WINTER SURVIVAL AND HABITAT AS LIMITING FACTORS FOR ARCTIC
GRAYLING AT RED ROCK LAKES NATIONAL WILDLIFE REFUGE

by
Michael Nordstrom Davis

A thesis submitted in partial fulfillment
of the requirements for the degree

of
Master of Science
in
Fish and Wildlife Management

MONTANA STATE UNIVERSITY
Bozeman, Montana
April 2016

© COPYRIGHT
by
Michael Nordstrom Davis
2016
All Rights Reserved

ii
ACKNOWLEDGMENTS
This study was generously supported by Montana FWP and the U.S Fish and
Wildlife Service. I am indebted to Bill West and staff of Red Rock Lakes NWR for their
support and I applaud their dedication to one of our great natural treasures. I have
unrivaled admiration for my advisor Dr. Thomas McMahon, his intellect, character and
commitment to his students’ success. I will always cherish our many hours of discussion,
friendship and time in the field. I’d like to express my gratitude to Dr. Molly Webb, an
inspiring scientist and invaluable contributor to this research who repeatedly provided
key support and resources to help me complete this study. I am incredibly grateful to
Matt Jaeger for his guidance, technical support and commitment to my success. I’d like to
thank Dr. Wyatt Cross for his support as a committee member and his thoughtful review
of this manuscript. Thanks to Jon Rees, David Dockery, Lucas Bateman, Leif Halvorson,
Luke Holmquist, Rob Clark and Tracy Elam for their effort and enthusiasm in the field.
Thanks also to Jason Ilgen who brought considerable experience and ingenuity to the
laboratory study. I was aided considerably by many project volunteers, chiefly Charlotte
Marshall and Paige Maskill. Thanks to professional mentors Aaron Johnson, Carrie
Sendak, Dr. Holly Alpert and Steve Parmenter for their continual inspiration as
conservationists. I have the deepest appreciation for my parents and their unwavering
support. This work is dedicated to their wisdom and the sense of wonder our natural
world inspires in them. Finally, this research and my life have been made considerably
more fulfilling because of the support of my wife Heather. Despite many fond memories
during this work, marrying her was definitely the highlight.

iii
TABLE OF CONTENTS
1. INTRODUCTION.......................................................................................................... 1
Background .................................................................................................................... 1
Fish Response to Hypoxia.............................................................................................. 3
Study Area...................................................................................................................... 5
Study Objectives............................................................................................................. 7
References .................................................................................................................... 11
2. FACTORS AFFECTING WINTER HYPOXIA IN A LARGE
BOREAL LAKE: EVIDENCE FOR A HYPOXIA REFUGE AND
FOR REOXYGENATION PRIOR TO SPRING ICE LOSS ...................................... 16
Contributions of Authors and Co-Authors ................................................................... 16
Manuscript Information Page....................................................................................... 17
Abstract ........................................................................................................................ 18
Introduction .................................................................................................................. 18
Methods ........................................................................................................................ 21
Study Site ................................................................................................................ 21
Lake Sampling ........................................................................................................ 22
Data Analysis.......................................................................................................... 23
Results .......................................................................................................................... 25
Discussion .................................................................................................................... 29
Tables ........................................................................................................................... 34
Figures .......................................................................................................................... 35
References .................................................................................................................... 44
3. WINTER SURVIVAL, HABITAT USE AND HYPOXIA
TOLERANCE OF ARCTIC GRAYLING IN AN ICE-COVERED
BOREAL LAKE PRONE TO WINTERKILL ............................................................ 48
Contributions of Authors and Co-Authors ................................................................... 48
Manuscript Information Page....................................................................................... 49
Abstract ........................................................................................................................ 50
Introduction .................................................................................................................. 51
Methods ........................................................................................................................ 53
Laboratory Study .................................................................................................... 53
Experimental Apparatus and Protocol ............................................................... 54
Data Analysis..................................................................................................... 57
Field Study.............................................................................................................. 57
Study Site........................................................................................................... 57
Lake Sampling ................................................................................................... 58
Radiotelemetry................................................................................................... 59

iv
TABLE OF CONTENTS - CONTINUED
Data Analysis ..................................................................................................... 60
Results .......................................................................................................................... 63
Laboratory Study .................................................................................................... 63
Physiological and Behavioral Response to Hypoxia ......................................... 63
Lethal DO Thresholds........................................................................................ 64
Field Study.............................................................................................................. 64
Extent and Timing of Hypoxia .......................................................................... 64
Overwinter Survival........................................................................................... 66
Habitat Use ........................................................................................................ 67
Discussion .................................................................................................................... 68
Tables ........................................................................................................................... 75
Figures .......................................................................................................................... 76
References .................................................................................................................... 85
4. CONCLUSIONS .......................................................................................................... 92
References .................................................................................................................... 98
REFERENCES CITED................................................................................................... 100
APPENDIX A: Upper Red Rock Lake DO Sampling Protocol ..................................... 111

v
LIST OF TABLES
Table

Page

2.1. ΔAICc, r2 and model coefficient estimates with 95% confidence
intervals for models of lakewide average DO with ΔAICc < 7 ............................... 34
3.1. Results of AICc model comparison of paired logistic regression
models of Arctic grayling habitat selection ............................................................. 74
3.2. Coefficients and odds ratios for best-supported paired logicstic
regression model of Arctic grayling habitat selection. Values in
parentheses are the DO and depth increments for which odds ratios
were calculated ........................................................................................................ 74

vi
LIST OF FIGURES
Figure

Page

2.1. Upper Red Rock Lake shown with smooted bathymetric contours
and location of inlet streams and lake outlet.............................................................35
2.2. Lakewide average DO and water temperature in Upper Red Rock
Lake in 2013-14 and 2014-15 on dates shown. DO and temperature
values marked with different letters are statistically different
(one-way ANOVA, p < 0.05). ..................................................................................36
2.3. Lakewide average DO concentrations in Upper Red Rock Lake in
2014 and 2015 at 0, 1 and 2 meters depth during the midwinter
oxygen minima period. Horizontal bars in box plots indicate the
minimum, 25th percentile, median, 75th percentile, and maximum
values. Values marked with different letters are significantly different
(one-way ANOVA, p < 0.05).. .................................................................................37
2.4. Lakewide average water temperature in Upper Red Rock Lake in
2014 and 2015 at 0, 1 and 2 meters depth during the midwinter
oxygen minima period (one-way ANOVA, p < 0.05). .............................................37
2.5. Lakewide average dissolved oxygen, ice surface snow depth, and ice
thickness with 95% confidence intervals in 2013-14 and 2014-15 on
dates shown at Upper Red Rock Lake. .....................................................................38
2.6. Dissolved oxygen maps generated using inverse distance weighted
interpolation in 2013-14 on dates shown..................................................................39
2.7. Dissolved oxygen maps generated using inverse distance weighted
interpolation in 2014-15 on dates shown..................................................................40
2.8. Scatterplots of the relationship between lakewide average DO and
maximum daily air temperature (A), lakewide average ice
thickness (B), lakewide average water temperature (C), and
lakewide average snow depth (D).............................................................................41
2.9. Maximum daily air temperature (dashed grey line) and lakewide
average DO concentration (closed circles) at Upper Red Rock Lake
on dates shown, showing the midwinter DO minima period
corresponded to periods with MDT < 0°C ...............................................................42

vii
LIST OF FIGURES - CONTINUED
Figure

Page

2.10. Total number of days with maximum daily air temperature < 0°C for
the months November to March for the winters of 1987-88 to
2014-15, including the 28-yr average number of days with maximum
daily air temperature < 0°C.......................................................................................43
2.11. Mean MDT with 95% confidence intervals by month for the winters
of 2013-14 and 2014-15 and the 28-yr average mean MDT ....................................43
3.1. Upper Red Rock Lake shown with smoothed bathymetric contours
and location of inlet streams and lake outlet.............................................................75
3.2. Mean (+ 95% confidence intervals) ventilation rate of adults and
juveniles in response to different DO concentrations at 3°C and 1°C.
Ventilation rates within each size class marked with different letters
are significantly different (one-way ANOVA, p < 0.05)..........................................76
3.3. Mean (+ 95% confidence intervals) surfacing time of adults and
juveniles in response to different DO concentrations at 3°C and 1°C.
Surfacing time within each size class marked with different letters
are significantly different (one-way ANOVA, p < 0.05)..........................................77
3.4. Fractional survival with survivorship curves in relation to declining
DO concentrations for adult and juvenile grayling at 3°C and 1°C.
Each data point represents fractional survival at 3°C
(n = 12 individuals) and 1°C (n = 6 individuals) ......................................................78
3.5. Fractional survival with survivorship curve over a 96-hr exposure to
1.0 mg/L and 3°C. Each data point represents fractional survival
among n = 12 adults..................................................................................................79
3.6. Dissolved oxygen maps with plotted fish locations for dates shown
in winter 2013-14......................................................................................................80
3.7. Dissolved oxygen maps with plotted fish locations for dates shown
in winter 2014-15......................................................................................................81
3.8. Kaplan-Meier survival probabilities with 95% confidence intervals
for radio-tagged Arctic grayling in winter 2013-14 and 2014-15.
Cross hatches indicate censored individuals.............................................................82

viii
LIST OF FIGURES - CONTINUED
Figure

Page

3.9. Standardized selection indices of radio-tagged Arctic grayling for
DO and depth for winters 2013-14 and 2014-15 on dates shown.............................83

