exhibit low-to-moderate thermal
sensitivity. Further, | predicted that the magnitude of projected climate warming effects on these

streams would be lower than those reported elsewhere due to their thermal properties.

Methods

Study area

The study area is situated in the Prairie Creek basin, Northwest Territories (61° N, 124° W),
which is within the Nahanni River watershed and near the northern extent of the bull trout
distributional range (Fig. 4.1). This basin is within the sub-Arctic boreal ecoregion and is
characterized by cold, long winters, and short, hot, dry summers (Halliwell and Catto 2003).
Vegetation is dominated by mixed coniferous forests in higher elevation areas and shrubs,
grasses, and willows in lower elevation areas. The overall density of vegetation is far less in the
northeastern part of the watershed. The geology consists of limestone, dolomite, and shale
mantled by till, and sandy fluvioglacial drift (Halliwell and Catto 2003). Unpaved roads/trails are
present in limited areas across the central basin. Arctic grayling (Thymallus arcticus), bull trout,
mountain whitefish (Prosopium williamsoni), and slimy sculpin (Cottus cognatus) occur in this
watershed, but only the latter two species live in sympatry with bull trout in tributaries to Prairie
Creek. Mountain whitefish are rare in this watershed, whereas slimy sculpin are abundant in

first-to third-order streams (Babaluk et al. 2015).

Regional differences in climatic conditions are apparent at southern and northern
distributional range extents across the bull trout range. Broadly, when comparing seasonal
climates between southern and northern latitudes, summers are longer, drier, and hotter than in

the north (Chapter 3, Methods). This translates into potentially different seasonal mechanisms
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governing distributional patterns of northern fish. To date, studies show that perennial
groundwater is an important element of the year-round hydrological regime of small northern
streams, as those with high groundwater contributions do not freeze during the winter and

provide viable fish habitat (Utting et al. 2013; Bolduc and Lamoureux 2018; Bolduc et al. 2018).

Stream geospatial and geomorphic data

A Geographic Information System (GIS) was used to generate a stream network and delineate
potentially suitable habitat patches using a 1:50 000 Canadian digital elevation model (DEM).
The basin was stratified into 60 patches of potentially suitable habitat for juvenile bull trout
based on Strahler stream order (1-3) (Strahler 1952), stream gradient (<15%), and catchment
area (>70 ha). This definition of potentially suitable habitat patches was based on habitat
associations of juvenile bull trout from the literature (Al-Chokhachy et al. 2010; Isaak et al.
2015). Application of the geomorphic filters to define suitable patches reduced the original
extent of available stream habitat in the watershed from 710 km to 491 km, and the latter was
used to represent the baseline. At each stream segment along the network, stream gradient (%),
elevation (m), extent of stream vegetation (%), and contributing area (ha) were derived using the
GIS. The CanVec wooded area dataset was downloaded from Natural Resources Canada
(https://open.canada.ca) and used to calculate percent vegetated area next to the stream. CanVec
wooded areas are covered by trees or shrubs having a minimum height of 2 metres. A 50.8 m
radius circle centered over each fish sampling site was used to determine percent vegetated area
using 30 m resolution, and was similar to the method described by Kelleher et al. (2012). These
geomorphic attributes were linked with fish collection sites for modelling and then used to

predict occurrence probability of juveniles across the watershed (see below for details).
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Biological Sampling

Of the 60 suitable patches, 26 were randomly selected and 15 sites (100 m long) within these
patches were electrofished to document occurrence of juvenile bull trout (< 150 mm in length).
Between 2012 and 2016, fish surveys were done across 411 unique sites during the summer and
two or more temporal or spatial replicates were done at most sites. Sites were randomly assigned
across patches in a spatially balanced fashion using a generalized random-tessellation stratified
(GRTYS) design in R (Stevens Jr and Olsen 2004; R Development Core Team 2018). This method
is designed to prevent spatial clustering and spread the samples throughout the study area. The
user specifies a minimal distance for separating sampling sites and, if this condition is violated,
the process randomly allocates sites across the sampling frame iteratively until conditions are
met. | specified that sites be at least 1 km apart and final inspection of the sampling data frame
revealed that most sites were, on average, 1.5 km apart from one another. Fourth order or higher
streams were not sampled because they were too deep to sample effectively with a backpack
electrofisher. Any potential patches with suitable stream lengths <3000 m were excluded from
consideration because local populations of bull trout rarely occur in areas this small (Isaak et al.

2015).

Water temperature monitoring network

To complement the geomorphic descriptors of the network, a water temperature monitoring
network consisting of 178 stream temperature sensors was established across the Prairie Creek
watershed between 2012 and 2016. Of these 178 sensors, 46 were deployed for two or more
years and the remaining 132 were set out for one season encompassing part of July and all of
August. The multi-year sensors provided understanding of temporal variation in stream

temperature within and across years and the seasonal sensors provided data points for the
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summer season. Temperature loggers (HOBO Tidbit Water Temperature loggers, Onset) were
deployed across a wide environmental gradient to capture as much heterogeneity in stream
temperatures as possible (Table 4.1). Loggers were deployed using standard field protocols

(Isaak and Horan 2011) and recorded stream temperature at one-hour intervals.

Stream temperature and thermal sensitivity modelling

Mean August stream temperature was used as a surrogate for summer stream temperature,
which is reasonable given most stream temperature metrics are highly correlated (Isaak et al.
2018). August stream temperature was modelled using a spatial statistical stream network (SSN)
model (Ver Hoef et al. 2006; Isaak et al. 2014) applied to 178 summers of measurement across
132 unique sites recording temperature between 2012 and 2016. The final model included a
linear sill tail-up, and Gaussian Euclidean covariance structure to integrate spatial dependency
present in the sampling data frame; stream elevation and air temperature were included as fixed
effects, and site and year were specified as random effects. Further details on this model can be
found in Chapter 3 (Methods). The precision of the modelled mean August stream temperatures
was similar to what others have reported using this model (r> = 0.70; RMSE = 1.1°C). Stream
temperatures were predicted across all fish collection sites and at 1 km intervals across the entire
stream network to use as a covariate for species distribution modelling and for climate change
projections. Predicting temperature at this resolution addresses a commonly cited issue whereby
course scale resolution hinders precision of climate vulnerability assessments (Potter et al. 2013;

Hannah et al. 2014).

To complement the spatial map of August stream temperature, | developed a thermal
sensitivity covariate to provide a measure of how a stream responds to short-term variability in

air temperatures. An additional motivating factor for including this covariate was that it is a
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surrogate for prevalence of perennial groundwater in high-latitude stream systems (Bolduc and
Lamoureux 2018; Bolduc et al. 2018). In the absence of directly measuring groundwater
contribution to baseflow, there is a negative relationship between groundwater prevalence and a
stream’s response to changes in air temperature (i.e., thermal sensitivity; Kelleher et al. 2012;
Bolduc and Lamoureux 2018). Therefore, as thermal sensitivity values decline the relative
contribution of groundwater increases. Extending this concept, streams with large perennial
groundwater inputs are cold in the summer but provide relatively warm (i.e., above freezing) and
stable thermal habitat during the winter (Utting et al. 2013; Bolduc and Lamoureux 2018;
Chapter 3). Thermal sensitivity was quantified by regressing the mean weekly temperature of a
stream against mean weekly air temperatures from the nearest (~100 km) environment Canada
weather station (Nahanni Butte; https://climate.weather.gc.ca). The resulting slope of this
relationship represents the thermal sensitivity of a stream. Streams with lower slopes are
characterized as thermally resilient and are minimally affected by fluctuations in air temperature,
and streams with larger slopes are thermally sensitivity and have stream temperature profiles that
track air temperatures more closely (Piccolroaz et al. 2016). Given that cold-water stenotherms,
like bull trout, occupy narrow thermal niches, streams with lower thermal sensitivity are likely to
provide suitable thermal conditions for improved spawning, egg incubation, and year-round
residence by juveniles (Baxter and McPhail 1999; Baxter and Hauer 2000). Thermal sensitivity
was calculated across the entire year for 28 unique stream temperature monitoring sites spanning
60 full years of data. The thermal sensitivity slopes, derived using weekly water-air temperature
time steps, provided similarly precise estimates to what others report (min r?> 0.70, mean r?=
0.82; Kelleher et al. 2012). These thermal sensitivity values were then integrated into an SSN

model with site specified as a random effect due to repeated measures across years; percent
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vegetation, stream order, contributing area, and elevation as fixed factors; and a linear sill tail-up,
and Gaussian Euclidean covariance structure to account for spatial dependency. Model selection
of fixed effects was done using Akaike’s Information Criteria (AIC) (Burnham and Anderson
2002) while holding covariance structures constant with the final model including percent
vegetation and elevation as fixed factors. Because sample size was relatively low, I chose to
select a simple covariance structure that has been shown to perform well with similar data from
this watershed (linear sill tail-up, Gaussian Euclidean; Chapter 3, Methods). Thermal sensitivity
was predicted across all fish collection sites and at 1 km intervals across the entire watershed to

use as a covariate for species distribution modelling and for climate change projections.

Hypothesized relationships

| developed six hypotheses based on expected relationships between climatic, geomorphic,
and biotic covariates and juvenile occupancy in the Prairie Creek watershed (Table 4.1). Two
hypotheses were developed for climatic covariates. First, because mean August stream
temperature has been shown to be an important predictor of juvenile distribution in the
northwestern United States (Isaak et al. 2017), | hypothesized that juveniles would occupy
habitat within their preferred summer thermal niche and this would follow a quadratic
relationship with mean August stream temperature. Second, | hypothesized that because bull
trout is a cold-water stenotherm, juveniles would seek stable, cold-water habitat with low-to-
moderate thermal sensitivity following either a quadratic or negative relationship. This
hypothesis was based on work demonstrating the importance of groundwater for bull trout
persistence and similarly for a closely related northern char, Dolly Varden (Baxter and McPhail

1999; Baxter and Hauer 2000; Dunmall et al. 2016).
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Previous work in this watershed shows that contributing area, elevation, and stream gradient
are important geomorphic variables that help explain juvenile distributional patterns across this
watershed (Chapter 2). However, as shown by others, | suspected that the strength and form of
these relationships could change using a broader suite of covariates in this modelling approach
(Isaak et al. 2017). Since contributing area is a surrogate for stream size (Gordon et al. 2004), |
hypothesized that juvenile occupancy would be low in small headwater streams, peak in
intermediate-sized streams, and decline in larger downstream areas following a quadratic
relationship. Stream elevation has been shown to be a good indicator of both upstream and
downstream distributional limits elsewhere (Paul and Post 2001; Rich et al. 2003; Rieman et al.
2007); therefore, | hypothesized that juvenile occupancy would increase linearly with elevation.
Stream gradient is related to stream velocity (Gordon et al. 2004) and juveniles prefer to occupy
low-to-moderate velocity habitat, plus low gradient areas have an abundance of gravels that is
well suited for constructing redds and juveniles often reside near these areas (Baxter and Hauer
2000; Al-Chokhachy et al. 2010). Therefore, | hypothesized that juvenile occupancy would

decline linearly as stream gradient increased.

Riparian vegetation is important for maintaining cooler stream temperatures in the summer
through shading (Cross et al. 2013) and also provides an indirect source of terrestrial food
subsidies for juvenile and resident salmonids (Wipfli 1997; Kawaguchi et al. 2003; Baxter et al.
2005; Wallace et al. 2015). Given productivity is lower at higher latitudes due to shorter growing
seasons and longer winters (Prowse et al. 2006a), | hypothesized that the proportion of stream-
side vegetation would be an important food subsidy for juveniles, and predicted juvenile

occupancy would increase linearly with increasing vegetation coverage.
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Species distribution model

Occurrence data from 411 sites were integrated into a generalized linear model (GLM) to
examine the relative importance of climatic, geomorphic, and biotic factors on juvenile bull trout
distribution across the watershed, based on a priori hypotheses (Table 4.1). Since occurrence
records were gathered between 2012 and 2016, | view this as the contemporary known
distribution of juvenile bull trout in this watershed. Previous work in this watershed suggests that
detectability is high (>0.70) in core areas where healthy juvenile populations occur, and
detectability is low in fringe habitat near the edge of distributional limits (Chapter 2). However,
imperfect detection in fringe habitats did not have a large effect on the relationships between
landscape-level covariates and juvenile occupancy (Chapter 2). Furthermore, a combination of
temporal and spatial replicates was used to document bull trout presence-absence across sites,
and the sum of these detection histories (e.g., 010 = 1; non-detection, detection, non-detection)
were used for modelling. For these reasons, | was confident that false-absence rates were low
across most fish collection sites and had minimal influence on this data set. Since a combination
of spatial and temporal replicates was used during sampling, a single-season occupancy-
detection model could not be used for analysing these data, as spatial replicates must be
modelled using a variation of the single-season model. The juvenile life stage was selected for
these analyses because juveniles reside in natal streams for 3-5 years; therefore, streams with
high juvenile occupancy and abundance suggest successful spawning has occurred. Additionally,
emergent juvenile life stages occupy narrower thermal niches than adults (Chapter 3, Fig. 3.2).
Although these biological attributes require juveniles to occupy a narrower ecological niche and
geographic distribution than that of adults, residency in these habitats over multiple generations

means they are important for population persistence (Paul et al. 2000; Al-Chokhachy et al. 2010;
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Isaak et al. 2015). Characterizing the properties of these habitats is important in order to

understand how these habitats may change as climate warms.

| selected six variables across climatic, geomorphic, and biological categories to use as
candidate predictors of juvenile bull trout occurrence (Table 4.1). A Pearson correlation matrix
was computed for all covariates in the model and pairwise correlations were low-to-moderate (r
=0.16 - 0.57; AugTemp: CA = 0.57; Table 4.2), so none of the covariates were removed from
the analysis. Prior to analysis, covariates were standardized to a mean of zero and a standard
deviation of one. A square-root standardization was used for contributing area to reduce the

potential influence of a few, relatively large values on the effect size of this covariate.

