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ABSTRACT

Increasing water temperatures have Hegwd to higher fish mortality in lakes and rivers. As
anthropogenic climate change raises air temperatures, riwarihikakeshorbeatwave events are
expected to increase in intensity and frequeAcgap exists in yearound heatwave projections for a
connected rivetake systemUsing the FutureStreams dataset, we projected heatwave intensity,
frequency, duration, and onset rates to 2h(fe Great Lakes region usifimur Representative
Concentration Pathways (RC#&#rived from three General Circlitat Models (GCM) We examined
seasonal differences heatwave parameter projectipdissolved oxygen predictions, and temperature
tolerances and preferences for several Great Lraigganfish species to determine the extent to which
each RCP will affect fisheries. Heatwave occurreryeasround as well as extreme severity events are
expected to growHeatwave predictions can help prepare climate mitigation and adaptation solutions of
Great Lakes fisherie§reatest increases in heatwave intensitie®hserved during summespecies
with lower temperature tolerances are most at risk, especially as the heatmatemperaturand
duration increases raisxythermal stresdJnder theGCM ensemble meamigh emissionscenario (RCP
8.5),model simulations projestummer riverine and lakeshore heatwaves to increase by as much as over
30 days per decade. Annual mean river temperature anomaly is expected to be an additional 6 degrees at
the end of the century. The worsse scenario also limits oxygen satiorato 8 mg L™ in summer and
10 mg Lt in fall. The bestase scenario limits annual mean river temperature anomaly to under 2
degreeskFurther research should evaluate the efficacy of emissions reductions and river habitat restoration

to understand mechanisms to limit heatwave risk and subsequent ecological mortality



TABLE OF CONTENTS

ABSTRACTE . ooiiiiitiiie ettt eert et e e e et e e e e ettt e e e e sme ettt e e e e e easbaeeeeeastee s amme e e asbeeee e e anteeeeeeansbennreeeeeeanrreeeeeanrees ili
LIST OF TABLES ...ttt ettt ettt ee e e e s e e e e e e e e e e e e e e e e e e et e e e anana e e e e e e e aaaaaaans viii
ACKNOWLEDGMENTS . ..ttt st et e bbb s s e e e e s s s bebe b sk e s st e e e e e e be b s beb s s ammme e e e eee ix
CHAPTER 1 INTRODUCTION ... .ttt ettt ettt re e e e e e e e e e e et e e e e e et et e eeeaeaesaaaaaaeaeaaaaaaeeeeeennes 1
CHAPTER 2 METHODS. ... et e e e e et e e e e e e ettt e e e ereea s e e e e e e e e e e e e e aeeeereeeeannnaeaeeas 4
N R B - L = 1< £ ST P PR PP PPTPPRURPPPOR 4
2.2 DatasefProcessing & Heatwave Calculations..............ooouvuiiccceiiiiin e 7
2.3 FiSh StreSS ANAIYSIS. ...t et 9
CHAPTER 3 RESULT St e e e e e e e e e e eeeea e s e e e e e e e e e e e e e e e aemnsnnanan 11
3.1 Spatial Relationships in Projected HEAtWAVES............coiiiiiiimmeiiiiiiieeee e 11

G 700 00t I T = 11T o 11
3.1.2 Heatwave Maximum INTENSILY..........ccoiiiiiii e e e 13
3.1.3 Heatwave Maximum TeMPEIAtUIE.............ccoiiieiii i ceeeiiiiiieiree e re e eeerrees e e e s e eenas 16
3.1.4 Heatwave RaAte ONSEL.......uuuuii ettt ree ettt e e e e e e eeeaneneaaaeeeee 19

3.2 Temporal Trends in Heatwave INtENSILY...........uuviiiieiiiiier i eesn e e 19
3.3 Latitudinal RelatioNShIPS. ........oiiiiiiiiiiie e 23
3.4 Heatwave Implications fOr FiSh............ooiiiiiiiiiiiieee e 24
CHAPTER 4 DISCUSSION......uuttiiittitiieeet i iictee ettt e e e e e e s et e e e e et s s s bbb e be e et e e eesmamteeeeeesessaaasnnbnrneeeeanns 27
CHAPTER 5 CONCLUSION.......couiiuiiieieitete s ieaete et ettt ettt e s et e semesesbesbessesseabesbeessessnnsessessessessessessearessens 30
REFERENGCES ..ottt ettt sttt eetet ettt ste st e e teste st smns et e st e st e se s e be s et emnseseessansessessessessessemnassseeseebeeseaseaneas 31
APPENDIX A SEASONAL TEMPERATURE ANOMALIES AND CORRELATIONS...........cooiiiiiiiiiiiiieeen, 35
APPENDIX B ADDITIONAL SPATIAL HEATWAVE MAPS ...t 38
APPENDIX C SEASONAL HEATWAVE PROJECTIONS..... ..ot 40
APPENDIX D FISH TEMPERATURE THRESHOLDS.........outiii e 43



LIST OF FIGURES

Figure 2.1 (a) 30year rolling mean of average annual air temperature anomaly andybaB0
rolling mean of average annual river water temperature anomaly for each GCM and.RCP.

Figure 2.2 Data source locations of FutureStreams river and lakeshore points, as well agae6S
that overlap withhistorical simulations. Includes locations of each of the Great Lékes. . 1 2

Figure2.3 Correlations between (a)ean FutureStreams river and mean average USGS gage
temperature and (b) mean FutureStreams lakeshore and mean GLSEA lakeshore
temperatureec é e 6 é e éécééecéeééeceéeéécééecéeééee. 12

Figure2 . 4 Example of a river water temperature ti me

Figure3.1 Heatwave duration trends during spring for each RCRCP 2.6, b) RCP 4.5,
c) RCP 6.0, and d) éRCGR 8 &ecé & ééecdee
Figure3.2 Heatwave duration trends during summer for each RARCP 2.6, b) RCP 4.5,
c) RCP 6.0, ancadédk)e éEREPE 8é &e é &aéeé.. 21
Figure3.3 Heatwave duration trends during fall for each RGRCP 2.6, b) RCP 4.5, ¢) RCP 6.0,
andd)RCP85e ééeéééeéécéeeéeéecéceeéeéeéceeée . .é.21.
Figure3.4 Heatwave duration trends during winter for each RERCP 2.6, b) RCP 4.5,
c) RCP 6.0, and d) RCP 8.5. ¢ééée&eXRréeecéeecé:
Figure3.5 Heatwave max intensity trends during spring for each RERCP 2.6 b) RCP 4.5

,,,,,,,,,,,,,,,,,,,,,,

Figure3.6 Heatwave max intensity trends during summer for each BJ®CP 2.6 b) RCP 4.5

C)RCP6.0andd)RCP 85 eéééecéc.é.ééeeceéééeceééecece .23

Figure3.7 Heatwave max intensity trends during fall for each RGIRCP 2.6 b) RCP 4.5
C)RCP6.0anddRCP 85 éééecéeeéeééeéeeéeéeéeéeece. .. 24
Figure3.8 Heatwave max intensity trends during winter for each RCRCP 2.6 b) RCP 4.5

,,,,,,,,,,,,,,,,,,,,,,,,

C)RCP6.0anddRCP 85 €éeéééécecécécéeéeéée. e6éeceéeééee2d
Figure3.9 Heatwave max temperature trends during spring for each & &ZP 2.6 b) RCP 4.5¢)
RCP6.0anddRCP85 ¢€eééeéééeéécééeéecéeéeéecéceéeéecées