ix
ABSTRACT
Arctic grayling (Thymallus arcticus) are a now rare, glacial relict species
occupying only a fraction of their historic range in Montana. The population in Upper
Red Rock Lake is the only significant remaining native, adfluvial population and has
undergone significant declines in abundance and distribution. Previous studies have
documented instances of very low winter DO in the lake and low overwinter survival due
to winter hypoxia has been hypothesized as a potential limiting factor for this population.
We tested this hypothesis using a combined laboratory and telemetry study to document
extent of hypoxia in Upper Red Rock Lake over two winters and assess the physiological
tolerance, behavioral response and winter survival rate to hypoxia. In the laboratory study
we observed a significant behavioral and physiological response to DO < 4 mg/L and
determined 24-hr LD50 values of 0.75 mg/L for adults and 1.50 – 1.96 for juveniles at
temperatures of 1 – 3°C. In the field study we recorded a period of significantly lower
lakewide average DO as well as high spatial variability in DO concentration (< 1 – 10
mg/L) during ice cover. However, we found that 69 – 100% of the lake epilimnion had
DO > 4 mg/L during the ice cover period of both winters. Results of the telemetry study
indicated adult winter survival rate was high (0.97 in 2014, 0.95 in 2015) and that
telemetered fish selected deeper, more oxygenated habitat during ice cover. Our study
demonstrates that Arctic grayling have a very high tolerance to acute hypoxia exposure
and exhibit a physiological and behavioral stress response to DO < 4 mg/L. Although
hypoxia was present in Upper Red Rock Lake, ample suitable habitat was available in the
epilimnion in both study winters. Despite the potential for a hypoxia threat to develop in
more severe winters, we conclude that low winter survival due to winter hypoxia is likely
not a limiting factor for this population.
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CHAPTER ONE
INTRODUCTION
Background
Aquatic ecosystems can exhibit pronounced spatial and temporal variation in
oxygen availability (Nilsson & Ostlund-Nilsson 2008, Zhu et al. 2013). This variability is
the result of both the inherent properties of water and variable rates of oxygen
consumption and production (Nikinmaa & Rees 2005). A condition of low oxygen, or
hypoxia, is a common and widespread phenomenon in freshwater, estuarine and marine
environments worldwide (Wu 2002; Breitburg et al. 2009; Rabalais et al. 2010).
Although water with less than 2 mg/L of dissolved oxygen (DO) is commonly regarded
as hypoxic (Rabalais et al. 2010), hypoxia may be functionally defined as any level of
DO low enough to negatively impact the behavior and (or) physiology of an organism
(Pollock et al. 2007).
Severe or prolonged hypoxia can be a major cause of winter mortality in fishes
(Greenbank 1945; Hughes 1973), which in turn, can be a major factor limiting species
abundance and persistence (Danylchuck & Tonn 2003). Hypoxia can also result in
reduced habitat quality and quantity, decreased fish production, increased susceptibility
to disease, reproductive impairment and changes in community interactions and structure
(Breitburg et al. 1997; Eby & Crowder 2002; Hurst 2007; Thomas et al. 2007; Arend et
al. 2011; Flint et al. 2015).
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The occurrence of winter hypoxia can be particularly common for high-latitude
and high-elevation lacustrine fish populations (Greenbank 1945; Danylchuk & Tonn
2003). Winter hypoxia in high-latitude lakes and ponds is the result of persistent ice
cover, which slows or halts processes that replenish dissolved oxygen. During non-winter
months, a lake or pond is oxygenated by diffusion from the atmosphere, aeration by wind
and wave action, and through photosynthetic production of oxygen. During winter,
however, lake ice acts as a physical barrier to the atmosphere, prohibiting the exchange of
oxygen by diffusion and aeration. Ice and snow cover also reduce the amount of light
transmitted to the water, dramatically reducing photosynthetic production of oxygen
(Welch & Kalff 1974). If ice cover persists, decomposition and respiration may deplete
total oxygen stores in the lake, eventually resulting in hypoxia. Eutrophic lakes with
shallow basins are more prone to the development of hypoxia in winter due to their high
organic matter loads and a high sediment surface area to lake volume ratio (Barica &
Mathias 1979). Regional weather patterns may also contribute to a lake developing
winter hypoxia as ice cover and snow accumulation influence the amount of light
available for photosynthesis (Barica et al. 1983).
When severe enough in magnitude and duration, winter hypoxia in ice-covered
lakes can lead to winterkill. Winterkill of fish has been documented in the scientific
literature as early as 1871 in Germany (Luhder 1871, cited by Greenbank 1945) and has
been demonstrated to have serious consequences for fish populations (Greenbank 1945).
Decreases in fish density, biomass and lifespan, changes in fish community and
population structure, and local extirpations have all been documented following winters
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with low DO and (or) winterkill events (Cooper & Washburn 1949; Danylchuk & Tonn
2003; Tonn et al. 2004; Danylchuk & Tonn 2006; Ruuhijarvi et al. 2010). Winterkill may
also act as a selective mechanism in winterkill-prone lakes, such that fish assemblages are
comprised of mostly hypoxia-tolerant species (Tonn & Magnuson 1982).
While some species appear to have specific adaptations to winter hypoxia
(Nilsson & Ostlund-Nilsson 2008) the potential remains for frequent or severe bouts of
hypoxia to threaten local extirpation. This is especially true where human activity has
increased the frequency or intensified the severity of hypoxia or eliminated the number or
quality of hypoxia refuges (Diaz & Rosenberg 2011; Leppi et al. 2015).
Fish Response to Hypoxia
Fish exhibit a suite of physiological and behavioral responses to hypoxia. They
may respond by increasing opercular ventilatory stroke volume, ventilatory frequency
and blood perfusion of the gills, all of which serve to increase oxygen uptake from the
environment (Nilsson 2007). They may also reduce their activity during exposure to
hypoxia in order to minimize oxygen demand (Kramer 1987). Species that regularly
encounter hypoxia may possess unique adaptations that provide greater tolerance for low
oxygen environments (Nilsson & Ostlund-Nilsson 2008). Behavioral adaptations include
engaging in air breathing or aquatic surface respiration (Kramer 1987). An increase in gill
surface area, reduced tissue oxygen demand and improved haemoglobin binding
characteristics are common examples of physiological adaptations (Mandic et al. 2009).
Despite such adaptations and behaviors, severe or prolonged exposure to hypoxia may
require a fish to utilize anaerobic glycolysis to produce ATP. While it is less efficient
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than oxidative phosphorylation, anaerobic means of ATP production allow fish to survive
short-term exposure to near-anoxic environments (Nilsson & Ostlund-Nilsson 2008).
Once a fish transitions to reliance on anaerobic metabolism, however, its survival time is
a function of its tolerance to toxic, anaerobic end products and capacity for anaerobic
energy production (Nilsson & Ostlund-Nilsson 2008).
Many species display varying degrees of hypoxia avoidance behavior, limiting
both the frequency and duration of visits to hypoxic zones (Whitmore et al. 1960;
Skjaeraasen et al. 2008; Poulsen et al. 2011). A fish’s hypoxia avoidance response may
translate into dramatic vertical or horizontal habitat shifts away from normally preferred
locations (Kramer 1987). Fish may shift laterally into confined oxygen refuges as
hypoxic conditions worsen (Eby & Crowder 2002), or limit their movements to a
particular range of intermediate DO concentrations (Hasler et al. 2009). Some species or
life stages may vacate hypoxia-prone lacustrine habitat altogether, moving into streams
for the winter (Magnuson et al. 1985). Other fishes show preference for vertical shifts
higher in the water column where dissolved oxygen is usually higher, or where aquatic
surface respiration or air breathing is possible (Klinger et al. 1982; Magnuson et al. 1985;
Kramer 1987; Dwyer et al. 2014). Habitat selection in hypoxic environments is a balance
between competition, resource availability, and predation risk (Hedges et al. 2015).
However, it also reflects selection of the conditions most conducive to surviving hypoxia,
such as low water temperature, which serves to reduce metabolic oxygen demand and
increase blood oxygen affinity (Schurmann & Steffensen 1992).
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Study Area
Upper Red Rock Lake lies at 2,030 meters in the Centennial Valley in the Upper
Missouri River Basin of southwest Montana (Figure 1). The 893 ha lake is surrounded by
extensive wetlands and lies within Red Rock Lakes National Wildlife Refuge. The lake is
fed by five streams, with Red Rock Creek contributing the largest volume of surface
water (Gangloff 1996). Flows exit the lake through a single outlet that connects Upper
Red Rock Lake to the much shallower Lower Red Rock Lake and Red Rock River.
Grayling are not known to inhabit the lower lake. Upper Red Rock Lake exhibits many
characteristics typical of a winterkill-prone lake. The lake is situated at 44°36’ north
latitude and experiences long winters, typically remaining ice-covered from November –
April. Depth is rather uniform, with a maximum depth of only 2 m. There is abundant
rooted macrophytes (Potamogeton), on a uniform bottom comprised of mud, peat, and
detritus (Gangloff 1996; Mogen 1996). The lake supports an abundant fish assemblage,
including Arctic grayling, burbot (Lota lota), white sucker (Catostomus commersonii),
longnose sucker (Catostomus catostomus), mountain sucker (Catostomus platyrhynchus),
longnose dace (Rhinichthys cataractae), mottled sculpin (Cottus bairdi), brook trout
(Salvelinus fontinalis), and cutthroat-rainbow trout hybrids (Oncorhynchus clarkii
bouvieri x Oncorhynchus mykiss) (Gangloff 1996).
Upper Red Rock Lake hosts the only remaining native, adfluvial population of
Arctic grayling (Thymallus arcticus) in the contiguous United States. The species is a
member of the family Salmonidae and has a holarctic distribution stretching from eastern
Siberia and Alaska, through northern Canada to Hudson Bay. The native range includes
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two disjunct populations, one in the Upper Missouri River Basin (hereafter Montana
grayling) and one in Michigan (extinct since 1936). Native Montana grayling persist only
in the Big Hole River drainage and in Upper Red Rock Lake at Red Rock Lakes National
Wildlife Refuge. These Montana populations occupy a fraction (<5%) of the species’
historical range throughout the Upper Missouri River Basin (Liknes & Gould 1987; Kaya
1992). This decline is largely attributed to overexploitation, dam installation, stream
dewatering and interaction with nonnative trout species (Kaya 1992, 2000).
The relationship of disjunct Montana grayling to northern populations has been
the focus of considerable phylogenetic research (Lynch & Vyse 1979; Redenbach &
Taylor 1999; Stamford & Taylor 2004; Peterson & Ardren 2009). These studies
concluded that Montana grayling are genetically distinct from their Canadian and
Alaskan relatives. Their divergence was originally thought to have occurred as a result of
Wisconsinan glaciation (Lynch & Vyse 1979). A more recent investigation, however,
revealed that it occurred prior to that period (Redenbach & Taylor 1999). Further
divergence of this group was propelled by isolation in the Missouri glacial refuge
(Stamford & Taylor 2004).
Montana grayling within the Upper Missouri River Basin are further divided into
a fluvial life history and an adfluvial life history, with the latter limited to Upper Red
Rock Lake and associated tributaries. Adfluvial grayling inhabiting Red Rock Lakes
comprise a discrete genetic group even among native Montana populations (Peterson &
Ardren, 2009). Accordingly, Red Rock Arctic grayling are regarded as a unique genetic
resource, vital to long-term conservation of Arctic grayling genetic diversity in Montana.
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Like all Montana Arctic grayling, the Red Rock population has undergone range
contractions and suffered population declines over the last century (Liknes & Gould
1987; Kaya 1992). These grayling historically spawned in as many as fourteen tributaries
to Upper and Lower Red Rock Lakes. This number had declined to only two streams in
1994 & 1995 (Mogen 1996) with estimated abundance of only 122 individuals in 1995
(Paterson 2013). Previously absent grayling spawning runs have returned since 1994,
with spawning individuals observed in six streams in the Red Rock Lakes drainage in
2011 and 2012 (M. Jaeger, Montana Fish Wildlife & Parks, personal communication).
Apparent rebounds have been documented as well, with abundance estimated to be
~2500 individuals in 2012 (Paterson 2013). Despite this recent, apparent increase in
abundance and distribution within the Red Rock Lakes Basin, concern remains about
long-term population viability and factors influencing abundance.
Study Objectives
Several hypotheses for Arctic grayling decline at Red Rock Lakes National
Wildlife Refuge have been developed. These include 1) stream dewatering, 2) poor
quality or insufficient spawning habitat, 3) competition and(or) predation by non-native
trout, 4) poor quality or insufficient winter habitat and 5) ambient conditions during
spawning and rearing. The hypothesis that poor quality and(or) insufficient winter habitat
is a limiting factor for Arctic grayling in Upper Red Rock Lake is supported by several
complimentary pieces of evidence. It has been suggested that the combination of a
shallow basin, high productivity, and prolonged ice cover contribute to the development
of winter hypoxia in Upper Red Rock Lake (Vincent 1962). Previous studies have
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documented instances of very low winter DO in the lake and poor overwinter survival
due to winter hypoxia has been hypothesized as a potential limiting factor for this
population (Vincent 1962; Mogen 1995; Gangloff 1996). When combined with
knowledge of lethal oxygen thresholds for salmonids, winter DO measurements in Upper
Red Rock Lake indicate the possibility for both poor quality habitat, and even acute
lethality. Laboratory studies have demonstrated acute lethal oxygen thresholds for
salmonids ranging from 1.5 – 2 mg/L DO at temperatures from 10 – 20 °C (Davison et al.
1959; Doudoroff & Shumway 1970; Alabaster & Lloyd 1982), and a critical oxygen
minima of 1.3 – 1.7 mg/L at 6 – 8 °C for Arctic (Feldmeth & Eriksen 1978).
Despite this evidence, several questions remain about the individual and
population – level response of Arctic grayling to winter hypoxia and the extent and
timing of hypoxic episodes. First, while lake DO declines to ostensibly lethal levels in
Upper Red Rock Lake, the survival rate of overwintering Arctic grayling has not been
directly estimated. Therefore, confirmation of the annual winter mortality rate is needed.
Second, while there is considerable information about lethal oxygen thresholds for
salmonids, the majority of it is valid only for water temperatures of 10 – 20 °C, when
metabolic oxygen demand is considerably higher. This fact makes the use of previously
established lethal DO thresholds to evaluate the suitability of winter habitat in the lake
inappropriate. Given the extremely low water temperatures common in Upper Red Rock
Lake during winter (0.1 - 4°C), it is plausible that Arctic grayling can survive much lower
DO concentrations than is suggested in the literature. Third, prior studies of winter DO
concentrations in Upper Red Rock Lake show potential for significant hypoxia (Gangloff
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1996), however, more detailed knowledge of the spatial and temporal extent of winter
hypoxia in Upper Red Rock Lake is needed. Fourth, little is known about Arctic grayling
habitat use during the ice cover period. Provided DO concentrations vary throughout
Upper Red Rock Lake and its tributaries, grayling are likely to seek out more oxygenated
areas, as has been observed in other fishes (Magnuson et al. 1985; Hasler et al. 2009). It
may be that Arctic grayling in this system do not merely tolerate low DO but avoid it
altogether by seeking out hypoxia refuges or more oxygenated stream habitat.
In order to answer these questions and test the hypothesis that winter habitat is a
limiting factor for Arctic grayling in Upper Red Rock Lake, a coupled field biotelemetry
and laboratory approach was used (see Hasler et al. 2009). Investigations of the effects of
hypoxia on fish populations typically take the form of either laboratory experiments
(Davison et al. 1959; Flint et al. 2015; Landman et al. 2005; Poulsen et al. 2011) or
observational field studies (Eby & Crowder 2002; Danylchuk & Tonn 2003; Arend et al.
2011). Both approaches provide valuable insight into the individual and population level
response of fish to hypoxia, yet both are limited in their scope of inference. Attempts to
extrapolate the results of laboratory experiments to wild fish and (or) whole populations
may prove difficult since laboratory experiments cannot reproduce all relevant
environmental factors. Alternatively, detecting the relative effect of hypoxia in
observational field studies may be precluded by the presence of confounding factors or
cumulative effects. Employing both approaches is a potentially powerful approach to
improving knowledge of responses to hypoxia (Hasler et al. 2009).
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The objectives of the field biotelemetry study were: 1) to estimate winter survival
rate of Arctic grayling in Upper Red Rock Lake; 2) to determine the spatial and temporal
extent of winter hypoxia in Upper Red Rock Lake and 3) to characterize habitat use of
Arctic grayling during the ice cover period. The primary objective of the laboratory study
was to determine lethal DO thresholds for Arctic grayling at water temperatures of 1 3°C. Together, these studies should help to understand the spatiotemporal availability of
suitable Arctic grayling overwintering habitat and the extent to which winter habitat
limits Arctic grayling winter survival. Additional objectives of this study included the
development of a protocol for monitoring lake-wide, winter DO and of a model for