Modelling was done as a two-step process. In the first step, the relative importance of both
linear and quadratic effects of continuous covariates on juvenile occupancy was tested with a
GLM. The resulting set of linear and quadratic covariates was then integrated into the broader
candidate set of climatic, geomorphic, and biological predictor variables. In the second step,
candidate predictor variables were assigned to test models based on a priori hypotheses. AIC was
used to compare models in each step, where models with lower scores are viewed to be better
than those with higher scores and a change in value of two or more is viewed as substantial
model difference (Burnham and Anderson 2002). Within sample predictive performance of the
top model was assessed using the area under the curve (AUC) of the receiver operator
characteristic plot and internal classification accuracy (ACC). The data set was split into training
and testing data sets that comprised 80% and 20% of the original data set, respectively, and
repeated (n =5) five-fold cross validation was conducted. Each of the training data sets were used
to establish a presence-absence threshold based on prevalence (Liu et al. 2005). Similarly, a

threshold for modelling probability of occupancy across the entire watershed for contemporary
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and climate change scenarios was based on prevalence from the entire training data that yielded
the most accurate probability estimates, set at 0.23. The top model, selected based on AIC, AIC
weight, and performance metrics, was used to develop response curves to describe the
relationship between covariates and juvenile occurrence probability. Some of the complex model
combinations did not converge because of high correlation (>0.80) among quadratic and/or linear
combinations of covariates, so these were not included in the final candidate model set. I also
integrated these data into a generalized linear mixed effects model (GLMM), where habitat patch
was included as a random intercept, to account for potential spatial dependency in juvenile
occupancy within habitat patches, which is common for this species (Isaak et al. 2017; Wilcox et
al. 2018), and can bias parameter estimates (Zuur et al. 2009). However, results showed that the
top GLMM did not perform as well as the top GLM, which lacked a random intercept for patch,
(GLM, ACC/AUC =0.82/0.80; GLMM, ACC/AUC = 0.75/0.74), so | decided to use the simpler
approach. Further details regarding the GLMM can be found in supplemental information (see

alternative modelling approach).

Climate projections

Since stream temperature was likely to occur in the final model due to its well documented
effects on bull trout, the potential effect of future climate warming was assessed. | did not
include other climatic factors (e.g., precipitation, snowpack, stream discharge) in my climate
warming assessment because, unlike stream temperature, | lacked sufficient data at the
appropriate spatial resolution (e.g., basin-level precipitation, stream level/flow) to directly link
these factors to the biology of bull trout in this system. The top model (Table 4.3) was used to
predict occurrence probabilities at sites across the Prairie Creek stream network under

contemporary conditions (2012 — 2016) and climate projections for 2040s (2030-2059) and
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2080s (2070-2099) using the Representative Concentration Pathways (RCP) 4.5 and 8.5
emissions scenarios. Site-level occurrence probability predictions from this model were based on
both climatic and geomorphic covariates from the top model. The RCP 4.5 represents a mid-level
emissions reduction scenario, whereas the RCP 8.5 is one where minimal reduction in
greenhouse gas emissions would occur. The RCP 4.5 scenario was also chosen because it is
relatively consistent with the AIB scenario used to predict climate warming effects on bull trout
at the southern range extent (Isaak et al. 2015). An ensemble of 10 global climate models that
best represented historical air temperature trends in Canada was used to project regional changes
in air temperature during these periods, as this approach helps account for uncertainty across
models (Araujo and New 2006). The change in mean summer air temperatures was bracketed by
projected increases of 2.0°C and 4.5°C, based on the lowest (RCP 4.5, 2040s) and highest (RCP

8.5, 2080s) emissions scenarios, respectively (Zhang et al. 2019).

Since long-term temperature records were not available to calculate stream temperature
warming rates (°C-decade™), thermal sensitivity was used to estimate the rate of intra-annual
warming for streams in the Prairie Creek basin, based on local water-air heat exchange dynamics
(Piccolroaz et al. 2016). Although this method does not account for broader spatial-temporal
atmospheric warming effects on stream temperature, the data used to calculate thermal
sensitivity spanned multiple years (1-4 yr; mean = 2.5 yr), and therefore, did integrate some level
of inter-annual variation into downscaled stream temperature projections. Projected increases in
air temperature were downscaled to mean August stream temperatures using thermal sensitivity
estimates. To do so, the mean projected change in air temperature, based on RCP scenarios
relative to the baseline air temperature (i.e., 1948-2018), was multiplied by thermal sensitivity

estimates and then added to mean August stream temperatures. The top model response curves
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were used with network reach covariates and projected changes in stream temperature to map the
availability of suitable habitat across the watershed under contemporary, 2040s, and 2080s
emissions scenarios. The availability of suitable thermal habitat was defined by the August
temperature-occurrence response curve from the top species distribution model. | used two
transition temperatures to bracket the lower and upper limits of the thermal niche that juvenile
bull trout occupied and all habitat that fell within this temperature range was classified as
available thermally suitable habitat. This range of temperatures was then used to calculate and

map habitat availability.

Two additional scenarios were also presented based on niche tracking and niche evolution
theory. In the first scenario, | assumed that juvenile bull trout in the Prairie Creek watershed
currently occupy their entire realized thermal niche and as stream temperatures change will
disperse and redistribute themselves in streams that fall within the same thermal niche. In the
second scenario, | assumed that juvenile bull trout are capable of occupying a warmer thermal
niche with maximum summer stream temperatures < 10.0°C, based on a broader understanding
of upper thermal limits for populations across the range (Isaak et al. 2015, Isaak et al. 2017). |
chose to use 10.0°C as the upper limit because it seemed plausible for these fish to adjust to
occupy streams that are 2.5°C warmer but still below the known upper limit for the species, it is
well within thermal acclimation or acclimatization potentials for ecologically similar species
(Eliason et al. 2011; Kelly et al. 2014), and this increase acknowledges that adjustments
associated with upper thermal thresholds are less flexible in freshwater fishes (Sandblom et al.
2016; Morrison et al. 2020). The two scenarios were compared to determine how availability of
thermally suitable habitat would be affected by climate warming relative to the baseline

contemporary conditions. In both of these scenarios, the effects of other geomorphic and abiotic
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covariates (e.g., elevation, stream size, thermal sensitivity) were not taken into account when

calculating and mapping thermally suitable habitat.

Results

Occupancy and species distribution modelling

Juvenile bull trout were captured in 9 of 26 patches and occurred in 98 of 411 sites
corresponding to mean patch and site scale prevalence of 0.35 and 0.24, respectively. The
distribution of juveniles across the watershed was very sparse at both the site and patch scales,
and within occupied patches fish distributions were highly aggregated (Fig. 4.1a). Juvenile
occupancy was highest in third and second order streams with mean August stream temperatures
between approximately 4°C and 8°C, thermal sensitivity between 0.25 and 0.58, stream gradients
between 2% and 6%, and contributing areas between 100 ha and 3000 ha with a few fish
occupying larger streams. Juveniles occupied a subset of available thermal habitat but favored
sites that were warmer and near the upper limit of available stream temperatures. Vegetation did
not influence the distribution of juveniles or affect stream temperature (Fig. S4.1). The Prairie
Creek stream temperature map illustrates that, although thermal heterogeneity exists across the
watershed, most streams are relatively cold in the summer (1.7-12.1°C; Fig. 4.1b). The August
stream temperature response curve defines the thermal niche that juveniles occupy, and identifies
peak occurrence (6.1°C), cold-transition (4.7°C), and warm-transition (7.5°C) temperatures (Fig.
4.2). Mean thermal sensitivity (= SD) across 1 km sites in first-to-third order streams was 0.43
(0.12) and ranged between 0.15 and 0.68. Of the 492 km of potentially suitable stream habitat

across the watershed, 309 km fell within the thermal niche that juvenile bull trout occupy.
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The best model based on AIC ranking, model weight, and predictive performance included
mean August stream temperature, thermal sensitivity, contributing area, and elevation (Table
4.3). Since both of the top two models (AAIC < 2.0) had the same predictors and both models
performed similarly (Model 1: ACC = 82%, Model 2: ACC = 81%) I chose to use the simpler
model to predict juvenile occupancy probabilities. Contrary to my predictions, stream gradient
and vegetation were not in the top model. However, as predicted, variation in juvenile occupancy
was explained by quadratic relationships with August stream temperature and contributing area,
and both positive and linear relationships with stream elevation and thermal sensitivity,
respectively (Fig. 4.2). Model performance was good for the best supported models, and the top
model had mean classification accuracy of 82% (AUC =0.80), across 411 sites, based on a 0.23

prevalence threshold (Table 4.4).

Climate predictions

The predicted changes in mean stream temperature ranged between 0.85°C and 1.93°C (Table
S4.1). Multiple regression model predictions show that bull trout occupy 120 km of the 309 km
of available thermally suitable habitat in Prairie Creek (Table 4.5). This reflects that not all
thermally suitable habitat will be occupied by juveniles as other climatic and geomorphic factors
such as contributing area, elevation, and thermal sensitivity also influence juvenile distribution
(Table 4.3, Fig. 4.2). Occupancy probabilities from the top multiple regression model show that
the amount of suitable habitat will decline by 23% and 28% between now and 2040s and 2080s,
respectively, based on the RCP 4.5 scenario (Table 4.5). More substantial declines in suitable
habitat are predicted to occur during the same time periods (2040s, 33%; 2080s, 42%) under the
RCP 8.5 scenario (Table 4.5; Fig. 4.3). Under the niche tracking scenario, where | assume bull

trout will disperse to track the thermal niche they currently occupy, results show an initial
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increase in available habitat from baseline to the 2040s, followed by a decline into the 2080s.
Under scenarios where | assume bull trout has adjusted to occupy a broader and warmer thermal
niche, results show that the amount of available thermal habitat would actually increase by at

least 24% across all scenarios and then remain stable into the 2080s (Table 4.5, Fig. 4.4b,d).

Discussion

The patchy distribution of juvenile bull trout in the Prairie Creek watershed is primarily a
reflection of the thermal properties of the streams these fish occupy. Juveniles require streams
that are within a narrow cold-water summer thermal niche (4.7°C — 7.5°C), yet must have
sufficient perennial groundwater contribution to prevent streams from completely freezing
during the winter. Year-round residency is only possible in streams that exhibit low-to-moderate
thermal sensitivity — a signature seen in all streams where juvenile occurrence was high.
Although low thermal sensitivity can be driven primarily by snowpack/snowmelt mechanisms,
this is not the case in the Prairie Creek watershed. Stream-air temperature response cycles of
thermally resilient streams in this watershed are consistent with a class of small headwater
streams where perennial groundwater is the primary contribution to baseflow (Kelleher et al.
2012; Lisi et al. 2015; Fig. 3.3). Others have shown a similar dependence by bull trout on
streams with low thermal sensitivity at the southern range extent; however, thermal sensitivity
appears to be more important in mediating the effects of stream warming during summer so that
populations can persist in habitat below warm-edge boundaries associated with upper thermal
limits (Mayer 2012; Luce et al. 2014; Isaak et al. 2016). Although the streams juveniles occupy
in this watershed are cold and highly resilient to effects of air temperature warming, multiple
regression model results show that the amount of suitable habitat is likely to decline under both

RCP 4.5 and 8.5 scenarios between now and 2040s and 2080s. However, this decline is contrary
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to what others predict for northern cold-water fishes, where populations are expected to benefit
from climate warming by expanding their ranges poleward (Parmesan 2006; Reist et al. 2006). |
also present alternate projections showing that if this population is not constrained by stream
geomorphology and thermal sensitivity, and is capable of adjusting to occupy a warmer thermal
niche, then the availability of thermally suitable habitat will expand and could provide better
opportunities for individuals to exploit warmer, higher productivity habitat. As reported by
others, the dichotomy in the projections | present illustrates the importance of considering other
dimensions of the ecological niche (e.g., groundwater) when forecasting climate warming
vulnerability of north-temperate stream fishes (Snyder et al. 2015; Troia et al. 2019). The
adaptive potential of this population via phenotypic plasticity or adaptation may determine

whether or not it will be a winner or loser as climate warms (Somero 2010).