Figure3.10Heatwave max temperature trends during spring for each & &ZP 2.6 b) RCP 4.5¢)

RCP6.0anddRCP85 ¢éééééééecéééééécéeéécecceééececéée
Figure 3.11Heatwave max temperature trends during spring for each & &CP 2.6 b) RCP 4.5c¢)
RCP6.0anddRCP 85 eééeééeéeééeeéeéeéeéeéececéectes

Figure 3.12Heatwave max temperature trends during spring for each ®&ZP 2.6 b) RCP 4.5¢)

,,,,,,,,,,,,,,,,,,,,,,,,,,



Figure 3.130-year rolling mean of the annual'Tpercentile for (a) duration and (b) maximum
intensity. Shaded region represents the 95% confidence interval of eaéhéRER.€ é .31

Figure 3.1@Heatwave duration vs. max intensity for (a) annual lakeshore median, (b) annual river

,,,,,,,,,,,,,,,,,,,,

Figure 3.1™umber of events categorized by severity and RCP for the (a) lakeshore and (B) riv&2s
Figure 3.18Correlations between latitude and heatwave duration for (a) RCP 6.0 and (b) RCP 8.5 for
summer (JJAe é éééeééeééeéeéeeéééeéeéeceecéee. 32
Figure 3.19 Adult fish temperature threshold exceedance basedyomurthing mean oflaily water
temperatures for each season under HadGEM RCP 8.5. a) Lake whitefish, b) Chinook
salmon, and c) Brooktrout. é ¢ € 6 é é e e ééééeééééeeééeeeéé. 33
Figure 3.20 Spawning fish temperature threshold exceedance basegramifing mean of daily

water temperatures for each season under HadGEM RCP 8.5. a) Lake whitefish,
b) Chinook salmon, and c) Brooktroaté é ¢ € ¢ é é € ééééé .éééeééé. 34

JJA,c)SON,d)DIreeeecececeeceecececeececeeceeeeeeeeeeee. . . 35

(DIFeéeééeee . ééeeeééececeeéeeceeceeééeeceeceeééeee. . . 43

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,

Figure C.2Annual 30year rolling mean of a) duration and b) maximum intensity for each GCM and

RCPéééeéééeéeééeeééecéeéceeééecéeéeéeceéeeééeéeé .é.q9

Figure C.3Seasonal differences in the-g0rolling mean of the projected heatwave duratiofi 75

Figure C.4Seasonal differences in the cumulative number of heatwave events categorized by
heatwave severity for each RGBH.JJA, b) SON, c) DJF,andd)MAVE é € ¢ ééé . . 50

Figure D.1 Spawning Lake whitefish temperature threshold exceedance basew ouariting
mean of daily water temperatures for each season under HadGEM. a) RCP 2.6,
b) RCP45,c)RCP6.0,andd)RCP & é éc écééééécééecéeééée. 51

Vi



Figure D.2 Spawning Chinook salmon fish temperature threshold exceedance basegd mmaihg
mean of daily water temperatures for each season under HadGEM. a) RCP 2.6, b) RCP 4.5,
C)RCP6.0,andd)RCP8bé e ééécééecééeéécééecéecéeeéeéeé. 52
Figure D.3 Spawning Brook trout fish temperature threshold exceedance basegroorirfing mean
of daily water temperatures for each season under HadGEM. a) RCP 2.6, b) RCP 4.5,
C)RCP6.0,andd)RCP8bé e éécéécééeééeééecéécéeééeecé. 52
Figure D.4 Adult Lake whitefish temperature threshold exceedance based/orub@ing mean of
daily water temperatures for each season under HadGEM. a) RCP 2.6, b) RCP 4.5,

,,,,,,,,,,,,,,,,,,,,,,,,

Figure D.5 Adult Chinook salmon fish temperature threshold exceedance basegranriing

mean of daily water temperatures for each season under HadGEM. a) RCP 2.6,

b) RCP 45, c)RCP6.0,andd)RCP @& e é e ééeééeéeéééeéeée. 53
Figure D.6 Adult Brook trout fish temperature threshold exceedance basedyornubding mean of

daily water temperatures for each season under HadGEM. a) RCP 2.6, b) RCP 4.5,
C)RCP6.0,andd)RCP8bé e e éecéé eeé.eééecéécéeééeecé. Hb4

vii



LIST OFTABLES

,,,,,,,,,,,,,,,,,,,,,

viii



ACKNOWLEDGMENTS

I would like to acknowledge the support of Dr. Eric Anderson as my advisor and Dr. Adrienne Marshall
and Dr. Andy Wood as my committee members. Funding was provided by the Colorado School of Mines
and the National Oceanic and Atmospheric Administration



CHAPTER 1 INTRODUCTION

Rivers serve as a vital source of freshwater, aquatic habitat, and recreational areas. Over the past few
decades, certain fish populations have decreased due to land use, floods, drought, disease, overfishing,
and climate chang@rown et al., 1994)The alteration of flow regimes also affects the suitability of river
habitat to aquatic life leading to population decliAederson et al., 20060 ectotherms, like fish, the
ambient temperature of the water controls biochemical processes. Temperature affects feeding and
digestion(Volkoff & R@nnestad, 2020)rs well as reproductidfPankhurst & Munday, 2011)

Anthropogenic climate change will continue to increase global temperéte€s, 2023) with ar
temperature and solar radiation being the primary drivers of river tempgpatara et al., 2016{Boyd,
2020)

Global river water temperature warming has been linked to climate change and anthropogenic heat
emission from power station effluent. From 1981 to 20ddier temperatures in rivebgetween30°S to
30°N have increased at a maximum of 0.05°C per year and high to mid latitudes at 0.002 to 0.01 °C per
year(Liu et al., 2020) In the eastern United States, theyB@nean river temperature increased by 0.4°C
to 2°C in rivers affected by human heat pollutibiu et al., 2020) Other global analyses have found an
increase of @W62°C peryearfor the annual daily maxima in the Northern Hemisphere for river
temperaturéWanders et al., 2019revious literature has found droughts and air temperature heatwaves
to be correlated with degraded river quality including increases in temperature and salinity and decreases
in dissolved oxygen. Higher latitudes have a median correlation of air taemeerature of 0.om
1980 to 2021resulting in larger increases in river water temperature during compound dheagivave
eventyGraham et al., 2024)

Heatwave events are significant for aquatic life as they can cause potentially stressful changes in water
temperature in a short period of time. Rapid changes in temperature, especially increases, reduce
acclimation time and can result in higher mortalates in aquatic speciéBevelhimer & Bennett, 2000)
Some species such as lake sturgeon have greater thermal plasticity and could be an indicator for what
species will thrive in warmer watefBichiera et al., 2024 Heatwaves can also impact drinking water by
increasing pathogenic bacteria and harmful algae bl¢¥ias et al., 2023)In Lake Ontario, warming
water temperatures and heatwaves have been associated with statistical extremes in clalorophyll
concentrations, which can degrade water quality like dissolved oxygen concer{Bidignave et al.,

2022) In addition, temperature is the primary driver of dissolved oxygen content in rivers and increasing
temperatures reduces gas solubil#hi et al., 2023)However, in lakes, oxythermal squeeze can occur
when the hypolimnion is oxygen depleted and the epilimnion temperature results in high temperature
stress. This pushes aquatic animals into narrow ranges which might not be ideal for eating or cover from
predation(Barrett et al., 2024)