predicting annual winterkill risk for this population.
Subsequent chapters of this thesis will include a description of a detailed
assessment of the spatial and temporal dynamics of dissolved oxygen and other
limnological characteristics of Upper Red Rock Lake during two consecutive winter
periods, 2013-14 and 2014-15 (Chapter 2), and analysis of Arctic grayling winter
survival, hypoxia tolerance and winter habitat use (Chapter 3). This thesis concludes with
a summary discussion of project findings, and outlines a methodology for a lakewide,
winter DO monitoring protocol and winterkill risk model (Chapter 4).
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Abstract
Winter hypoxia in ice-covered, boreal lakes is a common occurrence and can have
serious consequences for overwintering fish populations. Many studies have focused on
winter hypoxia in small prairie lakes with little to no surface inflow, however, the
dynamics of winter oxygen depletion in larger lakes with significant surface inflow has
not been extensively studied. In this study, we measured dissolved oxygen at 15
stratified, random sampling locations throughout Upper Red Rock Lake, Montana (800
ha) during two winters to characterize the timing, severity and spatial variability of winter
hypoxia. In contrast to many past studies, this study demonstrates considerable spatial
variability in dissolved oxygen (<1 – 10 mg/L), a non-linear winter oxygen depletion
rate, and lakewide reoxgenation 2 – 4 weeks prior to spring ice loss. Lakewide average
dissolved oxygen differed between years declining to a minimum of 4.3 mg/L in 2014
and 5.9 mg/L in 2015. Variability in lakewide average dissolved oxygen over both
winters was strongly correlated with maximum daily air temperature. Although hypoxic
conditions were recorded in some parts of the lake, the lake epilimnion and areas near
stream mouths were reliably well-oxygenated. These habitats could serve as important
overwinter refuge from hypoxia in similar ice-covered lakes with significant surface
inflow.
Introduction
A condition of low dissolved oxygen (DO), or hypoxia, is a common and
widespread phenomenon in boreal, ice-covered lakes in winter (Greenbank 1945; Agbeti
& Smol 1995; Hasler et al. 2009). The onset of ice cover each winter begins a period of
physical separation from the atmosphere, which slows or halts processes that replenish
DO. Ice and snow cover prevents oxygenation by diffusion and aeration, slows
convective mixing, and reduces the amount of light available for photosynthetic
production of oxygen by plankton and submerged vegetation (Welch & Kalff 1974,
Malm et al. 1998, Terzhevik et al. 2009). If ice cover persists for a sufficient duration, the
consumption of oxygen by bacterial decomposition of dead and decaying vegetation and
absorption by bottom sediments may deplete DO to the point of hypoxia. In most
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instances, the winter oxygen-limiting period only ends with the break-up of lake ice in
spring (Barica & Mathias 1979).
Hypoxia can be a major cause of winter mortality in fishes (Greenbank 1945;
Cooper & Washburn 1949; Hughes 1973), which, in turn, can be a major factor limiting
species abundance and persistence (Danylchuk & Tonn 2003) and fish assemblage
composition (Tonn & Magnuson 1982). The development of winter hypoxia in icecovered lakes is predominantly a function of pre-ice total oxygen storage, the rate of
winter oxygen depletion, and duration of ice cover (Barica & Mathias 1979). Winter
hypoxia is especially likely in shallow, eutrophic lakes that have high rates of winter
oxygen depletion and low lake volumes (Barica & Mathias 1979; Mathias & Barica
1980; Babin & Prepas 1985; Terzhevik et al. 2009). Annual variability in air temperature
and snowfall, however, may also have a significant effect on hypoxia development by
influencing duration of the ice-cover period and depth of surface snow accumulation
which limits light penetration (Barica & Mathias 1979; Baehr & DeGrandpre 2002).
Knowledge of the factors that contribute to the development of winter hypoxia
allows for the identification of lakes at risk for winterkill and for the application of
predictive models of winter DO concentration (Barica & Mathias 1979; Fang & Stefan
2000, White et al. 2008; Leppi et al. 2015). The ability to predict whether a lake is at risk
of winterkill is a powerful tool allowing targeted, preemptive action, like artificial
aeration and snow-clearing to avert large-scale winterkill of important fishery resources
(Barica & Mathias 1979; Barica et al. 1983; Prowse & Stephenson 1986). Many
predictive models of whole lake DO conditions rely on lake-specific morphometric
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parameters to predict DO concentrations and the likelihood of winterkill (Barica and
Mathias 1979; White et al. 2008; Leppi et al. 2015). Some winterkill risk models have
incorporated weather conditions and landscape-level variables, in addition to the
aforementioned lake attributes, to predict winter hypoxia severity (Fang & Stefan 2000).
However, thus far, many winter hypoxia studies have relied on single point DO sampling
to characterize whole-lake hypoxia severity in small lakes with limited surface inflow,
when the extent of winter hypoxia may actually be more heterogeneous (Baehr &
DeGrandpre 2002; Hasler et al. 2009).
Our study was focused on Upper Red Rock Lake, Montana, a shallow, highlyproductive, boreal lake with potential high winterkill risk and presence of native Arctic
grayling (Thymallus arcticus). Montana Arctic grayling are a now rare, glacial relict
species confined mostly to the Big Hole River drainage, occupying only a fraction of
their historic range in Montana (Liknes & Gould 1987; Kaya 1992). The population in
Upper Red Rock Lake is the only significant remaining native, adfluvial population, is
genetically distinct from other Montana grayling (Peterson & Ardren 2009), and has
undergone significant range contractions (Nelson 1954; Kaya 1992; Rens & Magee
2007). DO levels of < 1.0 mg/L have been recorded in winter in parts of the lake
(Gangloff 1996; K. Cutting, USFWS, unpublished data), below the critical oxygen
minima for Montana Arctic grayling of 1.3 – 1.7 mg/L (Feldmeth and Eriksen 1978), and
poor overwinter survival due to winter hypoxia has been hypothesized as a potential
limiting factor for this population (Vincent 1962; Mogen 1995; Gangloff 1996).
However, the spatial extent and duration of winter hypoxia is unknown, as is the potential
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occurrence of oxygen refuges in the lake. Moreover, it is hypothesized that hypoxia
varies considerably due to annual fluctuations in environmental conditions (Gangloff
1996). The objectives of this study were to a) assess DO levels over two winters in Upper
Red Rock Lake in order to determine extent, duration, and annual variability of winter
hypoxia, and b) to evaluate models of environmental factors that predict winter hypoxia
in the lake.
Methods
Study Site
Upper Red Rock Lake (Figure 2.1) lies at an elevation of 2,030 meters in the
Centennial Valley in the Upper Missouri River Basin of southwest Montana. The 893 ha
lake is surrounded by extensive wetlands and lies within Red Rock Lakes National
Wildlife Refuge. The lake is fed by five streams, with Red Rock Creek contributing the
largest volume of surface water (Gangloff 1996). Flows exit the lake through a single
outlet that connects Upper Red Rock Lake to the much shallower Lower Red Rock Lake
and Red Rock River. Upper Red Rock Lake exhibits many characteristics typical of a
winterkill-prone lake. The lake is situated at 44° 36’ north latitude and experiences long
winters, typically remaining ice-covered from November – April. Depth is rather
uniform, with a maximum depth of only 2 m. Benthic habitat consists of abundant rooted
macrophytes (Potamogeton), on a uniform bottom comprised of mud, peat, and detritus
(Gangloff 1996; Mogen 1996). The lake supports an abundant fish assemblage, including
Arctic grayling, burbot (Lota lota), white sucker (Catostomus commersonii), longnose
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sucker (Catostomus catostomus), mountain sucker (Catostomus platyrhynchus), longnose
dace (Rhinichthys cataractae), mottled sculpin (Cottus bairdi), brook trout (Salvelinus
fontinalis), and cutthroat-rainbow trout hybrids (Oncorhynchus clarkii bouvieri x
Oncorhynchus mykiss) (Gangloff 1996).
Lake Sampling
To assess the extent, duration, and annual variability in winter DO, lake DO
measurements were made every 2-4 weeks during the winters of 2013-14 and 2014-15
from before ice-up (October) until travel on lake ice became unsafe during spring ice
break up (April). This resulted in 14 sampling occasions spread across two separate
winters, 8 occasions in 2013-14 and 6 occasions in 2014-15. Fifteen sample sites were
generated randomly for each sampling occasion using the Create Random Points tool in
ArcGIS (ver. 10.2; ESRI, Redlands, CA) and included both lake (10 sites) and stream
mouth (5 sites) habitat types. Sample size was determined by the maximum number of
sites that could be reliably sampled in a day, given frequent severe winter conditions.
Sample locations were stratified to detect anticipated differences between DO
concentration in the lake and in areas within 300 m of stream mouths (Gangloff 1996).
Holes were augered in the ice with a hand auger (10 cm diameter) at each sample
location, and DO (mg/L) and water temperature measured at 1-meter intervals from the
ice-water interface to the bottom using an electronic DO probe (YSI Professional Plus,
Yellow Spring, OH). Possible covariates influencing DO that were also measured
included ice thickness, snow depth, air temperature and water depth. Ice thickness, snow
depth, and water depth were measured at each sample site using a 3 m, extendable
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measuring rod. Air temperature data was obtained from a nearby weather station (Red
Rock Montana NOAA weather station; 44° 40’ 59” N, 111° 49’ 59” W).
Data Analysis
At each sample site, DO and water temperature at 0, 1, and 2 m depth were
averaged to generate mean values for each sample site. These mean values were then
used to calculate lakewide average DO concentration and water temperature by sampling
occasion. Ice thickness and snow depth measurements from each sample site were used to
calculate lakewide averages in a similar manner. Temporal variation in DO, water
temperature, ice thickness and snow depth across sampling occasions were assessed
within years using a one-way ANOVA, followed by a Tukey-Kramer test to identify
significant differences across sample dates. All statistical analyses were done using
Program R (version 3.2). The strength of evidence was classified as significant at the α <
0.05 level.
To assess spatial variability in DO concentration in the lake, mean DO values for
each sample site were calculated from measurements at 0 m and 1 m depth and input into
ArcGIS. Only data from the upper 1 meter of the water column was used as it was the
only well-oxygenated zone in the lake in both winters. The lower meter of the water
column was consistently hypoxic (mean DO < 2.0 mg/L in 2013-14, < 3.0 mg/L in 201415) soon after complete ice cover, and therefore unlikely to provide sufficient DO for
long-term survival of overwintering fish. The upper meter, by contrast, was a
comparatively dynamic layer, exhibiting a range of DO concentrations from ~ 0 to 10
mg/L. Similar to other studies, we considered the extent of well-oxygenated water in the
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upper portion of the water column an important factor influencing overwinter survival of
fishes and for quantifying suitable winter habitat in the lake (Leppi et al. 2015). Maps of
spatial distribution of DO concentration in the upper meter were determined for each
sampling occasion during the ice cover period using the inverse distance weighted
interpolation (IDW) tool in ArcMap Spatial Analyst based on interpolated raster datasets
of 20 m x 20 m grid cells of DO concentration. Accuracy of predicted DO from spatial
mapping was assessed by comparing predicted DO to an independent set of DO
measurements conducted 1 – 2 days later (10 sites per sample date) using simple linear
regression. There was a strong association between predicted and actual DO values (r =
0.85, n = 120; p < 0.01), indicating that maps generated in ArcGIS provided good
approximations of the spatial variation in DO present in the lake at each sampling
occasion. Finally, we estimated the proportional volume of the hypoxic zone for each
sampling occasion by calculating the proportion of the upper 1 meter of the water column
with DO < 4 mg/L. DO concentrations < 4 mg/L were considered hypoxic because these
DO concentrations elicited stress responses in juvenile and adult Arctic grayling in
laboratory experiments (Chapter 3).
Associations between environmental variables and lakewide average DO were
assessed with linear regression. First, environmental covariates and DO were compared
individually with simple linear regression. Then, multiple regression was used to assess
potential multivariate relationships. Model comparison was performed using Akaike’s
information criterion adjusted for small sample size (AICc; Burnham & Anderson 1998).
We considered the model with the lowest value to be the best and evaluated the
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plausibility of other models based on the difference between the information criteria
value for the top model and that of every other model (ΔAICc). Following
recommendations of Burnham and Anderson (2002), models with ΔAICc values of < 2,
4-7, and > 10, were considered to have substantial, some, and essentially no evidence of
support, respectively, as a plausible model (Burnham & Anderson 2002).
To compare relative winter severity both between sample years and relative to a
longer winter time series, we calculated the mean maximum daily temperature (MDT) for
each month during the period of complete ice cover (November to March) for the period
of available air temperature data of 1987 to 2015. Variation in mean MDT between study
years, as well as between study years and the 28-yr average was assessed using a oneway ANOVA and a Tukey – Kramer multiple comparison test. We also compared the
total number of days with MDT < 0°C from November to March during the same 28-yr
period. These indices of winter severity were chosen because there appeared to be a
relationship between timing and duration of low DO and MDT < 0°C (see below).
Results
Complete ice cover formed on the lake by November 15 (2013) and by November
25 (2014) and grew to ~ 0.5 m thick in both winters. Ice cover was uniform across the
lake throughout the winter except for intermittent, small openings (< 100 m2) around the
mouth of Elk Springs, Red Rock, Shambow and Grayling Creeks, which were ice-free
during many sampling occasions despite sub-zero air temperatures. Ice break up began in
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the first week of April in 2014 and the last week of March in 2015 and ice was
completely absent from the lake by mid-April of both years.
Lakewide average DO concentration prior to ice formation was 9.0 mg/L and 10.2
mg/L in 2013 and 2014, respectively, and was uniform throughout the lake with little
variation with depth and across sample sites (Figure 2.2). Following ice formation,
lakewide average DO declined sharply (p < 0.01) to minimum levels of 4.3 mg/L in the
winter of 2013-14 and 5.9 mg/L in 2014-15 within 40-50 days after onset of lake ice.
Lakewide average DO dropped from 8.8 mg/L to 4.8 mg/L over a 21-day period (0.2
mg/L per day) in late December – early January in 2013-14 and from 10.2 mg/L to 6.8
mg/L over a 59-day period (0.1 mg/L per day) in December – early January in 2014-15.
After the sharp decline, DO levels stabilized at low levels for 1 to 1.5 months, until a
rapid increase to pre – ice levels by March 27 in 2014 and February 16 in 2015. In both
years, DO rebound occurred when ice was still completely covering the lake, and about
2-4 weeks before ice breakup. During rebound, lakewide average DO increased from 4.3
– 8.7 mg/L in 28 days in 2014 (0.2 mg/L per day) and from 5.9– 9.8 mg/L in 14 days in
2015, (0.3 mg/L per day). The minimum lakewide average DO concentration during ice
cover was significantly lower in the winter of 2014 (4.3 mg/L, 112 days of ice cover)
than in 2015 (5.9 mg/L, 56 days of ice cover).
Despite a maximum depth of only 2 m, a significant DO gradient developed in the
water column in both years during the midwinter DO minima period. In contrast to the
sharp drop in lakewide average DO, mean surface DO under the ice remained high during
all sampling periods (~ 6.5 mg/L, 2013-14; ~ 8.0 mg/L, 2014-15), whereas DO decreased
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sharply with depth, with average DO at 1 m of 2.6 mg/L (2013-14) and 5.1 mg/L (201415), and with DO concentrations often anoxic in the hypolimnetic layer below 1 m
(Figure 2.3). This DO gradient persisted throughout the DO minima period and ended
with spring rebound in lakewide DO levels when DO concentrations throughout the water
column returned to an un-stratified state by March 27 in 2014 and February 16 in 2015. A
temperature gradient also developed during the ice cover period (Figure 2.4); average
water temperature at the ice-water interface ranged from 0.3 - 0.6 °C, while average lake
bottom temperatures ranged from 3.6 - 3.7 °C (Figure 2.4).
Ice thickness increased significantly over the course of both winters at a rate of
0.4 cm/day in 2013-14 and 0.2 cm/day in 2014-15. Maximum ice thickness in 2014 (61.7
cm) was about 30% greater than in 2015 (43.1 cm) (p < 0.01; Figure 2.5), with limited
spatial variation in thickness across the lake (< 10 cm). Snow depth reached a maximum
of 18.1 cm in 2014 compared to a maximum depth of 9.6 cm in 2015 (p < 0.01). Snow
depth, however, was highly variable across the lake on many sampling occasions in both
winters due to wind scouring of the lake ice surface, which created a patchwork of snowfree areas interspersed with areas of high snow accumulation. Snow was mostly absent
from the ice surface by March 27 in 2014 and by February 16 in 2015.
DO interpolation maps showed the expansion and contraction of hypoxic areas as
well as differences in DO concentration between the two study winters (Figures 2.6 &
2.7). Prior to, and after, winter ice cover, the lake had uniformly high DO levels. During
the midwinter DO minima period, low DO areas were concentrated, and persistently so,
in the shallow northwest and southern parts of the lake, particularly in 2013-14, when