Climatic and non-climatic descriptors of juvenile distribution

Juvenile bull trout in Prairie Creek are found in very few streams (Table S4.3) and, as
predicted, this patchy distribution is driven primarily by the availability of thermal refugia during
winter, followed by summer stream temperature, and to a lesser extent, stream size. Similar to
other areas, juvenile bull trout in Prairie Creek occupy a narrow thermal niche, but in this
watershed, the upper thermal limit of that niche is much colder than areas at the southern range
extent. For example, Isaak et al (2015) report that bull trout across much of the northwestern
United States occupy streams with mean August temperatures as high as 11°C, whereas the
upper limit for the Prairie Creek population is 8.0°C with a warm-transition temperature where
occurrence probability declines at 7.5°C. In addition, it looks like there are some streams in the
this watershed that are too cold for juveniles, even though they appear to have acceptable thermal

sensitivity and are large enough to support fish. These streams bracket the cold-transition
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temperature for juveniles at 4.7°C and | propose two possible mechanisms explaining why fish
do not occupy these streams. First, as seen in other salmonids (e.g., Atlantic salmon Salmo salar,
Finstad et al. 2004; cutthroat trout, Coleman and Fausch 2007; Chinook salmon Oncorhynchus
tshawytscha, Falke et al. 2019), these streams may be too unproductive to support sufficient
growth of juveniles during the summer to ensure that they can survive the winter. Second, this
population may not possess the physiological capability of tolerating such low temperatures to
carry out key life processes (Whitney et al. 2016), and the cold-transition temperature | identify
may indeed represent a lower functional thermal tolerance. Although some propose that many
species may more readily possess phenotypic plasticity to make downward adjustments to lower
thermal tolerance limits (Sandblom et al. 2016), it seems unlikely that this population would do
this given that productivity is probably low in this system due to cold temperatures during short

summers and long winters (Chapter 3).

As predicted, thermal sensitivity is also an important factor influencing juvenile distribution
in the Prairie Creek watershed. Although it is not possible to definitively conclude that perennial
groundwater is the only factor influencing thermal sensitivity in these streams, winter thermal
regimes (see Chapter 3) suggest that it is a strong driver of the spatial thermal sensitivity patterns
| report here (Kelleher et al. 2012; Piccolroaz et al. 2016; Crites et al. 2020). As shown in other
northern systems, streams with low-to-moderate thermal sensitivity have high contributions of
perennial groundwater to baseflow (Bolduc and Lamoureux 2018). In the Prairie Creek
watershed, juvenile bull trout were found in very few habitat patches that were surveyed (35%).
This reflects spatial variation in thermal sensitivity across this watershed, and suggests that the
distribution of perennial groundwater is patchy. Similar heterogeneity in thermally suitable

habitat associated with prevalence of groundwater has been reported in other systems (Snyder et
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al. 2015). The correlation between juvenile occupancy and prevalence of groundwater in Prairie
Creek is not particularly surprising since winters are long and cold, and large contributions of
groundwater are required to prevent first-to-third order streams from freezing (Utting et al. 2013;
Bolduc et al. 2018). Contrary to populations in the south that seek cold-water refugia in the
summer (Isaak et al. 2015; Benjamin et al. 2016; Isaak et al. 2016), bull trout at the northern
range extent seek warm-water refugia in the winter for successful juvenile residency. This
pattern is also consistent with what others have reported for closely related chars, such as Dolly
Varden and brook trout Salvelinus fontinalis, that occupy streams with high groundwater inputs

(Loewen et al. 2015; Snyder et al. 2015; Dunmall et al. 2016).

Climate warming projections

As predicted, low thermal sensitivity is an important property of bull trout streams in the
Prairie Creek watershed and, as climate warms thermally resilient streams are likely to mediate
warming effects imposed by increasing air temperatures (Snyder et al. 2015; Bolduc and
Lamoureux 2018). In this basin, less than half (38%) of the available thermal habitat is suitable
for juvenile bull trout, and even though these habitats are thermally insensitive to warming, they
are still predicted to decline by 23% between now and 2040s under reasonably optimistic
emissions scenarios (RCP 4.5). My projections, based on multiple regression model predictions,
suggest that northern bull trout populations will experience about half as much loss of thermally
suitable habitat than southern populations between now and 2040s (Isaak et al. 2015), which
seems reasonable since southern populations are living at warm-edge range boundaries.
However, habitat declines could be problematic for sustaining juvenile bull trout in the Prairie
Creek watershed, if thermally suitable habitats become spatially limiting and individuals are

forced to disperse and occupy lower quality habitat due to limits on stream carrying capacity. As
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seen in other salmonids, occupying poor quality thermal habitat can compromise growth and
overall condition (Finstad et al. 2004; Al-Chokhachy et al. 2013; French et al. 2017). The
projected decline in thermally suitable bull trout habitat was a somewhat counterintuitive result,
as this population occupies a cold thermal niche, and many predict that, as our climate warms,
the extent and condition (i.e., productivity) of suitable habitat will increase (Prowse et al. 2006b;
Reist et al. 2006). However, even in a worst-case scenario (RCP 8.5 2080s), where suitable
habitat is predicted to dwindle to an alarmingly small proportion (decline 58%, 70 km), five of
the nine core habitat patches that juveniles currently occupy will remain intact. Maintenance of
these thermal refugia is directly attributable to thermal properties of these stream, and as reported
elsewhere, could be a key factor ameliorating the effects of climate warming on this cold-water

stenotherm (Snyder et al. 2015; Isaak et al. 2016).

| also provide projections showing that the amount of available thermally suitable habitat will
increase across all scenarios into the 2040s, and then either decline or plateau. The calculations
of suitable habitat for these projections are based solely on the defined summer thermal niche
that bull trout currently occupy (4.7°C — 7.5°C) and an expanded thermal niche (4.7°C —10.0°C),
based on the assumption that this population is capable of adjusting or adapting to occupy a
broader thermal niche. The latter is based on the niche evolution strategy and warrants
consideration. Because the Prairie Creek population occupies a colder thermal niche within the
species’ thermal niche, it seems plausible that this population possesses the phenotypic plasticity
to occupy warmer streams (i.e., > 8.0°C but < 11.0°C). This notion is not outlandish, as other
studies have documented that northern salmonids are capable of adjusting to survive in novel
thermal niches (Sparks et al. 2017). The niche evolution scenario | present shows if juveniles

were capable of occupying streams across a warmer thermal niche, then the amount of available
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thermal habitat in this basin would increase by 28% between now and the 2040s. It follows that
the proportion of suitable thermal habitat juveniles occupy would likely increase in downstream
habitats. A niche evolution scenario fits well with predictions suggesting that the effects of
climate warming may increase the extent and productivity of habitat for northern fishes (Prowse
et al. 2006b; Reist et al. 2006). However, this scenario begs the question: if laboratory and field
studies show that bull trout are capable of occupying warmer thermal niches (Selong et al. 2001;
Isaak et al. 2017), then why do juveniles in Prairie Creek not reside in warmer streams? |
propose two explanations. First, warmer streams in Prairie Creek (>8.0°C, August mean) exhibit
higher thermal sensitivity, and suggests that these streams probably freeze to the bottom during
winter. Closer inspection of winter stream temperature data confirms this is true for most of these
streams (N.J. Mochnacz, unpublished data), so full-year residency is not possible, nor would
these streams provide viable incubation habitat. Second, but related, is the possibility that bull
trout in Prairie Creek have adapted their physiology to occupy this cold thermal niche and
possess the ability to grow more efficiently in these conditions. More efficient growth at higher
latitudes has been shown to occur in other northern chars (Chavarie et al. 2010; Sinnatamby et al.
2015) and this phenomenon warrants further investigation in the Prairie Creek bull trout

population.

My projections also assume that only stream temperature will change, but that does not
represent a holistic approach as other climatic factors, such precipitation, the duration of winter
and summer seasons, and stream hydrology are also likely to change as climate warms (Prowse
et al. 2006b; Reist et al. 2006). For example, if winter becomes shorter and warmer, streams that
currently freeze to the bottom may become viable winter habitat in the future. The climate

projections | present could be refined by integrating a broader set of climatic and hydrologic
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dimensions into prediction scenarios. Measuring the extent and characteristics of perennial
groundwater sources in high-latitude montane watersheds will be important for understanding

how climate warming may affect this essential habitat feature for northern stream fishes.

Modelling and climate change projections

Although the predictive accuracy of my species distribution model was high, it is important to
recognize, as others have, that forecasting future fish distributions is inherently uncertain
(Wenger et al. 2011b; Isaak et al. 2015; Troia et al. 2019). Consequently, the value of this model
and predictions lies in understanding the direction of the trajectory of changes to suitable thermal
habitat under future climate warming scenarios and the sensitivity of these habitats. | do not
recommend focusing on the minutiae of site-specific predictions and the absolute amount of
habitat lost under climate warming. However, | do encourage others to develop and implement
robust field sampling designs to validate predictions made here (see design considerations,
Chapter 2). | provide predictions using a similar approach as Isaak et al. (2015), which provides
context for my results but some subtle differences in methods warrant comment. First, Isaak et
al. (2015) applied an average basin-level thermal sensitivity value when calculating the
magnitude of stream temperature warming, whereas | used thermal sensitivity at 1 km points
within streams to capture finer scale heterogeneity in this variable. Although average values
across Prairie Creek (0.43) were similar to those reported in most basins by Isaak et al. (2015),
the more detailed resolution | provide likely yielded more precise stream-scale warming
estimates. Second, the RCP 4.5 and A1B scenarios are similar but not exactly the same, so the
magnitude of projected air temperature warming in each respective area will be slightly different.

Despite these inconsistencies, | am confident that my predictions are precise enough to forecast
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broader habitat trajectory patterns that are biologically meaningful and useful when placed in the

context of other similar studies.

Thermal sensitivity estimates were used to estimate inter-annual stream temperature warming
rates because stream temperature records only spanned a short time frame (2012-2016), which is
not typically long enough to reflect coherent warming rates associated with climate change
(Isaak et al. 2012). This approach introduces potential uncertainty into stream temperature
warming estimates due to differences in the physical processes driving inter-annual variation in
water temperature and air temperature versus those driving intra-annual variation (Luce et al.
2014). However, | justify using thermal sensitivity as a method to estimate stream temperature
warming in three ways. First, studies in the north have shown that streams where primary
contributions to baseflow are driven by high snowpack, perennial groundwater, or both, are less
sensitive to warming from inter-annual atmospheric effects (Lisi et al. 2015; Bolduc and
Lamoureux 2018). Since many of the streams in the Prairie Creek watershed exhibit a similar
range of thermal sensitivity characteristics (see Chapter 3), it is reasonable to assume that these
streams will respond similarly to atmospheric warming effects. Second, because most sites
(>80%) used to model thermal sensitivity had multiple years of data (mean = 2.5 yr), temporal
variation in air temperature associated with atmospheric mechanisms was integrated into
downscaled stream temperature projections. Although this did not span a particularly long
period, it likely accounted for some temporal variation associated with climate warming during
this period. Third, because a multi-model ensemble approach was used to predict increases in
mean summer air temperatures (Araujo and New 2006), uncertainty was captured in the
estimated stream temperature warming rates by both extension of this modelling approach and

scenarios that spanned fairly broad temperature ranges. Consequently, | am confident that the
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distribution of these stream temperature warming rates encompasses the range of potential

warming trajectories for this watershed.

Conclusion

The patchy distribution of juvenile bull trout in the Prairie Creek watershed is driven
primarily by cold-limiting habitat, the prevalence of perennial groundwater, and stream
geomorphology. Streams with suitable thermal properties exhibit low-to-moderate thermal
sensitivity, and are therefore, thermally stable throughout the year. Similarly, during their
freshwater residency, Dolly Varden also occupy streams that display high thermal stability as a
result of perennial groundwater contributions (Loewen et al. 2015; Dunmall et al. 2016).
Additionally, Crites et al. (2020) show that the density of perennial groundwater springs is
highest across montane areas in northwestern Canada, and displays substantial overlap with both
bull trout and Dolly Varden distributions in this region (Mochnacz et al. 2013). Together, these
results provide mounting evidence that perennial groundwater is a key determinant of riverine
char distribution and persistence across montane watersheds at the northern geographic range
extent. Despite the fact that the thermal properties of streams bull trout occupy in the Prairie
Creek watershed are likely to mediate effects of climate warming (Isaak et al. 2015; Lisi et al.
2015; Bolduc and Lamoureux 2018), my multiple regression model still projects declines in
suitable habitat across all scenarios. This finding is contrary to broader climate change
predictions that suggest taxa will shift poleward as climate warms (Parmesan and Yohe 2003;
Parmesan 2006; Sunday et al. 2012). However, if the Prairie Creek bull trout population possess
greater thermal safety margins then what my results suggest (Sunday et al. 2014), then the
projected trajectory of habitat loss for this population could be reversed, even under the most

extreme climate warming scenarios. A broader understanding of both the phenotypic and genetic
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adaptive potential of northern bull trout populations will be an important element for refining the

climate vulnerability assessment from this study.
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Tables

Table 4.1. Covariates describing the 411 stream sampling sites from the Prairie Creek watershed used to model the distribution

of juvenile bull trout and hypothesized responses to these candidate predictor variables.