One possible consequence of changing water temperatures is an increase in fishkill events. Fishkills
can have several different causes including rapid changes in water temperature, pathogens, pH changes,
low oxygen, and storm ever(lsa & Cooke, 2011)however these parameters are often interrelated. For
examplejncreasing river temperature can decrease dissolved oxygtorwrinducedlake mixingcan
reduce epilimnion dissolved oxygen. In the Great Lakes region, increasing air temperature has strong
relationships with the three primary drivers of lentic fish mortality events: infectious disease, summerkills,
and winterkills. Both warmand coldwater fshes experienced mortality at similar temperature deviations
(Tye et al., 2022)broadening the affected species raggeh are poikilothernts their body temperature
is regulated by the ambient temperafusnd behaviorally thermoregulate by seeking out preferred
temperaturegHertz et al., 1993)The ability to use a thermal refuge can reduce metabolic costs associated
with high temperature stress environmgt&esthoff et al., 2016)Aquatic organisms must balance
optimizing thermoregulation, dissolved oxygen, and obtaining food. During summer, if the river and
adjacent lakeshore experience simultaneous heatwaves, fish can escape to deeper parts of the lake.
However, the hypolimnioduring summer stratification is often oxygen depleted and lower in food
sources depending on the species. Spawning often occurs in rivers or shallow areas of the lakeshore or
near islands, limiting the ability for adults to seek refuge and increasingrigmmeestress in the early life
stages. Spawning time varies with species but often occurs late summer to fall where temperatures are
typically the highest. The spatial and temporal extent of heatwaves occurring simultaneously in river and
lakeshore envinaments has the chance to threaten vulnerable species.

Previous studies have looked at historic heatwave events at single river (easgese et al., 2023)
and within lakes (Woolway et al., 202T)assone et al. (2023) found from 1996 to 2021 a doubling in the
mean number of heatwave days amongst 70 USGS gage sites across concentrated areas of the continental
United States (CONUS) and Alaska. The majority of sites studied hastatistically sigificant trends
determined by Man#endall tests. A study of heatwaves in the Great Lakes revealedfalthincrease
in the mean spatial extent of lake heatwaves since Q88blway et al., 2021)which suggests the
potential for substantial impact on fisheries. While these studies have informed observed heatwave
conditions in disparate locations, they have not taken a holistic view of watershed scale impacts due to
heatwave occurrence and projent For example, the longitudinal extent to which a river is under
heatwave could be indicative of the distance an aquatic animal would need to travel to escape thermal
stress. Similarly, heatwave connectivity between riverine and lacustrine envirormmgldtgnpact the
ability for fish to find refuge by transferring between lake and river regions.

This study aims to see how climate projections will impact riverine heatwaves and how heatwaves
progress along a reach and throughout an er@fienincluding downstream nearshore lake regions. This

research is guided by 3 key questions:



(i) How does the frequency and intensity of projected heatwaves change with time, RCP and GCM?
(i) What factorssuch as latitudare correlated with higher heatwave intensities?

(i) To what extent will a subset of fish species in the Great Lakes region be affected?

In order to expand our understanding of the effects of climate change on river temperature regimes, we
examined how the occurrence of riverine and lacustrine heatwaves will change under four RCP scenarios
including low emissions (RCP 2.6), lemedium emisens (RCP 4.5), medium emissions (RCP 6.0), and
high emissions (RCP 8.5) scenaribs.carry out this work, we used water temperature projections from
FutureStreams, a global dataset of projected stream flow and stream temyBegtorans et al., 2022)

The purpose of ib study was to compare the output of the General Circulation Models (GCMs) used in
FutureStreams to determine how a subset of possible scenarios that ranged from wet to dry and warm to
cold affected heatwave occurrence and intensity in the Great teddies In addition, four

Representative Concentration Pathways (RCP) were considered to see how increasing carbon emissions
would be expected to impact heatwave occurrence and intensity. FutureStreams allows for a wide spatial
extent compied to United States Geological Survey (USGS) stream gagdise gageis the Great

Lakes regiorare limited to rivers below 45°Nand enables the investigation of future heatwave

occurrence.



CHAPTER 2 METHODS

2.1 Datasets

The primary dataset used in this study is FutureStr¢Bosnanst al., 2022)a dataset of projected
streamflow and water temperature on a global stade0.5 arcminute resolutioRutureStreamimputs
includePCRGLOBWB, a global hydrologic model that simulates water exchavitiethe atmosphere,
soil, and groundwater reservgButanudjaja et al., 20L8)ynamical Water (DynWat) is a D water
energy routing model that solves energy and water ba(@arders et al., 2019Meteorological input is
derived from GCM output from the Int&ectoral Impact Model Intercomparison Project-N8P)
ensemble which originates from five CMIP5 GCMs for four RCPs. This is downscaled to the PCR
GLOBWSB resolution of 0.5° and biarrecta against the Watch Forcing Dataset (WHFDarszawski
et al., 2014)For this study, we used the GFDL, IPSL, and HadGEEMs as examples of a low,
moderate and high air temperataf@ngesrespectively, based on trends for mean air temperature
anomaly in the Great Lakes region (Fig. 2.1a). The mean annual water temperature anomaly for the region
follows the same GCM and RCP trends as air temperature (Fig. 2.1b). FutureStreams prowdes aver
weekly water temperature data from 1978099 for each GCM and RCP. Historical simulations run
from 1976 to 2005 and projected simulations from 2006 to 2099. Earth20bse@)eré¢lamalysis water

temperature data is provided from 1979 to 2005 and uséikstorical observation correlation testing
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Figure2.1 (a) 30-year rolling mean of average annual air temperature anomaly andybaB0

rolling mean of average annual river water temperature anomaly for each GCM and RCP.

To evaluatehe accuracy of FutureStreams in the Great Lakes region, we used available water
temperature observations from USGS stream gages and lake surface water temperature from the National
Oceanic and Atmospheric Administration (NOAA) Great Lakes Surface Eméntal Analysis
(GLSEA). We selected?2USGS gages (Fig. 2, located all below 45°N and less than 0.04° (approx.
3km) away from the nearest FutureStreams point, that have at least five years of continuous data prior to

4



2005.Mean correlation between USGS stream gage mean water temperature and FutureStreams water
temperature had a?Range of 0.78.95(Fig. 2.3a). The GLSEA provides daily satelliterived lake

surface temperatures at a 1.3 km resolution from the NOAA Advanced Very High Resolution Radar
(AVHRR) from 1995 to preseriSchwab et al., 1999fpatial and temporal gaps that result from cloud or
other atmospheric artifacts are filled using interpolation in space and time in opidevitte a seamless,
serially-complete surface water temperature product. While this means that GLSEA temperatures are not
always direct measurements, when compared-&itinbuoy measurements of surface temperature they
have an RMSE < 0.%C and are therefore considered a reliable dataset from which to assess
FutureStreams. Annual mean correlation between GLSEA and the nearest FutureStreams poit had a R
range 0f0.7-0.95. The northern shore of Lake Superior had the lowest correlation (filge33b). Data
sources are listed in Table 2.1. Seasonal correlations and seasonal water and air temperature anomalies are

presented in Appendix A.
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Figure 2.2 Data source locations of FutureStreams river and lakeshore points, as well as USGS
gages that overlap with historical simulations. Includes locations of each of the Great Lakes.
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Table2.1 Data Sources Summary
Grid Temporal .
Dataset _ Reference Project Role
Resolution Range
FutureStreams 5 arcminute 1976 Bosmans et al., Provides weekly water
2100 2022 temperature data
Great !_akes Surfac 1995 Schwab et al., Provides daily lake surface
Environmental 1.3km Present 1999 temperature data
Analysis (GLSEA) P
1976 U.S. Geological Provides daily irstream
USGS Stream Gage NA Present Survey, 2016 water temperature data
o o 1976 (Warszawski et | Provides daily averaged ai
ISEMIP 0.57by 0.5 2100 al., 2014) temperature data