28
overall DO concentrations were significantly lower than in 2015 (p < 0.01). In contrast,
in both years, areas near inlet streams remained well-oxygenated during the winter, even
during the January-February DO minima period. In 2014, the proportional volume of the
hypoxic (< 4 mg/L) zone in the upper meter steadily expanded from 7% in early January
to its peak of 31% in late February, followed by a decline to 0% by the end of March. In
contrast, the proportional volume of hypoxic areas was ~ 1% in 2014-15, and high DO
levels were present throughout the lake by mid-February.
Lakewide average DO over the two study years showed strong positive
association with maximum daily air temperature (r2 = 0.80, p < 0.01), and to a lesser
degree, a negative association with snow depth (r2 = 0.68, p < 0.01) (Figure 2.8). There
was no significant association between DO and ice thickness (r2 = 0.26, p = 0.12) or
water temperature (r2 = 0.22, p = 0.14). Model selection results for all models with
ΔAICc < 7 show that the single variable maximum daily air temperature (MDT) model
(model 1) was the most plausible predictor of lakewide average DO (ΔAICc = 0; Table
2.1). Other models had only modest support (ΔAICc 3.87 – 6.35) and included models
with snow alone and various combinations of maximum daily air temperature and ice,
snow, and water temperature (models with modest support were snow alone, Mdt and ice,
and Mdt and water temperature).
Plots of MDT and lakewide average DO (Figure 2.9) indicated that the midwinter
DO minima period in both winters generally corresponded to periods when MDT was <
0°C (Figure 2.9). Over the 28-yr period of record, there was considerable variability in
number of days with MDT < 0°C, ranging from 62 to 103 days (mean, 81 days). The
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winter of 2014 had 88 days with MDT < 0°C, 23% more than the 68 days in 2015 (Figure
2.10). Mean MDT by month was generally lower in the winter of 2014 than 2015 (Figure
2.11). Mean MDT was significantly lower in December 2013 than 2014, in February
2014 than 2015, and in March 2014 than 2015 (p < 0.01). December 2013 had a
significantly lower mean MDT, and February and March 2015 had a significantly higher
mean MDT than the 28-yr average (p < 0.01). January mean MDT in both study years
was not significantly different from the 28-yr average.
Discussion
Our study demonstrated the potential for pronounced spatial variation in oxygen
availability during the midwinter DO minima in an ice-covered, boreal lake. During this
period, hypoxic DO concentrations in Upper Red Rock Lake were widespread, but we
found that some lake areas, particularly stream mouths of inlet streams and the upper 1
meter of the water column remained consistently well-oxygenated throughout the winter.
This spatial variation in DO is not typically observed in studies of winter oxygen
depletion or winterkill risk, which have generally utilized single point DO sampling to
estimate extent of DO depletion in ice-covered lakes (Barica & Mathias 1979; Babin &
Prepas 1985; Prowse & Stephenson 1986; Leppi et al. 2015). However, studies
employing more extensive DO sampling have similarly found evidence for high spatial
variability in DO, even in small lakes which are especially prone to winterkill (eg., Hasler
et al. 2009).
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The extent of normoxic conditions we observed in Upper Red Rock Lake in the
winter under complete ice cover was surprising as near-anoxic conditions had been
measured in previous work (Gangloff 1996) and the lake has all the attributes common to
lakes with high winterkill risk (Barica & Mathias 1979; Mathias & Barica 1980; Babin &
Prepas 1985; Terzhevik et al. 2009). We measured very low DO concentrations after ice
formation for an extended period during both study winters, but most anoxic and hypoxic
conditions were observed at depths below 1 meter. High levels of hypoxia or anoxia in
the hypolimnion have been observed in other studies (Mathias & Barica 1980; Prowse &
Stephenson 1986; White et al. 2008; Leppi et al. 2015). We also observed hypoxic DO
levels in the upper 1 meter surface layer below the ice, particularly in the northwestern
and southern portions of the lake, but the extent of low DO peaked at 31% of the total
epilimnion during the two years of the study. Our findings corroborate previous studies
showing the layer along the ice-water interface may serve as an important hypoxia refuge
for overwintering fishes (Magnuson et al. 1985).
Previous investigations of winterkill lakes reported relatively constant DO
depletion rates once ice cover was achieved, allowing for prediction of winterkill based
on measurements of lake volume and depletion rate (Barica & Mathias 1979; Prowse &
Stephenson 1986; Leppi et al. 2015). Many of these studies relied on data from
comparatively small lakes with little to no surface water input. In contrast, Upper Red
Rock Lake is large (893 ha), has numerous sources of surface water input and exhibited a
DO depletion rate that was decidedly non-linear. The DO depletion rate was initially
high, 0.1 – 0.2 mg/L per day, in late December and early January of both winters. Had
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this trend continued unchanged through the remainder of the winter, the lakewide average
DO concentration would have reached ~ 0 mg/L by early February in 2014 and ~ 4 mg/L
by early March in 2015. Instead, the DO depletion rate leveled off after an initial rapid
depletion following ice over, and lakewide average DO concentration remained stable at
~ 4.5 mg/L in 2014 and ~ 6.0 mg/L in 2015 until a rapid spring DO rebound. This
suggests an unidentified input of DO to the lake during the midwinter oxygen minima,
preventing DO from being fully depleted. Plausible mechanisms of midwinter DO input
to the lake include 1) input of oxygen-rich stream water, 2) photosynthetic production of
oxygen and 3) oxygen input from lake bottom springs. Our observations of intermittent
ice cover on inlet streams and at stream mouths and of snow-free parts of the lake suggest
the possibility that mechanisms 1 and 2 could be responsible for DO input to the lake
during the midwinter DO minima and prevent the development of hypoxic conditions
throughout the lake. Although mechanism 3 is possible, we did not observe indications of
substantial spring activity in the lake (ie. ice-free areas or water percolating through
bottom sediments) or detect their influence by spatial mapping of DO. We hypothesize
that the first mechanism, input of oxygen-rich stream water, is most likely, given that
stream mouths were often ice-free, always well-oxygenated and that the low density and
temperature of this input would have allowed this oxygen-rich water to spread out along
the ice-water interface without mixing with bottom layers (Bergmann & Welch 1985).
Another unexpected result of our study was the lakewide spring DO rebound prior
to any loss of ice cover on the lake, a rather uncommon phenomenon (Baehr &
DeGrandpre 2002; White et al. 2008). The typical pattern of lake reoxygenation in
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winterkill lakes is DO rebound concomitant with spring ice break up (Barica & Mathias
1979). However, we observed rapid reoxygenation at least two weeks prior to ice break
up. We hypothesize that increased flows in the snowmelt-driven inlet streams and
possible resumption of photosynthetic activity, brought on by increased air temperature
and reduced snow depth, are plausible mechanisms driving lakewide DO rebound in
spring. We lack data on stream flow changes or photosynthetic activity in Upper Red
Rock Lake. However, our observations of an increase in open water at stream mouths and
data showing reduced snow depth at the time of DO rebound suggests these are potential
mechanisms explaining lakewide DO rebound. Such rebound is an important
consideration for estimating duration of winterkill risk. We recommend future research
examine the mechanisms of spring reoxygenation in similar systems and ensure study
designs account for the possibility of spring DO rebound occurring prior to ice-off.
In addition to spring DO rebound being coincident with increases in maximum
daily air temperature, observed variability in lakewide average DO throughout the two
study winters was best explained by variation in maximum daily air temperature
according to AICc model comparison. This result suggests that lakewide average DO
levels from just prior to ice-on to the point of DO rebound may be accurately predicted
by maximum daily air temperature at least under conditions similar to those observed in
the two study winters. If this model of lakewide average DO concentration in Upper Red
Rock Lake proves to be sufficiently representative, our winter severity data suggest that
there may be a high degree of inter-annual variability in the hypoxia threat. Furthermore,
it suggests that in this particular system severe hypoxia may be an occasional, or semi-
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regular disturbance, as opposed to the consistent, annual threat it often poses in many
higher latitude lakes (Leppi et al. 2015). In addition, if future climate projections are
realized, less frequent and less severe hypoxic conditions in shallow, ice-covered lakes
can be expected in temperate latitude lakes (Fang & Stefan 2000). However, the large
interannual variability in winter severity suggests a continued potential for winterkill in
Upper Red Rock Lake. In the present study, we identify environmental variables, chiefly
maximum daily air temperature, and to a lesser extent snow depth, that may prove
sufficiently predictive of lakewide average DO in Upper Red Rock Lake. We also
provide a template for quantifying the annual extent and severity of winter hypoxia.
These are promising tools for assessing hypoxia risk in Upper Red Rock Lake, allowing
for the possibility of preemptive action, like aeration and snow clearing (Barica &
Mathias 1979; Barica et al. 1983; Prowse & Stephenson 1986), to avert significant
impacts to fish populations during particularly severe winters.
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Tables
TABLE 2.1. ΔAICc, r2 and model coefficient estimates with 95% confidence intervals for
models of lakewide average DO with ΔAICc < 7.
Model
β0 + β1 Mdt
β0 + β2 Snow
β0 + β1 Mdt + β2
Snow
β0 + β1 Mdt + β3 Ice
β0 + β1 Mdt + β4
Water Temp
β0 + β1 Mdt + β3 Ice
+ β4 Water Temp