Category  Variable Abbreviation Description Mean  Standard deviation  Range Hypothesized response
Geomorphic  Elevation (m) Elev Stream elevatoin in metres
1119.0 117.3 795 - 1400 +
Stream gradient (%) Grad Slope/gradient of the stream segment
4.5 24 0.7-13.8 -
Contributing area (ha) CA Upstream contributing area
1105.0 1149.0 70-5060 +/-
Climatic August mean stream temperature (°C) Aug_Temp  Mean August stream temperature at
collection sites 5.9 1.4 1.3-9.11 +/-
Thermal sensitivity (TS) TS_VE Slope of annual weekly stream
temperature vs. annua_l wee_:kly air 042 0.09 018 - 0.65 +/-or-
temperature at collection sites
Biological ~ Vegetation cover (%) Veg Amount of vegetation adjacent to
stream segment 0.6 0.4 0.0-1.0 +

Note: A"+ "and " - " denote positive and negative relationships, respectively; and "+/-" represents a quadratic relationship.
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Table 4.2. Pearson correlations among continuous predictor variables used to model
the distribution of juvenile bull trout in the Prairie Creek watershed.

Aug Temp TS CA Elev Grad
TS 0.48
CA 0.57 0.49
Elev -0.40 -0.28 -0.50
Grad -0.52 -0.35 -0.52 0.17
Veg -0.34 0.16 -0.31 0.19 0.19

Abbreviations: Aug_Temp, mean August stream temperatrure (°C); Elev, elevation
(m); CA, contributing area (ha); Grad, stream gradient (%); Veg, is percent vegetation
(%); TS, is thermal sensitivity.
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Table 4.3. Best supported models from the candidate model set based on Akaike's

information criterion (AIC), model weight, and predictive performance metrics.

Predictive performance was evaluated using five-fold (Ileave-one-out) cross validation

accuracy (ACC) and area under the curve (AUC) of the receiver-operator characteristic

plot. The most supported model is shown in bold.

Model AAIC AIC w ACC AUC
Aug_Temp + Aug_Temp2 + TS+ Elev + CA + CA? 0.00 0.72 0.82 0.80
Aug_Temp + Aug_Temp® + TS + TS? + Elev + CA + CA? 1.90 0.28 0.81 0.81
Aug_Temp + Aug_Temp? + TS + Elev+ CA + CA? + Grad + Veg 10.77 0.00 0.79 0.78
Aug_Temp + Aug_Temp? + CA + CA? 21.03 0.00 0.78 0.76
Aug_Temp + Aug_Temp® + TS + Elev + Grad + Grad2 37.88 0.00 0.75 0.78
Aug_Temp + Aug_Temp? + TS + TS + Elev + Grad + Grad® 39.14 0.00 0.75 0.78
Aug_Temp + Aug_Temp2 + TS + TS2 + Grad + Grad2 + Veg 40.49 0.00 0.72 0.78
Aug_Temp + Aug_Temp? + Grad + Grad® 44,57 0.00 0.77 0.77
TS + TS? + CA + CA? 67.87 0.00 0.71 0.68
Aug_Temp + Aug_Temp® + TS + TS? 72.79 0.00 0.72 0.70
Aug_Temp + Aug_Temp® + TS + TS? + Veg 74.03 0.00 0.72 0.71
Aug_Temp + Aug_Temp? + TS + TS? + Elev + Veg 74.21 0.00 0.72 0.70
Aug_Temp + Aug_Temp® + Veg 75.27 0.00 0.72 0.71
Aug_Temp + Aug_Temp? 76.99 0.00 0.73 0.68
CA +CA? 77.14 0.00 0.71 0.62
Aug_Temp + Aug_Temp® + Elev 78.24 0.00 0.72 0.68
TS + TS? + Grad + Grad® 80.32 0.00 0.72 0.69
Grad + Grad® 85.50 0.00 0.75 0.73
Aug_Temp + CA 109.42  0.00 0.68 0.71
Aug_Temp + Grad 111.34  0.00 0.67 0.60
Aug_Temp + TS 11475  0.00 0.65 0.59
Aug_Temp + TS + Veg 11558  0.00 0.64 0.60
Veg 119.14 0.00 0.73 0.62
TS + TS? + Elev 11923  0.00 0.72 0.47
TS + TS + Veg 12058  0.00 0.71 0.56
Elev 121.74  0.00 0.72 0.50
TS + TS? 12519  0.00 0.76 0.57

Note: AIC is Akaike's information criterion; AAIC is the change in AIC values between the lowest AIC (i.e., highest ranking
model) and the given model; AIC w is AIC weight. Abbreviations: Aug_Temp, August mean temperatrure (°C); Elev,

elevation (m); CA, contributing area (ha); Grad, stream gradient (%); Veg, is percent vegetation (%); TS, is thermal

sensitivity.
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Table 4.4. Parameter estimates (+ SE) and performance
statistics of the top model fit to the data (n = 411) and used
to predict juvenile occupancy across the study area.

Parameter by SE ACC AUC
Intercept 0.46 0.26 0.82 0.80
Aug_Temp 0.56 0.27
Aug_Temp? -1.88 0.32
TS -0.66 0.20
Elev 0.61 0.20
CA 1.46 0.20
CA’ -0.26 0.07

Abbreviations: ACC, is actual classification accuracy of five-fold
(leave-one-out) cross-validation; AUC, is area under of the curve of
the receive operator characteristic plot; Aug_Temp, August mean
temperatrure (°C); by, is the parameter estimate; Elev, elevation (m);
CA, is contributing area (ha); TS, is thermal sensitivity. Quadratic
terms are displayed with "2" as superscript.
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Table 4.5. Amount of available and occupied thermally suitable juvenile bull trout habitat in kilometers (% in parentheses)
across the Prairie Creek watershed, Northwest Territories, Canada. Positive values in parentheses represent an increase in
available habitat and those with no sign represent the proportion of habitat relative to the 1980s baseline for each respective
category. The total amount of available suitable habitat across the watershed for the 1980s baseline is 492 km. The
calculations do not include streams with a gradient > 15% or stream order > 3.

Available thermal Occupied thermal niche - niche Available thermal habitat -
habitat - niche tracking tracking niche shift
Stream km (>4.7°C < 7.5°C) Occupancy probability > 0.23 Stream km (>4.7°C < 10.0°C)
Climate scenario 1980s  2040s 2080s 1980s  2040s 2080s 1980s  2040s 2080s
RCP 4.5 309 341 (+10) 319 (+3) 120 92 (77) 86 (72) 357 457 (+28) 459 (+29)
RCP 8.5 309 310 (0) 215 (70) 120 80 (67) 70 (58) 357 458 (+29) 443 (+24)
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Figure 4.1. Juvenile bull trout distribution (a) and summer stream temperature map (b) for Prairie
Creek, Northwest Territories, Canada. The temperatures are based on modelled mean August
stream temperature records from 178 summers of data and 132 unique sites. Streams with the
lighter and darker blue colors fall within the optimal thermal niche of juvenile bull trout. The
white open circles and dark circles correspond to unoccupied and occupied sites, respectively.
The dark shaded area on the map in the upper right represents the approximate contemporary
distribution of bull trout and the dashed outline is the historic distribution.
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Figure 4.2 Modelled occupancy-response curves for climatic and geomorphic covariates for
juvenile bull trout in the Prairie Creek watershed, Northwest Territories. Note that occurrence
peak, cold-transition, and warm-transition temperatures are shown on the August stream
temperature curve. For each response curve, other covariates from the model were held constant
using the mean of each covariate. The solid line represents the mean modelled occupancy
probabilities across all sites from the top model and the grey shaded areas are 95% confidence
intervals. Dark vertical lines on the x-axis show points where data were taken during the
sampling campaign. The range of the contributing area, thermal sensitivity, and elevation
occupancy-response curves extend beyond the sampling data frame for illustrative purposes.
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(a) 1980s — Contemporary (b) RCP 4.5 - 2040s (c) RCP 8.5—2080s

120 km 92 km 70 km

Unsuitable habitat

N
1 Kilometres
20

——  Suitable habitat

Figure 4.3 Comparison of suitable habitat predicted to be occupied by juvenile bull trout in
Prairie Creek, Northwest Territories, based on modelled occurrence probabilities for (a)
contemporary; (b) RCP 4.5, 2040s; and RCP 4.5, 2080s climate scenarios. Suitable-unsuitable
habitats correspond to a prevalence threshold (> 0.23) derived from modelled probabilities using
the top model. The total length of suitable habitat for each scenario is expressed as linear stream
kilometers.
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(a) 1980s — niche tracking (b) 1980s — niche evolution

(c) RCP 4.5 2040s — niche tracking (d) RCP 4.5 2040s — niche evolution

Available habitat

Additional available habitat

N Kl
A 0 10 20

Figure 4.4. Availability of suitable summer thermal habitat for juvenile bull trout across the
Prairie Creek watershed corresponding to the current thermal niche this population occupies
(4.7°C —7.5°C; a, c), and a broader hypothetical thermal niche (4.7°C — 10.0°C; b, d). These two
scenarios correspond to niche tracking and niche evolution hypotheses. The range of stream
temperatures used for the niche evolution scenario was based on the broader definition of the
species’ thermal niche and assumes this population has the ability to occupy a warmer thermal
niche.
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Supplemental information

Climate projections

Table S4.1. Projected changes in mean August air temperatures and stream
temperatures across the Prairie Creek watershed. Projections are based on RCP 4.5 and
8.5 emissions scenarios and changes in stream temperatures account for differential
stream sensitivity at 1 km prediction points across the watershed. Changes in mean
stream temperatures are expressed relative to the 1980s (1948 - 2018) baseline climate
period.

2040s (2030-2059) 2080s (2070-2099)
Air Stream Air Stream
temperature temperature temperature temperature
Climate scenario A (°C) A (°C) A (°C) A (°C)
RCP 4.5 2.00 0.85 2.60 1.21
RCP 8.5 2.80 1.12 450 1.93
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Figure S4.1. Scatter plots of covariates from the 411 fish collection sites used to develop
generalized linear models in the Prairie Creek watershed.
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Alternative modelling approach

Since | suspected spatial dependency related to habitat patches could influence parameter
estimates (Fig. S4.2), a generalized linear mixed effects model (referred to as Model 1), with
patch as a random intercept, was also used to examine the relative importance of climatic,
geomorphic, and biotic factors on juvenile bull trout distribution using the Ime4 package in R
(Bates et al. 2018). Results show that the fixed effects and random effect of patch accounted for
78% and 21% of the variation in juvenile occupancy, respectively. Despite this, predictive
performance of the best supported GLMM was low compared to the top supported GLM (GLM,
Table 4.3; GLMM, Table S4.2). Since patch had an effect on occupancy but model performance
was lower than expected, I used the influence.ME (Nieuwenhuis et al. 2012) package to test for
highly influential habitat patches that could be affecting parameter estimates. Influential patches
were identified through an iterative process whereby each patch was sequentially removed and
then parameter estimates were checked to estimate patch influence using Cook’s distance (Cook
1977). After nine influential patches were removed from the data set, none of the remaining
patches had a large influence on the model parameters (Fig. S4.3). Therefore, a second GLMM
(referred to as Model 2) was run on the candidate model set based on a modification of the
intercept and the addition of dummy variables for the patches that were most influential
(Nieuwenhuis et al. 2012). Predictive performance of Model 2 was low (ACC/AUC = 0.65,
0.60), relative to both the GLMM and GLM that used the full data set. Although two of the
GLMMs specified using the full data set (Model 1) had similar predictive performance as the top
GLM (M7, ACC =0.81; M25, ACC = 0.79), the confusion matrix from the cross-validation

results showed that the proportion of time that true positives were correctly identified in these
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models (M7 =0.27, M25 = 0.27), was much lower than the top GLM (0.78). For these reasons, |

chose to use the GLM for predicting occupancy probabilities across the watershed.
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Table S4.2. Best supported models from the candidate model set based on Akaike's

information criterion (AIC), model weight, and predictive performance metrics.
Predictive performance was evaluated using five-fold (Ileave-one-out) cross validation
accuracy (ACC) and area under the curve (AUC) of the receiver-operator characteristic

plot. The most supported model is shown in bold.