2.2 DatasetProcessing & Heatwave Calculations

To identify river points, OpenStreetMap was used to identify river latitude and longitude coordinates
every 10 km along a reach within 40°N to 50°N a®8°W to-74°W (OpenStreetMap, n.d.). The
historical Earth20Observe reanalysis discharge data was udetetmine points with a maximum weekly
discharge value of greater than 18&MmTo determine the lakeshore coordinates, we used the GLSEA to
identify a 15 km wide shoreline for each of the lakes. The nearest coordinate for each of the GLSEA
points was found for FutureStreams. This allowed for correlation testing. 4810 river pdir2&4
lakeshore points from FutureStreams were used in this analysis. Approximately 500 named rivers were
represented in this study.

To obtain daily water temperature data from FutureStreams, we linearly interpolated between weekly
points and applied aday rolling mean. We applied the heatwaveR pack8gbklegel & Smit, 2018p
determine the baseline climatology and'@@rcentile threshold for each day of the year from 1976 to
2019. This period was used to provide a longer time input for climatology compared to ending in 2005.
The difference between using a climatology period of 1976 to 2005 or 1976 to 2019 did nat make
significant impact on results, therefore choosing to start predicting future heatwaves at the beginning of a
decadal dataset (i.e., 2020) was used. The result4med6entile threshold is then compared to daily
water temperatures for the entire time series to quantify heatwave intensity and duration. Specifically, we
define heatwave occurrence as when the daily temperature exceeds the threshold for the dayr et year f
least 5 days. As outlined in Schlegel & Smit (2018), adagp maximum gap of the 9@ercentile
threshold exceeding the daily temperature is allowed before the ongoing heatwave ends. For each
heatwave, the maximum intensity is defined as the maxiakegrees Celsius above the seasonal
climatology for the duration of the event. Maximum temperature is the daily temperature value of the
peak day. Rate onset is the increase in degrees Celsius per day from the heatwave start day to the peak
day. An examm@ of an annual water temperature time series with a heatwave is shown id.Figne2.
baseline climatology and thresholds were applied to projected simulations from 2020 to 2099. Heatwave
duration, maximum intensity, maximum temperature, rate onseteaedty categorization were
recorded.

Severity is classified in four categories: Moderate (1), Strong (Il), Severe (lll), and Extreme (V). A
moderate heatwave occurs when the maximum intensity is less than double the difference from the
seasonal climatology to the '9percentile threshold. A strong heatwave is considered as more than
double the difference, but less than triple. A severe heatwave is less than quadruple the difference, but
more than triple. An extreme heatwave is more than quadruple the differenceuHarahbgical effects
can happen at each severity léydobday et al., 2018 Moderate events are most likely to affect species
living at the upper limit of their thermal range. Stronger severities can cause shifts in community

composition, population and behavioral dynamics, and fatalities. Local extinction is most likelyrto occu
7



during extreme even(giobday et al., 2018Recent studies have classified ecologically impactful events

as those at the strong severity level (II) or above, with increasing mortality at higher severities.

Max Intensity ' Heatwave
0¢ 0 Q¢ i QOB N 6 aQd wo ¢ aéhg Simulated Temp > Threshold
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Legend =— Climatology == Simulated Temperature == 90th Percentile Threshold

Figure2.4 Example of a river water temperature time series with a heatwave.

To investigate longerm trends in heatwaves, we appliedthe TBedn 6 s sl opisamet hod as
parametric method less sensitive to outltbemn an ordinary least squares model, for exaifgea,
1968). These trends were calculated from 2020 to 2099 for heatwave duration, maximum intensity, rate
onset, and max temperature for each lake and river point location with ten data points or greater. Trends
were analyzed for seasonalrt®nth) and anual time scales. To aid in analysis, the values for max
intensity and max temperature were normalized by dividing by the seasonal climatology vh&ipesk
day. This allowed for more accurate seasonal analyses, as max temperatures and intensities can vary
greatly within one season. To quantify the strength of the trends, we performed -&&tatall test
(Mann 1945; Kendall 199nthe ThelSenés sl opes at | ocations with mo
season. Locations with an absolute valudMahnKendalltau greater than 0.1 were retained for analysis.
The three GCMs used were aggregated by taking the mean of each GCM heatwave parameter and tau
value for each pointAhmed et al., 2019)
We evaluated correlations between heatwave parameters and latitude to determine the seasonal

differences in heatwave intensity at increasing latituBesheatwave maximum intensity and duration, a



30-year rolling mean was applied from 1976 to 2099 annually and for each seasowefigsavere

calculated for each GCM independently and for the mean across GCMs.

2.3 Fish Stress Analysis

To gather a basic understanding of the effect of projected heatwaves and water temperatures on river
and lake ecology, we analyzed the occurrence of temperatures exceeding known fish species upper
temperature limits. We recorded the timing of when seasoeah temperatures pass these thresholds as
certain life stages occur during specific seasons. Fish species selected are (a) lake whitefish due to their
high commercial yield, (b) brook trout dureart o pop!
Lake Superior and its classification as a eelater species, and (c) Chinook salmon for preferring cool
water and its significance for stream fishing. Table 2.3 summarizes the temperature thresholds for
spawning and adult populations. The tempeestwsed are the upper limits to which either limited
growth or mortality is seen when the threshold is crossed. Along with temperature, oxygen is extremely
important for the survival of fish. The combined effects of high temperature and low oxygends calle
oxythermal stres@Magee et al., 2018We applied a empiricalapproach that calculates oxygen
saturation (mg &) as a function of water temperature (Ef) and elevation above sea level (EB)2
(Zison, 1978. We used an average elevation of 0.17 km for the Great Lakes r&@igear rolling means
were applied to water temperature time series to determine general trends for the spatial timing of

threshold exceedance.

a8 p p o/WT T P p8 (2.1)

0 Op 2 p T p1zRa M (2.2)



Table 2.2 Fish Species Temperature Thresholds

Species Spawning Adult References
Lake whitefish Timing: mic-Oct to Dec s Reed et al., 2023
(Coregonqs Temp: 7.8 °C '
clupeaformi}
Timing: Fall (Hokanson et al., 1973
Brook trout Temp: 11.7 °C 21=c (Chadwick et al., 2015
(Salvelinus (Upper median effective temp (Thermal
fontinalis) for # of viable eggs spawned p| Ecological Limit)
female)
(Oncorhynchus Temp 145 OC 21‘22 OC WDOE (2002)
tshawytschp (Literature Synthesis)
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CHAPTER 3 RESULTS

3.1 Spatial Relationships inProjected Heatwaves
3.1.1 Duration

In Figures 3.1 to 3.4, heatwave duration trends are plotted for each season and RCP, aggregat’
by GCMs by averagingdcross GCMs, HadGEM had the highest trends and greatest number of
points with a ManfKendall tau > absolute value of qAig. B.1). GFDL had the lowest number of
points with a significant tren¢Fig B.2). See Appendix B for individual figures of each GCM. Points
colored white indicate a Markendall tau < absolute value of 0.he number of significant points
increases under higher RCPs, as well as the highest trends For heatwave duration, June, July, and August
(JJA) has the highest distribution of trends with over half of lakeshore and river points experiencing
increases 080 days decadeor more at RCP 8.5 (Fig. 3.2d). Each figure is plotted within the interquartile
range of the data. In comparison, RCP 2.6 has an extremely small number of significant points across all
seasons. In March, April, and May (MAM), and JJA thiera pattern of higher latitude river points with
hi gher heatwave duration Senbds slopes (Fig. 3.1d,
significant at RCP 6.0 and RCP 8.5. Across all seasons, Lake Ontario and Lake Superior (Fig2.2) hav
the greatest connections with feeding river points having similar to higher duration trends.