ΔAICc
0.00
4.56
5.19

r2
0.80
0.68
0.79

β1, Mdt
0.35 (0.22 – 0.50)

3.87
4.53

0.82
0.80

0.33 (0.18 – 0.49)
0.34 (0.18 – 0.50)

0.03 (-0.09 – 0.03)

6.35

0.88

0.24 (0.06 – 0.41)

0.06 (-0.13 – 0.00)

0.33 (-0.04 – 0.71)

β2, Snow

β3, Ice

β4, Water Temp

-0.32 (-0.48 – -0.15)
-0.03 (-0.38 – 0.33)

0.36 (-0.79 – 1.52)
1.02 (-0.20 – 2.25)
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FIGURE 2.1. Upper Red Rock Lake shown with smoothed bathymetric contours and
location of inlet streams and lake outlet.
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FIGURE 2.2. Lakewide average DO and water temperature in Upper Red Rock Lake in
2013-14 and 2014-15 on dates shown. DO and temperature values marked with different
letters are statistically different (one-way ANOVA, p < 0.05).
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FIGURE 2.6. Dissolved oxygen maps generated using inverse distance weighted
interpolation in 2013-14 on dates shown.
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FIGURE 2.7. Dissolved oxygen maps generated using inverse distance weighted
interpolation in 2014-15 on dates shown.
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Abstract
Winter hypoxia in ice-covered boreal lakes can be a significant limiting factor for
overwintering fish populations. In this study we tested the hypothesis that low overwinter
survival due to winter hypoxia is a limiting factor for a rare, adfluvial population of
native Arctic grayling in Upper Red Rock Lake, Montana. We used a combined
laboratory and telemetry study to document extent of hypoxia in Upper Red Rock Lake
over two winters and assess the physiological tolerance, behavioral response and winter
survival rate to hypoxia. In the laboratory study we observed a significant behavioral and
physiological response to DO < 4 mg/L and determined 24-hr LD50 values of 0.75 mg/L
for adults and 1.50 – 1.96 for juveniles at temperatures of 1 – 3°C. In the field study we
recorded a period of significantly lower lakewide average DO as well as high spatial
variability in DO concentration (< 1 – 10 mg/L) during ice cover. However, we found
that 69 – 100% of the lake epilimnion had DO > 4 mg/L during the ice cover period of
both winters. Results of the telemetry study indicated adult winter survival rate was high
(0.97 in 2014, 0.95 in 2015) and that telemetered fish selected deeper, more oxygenated
habitat during ice cover. Our study demonstrates that Arctic grayling have a very high
tolerance to acute hypoxia exposure and exhibit a physiological and behavioral stress
response to DO < 4 mg/L. Although hypoxia was present in parts of Upper Red Rock
Lake, sufficient suitable habitat was available in the lake epilimnion in both study
winters. Despite the potential for winterkill events in more severe winters, we conclude
that low winter survival due to winter hypoxia is likely not a limiting factor for this
population.
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Introduction
Ice-covered, boreal lakes can exhibit pronounced spatial and temporal variability
in dissolved oxygen (DO) availability (Greenbank 1945; Agbeti & Smol 1995; Hasler et
al. 2009). A condition of low oxygen, or hypoxia, in winter is a common phenomenon in
these systems and results from persistent snow and ice cover, which slows or halts
processes that replenish DO, namely atmospheric diffusion and photosynthetic
production (Nilsson & Ostlund-Nilsson 2008; Hasler et al. 2009). If ice cover persists for
a sufficient duration, the consumption of DO by bacterial decomposition of dead and
dying vegetation, and absorption by bottom sediments may deplete DO to the point of
hypoxia. In many boreal lakes, the oxygen-limiting period only ends with the initiation of
atmospheric reaeration and photosynthetic DO production associated with ice break-up in
spring (Barica & Mathias 1979).
Obtaining oxygen during this period can place exceptional demands on the
physiology of overwintering fishes. Severe or prolonged hypoxia can be a major cause of
winter mortality (Greenbank 1945; Hughes 1973), which in turn, can be a major factor
limiting species abundance and persistence (Danylchuck & Tonn 2003). Fish may
respond to hypoxia by avoiding hypoxic areas (Whitmore et al. 1960; Skjaeraasen et al.
2008; Poulsen et al. 2011), resulting in significant vertical or horizontal shifts in habitat
use (Magnuson et al. 1985; Kramer 1987; Eby & Crowder 2002; Hasler et al. 2009), or
migration out of lakes into comparatively well-oxygenated streams for the winter
(Magnuson et al. 1985). Fish also exhibit a physiological response to hypoxia by
increasing oxygen uptake via mechanisms such as increased ventilatory stroke volume