Model Model No. AAIC AICw ACC AUC
Aug_Temp + Aug_Temp® + TS + TS? + Elev + Grad + Grad® 2 0.00 0.90 0.75 0.74
Aug_Temp + Aug_Temp’ + TS + Elev + Grad + Grad® 23 4.46 0.10 0.74 0.74
Aug_Temp + Aug_Temp® + TS + TS? + Grad + Grad’ + Veg 1 11.10 0.00 0.73 0.72
Aug_Temp + Aug_Temp? + TS + TS? + Elev + CA + CA? 3 13.24 0.00 0.74 0.65
Aug_Temp + Aug_Temp? + TS + Elev + CA + CA? 24 15.43 0.00 0.74 0.64
Aug_Temp + Aug_Temp? + TS + TS? + Elev + Veg 20.68 0.00 0.72 0.61
Aug_Temp + Aug_Temp? + Grad + Grad® 230 0.00 0.72 0.78
Aug_Temp + Aug_Temp? " CA + CA? 24.0 0.00 0.81 0.78
Aug_Temp + Aug_Temp® + TS + TS? + CA + CA? + Veg 25 24.8 0.00 0.79 0.76
Aug_Temp + Aug_Temp’ + Elev 5 25.5 0.00 0.71 0.66
Aug_Temp + Aug_Temp® + TS + TS? + Veg 15 47.2 0.00 0.70 0.65
Aug_Temp + TS 13 53.0 0.00 0.70 0.68
Aug _Temp + Aug_Temp2 18 63.13 0.00 0.69 0.74
Aug_Temp + Aug_Temp? + Veg 8 65.06 0.00 0.69 0.74
TS + TS? + Grad + Grad? 10 74.69 0.00 0.60 0.64
Grad + Grad? 21 83.73 0.00 0.60 0.66
TS + TS? + Elev 9 95.74 0.00 0.67 0.56
Elev 20 100.11 0.00 0.68 0.52
CA + CA? 19 103.08 0.00 0.67 0.61
TS + TS? + CA+ CA? 1 103.31 0.00 0.70 0.68
Aug_Temp + CA 27 118.90 0.00 0.67 0.47
Aug_Temp + Grad 26 127.99 0.00 0.59 0.58
TS + TS? + Veg 12 131.72 0.00 0.60 0.45
Aug_Temp + TS + Veg 16 135.47 0.00 0.61 0.54
TS + TS? 17 135.70 0.00 0.45 0.68
Aug_Temp + TS 14 148.66 0.00 0.57 0.55
Veg 22 153.25 0.00 0.57 0.62
28

Note: AICis Akaike's information criterion; AAIC s the change in AIC values between the lowest AIC (i.e., highest ranking model) and the given model;
AICw is AIC weight. Abbreviations: Aug_Temp, August mean temperatrure (°C); Elev, elevation (m); CA, contributing area (ha); Grad, stream gradient

(%); Veg, is percent vegetation (%); TS, is thermal sensitivity.

189



122- |

66- - HE
o -

58- —{ T

52- — N

8- Lo |
a5 — T +—

“w  —{ I

43- |

20 . LTIF

a2 — T+

10 I

Patch

0.3 0.4 0.5 0.6
Thermal sensitivity

122- |
66- =L L

61- 8=

58- S e I —
52- 8 [ =

- I

45 T +—

- —{TF :

43- |

40- — T +—

32- {1+

10- S| [

Patch

August temperature (°C)

Figure S4.2. Boxplots of mean August stream temperature and thermal sensitivity at sites where
juvenile bull trout are present across patches.
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Occurrence data

Table S4.3. Occurrence of bull trout from 2012 to 2016 in the Prairie Creek watershed, NT. Abbreviations: S,
is survey and number corresponds to the survey number (S1 = survey one) and presence (1) or absence (0) of
bull trout with fork lengths <150 mm; SO, is stream order; <150mm, presence-absence of bull trout at a site
based on data from all surveys; >175mm, presence/absence of bull trout at a site with fork lengths greater than

or equal to 175 mm; DD, decimal degrees; SitelD, is the sampling site identification number.

Longitude Latitude
SitelD S1 S2 S3 S4 S5 SO <I50mm >175mm (DD) (DD)

10-3-03 0 0 0 - - 3 0 0 124.94789 61.79619
10-3-04 0 0 0 - - 3 0 0 124.94620 61.79658
10-3-05 0 0 0 - - 3 0 0 124.94426 61.79625
10-3-06 0 0 0 - - 3 0 1 124.94279 61.79654
10-3-07 0 0 0 - - 3 0 0 124.94109 61.79674
10-3-08 0 - - - 3 0 1 124.93968 61.79745
10-3-09 1 1 0 - - 3 1 0 124.93870 61.79785
10-3-11 0 0 1 - - 3 1 1 124.93686 61.79878
10-3-13 0 0 1 - - 3 1 0 124.93563 61.80041
10-3-15 0 - - - 3 0 1 124.93326 61.80188
10-3-17 0 1 0 - - 3 1 0 124.93222 61.80342
10-3-19 0 1 1 - - 3 1 0 124.92962 61.80435
10-3-21 1 1 1 - - 3 1 0 124.92641 61.80467
10-3-22 1 1 0 - - 3 1 0 124.92452 61.80470
10-3-23 1 1 1 - - 3 1 0 124.92289 61.80454
10-3-25 1 1 0 - - 3 1 0 124.91953 61.80424
10-3-27 1 1 1 - - 3 1 1 124.91694 61.80489
10-3-29 1 1 1 - - 3 1 1 124.91487 61.80528
10-3-30 1 1 1 - - 3 1 1 12491357 61.80575
111-1-12 0 0 0 - 1 0 0 124.90806 61.62812
111-1-14 O 0 0 - 1 0 0 124.90554 61.62689
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Longitude Latitude

SitelD S1 S2 S3 S4 S5 SO <I50mm >175mm (DD) (DD)
111-1-15 0 0 0 - 1 0 0 124.90416 61.62636
111-1-16 0O 0 0 - 1 0 0 124.90263 61.62586
111-1-19 0 0 0 - 1 0 0 124.89838 61.62412
111-1-23 0 0 0 - 1 0 0 124.89188 61.62259
111-1-25 0 0 0 - 1 0 0 124.88860 61.62192
111-1-29 0 0 0 - 1 0 0 124.88141 61.62130
111-1-30 O 0 0 - 1 0 0 124.87953 61.62124
111-1-35 0 0 0 - 1 0 0 124.87134 61.61991
111-1-36 O 0 0 - 1 0 0 124.86952 61.61976
111-1-38 0 0 0 - 1 0 0 124.86576 61.61963
122-1-03 0 0 0 - - 2 0 0 124.79914 61.66021
122-1-07 1 0 1 - - 2 1 0 124.79267 61.65877
122-1-11 0 0 0 - - 2 0 0 124.78552 61.65788
122-1-14 0 0 0 - - 2 0 0 124.78042 61.65749
122-1-19 0 0 0 - 2 0 1 124.77198 61.65662
122-1-21 0 0 0 - 2 0 0 124.76853 61.65603
122-1-24 0 0 0 - - 2 0 0 124.76337 61.65502
122-1-25 0 0 0 - 2 0 0 124.76166 61.65477
122-1-30 O 0 0 - - 2 0 0 124.75322 61.65398
122-1-31 0 0 0 - 2 0 0 124.75133 61.65392
122-1-34 0 0 0 - - 2 0 0 124.74614 61.65416
122-1-37 0 0 0 - - 2 0 0 124.74111 61.65530
122-1-45 0 0 0 - - 1 0 0 124.73272 61.66071
122-1-49 0 0 0 - - 1 0 0 124.73196 61.66413
122-1-50 O 0 - - - 1 0 0 124.73183 61.66512
122-1-59 0 0 - - - 1 0 0 124.72997 61.67229
1-901 0 - - - 4 0 1 124.41670 61.34578
1-902 0 - - - 4 0 1 124.41144 61.34108
2-3-01 0 - - - 3 0 0 124.71215 61.52098
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Longitude Latitude

SitelD S1 S2 S3 S4 S5 SO <I50mm >175mm (DD) (DD)
2-3-02 0 1 0 - - 3 1 0 124.71196 61.52098
2-3-03 1 0 0 - - 3 1 0 124.71009 61.52110
2-3-04 1 0 0 - - 3 1 1 124.70857 61.52094
2-3-05 0 - - - - 3 0 0 124.70690 61.52123
2-3-06 0 0 - - - 3 0 0 124.70541 61.52160
2-3-07 0 0 0 - - 3 0 0 124.70358 61.52190
2-3-08 0 0 0 - - 3 0 0 124.70207 61.52238
2-3-10 0 0 - - - 3 0 0 124.69966 61.52376
2-3-13 0 0 - - - 3 0 0 124.69634 61.52589
2-3-14 0 0 - - - 3 0 0 124.69554 61.52672
2-3-17 0 0 0 - - 3 0 0 124.69209 61.52868
2-3-18 0 0 0 - - 3 0 0 124.69122 61.52950
2-3-19 0 0 0 - - 3 0 0 124.69047 61.53029
2-3-21 0 0 0 - - 3 0 0 124.68962 61.53201
2-3-23 0 0 0 - - 3 0 0 124.68967 61.53376
32-2-05 0 0 - - - 2 0 0 124.84016 61.52889
32-2-07 0 0 - - - 2 0 0 124.83831 61.53044
32-2-17 0 0 - - - 2 0 1 124.82491 61.53567
32-2-25 0 0 - - - 2 0 0 124.81179 61.53729
32-2-26 0 0 - - - 2 0 0 124.81014 61.53758
32-2-32 0 0 - - - 2 0 0 124.80223 61.54083
32-2-33 0 0 - - - 2 0 0 124.80075 61.54130
32-2-34 0 0 0 - 2 0 0 124.79927 61.54159
32-2-35 0 0 - - - 2 0 0 124.79746 61.54170
32-2-39 0 1 - - - 2 1 0 124.79126 61.54304
32-2-40 1 0 - - - 2 1 0 124.78959 61.54351
322901 O - - - 2 0 1 124.81796 61.53622
32-2902 0 - - - 2 0 1 124.81349 61.53700
37-1-06 0 0 0 - 1 0 0 124.92672 61.57002

194



Longitude Latitude

SitelD S1 S2 S3 S4 S5 SO <I50mm >175mm (DD) (DD)
37-1-07 0 0 0 - 1 0 0 124.92822 61.57052
37-1-08 0 0 0 - 1 0 0 124.92967 61.57106
37-1-09 0 0 0 - 1 0 0 124.93151 61.57130
37-2-06 0 0 0 - 2 0 0 124.91749 61.56997
37-2-12 0 0 0 - 2 0 0 124.90727 61.56922
37-2-18 0 0 0 - 2 0 0 124.89683 61.56999
37-2-25 0 0 0 - 2 0 0 124.88598 61.57212
37-2-29 0 0 0 - 2 0 0 124.87887 61.57293
37-2-30 0 0 0 - 2 0 0 124.87757 61.57322
37-2-32 0 0 0 - 2 0 0 124.87437 61.57336
37-2-35 0 0 0 - 2 0 0 124.86909 61.57325
37-2-36 0 0 0 - 2 0 0 124.86757 61.57291
37-2-42 0 0 0 - 2 0 0 124.85719 61.57173
37-2-43 0 0 0 - 2 0 1 124.85539 61.57164
37-2-46 0 0 0 - 2 0 0 124.85058 61.57270
37-2-51 0 0 0 - 2 0 0 124.84322 61.57531
37-2-52 0 0 0 - 2 0 0 124.84216 61.57603
37-2-57 0 0 0 - 2 0 0 124.83858 61.57996
38-13 0 0 - - - 2 0 0 124.79049 61.55636
38-14 0 0 - - - 2 0 0 124.77450 61.56917
38-15 0 0 - - - 2 0 0 124.78234 61.56056
38-16 0 0 - - - 2 0 0 124.78851 61.55837
38-17 0 0 - - - 2 0 0 124.77639 61.56734
38-18 0 - - - - 2 0 0 124.79250 61.55525
38-19 0 0 - - - 2 0 0 124.78981 61.55701
38-20 0 0 - - - 2 0 0 124.78003 61.56374
38-21 0 0 - - - 2 0 0 124.77936 61.56418
38-22 0 0 - - - 2 0 0 124.78110 61.56275
40-1-03 0 0 0 0 0 1 0 0 124.72774 61.61085
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Longitude Latitude
SitelD S1 S2 S3 S4 S5 SO <I50mm >175mm (DD) (DD)

40-1-06 0 0 0 0 0 1 0 0 124.72377 61.61253
40-1-07 0 - - - 1 0 0 124.72272 61.61324
40-1-21 0 0 0 0 0 1 0 0 124.71046 61.60990
40-1-34 0 0 0 0 0 1 0 0 124.72447 61.60731
40-1-38 0 0 0 0 0 1 0 0 124.71997 61.60466
40-1-40 0 - - - - 1 0 0 124.71694 61.60389
40-2-12 1 1 1 - - 2 1 0 124.80465 61.60608
40-2-13 1 1 1 - - 2 1 0 124.80282 61.60611
40-2-18 1 1 1 - - 2 1 0 124.79422 61.60730
40-2-19 1 1 1 - - 2 1 0 124.79277 61.60766
40-2-23 1 1 1 - - 2 1 0 124.78586 61.60855
40-2-26 1 1 1 - - 2 1 0 124.78072 61.60873
40-2-31 1 1 1 - - 2 1 0 12477177 61.60903
40-2-32 1 1 1 - - 2 1 0 124.76989 61.60896
40-2-45 1 1 1 - - 2 1 1 124.74719 61.61105
40-2-51 1 1 1 - - 2 1 0 124.73644 61.61065
40-2-53 1 1 1 - - 2 1 1 124.73298 61.61105
40-2-901 O - - - - 1 0 1 124.72995 61.61118
41-1-13 1 1 0 - - 1 1 0 124.72818 61.62341
41-1-14 0 0 0 - - 1 0 0 124.72622 61.62317
41-1-15 0 0 0 - - 1 0 0 124.72434 61.62313
41-1-17 0 0 - - 1 0 0 124.72083 61.62349
41-1-18 0 0 - - 1 0 0 124.71915 61.62380
41-2-06 0 0 - - - 2 0 0 124.79356 61.63182
41-2-11 0 0 - - - 2 0 0 124.78449 61.63230
41-2-12 0 0 - - - 2 0 0 124.78306 61.63221
41-2-14 0 0 - - - 2 0 0 124.77962 61.63218
41-2-16 0 0 - - - 2 0 0 124.77620 61.63187
41-2-18 0 0 - - - 2 0 0 124.77241 61.63210
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Longitude Latitude
SitelD S1 S2 S3 S4 S5 SO <I50mm >175mm (DD) (DD)