MAM RCP 2.6 Heatwave Duration Sen's Slopes (day decade™’) MAM RCP 4.5 Heatwave Duration Sen's Slopes (day decade™)
a ;

Latitude

Latitude

" Longitude

MAM RCP 6.0 Heatwave Duration Sen's Slopes (day decade ™)

Latitude

85w 0w sW oW 5w
Longitude Longitude

Figure3.1 Heatwave duration trends during spring for each RGIRCP 2.6, b) RCP 4.5, ¢c) RCP
6.0, and d) RCP 8.&olorbar is set with the minimum value equaling thé& @&rcentile and maximum
value as the 75percentile of the entire spatial dataset.
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JJARCP 2.6 Heatwave Duration Sen's Slopes (day decade™
4 lopes (day ) JJARCP 4.5 Heatwave Duration Sen's Slopes (day decade™)

85w

Longitude

" . =1,
JJARCP 6.0 Heatwave Duration Sen's Slopes (day decade ') JJARCP 85 Heatwave Duration Sen's Siopes (day decade™)

Figure 3.2Heatwave duration trends during summer for each RERCP 2.6, b) RCP 4.5, ¢) RCP 6.0,
and d) RCP 8.5Colorbar is set with the minimum value equaling th& @&rcentile and maximum value
as the 78 percentile of the entire spatial dataset.

SON RCP 2.6 Heatwave Duration Sen's Slopes (day decade™') SON RCP 4.5 Heatwave Duration Sen's Slopes (day decade™')
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Figure 3.3 Heatwave duration trends during fall for each RECRCP 2.6, b) RCP 4.5, ¢) RCP 6.0, and d)
RCP 8.5Colorbar is set with the minimum value equaling th& @ércentile and maximum value as the
75" percentile of the entire spatial dataset.

so'w 75W
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DJF RCP 2.6 Heatwave Duration Sen's Slopes (day decade™) DJF RCP 4.5 Heatwave Duration Sen's Slopes (day decade™)

8N oy o it 48N

N 2N
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0'W so'w 75'W
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DJF RCP 6.0 Heatwave Duration Sen's Slopes (day decade™) DJF RCP 8.5 Heatwave Duration Sen's Slopes (day decade™)

Sen's Slope
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Figure 3.4 Heatwave duration trends during winter for each RCRCP 2.6, b) RCP 4.5, c) RCP 6.0,
and d)RCP 8.5Colorbar is set with the minimum value equaling thé& @&rcentile and maximum value
as the 78 percentile of the entire spatial dataset.

3.1.2 Heatwave Maximum Intensity

The maximum intensities of rivers tend to be higher than lakes across RCPs and seasons. One
exception is in winter for RCP 6.0 and RCP 8.5, Lake Michigan tends to have higher maximum intensity
trends. MAM has a limited number of significant points comp&semther seasons (Fig. 3.5d). JJA has
the greatest number of points with significant trends in both RCP 6.0 and 8.5 (Fig. 3.6d). Biédcking
trend values in Lake Michigan DJF RCP 8.5 is associated with the model configuration over lake points
and atmospheric forcing resolutiohcross all seasons for RCP 8.5, December, January, and February
(DJF) has the highest 7Hercentile of trends with over 0.15 % °C dechgfég. 3.8). For the same RCP,
SON and JJA have an upper limit of approximately 0.05 and MAM of 0.06 % °C decsdmth RCP
6.0 and 8.5, there is a similar patterrspatialdurationplots, with high latitude river points having trends

near the 78 percentile.
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) 4
MAM RCP 2.6 Heatwave Max Intensity Sen's Slopes (%°C decade ™) MAM RCP 4.5 Heatwave Max Intensity Sen's Slopes (%"C decade™)

b

Longitude

Figure 3.5Heatwave maintensitytrends during spring fazach RCPa) RCP 2.6 b) RCP 4.5 ¢) RCP
6.0, and d)RCP 8.5 Colorbar is set with the minimum value equaling thé& @&rcentile and maximum
value as the 75percentile of the entire spatial dataset.

JJARCP 2.6 Heatwave Max Intensity Sen's Slopes (%°C decade ') JJARCP 4.5 Heatwave Max Intensity Sen's Slopes (%°C decade ")

Sen's Slope
0010
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JJARCP 6.0 Heatwave Max Intensity Sen's Slopes (%°C decade ') JARCP 8.5 Heatwave Max Intensity Sen's Slopes (%°C decade ')

80°'W
Longitude Longitude

Figure 3.6Heatwave maintensitytrends during summer faach RCPa) RCP 2.6 b) RCP 4.5c) RCP
6.0, and d)RCP 8.5Colorbar is set with the minimum value equaling th& @&rcentile and maximum
value as the 75percentile of the entire spatial dataset.
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SONRCP26 Heatwave Max Intensity Sen's Siopes (%°C decade™") SONRCP 4.5 Heatwave Max Intensity Sen's Siopes (%°C decade ')

Sen's Slope
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Figure 3.7Heatwave maxtensitytrends during fall foeach RCPa) RCP 2.6 b) RCP 4.5 ¢) RCP 6.0
and d)RCP 8.5Colorbar is set with the minimum value equaling thé @&rcentile and maximum value
as the 78 percentile of the entire spatial dataset.

DJF RCP 2.6 Heatwave Max Intensity Sen's Slopes (%°C decade ') DJF RCP 4.5 Heatwave Max Intensity Sen's Slopes (%°C decade ')

85'w 80'W
Longitude Longitude

Figure 3.8Heatwave mantensitytrends during winter foeach RCPa) RCP 2.6 b) RCP 4.5 c) RCP
6.0, and d)RCP 8.5Colorbar is set with the minimum value equaling th& @&rcentile and maximum
value as the 75percentile of the entire spatial dataset.
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3.1.3 Heatwave Maximum Temperature

Heatwave maximum temperature is the peak temperature of the heatwave. JJA and DJF have the
greatest spatial spread of significant trends (Fig. 3.10, Fig. 3.12), consistent with observed trends in Great
Lakes summer and winter temperatuggsderson et al., 2024RCP 8.5 DJF has northern river points
and southern Lake Michigan increasing at approximately 0.2 %°C dédadsl seasons, RCP 8.5 is an
intensification of RCP 4.5 and RCP 6.0. MAM RCP 6.0 and 8.5 have occasional negative values that is
seen typically in RCP 2.6. SON shows very low significance across RCPs for lakeshore points. Lake
Ontario maintains a modeealevel of significance across seasons for RCP 8.5.