52
and frequency, and by increased blood perfusion of the gills (Booth 1979; Nilsson 2007),
or by reducing oxygen demand via reduced activity (Kramer 1987). Hypoxia tolerance
varies widely among species (Davis 1975; Landman et al. 2005), and these differences
can result in major differences in species composition in lakes with high winter hypoxia
risk (Tonn & Magnuson 1982).
Past studies on the effects of hypoxia have generally been either laboratory
hypoxia tolerance studies (Petrosky & Magnuson 1973; Furimsky 2003; Landman et al.
2005; Poulsen et al. 2011) or field studies examining change in distribution and survival
in relation to DO availability (Magnuson et al. 1985; Danylchuck & Tonn 2003).
Laboratory studies can precisely identify lethal DO thresholds and associated stress
responses to low DO, but are limited in their ability to characterize the extent and severity
of hypoxia in the wild. Conversely, field studies are able to directly estimate overwinter
survival and determine the spatial and temporal dynamics of winter hypoxia but are
limited in determining a lethal oxygen threshold. Combining the findings of laboratory
and field studies is a powerful approach to improving knowledge of responses to hypoxia
(Hasler et al. 2009).
The purpose of this study was to evaluate the response of Arctic grayling
(Thymallus arcticus) to winter hypoxia in Upper Red Rock Lake, Montana. Montana
Arctic grayling are a now rare, glacial relict species occupying only a fraction of their
historic range in Montana (Liknes & Gould 1987; Kaya 1992). The population in Upper
Red Rock Lake is the only significant remaining native, adfluvial population, is
genetically distinct from other Montana grayling (Peterson & Ardren 2009), and has
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undergone significant declines in abundance and distribution (Nelson 1954; Kaya 1992;
Rens & Magee 2007). Previous studies have documented instances of very low winter
DO in the lake and poor overwinter survival due to winter hypoxia has been hypothesized
as a potential limiting factor for this population (Vincent 1962; Mogen 1995; Gangloff
1996). In this study, we used a coupled laboratory and field approach (sensu Hasler et al.
2009) to examine the potential influence of winter hypoxia on Arctic grayling. We used
laboratory experiments to define stressful and lethal DO concentrations and a 2-year
radio telemetry study to estimate overwinter survival, characterize winter habitat use, and
examine the extent, timing and severity of hypoxia in Upper Red Rock Lake.
Methods
Laboratory Study
Hypoxia tolerance of Arctic grayling was tested in both adults and juveniles to
determine life stage-specific stressful and lethal DO thresholds. Adult Arctic grayling
(246 – 324 mm TL; 201 – 328 g) were collected from Axolotl Lake, near Ennis, Montana
(45°14’ 2” N, 111° 52’ 24” W), using short-term gill net sets. Axolotl grayling are a
brood stock population of Big Hole River origin, and were used in place of Red Rock
grayling since the size of the Upper Red Rock Lake population was insufficient to allow
for collection of adults. Fish were transported to the Bozeman Fish Technology Center
and held at 8˚C in a 3.0 m x 1.0 m x 1.0 m flow-through tank supplied by spring water
and were fed daily via a belt feeder with 3.5 mm floating Classic Trout diet (Skretting,
Tooele, UT). Juvenile Arctic grayling used in testing (age 0, 147 – 162 mm TL) were
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obtained as embryos in May 2014 from Red Rock Creek, a main spawning tributary for
grayling from Upper Red Rock Lake. Fertilized embryos were hatched in a flow-through
vertical incubator (MariSource, Fife, WA), transferred to a flow-through, 150 L round
tank after hatching and supplied with 10 – 12˚C spring water. Grayling fry were initially
fed a starter diet (Otohime Beta, Nisshin Feed Co. Ltd. Tokyo), followed by pelleted trout
feed. Grayling fry were transferred to a 3.0 m x 1.0 m x 1.0 m flow-through tank at 8˚C
after reaching 60 – 70 mm.
Experimental Apparatus and Protocol. A specialized apparatus for chilling and
deoxygenating recirculating water was constructed to assess behavioral and physiological
response to hypoxia and determine lethal DO thresholds under simulated winter
conditions. Hypoxia was achieved by pumping water through a custom-built, sealed,
packed-column filled with plastic random packing (Koch-Glitsch, Wichita, KS), wherein
cascading water was exposed to a high vacuum from a vacuum generator (Air-Vac,
Seymour, CT). The DO concentration was adjusted by adjusting the strength of the
vacuum via a bleeder valve on the column. Deoxygenation by pressure reduction with the
vacuum column eliminated the need to rely on nitrogen infiltration for hypoxia
generation (Landman & van den Heuvel 2003), thereby avoiding a common feature of
laboratory hypoxia studies, where test animals may be exposed to water with high
concentrations of nitrogen (Hasler et al. 2009; Poulsen et al. 2011; Flint et al. 2015).
Water temperatures as low as 1˚C were achieved by pumping deoxygenated water
through a stainless steel heat exchanger coil submerged in chilled brine solution inside an
insulated reservoir. The brine solution was chilled by a 1.5 hp Deltastar chiller
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(Aqualogic, San Diego, CA), optimally tuned for performance at low water temperatures.
A 1.5 hp external pump (Goulds jet pump; Xylem, Rye Brook, NY) was used to
recirculate water through the system; initial testing showed that use of a submersible
pump generated enough heat such that desired temperatures of 1˚C were unattainable.
During testing, chilled, deoxygenated water was recirculated to six circular 100 L
insulated test tanks (45 cm deep x 60 cm diameter). Clear, rigid, 0.3 cm thick polycarbonate covers were positioned just below the water surface to simulate lake ice and
prevent test fish from jumping out of the tank. Tanks were also covered with a one-way
mirror to shield fish from observers. The DO concentration in the test tanks was
monitored with two electronic DO probes (YSI Professional Plus, Yellow Spring, OH),
one positioned in the line supplying water to the tanks, the other placed in the line
returning water from the tanks to the chiller/vacuum column assembly. During all tests,
inflow and outflow DO concentrations remained within 0.1 mg/L of target concentration.
Water temperature was adjusted by regulating chiller output using a digital temperature
controller (Aqualogic, San Diego, CA). The apparatus delivered a range of temperatures
and DO concentrations with a high level of precision (+ 0.10 mg/L DO, + 0.1˚C) and
produced 0.25 mg/L DO and 0.5˚C water at maximum output. The capabilities of the
apparatus enabled us to simulate all but the most severe winter conditions present in
Upper Red Rock Lake.
Tolerance, and behavioral and physiological response to progressive hypoxia in
juvenile and adult grayling was tested at simulated winter temperatures of 1˚C and 3˚C.
At the start of a trial, fish were netted randomly from holding tanks (8˚C) and placed
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individually into the 6 test tanks at ~ 1400 hrs. For the 1˚C trials, only 3 tanks were tested
at a time since a reduced water capacity was required to maintain such a low test
temperature. At 3˚C, we performed 4 trials with adults (n = 24) and 6 trials with juveniles
(n = 36). At 1˚C, we performed 4 trials with adults (n = 12) and 4 trials with juveniles (n
= 12). After introduction, fish were acclimated to low temperature by reducing the water
temperature by ~ 1˚C/hr until the 1˚C or 3˚C test temperatures were achieved and held at
that temperature for the remainder of the trial. Twenty-four hours after introduction, a
stepwise reduction in DO occurred over a period of 9 hours, with 1-hr exposures to 10.0,
6.0, 4.0, 2.0, and 1.0 mg/L (+ 0.10 mg/L).
Physiological response to DO decrease was evaluated by recording ventilation
rate (opercular beats/minute; Flint et al. 2015), and behavioral response was assessed by
recording the amount of time spent near the water surface (time spent above the midline
of the tank during a 2-minute observation period; Hasler et al. 2009) at the conclusion of
each 1-hr exposure period. After the stepwise DO reduction period of each trial, fish were
then held at low DO concentrations for 24 hrs to determine the acute lethal threshold.
Test concentrations included the range of DO levels near the threshold between 0% and
100% mortality observed in initial, short-term trials (1 hr). For adults, these 24-hr
exposures were performed at 1.0 and 0.5 mg/L at both test temperatures. For juveniles,
these 24-hr exposures were performed at 2.0 and 1.0 mg/L at both test temperatures and
at 4.0 mg/L at 3˚C only. Number remaining alive was recorded at the conclusion of the
24-hr period. Chronic lethal DO threshold for adults was also determined in separate 96hr exposure trials at 3˚C and 1.0 mg/L (2 trials, n = 12). We performed these trials with
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adults so that results could be used to interpret field observations of distribution and
survival of radiotagged fish. We used the same stepwise DO reduction protocol detailed
above, except the exposure period was lengthened to 96 hours and survival was again
recorded every 24 hours.
Data Analysis. Differences in mean ventilation rate and mean surfacing time at
the five different DO test concentrations (10.0, 6.0, 4.0, 2.0 and 1.0 mg/L) were evaluated
within each of the four treatments (each size group at two test temperatures) using a
repeated measures one-way ANOVA and a Tukey – Kramer multiple comparison test
(Zar 1999). We used generalized linear models (Kerr & Meador 1996) with the survival
data to calculate a) the acute lethal DO concentration (LC50) (Davison et al. 1959;
Wagner et al. 2001) for juvenile and adult grayling at each test temperature, and b) the
chronic exposure threshold time (time to 50% mortality, LT50) for adults during the 96-hr
trials.
Field Study
Study Site. Upper Red Rock Lake lies in the high elevation (2,030 m) Centennial
Valley in the Upper Missouri River Basin of southwest Montana (Figure 3.1). The 893 ha
lake is surrounded by extensive wetlands and lies within Red Rock Lakes National
Wildlife Refuge. The lake is fed by five streams, with Red Rock Creek contributing the
largest volume of surface water (Gangloff 1996). Flows exit the lake through a single
outlet that connects Upper Red Rock Lake to the much shallower Lower Red Rock Lake
and Red Rock River. Grayling are not known to inhabit the lower lake. Upper Red Rock
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Lake exhibits many characteristics typical of a winterkill-prone lake. The lake
experiences long winters, typically remaining ice-covered from November – April. Depth
is shallow and rather uniform, with a maximum depth of only 2 m. There are abundant
rooted macrophytes (Potamogeton), on a uniform bottom comprised of mud, peat, and
detritus (Gangloff 1996; Mogen 1996). The lake supports an abundant fish assemblage,
including Arctic grayling, burbot (Lota lota), white sucker (Catostomus commersonii),
longnose sucker (Catostomus catostomus), mountain sucker (Catostomus platyrhynchus),
longnose dace (Rhinichthys cataractae), mottled sculpin (Cottus bairdi), brook trout
(Salvelinus fontinalis), and cutthroat-rainbow trout hybrids (Oncorhynchus clarkii
bouvieri x Oncorhynchus mykiss) (Gangloff 1996).
Lake Sampling. To assess the extent, duration and annual variability in winter
hypoxia, DO measurements were made every 2-4 weeks during the winters of 2013-14
and 2014-15 from before ice-up (October) until travel on lake ice became unsafe prior to
break up (April). This resulted in 14 sampling occasions spread across two separate
winters, 8 occasions in 2013-14 and 6 occasions in 2014-15. Fifteen sample sites were
generated randomly for each sampling occasion using the Create Random Points tool in
ArcGIS (ver. 10.2; ESRI, Redlands, CA) and included both mid-lake (10 sites) and
stream mouth (5 sites) habitat types. Sample size was determined by the maximum
number of sites that could be reliably sampled in a day, given frequent severe winter
conditions. Sample locations were stratified to detect anticipated differences between DO
concentration in the lake and in areas < 300 m of stream mouths (Gangloff 1996). Holes
were augered in the ice with a hand auger (10 cm diameter) at each sample location and
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DO (mg/L) and water temperature measured at 1-meter intervals from the ice-water
interface to the bottom using an electronic DO probe (YSI Professional Plus, Yellow
Spring, OH). The DO probe was calibrated at the start of each sampling day using the
recommended procedure while the sensor was enclosed in water-saturated air. Habitat
covariates of ice thickness, snow depth, and water depth were also measured at each
sample site using a 3 m, extendable measuring rod. A high-resolution bathymetric map of
the lake was created by measuring depths prior to winter with a boat-mounted
Intelliducer transom mount sensor (Garmin, Olathe, KS) along transects spaced 150 m
apart.
Radiotelemetry. Survival and distribution of Arctic grayling during winter ice
cover was measured with radiotelemetry. In September of each study year ~ 1 month
prior to surface ice formation, 49 adult Arctic grayling (261 – 431mm; 220 – 765 g) were
captured using short-term gillnet sets and implanted with radio transmitters fitted with
mortality (motion) sensors and external antennas (Lotek MCFT2-3BM, 11 x 43mm,
Newmarket, Ontario, Canada). Tag weight (8 g) was 1 – 3.6 % of body weights. During
implantation, fish were anesthetized with MS-222, and tags positioned anterior to the
pelvic girdle using the shielded needle technique (Ross & Kleiner 1982). After recovery,
fish were returned to the lake near the site of capture.
Telemetry surveys coincided with lake DO sampling, occurring every 2 – 4 weeks
during winter ice cover. To locate fish, two surveyors, each with a telemetry receiver,
skied 100 – 300 meters apart on the ice in north-south transects across the lake until the
entire lake was completely sampled. Fish were located to within 10 m (confirmed by
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relocation of test transmitters under the ice), their live/dead status noted and coordinates
recorded using handheld GPS (Garmin GPSmap 60csx, Olathe, KS). The DO, water
temperature, and habitat covariates were measured at a random subset of 10 fish
locations, about one-third of the total fish detected per sampling occasion, using the same
protocol described above.
Data Analysis. At each sample site, DO at 0 and 1 m were averaged and input into
ArcGIS. Only data from the upper 1 meter of the water column were used as it was the
only well-oxygenated zone in the lake in both winters. The lower meter of the water
column was consistently hypoxic soon after complete ice cover (mean DO < 2.0 mg/L in
2013-14, < 3.0 mg/L in 2014-15; Chapter 2) and therefore unlikely to provide sufficient
DO for long-term survival of overwintering fish. Maps of spatial distribution of DO
concentration in the upper meter were generated for each sampling occasion during the
ice cover period using the inverse distance weighted interpolation (IDW) tool in ArcMap
Spatial Analyst based on interpolated raster datasets of 20 m x 20 m grid cells of DO
concentration. Accuracy of predicted DO from spatial mapping was assessed by
comparing predicted DO to an independent set of DO measurements conducted 1 – 2
days after initial field measurements (10 sites per sample date, ranging from 0.5 – 10.8
mg/L DO) using simple linear regression. There was a strong association between
predicted and measured DO values (r = 0.85, n = 120; p < 0.01), indicating that maps
generated in ArcGIS provided good approximations of the spatial variation in DO present
in the lake at each sampling occasion.
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Overwinter survival for each of the two study years was estimated using Kaplan –
Meier survivorship curves (Kaplan & Meier 1958) using bimonthly data on the number
of tagged fish alive or dead. We focused our analysis on the period from date of complete
ice cover to lakewide DO rebound to determine the potential effect of hypoxia and winter
conditions on survival and to allow for an initial post-surgery recovery period (~ 1 month
prior to lake ice formation). Fish were censored from analysis if their transmitter signal
went undetected and was not detected on subsequent sampling occasions (Pollock et al.
1989).
Winter habitat selection was assessed in two ways. First, paired logistic regression
was used to compare habitat covariates between fish locations and randomly generated
locations. Habitat covariate measurements from the nearest lake sampling point on the
same sampling occasion were used to assign habitat covariate values to both fish
locations and random locations (Breslow & Day 1980; Hosmer & Lemeshow 1989).
Comparisons of the different paired logistic regression models of habitat selection were
performed using Akaike’s information criterion adjusted for small sample size (AICc;
Burnham & Anderson 1998; Compton et al. 2002). We considered the model with the
lowest value to be the best and evaluated the plausibility of other models based on the
difference between the information criteria value for the top model and that of every
other model (ΔAICc). Following recommendations of Burnham and Anderson (2002),
models with ΔAICc values of <2, 4-7, and >10, were considered to have substantial,
some, and essentially no evidence of support, respectively, as a plausible model
(Burnham & Anderson 2002).
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We further analyzed habitat selection by grayling by assessing if fish used habitat
in proportion to availability for two different categories of DO and two different
categories of lake depth during the midwinter DO minima of both winters. For DO, DO
measurements were categorized as either unsuitable (0 - 4 mg/L) or suitable (> 4.0 mg/L)
winter habitat. These categories were chosen based on results of the laboratory study that
demonstrated increased stress at DO levels below 4 mg/L DO. The proportional area of
each DO category was quantified for each sampling occasion using ArcGIS. Fish
relocations at each sampling occasion were then plotted on maps of DO availability and
habitat use calculated as the proportion of relocations made within each DO category
(Manly et al. 2002). For depth, we first generated a lake depth raster using the Triangular
Irregular Network tool in ArcGIS. We then divided available lake depths into categories
(0-1 m and > 1 m) and plotted fish locations and compared use versus availability using
the aforementioned protocol. Chi-square tests were used to test whether use was in
proportion to availability for DO and depth categories for each sampling occasion (Zar
1999). Standardized selection indices with 95% Bonferroni confidence intervals were
also calculated to show the level of selection for each DO category and depth category by
each sample date, with indices >1 indicating selection, and indices <1 indicating
avoidance (Manly et al. 2002).
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Results
Laboratory Study
Physiological and Behavioral Response to Hypoxia. Ventilation rate and surfacing
behavior of adult and juvenile grayling generally increased with decreasing DO
concentration. At 3°C, ventilation rate of adult grayling averaged 50 beats/min at 10.0
and 6.0 mg/L, increased slightly (~10%) at 4.0 mg/L, and then increased significantly to
67 and 75 beats/min (34 and 50% increase from baseline) at 2.0 and 1.0 mg/L (Figure
3.2). At 1°C, ventilation rate was about 12% higher at baseline, and a similar increase in
ventilation rate was also observed at and below 4 mg/L. Juveniles at 3°C had a much
higher (96%) baseline ventilation rate at 10.0 mg/L (Figure 3.2). Similar to adults,
juvenile ventilation rate increased slightly but significantly (~ 7%) at 4.0 mg/L, but
unlike adults, then decreased significantly to 85 beats/min (11% decrease from baseline)
at 1.0 mg/L. At 1°C, ventilation rate at 10.0 mg/L was about 22% lower for juveniles
than at 3°C, and increased significantly to 81 and 87 beats/min (8 and 16% increase from
baseline) at 4.0 and 2.0 mg/L. As at 3°C, ventilation rate then significantly decreased at
1.0 mg/L to 77 beats/min at 1.0 mg/L.
Adult grayling at 3°C spent little to no time near the water surface at DO levels of
10 and 6 mg/L, but mean surfacing time increased significantly to 28 sec (23% of
observation period) at 1.0 mg/L (Figure 3.3). At 1°C, surfacing time followed a similar
pattern, however, the sharp increase occurred at a higher DO concentration, with mean
surfacing time increasing to 50 and 95 sec (42% and 79% of observation period) at 4.0
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and 2.0 mg/L, respectively, before decreasing (58%) to 40 sec (33% of observation
period) at 1.0 mg/L. For juvenile grayling, surfacing time at 3°C was ~ 50 sec (42% of
observation period) at 10 and 6 mg/L, decreased slightly at 4 mg/L, and unlike adults,
surfacing time decreased by 86% at lower DO concentrations, declining to only about 7
sec (6% of observation time) spent near the surface at 1.0 mg/L (Figure 3.3). Opposite the
results at 3°C, juvenile surfacing time at 1°C increased as DO decreased, increasing
significantly from about 40 sec (33% of observation period) at 10 and 6 mg/L to 100 sec
(83% of observation period) at 4.0 mg/L, then fell sharply to 20 sec at 1.0 mg/L.
Lethal DO Thresholds. Adult survival at 1 and 3°C was 100% at DO
concentrations of 10 to 1 mg/L but no fish survived when exposed to DO concentrations
of 0.5 mg/L (Figure 3.4). The calculated LC50 at both temperatures was 0.75 mg/L. In
contrast, juveniles had a higher lethal DO concentration than adults and the lethal
response varied with temperature. Juvenile survival at 1 and 3°C was 100% at DO
concentrations of 10 to 4 mg/L and 0% at 1 mg/L. Juveniles at 3°C had a slightly lower
survival at 2 mg/L than those tested at 1°C (75% vs. 100%). Juvenile LC50 was 1.96 mg/L
at 3°C and 1.50 mg/L at 1°C, a 0.75 – 1.21 mg/L higher lethal level than adults. For the
chronic exposure test, adults held at 1 mg/L at 3°C had 100% survival at 24 hr and 0%
survival at 72 hr exposure; the calculated LT50 was 48.3 hours (Figure 3.5).
Field Study
Extent and Timing of Hypoxia. Complete ice cover formed on the lake by
November 15 (2013) and by November 25 (2014) and grew to ~ 0.5 m thick in both
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winters. Ice cover was uniform across the lake throughout the winter except for
intermittent, small openings (< 100 m2) around the mouth of Elk Springs, Red Rock,
Shambow and Grayling Creeks, which were ice-free during many sampling occasions.
Ice break up began in the first week of April in 2014 and the last week of March in 2015
and ice cover was absent by mid-April of both years.
Lakewide average DO concentration prior to ice formation was 9.0 mg/L and 10.2
mg/L in 2013 and 2014, respectively, and was uniform throughout the lake with little
variation with depth and across sample sites. Following ice formation, lakewide average
DO declined to minimum levels of 4.3 mg/L in the winter of 2013-14 and 5.9 mg/L in
2014-15 within 40-50 days after onset of lake ice. During midwinter DO concentrations
were often hypoxic in the hypolimnetic layer below 1 m. Hypoxia in this depth layer
below 1 m persisted throughout the DO minima period and ended with spring rebound in
lakewide DO levels when DO concentrations throughout the water column returned to an
un-stratified state. Spring rebound occurred prior to ice off in both winters, by March 27
in 2014 and February 16 in 2015.
DO interpolation maps showed the expansion and contraction of hypoxic areas as
well as differences in DO concentration between the two study winters (Figures 3.6 &
3.7). Prior to, and after, winter ice cover, the lake had uniformly high DO levels. During
the midwinter DO minima period, low DO areas were concentrated, and persistently so,
in the shallow northwest and southern parts of the lake, particularly in 2014, when overall
DO concentrations were significantly lower than in 2015 (p < 0.01). In contrast, in both
years, areas near inlet streams and the upper 1 meter of the water column remained well-
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oxygenated during the winter, even during the January-February DO minima period. In
winter 2014, the proportional volume of the hypoxic (< 4 mg/L) zone in the upper meter
steadily expanded from 7% in early January to its peak of 31% in late February, followed
by a decline to 0% by the end of March. In contrast, the proportional volume of hypoxic
areas was ~ 1% in winter 2015, and high DO levels were present throughout the lake by
mid-February.
Generally, grayling were widely distributed across the lake in both winters
(Figures 3.6 & 3.7). However, across all sampling occasions, very few fish were
relocated near the lake outlet in the northwest corner of the lake. This lake section was
characterized by shallow depths and generally had the lowest DO concentrations.
Repeated relocations of individual fish during a sampling day and between sampling
occasions indicated fish did not remain in fixed locations but moved frequently and over
substantial (> 2 km) distances. Fish tended to aggregate near the mouths of inlet
tributaries, especially Elk Springs Creek. During the last two sampling occasions in
winter 2015, fish were notably absent from the southwest corner of the lake and were
concentrated in the northeast corner and its associated inlet tributaries.
Overwinter Survival. Kaplan-Meier survival estimates for the overwinter period
were calculated using data from individuals alive at the time of complete ice cover each
year, 35 in winter 2014 and 38 in winter 2015. We relocated 89 – 100 % of fish at risk on
each sampling occasion and made unsuccessful attempts to relocate censored fish (1 in
2014, 2 in 2015) by conducting occasional telemetry surveys in tributary streams within ~
500 m of the lake. Nearly all fish survived the approximate 5 month overwinter period of
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ice cover and hypoxia: 0.97 (95% CI: 0.92 – 1.0) in winter 2014 and 0.95 (95% CI: 0.88
– 1.0) in winter 2015 (Figure 3.8).
Habitat Use. AICc model comparison yielded four models with ΔAICc values <
7, indicating these were the only models with at least some support as plausible models
(Table 3.1). A combined DO and depth model (ΔAICc = 1.55) was considered the most
plausible model as it had the lowest ΔAICc value among models in which all coefficients
were significant (Compton et al. 2002). All models that received support included both
DO and depth as covariates. Coefficients for DO and depth were positive and significant,
indicating radiotagged grayling selected deeper, more oxygenated areas within the lake.
Odds ratios indicated that every 1.0 mg/L increase in DO resulted in a 30% increase in
selection, while every 0.5 m increase in depth resulted in a 63% increase in selection
(Table 3.2).
Radiotagged grayling used DO categories of < 4 and > 4.0 mg/L in proportion to
availability (χ2 = 0.03 – 1.73, p = 0.19 – 0.87), except on the February 27, 2014 sampling
occasion when the observed number of fish in each DO category was significantly
different from expected (χ2 = 6.09, p = 0.01), and fish exhibited significant selection for
DO > 4.0 mg/L (Figure 3.9). On this occasion, DO > 4 mg/L comprised 69% of available
habitat, the lowest proportion observed during the two study winters, whereas other
sampling occasions had much higher proportion of habitat > 4 mg/L available. Use of
depth categories was not in proportion to availability on all sampling occasions (χ2 = 5.25
– 22.91, p < 0.01 – 0.02), except on the February 27, 2014 sampling occasion (χ2 = 0.85,
p = 0.4) when the observed number of fish in each depth category was not significantly
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different from expected. Telemetered fish showed significant selection for areas of the
lake > 1.0 meter deep on all other sampling occasions (Figure 3.9).
Discussion
We found that very low winter DO concentrations developed in Upper Red Rock
Lake, but substantial areas of high DO persisted in the lake throughout the two study
winters even under complete ice cover. Arctic grayling did not appear to emigrate from
the lake in large numbers to seek refuge in well-oxygenated tributaries during winter, and
our data do not support the hypothesis that winter survival is a limiting factor to the adult
grayling population in the lake. Our study also suggests that a high tolerance to hypoxia
and the ability to preferentially select oxygen-rich winter habitat may be important
contributing factors enabling overwinter survival of Arctic grayling. We also provide a
unique example of a laboratory hypoxia tolerance study using very low water
temperatures that more closely mimic actual winter conditions experienced by fish in
nature, and illustrate use of vacuum degassing (Landman & van den Heuvel 2003) as an
alternative to nitrogen profusion to simulate hypoxia in the laboratory.
Our laboratory results showed that Arctic grayling have an unusually high
tolerance to hypoxia. The adult LC50 of 0.75 mg/L at 1 and 3°C is lower than the critical
oxygen minima of 1.3 mg/L at 6°C established by Feldmeth and Eriksen (1978) and is
lower than the commonly reported 24-hr lethal oxygen threshold of 1.5 – 2.0 mg/L for
salmonids at temperatures of 10 – 20°C (Doudoroff & Shumway 1970; Alabaster &
Lloyd 1982). The juvenile LC50 of 1.50 – 1.96 mg/L at 1 – 3°C determined by our study
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is similar to the lethal threshold (1.5 mg/L at 5°C) identified by McLeay et al. (1983) and
similar to that of juvenile rainbow trout (Landman et al. 2005). These LC50 values
indicate that acute exposure to DO at these levels would likely be necessary to cause
winterkill in Arctic grayling (Kuhn 2000).
Possible explanations for why our LC50 values are lower than the lethal DO
thresholds for most other adult salmonids include a) the extremely low water
temperatures used in our experiments, b) differences in hypoxia tolerance between
grayling and other salmonid species or c) differences in experimental methods. Many
past studies of hypoxia tolerance have determined lethal and stressful oxygen thresholds
at water temperatures > 10°C (Davis 1975; Landman et al. 2005), considerably higher
than the 1 and 3°C used in this study. The low water temperatures used in this study,
which more closely simulated winter conditions, likely significantly reduced metabolic
oxygen demand compared to higher test temperatures (Clarke & Johnston 1999).
Observed differences in lethal thresholds could also reflect species differences in hypoxia
tolerance. The holarctic distribution of Arctic grayling suggests they may be better
adapted to the winter hypoxia common to high latitude Arctic systems (Stamford &
Taylor 2004). Lastly, the discrepancy in lethal DO thresholds could be the result of
differences in experimental methods, especially exposure time used to define the acute
lethal threshold. Studies using a > 24-hr exposure time (Downing & Merkens 1957;
Doudoroff & Shumway 1970; Landman et al. 2005) are likely to indicate a higher lethal
threshold than the 24-hr exposure time in our study. This fact is also clearly illustrated by
the higher lethal threshold in our 96-hr (100% mortality at 1.0 mg/L) exposure test than