41-2-19 0 0 - - - 2 0 0 124.77079 61.63188
41-2-30 0 0 - - - 2 0 0 124.75334 61.62794
41-2-35 0 0 - - - 2 0 0 124.74578 61.62543
41-2-36 0 0 - - - 2 0 0 124.74389 61.62546
41-2-38 0 0 - - - 2 0 0 124.74044 61.62586
41-2-39 0 0 0 - 2 0 0 124.73857 61.62597
43-1-119 0 - - - 1 0 0 124.77981 61.70455
43-1-125 0 0 0 - 1 0 0 124.78135 61.70822
43-1-147 0 0 0 - 1 0 1 124.79451 61.72636
43-1-170 0 0 0 - 1 0 0 124.80367 61.74620
43-1-80 0 - - - 1 0 0 124.79071 61.69669
43-1-901 1 - 1 1 0 124.79835 61.73376
43-1-902 O - - - 1 0 1 124.78268 61.71161
43-1-903 0 - - - 1 0 0 124.78103 61.70597
43-2-02 0 0 0 - 3 0 0 124.79204 61.67127
43-2-06 0 0 0 - 3 0 0 124.78903 61.67434
43-2-09 0 0 0 - 3 0 0 124.79048 61.67640
43-2-12 0 0 0 - 3 0 1 124.79100 61.67890
43-2-18 0 0 0 - 3 0 0 124.79074 61.68421
43-2-25 0 0 0 - 3 0 1 124.79129 61.69040
43-2-26 0 0 0 - 3 0 1 124.79032 61.69116
43-2-31 0 0 0 - 2 0 0 124.78720 61.69485
43-2-32 0 0 0 - 2 0 0 124.78669 61.69581
43-2-37 0 0 0 - 2 0 0 124.78254 61.69931
43-2-40 0 0 0 - 2 0 0 124.78002 61.70159
44-1-09 0 0 - - - 1 0 0 124.94155 61.61498
44-1-15 0 - - - - 1 0 0 124.94059 61.62026
44-1-16 0 0 0 - - 1 0 0 124.94046 61.62113
44-1-17 0 - - - - 1 0 0 124.94074 61.62202
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Longitude Latitude
SitelD S1 S2 S3 S4 S5 SO <I50mm >175mm (DD) (DD)

44-1-43 0 0 - - - 2 0 0 124.86978 61.60278
44-2-08 0 0 0 - 2 0 0 124.94098 61.61373
44-2-12 0 0 - - - 2 0 0 124.93443 61.61221
44-2-15 0 0 - - - 2 0 0 124.92992 61.61245
44-2-33 0 0 - - - 2 0 0 124.90273 61.60484
44-2-37 0 0 0 - 2 0 0 124.89584 61.60377
44-2-41 0 1 - - - 2 1 0 124.88907 61.60252
44-2-44 0 0 0 - 2 0 0 124.88439 61.60213
44-2-46 0 1 - - - 2 1 0 124.88091 61.60218
44-2-50 1 1 - - - 2 1 0 124.87393 61.60246
44-2-52 1 1 - - - 2 1 1 124.87032 61.60295
44-2-59 1 1 - - - 2 1 0 124.85821 61.60231
44-2-60 1 1 - - - 2 1 1 124.85668 61.60251
44-2-61 1 1 - - - 2 1 0 124.85484 61.60272
44-2-69 1 1 - - 2 1 0 124.84179 61.60514
44-2-901 O - - - 2 0 1 124.94285 61.61416
45-1-24 0 0 0 0 0 1 0 0 124.83611 61.68427
45-1-26 0 0 0 0 0 1 0 0 124.83565 61.68603
45-1-32 0 0 0 0 0 1 0 0 124.83140 61.69093
45-1-901 O 0 0 0 0 1 0 0 124.83616 61.68199
45-1-902 O 0 0 0 0 1 0 0 124.83456 61.68857
45-2-05 1 1 1 - - 2 1 0 124.87116 61.65278
45-2-10 1 1 1 - - 2 1 1 124.86261 61.65335
45-2-12 1 1 1 - - 2 1 0 124.85922 61.65366
45-2-20 1 1 1 - - 2 1 0 124.84712 61.65661
45-2-28 1 1 0 - - 1 1 0 124.83762 61.66213
45-2-29 1 1 1 - - 1 1 1 124.83675 61.66293
45-2-36 1 1 0 - - 1 1 0 124.83214 61.66836
45-2-40 0 1 0 - - 1 1 0 124.83026 61.67174
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Longitude Latitude
SitelD S1 S2 S3 S4 S5 SO <I50mm >175mm (DD) (DD)

45-2-49 0 0 0 - - 1 0 0 124.83561 61.67897
45-2-51 0 0 0 - - 1 0 0 124.83646 61.68064
45-2-52 0 0 0 - - 1 0 0 124.83632 61.68145
46-2-06 0 - - - - 2 0 0 124.95285 61.64854
46-2-14 0 - - - - 2 0 0 124.95146 61.65506
46-2-28 0 0 - - - 2 0 0 124.94499 61.66626
46-2-31 0 0 - - - 2 0 1 124.94535 61.66891
46-2-33 0 0 - - - 2 0 1 124.94546 61.67071
46-2-37 0 0 - - - 2 0 1 124.94417 61.67421
46-2-39 0 0 - - - 2 0 1 124.94371 61.67592
46-2-41 0 0 - - - 2 0 1 124.94401 61.67772
46-2-44 0 0 - - - 2 0 1 124.94455 61.68036
46-2-46 0 0 - - - 2 0 0 124.94447 61.68204
46-2-902 0 0 0 - 2 0 0 124.94520 61.66656
47-2-05 0 0 0 - 2 0 0 124.99104 61.67147
47-2-06 0 0 0 - 2 0 0 124.99013 61.67221
47-2-07 0 0 0 - 2 0 0 124.98907 61.67303
47-2-08 0 0 0 - 2 0 0 124.98798 61.67367
47-2-09 0 0 0 - 2 0 0 124.98650 61.67432
47-2-10 0 0 0 - 2 0 0 124.98521 61.67488
47-2-11 0 0 0 - 2 0 0 124.98355 61.67544
47-2-12 0 0 0 - 2 0 0 124.98227 61.67609
47-2-13 0 0 0 - 2 0 0 124.98097 61.67666
47-2-14 0 0 0 - 2 0 0 124.97967 61.67731
47-2-15 0 0 0 - 2 0 0 124.97848 61.67800
47-2-18 0 - - - 2 0 0 124.97593 61.68038
47-2-21 0 0 0 - 2 0 0 124.97629 61.68303
47-2-22 0 0 0 - 2 0 0 124.97616 61.68390
47-2-23 0 0 0 - 2 0 0 124.97621 61.68478
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Longitude Latitude

SitelD S1 S2 S3 S4 S5 SO <I50mm >175mm (DD) (DD)
47-2-25 0 0 0 - 2 0 0 124.97633 61.68657
47-2-28 0 0 0 - 2 0 0 124.97669 61.68924
48-01 0 - - - - 1 0 0 124.76244 61.58899
48-03 0 - - - - 1 0 0 124.75176 61.58342
48-08 0 - - - - 1 0 0 124.75044 61.58117
48-12 1 1 - - - 2 1 0 124.82138 61.59733
48-13 0 0 - - - 2 0 0 124.83573 61.59509
48-14 0 0 - - - 2 0 0 124.75951 61.58675
48-15 1 1 - - - 2 1 1 124.79229 61.59201
48-16 0 1 - - - 2 1 0 124.82001 61.59735
48-17 0 - - - - 2 0 0 124.74216 61.58687
48-18 0 0 0 - - 2 0 0 124.76359 61.58776
48-19 1 1 - - - 2 1 0 124.78818 61.59068
48-20 1 0 - - - 2 1 0 124.83348 61.59907
48-21 0 - - - - 2 0 0 124.74052 61.58696
48-22 1 1 - - - 2 1 1 124.77108 61.58775
48-23 1 1 - - - 2 1 1 124.80024 61.59428
48-901 0 - - - - 1 0 0 124.73700 61.58559
48-902 0 - - - - 1 0 0 124.73504 61.58427
48-903 1 - - - - 2 1 0 124.79413 61.59275
52-1-02 0 0 - - - 1 0 0 124.83871 61.71845
52-1-04 0 0 - - - 1 0 0 124.83938 61.72021
52-1-06 0 0 - - - 1 0 0 124.83873 61.72196
52-1-07 0 0 - - - 1 0 0 124.83840 61.72282
52-1-08 0 0 - - - 1 0 0 124.83846 61.72371
52-1-10 0 0 - - - 2 0 0 124.83736 61.72436
52-1-12 0 0 - - - 2 0 0 124.83410 61.72368
52-1-17 0 0 - - - 1 0 0 124.82560 61.72450
52-2-02 1 1 - - - 2 1 1 124.86193 61.72690
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Longitude Latitude
SitelD S1 S2 S3 S4 S5 SO <I50mm >175mm (DD) (DD)
52-2-03 1 1 - - - 2 1 1 124.86017 61.72655
52-2-04 1 1 - - - 2 1 1 124.85849 61.72641
52-2-05 1 1 - - - 2 1 1 124.85676 61.72598
52-2-06 1 1 - - - 2 1 1 124.85484 61.72583
52-2-07 1 1 - - - 2 1 1 124.85313 61.72558
52-2-08 1 1 - - - 2 1 1 124.85144 61.72515
52-2-09 1 0 - - - 2 1 1 124.84968 61.72499
52-2-10 0 1 - - - 2 1 1 124.84818 61.72484
55-2-02 0 - - - - 2 0 0 125.01800 61.72753
55-2-03 0 - - - - 2 0 0 125.01836 61.72841
55-2-04 0 0 - - - 2 0 0 125.01845 61.72931
55-2-05 0 0 - - - 2 0 0 125.01854 61.73020
55-2-06 0 - - - - 2 0 0 125.01941 61.73100
55-2-07 0 0 - - - 2 0 0 125.02029 61.73179
55-2-08 0 0 - - - 2 0 0 125.02111 61.73260
55-2-09 0 0 - - - 2 0 0 125.02184 61.73343
55-2-11 0 0 - - - 2 0 0 125.02258 61.73513
55-2-12 0 0 - - - 2 0 0 125.02250 61.73601
55-2-13 0 0 - - - 2 0 0 125.02250 61.73691
55-2-14 0 0 - - - 2 0 0 125.02263 61.73779
55-2-15 0 0 - - - 2 0 0 125.02182 61.73860
55-2-17 0 - - - - 2 0 0 125.02019 61.74022
55-2-18 0 0 - - - 2 0 0 125.01916 61.74086
55-2-19 0 0 - - - 2 0 0 125.01901 61.74175
55-2-20 0 0 - - - 2 0 0 125.01860 61.74262
55-2-21 0 0 - - - 2 0 0 125.01854 61.74352
55-2-22 0 - - - - 2 0 0 125.01854 61.74441
55-2-26 0 - - - - 2 0 0 125.01620 61.74780
56-1-11 0 0 0 - 1 0 0 125.07214 61.73690
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Longitude Latitude
SitelD S1 S2 S3 S4 S5 SO <I50mm >175mm (DD) (DD)

56-1-12 0 0 0 - 1 0 0 125.07024 61.73684
56-1-14 0 0 0 - 1 0 0 125.06704 61.73707
56-1-15 0 0 0 - 1 0 0 125.06517 61.73728
56-1-16 0 0 0 - 1 0 0 125.06348 61.73757
56-2-03 0 0 0 - 2 0 0 125.05777 61.73990
56-2-04 0 0 0 - 2 0 0 125.05593 61.74018
56-2-06 0 0 0 - 2 0 0 125.05249 61.74025
56-2-07 0 0 0 - 2 0 0 125.05059 61.74028
56-2-09 0 0 0 - 2 0 0 125.04778 61.74068
56-2-10 0 0 0 - 2 0 0 125.04634 61.74122
56-2-12 0 0 0 - 2 0 0 125.04465 61.74282
58-1-03 0 - - - 1 0 0 124.94218 61.75694
58-1-09 1 0 0 - 1 1 0 124.93424 61.75348
58-1-113 0 0 0 0 0 1 0 1 124.91846 61.77225
58-1-66 1 1 1 1 1 1 1 0 124.85223 61.77660
58-1-70 1 0 0 0 0 1 1 0 124.84576 61.77623
58-1-77 1 0 0 0 0 1 1 0 124.83512 61.77261
58-1-79 0 0 0 0 0 1 0 0 124.83279 61.77165
58-1-901 O - - - - 1 0 0 124.83802 61.77364
58-2-02 0 0 - - - 2 0 0 124.95478 61.75533
58-2-23 0 0 - - - 2 0 1 124.92770 61.76562
58-2-34 0 1 - - - 2 1 0 124.91000 61.76656
58-2-36 1 0 - - - 2 1 1 124.90721 61.76740
58-2-40 0 - - - 2 0 0 124.90123 61.76883
58-2-43 1 0 - - - 2 1 0 124.89546 61.76909
58-2-45 1 0 - - - 2 1 1 124.89196 61.76896
58-2-50 1 1 - - - 2 1 1 124.88311 61.76899
58-2-60 1 0 - - - 2 1 1 124.87004 61.77432
58-2-901 O - - - 2 0 0 124.93950 61.75950
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Longitude Latitude