MAM RCP 2.6 Heatwave Max Temperature Sen's Slopes (%°C decade™') MAM RCP 4.5 Heatwave Max Temperature Sen's Slopes (%°C decade ')

3 Sen's Slope
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el R 2 - ' 0010
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MAM RCP 8.5 Heatwave Max Temperature Sen's Slopes (%°C decade ')

d

Sen'’s Slope
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0.00
-0.02
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85'w 80°'W
Longitude

Figure 3.9Heatwave max temperature trends during springéah RCPa) RCP 2.6 b) RCP 4.5 c¢) RCP
6.0, and d)RCP 8.5 Colorbar is set with theninimum value equaling the 2percentile and maximum
value as the 75percentile of the entire spatial dataset.

16
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Figure 3.1(Heatwave max temperature trends during summezgoh RCPa) RCP 2.6 b) RCP 4.5c¢)
RCP 6.0 and d)RCP 8.5 Colorbar is set with the minimum value equaling th& @&rcentile and
maximum value as the T®ercentile of the entire spatial dataset.
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Figure 3.11 Heatwave max temperature trends during fadlgfoh RCPa) RCP 2.6 b) RCP 4.5 ¢) RCP
6.0, and d)RCP 8.5Colorbar is set with the minimum value equaling th& @&rcentile and maximum
value as the 75percentile of the entire spatial dataset.
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Figure 3.12Heatwave max temperature trends during winteefmh RCPa) RCP 2.6 b) RCP 4.5 ¢)
RCP 6.0 and d)RCP 8.5 Colorbar is set with the minimum value equaling th& @ércentile and
maximum value as the T®ercentile of the entire spatial dataset.
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3.1.4 Heatwave Rate Onset

Heatwave rate onset had greater instances of negative trends in RCP 8.5. This is primarily seen in
MAM (Fig 3.13a) and JJA (Fig 3.13b). In JJA, the northeastern region of rivers has mostly negative
trends, while in MAM the region both increases and deesed3JF has consistent positive trends in rate
onset with the highest areas being Lake Michigan, Lake Erie, and rivers above Lake Ontario. SON has
low spatial coverage of significant values, barring increasing trends in the southeastern rivers. The
significant positive trend areas of DJF align with the spatial pattern of increasing winter heatwave
duration and maximum intensity trends for RCP 8.5. In JJA, rate onset trends are negative where the

maximum intensity trends were near the increasifipeBcentile.

MAM RCP 8.5 Heatwave Rate Onset Sen's Slopes (%°C day 'decade ') JJARCP 85 Heatwave Rate Onset Sen's Slopes (%°C day 'decade ')
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Figure 3.13 Heatwave rate onset trends during saakon for RCP 8.8) MAM, b) JJA, c) SON, d)
DJF.Colorbar is set with the minimum value equaling th& @&rcentile and maximum value as th& 75
percentile of the entire spatial dataset.

3.2 Temporal Trends in Heatwave Intensity

Spatially aggregated heatwave parameters are analyzed for each RCP and season to determine
overall trends and differences between river and lakeshore locations. Summer (JJA) heatwave duration is
the most sensitive to projected warming levels (Fig. 3.1iga3FL4b) Lakeshore and river trends have
the greatest difference between RCPs with the interquartile ranges of RCP 2.6 and 4.5 not overlapping
with RCP 8.5. In general, the patterns for each season are similar for both rivers amdthakight
variation in the sizes of the interquartile ranges for duration, maximum inteastymaximum
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temperature (Fig. 3.14). In winter (DJF), there ismerquartile range disctinctidvetween the different
RCPs Summer (JJA) hadistinct interquartile rangdsetween RCP 2.6 and 8.5 for all parameters and
water body type. For spring (MAM), RCP 2.6 and 8.5 are significantly different for heatwave duration,
however in fall (SON), RCP 2.6 and 8.5 are significantly different for river and lakeshore duration,

maximum intensity and maximum temperature.
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Figure 3.14 Boxplots showing the spread of trends for heatwave duration, maximum intensity, and
maximum temperature for the lakeshore and rivers.
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The GCM mean for heatwave duration anaximum intensity shows a sharp increase post 2060 for
RCP 8.5 peaking at over 100 days for duration (Fig. 3.46d over 9 °C for maximum intensity at the
end of the century (Fig. 3.15b). RCP 4.5 and 6.0 track each other until the last decade of the century, with
RCP 6.0 being slightly higher. RCP 2.6 slightly increasesaaittury and returns to approximately 202
conditions at the end of the century. The 95% confidence intei&8tyear running mean heatwave
duration trendéncreases with higher RCPs, highlighting the uncertainty of the models at the end of the
century. Broken down by GCM, heatwave durationd@GEM and IPSL are over 100 days highter
the end of the centufpr RCP 8.5 than GFDL (Fig-.2g9. For maximum intensity, HadGEM and IPSL
remain above GFDL but there is more spread amongst GCMs, ranging from 7 to 12 °C by 2100 (Fig.
C.2b). Seasonal trends in maximum intensity show increases throughout the century for higher RCPs. For
JJA, RCP 8.5 shows close to 12 °C maximum intensity values at 210C (Fby. DJF worstcase
estimates for maximum intensity are approximately 5 °C (Eitd). Seasonadifferences in duration
have HadGEM and IPSL projecting steep increasing curves for RCP 8.5 for most of the year (MAM, JJA,
and SONY)Fig. C.3) DJF has high interannual variability across the time series and lacks the inflection
points observed in other seasons. For JJA, RCP 6.0 differentiates its path from RCP 4.5 across GCMs
(Fig. C.3b).

Annual median values for heatwave duration and maximum intensity areamalated for both
rivers (Fig. 3.16b) and lakes (Fig. 3.16a) for RCP 8.5. The annual summer median (Fig. 3.16c) of RCP 8.5
for duration and maximum intensity are strongly correlatéh a notable inflection point at 153 days of
duration, as determined by a residual sum of squares analysis, and suggests a fundamental shift in their
relationship toward the end of the centurire shape of the RCP line also well matches the shape of the
time series, indicating an increase in duration and max intensity for summer under the RCP 8.5 scenario.

We summed the number of heatwave events for each severity category across all points and found
that extreme events increased for both rivers (Fig. 3.17b) and the lakeshore (Fig. 3.17a) under RCP 4.5,
6.0, and 8.5. RCP 8.5 have the highest increase imextegents and the greatest decrease in moderate
events, with strong and severe events only slightly increasing. This suggests a shift in the majority of
events from being moderate to extreme after 2Ub@ler RCP 6.0 moderate events only decreased for

river points and not for lakeshore points.
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Figure 3.16 Heatwave duration vs. max intensity for (a) annual lakeshore median, (b) annual river median,
and (c) annual JJA median.
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Figure 3.17 Number of events categorized by severity and RCP for the (a) lakeshore and (b) rivers.

3.3 Latitudinal Relationships

The relationship between latitude and heatwave parameters varied depending on the variable, RCP,
and season. The most notable relationship was between latitude and heatwave duration during summer
(JJA) for RCP 6.0 and RCP 8.5 (Fig 3.1BLP 6.0 shows a positive linear relationship after 44°N and
RCP 8.5 has a positive linear relationship across the latitude fEmgack of significant trends for large
areas resulted in a lesser ability to compare latitudes for maximum intensity, maximum temperature, and

rate onset.