70
our 24-hr (100% mortality at 0.5 mg/L) test. Thus each of these three explanations for the
discrepancy between our lethal threshold values for Arctic grayling in comparison to
other salmonids have some support, however, the relative influence of each is unknown.
Our study demonstrated that adult grayling have a higher tolerance to severe
hypoxia than juveniles, contributing further evidence to the theory that a large body size
results in a greater tolerance to hypoxia in fishes (Nilsson & Ostlund-Nilsson 2008). This
theory posits that larger body size confers a survival advantage at very low DO due to
less susceptibility to depleted glycogen stores and the accumulation of toxic anaerobic
end-products. In contrast, studies showing higher hypoxia tolerance for smaller fish likely
reflect adaptations to their occupancy of comparatively marginal habitats with higher
incidence of low DO (Nilsson & Ostlund-Nilsson 2008).
Juvenile and adult grayling exhibited physiological and behavioral responses
indicative of elevated stress levels at DO concentrations well above the acute lethal
threshold. At DO concentrations near 4 mg/L, ventilation rate and surfacing time began
to increase from baseline, non-stressed levels, a point termed the incipient oxygen
response threshold (Davis 1975). Such increases in ventilation rate signal the onset of the
physiological stress response as individuals attempt to extract more oxygen from the
hypoxic environment (Kramer 1987), while increased surfacing time marks the beginning
of the behavioral escape response to hypoxia (Hasler et al. 2009). Others have argued that
environmental conditions that result in significant departures from baseline physiological
and behavioral states indicate a reduced probability of survival in those conditions (Davis
et al. 1975; Schreck et al. 1997). Applying this theory to our laboratory results, chronic
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exposure to DO concentrations < 4 mg/L are likely to result in a reduced probability of
survival in Arctic grayling. We recorded some instances of a decrease in ventilation rate
between 4.0 and 1.0 mg/L, especially in juveniles, which contrasted with the more
common trend of increasing ventilation rate with decreasing DO. We suggest this
reflected an inability to cope with allostatic load under extreme hypoxia exposure
(Schreck 2010), rather than hypoxia acclimation, since most fish exhibiting this response
died soon thereafter.
The very high overwinter survival (>95%) we observed in Upper Red Rock Lake
grayling did not appear to be a direct result of their high tolerance to low DO. Rather, our
results suggest that the high survival rate was a result of a high availability of suitable DO
levels > 4 mg/L throughout the winter period. Despite the presence of hypoxia along the
lake bottom and considerable spatial variability in DO, the large proportional volume (69
-100%) and persistence of DO > 4 mg/L in the upper meter of the water column indicated
that overwinter habitat sufficient for long-term survival was common throughout both
study winters. The lack of extensive low DO was surprising given that Upper Red Rock
Lake has all the common attributes of high winterkill risk (shallow, low volume, highly
eutrophic, long period of ice cover; Barica & Mathias 1979; Mathias & Barica 1980;
Babin & Prepas 1985; Terzhevik et al. 2009), and that very low DO concentrations have
been regularly recorded in parts of the lake in past winters (Gangloff 1996; K. Cutting,
USFWS, unpublished data). Despite the common assumption that winter survival is a
limiting factor for fish populations at boreal latitudes (Huusko et al. 2007), especially in
shallow lakes with high winterkill risk (Greenbank 1945; Barica & Mathias 1979), we
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show a unique example of an adfluvial, salmonid population with very high winter
survival due to high availability of suitable DO in two separate winters. We hypothesize
that the upper layer of the lake remained well oxygenated due to input of oxygen-rich
stream water, given that stream mouths were often ice-free, always well-oxygenated
(Chapter 2) and that the low density and temperature of this input would have allowed
this oxygen-rich water to spread out along the ice-water interface without mixing with
bottom layers (Bergmann & Welch 1985). Lakewide hypoxia severity was best explained
by variation in maximum daily air temperature and snow depth (Chapter 2), suggesting
that low winter survival due to winter hypoxia may be more likely in more severe
winters, which, in turn suggests that winterkill may be better understood as an occasional,
rather than consistent, annual disturbance in Upper Red Rock Lake. This counterexample
of high winter survival is also illustrative of the continued need (Hubbs & Trautman
1935; Huusko et al. 2007) for further investigations of the winter ecology of freshwater
fishes and an improved understanding of the effects of winter conditions on important
fishery resources.
Overwintering Arctic grayling displayed a preference for more oxygen-rich
habitat in the lake, a behavioral response that likely helps them survive winter hypoxia.
Fish had access to a wide range of available DO (0 – 10 mg/L), however, an abundance
of available habitat with DO > 4 mg/L made it the most commonly utilized DO range by
telemetered fish. Grayling only exhibited significant selection for DO > 4 mg/L on a
single sampling occasion when extent of hypoxia was at its greatest, suggesting that
preference for DO > 4 mg/L became more pronounced when DO was most limiting.

73
Establishing actual DO avoidance thresholds in a laboratory setting would be a valuable
avenue of future research, allowing greater insight into the DO levels fish select during
winter hypoxia. In contrast to DO, grayling had access to a narrow range of available
depths (0 – 2 m), yet exhibited significant selection for depths > 1 m. Depth and DO were
not collinear (r = - 0.15, n = 105; p < 0.01), indicating an important role of both depth and
DO in habitat selection. We hypothesize that depth is an important habitat feature for
overwintering grayling since the thickness of the well-oxygenated zone along the icewater interface was greatest in areas > 1 m deep. One limitation of this study was that we
did not assess habitat selection in juvenile grayling, however, laboratory results suggest
that juvenile grayling may similarly avoid DO < 4 mg/L as did adults.
The ability to combine findings of our laboratory and field studies demonstrates
why a coupled study design is a powerful method for assessing the risk posed by
environmental hypoxia. We were able to both identify minimum winter DO requirements
for Arctic grayling and directly evaluate the effect of observed DO levels on overwinter
survival and habitat use. Our field and laboratory observations suggest that exposure to
DO levels < 4 mg/L is likely to result in a reduced probability of long-term survival for
Arctic grayling. We also identified key habitat variables, depth and DO, influencing
habitat selection, emphasizing the importance of both adequate depth and more highlyoxygenated areas to overwintering grayling in Upper Red Rock Lake. Knowledge of
important winter habitat characteristics should help focus future management activities
on maintenance of these habitat features. A portion of juvenile grayling are thought to
migrate to Upper Red Rock Lake within 1 – 2 months of emergence (Katzman 1998) and
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their survival and habitat use during winter is unknown (M. Jaeger, Montana Fish
Wildlife & Parks, personal communication). Future research should estimate winter
survival of juvenile grayling and identify important juvenile winter habitat to ensure that
low juvenile survival is not a limiting factor for this population.
While we did not observe winterkill in the two winters studied, our winter
severity data indicate that there may be a high degree of inter-annual variability in the
hypoxia threat (Chapter 2) suggesting that winter hypoxia could be limiting in more
severe winters than those documented in this study. However, our study provides an
effective method of quantifying the annual extent and severity of winter hypoxia in
Upper Red Rock Lake such that winterkill conditions can be readily detected and
mitigated through preemptive actions, like aeration and snow clearing, (Barica & Mathias
1979; Barica et al. 1983; Prowse & Stephenson 1986), to avert significant impacts to
overwintering fish populations.
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Tables
TABLE 3.1. Results of AICc model comparison of paired logistic regression models of
Arctic grayling habitat selection.
Model
DO + depth + temp
DO + depth + icesnow +
temp
DO + depth
DO + depth + icesnow

AICc
0.000
.3482

DO
0.3705
0.3755

depth
0.0219
0.0211

.5526
2.2433

0.3591
0.3673

0.0201
0.0193

icesnow
0.0064

temp
0.3957
0.3638

0.0088

TABLE 3.2. Coefficients and odds ratios for best-supported paired logicstic regression
covariates of Arctic grayling habitat selection. Values in parentheses are the DO and
depth increments for which odds ratios were calculated.