SitelD S1 S2 S3 S4 S5 SO <I50mm >175mm (DD) (DD)
58-2-902 O - - - 2 0 0 124.92457 61.76617
58-2-903 O - - - 2 0 1 124.92230 61.76629
58-2-904 1 - - - 2 1 0 124.89669 61.76898
58-2-905 1 - - - 2 1 0 124.89594 61.76909
58-2-906 1 - - - 2 1 0 124.88193 61.76928
58-2-907 O 0 0 - 2 0 0 124.86208 61.77961
58-2-908 1 - - - 2 1 1 124.86508 61.77597
61-2-03 1 1 1 - - 2 1 1 124.90826 61.80887
61-2-04 1 1 1 - - 2 1 1 124.90775 61.80972
61-2-08 1 1 1 - - 2 1 1 124.90628 61.81320
61-2-11 1 1 1 - - 2 1 1 124.90451 61.81566
61-2-15 1 1 1 - - 2 1 1 124.90187 61.81898
61-2-18 0 1 1 - - 2 1 1 124.89973 61.82120
61-2-20 0 0 0 - - 2 0 1 124.89870 61.82295
61-2-22 0 0 0 - - 2 0 1 124.89785 61.82455
61-2-24 0 0 0 - - 2 0 0 124.89739 61.82635
61-2-25 0 0 0 - - 2 0 1 124.89726 61.82731
61-2-29 0 0 0 - - 2 0 0 124.90010 61.83036
61-2-30 0 0 0 - - 2 0 1 124.90120 61.83111
61-2-36 0 0 0 - 2 0 0 124.90630 61.83539
61-2-42 0 0 0 - - 2 0 1 124.91075 61.83964
61-2-44 0 0 0 - - 2 0 1 124.91383 61.84031
6-3-06 1 1 0 - - 3 1 0 124.96758 61.68869
6-3-07 0 0 1 - - 3 1 1 124.96604 61.68827
6-3-08 1 0 0 - - 3 1 0 124.96486 61.68766
6-3-13 1 0 1 - - 3 1 0 124.95714 61.68516
6-3-14 0 0 0 - - 3 0 0 124.95560 61.68465
6-3-20 0 0 0 - - 3 0 0 124.94591 61.68389
6-3-23 0 1 0 - - 3 1 0 124.94118 61.68386
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Longitude Latitude
SitelD S1 S2 S3 S4 S5 SO <I50mm >175mm (DD) (DD)
6-3-27 0 0 0 - - 3 0 1 124.93481 61.68439
6-3-37 0 0 0 - - 3 0 0 124.91793 61.68383
6-3-38 0 0 0 - - 3 0 1 124.91610 61.68377
6-3-42 0 0 0 - - 3 0 0 124.90939 61.68323
6-3-43 0 0 0 - - 3 0 0 124.90768 61.68308
6-3-48 0 0 0 - - 3 0 0 124.89872 61.68194
6-3-49 0 0 0 - - 3 0 0 124.89725 61.68154
6-3-52 1 0 0 - - 3 1 0 124.89189 61.68141
66-03 0 0 - - - 1 0 0 124.88500 61.80708
66-06 0 0 - - - 1 0 0 124.88472 61.80930
66-13 0 0 - - - 2 0 1 124.89517 61.80758
66-15 1 1 - - - 2 1 0 124.90257 61.80644
66-16 0 - - - - 2 0 0 124.90810 61.80681
66-18 1 0 - - - 2 1 1 124.90509 61.80658
66-20 1 1 0 - - 2 1 0 124.89930 61.80666
66-21 1 1 - - - 2 1 0 124.90998 61.80732
66-22 0 0 - - - 2 0 0 124.90321 61.80661
66-23 0 0 - - - 2 0 0 124.88926 61.80851
68-01 0 0 - - - 1 0 0 125.03304 61.76461
68-03 0 - - - - 1 0 0 124.99554 61.76230
68-04 0 - - - - 1 0 0 125.04843 61.78431
68-05 0 0 - - - 1 0 0 125.01381 61.75982
68-06 0 - - - - 1 0 0 124.99797 61.75815
68-07 0 0 - - - 1 0 0 125.02892 61.76503
68-08 0 0 - - - 1 0 0 125.02535 61.76352
68-10 0 - - - - 1 0 0 125.05552 61.78351
68-11 0 - - - - 1 0 0 125.03954 61.78337
68-12 0 - - - - 2 0 0 125.02042 61.76822
68-13 0 - - - - 2 0 0 125.02159 61.77446
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Longitude Latitude
SitelD S1 S2 S3 S4 S5 SO <I50mm >175mm (DD) (DD)
68-14 0 - - - - 2 0 0 125.03626 61.78231
68-15 0 0 - - - 2 0 0 125.00593 61.75871
68-16 0 0 - - - 2 0 0 125.01482 61.76292
68-17 0 0 - - - 2 0 0 125.02720 61.77889
68-18 0 - - - - 2 0 0 125.02115 61.77357
68-19 0 0 - - - 2 0 0 125.01609 61.76428
68-20 0 0 0 - - 2 0 0 124.99495 61.75608
68-21 0 0 - - - 2 0 0 125.00713 61.75906
68-22 0 0 - - - 2 0 0 124.98931 61.75322
71-901 0 - - - - 2 0 1 125.04706 61.74402
7-3-01 0 - - - - 3 0 0 124.89313 61.69187
7-3-02 0 - - - - 3 0 0 124.89203 61.69261
7-3-03 0 - - - - 3 0 0 124.89088 61.69315
7-3-04 0 - - - - 3 0 0 124.89018 61.69398
7-3-05 0 - - - - 3 0 0 124.88917 61.69474
7-3-06 0 - - - - 3 0 0 124.88815 61.69550
7-3-07 0 - - - - 3 0 0 124.88771 61.69634
7-3-09 0 - - - - 3 0 0 124.88735 61.69812
7-3-10 0 - - - - 3 0 0 124.88771 61.69897
7-3-12 0 - - - - 3 0 0 124.88632 61.70059
7-3-14 0 - - - - 3 0 0 124.88383 61.70183
7-3-15 0 - - - - 3 0 0 124.88285 61.70260
7-3-16 0 - - - - 3 0 0 124.88224 61.70340
7-3-17 0 - - - - 3 0 0 124.88113 61.70407
7-3-18 0 - - - - 3 0 0 124.87999 61.70467
9-3-05 0 0 0 - - 3 0 0 125.03745 61.74488
9-3-06 0 0 0 - - 3 0 1 125.03562 61.74517
9-3-07 0 0 0 - - 3 0 1 125.03404 61.74565
9-3-10 0 0 0 - - 3 0 1 125.03054 61.74749
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Longitude Latitude
SitelD S1 S2 S3 S4 S5 SO <I50mm >175mm (DD) (DD)
9-3-19 0 0 0 - - 3 0 1 125.01534 61.74853
9-3-27 0 0 0 - - 3 0 0 124.99915 61.75011
9-3-34 0 - - - - 3 0 0 124.98625 61.75072
9-3-39 0 0 0 - - 3 0 0 124.98458 61.74738
9-3-42 0 - - - - 3 0 0 124.97947 61.74662
9-3-45 0 0 0 - - 3 0 1 124.97379 61.74671
9-3-53 0 0 0 - - 3 0 0 124.96092 61.74473
9-3-57 0 0 0 - - 3 0 0 124.95658 61.74201
9-3-64 0 1 1 - - 3 1 1 124.94815 61.73737
9-3-70 0 0 0 - - 3 0 0 124.94219 61.73297
9-3-71 0 1 0 - - 3 1 1 124.94046 61.73263
9-3-72 0 1 0 - - 3 1 1 124.93892 61.73212
9-3-75 0 1 1 - - 3 1 1 124.93548 61.73032
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Chapter 5: Conclusion

This thesis has provided novel insights into the thermal ecology of a cold-water ectotherm,
and bull trout was used as the model organism. The work presented in the previous chapters
spanned multiple spatial scales. First, | focused on sampling methodology at local and regional
scales to show how accounting for low detectability in fringe habitats near distributional
boundaries can improve accuracy of distributional assessments and increase our ability to detect
demographic shifts in bull trout. Next, 1 used full-year temperature records from montane
streams, spanning a broad latitudinal gradient, to examine the thermal regimes that bull trout
populations experience across both regional and global scales. Results show that all streams
exhibit similar thermal stability and insensitivity to warming effects of air temperature
throughout the year. Also, as latitude increases, the distribution of bull trout is constrained by
cold-limiting streams in both the summer and winter. Finally, | defined the ecological niche and
examined potential consequences of climate warming for a local population using data collected
with the protocol developed in Chapter 2. Results show how the distribution of juvenile bull trout
in a northern watershed is shaped by a combination of cold-limiting streams, prevalence of
perennial groundwater, and stream geomorphology. Projections based on climate warming
scenarios suggest two different outcomes. First, suitable habitat, based on both climatic and
geomorphic factors, will decrease across all scenarios. Second, the availability of thermally
suitable habitat (i.e., does not consider other habitat associations) will initially increase, and then
either decline or remain stable. The latter projections are based only on the defined summer
thermal niche that bull trout occupy in this watershed, and illustrate the importance of
considering broader dimensions of the ecological niche when making climate change projections

for northern stream fishes.
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Implications for bull trout

Bull trout is a species of great societal and ecological importance found in lakes and streams
across North America (COSEWIC 2012; see Chapter 1). Bull trout are highly sought after by
recreational fishers and, as a top predator in most systems, they are a critical element of aquatic
ecosystems. As latitude increases, the diversity of stream fish communities typically decreases,
and higher trophic consumers become even more important for maintaining ecosystem structure
and function (Layman et al. 2007; Tilman et al. 2014). In addition, chars are renowned for
exhibiting exceptional phenotypic plasticity (Chavarie et al. 2010; Klemetsen 2010; Chavarie et
al. 2016), and bull trout conform to this assertion, demonstrating intra-specific variability in both
habitat use and biological traits (Al-Chokhachy et al. 2010; Warnock and Rasmussen 2014;

Austin et al. 2019). Consequently, my findings have broad implications for the species.

Distributional patterns

The patchy distribution of juvenile bull trout across Prairie Creek, as reported in Chapters 2
and 4, is consistent what others have reported elsewhere (Wenger et al. 2011; Isaak et al. 2015;
Rodtka et al. 2015); however, juveniles in Prairie Creek are even rarer than what others have
observed. This finding provides further evidence that bull trout is a habitat specialist and
suggests that, as one moves north across the range, the availability of suitable habitat at the sub-
basin scale declines. Results from Chapter 3 show that few streams in this watershed do not
completely freeze during winter, and Chapter 4 illustrates that juveniles are most likely to
occupy streams with low-to-moderate thermal sensitivity. Through deductive reasoning, | show
that perennial groundwater is the most likely mechanism responsible for low thermal sensitivity
in the Prairie Creek watershed. This finding suggests that northern bull trout preferentially select

streams with higher groundwater inputs. A similar affinity for habitat associated with perennial
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groundwater has been shown to be a key determinant of spawning site selection in other bull
trout populations (Baxter and McPhail 1999; Baxter and Hauer 2000). Although I did not look
directly at the spawning life stage, young-of-the year fish were captured in most streams that bull
trout occupy in the Prairie Creek watershed, and this is a strong indication that fish successfully
spawn in these streams. Improving understanding of the spatial heterogeneity in occupancy bull
trout exhibit across this watershed will aid in management of populations and their habitat. It is
important to note that the differences in distributional patterns between Prairie Creek and stream
networks further south could be a local watershed effect. However, this seems unlikely as stream
surveys across broader areas in the north suggest bull trout is relatively rare in this region
(Mochnacz and Reist 2007a, 2007b; Mochnacz et al. 2013). Regardless, conducting similar
watershed-level surveys in other northern watersheds would be useful to assess bull trout status

elsewhere and determine if the distributional pattern | report is consistent across the region.

Assessment and monitoring

Results from Chapter 2 demonstrate that detectability of juvenile bull trout is not uniform
across environmental gradients in the Prairie Creek watershed and is lowest in fringe habitats at
downstream and upstream distributional limits. Low detectability in fringe habitats can affect the
accuracy of initial assessments, ability to detect distributional changes, and inferences from
species distribution models. However, the effect of imperfect detection can be mediated in fringe
habitat by increasing the density of sampling sites, collecting at least three temporal replicates at
a site, or a combination of both. Adopting this sampling strategy will increase the likelihood of
finding juveniles in habitat at the edge of distributional boundaries resulting in greater accuracy
during initial assessments and re-assessments. From a monitoring perspective this is an important

finding, and shows how one can optimize assessments to increase power of detecting population
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trends over time. Although similar sampling frameworks exist, my results provide greater insight
into the sensitivity of monitoring schemes that may be attained using site-level surveys which
account for heterogeneity in detectability. My results are similar to what others report, whereby
increasing sampling effort improves the ability to detect trends in population abundance (Al-
Chokhachy et al. 2009). The monitoring framework | present is well-suited for tracking
distributional changes in bull trout at sites within and across streams, and, as shown by others
(Eby et al. 2014; LeMoine et al. 2020), extirpation is most likely to occur in sites near
downstream distributional boundaries. These findings will give others the knowledge to
implement sampling protocols that yield accurate geospatial status assessments of bull trout

distributions, and can serve as a baseline for conducting long-term trend assessments.