JJA Latitude vs. Heatwave Duration (RCP 6.0) JJA Latitude vs. Heatwave Duration (RCP 8.5)
a R?=0.53 5 b

2}
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Figure 3.18 Correlations between latitude dedtwave duration for (a) RCP 6.0 and (b) RCP 8.5 for
summer (JJA).
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3.4 Heatwave Implications for Fish

To assess the occurrence of water temperatures crossing fish thermal stress thresholds, adult
thresholds were assessed in summer (JJA) and spawning thresholds were dependent on species. Spawning
brook trout and Chinook salmon were evaluated during falN)SEhd lake whitefish in October,

November, and December (ONBor Lake whitefishHadGEM RCP 8.5 exceeds the adult fish threshold
within the first quarter of the century in northern latuitudes and by the end of the century in southern
latitudes(Fig. 3.19a). Adult Brook trout (Fig. 3.19¢) and Chinook salmon (Fig. 3.19b) have a similar

pattern due to their thresholds being only 0.5 to 1.0 °C different. GFDL and IPSL have similar latitudinal
relationships, with GFDL having higher occurrences of unexceeded dldgsdints. FigD.2 compares

across HadGEM RCP scenarios. At higher RCP scenarios, timing of threshold exceedance occurs earlier.
For Lake whitefish (Fig. 3.20a) and Chinook salmon (Fig. 3.20b), the latitudinal relationship is strong

with rivers belav 44°N crossing thresholds past 2040, compared to rivers above 44°N crossing thresholds
before 2010. Brook trout have a large majority of points crossing the spawning threshold before 2010 with
some points located in the southeasteeding thresholds past 2040 (Fig. 3.20c).

HadGEM RCP 85 Summer Exceedance for Lake whitefish HadGEM RCP 85 S Exceed for Chi
- 5 14 72 50
#
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Longitude Longitude
HadGEM RCP 85 Summer Exceedance for Brook trout
e = ¥ 2
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0°W 85"W 80°W 75°W
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Figure 3.19 Adult fish temperature threshold exceedance basedyomutthing mean of daily water
temperatures for each season under HadGEM RCP 8.5. a) Lake whitefish, b) Chinook salmon, and c)
Brook trout.
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Figure 3.D Spawning fish temperature threshold exceedance base¥yomuinning mean of daily water
temperatures for each seasomler HadGEM RCP 8.8) Lakewhitefish, b) Chinook salmon, and c)
Brook trout.

Oxygen saturation trends are the reverse of water temperature across GCMs and RCP#%)(Fig. 3.2
The 30yr running mean for oxygen saturation in J¥g. 3.21b) at the worstase scenario reaches
below 8.5 mg/Land below 10 mg/L in SORFig. 3.2.c). RCP 2.6 shows rebounding oxygen saturation
values at the end of the century. Past 2060 is the timing of-e@sstscenarios passing temperature
thresholds. In the oxygen saturation trends, that timing corresponds to less than 9 mg/L in JJA and less
than10.5 ng/L in SON. It is important to note these are running means for temperature and oxygen, so

max values for multiple pathways could greatly exceed these thresholds either acutely or chronically.
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Figure 3.4 30-year running mean of oxygen saturation for each GCM, season, an&dRZRM, b)
JJA, c) SON, d) DJF.
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CHAPTER 4 DISCUSSION

In this study, we investigated trends in heatwave duration, maximum intensity, maximum
temperature, and rate onset. As expected, trends were highest in RCP 8.5, but in some cases diverged
significantly from other RCPs. DJF has the largest increasing tieteis\peraturdbased parameters and
JJA for has the largest trends in heatwave duration. Across heatwave parameters, JJA has the highest
spatial coverage darge trend¢gMannKendall tau > absolute value of 0.1). JJA has the greatest
differences betweeRCPs, specifically RCP 8.5 from RCP 2.6 and 4.5. RCP 4.5 and 6.0 had similar
interquartile ranges for several parameters and seasons. Based on Fig (3.14Cad¥E® 2.6 has
little to no effect on river and lakeshore heatwaves, RCP 4.5 and 6.0 have statistically similar moderate
effects, and RCP 8.5 has the greatest increasing trends for all major heatwave parameters.

HadGEM and IPSL projected the highest changes in heatwaves. GFDL RCP 8.5 tracked similar paths
to the low RCPs of HadGEM and IPSL. For example, duration was on the order of a kdengred
difference for RCP 8.5 between GFDL and HadGEM/IPSL. This highlipbttarge uncertainties with
water temperature projections and GCMs. FutureStreams is also based on the Coupled Model
Intercomparison Project Phase 5 (CMIPBAylor et al., 2012)which could lead to different outcomes as
comparedto CMIP§6 O6 Ne i | | .®&CMIBE, futyre cBntatk 6cgnarios are based on both the
climate forcing of RCPs and soesmonomic conditions from Shared Socioeconomic Pathways (SSP).
This allows for a comparison between scenarios that include how humans respond through mitigation and
adaptatior(Van Vuuren et al., 2012 he inputs into FutureStreams are (1) historical and ¢p@ikcted
meteorological input and (2) a global hydrological model (RZEOBWB) and water temperature
models (DynWat). The hydrological model and water temperature model has historical inputs of wa
withdrawals from irrigation, livestock, industry, and domestic. However, expected human changes in
withdrawals across adaptation and mitigation scenarios are not included. The Great Lakes region has
intensive agricultural operations including dairygktock, and crops such as corn, soybeans, and wheat.
The high water demand for growing these products has the possibility to create more water stress in rivers
during growing seasons. Overall, an updated set of projected water temperatures with thre ddsi8Ps
could increase the accuracy of heatwave projections.

Expanding on uncertainty, there were no specific trends between heatwave intensity and land cover
classification. We originally expected forested points to have lower meadiaasfor heatwave intensity
due to the shading effects of trees. However, in order to fully investigate this relationshipnesttusor
remotely sensed data would be necessary for historical relationships. FutureStreams calculates local
runoff and uses discharge and meteorological forcing (i.e., air temperature) to deterraime stre
temperature. We recommend including land use into a projected stream temperature model based on

remotely sensed an siturelationships to determine the cooling effect of vegetation or the warming effect
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of urbanization. In the Great Lakes region, a model for determining the effects of vegetation on stream
temperature in a mixed land use watershed has been developed and could be applied to future stream
temperature calculatior{®iu et al., 202Q)Global meteorological forcings do not include finer scale and
threedimensional aspects of urban environments, however, downscaling the urban heat island effect
could be added to improve water temperature predic(as et al., 2021)

FutureStreams was effective in modeling the 15 km nearshore lake environment, with high
correlations between the GLSEA and FutureStreams for JJA, MAM, and SON. However, limitations in
the representation of lake physical processes, particularly for k&g lmeans FutureStreams is unlikely
to resolve accurate lake thermal states under certain conditions. A more representative approach for the
Great Lakes themselves may be the use of the Great Lakes Atmosphere Regional Model (GLARM),
which is threedimensonal and realistically resolves the lake surfaces for RCP 4.5 and RCP 8.5 scenarios
(Xue et al., 2022)However, connectivity between watershed hydrology (e.g., river inputs) and the lakes
is critical to an accurate portrayal of nearshore temperatures, which is a significant aim of the work
presented here. Unfortunately, no product exists as of yet thaleschydrologic inputs, lake three
dimensional physics, and atmospheric processes at sufficient resolution.