Variable
DO
depth

Coefficient
0.3591
0.0201

Odds ratio
1.432 (1 mg/L)
2.732 (0.5 m)

95% CI
1.294 – 1.585
1.908 – 3.789
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FIGURE 3.1. Upper Red Rock Lake shown with smoothed bathymetric contours and
location of inlet streams and lake outlet.
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in response to different DO concentrations at 3°C and 1°C. Ventilation rates within each
size class marked with different letters are significantly different (one-way ANOVA, p <
0.05).
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0.05).
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FIGURE 3.4. Survival in relation to declining DO concentrations for adult and juvenile
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FIGURE 3.5. Survival of adult grayling over a 96-hr exposure period to 1.0 mg/L at 3°C.
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FIGURE 3.8. Kaplan-Meier survival probabilities with 95% confidence intervals for
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CHAPTER FOUR
CONCLUSIONS
The purpose of this study was to evaluate the hypothesis that insufficient winter
habitat is a limiting factor for Arctic grayling in Upper Red Rock Lake (URRL),
Montana. Our results indicated sufficient winter habitat and high overwinter survival of
adult Arctic grayling in URRL in the two winters studied (Chapter 3). However, we also
documented instances of acutely lethal hypoxia in parts of the lake during both winters
and our winter severity data suggested there may be a high degree of inter-annual
variability in the hypoxia threat (Chapter 2). In this chapter we provide recommendations
for quantifying suitable winter habitat for Arctic grayling in URRL, detecting winterkill
conditions and maintaining suitable winter habitat.
In Chapter 3, we provided evidence that DO is an important component of
suitable overwintering habitat for Arctic grayling. Grayling displayed a preference for
more oxygen-rich habitat in the lake, a behavioral response that likely helps them survive
winter hypoxia. We also demonstrated the potential for considerable variation in oxygen
availability (~0 – 10 mg/L) throughout the lake during the midwinter DO minima. During
this period, hypoxic DO concentrations in the lake were widespread along the lake
bottom, but we found that some areas, particularly stream mouths of inlet streams and
just under the ice surface, remained consistently well oxygenated throughout the winter.
This variability suggests that overwintering grayling must navigate a highly
heterogeneous environment with respect to DO and that stream mouths and the layer
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along the ice-water interface may serve as important hypoxia refuges for overwintering
grayling.
Our laboratory experiments indicated Arctic grayling have a high tolerance to
hypoxia, requiring a minimum of only 1 mg/L (adults) and 2 mg/L (juveniles) DO to
avoid a large-scale (~50 % mortality) and immediate (< 24 hrs) winterkill event.
However, juvenile and adult grayling exhibited physiological and behavioral responses
indicative of elevated stress levels at DO concentrations well above these acute lethal
thresholds. At DO near 4 mg/L ventilation rate and surfacing time began to increase from
baseline, non-stressed levels. This response is indicative of a reduced probability of
survival over chronic (> 96 hrs) exposure periods (Schreck et al. 1997). As a result, we
recommend that 4 mg/L be used as a minimum DO threshold for suitable winter habitat
for Arctic grayling in URRL. Our telemetry results indicated that an abundance of
available habitat with DO > 4 mg/L in both winters made it the most commonly utilized
DO range by telemetered fish. Grayling exhibited significant selection for DO > 4 mg/L
when extent of hypoxia in the lake was at its greatest (30% of epilimnion), suggesting
that preference for DO > 4 mg/L became more pronounced when DO was most limiting.
In contrast to DO, grayling had access to a narrow range of available depths (0 – 2 m) in
URRL, yet exhibited a consistent preference for areas > 1 m deep. We hypothesize that
depth is an important habitat feature for overwintering grayling since the depth of the
well-oxygenated zone along the ice-water interface was greatest in areas > 1 m deep.
Therefore, we also recommend that a depth of 1 m be used as the minimum depth
threshold for suitable winter habitat for Arctic grayling in URRL.
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The very high overwinter survival (>95%) we observed in URRL grayling did not
appear to be a direct result of their high tolerance to low DO. Rather, our study suggested
that the high survival rate was a result of a high availability of suitable DO levels
throughout the ice cover period. Despite the presence of hypoxia along the lake bottom
and considerable spatial variability in DO, the large proportional volume (69 -100%) and
persistence of DO > 4 mg/L in the upper meter of the water column indicated that
overwinter habitat sufficient for long-term survival was common throughout both study
winters. Furthermore, we documented 60% of the lake as having depth > 1 m, a large
area over which grayling may utilize a thick, well-oxygenated epilimnion. Our results
suggest that the availability of suitable DO levels in the epilimnion (upper 1 meter of the
lake) and sufficient depth are likely important determinants of overwinter survival for
Arctic grayling in URRL. To quantify suitable habitat and avert a significant winterkill
event, we recommend monitoring the extent of DO > 4 mg/L in the epilimnion and the
proportion of the lake with depth > 1 m, according to the protocol outlined in Appendix
A.
In Chapter 2 we demonstrated that temporal variation in lakewide average DO
throughout the two study winters was best explained by variation in maximum daily air
temperature (MDT) and, to a lesser extent, lakewide average snow depth (LASD). Our
28-yr record of MDT data suggests a high degree of inter-annual variability in the
hypoxia threat. As part of our monitoring recommendations (Appendix A), we suggest
that the predictive capacity of MDT and LASD continue to be evaluated in future winters
by evaluating the relationship between each variable and average DO concentrations in
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the lake. If MDT and(or) LASD prove to be sufficiently predictive of average DO
conditions in future winters, the need for intensive spatial sampling of DO in URRL may
be alleviated and MDT and(or) LASD used as proxies for DO conditions in the lake.
Although we found no evidence to suggest winter habitat was a limiting factor in
the two winters studied we recognize that further testing of the winter habitat hypothesis
is required and will be achieved through the Centennial Valley Arctic Grayling Adaptive
Management Plan (AMP). Our monitoring recommendations (Appendix A) provide
guidance on how to quantify suitable winter habitat for use in the existing model of
grayling abundance presented in the AMP. The AMP provides a promising approach to
testing competing hypotheses of grayling abundance and we recognize that identification
of management actions to increase grayling abundance will follow completion of the full
term of the AMP. As a result we do not provide specific management action triggers
associated with our monitoring recommendations (Nichols & Williams 2006), except in
the case of detection of lakewide DO levels likely to result in an imminent winterkill
event. However, we do outline potential management actions aimed at increasing suitable
winter habitat should the AMP determine that winter habitat is a limiting factor for Arctic
grayling in URRL.
One objective of our monitoring protocol is the detection of an imminent
winterkill event, enabling preventative actions to increase lakewide DO level. We
recommend the following criteria be used as a trigger for immediate intervention to raise
DO levels in the lake: average epilimnion (0 – 1 m depth) DO < 2 mg/L or > 50 % of
epilmnion with DO < 4 mg/L. Satisfaction of either of these criteria warrants immediate
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intervention to raise lake DO levels to avert a winterkill event. Two main options exist
for increasing DO levels in an ice-covered lake: artificial oxygenation and snow clearing
(Greenbank 1945). Although studies evaluating snow clearing as a means of oxygenation
are inconclusive (Barica et al. 1983; Prowse & Stephenson 1986), studies evaluating
various methods of artificial oxygenation have documented many successful attempts to
raise lakewide DO levels (McCord et al. 2000; Singleton & Little 2006). Although many
methods of artificial oxygenation are in use, mechanical surface aeration may be the most
appropriate means of artificial oxygenation at URRL, given its comparatively high level
of oxygen input, low electricity requirements, minimal maintenance costs and ability to
reduce deep water mixing and sediment disturbance (Ashley & Nordin 1999; McCord et
al. 2000; Holmes et al. 2015). The remote location of URRL provides a challenge for
power delivery to aerators, however, frequent high winds in winter could be exploited to
power aerators with wind (Schierholz 1976; Lossow et al. 1998).
Should the hypothesis testing outlined in the AMP indicate that availability of
winter habitat is a limiting factor for grayling abundance we recommend the following
management actions to increase suitable habitat in URRL. First, given the evidence
indicating depth > 1 m is an important habitat feature for overwintering grayling, we
recommend the maintenance of lake depths > 1 m. Our data indicated that 60% of total
lake area > 1 m deep is, in part, sufficient for high overwinter survival of Arctic grayling.
Should the total area of the lake with depth > 1 m decline below this level, direct
management of lake depth should be considered. Historical accounts indicate maximum
depths may have been over 6 m (Brower 1896; Vincent 1962) in URRL, considerably
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deeper than the maximum depth of ~ 2 m documented in this study. It should be noted
that whatever the cause of the changes in lake depth over time, anthropogenic or
otherwise, this does not change the fact that depths > 1 m may be an important part of
overwintering habitat for Arctic grayling. Second, our study provided evidence that
stream mouths and the layer along the ice-water interface may serve as important oxygen
refuges for overwintering grayling. These habitats should be managed, to the extent
possible, such that they continue to provide refuge from hypoxia for overwintering Arctic
grayling. Management actions to maintain oxygen levels in these habitats include
mechanical surface aeration, ice removal by water pumping and, in the case of stream
mouths of tributaries to URRL, maintaining the ecological function, channel morphology
and integrity of associated riparian areas of these streams such that they continue to
provide input of oxygen-rich water during the winter and spring months. Maintaining the
input of oxygen rich stream water during ice cover is likely a main reason for the
persistence of a well-oxygenated epilimnion and a significant factor enabling overwinter
survival of Arctic grayling in URRL.
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APPENDIX A
UPPER RED ROCK LAKE DO SAMPLING PROTOCOL

111
This appendix includes an explanation of data collection and analysis pertaining to:
1) Quantifying suitable winter habitat for Arctic grayling in Upper Red Rock Lake
(URRL)
2) Modeling lakewide average DO using maximum daily air temperature and
lakewide average snow depth
Data Collection
DO and Snow Depth
Recommended sampling should be completed in 1-2 days on URRL using a
snowmobile(s) and a two-member survey crew and repeated every 2 – 4 weeks
depending on available staff and resources. Sampling should begin soon after sufficient
ice formation on the lake until travel on lake ice is deemed unsafe during spring warming.
A sampling frequency of every 2 weeks is preferable to quickly detect the development
of winterkill conditions.
The survey crew should visit each of the 16 sampling points listed in Table 4.1.
and measure snow depth and DO (Table 4.2). Sixteen sites were chosen as this was the
maximum number of sites that could be reliably sampled in a day, given frequent severe
winter conditions. We chose not to recommend selection of new, random sample sites for
each sample date as this method was needed primarily for habitat use analysis. Returning
to the same randomly generated sampling locations is sufficient for quantifying available
habitat by interpolation. Snow depth is measured in centimeters with a collapsible
measuring rod. A 10 cm diameter hole is then augered in the ice to access the lake water.
DO is measured with an electronic DO probe (we used YSI model Professional Plus),
properly calibrated the morning of sampling and used in accordance with manufacturer’s
instructions. DO is measured starting at 0 meters (the bottom edge of the ice layer), and
should be repeated, at minimum, every meter until the bottom. Sampling DO every 0.5 m
is recommended, however, to better detect the thickness of the oxygenated epilimnion.
below the bottom edge of the ice layer. If water depth is insufficient to measure DO at
any depth interval, this measurement is omitted.
Lake Depth
We recommend further collection of bathymetric data to monitor the extent of
suitable lake depths over time. To collect high-resolution bathymetric data we
recommend using a boat-mounted intelliducer transom mount (Garmin, Olathe, KS), or
similar bathymetric sounder, linked to a GPS. Starting at any corner of the lake,
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continuous bathymetric soundings should be completed along east – west transects
spaced 150 m apart until the lake is completely covered. We used a sounding interval of 1
sounding/second and traveled at approximately 15 – 20 mph while sampling. A powered
watercraft allows this work to be completed in a single day. We recommend this
sampling be repeated every 5 years to detect major changes in lake depth.
Air temperature
Air temperature data should be collected from the Red Rock Montana NOAA
weather station located at 44° 40’ 59” N, 111° 49’ 59” W. For each month that DO is
sampled in URRL, daily records of maximum daily air temperature should be
downloaded from the Red Rock station website.
Quantifying Suitable Habitat
To quantify suitable winter habitat, first the extent of the lake with depth > 1 m
should be quantified. Raw depth data from bathymetric sounding should be input into
ArcGIS software, examined for erroneous data (ie. unreasonable depths), and the
Triangular Irregular Networks (TIN) tool (or similar) used to create a bathymetric map of
URRL. The resulting bathymetric map may be used to quantify the area of the lake > 1 m
using several available tools and(or) methods in ArcGIS.
Next, the extent of the lake with DO > 4 mg/L should be quantified. At each
sample site, DO at 0 and 1 m depth should be averaged to generate mean DO values for
each sample site, then input into ArcGIS. The inverse distance weighted (IDW)
interpolation tool should be used to generate interpolated raster datasets with 20 m x 20
m grid cells. This method of interpolation provided good approximations of the spatial
variation in DO present in the lake.
To determine the overall extent of suitable habitat, the areas of the lake with both
depth > 1 m and DO > 4 mg/L should be quantified by identifying those areas of URRL
where depth > 1 m and DO > 4 mg/L overlap.

Modeling Lakewide Average DO
At each sample site, DO at 0, 1, and 2 m depth should be averaged to generate
mean values for each sample site. These mean values should then be used to calculate
lakewide average DO concentration for each sampling date. Snow depth measurements
from each sample site should be used to calculate lakewide average snow depth.
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For each date that lakewide average DO and snow depth are calculated for URRL,
a mean maximum daily air temperature value should be calculated for the 7-day period
preceding the lake sampling date. The strength of correlation between max daily air
temperature and snow depth and DO should be compared individually with simple linear
regression (Figure 4.1). Then, multiple regression should be used to assess potential
multivariate relationships and model comparison performed using Akaike’s information
criterion adjusted for small sample size (AICc; Burnham & Anderson 1998). The goal of
this analysis is to further evaluate the possibility of predicting lakewide average DO
conditions using max daily air temperature and lakewide average snow depth.
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Tables
TABLE 4.1. UTM Easting and Northing for the 16 recommended sampling locations in
URRL.
Sample Point
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Easting
441258
442433
443677
444633
444986
444455
443103
441456
441659
443127
443240
442510
441545
441922
440834
440607

Northing
4938246
4938276
4938583
4939146
4939278
4939945
4939382
4939026
4939658
4940068
4941001
4940655
4940740
4941354
4942092
4941569
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FIGURE 4.1. Scatterplots of the relationship between lakewide average DO and
maximum daily air temperature and lakewide average snow depth.