Thermal regimes

Results from Chapter 3 support findings of other studies which demonstrate that bull trout
occupy one of the narrowest and coldest thermal niches of stream-dwelling chars in North
America (Selong et al. 2001; Benjamin et al. 2016; Isaak et al. 2017). Given that this species
requires cold streams to persist, one would think that as latitude increases the amount of
thermally suitable habitat would increase. However, results from Chapter 3 illustrate two
important findings that challenge this notion. First, few streams in the Prairie Creek watershed
provide year-round thermally suitable habitat for juveniles because most freeze during winter.
Second, although some streams do not freeze during winter, they are extremely cold in the
summer (i.e., August mean <3.0°C) and juveniles do not reside in these streams. This suggests
that some streams are too cold to sustain juvenile populations at higher latitudes and initial
evidence that the distribution of northern populations is driven primarily by cold-limiting

thresholds. In addition, Chapter 4 shows that the thermal properties of streams are an important
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determinant of juvenile distribution in the Prairie Creek watershed. More specifically, the
probability of juvenile occurrence is highest in streams with low-to-moderate thermal sensitivity
and moderately warm mean August temperature (5.0-7.0°C). It is important to note that these
streams are still relatively cold, but they represent warmer streams in the context of the thermal
niche that the Prairie Creek population occupies. Together, these findings demonstrate that the
distribution of juveniles at higher latitudes is driven by cold-limiting streams in both the summer
and winter (i.e., do not freeze). This result is opposite to what others report for bull trout at the
southern range extent, where distributional patterns and population demographics are governed
by warm-limiting streams that approach upper thermal thresholds during the open water season
(Isaak et al. 2015; Benjamin et al. 2016; Kovach et al. 2016). My results provide a broader
understanding of how the thermal properties of streams that juvenile bull trout occupy differ
across latitude and further insight into mechanisms that influence distributional patterns and

persistence of a northern population.

Climate warming at the northern geographic range extent

In Chapter 4, results show that the extent of suitable juvenile habitat in the Prairie Creek
watershed is projected to change in two ways as climate warms. In the first scenario, suitable
habitat, based on both climatic and geomorphic factors, is projected to decline as climate warms,
even though the thermal properties of these streams will mediate the coherent effect of climate
warming. This finding is significant for two reasons. First, to my knowledge, this is the first
study to assess potential effects of climate warming at this spatial resolution in a northern
stream-dwelling salmonid. Other studies have assessed potential effects of climate change in
northern fishes but at a much coarser spatial scale and from a narrative rather than a habitat

perspective (Reist et al. 2006a, 2006b). Because my data set was spatially dense, | was able to
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develop accurate models and predict occurrence probabilities with precision across the
watershed, which is not possible with sparse data sets that are common in remote northern
watersheds. Second, the trajectory of habitat decline is contrary to most climate change
predictions for northern freshwater fishes, which suggest that the extent and quality of habitat
will improve as climate warms (Prowse et al. 2006; Reist et al. 2006a, 2006b). The notion that
habitat will decline is similar to what others have reported for populations at the southern range
extent and follows a similar pattern primarily driven by loss of thermally suitable downstream
habitat as streams warm (Isaak et al. 2015). In the Prairie Creek basin, some mid- to-upstream
habitat is predicted to initially improve in terms of thermal quality as climate warms, but
eventually suitable habitats will shift upstream towards distributional boundaries rendering some
streams inhabitable or others as small, isolated habitats. These predictions are based on the
thermal adaptation hypothesis, which suggests that juvenile bull trout have adapted over time to

occupy their current thermal niche, and will track this niche as climate warms.

In the second scenario, projections show that the amount of available suitable thermal habitat
will increase across all scenarios into the 2040s, and then either decline or plateau. The
calculations of suitable habitat for these projections are based solely on the defined summer
thermal niche that bull trout currently occupy (4.7°C — 7.5°C) and an expanded thermal niche
(4.7°C —10.0°C), based on the assumption that this population is capable of occupying a broader
thermal niche (i.e., niche evolution). There are two plausible hypotheses associated with niche
evolution. First, juveniles are forced to occupy their current thermal niche due to limited
availability of thermally suitable habitat, but possess the phenotypic plasticity to adjust to occupy
a broader niche if it becomes available. Second, this population has undergone local adaptation

to their current thermal niche, but will further adapt (i.e., genetically) to occupy a wider thermal
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niche as it becomes available over time. Although both hypotheses seem plausible, adjustment
seems like the most likely mechanism given that chars exhibit great phenotypic plasticity
(Klemetsen 2010). The predictions in both of these scenarios fail to account for other climatic
(e.g., thermal sensitivity/groundwater) and geomorphic factors that | show influence juvenile
distribution across the watershed. As shown by others, the dichotomy in the habitat trajectory
projections | present, reinforce the importance of considering broader dimensions of the
ecological niche in climate change vulnerability assessments (Snyder et al. 2015; Troia et al.

2019).

Based on the research completed in this thesis, | suggest that the following impacts of climate

warming are most likely to occur for northern bull trout populations in montane watersheds:

1. The proportion of available suitable habitat will decline, further constraining
opportunities for distributional expansion.

2. The structure and function of habitat with suitable thermal and geomorphic properties
will remain intact for most core populations, but the size of these habitats will
decrease and may result in local site extirpation at downstream distributional
boundaries.

3. The winter season will be shorter and warmer, resulting in warmer thermal regimes
throughout the incubation and growing seasons, and this change will provide better
opportunities for juvenile growth before the onset of winter leading to improved

survival and recruitment.
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Implications for salmonids

Monitoring protocol

Accurately documenting and effectively tracking the status of populations is one of the
greatest challenges of modern-day conservation (Noon et al. 2012). Collecting information on
population demographics consistently over time provides a time series to assess natural
variability in populations, which can then be used to detect deviation from normal conditions.
However, collecting this type of information can be costly, time consuming, and is not feasible
for many populations across large areas. Occupancy is now used as an alternative population
metric for assessing the status of salmonids across larger stream and lake ecosystems (Falke et al.
2010; Haynes et al. 2014), as it is relatively inexpensive to gather samples and provides reliable
data upon which robust inferences can be made (MacKenzie et al. 2018). The work presented in
this thesis illustrates how occupancy can be used to assess the distributional status of juvenile
salmonids across stream-networks and provides guidance on how to optimize sampling designs
to reliably detect trends in occupancy of resident fish while accounting for imperfect detection.
The latter element is lacking in occupancy studies as many identify factors responsible for
imperfect detection (Falke et al. 2010; Rodtka et al. 2015), but few highlight how to effectively
sample in these areas to reliably detect population trends (Reid and Haxton 2017). It is in this
regard that | believe results from this thesis will be most useful, as | provide a method to
effectively sample watershed-scale occupancy of a resident fish. Although it is difficult to
sample fish at distributional boundaries, it is in these fringe habitats where populations are
expected to be most vulnerable to extirpation (Eby et al. 2014; LeMoine et al. 2020). Therefore,
effectively monitoring population trends requires accurate distributional assessments and

reassessments. The sampling and monitoring framework that | present shows how accurate

214



baseline assessments can be done to effectively track population trends, and could be easily
transferred to other stream-dwelling salmonids (e.g., Dolly Varden). Also, as shown by others,

the occupancy-based method has great flexibility for broader applications (Baker et al. 2017).

Thermal regimes and thermal ecology

This thesis has provided a deeper understanding of the thermal ecology of bull trout across a
broad latitudinal gradient. The differences in thermal regimes that bull trout experience across
this latitudinal gradient show that juvenile distribution is driven by cold-limiting streams in the
north and warm-limiting streams in the south. These two divergent mechanisms explaining
distributional patterns in each respective area raises some interesting questions relevant to
salmonid research. This result fits with the thermal adaptation hypothesis, which states that
growth and fitness is maximized at temperatures that an organism experiences most often in their
native environment (Lonsdale and Levinton 1985). It follows that organisms at higher latitudes
will have reaction norms for better growth potential at lower temperatures than those from lower
latitudes (Levinton 1983; Angilletta 2009). Even though bull trout in the north successfully
occupy streams that do not accumulate as many thermal units in the growing season as streams in
the south, I show that temperatures in these streams are less variable throughout the year than
streams in the south. The Prairie Creek bull trout population may have adapted to optimize
growth and physiological performance in these colder, more thermally stable streams. Similar
evidence of local adaptation to different environmental regimes is common in other salmonids

(Eliason et al. 2011; Narum et al. 2013; Hecht et al. 2015; Sparks et al. 2017).

Conversely, the fact that juveniles in the Prairie Creek watershed are capable of surviving in
streams where they experience colder thermal regimes and a shorter growing season than their

southern counterparts could be explained by the countergradient hypothesis. This hypothesis
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suggests that organisms at higher latitudes exhibit compensatory growth to offset latitudinal
differences in growth potential associated with different climatic conditions and phenology
(Conover and Teresa 1990). Therefore, populations at higher latitudes often exhibit higher
growth than those at lower latitudes, yielding an inverse relationship between growth rates and
latitude. Differences in growth potential across similar latitudinal gradients has been reported in
other chars and supports the countergradient hypothesis (Chavarie et al. 2010; Sinnatamby et al.

2015).

Determining which prevailing mechanism (i.e., thermal adaptation or countergradient
variation) explains how the Prairie Creek bull trout population can occupy much colder streams
than populations at southern latitudes is important from an evolutionary perspective. Salmonids
that exhibit thermal adaptation may possess greater potential to evolve and occupy novel thermal
niches (i.e., niche evolution), whereas salmonids that exhibit growth-compensation may have
phenotypes that vary less but still possess adaptive potential (Conover and Schultz 1995). It s,
however, important to recognize that local adaptation does not necessarily confer genetic
differentiation and could reflect the broader phenotypic plasticity of bull trout. Using bull trout
as a model organism, | provide further support that salmonids possess great intraspecific
adjustment potential, allowing populations to survive across a range of different thermal
environments. Despite the exceptional phenotypic plasticity and adaptation exhibited by
salmonids (Klemetsen 2010; Narum et al. 2013; Hecht et al. 2015; Armstrong et al. 2016; Raby
et al. 2016; Sparks et al. 2017), some of these cold-water ectotherms have difficulty overcoming
upper thermal thresholds (Eliason et al. 2011; LeMoine et al. 2020). | encourage others to
examine the adaptive capacity of bull trout populations across ecologically relevant temperature

gradients using populations spanning the geographical range. This research will strengthen the

216



foundational understanding of how North American salmonids will respond as our climate

changes and broaden understanding of the adaptive potential of these cold-water fishes.

Implications for the study of thermal ecology and climate change

The study of thermal ecology is of fundamental importance for understanding the evolution
and ecology of species geographic range limits as temperature affects nearly all biological rate
processes (Kingsolver 2009; Sexton et al. 2009). The shape of thermal reaction norms for
ectothermic organisms provide insight into the breadth and magnitude of thermal niches that
individuals, populations, and species occupy (Kingsolver 2009). On the landscape, the thermal
properties of a species’ ecological niche act in concert with other dimensions of their niche (e.g.,
physical habitat, biological features) to govern habitat suitability for a given species (Angilletta
2009; Peterson 2011). Despite this, we still know relatively little about how temperature sets
geographic range boundaries (Sexton et al. 2009). The results from this thesis, combined with
other studies on bull trout, further support the claim that temperature is an important ecological
dimension that controls the distribution of aquatic ectotherms at both regional and global scales.
Chapters 3 and 4 provide further insight into potential mechanisms influencing the distribution of
a cold-water stenotherm at southern and northern geographic range extents and the vulnerability
of thermally suitable habitat to climate change. The results | present in Chapters 3 and 4 on
thermal sensitivity is an important finding, as it provides further evidence that not all thermally
suitable habitat is created equal and some habitat will be more vulnerable to climate warming
than others. Such findings support similar patterns of habitat heterogeneity in climate
vulnerability for other freshwater taxa (Troia et al. 2019). Additionally, recent studies have
documented both range shifts and contractions associated with climate warming (Parmesan et al.

1999; Sunday et al. 2012; Comte et al. 2013); however, inadequate sampling and resampling at
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fine enough spatial scales has hampered efforts to precisely document distributional changes
across taxa (Thomas et al. 2006). Results from Chapter 2 highlight the importance of
documenting baseline distributions accurately if we are to successfully track population trends to
understand consequences of climate warming. This will be especially important in regions with
minimal perturbations, such as montane watersheds like Prairie Creek situated in remote sub-
Arctic regions (Post et al. 2009). Accurately documenting species distributions across montane
ecosystems, defining the thermal niche organisms occupy, and identifying ecological thresholds
that limit population persistence, represent key elements of assessing risk and tracking

distributional changes as our climate continues to warm.
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