Lakeshore and river connections vary among season, RCP, heatwave parameter, and GCM. In the
majority of cases, river heatwave trends are higher than the nearby lakeshore. Lake Michigan in instances
projects higher trends than surrounding river poiRig B.3). Lake Erie and Lake Ontario tend to be very
closely related to riverine trends, even when the other lakes are different than their own respective river
points. Along river reaches, adjacent points generally experience similar trends across pataarggers.
regions with rivers experiencing more intense heatwave events, as projected in this study, implies that fish
are likely to have chronic high temperature exposures and limited ability for escape to less stressful
environments. For example, heatwaweations in JJA are projected to have peak increases of over 5, 20,
and 30 days per decade for the GCM mean of RCP 4.5, 6.0, and 8.5, respectively. For Chinook salmon,
mean day to death for a juvenile in 20 °C water was under 14(Bagt et al., 2004)A combination of
increasing heatwave duration and max temperature could increase the likelihood of species avoidance or
mortality. For the 3§/r running means, primarily high RCP pathways crossed the symasEesic
temperature thresholds. Annual meaase more interannual variability, with the possibility of years
experiencing chronic lethal temperatures combined with low oxydgeder RCP 8.5, the dominant
heatwave severity type is expected to trend toward extreme at the end of the century, pqiidiiad
vulnerable species at high risk of local extinctiSBome fish such as lake sturgeon have higher thermal
plasticity (Dichiera et al., 20243nd other species such as channel catfishl{rus punctatus which are
native to medium to large rivers and lakes in the Great Lakes, apart from Lake Superior, can withstand
temperatures up to 38 °C for brief periods. For lake whitefish, recent efforts have been made to establish

spawning grounds in the Jordarda®arp Rivers (Michigan) to escape the heat of the lakeshore. Projected
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stream temperatures can be used to evaluate thedangsuccess of restoration efforts such as this.

Although there is a lower spatial spread of significant points, the increasing trends in heatwave rate onset
represent an added stressor and reducectiiienation time. Even for warmer water species, a reduction

in acclimation time to higher temperatures increases the likelihood of mofTaléyet al., 2022)Despite
uncertainty, the results presented here can be used to evaluate what species would be most likely to adapt
or withstand future heatwave events.

The trends for each RCP show how the level of radiative forcing controls the outcome of future
heatwave projections. This knowledge can be used as a tool for mitigating the future extent and severity
of heatwaves by firstly reducing carbon emissions andrely maintaining supportive ecosystems.
Naturebased solutions (NBS) include initiatives such as increasing riparian tree cover as shade and
increasing vegetation in urban environments as a c(@®tershuéBar & Hoffman, 2000) Targeting
pollution that exacerbates poor water quality conditions can ease the stress on aquatic plants and animals.
For example, native plant buffers along lakeshores and riparian areas can limit excess nutrients from
agricultural fields, lawns, andhan areas from entering the water. Excess nutrients can further lower
dissolved oxygen concentrations, which at high temperatures will already be limited due to decreases in
oxygen saturation. Other examples include improvirgfieam habitat such as pilag logs in the stream
channel for shade and cover or restoring streambed substrate to a natural form. Aquatic connectivity
allows fish to move along a reach to potentially lower temperature areas. Improving stream passages
through widening culverts anémoving or fxingdefunct dams at least increases the mobility of fish.
Although oxygen saturation will be limited in higher temperature scenarios, the use of drop structures to
increase dissolved oxygen has been found to be successful(iWijsg et al., 2021)Even under high

RCP scenarios, the use of stream restoration effottisl have the potential for mitigating extreme stress
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CHAPTER 5 CONCLUSION

The aim of this study was to evaluate future occurrences and severities of riverine and lakeshore
heatwaves in the Great Lakegjion Increasing trends in heatwave duration, immaxn intensity,
maxmum temperature, and rate onset occur in all seasons, GCMs, and in RCP 4.5, 6.0, and 8.5. Seasonal
differences highlight that the threat of heatwaves to aquatic organisms-i®yadmot just in the
summer season where most studies have focleseting to cumulative stress. The greatest impacts are
seen in tk latter half of th&1 century with multiple RCP scenarios passing temperature thresholds for
multiple species and life stages of fish.

Data limitationgrestrictthe ability for a robudtaind use type analysis; howevaninvestigaion of
historic heatwaves using situwater temperature or remotely sensed datdd helpto determine this
relationship. There was no clear relationship with latitude. In some circumstances higher latitudes had
more positive trends and in other cases lower trends. This could be depensigrapiit weather
conditions and trend$lowever, inwinter, high latitudes do see greater trends in heatwave max
tempeature.

Each season has increasing trends for baekwave metridVinter sees the highest increasing trends
for max intensity and max temperatuBaimmerhas the higheshcreasing trenslin days of duration per
decade. The increase in rate onset is similar throughout seasons.

The trends between river and lakeshore points are similar with especially high connections between
Lake Ontario, northern Lake Huron, and Lake Erie with their nearby rivhis suggests that vulnerable
species may have difficulty escaping periods of thermal stress as refugia decrease under future climate
projectionsin most cases, river points had higher trends than lakeshore, pdinth can be expected
since ivers are more sasptible to short term trends in air temperature due to their loslemeand
thermal inertiaHowever, this further highlights the need to adequately resolve hydrologic connectivity in
regard to riverine and lacustrine heatwaves.

Overall,the heatwave analysis presented here based on projections of future water temperatures
allows for a novel analysis of the spatial and temporal extent and severity of heatwaves Haleaiver
watershed environment. This work can be used to inform stresioragon efforts, policy decisions to

maintain discharge and temperature at certain levels, and species attention efforts.
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Figure A.2 Correlations between mean FutureStreams lakeshore temperature and mean GLSEA lakeshore
temperature. a) JJA, b) SON, c¢) DJF, and d) MAM.
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Figure A.3Correlations between median FutureStreams temperature and median USGS river
temperature. a) JJA, b) SON, c) DJF, and d) MAM.
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APPENDIX B
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APPENDIX C SEASONALHEATWAVE PROJECTIONS
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Figure C.1 Seasonal breakdown of theyB@olling mean heatwave max intensity#ercentile
projectionsa) JJA, b) SON, c) DJF, and d) MAM.
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30-Year Rolling Mean Heatwave Duration 75th Percentile Projections 30-Year Rolling Mean Heatwave Max Intensity 75th Percentile Projections
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Figure C.2Annual 3Byear rolling mean of a) duration and b) maximum intensity for each GCM and
RCP.
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Figure C.3 Seasonal differences in theyB@olling mean of the projected heatwave duratiofi 75
percentile.a) JJA, b) SON, c¢) DJF, and d) MAM.
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Number of Cumulative Heatwave Events by Severity (JJA)

Events by Severity (SON) b
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Figure C.4 Seasonal differences in the cumulative number of heatwave events categorized by heatwave
severity for each RCR) JJA, b) SON, c¢) DJF, and d) MAM.
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APPENDIX D FISH TEMPERATURE THRESHOLDS
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FigureD.1 Spawning Lakevhitefish temperature threshold exceedance based-gnri@ning mean of
daily water temperatures for each season under HadGEM. a) RCP 2.6, b) RCP 4.5, ¢) RCP 6.0, and d)

RCP 8.5.
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HadGEM RCP 26 Fall Exceedance for Chinook salmon a HadGEM RCP 45 Fall Exceedance for Chinook salmon b
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FigureD.2 Spawning Chinookalmon fish temperature threshold exceedance basedymrdiining
mean of daily water temperatures for each season under HadGEM. a) RCP 2.6, b) RCP 4.5, c) RCP 6.0,

and d) RCP 8.5.
a b

FigureD.3 Spawning Brook trout fish temperature threshold exceedance based/orub@ing mean of
daily water temperatures for each season under HadGEM. a) RCP 2.6, b) RCP 4.5, ¢) RCP 6.0, and d)

RCP 8.5.
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